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Abstract

Recent observations and past reconstructions have highlighted the significance of the Southern
Ocean for modern and past ocean circulation patterns. Deep wind-induced upwelling renders the
Southern Ocean unique, such that deep waters are brought directly to the surface where they can
exchange with the atmosphere. Moreover, the Antarctic Circumpolar Current (ACC) is the dominant
feature of Southern Ocean circulation linking all ocean basins and facilitating the inter-basin exchange
of ocean properties. Hence, Southern Ocean dynamics act to (partly) moderate both, zonal and
meridional transports, and both were shown to be sensitive to atmospheric forcing on different time
scales. However, due to the remoteness and harsh conditions, direct evidence of past Southern Ocean
circulation is scarce.

This work uses neodymium (Nd) isotopes extracted from the aragonitic skeletons of deep-sea
corals collected in the Drake Passage and at the Tasmanian margin. The fidelity of the skeletal Nd
isotope signature was tested in a calibration effort and the nature of Nd in coralline aragonite was
explored. Based on the promising results, the approach was then confidently applied to uranium-series
dated deep-sea corals in order to decipher Southern Ocean water mass mixing across intervals of past
climate perturbations. The results show that Drake Passage and Tasmanian margin corals record
complimentary features of Southern Ocean circulation. Intervals of high sampling resolution reveal
unexpectedly dynamic and abrupt changes of water mass mixing oscillating on millennial to (sub)
centennial time scales during the past ~40,000 years.

This thesis explores the nature of the recorded signal in the light of available literature,
focusing on phases of abrupt change and fitting the processes considered to drive the Southern Ocean

Nd isotope signal into a global framework.
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Glossary of commonly used and re-occurring abbreviations

AABW: Antarctic Bottom Water

AAIW: Antarctic Intermediate Water

ACC: Antarctic Circumpolar Current

ACR: Antarctic Cold Reversal

AMOC: Atlantic Meridional Overturning Circulation
B-A: Bolling-Allered

BATS: Bermuda Atlantic Time Series

BP: Before present, i.e. before 1950 and commonly used

in thousand years (kyr) BP
CDW: Circumpolar Deep Water (prefix U/L:
upper/lower)
CHUR: Chondritic Uniform Reservoir
CO,: Carbon dioxide
COC: Centre of calcification
CTD: Conductivity, Temperature, Depth sensor
D/O cycle: Dansgaard-Oeschger cycle
DSOW: Denmark Strait Overflow Water
GNAIW: Glacial North Atlantic Intermediate Water
GNPIW: Glacial North Pacific Intermediate Water
HS: Heinrich Stadial
IDW: Indian Deep Water
IRD: Ice-rafted detritus
ISOW: Iceland-Scotland-Overflow Water
ITCZ: Intertropical Convergence Zone
LGM: Last Glacial Maximum
LOD: Limit of detection
LSW: Labrador Seawater
MAR: Mid-Atlantic Ridge
(MC-)ICP-MS: (Multi-collector) inductively coupled
plasma mass spectrometry
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MIS: Marine Isotope Stage

MLD: Mixed layer depth

MOC: Meridional Overturning Circulation

MOW: Mediterranean Outflow Water

MS: Magnetic susceptibility

NACW: North Atlantic Central Waters

NADW: North Atlantic Deep Water

NES: New England Seamounts

NPIW: North Pacific Intermediate Water

PAAS: Post-Archean Australian Shale

PDW: Pacific Deep Water

PF: Polar Front

REE: Rare Earth Element (prefix L/H:
light/heavy)

SACC: Southern ACC front

SAF: Subantarctic Front

SAM: Southern Annular Mode

SAMW: Subantarctic Mode Water

SD: Standard deviation

SE: Standard error

SFZ: Shackleton Fracture Zone

SPDW: South Pacific Deep Water

SPMW: Subpolar Mode Water

SST: Sea Surface Temperature

STF: Subtropical Front

SWW: Southern Hemisphere westerly winds

TIMS: Thermal ionisation mass spectrometry

WAIS: West Antarctic Ice Sheet

WAP: Westantarctic Peninsula

WSDW: Weddel Sea Deep Water
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1.1. The Southern Ocean’s role in the global overturning circulation

The modern type of ocean circulation and heat transport evolved with the opening of the
Tasman Gateway and the Drake Passage during the Cenozoic (e.g., Kennett, 1977; Broecker, 1991;
Lawver and Gahagan, 2003; Sijp and England, 2004; Lagabrielle et al., 2009). This modern deep
circulation is characterised by the central role of the Southern Ocean and vigorous formation of deep
water masses in the North Atlantic Ocean (e.g., Talley, 2013; Fig. 1.1). From an Atlantic perspective
the deep circulation pattern is referred to as Atlantic Meridional Overturning Circulation AMOC,
which is, according to Marshall and Speer (2012), organised in “two global-scale counter-rotating

meridional cells”.

<& Figure 1.1: Schematic
N Ni(*“ig = of a three dimensional
Aughyy Soyy, view on the modern

global overturning
circulation, from

S Talley (2013). Note
the outcropping of
NADW close to the
Antarctic continent
and PDW/IDW
supplying mode and
intermediate water
formation to the north
of the ACC polar front.
The isolated, shallow

Bering and weak overturning

Strait Thermocline water cell associated with

SAMW Subantarctic Mode Water NPIW is indicated in
AAIW  Antarctic Intermediate Water .
NPIW  North Pacific Intermediate Water the North Pacific.

NA|

448y

IDW Indian Deep Water

PDW  Pacific Deep Water

NADW North Atlantic Deep Water
AABW Antarctic Bottom Water

NADW

ATLANTIC

The ventilation of the upper cell is closely linked to the formation of North Atlantic Deep
Water (NADW) sourced from deep convection of originally (sub) tropical surface waters into the
deeper water column through extensive heat loss in the marginal seas of the North Atlantic (Gascard,
1978; Schlitzer et al., 1991; Lilly et al., 1999; Ronski and Budéus, 2005). The NADW product is then
exported southwards into the zonal flow of the Antarctic Circumpolar Current (ACC) in the Southern
Ocean (Fig. 1.1). The eastward ACC flow of ~130 - 140 Sv (i.e. 10° m?¥/s) is largely bound to two
zonal jets, i.e. the Subantarctic Front (SAF) and the Polar Front (PF) extending through the entire
water column and steered by wind and topography (Orsi et al., 1995; Cunningham et al., 2003). Based
on its apparent uniformity, Sverdrup (1940) termed this circumpolar water mass Circumpolar Deep
Water (CDW). This was later revisited due to the fact that the core of NADW joins the ACC at lower
depths reflected in water mass properties of Lower Circumpolar Deep Water (LCDW), e.g., relatively

high salinity and oxygen contents (Reid and Lynn, 1971; Callahan, 1972). In contrast, Upper
13



Circumpolar Deep Water (UCDW) shows a strong influence from Pacific Deep Water (PDW) and
Indian Deep Water (IDW), and is therefore characterised by lower salinity and reduced oxygen content
compared to LCDW (Reid and Lynn, 1971; Callahan, 1972). Both water masses can roughly be
divided by the neutral density surface (isoneutral) y" = 28.0 kg/m” (e. g., Sudre et al., 2011).

The deep wind-induced upwelling of UCDW (28.0 kg/m™ > y" > 27.6 kg/m™) into the surface
mixed layer of the ACC is associated with buoyancy gain from positive fresh water and heat fluxes
(e.g., Marshall and Speer, 2012). As such, UCDW is the major upwelling component feeding into the
formation of Subantarctic Mode Water (SAMW) and Antarctic Intermediate Water (AAIW), both of
which are subducted into the ocean interior north of the PF (Piola and Georgi, 1982; Bostock et al.,
2013; Talley, 2013; Fig. 1.1). Poleward of the PF, upwelling of NADW-spiked LCDW (28.2 kg/m™ >
y" > 28.0 kg/m™) takes part in the circumpolar formation of Antarctic Bottom Water (AABW). In
detail, high density shelf bottom water masses are formed from upwelling CDW which mixes with
very cold shelf waters (T < 0°C) upon supercooling below ice-shelves, heat loss to the atmosphere
and/or brine rejection during sea ice formation (Orsi et al., 1999). Subsequently, such shelf bottom
water masses flow over the shelf edge into the abyss of the adjacent basins, thereby entraining ambient
LCDW (Orsi et al., 1999; Stramma and England, 1999). During northward penetration, AABW mixes
into overlying water masses (i.e. NADW, PDW and IDW), thus closing the lower global meridional
overturning circulation (MOC) cell (Marshall and Speer, 2012; Talley, 2013; Fig. 1.1). This
subsurface part of the global overturning circulation can be summarised by the southward export of
deep water masses balanced by the northward return flow of SAMW/AAIW and AABW (Talley,
2013; Fig. 1.1). In the modern Atlantic Ocean, an additional effect occurs due to the vigorous
formation of NADW leading to unique cross-equatorial flow of (sub) tropical surface waters supplying
the formation of NADW source waters (e.g., Marshall and Speer, 2012; Fig. 1.1).

Although the central role of the ACC in this global overturning circulation system and
associated oceanographic features are well-known, there is an ongoing debate on the dominating
return path of deep water masses from the ocean interior to the surface and the processes driving this
deep-water return (e.g., Kuhlbrodt et al., 2007; Marshall and Speer, 2012). Early work by Stommel
(1958), Wyrtki (1961) and Munk (1966) suggested that dianeutral mixing (i.e. mixing across neutral
density surfaces) is balanced by downward mixing of heat which, in slightly refined form, led later
studies to propose that large scale dianeutral mixing is the dominant driver of the MOC (e.g., Bryan,
1987; Munk and Wunsch, 1998). More recent work identified a differentiated picture of non-uniform
dianeutral mixing in the ocean interior (e.g., Polzin et al., 1997; Saenko, 2006; Decloedt and Luther,
2010; Watson et al., 2013). But also the role of surface winds inducing deep mixing has been
considered e.g., by Munk and Wunsch (1998). In a series of model studies by Toggweiler and Samuels
(1993, 1995, 1998), and more recently by e.g., Marini et al. (2011) and Sheen et al. (2014), Southern

Hemisphere wind forcing has been directly coupled with deep circulation. As summarised by Marshall
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and Speer (2012) both, wind-induced upwelling and dianeutral mixing in the ocean interior are
involved in driving the MOC.

The wind-induced upwelling is closely linked to the Southern Hemisphere westerly winds
(SWW) comprising a major component of the insolation-driven global atmospheric circulation.
Specifically, the SWW result from the dynamic pressure gradient of the low and mid-latitudes to the
high latitudes, described by the Southern Annular Mode (SAM; Limpasuvan and Hartmann, 1999). On
a first order, atmospheric surface pressure gradients result from the surface distribution of heat so that
the SAM is the dominant pattern of a “nearly zonally symmetric, [latitudinal] movement of
momentum and mass” (Limpasuvan and Hartmann, 1999). Or in other words: the latitudinal
movement of the westerly wind belt. Following this, fluctuations of the SAM/SWW occur roughly in
response to changes in heat distribution, recorded on various time scales, i.e. from sub-annual (e.g.,
Baldwin, 2001) to (multi-) millennial (e.g., Anderson et al., 2009; Lamy et al., 2010; Kohfeld et al.,
2013). Such mid-latitude atmospheric variability projects (asymmetrically: Sallée et al., 2008, 2010)
on the (sub-) surface ocean across a similar range of time scales thus influencing the structure (e.g.,
Gille, 2008; Anderson et al., 2009) and transport rate (e.g., Hall and Visbeck, 2002; Hughes et al.,
2003; Lamy et al., 2015) of circumpolar flow.

The early studies of Toggweiler and Samuels (1993, 1995, 1998) suggested a strong
sensitivity of the overturning strength to the intensity of the Southern Hemisphere westerly winds
(SWW). Marshall and Radko (2003) showed, however, that wind- and buoyancy-induced meridional
Eulerian mean transport of the ACC is widely compensated by eddy-induced transport, leaving the
MOC as relatively insensitive residual flow. This effect has been found frequently in recent fine
resolution model simulations and is referred to as “eddy compensation” (e.g., Viebahn and Eden,
2010; Meredith et al., 2012; Zhai and Munday, 2014). But the degree of compensation seems to relate
to the intensity of applied wind stress over the ACC (e.g., Viebahn and Eden, 2010; Munday et al.,
2013) and to surface restoring conditions, i.e. interactive buoyancy forcing and whether or not the
isoneutrals are free to move (e.g., Abernathey et al., 2011; Zhai and Munday, 2014). Similarly, the
wind-induced zonal flow of the ACC is balanced by effective eddy transport, termed eddy saturation
(see e.g., Munday et al., 2013), but was shown to be sensitive to variable atmospheric forcing (e.g.,
Hall and Visbeck, 2002; Hughes et al., 2003). This highlights that the direct response of both, the
(residual) meridional and zonal transport to wind forcing, are (partially) compensated by enhanced
eddy fields. The degree of sensitivity of meridional and zonal ACC transport to changes in wind stress
is however subject to debate (e.g., Marshall and Radko, 2003; Meredith et al., 2012; Munday et al.,
2013; Ferrari et al., 2014; Sheen et al., 2014; Langlais et al., 2015). Nonetheless, past work suggested
that SWW forcing seems to critically influence the structure of the overturning circulation (e.g.,
Saenko et al., 2004; Toggweiler et al., 2006; Anderson et al., 2009; Sijp and England, 2009; Meredith
et al., 2012; Sheen et al., 2014) and the transport rate of the ACC (e.g., Hughes et al., 2003; Lamy et
al., 2015).
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Therefore, the controls on structure, flow and (trans-) formation of Southern Ocean water
masses are complex. These considerations are important for understanding the coupled ocean-
atmosphere dynamics in the Southern Hemisphere mid- to high latitudes and their link with the global

ocean circulation.

1.2. The Southern Ocean’s role in ocean-atmosphere exchange of carbon

The unique characteristic of the Southern Ocean in the global overturning circulation system
provides a direct link between deep ocean waters and the atmosphere through upwelling highlighting
its central role in the global re-distribution of key parameters such as heat, freshwater and carbon
(Marshall and Speer, 2012). A particularly important parameter in the modern climate system is
carbon dioxide (CO,) due to its potential of enhancing global warming trends (IPCC, 2013). Naturally,
the Southern Ocean acts as a net source of CO, resulting from upwelling of old deep waters, whereas
during the past decades, the Southern Ocean acted as a net sink of anthropogenic carbon from the
atmosphere (Sabine et al., 2004). Recent changes in the structure and dynamics of the SWW,
attributed to anthropogenic global warming, act to reduce Southern Ocean CO, uptake (Le Quéré et
al., 2007). Similarly, the dynamics of the ACC change in response to atmospheric forcing, and as such,
the nature of ocean-atmosphere exchange is sensitive to changes of the wind fields and ocean
circulation (e.g., Gille, 2002, 2008; Boning et al., 2008; Sallée et al., 2010).

From reconstructions of deglacial climate states it was concluded that millennial-scale
exchange between the large deep oceanic carbon reservoir and the atmosphere was moderated through
wind-induced Southern Ocean upwelling intensity (Anderson et al., 2009; Burke and Robinson, 2012).
Alongside, there is a rapid decrease in atmospheric radiocarbon ('*C) activity associated with the two-
step 100 ppm deglacial rise in atmospheric CO, content (Reimer at al., 2013; Marcott et al., 2014).
This can only partly be explained by elevated '*C production in the contemporaneous atmosphere (Laj
et al., 2002, Muscheler et al., 2004; Broecker and Barker, 2007). It has been proposed that changes in
the distribution of carbon between the deep ocean and the atmosphere can provide a reasonable
mechanism explaining the deglacial carbon cycle disruptions (e.g., Broecker et al., 1982; Sigman et
al., 2010). Therefore, an isolated deep ocean carbon reservoir was suggested to have accumulated
during glaciations contributing to the postglacial rise in atmospheric CO, through outgassing. Such an
isolated carbon reservoir is evident from radiocarbon-depleted of glacial Southern Ocean water masses
(e.g., Sikes et al., 2000; Skinner et al., 2010; 2015; Burke and Robinson, 2012). The application of
radiocarbon is based on the basic principle of gas exchange between a given reservoir (here: the ocean,
or an oceanic water mass) and the atmosphere where the *C is produced from “N ("*N + n — "C +
p)- The production rate in the atmosphere depends on the intensity of cosmic rays and solar activity
modulated by geomagnetic field intensity (Masarik and Beer, 1999). Along with internal changes in
the carbon cycle, e.g., reduced exchange between reservoirs, these parameters determine the variability

of atmospheric C content through time (Laj et al., 2002; Muscheler et al., 2004; Reimer et al., 2013).
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Reducing the exchange between the ocean and the atmosphere, for instance, by reducing the
intensity of deep ocean circulation and/or mixing (i.e. more sluggish) may cause a quasi-isolated
reservoir where '*C is decaying away (with a half-life of 5730 + 40 years), resulting in significant
radiocarbon depletion (e.g., Adkins and Boyle, 1997; Sikes et al., 2000; Skinner et al., 2010, 2015;
Burke and Robinson, 2012). On the one hand, this gives rise to a major uncertainty when using
radiocarbon dating to produce age models for palaeoclimatic records which require the calibration of
"C-derived ages against absolute ages apart from simple decay (Reimer et al., 2013). On the other
hand, if the age of a sample/record can be determined independently, e.g., by uranium-series (U-series)
dating, '*C is free to calculate reservoir ages. The reservoir age is the difference between the '*C age
(measured in relation to stable '°C, normalised to Vienna Pee Dee Belemnite reference material and
expressed as A'C in per mil) and the absolute U-series age of a given sample which can then be
compared to the contemporaneous atmospheric '*C content as compiled by Reimer et al. (2013). The
difference between these two reservoirs at a given time can be expressed as AAC.

In the modern ocean, the radiocarbon content of oceanic water masses has proven to be a
useful proxy to identify the age of respective water masses (Matsumoto, 2007). The reconstruction of
past AA'"C was approached by paired foraminifer records (e.g., Broecker et al., 1988; Shackleton et
al., 1988; Adkins et al., 1997; Sikes et al., 2000) and deep-sea corals (e.g., Adkins et al., 1998;
Goldstein et al. 2001; Robinson et al., 2005) in order to trace potential changes in deep ocean reservoir
ages. During the Last Glacial Maximum (LGM), the equivalent of modern NADW was restricted to
depths above ~2500 m (e.g., Sarnthein et al., 1994; Curry and Oppo, 2005). In contrast, Southern
Ocean water masses, such as AABW and AAIW, expanded vertically and likely also laterally into the
North Atlantic Ocean (e.g., Sarnthein et al., 1994; Curry and Oppo, 2005; Pahnke et al., 2008, Roberts
et al. 2010). This shoaling of the NADW-AABW interface is believed to have efficiently reduced
mixing between the upper and lower circulation cell, leaving the lower cell poorly ventilated (e.g.,
Ferrari et al., 2014). This scenario is consistent with the glacial to deglacial distribution of
radiocarbon-depleted water masses found in the North Atlantic (Robinson et al., 2005; Thornalley et
al., 2011, 2015; Skinner et al., 2014), Arabian Sea (Bryan et al., 2010), in the intermediate (Mangini et
al., 2010) and deep South Atlantic (Barker et al., 2010; Skinner et al., 2010), the Drake Passage
(Goldstein et al., 2001; Burke and Robinson, 2012), as well as in the Western (Sikes et al., 2000;
Skinner et al., 2015) and Eastern Pacific Ocean (Marchitto et al., 2007, Stott et al., 2009). Burke and
Robinson (2012) presented direct evidence that upwelling of water masses from a radiocarbon-
depleted deep ocean reservoir through the Southern Ocean water column contributed to the deglacial
rise in atmospheric CO, (e.g., Marcott et al., 2014). Mechanistically, such intensified upwelling is
considered to be related to strengthening of the SWW over the ACC in concert with retreating
Southern Ocean sea ice cover (Anderson et al., 2009).

However, along the western margin of South America no evidence for A'*C-depleted water

masses was found (De Pol-Holz et al., 2010) and wide areas of the deep Pacific show glacial A'*C
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depletions not significantly different to modern values (e.g., Shackleton et al., 1988; Broecker et al.,
2007). Hence, it is necessary to apply an independent proxy to decipher the nature of water mass
mixing and reservoir ages. From section 1.1 follows that modern ocean circulation is inferred mainly
from conservative seawater properties. The reconstruction of past oceanic salinity and temperature
distribution is challenging and does not contain water mass provenance information. A promising

proxy preserved in the geological record, are neodymium (Nd) isotopes.

1.3. The marine neodymium isotope system and its application to palacoceanography

Radiogenic isotope systems, such as Nd, are powerful tools for the reconstruction of water
mass mixing on different time scales (e.g., Frank, 2002; Goldstein and Hemming, 2003; van de Flierdt
and Frank, 2010).

Neodymium has seven stable isotopes of which the radiogenic '**Nd is of particular interest to
isotope geochemical applications. The ingrowth of radiogenic "*Nd over time results from o-decay of
"'Sm (Samarium-147) with a half-life of 106 billion years. Chemical fractionation of parent and
daughter elements, Sm and Nd, during crustal extraction (e.g., O’Nions et al., 1979; Allegre et al.,
1980; DePaolo, 1980) resulted in higher Sm/Nd, and thus higher '*Nd/"**Nd ratios in the Earth’s
mantle. Hence, young mantle-derived rocks show distinct Nd isotopic compositions compared to old
continental crust (e.g., Jeandel et al., 2007).

Since variations in natural "*Nd/"**Nd ratios are very small, i.e. on the order of 10*to 107, Nd

isotopes are typically expressed in the gxq-notation:

(143Nd/144Nd)sample
ENad =

—1]x10*
(3N /YN cpyr )

CHUR refers to the Chondritic Uniform Reservoir describing the primordial bulk earth
isotopic composition derived from chondritic meteorites providing a reference frame of Earth’s
isotopic evolution. According to Jacobsen and Wasserburg (1980) the present day '“Nd/'*Nd of
CHUR is 0.512638.

In the ocean, the particulate phase of Nd represents only 5 to 10% of the total budget; the rest
is in dissolved phase (Jeandel et al. 1995). The global oceanic budget of dissolved Nd is controlled by
the input of weathering products and their partial dissolution (Figure 1.2), and as such, dominated by
continental inputs (e.g., Frank, 2002; Fig. 1.2), whereas hydrothermal inputs of Nd are removed
immediately very close to or within the hydrothermal sources (German et al., 1990; Halliday et al.,
1992). Neodymium has an average global residence time of 400 to 2000 years (Tachikawa et al., 1999,
2003), although more recent studies suggest a residence time being at the lower end of that range
(Siddall et al., 2008; Arsouze et al., 2009).

The main sources contributing to the dissolved oceanic Nd budget are dust (Goldstein et al.,

1984; Greaves et al., 1999), rivers (Goldstein and Jacobsen, 1988) and boundary exchange (Lacan and
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Jeandel, 2004, 2005a). Although dust input was generally considered a significant source to the
dissolved marine Nd budget through partial dissolution (Goldstein et al., 1984; Greaves et al. 1999;
Tachikawa et al., 1997, 1999) its influence on the deep ocean seems limited (cf. Jones et al., 1994;
Stichel et al., 2015). Most of the dissolved Nd supplied to the ocean via rivers in dissolved or colloidal
form is removed upon contact with seawater (e.g., Goldstein and Jacobsen, 1988; Elderfield et al.,

1990). Recent work showed, however, that a significant amount of Nd can be released from sediments
in the mid- to high-salinity zone of an estuary, a process that could dominate the global Nd fluxes to
the ocean (Rousseau et al., 2015). Along these lines of sediment-seawater interaction, another
important source of rare earth elements to the ocean is boundary exchange, i.e. the exchange of a
moving water mass with bathymetric features (e.g., Lacan and Jeandel, 2005a; Wilson et al., 2012).
Lacan and Jeandel (2005a) showed that this process can significantly alter the Nd isotopic composition
and/or the Nd concentration of seawater at the margins of all ocean basins. Taken together, these
fluxes imprint the Nd isotopic composition of terrestrial sources on seawater in vicinity to the

continents (e.g., Jeandel et al., 2007; Lacan et al., 2012).
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This is reflected in the unradiogenic Nd isotope imprint on North Atlantic Deep Water (i.e.
contributions from the old cratonic areas around the North Atlantic; NADW: eyq values of ~-13.5,
Piepgras and Wasserburg, 1987; Lacan and Jeandel, 2005b), and a radiogenic imprint on Pacific
seawater (i.e. from young, mantle-derived rocks around the Pacific; exg values of ~-4; Piepgras and
Jacobsen, 1988; Amakawa et al., 2009).

The Southern Ocean links these two global Nd isotope source regions through the vigorous
mixing of water masses in the ACC. Therefore, circumpolar water masses are characterised by a rather
homogenous Nd isotopic composition exg = -8 with a small degree of inter-basin variability resulting
from mainly conservative mixing between NADW and PDW (Piepgras and Wasserburg, 1982; Carter
et al., 2012; Stichel et al., 2012; Garcia-Solsona et al., 2014; Rickli et al., 2014; Basak et al., 2015). In
contrast, AABW shows clear provinciality, dependent on the Antarctic source rocks in the formation

areas, ranging from &yq values of -9 in the Atlantic sector and -10 in the Australian-Antarctic basin to -
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7 in the Pacific sector (van de Flierdt et al., 2006a; Carter et al., 2012; Stichel et al., 2012, Rickli et al.,
2014; Basak et al., 2015).

Given that ocean circulation is sensitive to changing climate conditions, deciphering changes
in water mass mixing during extreme climate transitions, such as the last deglaciation, is highly
relevant, in particular with respect to key regions like the Southern Ocean (e.g., Robinson and van de
Flierdt, 2009). Neodymium isotopes are advantageous over other conventional tracers of ocean
circulation, such as stable carbon isotopes as they, most notably, do not fractionate significantly during
biological processes or evaporation. Even if fractionation would occur, such effect is removed through
the correction for mass bias during mass spectrometric analyses (Chapter 2). Likewise important for
the application as a water mass tracer is the observation that Nd isotopes act as a quasi-conservative
tracer in deep waters as reflected in the close correlation with salinity and silicate (e.g., Elderfield and
Greaves, 1982; De Baar et al., 1985; von Blanckenburg, 1999; Siddall et al., 2008; Arsouze et al.,
2009; Stichel et al., 2012; Lambelet et al., accepted; see also discussion in Goldstein and Hemming,
2003). Past Nd isotopic compositions of seawater are incorporated and preserved in authigenic (=
seawater-derived) precipitates, such as ferromanganese coatings on sediments (e.g., Piotrowski et al.,
2005; Gutjahr et al., 2007), foraminiferal calcite (e.g., Vance and Burton, 1999; Burton and Vance,
2000), fossil fish teeth (e.g., Martin and Scher, 2004), ferromanganese crusts (e.g., Burton et al., 1997;
Foster and Vance, 2006), and the skeletons of aragonitic deep-sea corals (van de Flierdt et al., 2006b,
2010; Copard et al., 2010, 2011).

1.4. Deep-sea corals as palaeoceanographic archives

In the Southern Ocean, traditional palaeoceanographic archives such as foraminifera are
difficult to use due to poor calcite preservation. Furthermore, strong bottom currents make many areas
deficient of continuous sediment records. Hence, novel archives are needed to reconstruct past
Southern Ocean water mass properties. Deep-sea corals are such new archive, and, with respect to
palaeoceanographic investigations, a particularly promising one.

Deep-sea corals are of the phylum cnidaria, and are divided into black corals (Antipatharia),
hydrocorals (Stylasteridae), soft corals (Octocorallia) and stony corals (Scleractinia) (Roberts et al.,
2006). Whereas some colonial species build reef structures (e.g., Lophelia pertusa) similar to shallow-
water corals, other deep-sea corals are solitary (e.g., Desmophyllum dianthus) (Freiwald et al., 2004).

In contrast to shallow water corals (zooxanthellate), deep-sea corals (azooxanthellate) are able
to grow in the absence of sunlight. Their distribution is global (Fig. 1.3), i.e. they can be found in all
major ocean basins between 0 and >6000 m water depth (Keller 1976; Freiwald et al., 2004), with a
preference for mid-depths (e.g., Roberts et al., 2006). Knowledge about temperature and salinity
ranges for deep-sea coral habitats is incomplete, but observed temperatures span from <0 to >20 °C
(Keller, 1976; Stanley and Cairns, 1988), with an apparent preference for temperatures between 4 and

12 °C (Roberts et al., 2006). Similarly, salinities for deep-sea coral habitats show a wide range from
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Deciphering glacial-interglacial Southern Ocean dynamics with deep-sea corals

Chapter 1

~32 %o in Norwegian Fjeords up to 38.8 %o in the lonian Sea (Freiwald et al., 2004).

180°W 90°W 0° 90°E 180°E

Figure 1.3: Summarised distribution of Antipatharia, Stylasteridae, Octocorallia and Scleractinia in the global
ocean (below 100 m water depth). Coral data from OBIS (2015). Map generated with ODV software (Schlitzer,
2012).

Due to their fast growth rates from 0.5-2 mm/year (Desmophyllum dianthus; Fig. 1.4) up to 4-
26 mm/year (Lophelia Pertusa) (Risk et al., 2002; Adkins et al., 2004) the skeletons of aragonitic
scleractinian deep-sea corals provide high resolution palacoceanographic archives, which can be dated
accurately by U-series disequilibrium (e.g., Cheng et al., 2000; Robinson et al., 2006; Andersen et al.,
2008). Dating reveals that deep-sea coral populations vary through space and time, indicating a
potential link between ocean circulation (i.e. environmental) changes and coral growth (e.g., Roberts
et al., 2006; Robinson et al., 2007; Burke et al., 2010; Thiagarajan et al., 2013; Henry et al., 2014;
Margolin et al., 2014). In the Southern Ocean, deep-sea coral populations seem to have changed
dramatically in vertical and lateral direction on climatic time scales in genus-specific response to
changes in productivity, oxygen and carbonate ion concentrations (Robinson et al., 2007; Thiagarajan
et al., 2013; Margolin et al., 2014). For instance, D. dianthus
populations appear to expand during phases of rapid change
whereas climatically more stable intervals are associated with
retreating populations (Thiagarajan et al., 2013). These
ecological observations on coral populations have been

facilitated by efficient age screening methods, and in

particular new radiocarbon-based dating techniques (Burke et
al., 2010; Mclntyre et al., 2011). Moreover, such age surveys Figure 1.4: Sub-fossil skeleton of
Desmophyllum  dianthus  collected
during NBP0805. Scale in centimetre.
collections for palaeoceanographic studies (Burke et al., 2010,  Photo: Dann Blackwood.

are the most important initial step in using deep-sea coral
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Mclntyre et al., 2011). Reconnaissance type radiocarbon dating is less precise than common '*C
analyses, but provides a valuable approach for screening large numbers of samples for age surveys and
selection for precise U-series dating and further proxy applications (Burke et al., 2010, Burke and
Robinson, 2012; Robinson et al., 2014).

Probably the single most successful tracer extracted from the skeletons of deep-sea corals (Fig.
1.4) over the past 15 years is radiocarbon (e.g., Adkins et al., 1998; Goldstein et al. 2001; Frank et al.,
2004; Robinson et al., 2005; Burke and Robinson, 2012). As outlined above, atmospheric radiocarbon
content is variable through time (Laj et al., 2002; Muscheler et al., 2004; Reimer et al., 2013) resulting
from (1) changes in the production rate (Masarik and Beer, 1999) and (2) internal changes in the
carbon cycle like reduced exchange between reservoirs. The data extracted from deep-sea coral
skeletons contributed significantly to constrain glacial-interglacial variability in carbon exchange
between reservoirs. In particular, variability of carbon exchange between the atmosphere and the
ocean could be resolved by application of U-series dating and A'*C analyses to deep-sea corals (e.g.,
Adkins et al., 1998; Robinson et al., 2005; Mangini et al., 2010; Burke and Robinson, 2012).
However, radiocarbon analyses alone cannot determine water mass origin and/or mixing. Therefore, it
is crucial to obtain an independent handle on water mass mixing. This can be achieved by using Nd
isotopes along with U-Th dating and A"*C analyses (e.g., Basak et al., 2010).

This PhD project focused on the extraction of Nd isotopes from the aragonitic skeletons of
deep-sea corals and the application as a palaeoceanographic tool in order to obtain an independent
constraint on past water mass mixing in the Southern Ocean. Calibration work of van de Flierdt et al.
(2006b, 2010) and Copard et al. (2010) demonstrated that the seawater Nd isotope signal is recorded

faithfully in the aragonitic skeletons of deep-sea corals across a wide range of Nd isotope signatures

(Fig. 1.5). Based on this successful calibration work, 0
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Figure 1.5: Global calibration for Nd isotopes in
et al., 2001; Robinson and van de Flierdt, 2009). The deep-sea coral aragonitic skeletons. Reproduced
from Robinson et al. (2014) including data from
Copard et al., (2010) and van de Flierdt et al.

NADW influence in the Drake Passage during (2010).

results have been interpreted to reflect reduced
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Heinrich Stadial 1 (HS1), expressed by a ~2.5 epsilon unit shift in Nd isotopes, and a ~50 %o shift in
AMC compared to today. This finding and the fact that the Southern Ocean is drastically undersampled
with respect to palaeoclimatic investigations, was the motivation to collect deep-sea corals in the
Drake Passage and south of Tasmania during targeted ship-board expeditions (NBP0850, NBP1103,
TN-228). The coral samples were subsequently processed in a collaborative effort extracting multiple

proxies from the same coral of which the Nd isotope work is presented in this thesis.
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1.5. Thesis structure
This work uses Nd isotopes to tackle the question of how the Southern Ocean water mass
mixing changed during the past ~70,000 years, with a particular focus on the past ~40,000 years.

Therefore, the thesis is structured as follows:

Chapter 1 (Introduction) provides a general introduction to the relevant topics.

Chapter 2 (Neodymium isotope analyses after combined extraction of actinide and lanthanide
elements from seawater and deep-sea coral aragonite) contains the methodological approach of
applied chemical multi-element separation and discusses the fidelity of Nd isotope results extracted

from seawater and aragonitic matrices.

Chapter 3 (Neodymium isotopes and concentrations in aragonitic deep-sea corals - modern
calibration and evaluation of palaeo-applications) extends previous calibration work and discusses

the nature of Nd in deep-sea coral skeletons.

Chapter 4 (The deglacial Southern Ocean: centennial-scale circulation changes recorded in deep-sea
coral skeletons?) evaluates the newly obtained high resolution deep-sea coral Nd isotope data in the

context of deglacial climate perturbations focusing on the oceanic response to abrupt change.

Chapter 5 (Mid-depth ocean circulation during MIS 3 and MIS 2: neodymium isotope evidence for
interhemispheric coupling) covers a time interval of significant swings of the climate system and
establishes an interhemispheric link between Southern Ocean circulation and Northern Hemisphere

abrupt change.

Chapter 6 (Holocene changes in Southern Ocean mid-depth ocean circulation in response to
atmospheric forcing inferred from deep-sea corals) explores the significance of Southern Ocean

dynamics for the global overturning system under similar-to-modern boundary conditions.

Chapter 7 (Summary and general conclusions) comprises an illustrated summary of the data
presented in the individual chapters and general conclusions drawn from the work presented here,

including an outlook for future research.
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Chapter 2

Neodymium isotope analyses after
combined extraction of actinide and
lanthanide elements from seawater and

deep-sea coral aragonite

This chapter is prepared for publication as T. Struve, T. van de Flierdt, L. F. Robinson, L. I.
Bradtmiller, S. K. Hines, J. F. Adkins, M. Lambelet, K. C. Crocket, K. Kreissig, B. Coles, and
M. E. Auro: Neodymium isotope analyses after combined extraction of actinide and lanthanide
elements from seawater and deep-sea coral aragonite, ‘Technical Reports: Methods’ in

Geochemistry, Geophysics, Geosystems.
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Abstract

Isotopes of the actinide elements protactinium (Pa), thorium (Th) and uranium (U), and the
lanthanide element neodymium (Nd) are often used as complementary tracers of modern and past
oceanic processes. The extraction of such elements from low abundance matrices, such as seawater
and carbonate, is however labor-intensive and requires significant amounts of sample material. We
here present a combined method for the extraction of Pa, Th and Nd from 5 to 10 L seawater samples,
and of U, Th and Nd from <1 g carbonate samples. Rare earth elements, and hence Nd, are collected
in the respective wash fractions of Pa-Th and U-Th anion exchange chromatographies. Regardless of
the original sample matrix, Nd is extracted during a two-stage ion chromatography, followed by
thermal ionization mass spectrometry (TIMS) analysis as NdO". Using this combined procedure, we
obtained results for Nd isotopic compositions on two GEOTRACES consensus samples from
Bermuda Atlantic Time Series (BATS), which are within error identical to results for separately
sampled and processed dedicated Nd samples (eng=-9.20 + 0.21 and -13.11 + 0.21 for 15 and 2000 m
water depth, respectively; intercalibration results from 14 laboratories: eng=-9.19 £ 0.57 and -13.14 £+
0.57). Furthermore, Nd isotope results for an in-house coral reference material are identical within
analytical uncertainty for dedicated Nd chemistry and after collection of Nd from U-Th anion
exchange chromatography. Our procedure does not require major adaptations to independently used
ion exchange chromatographies for U-Pa-Th and Nd, and can hence be readily implemented for a

wide range of applications.
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2.1. Introduction

The isotopes of the radionuclides protactinium (Pa), thorium (Th), uranium (U) and of the
rare earth element (REE) neodymium (Nd) are invaluable tools for studying modern ocean
biogeochemistry and past ocean conditions (e.g., Goldstein and Hemming, 2003; Henderson and
Anderson, 2003). Even though our understanding of their modern biogeochemical cycles is still
relatively poor 80T, 22Th, 2'Pa, and Nd isotopes (143Nd/144Nd ratio, expressed as &yg =
((143Nd/144Ndsample)/('43Nd/144NdCHUR) — 1) x 10,000; CHUR: chondritic uniform reservoir; Jacobsen
and Wasserburg, 1980) are frequently used as proxies to reconstruct past ocean chemistry and
dynamics (e.g., van de Flierdt et al., 2012; Anderson et al., 2012). This situation is currently being
rectified in the context of the international GEOTRACES program (SCOR Working Group, 2007)
where 2°Th, #*'Pa, and Nd isotopes are ‘key parameters’, which have to be measured on all planned
and completed GEOTRACES section cruises. However, accurate and precise analysis of these
nuclides in seawater requires relatively large sample volumes (5 to 10 L) (van de Flierdt et al., 2012;
Anderson et al., 2012). Although recent analytical advances allow some laboratories to target sample
volumes of less than 5 L, shipping large volumes of water to home laboratories is nevertheless an
expensive endeavor. In order to reduce shipping costs and sample processing time, a combined
extraction method for **'Pa, **°Th and Nd isotopes, which are typically analysed by different groups,
would be desirable (e.g., Jeandel et al., 2011).

Similarly in palaeo-archives such as deep-sea corals, sample material could be saved and time
consuming sample preparation could be reduced by simultaneous separation of U, Th and Nd. The
aragonitic skeleton of corals allows for accurate age control by U-series dating (e.g., Cheng et al.,
2000), and Nd isotopes have been shown to present a promising tracer to reconstruct past water mass
properties (e.g., van de Flierdt et al., 2006b, 2010; Copard et al., 2010). Deep-sea corals are
increasingly targeted as a palacoceanographic archive, as they are found in areas where other
traditional archives (e.g., foraminiferal carbonate) tend to be scarce, such as the Southern Ocean, or in
water depths which are undersampled by sediment cores (e.g., intermediate waters) (see Robinson et
al., 2014 for a recent summary). Moreover, such combined extraction approaches could ensure that
the data obtained are from exactly the same sample thus facilitating optimal comparison between
different geochemical parameters.

Here we demonstrate accurate Nd isotope results obtained from a combined extraction
scheme of Pa, Th and Nd from seawater and U, Th and Nd from coralline aragonite. The method is
easy to adapt, as it merely requires collecting elution fractions from anion exchange columns set up
for separating U-Th-Pa (e.g., Auro et al., 2012; Edwards et al., 1987), which normally would go to
waste, and subsequent processing through standard ion exchange chromatography for Nd isotope
analyses (e.g., van de Flierdt et al., 2006b, 2012). Our Nd isotope intercalibration results for the
combined chemistries are in excellent agreement with results from seawater and coral samples

processed for Nd only.
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2.2. Methodology
2.2.1. Seawater sample preparation and anion exchange chemistry: the neodymium fraction
during protactinium — thorium separation

A refined methodology to extract protactinium and thorium from large volume seawater
samples was recently published by Auro et al. (2012). We here briefly summarise the key features of
the method (Fig. 2.1). Acidified seawater samples of 10 L volume were spiked (“**Th and ***Pa) and
left to equilibrate. In order to remove the trace metals of interest from the sample matrix, 100 mg of
purified Fe were added per sample as FeCls. Purification of Fe was achieved by repeated isopropyl
ether extraction, and the rather high amount of Fe was chosen to quantitatively precipitate Pa (Auro et
al., 2012). The trace metals were isolated from solution by adjusting the pH to between 7.5 and 8.0
through addition of ammonium hydroxide to precipitate Fe(OH);. The precipitate was subsequently
transferred into 50 ml Teflon” centrifuge tubes in which the precipitate was washed four times with
pH-adjusted Milli-Q® H,O (pH = 8) and then dissolved in 12 M HCI for a three stage anion exchange
chromatography (Auro et al., 2012; Fig. 2.1). Samples were loaded onto the first column (Eichrom®
prefilter resin + 1X-8, 100-200 mesh resin) in 12 M HCI, followed by Th and REE elution in 12 M
HCI, and Pa elution in 12 M HCI + 0.13 M HF. The prefilter resin hereby served to remove organic
compounds from the sample solution (Auro et al., 2012). The second stage targeted a purification of
the Pa fraction, by repeating the first column (Eichrom® prefilter resin + 1X-8, 100-200 mesh).
During the third stage Th and REE were separated from each other by loading the REE/Th elute from
the first column in 8 M HNO;, eluting the REE in the same acid, and collecting Th in 12 M HCI
(resin: Eichrom® prefilter resin + 1X-8, 100-200 mesh; Fig. 2.1) (Auro et al., 2012).

2.2.2. Carbonate sample preparation and anion exchange chemistry: the neodymium fraction
during uranium — thorium separation

Uranium-series dating of deep-sea coral aragonite (<1 g) requires thorough removal of
contaminating phases prior to ion exchange chromatography and mass spectrometry. This is typically
achieved by rigorous physical cleaning with a Dremel® tool and subsequent oxidative and reductive
chemical cleaning (e.g., Cheng et al., 2000; Robinson et al., 2005; van de Flierdt et al., 2010). Sample
dissolution was achieved in nitric acid to which a mixed **°U-**Th spike was added (Edwards et al.,
1987; Hines et al., 2015). The samples were evaporated, then dissolved in 2 M HCI and ~3-5 mg of
purified Fe were added as FeCls, followed by addition of ammonium hydroxide to co-precipitate trace
metals at pH = 7-9, whereas most high-abundance matrix elements, and in particular Ca, are not
precipitated (e.g., Dulski, 1996). It should be noted that this FeCl; precipitation step would not be
required for processing coral samples for Nd isotopes alone (e.g., Crocket et al., 2014; Wilson et al.,
2014). After a MQ rinse, samples were re-dissolved in 8 M HNO; for U and Th separation during
two-stage anion exchange chemistry based on the recipe of Edwards et al. (1987). In brief, samples

were loaded in 8 M HNO; on Biorad” AG1-X8 (100-200 mesh) anion exchange resin, followed by
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matrix elution in 8 M HNOs;, which is the fraction containing the REE. Thorium is subsequently
stripped off the column using 6 M HCI, evaporated to dryness and then converted to nitric form for
MC-ICP-MS analyses. The U fraction was the last to be eluted from the first column using 18.2 MQ
Milli-Q® (hereafter: MQ) (Fig. 1; Hines et al., 2015).

Sample [ 5-10 L seawater ] [ <1 g aragonite ]

[ Isotopic spiking and equilibration ] ]
! [ Sample dlssolutlon isotopic ]

Sample [ Physical and Chemlcal Cleaning

preparation

Coprecipitation of Pa, Th, Nd spiking, and eqwhbratlon
with ~100 mg Fe (pH = 7.5-8)
|

[ Coprecipitation of U,Th, Nd with

[ Cleaning of precipitate ] ~3-5mg Fe (PH=7-9)
Load sample Cleaning of prempnate
AL s Load sample in 8 M HNOy|
Actinide Separation of Th/Nd from Pa Separation of Nd from U and Th
separation Eichrom® pre-filter and 1-X8 Biorad® AG1-X8
(1) Elute Th and ‘ (2) Elute Pain 12 M (1) Elute REE (2) Elute Th | (3) Elute U
Nd in 12 M HCI HCI +0.13 M HF in 8 M HNO, in'6 M HCI in MQ H,0
Separation of Th from REE Purification of Pa [ Nd fraction ] [ Th fraction ] [ U fraction ]
Eichrom® pre-filter and 1-X8 Eichrom® pre-filter and 1-X8

(1) Load and elute
REE in 8 M HNO4

(3) Load in 12 M HCI and elute Pa

in 12 M HCI in12 M HCI + 0.13 M HF

(2) Elute Th ‘

[ Nd fraction ] [ Th fraction ] [ Pa fraction ]

REE and Nd

: Biorad® AG50W-X8
separation

\ [ REE separation from remaining matrix }

Load in 1M HCI | Elute matrix with 3 M HCI and collect REE in 6 M HCI

Nd separation from other REE
Eichrom® Ln spec (20-50 pm)

Load in 0.140 M HCI | Elute LREE and collect Nd in 0.140 M HCI
( Analysis on Triton TIMS as Ndo* |

Figure 2.1: Working scheme of combined Pa-Th-Nd and U-Th-Nd chemical procedures towards Nd isotope
analyses. Purified U, Pa and Th fractions were analysed by MC-ICP-MS (Anderson et al., 2012; Auro et al.,
2012; Hines et al., 2015). Note that some laboratories apply a second Th purification step during U-Th
separation (cf. Burke and Robinson, 2012). It is also noted that isotopic spiking is not yet tested for the
combined method in seawater and corals. It has however successfully been achieved for combined Pa-Th-Nd
chemistry of marine particulate samples (Kretschmer, Lambelet et al., pers. comm.). Finally, our preferred
method for REE separation after Fe coprecipitation and actinide extraction is the traditional cation exchange
chemistry, as the application of strong oxidising agents to combat leaking organics from such resins can be
avoided (e.g., Lambelet et al., accepted).

2.2.3. Two-stage neodymium purification for TIMS NdO" analysis

The method for ion chromatography in preparation for TIMS NdO" analysis as performed in
the MAGIC laboratories at Imperial College London was recently published by Crocket et al. (2014).
Here, we briefly summarise the key points with a focus on amendments to the published procedure.
We note that for this study all Nd cuts from U-Th and Pa-Th separation were doped with '*°Nd after
anion exchange chromatography to determine minimum Nd concentrations (Nd,,;,) omitting Nd loss

during sample preparation and U-Th and Pa-Th anion exchange chromatographies. It is however

29



recommended for future work to add a mixed spike that contains Nd at an earlier stage (Fig. 2.1) to
obtain accurate Nd concentration measurements on all samples.

Dried Nd cuts from U-Th and Pa-Th chemistries were oxidised with aqua regia at 200°C,
followed by a 1:1 mixture of concentrated HNO; and 30% H,O, prior to Nd extraction to break down
potential residual organics. Such residual organics may be sourced either from sample matrix or from
anion exchange chromatography as observed by Auro et al. (2012) for Pa-Th separation.
Subsequently, samples were converted to chloride form and redissolved in 1 ml 1 M HCI for cation

exchange chromatography or to nitrate form for RE spec” chemistry.

2.2.3.1. Step 1 - Cation exchange chemistry or TRU spec”/RE spec” chemistry: separating the
rare earth elements from the sample matrix

The procedure to isolate REE from sample matrix was designed to accommodate high Fe
content of up to ~10 mg, and was then used for REE separation from anion exchange wash fractions
collected from both, Pa-Th and U-Th chemistries. In order to pre-concentrate trace metals ~100 mg Fe
were added to each seawater sample and ~5 mg to each coral sample rendering REE separation from
Fe a major concern. During the first step of Pa-Th separation Fe is expected to be retained by the
anion exchange resin (Fig. 2.1). This is based on the fact that Fe'" has a high distribution constant
(Kp; see IUPAC, 2014) with strong-base anion exchange resin in hydrochloric acid (Kraus et al.,
1956), which should inhibit Fe elution with the Th/REE fraction during Pa separation (Fig. 2.1). In
practice, small amounts of Fe are however eluted into the REE fraction. During the first step of U-Th
separation on the other hand, nitric acid is used to achieve efficient separation of U and Th from Fe
(no adsorption of Fe in 0.1 to 14 M HNO; with anion exchange resin; Faris and Buchanan, 1964).
Hence, the ~5 mg of Fe added to coral samples will be eluted together with the REE during matrix
elution so that the REE fraction contains a significant Fe matrix (Fig. 2.1). Therefore, we initially
applied a modified version of the RE spec” (cf. Huff and Huff, 1993) chemistry published by Crocket
et al. (2014). More specifically, we added 1 ml of 0.9 M ascorbic acid to 2 ml 1.5 M HNOj in order to
reduce Fe and obtain minimal adsorption onto the resin (e.g., Horwitz et al., 1993). While efficient in
removing Fe (tested for up to 50 mg of Fe), leaking organics from TRU/RE spec” resins require
strong sample oxidation after REE separation (e.g., Gault-Ringold and Stirling, 2012; Crocket et al.,
2014; Murphy et al., 2015; Lambelet et al., accepted). We therefore substituted the RE spec”
chemistry by traditional cation exchange chromatography (e.g., Cohen et al., 1988), using 1.4 ml of
pre-cleaned Biorad® AG50 W-X8 resin (200-400 mesh) in hand-packed Biorad” Poly-Prep columns.
Cleaning of resin and columns was done with 10 ml 6 M HCI, followed by resin conditioning with 1 +
0.5 ml 1 M HCI. Samples were loaded in 0.5 + 0.5 ml 1 M HCI and subsequently washed in with 0.5
+ 0.5 ml 1 M HCI. Sample matrix was eluted with 1 + 6 ml 3 M HCl and 0.5 ml 6 M HCI, after which
the REE fraction was stripped off using 7 ml 6 M HCl. We chose 3 M HCI for Fe elution rather than
~3.7 M HCI (i.e. the minimum Kp of Fe on AG50W-X8 resin; Strelow, 1960; Nelson et al., 1964) to
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avoid REE loss during Fe elution. As the resin in the columns was re-used, a final wash was carried
out with 10 ml 6 M HCI, followed by 1 + 1 ml MQ for storage in 0.5 M HCI. Most elements of
relevance, and in particular barium, have Kps in 6 M HCl on AG50W-X8 (Nelson et al., 1964) similar
to or lower than REE so that the extensive 6 M HCI wash is considered sufficient to avoid cation
build-up on negatively charged resin exchange spaces. It is however noted that a nitric acid wash may

be desirable to add (cf. Strelow et al., 1965).

2.2.3.2. Step 2 - Ln spec” chemistry: neodymium purification

Separation of neodymium (Nd) from the light rare earth elements (LREE), and in particular
from praseodymium (Pr) is crucial for analysis as NdO". We followed the method by Crocket et al.
(2014) and packed Savillex® columns (4 cm long, 3.2 mm inner diameter, 20 um frits) with ~320 pl
Eichrom Ln spec® resin (20-50 pm) (see also Pin and Zalduegui, 1997). The calibration with 0.140 M
HCI yielded >75% Nd and less than 5% Pr contribution to the Nd fraction, but it is noted that Nd
yields on different columns can be variable. Different to the published method (Crocket et al., 2014),
we left the Ln spec” resin in the columns between procedural batches. Re-suspension of the resin in
the column was achieved in MQ water with acid cleaned 8.3 cm long Corning® gel-loading pipette
tips (1-200 pl) in order to avoid resin compaction, which could affect the precisely calibrated elution
scheme, and to keep the flow rates between ~0.55 and 0.6 ml/hr. After a washing step in 6 M HCl and
addition of MQ water, the resin was pre-conditioned with 0.140 M HCI and samples were loaded and
later on collected in the same acid (Crocket et al., 2014). The resin was re-used until degradation of
separation efficiency of Nd and Pr was observed. In order to pool the Nd fraction in one spot during
evaporation for subsequent TIMS NdO" analyses, 10 ul 0.001 M H3PO, were added to the Nd fraction

after Ln spec” chemistry.

2.2.4. Synthesising a TaFs activator for TIMS NdO" analyses

As detailed in Crocket et al. (2014), samples were loaded in 2 x 0.5 ul 2.5 M HCI between
two layers of 0.5 pl TaFs activator on degassed single W filaments in smallest possible increments in
order to reduce domain mixing effects (e.g., Andreasen and Sharma, 2009). During sample loading
the current was set to 0.9 A and afterwards increased slowly to ~2.0 A (over a time period of 4
minutes). For this study, TaFs was prepared from Ta,Os powder, which was fluxed in 28 M HF at 80
°C for 7 days in an acid clean Teflon beaker (10 ml 28 M HF for 250 mg Ta,0s) (Charlier et al.,
20006), after which the solution was evaporated to dryness at 130°C. Per 150 mg of TaFs we used
0.178 ml 28 M HF, 7.98 ml MQ water, 1.025 ml 3 M HNO; and 0.169 ml 14.8 M H;PO,4 which is a
modified version of the recipe used by Charlier et al. (2006). It is important to add the aliquot of 28 M
HF first in order to dissolve the crystals either upon contact or leave until fully dissolved, otherwise
the crystals remain un-dissolved once the remaining reagents are added. The combined activator and

loading Nd blank was <0.2 pg. The performance of the activator was variable, similar to results
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reported in detail by Crocket et al. (2014) and Lambelet et al. (accepted). We found that purification
of the activator solution by NH,OH coprecipitation, described in the literature (e.g., Charlier et al.,
20006) to reduce the loading blank, was not improving Nd blank levels and sometimes compromised

beam intensity and stability and was hence omitted.

2.2.5. Thermal Ionisation Mass Spectrometry

All Nd isotope analyses were carried out on a Thermo Triton TIMS at the Department of
Earth Science and Engineering, Imperial College London, closely following the analytical protocol of
Crocket et al. (2014). Samples were routinely analysed in nine blocks comprising 20 cycles using a
peak integration time of 8.4 s at temperatures between 1520°C and 1580°C. Isobaric interferences
were corrected by routinely monitoring '*°Ce'®0, "*'Pr'°0 and '*’Sm'°O whereas La and in particular
Ba were monitored manually. Residual Ba was however negligible in all our samples. Interference
and mass bias corrections were applied as outlined by Crocket et al. (2014) using ’0/'°0 = 0.000390,
80/'°0 = 0.002073 and '**Nd/"**Nd = 0.7219, respectively. A slightly higher '**Nd/'*Nd was applied
to spiked samples (Crocket et al., 2014 and references therein).

Over a period of 26 months 5 and 15 ng loads of pure JNdi-1 were analysed (‘*Nd/'*Nd =
0.512105 £+ 0.000009, 2SD, n = 110) to monitor instrumental offset and normalise mass bias corrected
"N d/'"*Nd ratios of samples to the reference ratio of '*Nd/'**Nd = 0.512115 + 0.000007 (Tanaka et
al., 2000). Repeated analyses of 10, 20 and 30 ng Nd loads of the USGS BCR-2 reference material
yielded "*Nd/"**Nd results of 0.512637 + 0.000011 (2SD, n = 32) and 10 and 30 ng loads of our in-
house coral reference material resulted in '“Nd/'*Nd ratios of 0.512336 + 0.000009 (2SD, n = 23),
both of which are in excellent agreement with previously published values (Weis et al., 2006; Crocket
et al., 2014). The observed raw ratios of major interfering masses for column-processed BCR-2
material and our in-house coral reference material were 'YSm'°O/'*Nd'0 < 0.0012,
10Ce'*0/"*Nd"0 < 0.024 and ''Pr'°0/'**Nd'°O < 0.46 and hence within the suggested limits
presented by Crocket et al. (2014). Blank levels of Nd chemistry alone were mostly <5 pg, regardless
of the procedure used for REE isolation. The first batch of samples processed through cation
exchange chemistry showed however slightly elevated Nd blanks of 7 and 17 pg for unresolved
reasons.

Full procedural blanks of combined U, Th and Nd separation from deep-sea corals ranged
from 2 to 35 pg Nd, averaging at 11 pg (n =31) and contributed <1% to the analysed sample Nd. This
shows that procedural Nd blank is low in the combined method although no efforts were made to
specifically reduce Nd blank during sample preparation and actinide separation (Fig. 2.1). Full
procedural Nd blanks of combined Pa, Th and Nd separation on seawater samples reported in this
study were 140 and 160 pg. The reasons for these abnormally high blanks are discussed below in
more detail and are related to initial problems in the Pa-Th chemistry described by Auro et al. (2012).
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2.3. Application: seawater and carbonates
2.3.1. Intercomparison of results for Nd extraction from seawater

We tested our combined Pa, Th and Nd separation procedure on filtered and acidified
seawater samples collected at 15 and 2000 m water depth at Bermuda Atlantic Time Series (BATS)
station (31°50” N, 64°10° W) from the GEOTRACES Pa-Th intercalibration (Anderson et al., 2012).
The Nd isotope results generated for these samples are compared to GEOTRACES Nd intercalibration
results from samples collected independently from the same water depth on the same expedition
(KNR193-6/2) (van de Flierdt et al., 2012) (Table 2.1). The Nd isotope GEOTRACES intercalibration
results for seawater from 15 m depth are eng=-9.19 £ 0.57 and eng = -13.14 £ 0.57 for 2000 m water
depth (van de Flierdt et al., 2012; Table 2.1). These values are indicated by the dashed line in Figure
2.2 (representing the consensus values, i.e. Aeng = 0). Our newly obtained Nd isotope data from the
Pa-Th chemistry wash fractions are reported in Table 2.1 and plotted as deviation from the reported
consensus values for 15 and 2000 m water depth, respectively (Fig. 2.2). The maximum offset of Agyng
is 0.06 epsilon units and demonstrates the excellent agreement between samples processed for Nd

only and samples processed through the combined methodology (Fig. 2.1).
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We should however note that the Nd data presented here were generated by the “initial
method” reported by Auro et al. (2012). This method suffered from procedural problems during
column chemistry and sample preparation (i.e. with resin, frits and Fe solution used for
coprecipitation) resulting in higher Th blanks and lower Th yields (see Auro et al., 2012 for details).
Neodymium and Th are eluted from the same column (Fig. 2.1), and we can see this reflected in
elevated Nd blanks of up to ~2%, paired with estimated sample loss of up to 72% (Table 2.1) when
compared to expected seawater Nd concentrations from published Nd results (van de Flierdt et al.,
2012). As our TIMS NdO" method allows for analyses of sub-nanogram levels of Nd, we were
however able to isotopically constrain the Nd blank from these samples, i.e. 0.14 ng Nd with eyq = -
19.31 £ 0.78 and 0.16 ng Nd with eyg = -10.49 £ 0.69. These values are used for a mixing calculation

to assess the significance of blank contamination to our BATS seawater Nd results.
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IC _ ICfinal X ([Nd]sample X fsample + [Nd]blank X fblank) - ICblank X [Nd]blank X fblamk
le =
sample ([Nd]sample X fsample)

IC stands for the isotopic composition, [Nd] for the Nd concentration, and f for the fraction.
Following above mixing equation we can calculate that the maximum Nd blank contribution of 160
pg would shift the sample Nd isotopic composition by 0.01 epsilon units. Such blank contribution is
considered negligible, supported by the accurate results we report for the Nd isotopic compositions

from Pa-Th wash fractions (Table 2.1, Fig. 2.2).

sample BNd/ NG 2SE° ey,°  2SE 2sDC f':':c;:)‘r'l"?::) Pre'\f:?:‘g')s"y
Seawater samples (this study)

KNR193-6-Th-720 (BATS 15 m) 0.512167 0.000006 -9.20 0.13 0.21 7.5 20.7
KNR193-6-Th-648 (BATS 2000 m) 0.511965 0.000007 -13.12 0.13 0.21 8.0 25.9
KNR193-6-Th-649 (BATS 2000 m) 0.511965 0.000010 -13.14 0.20 0.21 9.2 25.9
KNR193-6-Th-650 (BATS 2000 m) 0.511968 0.000008 -13.08 0.16 0.21 7.3 25.9
Seawater samples of published consensus values from 14 laboratories (van de Flierdt et al., 2012)
GEOTRACES BATS 15 m 0.512167 0.000029 -9.19 0.57

GEOTRACES BATS 2000 m 0.511964 0.000029 -13.14 0.57

In house deep-sea coral reference material (this study)

Coral Ref 1 (U-Th fraction) 0.512337 0.000004 -5.87 0.08 0.18 26.68 29.72
Coral Ref 2 (U-Th fraction) 0.512332 0.000004 -5.97 0.07 0.18 26.64 29.81
Coral Ref 3 (U-Th fraction) 0.512336 0.000004 -5.89 0.08 0.18 26.23 29.77
Coral Ref RE spec® (n =11) 0.512337 0.000009 -5.89 0.19

Coral Ref AG50W-X8 (n =9) 0.512335 0.000009 -5.90 0.18

In house deep-sea coral reference material (Crocket et al., 2014)

Coral Ref (n = 13) 0.512338 0.000008 -5.86 0.16

(a) '®Nd/**Nd ratios were corrected for the offset of the measured JNdi-1 ratio of 0.512105 + 0.000009 (n = 110) from the published
value of 0.512115 + 0.000007 (Tanaka et al., 2000)

(b) 2SE is the analytical 26 standard error. 2SE for Nd concentrations is < 0.005.

(c) enaWas calculated using the present day CHUR value of '*Nd/***Nd= 0.512638 (Jacobsen and Wasserburg, 1980).

(d) 2SD refers to the 26 standard deviation derived from the longterm reproducibility of respective reference material (see text).
GEOTRACES 2SD represents the 26 standard deviation of the 14 laboratories involved in the respective measurements (van de
Flierdt et al., 2012).

Table 2.1: Neodymium isotope results for BATS seawater and a deep-sea coral reference material
grouped by chemical procedure applied. Neodymium isotope results for Pa-Th anion exchange
chemistry wash fractions are based on BATS GEOTRACES Pa-Th intercalibration samples (KNR193-
6-Th). ‘Neodymium in wash fraction’ refers to the amount of Nd in the respective anion exchange
chemistry wash fractions, determined by *’Nd doping after collection. The pre-chemistry Nd content is
estimated based on the [Nd]scawater at BATS from van de Flierdt et al. (2012). Neodymium results on our
in-house coral reference material, processed through combined U-Th-Nd chemistry, are listed
individually (n = 3); REE were isolated using cation exchange chemistry. Pre-chemistry Nd amounts
were determined by weighing of an aliquot of dissolved in-house coral reference material of known Nd
concentration. Results for in-house coral reference material are grouped according to chemical
procedures applied, i.e. RE spec® chemistry (n = 11) and cation exchange chemistry with Biorad®
AG50W-X8 resin (n = 9). All in-house coral reference material aliquots were taken from the original
solution prepared from homogenised deep-sea coral powder by Crocket et al. (2014). Literature
GEOTRACES and coral reference material data taken from van de Flierdt et al. (2012) and Crocket et
al. (2014).

2.3.2. Intercomparison of results for Nd extraction from aragonitic deep-sea coral skeletons
The application of combined uranium, thorium and neodymium extraction from aragonitic
sample matrices was tested on a coral reference material created from a homogenised mixture of

Desmophyllum dianthus deep-sea corals from the Southern Ocean (in-house coral reference material)
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(see Crocket et al., 2014 for details). Neodymium yields for the Fe coprecipitation and U-Th anion
exchange chromatography were found to be nearly quantitative at 88-90% during three individual
batches of chemistry, consistent with ‘slight adsorption” of Nd on anion exchange resins in HNO;
(Faris and Buchanan, 1964). Such Nd yields are likely representative for the Pa-Th separation as well,
considering that there is no adsorption of Nd on strong-base anion exchange resins in HCI minimising
Nd loss on the first column (Kraus and Nelson, 1958) (Fig. 2.1). Hence, the matrix elution with HNO;
on the second column of Pa-Th separation is considered to be the only place where minimal loss of
Nd could occur, resulting in similar quantitative Nd yields for both anion exchange based chemistries,

i.e. U-Th and Pa-Th separation (cf. Kraus and Nelson, 1958; Faris and Buchanan, 1964).
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Figure 2.3: Results of in-house coral reference material Nd isotope analyses of sample loads containing 10
and 30 ng Nd, measured over a period of 26 months. Error bars of individual measurements are given as
internal 2SE. Sample loads containing 10 ng of Nd are indicated by white symbols with black outline. The
first 20 results (diamonds and squares) were obtained for samples processed through Nd isotope chemistry
only, using Eichrom RE spec® resin (with and without addition of ascorbic acid) and cation exchange
chemistry respectively to isolate REE from the sample matrix. Black circles mark results obtained by
processing the same coral reference material through Fe coprecipitation and U-Th anion exchange chemistry
followed by Nd isotope separation (i.e. the combined method). The long-term average of all results is
"Nd/'"*Nd = 0.512336 + 0.000009 (n = 23) and the grey shading marks the 2SD. The grey triangle marks
the results previously published by Crocket et al. (2014) on the same in-house coral reference material.

In order to test our combined U-Th-Nd separation for accuracy of Nd isotopes, we report
results on 20 repeats of our in-house coral reference material (10 and 30 ng Nd aliquots) processed
individually through RE spec® chemistry (n = 11) and cation exchange chemistry (n = 9) (Table 2.1;
Fig. 2.3). These results are compared to Nd isotope data obtained from three coral reference material
aliquots (30 ng Nd each; Table 2.1) processed individually through Fe coprecipitation and U-Th anion
exchange chromatography. The results document excellent reproducibility of coral reference material
aliquots regardless of the applied procedure. In particular, results are consistent between samples

collected from U-Th chemistry wash fractions, those loaded directly onto the respective first column
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of Nd extraction, and previously published coral reference material Nd isotope data (Crocket et al.,
2014) (Fig. 2.3, Table 2.1). Together with previous work (cf. Jeandel et al., 2011), these results
highlight the benefit of combined procedures to separate different elements from the same sample,

and moreover, show the potential to extend the range of extracted elements.

2.4. Summary and concluding remarks

We here presented intercalibration Nd isotope results of combined separation procedures for
Pa, Th and Nd from seawater, and U, Th and Nd from aragonitic sample matrices. The method was
designed with minor modifications to existing protocols used in separate laboratories carrying out U-
Th-Pa analyses and Nd isotope analyses as it utilises wash fractions from U-Th and Pa-Th anion
exchange chemistries that are then further processed for Nd separation. The method significantly
reduces the workload and sample consumption for common applications in low temperature
geochemistry and is easy to implement between different laboratories.
We tested the combined methodology for Nd isotope accuracy and obtained excellent results
compared to previously published data for Nd isotope processing alone. Future optimisation of our
combined approach can be obtained by separation of additional elements from the same samples and
inclusion of a mixed Nd-Th-Pa and/or Nd-U-Th spike prior to Fe coprecipitation in order to generate

quantitative Nd concentration data from the same samples.
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Chapter 3

Neodymium isotopes and concentrations in
aragonitic deep-sea corals - modern
calibration and evaluation of palaeo-

applications

This chapter is prepared for publication as T. Struve, T. van de Flierdt, A. Burke, L. F.
Robinson, S. Hammond, L. I. Bradtmiller, M. E. Auro, and K. M. Falcon: Neodymium
isotopes and concentrations in aragonitic scleractinian deep-sea corals - modern

calibration and evaluation of palaeo-applications in Geochimica et Cosmochimica Acta.
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Abstract

Deep-sea corals are a unique archive of intermediate to deep ocean chemistry. They can be
accurately dated and their fast growth rates allow producing records of high temporal resolution.
Among the geochemical tools preserved in the aragonitic skeletons of deep-sea corals, Nd isotopes
have been shown to reliably record ambient seawater signatures. Recent studies using fossil deep-sea
corals however reported elevated Nd concentrations in coral skeletons, up to two orders of magnitude
higher than expected from Nd-aragonite coprecipitation experiments. The source of this excess Nd is
still poorly constrained as is its significance for the reliability as deep-sea coral aragonite for seawater
Nd isotope reconstructions.

We here present new results that refine the calibration of modern scleractinian deep-sea coral
specimens by analysing three seawater profiles from the Drake Passage and nine modern corals of the
species Desmophyllum dianthus (n = 3), Balanophyllia malouinensis (n = 4), Flabellum curvatum (n =
1) and Madropora oculata from across the Drake Passage and the North Atlantic. All species were
either collected alive or U-series dated to be less than 500 years old. Seawater analyses yield Nd
isotopic compositions consistent with previously published values, revealing small vertical and lateral
Nd isotope gradients in modern Drake Passage water masses. Most of the modern corals (n = 5) agree
with ambient seawater values within analytical uncertainty. Two samples of the species Balanophyllia
malouinensis however deviate by up to 0.6 gyy from ambient seawater and one specimen has to be
omitted due to an open system U-series age. This species should hence be treated with caution for
palaeoceanographic reconstructions of seawater using Nd isotopes.

An additional set of 71 fossil deep-sea corals was analysed for Nd concentrations to
complement existing U and Th concentrations. The observed Nd concentrations range from 7.3 to
964.5 ng/g of which specimens of the species D. dianthus and Caryophyllia spp. show minor
covariation with Th serving as an indicator for lithogenic contamination. Strong covariation is
however observed in the previously unstudied species B. malouinensis and G. antarctica. Furthermore,
16 corals were re-sampled and analysed for their rare earth element (REE) content, as well as major
and trace element geochemistry in order to constrain the source and nature of excess Nd in the
aragonitic skeletons of deep-sea corals. These data provided supporting evidence that lithogenic
contamination is minor as indicated by low Al, Mn, Ti and Fe. Moreover, mass balance calculations
and seawater-like REE patterns seem to rule out lithogenic contamination as a major contributor to
elevated Nd concentrations in coral aragonite. Paired with poor reproducibility of Nd concentrations in
replicate samples these observations point to a heterogeneously distributed seawater-derived Nd
carrier phase in deep-sea coral skeletons. Here we suggest authigenic phosphate phases as carrier of
excess skeletal Nd concentrations, lending more confidence to using Nd isotopes in fossil deep-sea

corals as a powerful tracer for palacoclimatic studies.
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3.1. Introduction

Deep-sea corals are a promising archive for the reconstruction of past ocean properties (see
Robinson et al., 2014 for a review). It is generally differentiated between species building
proteinaceous axes and species secreting calcium carbonate skeletons (Cairns, 2007). The skeletons of
calcium carbonate secreting species provide an archive which is advantageous over other marine
archives of which aragonitic scleractinian deep-sea corals can be dated accurately by uranium-series
disequilibrium (e.g., Cheng et al., 2000; Robinson et al., 2006). Moreover, fast growth rates from 0.5-2
mm/year in Desmophyllum dianthus (Risk et al., 2002; Adkins et al., 2004) up to 26 mm/year in
Lophelia pertusa (Gass and Roberts, 2006) provide high resolution archives in regions where other
palaeoceanographic archives are scarce, such as the Southern Ocean (e.g., Thiagarajan et al., 2013;
Margolin et al., 2014).

In contrast to shallow water corals (zooxanthellate), deep-sea corals (azooxanthellate) are able
to grow in the absence of sunlight, and can be found in all major ocean basins between 0 and >6000 m
water depth (Keller 1976; Freiwald et al., 2004). Knowledge about temperature and salinity ranges for
deep-sea coral habitats is incomplete, but observed temperatures range from <0 to >20°C (Keller,
1976; Stanley and Cairns, 1988), with an apparent preference for temperatures between 4 and 12°C
(Roberts et al., 2006). Similarly, salinities for deep-sea coral habitats span a wide range from ~32%o in
Norwegian Fjerds up to 38.8%o in the Ionian Sea (Freiwald et al., 2004). The highest deep-sea coral
abundance is however found at intermediate water depths where populations change when favourable
habitat conditions change (e.g., Burke et al., 2010; Thiagarajan et al., 2013; Henry et al., 2014;
Margolin et al., 2014), a yet undersampled depth interval of the past oceanic water column due to the
lack of sedimentary archives away from the continental margins. The intermediate ocean is
particularly interesting due to its dynamic role in modulating carbon exchange with the atmosphere
(e.g., Anderson et al., 2009; Burke and Robinson, 2012). The role of intermediate ocean circulation
changes during phases of transient climate change is however still poorly constrained, in particular in
the Southern Hemisphere (e.g., Pahnke et al., 2008; Robinson and van de Flierdt, 2009).

A powerful proxy to better constrain past water mass variability is neodymium (Nd) isotopes
which have been extraceted from various marine archives (e.g., van de Flierdt and Frank, 2010).
Neodymium isotopes in deep-sea corals have been successfully used as a proxy to reconstruct past
water mass properties, with a particular focus on water mass provenance and water mass mixing (van
de Flierdt et al., 2006b; Robinson and van de Flierdt, 2009; Colin et al., 2010; Copard et al., 2011,
2012; Lopez Correa et al., 2012; Montero-Serrano et al., 2011, 2013; Wilson et al., 2014). While the
proxy has been calibrated successfully in both, modern colonial (reef - building) and solitary corals
(van de Flierdt et al., 2006b; Copard et al., 2010, van de Flierdt et al., 2010), there are a number of
issues that still need addressing. Firstly, the calibration study by van de Flierdt et al. (2010) worked
with museum specimens, which were U-Th dated to be between 0 and 377 years old, with two ages

however ranging back to the middle and early Holocene. While the younger ages offer a good

39



possibility that some of these corals may have been collected alive, we can not be certain about this
point. Furthermore, Nd isotope results from the corals from the Smithonian were compared to the most
proximal site in the ocean where seawater results were published from the same water mass bathing
the coral sampling locations. In some cases, this was up to 2000 km away from the site of coral
collection. A more direct calibration was performed by Copard et al. (2010), who analysed 13 corals
collected alive for their Nd isotopic composition, five of which were directly comparable to nearby
seawater measurements. It is however desirable to compare live coral Nd isotopic composition to
seawater collected at the same site.

Another point that needs revisiting for the application of Nd isotopes in deep-sea corals as a
palaco water mass proxy is the observation of elevated Nd concentrations in thoroughly cleaned fossil
coral skeletons. Previous studies showed that Nd concentrations in modern deep-sea coral specimens
of <110.1 ng/g (Copard et al., 2010, 2011, 2012; van de Flierdt et al., 2010) are similar to observations
in shallow-water corals, i.e. <55.5 ng/g (Shaw and Wasserburg, 1985; Sholkovitz and Shen, 1995;
Akagi et al., 2004; Wyndham et al., 2004). Moreover, Copard et al. (2010) showed a weak dependence
of Nd concentrations with water depth, qualitatively in agreement with the behavior of dissolved Nd in
seawater. Comparison to fossil specimens however showed that Nd concentrations were significantly
elevated ([Nd] = 772 ng/g; Wilson et al., 2014), which has been speculated to result from incomplete
removal of contaminant phases (Copard et al., 2010; Crocket et al., 2014; Wilson et al., 2014). Colin et
al. (2012) ruled out sedimentary contributions based on the lack of systematic relationship between
sediment and coral Nd isotopic compositions. Recently, Crocket et al. (2014) presented a dataset of
fossil solitary deep-sea corals from the New England seamounts including specimens with Nd
concentrations of up to 612 ng/g. Mass balance calculations, however, showed that only a maximum
of 27% of the coral-bound Nd could be explained by contaminantion from ferromanganese
oxyhydroxide phases coated around the outer skeleton of fossil deep-sea corals (Crocket et al., 2014).
The effect of contamination from such FeMn phases on coral Nd isotopic composition was shown to
be minor (Crocket et al., 2014). However, as most modern and fossil deep-sea corals show Nd
concentrations in excess of what is predicted from inorganic aragonite precipitation experiments
(Terakado and Masuda, 1988; ~6 - 11 ng/g) it is vital to identify the nature of coral-bound Nd in order
to use Nd isotopes from coral skeletons as a robust proxy for past ocean conditions.

In this paper we present (i) a new Nd isotope calibration of seawater and live deep-sea corals
from the Drake Passage and a location close to Iceland (Fig. 3.1), and (ii) a multi-element
investigation into the nature of elevated Nd concentrations in fossil deep-sea corals. Taken together
our results greatly add to the robustness of the palaco Nd isotope signal extracted from aragonitic

samples.
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Figure 3.1: Global locations of modern deep-sea corals calibrated against seawater for their Nd isotopic
composition. White squares indicate sample locations of previous studies (Copard et al., 2010; van de Flierdt et
al., 2010). Black dots with white outlines denote sample locations for this study. Red dots highlight the locations
of Burdwood Bank and Reykjanes Ridge, i.e. places where modern coral specimens are calibrated against
seawater. Red line indicates the trajectory of oxygen (Drake Passage) and potential temperature (Reykjanes
Ridge) sections presented in Figures 3.2 and 3.4. White diamond represents location of Northeast Atlantic
seawater shown in Fig. 3.4. Maps generated with ODV software; Schlitzer, 2012). Positions of Southern Ocean
fronts from Orsi et al. (1995). SAF: Sub-Antarctic Front; PF: Polar Front; and SACC: southern ACC front. SFZ:
Shackleton Fracture Zone; WAP: West Antarctic Peninsula.

3.2. Samples

In order to compare coral data to ambient seawater three seawater profiles were collected for
10 to 12 depths each during NBP0805 (April to May 2008) on the R/V Nathaniel B. Palmer using the
shipboard CTD system equipped with PVC Niskin bottles (Fig. 3.1 and Table 3.1). Samples were
transferred from Niskin bottles into acid cleaned cubitainers using Tygon® tubing. Unfiltered 10L
samples were acidified to pH < 2 onboard using high purity HCI. Sampling stations were located in
deep waters off Burdwood Bank (north of the Polar Front), off the southern end of the Shackleton
Fracture Zone (south of the Polar Front), and inbetween Sars and Interim Seamount (near the Polar
Front) (Figs. 3.1 and 3.2). All major water masses were sampled: surface mixed layer, Subantarctic
Mode Water (SAMW), Antarctic Intermediate Water (AAIW), Upper Circumpolar Deep Water
(UCDW) and Lower Circumpolar Deep Water (LCDW) (Fig. 3.2).

41



Deciphering glacial-interglacial Southern Ocean dynamics with deep-sea corals
Chapter 3

_
|Burdwood Ban

[
f
[
[
[
[}
1
[
[
|
]
[
[
i
[
[
[}
1
L
[
[
I}
[}
I
I
]
[}
]
[}
1
[}
[}
[}
i
i
[}
[}
(]
[}
i
[

e

= ,7;&3‘,_ — T \J 27.4 =7
) \¢ — —
J (3

Interim SFZ

*
w
(9]
a

J
s Burdwood
¢ Bank

Depth [m]
50 e &
-GS

3
V)

G

2.9

Ocean Data View / DIVA

TR TR R M T

Figure 3.2: Seawater, sediment and coral sampling locations in the Drake Passage. (a) Oxygen section across
the Drake Passage (red line in Figure 3.1; WOAI13: Garcia et al.,, 2013; generated with ODV software;
Schlitzer, 2012). White diamonds: seawater profiles; black circles: fossil deep-sea corals; red circles: modern
deep-sea corals; brown colour: locations for sediment collection, with symbol indicating the sampling device;
box or Kasten cores (squares), dredges (dots), minicorer attached to CTD (diamond). Shared symbols indicate
multiple samples collected with same device at respective location. Thin black lines indicate surfaces of neutral
density anomaly y" (Jackett and McDougall, 1997; in kg/m*). SASW: Sub-Antarctic Surface Water, AAIW:
Antarctic Intermediate Water, UCDW: Upper Circumpolar Deep Water, LCDW: Lower Circumpolar Deep
Water, SPDW: South Pacific Deep Water, WSDW: Weddel Sea Deep Water (after Sievers and Nowlin, 1984;
Orsi et al., 1999, Sudre et al., 2011) (b) to (d) Detailed bathymetric maps for (b) Shackleton Fracture Zone, (c)
Burdwood Bank, and (d) Sars and Interim seamounts. Maps were generated with Geomapapp
(http://www.geomapapp.org) with GMRT (Ryan et al., 2009) and high resolution data from NBP0805 and
NBP1103 bathymetric surveys (Hoy et al., 2015).

42



Furthermore we report results from sediment samples (n = 7), which were collected during
NBP0805 and NBP1103 (May to June 2011) from water depths between 333 to 4395 m water depth
across the Drake Passage, i.e. at Burdwood Bank, Shackleton Fracture Zone (SFZ), Sars and Intermin
seamounts and at the margin of the Westantarctic Peninsula (WAP) (Figs. 3.1 and 3.2, Table 3.2).
Sediment recovery is notoriously difficult due to prevailing strong currents in the Drake Passage.
However, coring was successful during NBP1103 at Burdwood Bank (Kasten core KC 63, 333 m
water depth), Interim seamount (Kasten core KC77, 3095 m) and at the WAP margin (Box core
BC63, 597 m water depth). During NBP0805 small amounts of sediment samples were collected
using a minicorer attached to the CTD to recover sediments from 4221 and 4395 m water depth near
Sars and at SFZ, respectively. Additional gravel was collected from two dredges (DR18 and DR35;
Table 3.3) at SFZ (2392m) and Sars seamount (695 m) (Figs. 3.1 and 3.2, Table 3.2). Samples were
taken from respective top sections where possible (i.e. not applicable to dredge samples) (Table 3.2).
The lithology of the different samples was very heterogeneous reflecting the different depositional
environments, but also different sampling methods; for example dredged sediment samples contained
rock fragments scraped off the bedrock. KCO8 is characterised as quartz sand, including some darker
minerals with an overall slightly green (mouldy) appearance. Sediment samples from Sars (DR35 and
CTDO04 minicore) and Interim (KC077) seamounts were dominated by light-brown and grey colours
indicating unusually high carbonate contents. Sediments from SFZ (DR18 and CTDO03 minicore)
were muddy to sandy, dominated by grey to brown colours. BC63 sediments from the WAP are a

grey-brown mixture of various grain sizes in the range of mud to sand.

Figure 3.3: Alive specimens of (a) B. malouinensis, (b)
F. curvatum, (c) D. dianthus collected in the Drake
Passage during NBP080S5 (photo credit: Dann
Blackwood) and (d) sub-fossil M. oculata (Cairns and
Kitahara, 2012). Alive specimens are characterised by
their organic tissue which is strongly coloured (purple,
red, organge) in all specimens. For B. malouinensis the
coral skeleton is only solid in the lower parts and
becomes porous at the top, as overgrown by organic
tissue (see enlargement of the interface between the two
parts of the skeleton). The stippled rectangle in (a)
illustrates subsampling areas for upper and lower parts
of a fossil B. malouinensis skeleton (for their trace
metal content: Table 3.5; NBP1103 DH16 Bc-2).

Modern solitary coral specimen of Desmophyllum dianthus (n = 3), Balanophyllia
malouinensis (n = 4) and Flabellum curvatum (n = 1) (Fig. 3.3) were collected on Burdwood Bank by
dredging and trawling during NBP0805 (n = 6; all from one Blake Trawl at 816 m water depth) and
LMGO0605 on the R/V Laurence M. Gould (n = 2; both B. malouinensis; one from 120 m water depth
and one from 854 m water depth) (Figs. 3.2 and 3.3; Table 3.4). It should be noted that ‘modern

samples’ in this case includes specimens collected alive (n = 3) and specimens to be less than 467
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years old as confirmed by U-series dating (Table 3.4; Burke and Robinson, 2012 and Burke et al.,

unpubl. data). The shallowest sample from 120 m water depth (B. malouinensis) was bathed in

subsurface waters of the mixed layer, whereas the samples from 816 m (southern slope of Burdwood

Bank) and 854 m water depth (northern slope of Burdwood Bank) were bathed in AAIW (Fig. 3.2;

Table 3.4). B. malouinensis (Fig. 3.3) is a species that is very abundant in the Drake Passage, but has

not yet been calibrated for Nd isotope work.

We also include here one specimen of the colonial coral Madrepora oculata (Figs. 3.3 and

3.4), dredged during cruise CE0806 in the North Atlantic at 768 m water depth on the Reykjanes

Ridge (61.87°N, 27.01°W) (Burke, 2012). This coral was bathed in a mixture of Subpolar Mode

Waters (SPMW), its densest representative Labrador Seawater (LSW), Iceland-Scotland-Overflow

Water (ISOW) and North Atlantic Central Waters (NACW; Talley and McCartney, 1982; Lacan and
Jeandel, 2004a,b, 2005a; Yashayaev et al., 2007; Fig. 3.4, Table 3.4).
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Figure 3.4: Sample location on Reykjanes Ridge in the North Atlantic. Red circle indicates modern deep-sea
coral sample location used for Nd isotope calibration. White diamonds indicate seawater measurements at
signature station 14 from Lacan and Jeandel (2004a, 2005b). (a) Section of potential temperature across the
Northeast Atlantic (red line in Fig. 3.1; WOA13: Locarnini et al., 2013; generated with ODV software;
Schlitzer, 2012). Thin black lines indicate surfaces of neutral density anomaly y" (Jackett and McDougall,
1997; in kg/m?). Black stippled line with arrowheads indicates mixing along y" = 27.74 kg/m?>. NACW:
North Atlantic Central Water, SPMW: Subpolar Mode Water, LSW: Labrador Sea Water, NEADW:
Northeast Atlantic Deep Water, ISOW: Iceland Scotland Overflow Water, DSOW: Denmark Strait Overflow
Water. Water masses after Talley and McCartney (1982), Lacan and Jeandel (2004a, 2005b) and Yashayaev
et al. (2007). (b) Reykjanes Ridge bathymetry map generated with GeoMapApp
(http://www.geomapapp.org) with GMRT (Ryan et al., 2009).
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In order to investigate the integrity of the Nd isotope signal in fossil deep-sea coral aragonite,
we selected an additional 71 fossil specimens from the Drake Passage. The sample set includes the
species Desmophyllum dianthus (n = 55), Balanophyllia malouinensis (n = 8), Flabellum curvatum (n
= 3), Gardineria antarctica (n = 3) and Caryophyllia spp. (n = 2) and was collected by dredging or
trawling during cruises NBP0805, NBP1103 and LMGO0605 at Burdwood Bank (318 to 1515.5 m),
Sars Seamount Seamount (695 to 1750 m), Interim Seamount (982.5 to 1195.5 m), and the Shackleton
Fracture Zone (SFZ) (Figs. 3.1 and 3.2, Tables 3.5 and 3.6). A subset of re-sampled corals (n = 17)
was investigated for major and trace metal content, not including U-series dating on individual
subsamples (Table 3.5). All remaining fossil deep-sea coral samples presented here have been U-series
dated (Burke and Robinson, 2012; Chen et al., 2015; Burke et al., unpubl. data) and ages range from
1.1 to 226 kyrs. Full chemical replicate analyses were carried out on D. dianthus (n = 14),
Caryophyllia spp. (n = 1) and G. antarctica (n = 1), twelve of which were re-sampled pieces of the
same coral. The remaining four replicates were generated from two separate aliquots from a crushed,

but still inhomogenous coral sample (Table 3.6).

3.3. Analytical procedures
3.3.1. Sample preparation for Nd isotope analyses

Seven sediment samples from across the Drake Passage were selected for analyses (Table 3.2).
Available sample size was in some cases limited to sub-gram levels, for example for the top sections
of CTD minicorer samples, dredged samples and box core samples (Table 3.2); homogenisation may
be imperfect in such sediments. Sediment samples were exposed to a sequential leaching and digestion
procedure following Cook et al. (2013). Briefly, this procedure involved carbonate removal with
buffered acetic acid and removal of FeMn oxyhydroxide phases in a mixture of acetic acid and
hydroxylamine hydrochloride. No step was performed to remove biogenic opal. Sub-samples of ~50
mg sediment (NBP0805 DR35, < 300 um fraction: ~8 mg) were exposed to aqua regia (3 : 1 mixture
of concentrated HCl and HNO;3, respectively) to remove organics, followed by silicate digestion in a
mixture of 16 M HNOs, 28 M HF and 12 M HCIO4 in 1 : 2 : 0.6 proportion, after which the samples
were converted to chloride form in 1 M HCI. An aliquot containing ~5 - 6 mg dissolved detritus (~22
mg of sand sample NBP1103 KCO08, 0 - 5 cm) was then spiked with "°Nd spike and used for
subsequent cation exchange chromatography using Biorad® AG50W-X8 resin (200 - 400 mesh)
following Chapter 2. Seperation of Nd from other REEs followed the procedure of Cook et al. (2013)
and was achieved using Eichrom Ln spec” resin (50 - 100 pm bead size, modified after Pin and
Zalduegui, 1997).

Deep-sea coral data were generated from ~0.1 to 1.3 g subsamples, either from wash fractions
collected at WHOI during uranium-thorium separation (Chapter 2) or from re-sampled pieces of the
same coral specimens used for U-series dating (Tables 3.4, 3.5 and 3.6). Cleaning of re-sampled

specimens and those utilised for combined U-Th-Nd extraction followed similar procedures (e.g.,
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Cheng et al., 2000; van de Flierdt et al., 2010; Burke and Robinson, 2012; Crocket al. 2014). All coral
and seawater samples were oxidised with aqua regia, followed by a 1:1 mixture of 16 M HNO; and
30% H,0O, prior to REE separation in order to remove any residual organics from previous columns
and/or initial digestion in 8 M HNO;. All samples from wash fractions processed for Nd isotope
analyses were doped with a "*Nd spike after collection to monitor Nd concentrations. This procedure
produces a minimum concentration estimate (Ndm), which may underestimate true Nd concentrations
in coralline aragonite by up to ~12% (Tables 3.4 and 3.6; Chapter 2). Coral samples processed for Nd
isotope analyses only were spiked after initial digestion in 8 M HNO:s.

10 L seawater samples were initially processed by Fe coprecipitation and anion exchange
chromatography for Pa-Th separation at WHOI. Wash fractions from this procedure were subjected to
the same ion exchange chromatography as coral samples (Chapter 2), which is outlined in brief below.

Samples processed for Nd isotope analyses before April 2014 were dissolved in 1 M HNO;
and 0.9 M ascorbic acid mixture for REE separation with Eichrom RE spec” resin (100 - 150 pm).
Due to the strong oxidation required after RE spec® chemistry (Crocket et al., 2014) we changed in
April 2014 to REE-matrix separation using Biorad® AG50W-X8 resin (200 - 400 mesh). In both cases
seawater and coral Nd purification was achieved on a second column using Eichrom Ln spec® resin

(20 - 50 um) (Crocket et al., 2014).

3.3.2. Neodymium isotope analyses

Neodymium isotope analyses were carried out on a ThermoFinnigan Triton TIMS in the
MAGIC laboratories at Imperial College London. Seawater and coral samples, analysed in NdO"
mode, were loaded in 2 x 0.5 pl 2.5 M HCI on degassed single W filaments between two layers of 0.5
ul TaFs activator (Crocket et al., 2014). Sediment Nd isotope analyses, performed in Nd" mode, were
loaded in 2 x 0.5 ul 2.5 M HCI sandwiched between two layers of 0.5 pl 0.01 M H3PO, on degassed
Re filaments in a double filament assembly (e.g., Andreasen and Sharma, 2009). After correcting for
isobaric interferences, the instrumental mass bias was corrected for by normalisation to '**Nd/"**Nd =
0.7219 using an exponential law, and slightly higher "**Nd/"**Nd for spiked samples following Crocket
et al. (2014). Barium was monitored manually, but no significant interference was found for the
critical mass range of isobaric BaF and BaO. Pure JNdi-1 loads of 5 and 15 ng were analysed in NdO"
mode (n = 110) and 60 and 100 ng loads in Nd" mode (n = 5) over a period of 26 months (‘**Nd/"**Nd
= 0.512104 = 0.000010, n = 115) to monitor instrumental offset and normalise mass bias corrected
"Nd/'**Nd ratios of samples to the reference ratio of '*Nd/'**Nd = 0.512115 + 0.000007 (Tanaka et
al., 2000). 20 external reproducibility of 10 and 30 ng Nd BCR-2 rock reference material analysed as
NdO" was "“Nd/"*Nd = 0.512637 + 0.000011 (n = 32). One additional ~80 ng Nd BCR-2 load was
analysed with the sediment samples as Nd'. Overall, the reproducibility of reference materials

analysed in NdO" and Nd" mode gave similar results so that altogether 33 BCR-2 analyses yielded
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"Nd/Nd = 0.512637 + 0.000010, i.e. 20 ppm. Our in-house coral standard yielded a similar
precision for 10 and 30 ng Nd loads ("*Nd/"**Nd = 0.512336 + 0.000009; n = 23).

Full procedural blanks of combined U, Th and Nd separation from aragonite matrix ranged
from 2 to 27 pg Nd (n = 20). Full procedural blanks of combined Pa, Th and Nd separation from
seawater matrix were significantly higher at 0.24 and 0.48 ng Nd due to blank problems induced by
sample processing (Auro et al., 2012), which were rectified during the later part of our study (e.g.,
after processing of the seawater samples reported here). Contribution of Nd chemistry to this elevated
blank was monitored and found to be below 17 pg Nd (n = 7). The Nd isotopic composition of the 0.48
ng full procedural blank was '“Nd/'"*Nd = 0.512225 + 0.000029 (2SE). Even though blanks
contributed up to 25% of the analysed natural sample Nd, blank corrections were found to contribute
less than 0.04 epsilon units and hence no correction was applied. The full procedural Nd blank of the

sediment protocol was 13 pg (n=1).

3.3.3. Major and trace element analyses on modern and fossil corals and sediments

Major and trace element analyses on 17 re-sampled and cleaned fossil and modern coral
samples and seven sediment samples were carried out on an Agilent 7500s ICP-MS at CEPSAR, Open
University. Analyses of coral and sediment samples were carried out on unspiked aliquots taken from
the fully dissolved samples prior to ion chromatography. In order to optimise results of low-abundance
lanthanide series elements, aliquots of dissolved coral samples were diluted to ~1000 ppm Ca for
elemental masses < 89 and to ~2000 ppm Ca for elemental masses > 89. Coral samples were analysed
in a matrix of 2% nitric acid in four separate runs over two analytical sessions (Table 3.5). Sample
concentrations were calculated using an in-house multi-element standard doped with Ca to match
sample contents. Machine drift was monitored with an in-house multi-element standard and a deep-sea
coral standard (Crocket et al., 2014). BCR-2 was measured as an unknown for additional quality
control in the beginning and at the end of each analytical session. Limestone reference material JLS-1
was used to monitor reproducibility during 1000 ppm Ca sessions. Aliquots of dissolved sediment
samples were diluted to ~5 ng/g Nd as Nd concentrations were already known from TIMS isotope
dilution measurements (see 3.3.1 and Table 3.2). All sediment samples were analysed during one
analytical session, containing rock reference material BCR-2 and a deep-sea coral standard (Crocket et
al., 2014) for additional quality control. Full procedural blank levels were negligible for all elements
of interest and BCR-2 (n = 6) yielded REE results within 5% RSD of certified values and within 20%
for most other elements (Al, Ca, Sc, Ti, Y, Th and U). Exceptions were Fe (51% RSD) and Mn (53%
RSD). Coral standard (n = 9) RSDs were below 8% for most REE and U, whereas low abundance
heavy REE (HREE) reproduced less well (Tm: 31%, Yb: 11.4% and Lu: 11.8%). Typical
reproducibilities for selected elements in our coral standard were as follows: Th: 14.5%, Al: 19.6%,
Ca: 7.0%, Ti: 8.4%, Mn: 27.3% and Fe: 13.3% RSD. Limestone reference material JLS-1 (n = 8)
reproduced better than 7% for most elements, except Ti: 16.2% (omitting one flyer), Sm: 12.4%, Tb:
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15.3%, Tm: 13.0% (n = 4, below limit of detection during second run), Yb: 8.4% and Th: 12.6%

(Table 3.5).

Four out of the 17 re-sampled corals have furthermore been processed for Nd concentrations

by TIMS isotope dilution allowing for intercomparison with ICP-MS data (Tables 3.4 and 3.6).

3.4. Results

3.4.1. Seawater Nd isotope data

The Nd isotopic composition of seawater from three Drake Passage depth profiles falls in a

narrow  &xg

range

between -7.6

and

-8.6

(Table

3.1,

Fig.

3.5;

(ena

(( N/ 144Ndsample)/(mNd/ 144NdCHUR) — 1) x 10,000; CHUR: chondritic uniform reservoir, see Jacobsen

and Wasserburg, 1980), indicating a relatively homogenous water column across the Drake Passage.

Water

Sample Lat Long depth (m) Location “BNd/ NG 2SE° en®  2SE  2sD°
CTD2_R-2-1 54.872 -62.140 2190  Burdwood Bank 0512229 0.000008 -7.97 0.16 0.20
CTD2_R-4-2 54.872  -62.140 2100  Burdwood Bank 0512243 0000016 -7.70 032  0.32
CTD2_R-6-3 54.872  -62.140 1800  Burdwood Bank 0512245 0.000014 -7.66 026 0.26
CTD2_R-12-6  -54.872 -62.140 1200  Burdwood Bank 0512229 0.000009 -7.97 0.8  0.20
CTD2_R-14-7  -54.872 -62.140 805 Burdwood Bank 0512220 0.000020 -8.16 0.40  0.40
CTD2_R-16-8  -54.872 -62.140 500 Burdwood Bank 0.512235 0.000015 -7.86 030  0.30
CTD2_R-18-9  -54.872 -62.140 300 Burdwood Bank 0512211 0.000010 -8.33 0.19  0.20
CTD2_R-20-10  -54.872 -62.140 200 Burdwood Bank 0512213 0.000014 -8.28 028 0.28
CTD2_R-21-11 -54.872 -62.140 49 Burdwood Bank 0512210 0.000020 -8.35 039  0.39
CTD2_R-24-12 -54.872 -62.140 0 Burdwood Bank 0.512203 0.000022 -8.48 0.43  0.43
CTD3_R-2-1 -60.617 -56.535 4221 Shackl. Fract. Zone 0.512249 0.000006 -7.60 0.11  0.20
CTD3_R-4-2 -60.617  -56.535 4105  Shackl. Fract. Zone 0.512245 0.000004 -7.67 0.08  0.20
CTD3_R-6-3 -60.617  -56.535 3700  Shackl. Fract. Zone 0512232 0.000005 -7.92 0.10 0.20
CTD3_R-8-4 -60.617  -56.535 3200  Shackl. Fract. Zone 0.512218 0.000005 -8.19 0.11  0.20
CTD3_R-10-5  -60.617 -56.535 2500  Shackl. Fract. Zone 0.512225 0.000005 -8.05 0.10  0.20
CTD3_R-12-6  -60.617 -56.535 1800  Shackl. Fract. Zone 0.512209 0.000005 -8.36 0.10  0.20
CTD3_R-14-7  -60.617 -56.535 1400  Shackl. Fract. Zone 0512204 0.000006 -8.46 0.11  0.20
CTD3_R-16-8  -60.617 -56.535 1000  Shackl. Fract. Zone 0512197 0.000006 -8.61 0.12  0.20
CTD3_R-189  -60.617 -56.535 410 Shackl. Fract. Zone 0512213 0.000006 -8.29 0.2  0.20
CTD3_R-20-10  -60.617 -56.535 249 Shackl. Fract. Zone 0512215 0.000006 -8.26 0.12  0.20
CTD3_R-21-11  -60.617 -56.535 100 Shackl. Fract. Zone 0.512228 0.000006 -7.99 0.11  0.20
CTD3_R-24-12 -60.617 -56.535 8.8 Shackl. Fract. Zone 0.512233 0.000007 -7.90 0.3  0.20
CTD4_R-2-1 59.823  -66.003 4395  Near Sars Seamount 0.512245 0.000007 -7.66 0.14  0.20
CTD4_R-4-2 59.823  -66.003 4295  Near Sars Seamount 0.512237 0.000006 -7.81 0.11 0.20
CTD4_R-6-3 59.823  -66.003 4000  Near Sars Seamount 0.512249 0.000006 -7.60 0.12  0.20
CTD4_R-8-4 -59.823  -66.003 3500  Near Sars Seamount 0.512240 0.000007 -7.77 0.14  0.20
CTD4_R-10-5  -59.823 -66.003 2999  Near Sars Seamount 0512221 0.000006 -8.13 0.12  0.20
CTD4_R-12-6  -59.823 -66.003 2250  Near Sars Seamount 0512214 0.000007 -8.28 0.13  0.20
CTD4_R-14-7  -59.823 -66.003 1499  Near Sars Seamount 0512208 0.000013 -8.24 025 0.25
CTD4_R-16-8  -59.823 -66.003 1000  Near Sars Seamount 0512204 0.000017 -8.46 032  0.32
CTD4_R-18-9  -59.823 -66.003 600 Near Sars Seamount 0512236 0.000015 -7.84 029  0.29
CTD4_R-24-12  -59.823  -66.003 0 Near Sars Seamount 0.512223 0.000008 -8.09 0.15 0.20

(a) 3Nd/**Nd ratios were corrected for the offset of the measured JNdi-1 ratio of 0.512104 + 0.000010 (n = 115) from the published value of 0.512115 + 0.000007
(Tanaka et al., 2000)

(b) 2SE is the analytical 2c standard error.

(c) &g was calculated using the present day CHUR value of '*Nd/**Nd = 0.512638 (Jacobsen and Wasserburg, 1980).

() 28D refers to the 26 standard deviation derived from the longterm reproducibility of BCR-2 standards over a 26 months period (see text). If the internal 26 SE was

larger than the external one, the internal error is reported.

Table 3.1: Neodymium isotope results for three seawater stations sampled during expedition NBP0805
on the Nathaniel B. Palmer in the Drake Passage. Note that samples were not filtered and that Nd
chemistry was performed on chemistry cuts from Pa-Th chemistry, yielding to poor yields in places (see

Auro et al., 2012, for details). Shackl. Fract. Zone = Shackleton Fracture Zone.
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In detail, the two seawater profiles from Sars seamount and the SFZ reveal identical eyg values
within error. Both profiles are characterised by slightly more radiogenic values in surface and bottom
waters (exd (<10om) = -8.0 £ 0.2, n = 3; &g 4000m) = -7.7 £ 0.2, n = 5) compared to intermediate water
depth (ena (1000m) = -8.5 to -8.6). While the seawater profile from the slope off Burdwood Bank reveals
the same overall range in Nd isotopic compositions, the most radiogenic values are observed in 1800
to 2190 m water depth (exg of -7.8 £ 0.3, n = 3) and the least radiogenic values are found in the
uppermost 300 m of the water column (eng = -8.4 + 0.2, n = 4). Figure 3.5 furthermore illustrates that
our new seawater Nd isotope results are in excellent agreement with previously published seawater
profiles from the Drake Passage, omitting a small apparent deviation in deep waters from south of the

polar front (Stichel et al., 2012).

3.4.2. Sediment data

Major and trace element data as well as Nd isotopic compositions of detrital sediments
collected from across the Drake Passage are reported in Tables 3.2 and 3.3. Radiogenic Nd isotope
values ranging from exg= 2.5 £ 0.2 to exg= -6.5 + 0.2, as well as positive Eu anomalies (Eu/Eu” = 2 x
Euw/(Sm + Gd) = 1.1 to 1.9) indicate a significant volcanogenic component in the lithogenic fraction.
Neodymium concentrations are relatively low ([Nd] = 11.6 to 21.2 pg/g) compared to upper
continental crust values ([Nd] = 27 pg/g; Taylor and McLennan, 1985), but within the range of local
basalts from the Antarctic Peninsula and the southern tip of Chile (GEOROC database). The two most
positive results in gng stem from two samples (DR35 and BC63; Table 3.2), which were potentially
contaminated and are hence omitted from further discussion and mass balance calculations (see Table

3.2 and caption for details).

3.4.3. Deep-sea coral data
3.4.3.1. Modern Calibration

The modern North Atlantic specimen of M. oculata from 768 m water depth was dated to be
no older than 30 years and yielded an eyq of -13.1 = 0.2, which is the least radiogenic Nd isotopic
composition obtained during this study and in line with other analyses of deep-sea corals in the North
Atlantic. As such it shows excellent agreement with the nearby seawater from West off Iceland (Fig.
3.6), following the neutral density anomaly y" = 27.74 kg/m? (exg = -13.2 = 0.2 at 401 m water depth;
Station 14, Lacan and Jeandel, 2004a; Figs. 3.1 and 3.4). Results for modern specimens of F.
curvatum (collected alive; n = 1), B. malouinensis (collected alive and dated to be up to 330 years old;
n =4), and D. dianthus (up to 467 years old; n = 3) span a range of eyq values from -7.0 to -7.6 (Table
3.4; Fig. 3.6). A complete replicate of sample Big Beauty yielded excellent agreement in Nd isotopic
composition. Overall, most of the specimens investigated show Nd isotopic composions consistent

with ambient seawater. In detail, two D. dianthus, one F. curvatum, and one B. malouinensis yield
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values within error of seawater at 805 m at Burdwood Bank (exg= -8.2 £ 0.4; Fig. 3.6) (Table 3.4, Fig.
3.6). One D. dianthus specimen (TB04 Dp-A-02) and two alive-collected specimens of B.
malouinensis (Mod. Balano-1/-2) from the same location however deviate from this value.

One additional B. malouinensis (LMGO06-05/3-1) collected from the northern flank of
Burdwood Bank at 120 m water depth (exg= -7.2 + 0.2) is also offset from seawater measured at 200
m water depth on the southern flank of Burdwood Bank (ex4 = -8.3 = 0.3; Tables 3.1 and 3.4, Figs. 3.2
and 3.6). The latter is however the only specimen in this collection showing an offset from seawater
37U = 146.8 + 0.1%0 (20, n = 19; Andersen et al., 2010), i.e. intial coral 5°*'U = 111.6 £ 0.5%o
indicates open system behaviour (see caption of Table 3.6 for details) and is hence omitted from

Figure 3.6 and further discussion.
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3.4.3.2. Trace Metal Systematics

For a total of 9 modern and 87 fossil deep sea coral samples from the Drake Passage Nd, U
and and Th concentrations are available from isotope dilution during combined coral dating (MC-ICP-
MS; Burke and Robinson, 2012; Chen et al., 2015; Burke et al., unpubl. data) and Nd isotope analyses
(TIMS; mostly [Ndpi,]; see also Chapter 2). In modern coral specimens, >*Th concentrations are
generally low, but vary by one order of magnitude (43 to 377 pg/g; Table 3.4). Neodymium
concentrations are typically higher, but less variable with values between ~5 and 27 ng/g (with the
exception of modern F. curvatum with 152.2 ng/g; mostly Nd,,;, estimates only, see Table 3.4). It is
worth noting that, among modern coral samples, D. dianthus specimen Dp-A-02 and B. malouinensis
specimen Mod. Balano-1 show the highest **Th concentrations of 344 pg/g and 377 pglg,
respectively. Of the remaining modern corals B. malouinensis specimens show slightly elevated ***Th
concentrations relative to D. dianthus, F. curvatum and M. oculata (Table 3.4).

The fossil coral data set consists of 87 coral samples including 13 replicates analysed as wash
fractions from U-Th dating (i.e. [Nd,] estimates) and 3 re-sampled corals analysed for their Nd only.
Minimum Nd concentrations in fossil coral specimens range from 7.3 ng/g to 964.5 ng/g and ***Th
concentrations range from 20 to 3500 pg/g (Table 3.6, Fig. 3.7). The entire coral Nd,;, and **Th
concentration dataset obtained from isotope dilution (including modern coral samples) shows a weak
correlation of R? = 0.48 (n = 91; Fig. 3.7). Significantly higher covariations are displayed for the
species B. malouinensis (R>=0.96,n = 11) and G. antarctica (R*= 1, n = 4) (Fig. 3.7).

The subset of modern and fossil samples (n = 17) analysed for major and trace element
concentrations yielded the following results: [Al] < 9.2 pg/g, [Ti] < 0.54 pg/g, [Mn] < 0.38 pg/g and
[Fe] < 14 pg/g (omitting one result) (Table 3.5). These concentrations are several orders of magnitude
lower than in lithogenic and FeMn oxyhydroxide phases (Tables 3.3 and 3.5, Fig. 3.7; Crocket et al.,
2014). Despite the large range of Nd concentrations observed in modern and fossil coral specimens
their shale-normalised rare earth element patterns show three distinct features: (i) negative Ce
anomalies (Ce/Ce’ = 2 x Ce/(La + Nd) ranging from 0.03 to 0.09), (ii) enrichment of heavy over light
rare earth elements (HREE/LREE = (Er + Yb)/(La + Nd) = 1.1 to 10), and (iii) positive Gd anomalies
(Gd/Gd" =2 x Gd/(Eu + Tb) = 1 to 1.3, except for sample NBP0805 DR35 Dc-D002, which shows a
negative Gd anomaly (Table 3.5, Fig. 3.8). These observations are consistent on intra- and interspecies
level, i.e. the REE data set includes D. dianthus, G. antarctica and B. malouinensis.

One fossil specimen of B. malouinensis was furthermore sub-sampled at the upper and lower
part of its skeleton (Fig. 3.3) in order to investigate potential geochemical gradients. The lower part
contains about 6 times higher concentrations of lithogenic elements such as Al and Ti, slight
enrichment in Nd (38.4 ng/g in the upper part and 52.6 ng/g in the lower parts), and rather similar

concentrations in Fe (Table 3.5).
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Another coral specimen that has not been studied for palaco work so far is G. antarctica. We
note that even though REE concentrations seem elevated the PAAS-normalised pattern (Taylor and
McLennan, 1985) looks like modern seawater (Table 3.5, Fig. 3.8).

The reproducibility of trace metal concentrations in re-sampled corals is reflected in replicate
U, Th and Nd,,;,, concentration results obtained from isotope dilution. Excluding one respective outlier
resampled [Nduin]coral Shows only weak correlation (R? = 0.35; n = 15) whereas [U].oa (R?=0.76; n =
12) and [mTh]cora] (R? = 0.63; n = 12) reproduce better between different parts of the same coral
(Table 3.6, Fig. 3.9). This observation is moreover manifested in comparison of [Nd iy ]eorat @and [U]coral
obtained from isotope dilution (Tables 3.4 and 3.6) with the respective results of the 17 re-sampled
coral samples analysed by ICP-MS (Table 3.5). Excluding two outliers, the Nd results indicate poor
reproducibility represented by R? of 0.28 whereas U concentrations show R? = 0.71 between different
parts of the same coral analysed by different methods thus echoing the results of the isotope dilution
replicate data. The ***Th LOD of the ICP-MS limits a similar comparison with isotope dilution MC-
ICP-MS data (Table 3.5).

However, trace metal concentrations obtained using isotope dilution and by ICP-MS from the
same sample solution show consistent trends indicating that the trends are not an analytical artifact.
The integrity of data obtained from different methods is further demonstrated by comparison of Nd
concentrations obtained by TIMS isotope dilution with ICP-MS analyses. Both analyses were carried
out with aliquots from the same sample solution of four resampled corals. The results show good
agreement between different analytical methods, i.e. within 6.1% (n = 3) and 25.9% for sample
NBP0805 TB04 Big Beauty, which shows however low [Nd] so that the absolute difference between
5.4 and 4.0 ng/g is small (Tables 3.4, 3.5 and 3.6).
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3.5. Discussion
3.5.1. Calibration of modern deep-sea corals against ambient seawater
3.5.1.1. Drake Passage seawater data

Our new seawater data from the Drake Passage confirm that the vertical water column seems
well mixed in terms of its Nd isotopic composition, as was pointed out by Stichel et al. (2012) and
Piepgras and Wasserburg (1982) (Fig. 3.5). Despite the proximity of CTD stations to the continental
margin and topographic features such as seamounts and fracture zones (Fig. 3.2), no indication of
boundary exchange processes (Lacan and Jeandel, 2005a) can be detected, even though concentration
data would be necessary to evaluate potential influence from seafloor sediments on bottom water
signatures. A detailed comparison with the data presented by Stichel et al. (2012) (Fig. 3.5) reveals
that there are some discrepancies in waters below 3000 m east of the Shackleton Fracture Zone and at
Sars Seamount. Our data show slightly more radiogenic average values of exg = -7.7 (n = 7; Fig. 3.5),
whereas Stichel et al. (2012) found less radiogenic Nd isotopic compositions of ~-9.0. Stichel et al.
(2012) ascribed such unradiogenic values to episodic presence of deep and bottom waters from the
nearby Weddel Shelf (Stichel et al., 2012: WSBW/AABW é&yg = -9.1). During NBP08O0S5 a sharp drop
in temperature and salinitiy paired with an increase in oxygen between 3200 and 3500 m water depth
was observed at SFZ (Dalziel, 2015) indicating a water mass boundary towards the bottom, a
hydrographic feature which is less pronounced near Sars seamount (Dalziel, 2015). This boundary
may be caused by the presence of AABW known to fill the deep troughs in the southern Drake
Passage as indicated by an oxygen maximum at depth (Sievers and Nowlin, 1984; Sudre et al., 2011;
Fig. 3.2). Hydrographic properties at SFZ below 3500 m (6 = -0.24°C, salinity of 34.66, [O,] = 4.9
ml/l; Dalziel, 2015) are however not fully coherent with Weddel Sea Bottom Water (e.g., Sudre et al.,
2011). Such properties indicate supposedly strong admixture of deep and bottom water masses sourced
from the South Pacific (Sievers and Nowlin, 1984; Sudre et al., 2011), consistent with our Drake
Passage data and South Pacific Nd isotope data from literature (Carter et al., 2012; Rickli et al., 2014;
Basak et al., 2015; Fig. 3.2). This confirms the idea of spatial variability in Southern Ocean seawater
Nd isotopic compositons at depth levels that are influenced by underlying bottom waters, as has been
proposed based on FeMn nodule data (van de Flierdt et al., 2006a).

In overlying CDW, our Nd isotope results averaging at exg ~ -8.2 = 0.5 (n = 15) are identical
to results from previous work in the Drake Passage (Stichel et al., 2012; Fig. 3.5) and in the Pacific
sector of the Southern Ocean (Carter et al., 2012; Rickli et al., 2014; Basak et al., 2015). As such
CDW shows no indication of inter-basin heterogeneity. However, as noted by Rickli et al. (2014), the
full range of circum-Antarctic LCDW salinity and temperature range is not yet covered with Nd

isotope data.
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A closer look at our new seawater Nd isotope data indicates that some sub-basin scale mixing
processes are resolved in the Drake Passage seawater Nd isotopic composition. At Burdwood Bank
two samples from 1800 and 2000 m water depth, i.e. at y" = 27.9 kg/m? (Dalziel, 2015), show &xg
values of -7.7 + 0.3 (Table 3.1, Figs. 3.2 and 3.5). Following the same isoneutral southward, it shoals
to ~1000 m water depth at Sars seamount, and ~400 m water depth at SFZ, where gyq values of -8.5 +
0.3 and -8.3 £ 0.2 are observed. This Nd isotope trend may be ascribed to increased influence of
Pacific-derived water masses transported along the South American margin in a deep boundary current
which disintegrates rapidly upon admixture into the zonal ACC flow in the Drake Passage (Well et al.,
2003; Brearley et al., 2014). Any potential interpretation of the fine structure in our new data has
however to remain tentative, as seawater samples were not filtered, offering an alternative explanation

for some of the observed variations.

3.5.1.2. Calibrating modern deep-sea corals with seawater neodymium isotope data

A vital question for using deep-sea corals as a palaeoceanographic archive is whether different
species of deep-sea corals are realiable recorders of ambient seawater. Towards this end our new data
represent a valuable addition to existing calibrations (see Robinson et al. 2014 for a recent summary).
With the exception of one specimen, all of the nine analysed modern deep-sea coral samples yielded
Nd concentrations (5.4 to 27.0 ng/g; Table 3.4) that fall within the range of previously reported results
(INd] < 38 (51.3) ng/g, van de Flierdt et al., 2010; [Nd] < 110.1 ng/g, Copard et al., 2011). This
includes four specimens of B. malouinensis, a species previously not investigated for Nd
concentrations. In terms of their Nd isotopic composition, however, only five out of the eight

considered modern specimens from the Drake Passage and the North Atlantic (excluding one B.
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malouinensis due to its very low 8*U;) show overlap with ambient seawater values within analytical
uncertainty (Fig. 3.6, inset).

While M. oculata from the North Atlantic shows excellent agreement with ambient seawater,
results from the Drake Passage indicate some strong species-dependence (Fig. 3.6, inset). The live
collected F. curvatum specimen overlaps with seawater from 805 m water depth (AAIW depth range,
Fig. 3.2) and is thus considered to reliably record seawater Nd isotopic composition even though the
Nd concentration of this sample ([Nd,] = 152.2 ng/g) falls outside the range for reported Nd
concentrations in modern corals (this study; van de Flierdt et al., 2010; Copard et al., 2010, 2011,
2012). Of the three D. dianthus analysed, two individuals overlap with modern seawater. Sample
TB04 Dp-A-2 however reveals a small offset of 0.15 epsilon units from ambient seawater (inset of
Fig. 3.6), which seems at odds with the successful calibration of this species by van de Flierdt et al.
(2010). This offset can be accounted for when considering the elevated >**Th concentration relative to
Nd of this sample (344 pg/g and 11.0 ng/g, respectively). Assuming that all detected >*Th is of detrital
origin and that the Nd concentration and isotopic composition of this contamination can be
approximated using the Kasten corer sediment results from Burdwood Bank (Table 3.2), a theorectical
offset (i.e. detrital contamination) of -0.41 epsilon units can be calculated for this coral thus
accounting for the isotopic offset. FeMn oxyhydroxide contamination in modern coral skeletons is
considered unlikely to affect the Nd isotopic composition as they would carry a modern seawater
signal. We hence conclude that the aragonitic skeletons of both, F. curvatum and D. dianthus, are
reliable recorders of seawater Nd isotopic compositions once potential contamination is rendered

minor and/or accounted for through mass balance correction.
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B. malouinensis is a species that has not been calibrated before. Two specimens collected alive
and one additional specimen dated to be recently dead (158 yr BP; Table 3.4) show a range of ~0.7
epsilon units in their Nd isotopic composition. The least radiogenic value of -7.6 + 0.2 was generated
for specimen LMG0605/5-20 from 854 m water depth and thus reproduces modern seawater (exg = -
8.2 £ 0.4; Fig. 3.6, inset). The remaining B. malouinensis (Mod. Balano-1 and Mod. Balano-2, Table
3.4) however show eyq values of -7.1 £ 0.2 and -7.0 + 0.2 respectively.

We here consider two possible mechanisms to explain these deviations of analysed coral
skeletons from ambient seawater. Firstly, the offset may be related to contaminant sources of
radiogenic Nd. Indeed, coretop sediment collected from Burdwood Bank is characterised by a Nd
isotopic composition of -5.0 + 0.2 (Table 3.2), and one of the two corals shows similarly high >**Th
concentrations (377 pg/g) relative to Nd (14.2 ng/g), as discussed above for a D. dianthus specimen.
Furthermore, Z2Th and Ndin concentrations in fossil B. malouinensis specimens show a strong
positive correlation (R? = 0.96, n = 11, Fig. 3.7), which may relate to the fissured structure of the
skeletons and the porous top section (Fig. 3.3) making the cleaning of B. malouinensis skeletons
challenging. In contrast to D. dianthus, which is known to live on hard substrates, B. malouinensis is
either weakly attached to coarse substrate or sits in seafloor sediment as indicated by its cornutiform
base (Squires, 1961; Cairns, 1982). This living habitat is reflected by geochemical results obtained
from sub-sampling fossil B. malouinensis specimen NBP1103 DH16 Bc-2 at the upper and lower part
of the solid skeleton (Fig. 3.3). Al and Ti concentrations are 6 to 7 times higher in the lower part
(Table 3.5), indicating potential sedimentary contamination and/or interaction with porewaters. In
order to test for sedimentary contamination we use mass balance calculations, assuming a ***Th-free
modern coral and sediments as a sole source of contaminant Th. Detrital contamination can only
account for a maximum Nd isotope shift of -0.29 epsilon units, which is still insufficient to achieve
overlap with modern seawater at the coral collection site. This supports speculations that porewaters
may play an additional role. The impact of pore waters may be amplified by the porous skeletal
structure, a hypothesis which is however impossible to test in the absence of porewater samples from
the coral sampling locations. Some insight could be obtained from sediment and B. malouinensis data
from locations with different geochemical properties.

Alternatively, the Nd isotope offset may be related to coral growth rate and thus the length of
the time integrated in a particular sub-sample (i.e. the slower the coral growth rate, the longer the time
interval recorded in sub-samples of a given size). Adkins et al. (2004) presented vertical extension
rates of ~0.5 to 2 mm/yr for D. dianthus, which hence integrates Nd isotope signals over a time
interval of up to ~100 or 200 years. In contrast, growth rates for the species M. oculata are up to about
one order of magnitude higher (e.g., Orejas et al., 2008; Sabatier et al., 2012) than in D. dianthus,
significantly reducing the time-integrated signal in a given sub-sample. Growth rates for B.
malouienensis are yet unconstrained. Therefore, if B. malouienensis specimens would live for a long

time, and would grow very slowly, they could integrate temporal water mass variability. In the case of
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the Drake Passage, the specimens in question were recovered from a water depth bathed by AAIW, a
water mass which is known for its temporal variability and the involvement of water bodies with a
more radiogenic signature (Jeandel, 1993; Carter et al., 2012; Stichel et al., 2012 supplement). Such a
scenario would resolve the apparent contradiction of seawater-like REE patterns displayed by B.
malouinensis (e.g., enrichment in HREE, negative Ce anomaly, and positive Gd anomaly, Tables 3.4
and 3.5) and non-seawater-like Nd isotopic compositions.

Regardless, both hypotheses have to remain speculative and hence B. malouienensis should be
excluded from palaeoclimatic applications for Nd isotopes until further studies can investigate this

species in more detail.

3.5.2. In search for the Nd carrier phases in coralline aragonite

The Nd concentrations reported here for modern deep-sea corals fall mostly within the range
of previously published Nd concentrations in deep-sea corals (see Robinson et al. (2014) for a recent
summary). But what does this concentration range mean and how representative is it? Rare earth
elements in seawater are predominantly present as carbonate complexes (e.g., Cantrell and Byrne,
1987). Early work assumed that this would favour direct incorporation into the aragonitic lattice of
corals (e.g., Shaw and Wasserburg, 1985; Sholkovitz and Shen, 1995). Distribution constants (Kp; cf.
IUPAC, 2014) of 1.2 to 2.1 seemed to support this idea, but inorganic precipitation experiments have
expanded this range (Kps = 4 to 4.5, Terakado and Masuda, 1988). Subsequent studies reported Nd
concentrations in shallow water corals of up to 55.5 ng/g (Akagi et al., 2004; Wyndham et al., 2004).
This concentration range is comparable to the one reported for deep-sea corals, and implies Kps > 20,
an observation which seems confirmed by high Nd concentrations found by Copard et al. (2011, 2012)
and for one specimen of alive collected F. curvatum (152.2 ng/g; Table 3.4; Kp = 99). One caveat in
evaluating this concentration range is that even including our new results, the number of concentration
analyses performed on modern and recently dead deep-sea coral specimens is relatively small (n = 96,
of which n = 47 are transect analyses on only three individual corals; Copard et al., 2010, 2011, 2012;
van de Flierdt et al., 2010; Montero-Serrano et al., 2013; this study). We can, however, extend the
database by including fossil deep-sea corals (n = 151, including transect analyses as individual
samples, usually only 2-3 transect analyses per individual coral; Colin et al., 2010; Copard et al, 2010,
2011, 2012; van de Flierdt et al., 2010; Crocket et al., 2014; Wilson et al., 2014; this study).
Neodymium concentrations in 102 sub-samples of 71 fully-cleaned fossil coral samples analysed for
this study alone range from 5 to 964.5 ng/g (Tables 3.5 and 3.6). Crocket et al. (2014) listed a number
of potential sources for intra-and inter-skeletal variability in fossil corals, including potential sampling
bias. Our fossil corals indicate clear evidence for the latter. Different parts of individual coral
specimens, resampled, cleaned and reanalysed, show Nd concentrations deviating by up to ~615 ng/g
in G. antarctica and ~280 ng/g in D. dianthus (Tables 3.5 and 3.6; Fig. 3.9). A similar observation
(e.g., intraskeletal Nd variability from a few ng/g up to ~50 ng/g in D. dianthus) was also noted by
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Copard et al. (2010) (pers. comm. by P. Montagna). Interestingly, variable Nd concentrations seem not

to translate to variable Nd isotopic compositions (i.e. excellent reproducilibity between different

pieces of the same coral specimen; not shown), indicating the carrier phase responsible for elevated

Nd concentrations may be authigenic in origin. In the following, we will first evaluate the role of

lithogenic and FeMn phases for the coralline Nd budget, to then focus on an assessment of organic

matter and secondary authigenic precipitates (i.e. phosphates) as potential Nd carrier.
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Figure 3.7: Drake Passage deep-
sea coral trace metal data (in
colour). All results but Nd
concentrations in panel (c) are
derived by ICP-MS analyses of
resampled corals. (a) [Nd] vs.
Ce/Ce" Ce/Ce"=2 x Ce/(La +
Pr); modern deep ocean Ce/Ce”
from Hathorne et al. (2015, and
references therein). (b) [Nd] vs.
[Ti], (c) Isotope dilution results
for **Th (Burke and Robinson,
2012; Chen et al., 2015;Burke et
al., unpubl. data; Tables 3.4 and
3.6). Neodymium concentrations
are based on isotope dilution
calculations as well, but as
samples were only spiked after
U-Th chemistry, all
concentrations are minimum
estimates (see text and Tables 3.4
and 3.6 for further information).
Correlation coefficient for [Nd]
VS. [232Th] for all corals: R%j;pecar =
0.48 (n =91). Higher coefficients
are found when only considering
B. malouinensis (R?j,c, = 0.96; n
=11), and G. antarctica (R¥jjpear=
1; n=4). Grey bar indicates
predicted [Nd]eor1 calculated
from inorganic precipitation Kp
value 4.3 (Terakado and Masuda,
1988) assuming a [Nd]scawater
range of 10-19 pmol/kg, based on
concentration data for Drake
Passage seawater from Stichel et
al. (2012). (d) [Nd] vs. [Al]. (e)
[Nd] vs. [Fe], no sediment Fe
data available.

3.5.2.1. Lithogenic and FeMn oxyhydroxide phases as Nd carrier in coral skeletons

Ferromanganese oxyhydroxide coatings and lithogenic phases have strong potential as

contaminants as their Nd concentrations are ~2 - 3 orders of magnitude elevated in detrital phases

(e.g., Taylor and McLennan, 1985; Table 3.3) and 3 - 4 orders of magnitude in FeMn coatings (e.g.,

Bau et al., 1996; Crocket et al., 2014; Figs. 3.7 and 3.8) compared to concentrations obtained in
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aragonitic skeletons. Figure 3.7 illustrates that elements such as Th, Al, Fe, and Ti, which all have
been used as indicators of contamination (e.g., Frank et al., 2004; Robinson et al., 2006: van de Flierdt
et al., 2010; Copard et al., 2010; Crocket et al., 2014), are significantly less abundant in corals than in
local sediments and FeMn coatings. Moreover, neither Al, nor Fe or Ti concentrations in cleaned coral
aragonite do show any significant covariation with Nd concentrations (Fig. 3.7; Table 3.5; R? < 0.08).
Crocket et al. (2014) furthermore suggested the Ce anomaly (Ce/Ce’) as a sensitive tracer for
contamination in cleaned coral aragonite (Fig. 3.8) as a negative Ce anomaly is unique to seawater due
to oxidation of Ce®" to the insoluble Ce*" under oxic conditions (e.g., Elderfield and Greaves, 1982; de
Baar et al., 1985). As Ce concentrations are low in cleaned coral skeletons (e.g., often below the limit
of detection; Table 3.5), Ce/Ce” could only be calculated for five coral samples (Fig. 3.7). These
results are consistent with Ce anomalies observed in modern global deep waters, including results
from nearby Drake Passage seawater (Hathorne et al., 2015, and references therein). In summary,
lithogenic source tracers do not indicate significant contribution from contaminant sources in cleaned
coral skeletons.

We can further test this statement by reverting to the extensive ““Th concentration dataset
(Burke and Robinson, 2012; Chen et al., 2015; Burke et al., unpubl. data; Table 3.6), as ***Th seems to
be the only lithogenic contaminant that shows some co-variation with Nd concentrations in corals
(Fig. 3.7; R? = 0.48, n = 91, including replicates and modern corals). We adopted the approach from
Crocket et al. (2014) to calculate Th-based contribution of [Nd]gegitar t0 [Ndmin]Jcoral, @Suming that pure
coral aragonite contains no **Th so that all **Th can be attributed to contaminant sources (e.g.,
Robinson et al., 2006). In order to calculate the proportion of Th-based detrital Nd in a physically and
chemically cleaned coral sub-sample we use the Nd/Th ratio of nearby sediment samples (Table 3.3)

and apply the following equation:

Nd]

) [Nd]
[Th]finar X ([Th])sediment) % 100 1)

0 —
A)Nddetrital contribution — < [Nd]final

The subscript final refers to the concentration of the respective element measured in the aragonitic
skeletons of a deep-sea coral. The obtained average contribution to the coral Nd pool is ~3% (n = 91),
of which 13 samples show values between 5 and 10%. Results are corroborated when computing
equation 1 for other terrigenous elements such as Ti (n = 16).
In order to evaluate the effect of such levels of detrital contamination on the Nd isotopic composition
of fossil corals, we assume Nd isotopic compositions in the range of exg = -5.1 to &xg = -8.4 (Chapters
4, 5 and 6) and sediment results reported in Table 3.3:

2

Ic _ ICfinal X ([Nd]final X ffinal + [Nd]sediment X fsediment) - (ICsediment X [Nd]sediment X fsediment)
coral calculated ([Nd]final X ffinal)
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IC in above equation refers to the Nd isotopic composition. The resulting average change in exq is 0.05
units, with seven samples exceeding our typical 26 external reproducibility of 20 ppm on '"“Nd/'**Nd
measurements. These seven samples deviate by 0.21 to 0.41 epsilon units and could thus be affected
by significant lithogenic contamination. The largest shift of 0.41 eyq is calculated for modern D.
dianthus NBP0805 TB04 Dp-A-02, which may thus account for the observed offset from seawater
(Fig. 3.6, Table 3.4; see previous section).

The same equations can be used to calculate the potential contamination by FeMn
oxyhydroxide phases. Using a Nd/Th ratio of 2.02 for FeMn coatings (average of 19 coatings reported
by Crocket et al., 2014) and a Nd isotopic composition of exqg= -7.01 + 0.36 as reported for a 17.1 kyr
BP D. dianthus coating collected in 1125 m water depth at Sars seamount; Robinson and van de
Flierdt (2009)), the average contribution of FeMn-bound Nd to the coralline Nd budget is 2.1%. This
equates to an average shift in Nd isotopic compositions of 0.04 epsilon units (n = 91). Maximum
contributions are up to 7.5%, which would result in a correction of 0.32 enqg. However, only three
samples, one of which is modern NBP0805 TB04 Dp-A-02, would experience a shift in excess of the
external reproducibility of 20 ppm on "*Nd/'*Nd measurements.

In summary, the only way to create an isotopic effect from detrital or FeMn contaminants in
our fossil coral data set from the Drake Passage is to assume no *“Th in pure authigenic aragonite,
linear coupling of Nd and ***Th, and 100% sourcing of **Th from the respective contaminant phase.
But even under these extreme assumptions, only a small number of corals show potential calculated
shifts of up to 0.4 epsilon units. We hence conclude that interpretations of shifts in excess of this
signal are robust for the Nd and **Th concentration ranges observed. We further propose to apply
conservative mass balance scenarios to rule out significant contribution of contaminant phases.
Alternatively, a correction can be applied, based on lithogenic source tracers such as *“Th or Ti
concentrations and characterisation of contaminant phases as done in the case for the Drake Passage.
A *’Th-based correction may however imply overcorrection as >**Th could also be concentrated from
seawater in precipitating phases and may require alternative lithogenic source tracers such as Ti.
However, the above mass balance exercise renders detrital or FeMn coatings an implausible source of
the majority of the elevated Nd concentrations. This calls for an authigenic (seawater-derived) Nd
carrier phase causing the enrichment of Nd within the coralline aragonite. In other words, the elevated
Nd concentrations are derived from ambient seawater to be incorporated in the skeleton while the

coral was still alive.

3.5.2.2. Rare earth element case for a seawater origin

Further support for an insignificant role of Nd contamination by detritus and FeMn coatings
on fully cleaned fossil and modern deep-sea coral aragonite comes from shale-normalised REE
patterns (Table 3.5, Fig. 3.8). Local sediments show relatively flat REE patterns, with no notable Ce
anomaly, and a slight enrichment in HREE over LREE. FeMn coatings reported by Crocket et al.
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(2014) show relatively flat patterns with a positive Ce anomaly and a slight buldge in mid-REE (Fig.
3.8). In contrast, all results obtained from modern and fossil deep-sea corals (n = 17) show pronounced
negative Ce anomalies. Given the low concentrations of Ce in coralline aragonite, contamination from
FeMn coatings and/or lithogenic sources should be readily detectable by a less pronounced Ce
anomaly, which is however not the case (Figs. 3.7 and 3.8; Table 3.5). Moreover, stabilities of
aqueous REE carbonate complexes in seawater increase with increasing atomic numbers resulting in
characteristic HREE enrichment (e.g., de Baar et al., 1985; Cantrell and Byrne, 1987; Byrne and Li,
1995), and hence in modern CDW (Hathorne et al., 2015; Fig. 3.8). The same features can be observed
in deep-sea coral aragonite, even for the species B. malouinensis and G. antarctica, which showed
suspicious co-variations of Nd and 22Th, We conclude that the excess Nd over predicted [Nd]cor from

inorganic aragonite precipitation experiments seems authigenic in nature.
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Figure 3.8: (a) Sedimentary REE pattern from locations across the Drake Passage (see Fig. 3.2) and
average values for FeMn coating data from North Atlantic deep-sea corals (n = 18; Crocket et al., 2014,
unpubl. data). (b) Deep-sea coral REE results for a selected group of modern and fossil samples (see Table
3.5). Due to the low concentrations of REE in clean coral aragonite low abundance elements like Ce, Tm
and Lu were at times below the detection limit (Table 3.5). For visualisation purposes we used the REE
concentration of the detection limit to calculate shale-normalised values (Taylor and McLennan, 1985).
Samples NBP0805 TB04 ‘Big Beauty’ and NBP0805 DR35 ‘Dc-A1’ yielded very low REE concentrations
overall (Table 3.5), and were hence not included in the Figure. Seawater data from Drake Passage CDW is
from 1250 m water depth at Stn 241 in Hathorne et al. (2015).

3.5.2.3. Organic phases as potential Nd carrier in coral skeletons

Skeletons of deep-sea corals are characterised by microstructures that feature an area where
biologically mediated precipitation happens, which is called the centre of calcification (COC), and a
chemically and morphologically distinct area of surrounding fibrous aragonite (e.g., Cuif and Dauphin,
1998; Adkins et al., 2003). COCs are characterised by high abundances of organic molecules, i.e.

sugars and amino acids mediating the precipitation of amorphous aragonite precursor phases,
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associated with strong chemical heterogeneity (Cuif and Dauphin, 1998, 2005; Dauphin et al., 2006;
Przeniosto et al., 2008; Robinson et al., 2014). The presence of organic compounds in deep-sea corals
is however not exclusively limited to COCs, but also involved in mediating cyclic inter- and intra-
crystal growth and orientation of aragonitic fibres on micron to nano-scale (e.g., Cuif et al., 1999,
2003; Przeniosto et al., 2008; Webb et al., 2009). Anagnostou et al. (2011) ascribed regions of
elevated Fe/Ca and Mn/Ca in covariation with P/Ca along a septum of D. dianthus to FeMn
oxyhydroxide contaminations. Alternatively, such covariation with P/Ca may be interpreted in the
light of organic compounds being present and causing enhanced surface sorption of elements from
ambient seawater, which could be incorporated into the coral skeleton during ongoing growth.
Heterogeneous distribution of inner-skeletal organics thus appears a potential candidate to cause
intraskeletal Nd variability. A prediction arising from such a scenario would be enrichment in coral
LREE relative to seawater, due to [CO;”]-dependent preferential adsorption of LREE over HREE onto
organic surfaces and particles (Byrne and Kim, 1990; Sholkovitz et al., 1994). The average
HREE/LREE 4, (i-e. (Yb +Er)/(La + Nd)) is 2.4 (n = 17, Table 3.5) and thus characterised by a slight
LREE enrichment in comparison to local seawater from the Drake Passage (HREE/LREE = 4.1;
Hathorne et al., 2015; Fig. 3.8). According to (Byrne and Li, 1995) the degree of LREE enrichment
caused by surface complexation depends on the type of ligands associated with the surfaces of organic
matter, and could thus explain the relatively wide range of HREE/LREE ratios, from 0.7 to 10.0
observed in coral aragonite (Table 3.5). Byrne and Kim (1990) conducted exposure experiments on the
algae Ulva lactuca to test partitioning of REE from aqueos onto organic phases. After exposure time
of 12 hours they found Kps ([REE]ganics/[REE]scawater) 0f ~750 for Ce and Eu. Combining such high
Kps with observed seawater Nd concentrations in the Drake Passage of up to 30.09 pmol/kg (Stichel et
al., 2012), a theoretical Nd concentration in organic phases of 3.3 ng/g can be calculated. Following
furthermore the estimate from Cuif et al. (2004) that the overall proportion of organics in coral
skeletons is ~2.5 wt%, the maximum contribution of organic-bound Nd to the coral Nd budget would
be less than 0.1 ng/g. The life cycle of a coral is however orders of magnitude longer than 12 hours (D.
dianthus: ~100 years; Adkins et al., 2004) and organic compounds exposed to seawater may thus
accumulate Nd over the life cycle of a coral in analogy to processes observed in foraminifera (Vance
et al., 2004; Martinez-Boti et al., 2009). On the basis of Gd anomalies (Gd/Gd" = 2 x Gd/(Eu + Tb))
we however rule out a dominant role of organics on the coral REE budget. If the REE budget was
controlled by organic scavenging from seawater the Gd anomaly should then be negative (Lee and
Byrne, 1993). The average Gd/Gd o is however 1.2 + 0.1 (n = 15; Table 3.5), i.e. slightly positive,
and rather resembles Drake Passage UCDW Gd anomalies, which are also slightly positive (Gd/Gd" ~
1.3; Hathorne et al., 2015).
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3.5.2.4. Phosphate phases as Nd carrier in coral skeletons

Another authigenic phase previously identified in coral aragonite and capable to concentrate
seawater REE are phosphates like apatite (Montagna et al., 2006; Mason et al., 2011). Mason et al.
(2011) investigated septae and thecae of modern and fossil D. dianthus, Flabellum sp. and Lophelia
pertusa specimens from various marine environments. A combination of laser-ablation ICP-MS, solid-
state NMR (nuclear magnetic resonance) spectroscopy and solution ICP-MS was used to identify
hydroxyapatite as a significant phosphate-hosting mineral in coral skeletons (Mason et al., 2011).
Concentrations of hydroxyapatite were found to be highly variable between individual samples,
independent of environmental factors such as dissolved inorganic phosphate or depth, and were not
related to bulk coral phosphate content or preservation state (Mason et al., 2011).

While surficial apatite would be removed during the cleaning procedure, such inorganic
hydroxyapatite inclusions may be enriched in seawater-derived REE (i.e. in analogy to biogenic
apatite; Elderfield and Pagett, 1986; Martin et al., 2010) and thus cause the large range of Nd
concentrations observed in fossil and modern deep-sea coral skeletons as well as within individual
coral specimens. The maximum solid-bound P in the coralline skeleton was found to be 319 = 79 pg/g
of which up to 41 + 7% are estimated to be apatite-bound (Mason et al., 2011). Hydroxyapatite has the
formula Cas(PO4);(OH), in which P accounts for 92.9 of the 502.3 amu, yielding a P/apatite ratio of
0.185 leading to a P-based maximum estimate of ~707 pg/g of apatite in coralline aragonite. Fish teeth
are known to contain seawater-like REE patterns (e.g., Elderfield and Pagett, 1986; Martin and Scher,
2010) even though they contain Nd concentrations of up to 1460 pg/g. We use this estimate as upper
limit for [Nd]apasie, Which calculates to ~1 pg apatite-bound Nd per g of coral skeleton. This value is in
excellent agreement with the highest Nd concentration observed in our entire set of fossil and modern
corals (i.e. Ndy, = 964.5 ng/g; Tables 3.4 and 3.6), and reflected in similar P/Nd of ~130 in coral
skeletons and fish teeth, respectively.

Importantly, apatite inclusions (surficial apatite would be removed during cleaning) in coral
skeletons may have a major impact on the Nd budget, without affecting other elemental concentrations
such as U. For example, U concentrations in fish teeth are 0.7 - 11 pg/g (Baturin, 2001) and Nd/U
ratios (using 1460 pg/g Nd, from Elderfield and Pagett, 1986) vary between ~133 and 2086. Since
such Nd/U ratios in apatite are about one order of magnitude higher than in coral skeletons (e.g.,
Baturin, 2001; Robinson et al., 2006; Crocket et al., 2014; this study) the effect of heterogeneously
distributed apatite inclusions on [238U]Coml would be expected to be limited. This observation is
consistent with the data shown in Figure 3.9 revealing relatively good reproducibility of U
concentrations from different sub-samples of the same coral specimen (R2 =0.76), while Ndy, is very
poorly reproduced (i.e., more heterogeneous; R* = 0.35). A similar concentration range in fish teeth
was found for Th (e.g., 4.4 to 9.5 pg/g; Baturin, 2001) which would yield Nd/Th ratios of ~154 - 332
in apatite (based on 1460 pg/g Nd; Elderfield and Pagett, 1986), similar to those observed in coral
aragonite (Nd/Th < 403 omitting one sample; Table 3.6). This may indicate that the Th budget of the
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coral skeleton may be controlled to a significant degree by apatite inclusions, which would however
necessarily imply strong Th heterogeneity in the coral skeleton, similar to Nd. Moreover, Baturin
(2001) ascribed the Th in fish teeth to contaminant phases so that the Th budget of cleaned coral
skeletons may be determined by impurities in both, apatite and aragonite. However, the reproducibility
of [**Th]eoral is significantly better than that of Ndui (Fig. 3.9), suggesting that the coral Th budget is
not dominated by apatite inclusions, but rather by detrital and/or FeMn contamination of the aragonite
itself. It may be further speculated that the exposure of coral-bound apatite in coral skeletons to
contaminant phases such as sediments and FeMn coatings is reduced in comparison to sediment-bound
fish teeth. Nevertheless, a significant proportion of the coral-bound ***Th may be concentrated from
seawater thus explaining the overall correlation between Nd and Th in coral skeletons (Fig. 3.7). The
relatively good reproducibility of [***Th] from re-sampled coral pieces provides, however, evidence
that most of the ***Th in deep-sea coral skeletons is likely associated with contaminant phases in the
coral skeleton. The overall contribution of such contaminant phases to the clean coral skeleton Nd

budget is however minor as shown by the above worst case mass balance.
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Figure 3.9: Trace metal results of different sub-samples of the same coral. Plotted are ***U, ***Th, and Nd
concentrations (<12% Nd loss) obtained from isotope dilution (Tables 3.4 and 3.6; see text for details). The
correlation coefficients were generated by excluding one outlier per plot which is indicated by brackets. The
dashed arrow in (b) indicates outlier result of [**Th] = 6417 pg/g.

It is therefore proposed that apatite inclusions dominate the coral aragonite Nd budget,
consistent with the REE,,., data presented. Experimental studies showed that a slight depletion in
HREE in coral aragonite, compared to seawater, is controlled by the combined effect of sorption onto
hydroxyapatite surfaces (i.e. Kps decrease towards HREE: Koeppenkastrop and De Carlo, 1992) and
quantitative assimilation of the REE from ambient seawater (Reynard et al., 1999). Overall, the large
variability of major and trace element concentrations in apatite is consistent with the observed
difficulty to reproduce coral Nd concentrations (Fig. 3.9) as well as the fact that different individual
locations, such as the Northwest Atlantic (Crocket et al., 2014), the Northeast Atlantic (Colin et al.,
2010; Copard et al., 2011, 2012; Montero-Serrano et al., 2013), and the Drake Passage (this study), all
show large ranges of coral Nd concentrations, even though contaminant non-authigenic phases

indicated only very limited effect on the budgets of rigorously cleaned coral aragonite.
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3.6. Conclusions

We here presented new data that expand on the existing modern calibration of deep-sea coral
aragonite as an archive for seawater Nd isotopes. By comparing alive-collected and recently deceased
corals of the species F. curvatum and D. dianthus from the Drake Passage with results for ambient
seawater, we show that these species are robust seawater archives. A similar conclusion can be
reached for the species M. oculata based on new results from the North Atlantic. Less straightforward
is, however, the use of the species B. malouinensis as seawater archive. Two of the three specimens
investigated, which show closed system U-series ages, do not match modern seawater Nd isotopic
composition. This species should hence be treated with caution until further modern studies (e.g., on
growth rate or in combination with pore waters) become available.

Despite the overall good overlap of modern coral-bound Nd isotopes with modern seawater
Nd isotope signatures, this study confirms earlier findings that Nd concentrations in coralline aragonite
can be significantly elevated over that expected from inorganic precipitation experiments. Modern and
fossil coral skeletons furthermore reveal variability in Nd concentrations of up to two orders of
magnitude. Mass balance considerations using new results from local sediments as well as previously
published results on ferromanganese oxyhydroxide phases can rule out major contributions from these
phases. Seawater-like REE patterns in corals provide strong evidence for a predominantly authigenic
nature of Nd in corals. Mass balance considerations render organic phases as carrier phase unlikely
and suggest that elevated and variable Nd concentrations in modern and fossil corals can most readily
be explained by heterogeneously distributed apatite. Such apatite inclusions concentrate ambient
seawater REE, and thus do not compromise the use of fossil deep-sea coral skeletons as robust

recorders of seawater Nd isotopic composition.

Declaration: This work was completed as part of a collaborative effort. I conducted the Nd isotope
and concentration analyses at Imperial College London and, in collaboration with Sam Hammond the
trace metal analyses at Open University. Kais M. Falcon masterminded Drake Passage sediment
collection. Andrea Burke, Laura F. Robinson, Louisa I. Bradtmiller and Maureen E. Auro conducted
the U-series work and made samples available. The Nd fraction was collected following the
procedures outlined in Chapter 2.
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Chapter 4

The deglacial Southern Ocean:
centennial-scale circulation changes

recorded in deep-sea coral skeletons?
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Abstract

The Southern Ocean has been identified to play a pivotal role during rapid climate change
across the past deglaciation, characterised by changes in the global distribution of heat, freshwater and
carbon. Past investigations on deep oceanic re-organisation focused, however, on North Atlantic
variability. In order to evaluate glacial to interglacial ocean dynamics from a Southern Ocean
perspective, we here use neodymium (Nd) isotopes extracted from mid-depth Drake Passage and
Tasmanian deep-sea corals.

The Drake Passage Nd isotope time series shows a long-term trend towards less radiogenic
signatures with characteristic short-term fluctuations superimposed, ranging in total from eyq = -5.9 +
0.2 to eng = -8.3 = 0.2 between 26 and 11 kyr BP (i.e. thousand years before present). In contrast, the
most prominent feature of the Tasmanian time series is a single pronounced Nd isotope shift from eyy
=-49+ 0.2 to gng = -7.3 £ 0.2 during Heinrich Stadial 1 (HS1). As such, the different characteristics
suggest that the two sampling locations captured different features of mid-depth ocean circulation
between 26 and 11 kyr BP. We consider the Drake Passage corals as recorders of glacial Upper
Circumpolar Deep Water (UCDW). The relatively unradiogenic nature of glacial UCDW Nd isotope
signatures suggests a strong contribution of Atlantic-sourced water masses mixing dynamically with
underlying deep Pacific-imprinted water masses, likely in response to wind-driven millennial to (sub)
centennial variability of interoceanic exchange and vertical mixing. Similar to the deep Southern
Ocean, the Tasmanian margin was dominated by more radiogenic, Pacific-derived water masses
during the peak glacial. The mid-depth Tasmanian corals recorded, however, significantly better
ventilation than underlying deep waters. In combination with the Drake Passage data this implies (i) a
deeply stratified glacial Southern Ocean, (ii) ventilation of mid-depth waters from the (North) Pacific
and (iii) reduced exchange between Pacific and Southern Ocean water masses at mid-depth.

This glacial scenario was likely induced by the Southern Hemisphere westerly winds (SWW)
dictating the position of oceanic fronts. Specifically, the equatorward migration of the SWW is
considered to reach a critical position during the glacial such that the Subantarctic Front (SAF) off
Chile is partly deflected northward thus reducing the lateral and vertical mixing of water masses. At a
critical SWW position, bipolar (atmospheric) feedbacks could drive abrupt changes in water mass
mixing. Such abrupt events are particularly evident during the period from 16.7 to 14.8 kyr BP when
the isotopic difference between the two coral sampling locations, and to underlying deep waters, was
eroded. Alongside, the glacial circulation scenario ended, associated with a mid-HS1 change of
Southern Ocean ventilation state between 15.8 and 15.2 kyr BP. This change in ventilation state was
also a turning point in the nature of Southern Ocean CO, degassing. Whereas Pacific-derived water
masses dominated the Southern Ocean during early deglacial oceanic degassing, Atlantic-derived

water masses were associated with oceanic CO, release during the later part.
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4.1. Introduction

The Southern Ocean is key for the global exchange and re-distribution of ocean properties
such as heat, freshwater and carbon (e.g., Ganachaud and Wunsch, 2000; Marshall and Speer, 2012;
Talley 2013). The modern Southern Ocean circulation system is dominated by the zonal flow of the
Antarctic Circumpolar Current (ACC) mixing major water masses from the Atlantic, Pacific and
Indian Oceans. The zonal flow is concentrated in jets of which the Polar Front (PF) and Subantarctic
Front (SAF) transport ~80% of the total ACC flow (e.g., Orsi et al., 1995; Cunningham et al., 2003).
The (meridional) water mass exchange with the major ocean basins occurs pre-dominantly along, but
also across, upward sloping isoneutrals influencing the vertical structure of the ACC (Reid and Lynn,
1971; Callahan, 1972; Naveira Garabato et al., 2003; Fig. 4.1). At mid-depth, the ACC is dominated
by Circumpolar Deep Water (CDW), subdivided into upper and lower CDW, the latter being colder,
more saline and higher in oxygen due to stronger influence of North Atlantic Deep Water (NADW)
on LCDW. Upper Circumpolar Deep Water (UCDW) is characterised by the imprint of Pacific Deep
Water (PDW) and Indian Deep Water (IDW) (Reid and Lynn, 1971; Callahan, 1972; Mantyla and
Reid, 1995; Figs. 4.1, 4.2 and 4.3).

The deep wind-induced upwelling along the ACC brings deep waters to the surface mixed
layer where they exchange with the atmosphere and participate in the formation of Subantarctic Mode
Water (SAMW) and its denser companion Antarctic Intermediate Water (AAIW), both of which are
subducted into the ocean interior north of the Polar Front (PF) (Piola and Georgi, 1982; Bostock et al.,
2013). South of the PF, upwelling CDW mixes with water masses on the Antarctic shelves which,
through brine rejection in polynyas, heat loss and/or supercooling in contact with ice shelves, feed
into the formation of shelf bottom water masses (e.g., Orsi et al., 1999; Ohshima et al., 2013). Such
shelf bottom waters overflow the shelf edge whereby they incorporate CDW to eventually form
Antarctic Bottom Water (AABW) which penetrates north and ventilates the abyss of all ocean basins
(Orsi et al., 1999; Figs. 4.1 and 4.2).

The northward export of Antarctic intermediate and bottom waters is balanced by the mid-
depth return flow of NADW, PDW and IDW (e.g., Lumpkin and Speer, 2007). Today, the majority of
the global deep ocean is ventilated by water masses sourced from the marginal seas of the North
Atlantic where heat loss of formerly (sub) tropical saline surface waters drives the formation of North
Atlantic Deep Water (NADW) (Talley and McCartney, 1982; Broecker, 1991; Lilly et al., 1999;
Ronski and Budéus, 2005; Kuhlbrodt et al., 2007; Fig. 4.1). In contrast to the North Atlantic, no deep
water formation takes place in the modern North Pacific (Warren, 1983; Emile-Geay et al., 2003). The
deep water masses associated with the return flow in the Indian and Pacific basins are pre-dominantly
generated from slow mixing and diffusion so that North PDW is the oldest deep water in the modern
ocean, characterised by low oxygen and high nutrient contents (Mantyla and Reid, 1995; Reid, 1997;
Lumpkin and Speer, 2007; Kawabe and Fujio, 2010). This meridional flow pattern has been described

as two global-scale meridional circulation cells, the upper one of which is pre-dominantly driven by
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wind-induced upwelling in the Southern Ocean and the lower one by diffusion in the ocean interior
(e.g., Lumpkin and Speer, 2007; Marshall and Speer, 2012; Talley, 2013). As such, the modern deep
Indian and Pacific Oceans are dominated by diffusion-driven lower cell circulation rendering the
Atlantic basin unique as both cells share a surface ocean water source through NADW formation in
the North Atlantic as an integral part of the Atlantic Meridional Overturning Circulation (AMOC)
(e.g., Lumpkin and Speer, 2007).

It has been recognised early on that the AMOC may have more than one stable state (e.g.,
Stommel, 1961), which in turn has been identified to play an important role in the interhemispheric
distribution of heat in a millennial-scale bipolar seesaw pattern, i.e. cooling in one hemisphere is
accompanied by warming in the other (e.g., Broecker, 1998; Blunier and Brook, 2001; Stocker and
Johnson, 2003; Barker et al., 2009; Shakun et al., 2012). Thereby, the interhemispheric lead and lag
relationship is subject to discussion (e.g., Steig and Alley, 2002; Schmittner et al., 2003; Huybers and
Denton, 2008; Huybers, 2009; Barker et al., 2011, WAIS Divide project members, 2015). Stocker and
Johnson (2003) postulated a bipolar seesaw model recognising the Southern Ocean’s thermal inertia
dampening the response to abrupt temperature changes. The interhemispheric distribution of heat is
however expressed in shifts of oceanic fronts and sea ice extension in the Southern Ocean (Gersonde
et al., 2005; Barker et al., 2009). The position of Southern Ocean fronts controls, in turn, the
interbasin exchange of water masses, including the surface return flow of warm and saline waters to
the North Atlantic Ocean thus acting as a potential AMOC feedback mechanism (Biastoch et al.,
2009; Beal et al., 2011; De Deckker et al., 2012; Dyez et al., 2014; Lamy et al., 2015).

In addition, the position of oceanic fronts is tied to outcropping isoneutrals in the Southern
Ocean which implies significant control of meridional frontal movements and associated sea ice
extent on the vertical distribution of water masses (e.g., Ferrari et al., 2014). During glacial periods,
the interface between NADW and AABW shoaled (e.g., Sarnthein et al., 1994; Curry and Oppo,
2005) leading to deep stratification, in particular in the Southern Ocean (e.g., Anderson et al., 2009;
Skinner et al., 2010; Burke and Robinson, 2012). Such deep stratification has been considered to
contribute significantly to sequestration of carbon in the glacial deep ocean (Knox and McElroy,
1984; Sarmiento and Toggweiler, 1984; Siegenthaler and Wenk, 1984), acting as a positive feedback
mechanism towards Earth’s peak glacial state (e.g., Toggweiler, 1999; Blunier and Brook, 2001).
Across the deglacial, such deeply stored carbon is then released back into the atmosphere through
intensification of deep upwelling in the Southern Ocean caused by the southwards migration of the
Southern Hemisphere westerly wind belt (SWW; e.g., Toggweiler, 1999; Toggweiler et al., 2006;
Anderson et al., 2009; Burke and Robinson, 2012). The Southern Ocean dynamics during these
glacial-interglacial re-organisations seem critically associated with the global overturning circulation
system (cf. Anderson et al., 2009; Burke and Robinson, 2012; Marshall and Speer, 2012; Talley,
2013). Investigations of past deep Southern Ocean circulation have, however, been hampered by the

lack of suitable high-resolution archives. Past efforts have shown that deep-sea corals are a suitable
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Deciphering glacial-interglacial Southern Ocean dynamics with deep-sea corals

Chapter 4

archive for multiple proxy reconstructions (see Robinson et al., 2014 for a recent review). Deep-sea

corals are highly abundant in critical Southern Ocean locations (Burke et al., 2010; Thiagarajan et al.,

2013; Margolin et al., 2014), and it has been demonstrated that they reliably incorporate the Nd
isotope signature of ambient seawater (Copard et al., 2010; van de Flierdt et al., 2010; Chapter 3).
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Figure 4.1: Global map with simplified sub-surface ocean circulation superimposed (after Piola and Georgi,
1982; Talley and McCartney, 1982; Reid, 1989, 1994, 1997, McCartney, 1992; Mantyla and Reid, 1995;
Sokolov and Rintoul, 2000; Macdonald et al., 2009; Kawabe and Fujio, 2010; Bostock et al., 2013; base map
generated with ODV: Schlitzer, 2012). Dark grey: North Atlantic Deep Water (NADW) and Lower Circumpolar
Deep Water (LCDW); red: Upper Circumpolar Deep Water (UCDW); red-brown: Pacific Deep Water (PDW)
and Indian Deep Water (IDW) as a result of interior mixing; yellow: Antarctic Intermediate Water (AAIW).
Hatched areas indicate main formation regions for NADW (grey), AAIW (yellow) and AABW (Antarctic
Bottom Water; deep blue). Note that AABW fills the abyss of all major ocean basins (not shown here; see Orsi
et al.,, 1999 and references therein) and that AAIW is also formed along the Antarctic Circumpolar Current
(ACC) in all ocean basins (e.g., Piola and Georgi, 1982; Bostock et al., 2013). Stippled and dashed grey lines in
the Southern Ocean indicate the Subantarctic Front (SAF) and the southern ACC front (SACC), respectively
(Orsi et al., 1995). Global seawater Nd isotope systematics represented by NADW (eng = -13.5; Piepgras and
Wasserburg, 1987), PDW (eng = -4; Amakawa et al., 2009) and UCDW (enq = -8; Stichel et al., 2012; Chapter
3). Red star: deep-sea coral sampling location south of Tasmania (Hines et al., 2015; this study). Purple star:
deep-sea coral sampling locations in the Drake Passage (Robinson and van de Flierdt, 2009; Burke and
Robinson, 2012; Chen et al., 2015; Burke et al., unpubl. data; this study). White dots denote locations presented
in Figures 4.5 and 4.7. (1) WAIS Divide oxygen isotope (WAIS Divide project members, 2013) and CO, record
(Marcott et al., 2014). (2) NGRIP oxygen isotope record (Andersen et al., 2006; Svensson et al., 2006). (3) Nd
isotope record from MD07-3076 in the deep western South Atlantic basin (3770 m; Skinner et al., 2013). (4)
Cape Basin Nd isotope record from TNOS57-21 in the deep eastern Atlantic (4981 m; Piotrowski et al., 2005,
2012). (5) Nd isotope records extracted from CHATSK (4240 m) and CHAT10k (3003 m) at Chatham Rise
(Noble et al., 2013). (6) Opal flux record of upwelling intensity from E27-23 in the Southwest Pacific sector of
the Southern Ocean (Anderson et al., 2009). (7) Stable isotope record of westerly wind intensity from New
Zealand Hollywood cave in the Northwest of the South Island (Whittaker et al., 2011). (8) Opal flux record of
upwelling intensity from TNOS57-13 in the Atlantic sector of the Southern Ocean (Anderson et al., 2009). (9)
Subsurface oxygen isotope data (Thornalley et al., 2010) and mid-depth (1237 - 2303 m) ventilation ages from
South of Iceland (Thornalley et al., 2011). (10) Nd isotope record from Rockall Trough core ODP980 (2168 m)
in the Northeast Atlantic (Crocket et al., 2011). (11) Mid-depth deep-sea coral Nd isotope and radiocarbon data
from the New England seamounts (Wilson et al., 2014) and deep Bermuda Rise where two »'Pa/**°Th records
have been extracted from OCE326-GGCS5 (4550 m; McManus et al., 2004) and ODP1063 (4584 m; Béhm et al.,
2015). (12) Mid-depth (2150 m) **'Pa/**°Th from core MD95-2037 in the central North Atlantic (Gherardi et al.,
2009). (13) Intermediate depth (946 m) Nd isotope record from Demerara Rise core KNR197-46CDH (Huang et
al., 2014).
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Neodymium (Nd) isotopes can serve as a powerful chemical water mass tracer due to their
quasi-conservative behaviour in the open ocean (e.g., von Blanckenburg, 1999). Water masses acquire
their Nd isotope signature mainly in their source region in vicinity to the continental margins (Frank,
2002; Goldstein and Hemming, 2003). The Nd isotopic composition is usually expressed as exg =
((143Nd/ 144Ndsample)/(143Nd/144Nd(;HUR) — 1) x 10,000 where CHUR is the chondritic uniform reservoir
(Jacobsen and Wasserburg, 1980). The oceanic residence time of Nd is ~400 - 2000 years (Tachikawa
et al., 1999, 2003), with more recent studies pointing towards the lower end of this range (Siddall et
al., 2008; Arsouze et al., 2009). The global distribution of dissolved Nd isotopes in the ocean is
dominated by two source regions of distinct isotopic composition, i.e. the North Atlantic, where
NADW forms with gy = -13.5 (Piepgras and Wasserburg, 1987), and the North Pacific, where a
volcanogenic signature of exg =~ -4 (Amakawa et al., 2009) is imprinted on PDW. As the Southern
Ocean circumpolar flow is mainly the result of conservative mixing between PDW and NADW, the
major water masses in the Drake Passage, i.e. AAIW, UCDW and LCDW, are characterised by
intermediate values of exg = -7.6 £ 0.2 to &xg = -8.6 £ 0.2 (Stichel et al., 2012; Chapter 3). Due to
strong isoneutral and dianeutral mixing in the lee of topography (St. Laurent et al., 2012; Thompson
and Sallée, 2012; Watson et al., 2013) observed zonal Nd isotope variability is generally small in the
Southern Ocean (cf. Carter et al., 2012; Stichel et al., 2012; Garcia-Solsona et al., 2014; Rickli et al.,
2014; Basak et al., 2015). Variability is most pronounced in locally formed SAMW/AAIW and
AABW as a result from non-conservative behaviour of source waters on the Antarctic shelves (Carter
et al., 2012; Stichel et al., 2012; Rickli et al., 2014; Basak et al., 2015). Although recent findings
question past isotopic stability of global endmembers (Wilson et al., 2014; B6hm et al., 2015; Roberts
and Piotrowski, 2015), and thus limit quantitative conclusions, Nd isotopes still serve as a powerful
qualitative tool to trace water mass origin and admixture.

This work presents the first mid-depth Nd isotope records from two locations in the Southern
Ocean covering the time interval from 26 to 11 thousand years before present (BP). The time series
reveal high-frequency Nd isotope variability of ~2 epsilon units in the Drake Passage and a
pronounced Nd isotope shift of ~3 epsilon units near Tasmania. The different nature of both records

raises the question about the dynamics associated with the observed variability.

4.2. Material and Methods

For this study, Nd isotope data was extracted from Southern Ocean deep-sea corals which
serve as a high-resolution, multi-proxy archive with precise age control by uranium-series dating (see
Robinson et al., 2014 for a recent review). Deep-sea corals are prime archives in areas of high current
speeds providing a unique opportunity to reconstruct Southern Ocean water mass properties across the

last deglaciation.
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Deciphering glacial-interglacial Southern Ocean dynamics with deep-sea corals

Chapter 4

4.2.1. Drake Passage coral samples
In order to reconstruct the past Nd isotopic composition in the Drake Passage, we used 43
fossil specimens collected by dredging and trawling during three different cruises in the Drake

Passage (NBP080S, NBP1103 and LMGO0605) between 2006 and 2011.
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Figure 4.2: Latitudinal section of oxygen concentration (red line in inset) across the Drake Passage (in
ml/l; WOA13: Garcia et al., 2013; generated with ODV software: Schlitzer, 2012). Purple stars indicate
coral sample locations at Shackleton Fracture Zone (SFZ), Interim and Sars seamounts, and Burdwood
Bank. Thin black lines represent surfaces of neutral density anomaly y" (Jackett and McDougall, 1997; in
kg/m?). Sample locations superimposed on the oxygen section are strictly latitudinal so that SFZ is
plotted in between Interim and Sars seamounts. Based on hydrography and the bathymetric orientation of
the Drake Passage channel the actual SFZ location would translate into the position indicated by the
dashed white arrow and the small purple star. Black arrows schematise orientation of net meridional
flow. Note that the pre-dominant (mean) flow in the Drake Passage is zonal (see text). AAIW: Antarctic
Intermediate Water; UCDW: Upper Circumpolar Deep Water; LCDW: Lower Circumpolar Deep Water;
AABW: Antarctic Bottom Water. Note the oxygen minimum in the UCDW depth range resulting from
PDW admixture. Inset shows map with sampling locations across the Drake Passage and their position in
relation to ACC fronts (Orsi et al., 1995). SAF: Subantarctic Front; PF: Polar Front; SACC: Southern
ACC front; WAP: West Antarctic Peninsula.

The sample set includes the species Desmophyllum dianthus (n = 27), Balanophyllia
malouinensis (n = 8), Flabellum curvatum (n = 3), Gardineria antarctica (n = 3) and Caryophyllia
spp. (n = 2). All samples have been precisely dated by uranium-series isotopes and analysed for their
radiocarbon content (Burke et al., 2010; Chen et al., 2015; Burke et al., unpubl. data). They cover a
time period from 26.0 to 12.2 kyr BP. Sampling locations were at Burdwood Bank (318 to 1515.5 m),
Sars Seamount (695 to 1750 m), Interim Seamount (982.5 to 1195.5 m), and the Shackleton Fracture
Zone (SFZ) (Figs. 4.1 and 4.2; Burke et al., 2010; Margolin et al., 2014). As illustrated in Figure 4.2,
the samples are pre-dominantly bathed in UCDW, AAIW/SAMW or mixed layer water masses. In the
Drake Passage, the boundary between AAIW and UCDW has been defined at y" = 27.6 kg/m?,
whereas the lower limit of UCDW is marked by a smooth transition to underlying LCDW centred
near y" = 28.0 kg/m? (Sudre et al., 2011). Hence, some samples are bathed by a mixture of UCDW and
LCDW (Fig. 4.2).
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Chapter 4
4.2.2. Deep-sea corals from south of Tasmania
A second set of 29 deep-sea corals has been selected from south of Tasmania (Thiagarajan et
al., 2013). The coral samples were collected in 2008-2009 during cruise TN-228 on the R/V
Thompson (43°S - 47°S and 144°E - 152°E) using the remotely operated deep submergence vehicle
JASON. All deep-sea corals are of the species Desmophyllum dianthus, and were collected from a
narrow band between 1480 and 1689 m water depth at the southern margin of Tasmania (~44°S and
~147°E) (Figs. 4.1 and 4.3). Samples have been analysed for U-series ages and radiocarbon content
and cover the time interval from 26.2 to 12.7 kyr BP (Hines et al., 2015). These corals are currently
bathed in UCDW and influenced by admixed PDW as illustrated in Figure 4.3 (Reid and Lynn, 1971;
Callahan, 1972; Sokolov and Rintoul, 2000; Macdonald et al., 2009). The lower boundary of AAIW
in the area has been demonstrated to be at ~1200 m water depth (i.e. oo = 27.3 kg/m*, roughly
equivalent to y" = 27.55 kg/m?; Bostock et al., 2013 and references therein; Fig. 4.3).
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Figure 4.3: Latitudinal section (red line in inset) of oxygen concentration from the Tasman Sea toward
Antarctica (in ml/l; WOA13: Garcia et al., 2013; generated with ODV software: Schlitzer, 2012). Thin
black lines indicate surfaces of neutral density anomaly y" (Jackett and McDougall, 1997; in kg/m?). Red
stars represent coral sample locations. Note the oxygen minimum associated with the admixture of PDW
(Pacific Deep Water) from the north (Reid and Lynn, 1971; Callahan, 1972). Abbreviations as in Fig. 4.2.

4.2.3. Sample preparation and analytical procedures

The analytical procedures for Nd isotope analyses followed the approach outlined in Chapter
2. In brief, physically and chemically cleaned deep-sea coral samples were processed through anion
exchange chromatography for U-series dating (Burke and Robinson, 2012; Chen et al., 2015; Hines et
al., 2015; Burke et al., unpubl. data). The Nd fraction was subsequently purified during a two-step
column chemistry, optimised for TIMS Nd isotope analyses as NdO'. Full procedural blanks of
combined U, Th and Nd separation from the aragonitic sample matrix ranged from 2 to 35 pg Nd,
averaging at 12 pg (n = 30). Full procedural blanks of Nd separation from aragonitic sample matrix

alone yielded 1 to 17 pg Nd, averaging at 4 pg (n = 10).
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Over a period of 26 months 5 and 15 ng loads of pure JNdi-1 were analysed (‘*Nd/'**Nd =
0.512105 £+ 0.000009, 2SD, n = 110) to monitor instrumental offset and normalise mass bias corrected
"Nd/"*Nd ratios of samples to the reference ratio of '*Nd/'**Nd = 0.512115 + 0.000007 (Tanaka et
al., 2000). Repeated analyses of 10 and 30 ng Nd loads of BCR-2 rock reference material define our
26 external reproducibility yielding '*Nd/'**Nd = 0.512637 = 0.000011 (n = 32). A similar precision
was obtained from replicate analyses of 10 and 30 ng loads of our in-house coral standard

(**Nd/"Nd = 0.512336 + 0.000009; n = 23).

4.3. Results
4.3.1. Drake Passage deep-sea coral data

Results on the Nd isotopic composition of the aragonitic skeletons of deep-sea corals are
reported in Table 4.1 and illustrated in Figure 4.4 according to the water mass they were collected
from (i.e. AAIW and UCDW).

The aragonitic skeletons of D. dianthus, F. curvatum and Caryophyllia have been shown to
reliably record ambient seawater Nd isotope signatures and are hence considered in detail. Three
deep-sea corals from the sample set are currently bathed in AAIW or mixed layer waters and show
relatively invariable Nd isotope signatures of eyg = -6.0 £ 0.2 to &yg = -6.4 + 0.2. Corals recovered
from UCDW depths range in their Nd isotopic composition from eyg = -6.3 £ 0.2 to eyg = -8.4 £ 0.2
and show a trend towards less radiogenic values from 26 to 12.2 kyr BP (Table 4.1; Fig. 4.4). The
Antarctic Cold Reversal (ACR) values (and most of the early Holocene values; Chapter 6) overlap
with the range of modern seawater reported from the Drake Passage (Piepgras and Wasserburg, 1987;
Stichel et al., 2012; Fig. 4.4). Superimposed on this long-term trend, we observe significant short-term
variability (Fig. 4.4). In particular, during times of high temporal resolution in the mid to late
deglacial from ~17 to 12 kyr BP we find centennial-scale fluctuations of ~2 gng in the UCDW record,
the amplitude of which is, however, reduced to ~1 epsilon unit after about 14.7 kyr BP.

It is noted that eight specimens of B. malouinensis are excluded from further interpretation as
they have been shown to not reliably record ambient seawater Nd isotopic compositions. This may be
due to their porous skeletal structure and/or contamination in their preferred sedimentary habitat
(Chapter 3). Nevertheless, we report the results here (and illustrate them in Figure 4.4) as future work
may resolve this issue. The same reasoning applies to three specimens of G. antarctica, a species
which has not yet been calibrated for Nd isotopes. However, it should be noted that G. antarctica may
incorporate a seawater-derived rare earth element signal, as this species, recovered from 1064 to 1196
m water depth at Interim seamount, was not associated with sedimented areas, which may cause the

problems observed with B. malouinensis (Chapter 3).
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4.3.2. Deep-sea coral data from south of Tasmania

The readily cleaned D. dianthus skeletons from south of Tasmania show more radiogenic Nd
isotopic compositions than observed in the Drake Passage from 26 to 16.7 kyr BP (eng = -4.6 £ 0.2 to
eng = -5.9 £ 0.2), followed by unradiogenic values around and throughout the ACR (gng =-6.6 £ 0.2 to
eng = -7.8 £ 0.2) (Table 4.2; Fig. 4.4). The pronounced Nd isotope shift from a radiogenic exq value of
-4.6 + 0.2 at 16.7 kyr BP to less radiogenic values (i.e. eng = -7.3/-7.7 £ 0.2 eng) at 14.8/14.6 kyr BP
(Fig. 4.4, Table 4.1) is the most prominent feature of the Tasmanian record. The unradiogenic values
after ~14.8 kyr BP are similar to those observed in the Drake Passage during the ACR and overlap
with modern-day values in UCDW in the Pacific sector of the ACC (Carter et al., 2012; Rickli et al.,
2014; Basak et al., 2015). In contrast to the record from the Drake Passage, short-term variability is
less pronounced, for instance millennial-scale fluctuations of up to 1.2 epsilon units during the glacial

to early deglacial interval (26 to ~16.7 kyr BP) are relatively smooth (Fig. 4.3).

4.3.3. Significance of the Nd isotope signal recorded in Southern Ocean deep-sea corals

We also carried out a suite of replicate analyses (n = 11) on Drake Passage corals which are
not included in the palaeoclimatic time series illustrated in Figure 4.4. Replicate analyses were
performed either on re-sampled coral pieces or on aliquots of poorly homogenised coral pieces (Table
4.1). The Nd isotopic composition reproduces mostly within analytical uncertainty, except one
replicate from early HS1 showing a small Nd isotope offset of 0.17 epsilon units (Table 4.1). Such
offset can, however, be ascribed to different age intervals covered by the respective subsamples, i.e.
changes in contemporaneous seawater chemistry (e.g., Eltgroth et al., 2006; Wilson et al., 2014).
Alternatively, the offset might be a statistical artefact as the applied 2SD uncertainty implies that one

out of ~20 analyses may not reproduce within the calculated 2SD range (see section 4.2.3.).

4.3.4. Generating a time series from individual corals

The Drake Passage samples were collected from a depth range between 695 to 1750 m which
requires assessment whether or not different sampling depths (and locations) show individual trends.
Therefore, we grouped our data into categories according to sampling depth and/or density of water
masses currently bathing the sampling locations (Fig. 4.4). In the Drake Passage, the relative position
to the PF is hereby crucial, as upwelling LCDW comes close to the surface ocean poleward to the PF
(Fig. 4.2). Sars and Interim seamounts are both close to the PF so that their depth ranges can be
categorised into three groups (Fig. 4.4). Shackleton Fracture Zone is, however, further east so that
samples collected at SFZ in 806 - 823 m water depth correspond hydrographically with the deepest
Sars seamount samples from ~1700 - 1750 m water depth (along y" of ~28.05 kg/m?; Fig. 2) and are
therefore summarised in one group (Fig. 4.4). Neodymium isotope (in)variability occurs coherently
across the sampled depth range from 695 to 1750 m during particular intervals (Fig. 4.4). Therefore,

we are confident to interpret our deep-sea coral data set as a single high resolution time series.
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Figure 4.4: Results of Drake Passage (top, middle) and Tasmanian (bottom) deep-sea coral Nd isotope
analyses. Drake Passage UCDW group (purple) is sub-divided according to depth ranges and hydrography
(top) in order to evaluate depth-dependence of observed variability (see text for details), including HS1 coral
from Robinson and van de Flierdt (2009) and Holocene corals from Chapter 6. Successfully calibrated coral
species (Chapter 3 and references therein) are connected to generate Drake Passage UCDW and AAIW time
series (middle). Of the replicates we chose to include the samples with lower 2**Th and lower age uncertainty
(Table 4.1). One exception was made for sample NBP1103-DH88-Cc-1c. Based on its ~1 eyq and age offset
compared to sub-samples NBP1103-DH88-Cc-1a and NBP1103-DH88-Cc-1b DH88-Cc-1c¢ was not treated as
a replicate (Table 4.1), but included in the Nd isotope time series. Similarly, the Tasmanian corals are sub-
divided into two groups. Dash-lined boxes represent modern Drake Passage UCDW Nd isotope signature
(Chapter 3). Highlighted time intervals are Holocene, Antarctic Cold Reversal (ACR), Heinrich Stadials 1 and
2 (HS1 and HS2) and the Last Glacial Maximum (LGM).

Similarly, we grouped the limited amount of samples currently bathed in AAIW/mixed layer
waters, i.e. samples collected at Burdwood Bank above ~900 m water depth (Table 4.1, Fig. 4.2). In
contrast to the Drake Passage samples, the Tasmanian corals have been collected in a narrow band
between 1480 and 1689 m water depth from locations being very close to one another (Table 4.2, Fig.
4.3). For the purpose of simplification, we will refer to the Drake Passage records as UCDW and
AAIW records, even though the chemical (and physical) properties of both water masses most

certainly changed over the past 26,000 years.
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4.4. Discussion
4.4.1. Processes influencing the recorded seawater Nd isotope signal

The Nd isotopic composition of seawater seems to act as a conservative water mass tracer in
the ocean interior on global scale (von Blanckenburg, 1999; Goldstein and Hemming, 2003) and
locally in the Southern Ocean (Carter et al., 2012; Stichel et al., 2012; Garcia-Solsona et al., 2014).
The local Nd isotopic composition of seawater can, however, change through time due to a multitude
of factors, including (i) boundary exchange and changes in input sources, (ii) vertical movement of
water mass boundaries and local water mass formation and (iii) lateral admixture of different water
masses.

Boundary exchange processes describe the interaction of a water mass with marine deposits,
typically along continental margins (e.g., Lacan and Jeandel, 2005; Wilson et al., 2012; Pearce et al.,
2013), and as such, may influence the recorded Nd isotope signal. The seawater data presented in
Chapter 3 have yielded no indication for boundary exchange processes in the modern Drake Passage
although all sampling sites are located near volcanogenic features (Chapter 3). This is due to the fact
that the substantial zonal ACC flow of ~140 Sv (Sv = 10°m?/s) is mostly tied to the Subantarctic and
Polar Front (Cunningham et al., 2003) and hence not in contact with nearby continental margins (Orsi
et al., 1995; Figs. 4.1 and 4.2). Therefore, no deep currents transport significant volumes of water
from the margin towards the open ocean sampling sites.

However, variable current speed through time could potentially change the efficiency of
boundary exchange (Wilson et al., 2012). McCave et al. (2014) showed that the current speed south of
the SAF was fairly constant over the time interval discussed here. Hence, we conclude that boundary
exchange was unlikely to alter the Nd isotope signal recorded by the open Drake Passage deep-sea
corals over the past 26,000 years (Fig. 4.2). Regardless, more erosion from the volcanogenic margins
could similarly change the seawater Nd isotope signature locally (cf. Robert and Piotrowski, 2015).
The high volumes of water transported by the ACC would require substantial input to stain the
underlying water masses locally, a condition generally fulfilled as the overall terrestrial flux from the
margins to the ocean was higher during the glacial (e.g., Caniupan et al., 2011; Weber et al., 2012;
Lamy et al., 2014). The radiogenic Nd isotope signatures of nearby land masses and margins (e.g.,
Hegner et al., 2007; Noble et al., 2012; Chapter 3) would then drive the seawater Nd isotope signature
towards more radiogenic values, in contrast to the relatively unradiogenic Nd isotope signatures
recorded in the glacial Drake Passage. Likewise, the Tasmanian data is unlikely to be significantly
influenced by a change in input sources as the Tasmanian and Australian source regions are pre-
dominantly less radiogenic (eng < -10; Jeandel et al., 2007) than the glacial seawater Nd isotope signal
recorded in our coral data (Table 4.2). The radiogenic nature of the Nd isotope signature in glacial
deep-sea corals is therefore inconsistent with significant influence from increasing glacial erosion of
Tasmanian and Australian sources (Petherik et al., 2013; Reeves et al., 2013). New Zealand is,

however, a radiogenic source acting to influence the Nd isotopic composition of passing boundary
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currents (Noble et al., 2013), and it has been shown that New Zealand experienced increased glacial
ice cover and erosion (e.g., Putnam et al., 2010; Upton et al., 2013; Rother et al., 2014). Deglacial
New Zealand glaciers were subject to significant decay and re-advance (Putnam et al., 2010; Rother et
al., 2014), processes expected to enhance terrestrial (radiogenic) input from New Zealand. This is in
contrast to the pronounced deglacial shift of >2 epsilon units to less radiogenic Nd isotope values
recorded at Tasmania. Furthermore, northward penetrating unradiogenic UCDW recorded at the
sampling sites after 14.8 kyr BP (Fig. 4.4) was unlikely to be driven by changes in New Zealand
sediment input as New Zealand is located downstream. Moreover, it has been demonstrated that CDW
Nd behaves conservatively in the ACC (Carter et al., 2012), a condition unlikely to have changed in
the remote upstream Indian sector of the glacial Southern Ocean. Regardless, alteration of the
seawater Nd isotope signal could play a role, in particular north of the Tasman Sea where boundary
exchange processes were shown to influence the modern seawater Nd isotope signature (Amakawa et
al., 2013; Grenier et al., 2013). Consequently, at times when the recorded signal was more radiogenic,
i.e. until 16.7 kyr BP (Fig. 4.4), water masses coming from the north of the Tasman Sea may have
been subjected to boundary exchange. Here we focus on the qualitative extension of particular water
masses so that the conclusions drawn from the discussion below are not compromised by boundary
exchange processes and/or potential changes in input from New Zealand sources.

Secondly, the potential of vertical movement of water mass boundaries needs to be addressed.
In the modern ocean, AAIW is subducted into the ocean interior below the SAF along the ACC flow
path with major formation areas in the Southeast Pacific and Indian Oceans (e.g., Piola and Georgi,
1982; Bostock et al., 2013). Such AAIW is the only downwelling water mass in the open Southern
Ocean capable to transfer a relevant surface water signal to greater depths. It is well known that the
meridional water mass geometry was different in the glacial ocean including a characteristic reduction
of NADW volume (Curry and Oppo, 2005).

While we consider an upward shift of the AABW boundary to the depths of coral sampling
locations in the Drake Passage and south of Tasmania unlikely, it has been suggested that AAIW
formation was enhanced and potentially deepened during the LGM in response to reduced North
Atlantic water mass formation (e.g., Pahnke et al., 2008; Wainer et al., 2012). Pahnke and Zahn
(2005) presented evidence that AAIW in the Pacific sector shoaled, confirmed by Ronge et al. (2015)
who suggested that the northward displacement of oceanic fronts caused increased glacial freshwater
fluxes at the sea ice edge ultimately reducing the depth of AAIW subduction. There exists no direct
evidence for a northward displacement and/or shoaling of AAIW in the Drake Passage. In general,
intermittent deepening of more radiogenic AAIW source waters (AAIW &yg = -6 in the Drake Passage
and in the Southwest Atlantic Ocean; Pahnke et al., 2008; this study) would be consistent with
‘UCDW values’ as radiogenic as eng ~ -5.9 at Shackleton Fracture Zone in 823 m water depth (Fig.
4.4). As described above, the UCDW record presented in Figure 4.4 is assembled from corals
spanning a water depth from 695 to 1750 m so that any enhanced Nd isotope variability induced by
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deepening of a more radiogenic AAIW should be reflected in samples from the shallowest locations in
695 m water depth (Fig. 4.2), which is, however, not the case (Fig. 4.4). Moreover, AAIW deepening
would be associated with a poleward shift of outcropping isoneutrals, and thus oceanic fronts.
Currently, i.e. under peak interglacial conditions, corals bathed by UCDW would require warming
conditions in excess of modern temperatures in order to allow for a significant poleward shift of
oceanic fronts in the Drake Passage to cause deepening of AAIW and/or the surface mixed layer
waters feeding into AAIW. This scenario appears highly unlikely during the last deglaciation.

In conclusion, the Nd isotope signals recorded in the depth ranges of the deep-sea corals used
for this study are unlikely to be significantly affected by vertical shifts of water mass boundaries
and/or local water mass formation. It hence follows, that the recorded Nd isotope signals in the

Southern Ocean are pre-dominantly driven by water mass mixing.

4.4.2. Millennial-scale evolution of glacial and deglacial Southern Ocean water mass mixing

Our new Nd isotope data add seawater provenance information to existing radiocarbon work
done on Drake Passage (Burke and Robinson, 2012; Chen et al., 2015; Burke et al., unpubl. data) and
Tasmanian deep-sea corals (Hines et al., 2015). Over the investigated interval between 26 and 11 kyr
BP, the overall Nd isotope evolution in the Drake Passage shows a multi-millennial trend towards less
radiogenic values with short-term fluctuations superimposed. In comparison to existing deep ocean
Nd isotope data, the Drake Passage time series shows Nd isotope signatures similar to the deep
Southeast Atlantic Ocean (4981 m water depth) during the glacial and deglacial (Piotrowski et al.,
2004, 2012: Fig. 4.5). The deep western Atlantic water masses (3770 m water depth) seem, however,
to have carried a more radiogenic Nd isotope signature throughout (Skinner et al., 2013; Fig. 4.5).

In contrast, the Tasmanian deep-sea corals recorded glacial Nd isotope signatures similar to
values extracted from deep Southwest Pacific sediments at Chatham Rise (Noble et al., 2013; Fig. 4.5)
and deep Southwest Atlantic Nd isotope data (Skinner et al., 2013; Fig. 4.5), which, in turn, are
similar to modern Pacific seawater (e.g., Amakawa et al., 2009, 2013), but isotopically different to the
Drake Passage. A characteristic deglacial shift of more than 2 epsilon units from eyg = -4.9 + 0.2 at
16.7 kyr BP to eyg = -7.3 £ 0.2 at 14.8 kyr BP results in Nd isotope signatures similar to
contemporaneous Drake Passage values (Fig. 4.5). The difference of the characteristic features of the
two time series leads us to hypothesise that both sample locations capture complimentary features of
Southern Ocean circulation. In detail, Drake Passage corals are likely to record an ACC UCDW
signal, whereas the Tasmanian corals are likely to record mixing between UCDW and Pacific-derived
water masses. Understanding the processes defining the different characteristics of both records is

therefore crucial to understand glacial-deglacial mid-depth dynamics in the Southern Ocean.
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4.4.2.1. Water mass mixing south of Tasmania: evidence for ventilation from the North Pacific

The pattern of the Tasman time series is similar to the deep South Atlantic and Indian Ocean
Nd isotope records (Piotrowski et al., 2004, 2009, 2012; Skinner et al., 2013), paced by an “Antarctic”
timing, i.e. a characteristic stepwise evolution during the deglacial. This is expressed in the
covariation with Antarctic temperatures (e.g., Petit et al., 1999; WAIS Divide project members, 2013;
Fig. 4.5), a poleward shift in frontal positions and associated upwelling intensity (Anderson et al.,
2009; Fig. 4.5), but also with the onset of re-invigoration of NADW production recorded by
21pa/Th in the North Atlantic (e.g., McManus et al., 2004; Gherardi et al., 2009; Fig. 4.5).
Regardless the similarity with deep ocean Nd isotope trends, the relatively good ventilation between
26 and 16.7 kyr BP (AA'*C = -110 to -240%o; Hines et al., 2015; Figs. 4.5 and 4.6) renders underlying
radiogenic (exg = - 5 to -6, Noble et al., 2013; Skinner et al., 2013; Fig. 4.5), but poorly-ventilated
water masses (AA14C < ~-400%o; Skinner et al., 2010, 2015; Fig. 4.6) an unlikely source of eyq values
between -4.6 = 0.2 and -5.9 + 0.2 (Fig. 4.6). The most radiogenic Nd isotope signatures of eyg = -4.6 £+
0.2 to eng = -5.2 £ 0.2 are associated with AAM™C of about -110 to -200%o during Heinrich Stadials 1
and 2 (HS1 and HS2) (Hines et al., 2015; Fig. 4.5). Such radiocarbon values indicate better ventilation
of radiogenic water masses recorded south of Tasmania than contemporaneous Drake Passage UCDW
(Figs. 4.5 and 4.6). This implies ventilation of mid-depth waters (above ~2 km water depth due to
bathymetry) from north of Tasmania, consistent with deepened water mass formation in the North
Pacific during Heinrich Stadials (e.g., Okazaki et al., 2010; Menviel et al., 2011; Max et al., 2014;
Rae et al., 2014) and during the LGM so that this water mass is consequently referred to as Glacial
North Pacific Intermediate Water, i.e. GNPIW (e.g., Keigwin, 1998; Matsumoto et al., 2002). This is
evident from our data during both, HS1 and HS2, although the later part of HS1 is not covered by our
coral data (Table 4.2; Fig. 4.5). Between 22 and 19 kyr BP slightly less radiogenic Nd isotope
signatures from exg = -5.1 £ 0.2 to eng = -5.9 £ 0.2 are associated with AA™C between -140 to -250%o
indicating increased admixture of UCDW which is characterised by average AA"*C of -290%o (Burke
and Robinson, 2012; Chen et al., 2015) and exg = -7 in the glacial Drake Passage (Figs. 4.5 and 4.6).
Thereafter, a pronounced shift towards Nd isotopic compositions similar to contemporaneous and
modern UCDW indicates the end of this glacial circulation mode in the SW Pacific (Figs. 4.5 and
4.6). Hence, the Tasmanian margin witnessed the glacial expansion of well-ventilated GNPIW at mid-
depths between ~26 and 16.7 kyr BP. This could be associated with strengthened Pacific overturning
at the expense of Atlantic overturning as found in models in direct response to the position of the
SWW (Sijp and England, 2009), but also through ocean-atmosphere feedbacks as for instance during
North Atlantic meltwater events (e.g., Okazaki et al., 2010; Menviel et al., 2011; Rae et al., 2014)
including SWW feedbacks (Menviel et al., 2012).
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Figure 4.5: The Southern Ocean deep-sea coral time series in the context of relevant proxy records during the
interval from 26 to 11 kyr BP. (a) NGRIP oxygen isotope record (Rasmussen et al., 2006; Svensson et al.,
2006). (b) Nd isotope record from the Rockall Trough core ODP 980 indicating Iceland-Scotland Overflow
Water (ISOW) strength (Crocket et al., 2011). (¢) North Atlantic B1pg/30Th records indicative of water mass
export. Deep Northwest Atlantic cores (~4600 m) are summarised by grey shading (dark grey line: McManus
et al., 2004; light grey line: Bohm et al., 2015), mid-depth core (2150 m) from the central North Atlantic
plotted in grass green (Gherardi et al., 2009). (d) Hollywood cave 8'*C record of SWW influence over South
Island, New Zealand (Whittaker et al., 2011). (¢) Drake Passage radiocarbon deep-sea coral time series of
UCDW and AAIW depth ranges, expressed as AAMC, ie. the offset of A*Cor from AMCa‘m(,Sphm, the latter is
calculated from the IntCall3 AMCatmosphcrc (Reimer et al., 2013) averaged across 26 age uncertainty per
individual coral with propagated error reported (Burke and Robinson, 2012; Chen et al., 2015; Burke et al.,
unpubl. data). (f) Drake Passage deep-sea coral Nd isotope time series of UCDW (purple) and AAIW (peach)
depth ranges (this study and Chapter 6; HS1 coral from Robinson and van de Flierdt, 2009 in black). Nd
isotope records from deep (3770 m) Southwest Atlantic core MD07-3076 (grey shading, dark line; Skinner et
al., 2013) and from deep (4981 m) Southeast Atlantic core TNO57-21 (grey shading, white line; Piotrowski et
al., 2005, 2012) on updated time scale of Barker and Diz (2014). (g) Tasmanian deep-sea coral AAMC
calculated from IntCall3 A“‘Cam,osphere as in (e), errors calculated from maximum "“C and U-Th age uncertainty
(cf. Hines et al., 2015). (h) Tasman deep-sea coral Nd isotope time series of UCDW depth range (this study),
and Nd isotope record from CHATSK in the LCDW depth range at Chatham Rise in the Southwest Pacific
(Noble et al., 2013). (i) Opal flux record of upwelling intensity from E27-23 in the Indo-Pacific sector of the
Southern Ocean (Anderson et al., 2009). (j) WAIS Divide oxygen isotope record (WAIS Divide project
members, 2013). (k) WAIS Divide ice core CO, record (Marcott et al., 2014). Grey stippled lines indicate
abrupt Nd isotope changes in Drake Passage Nd isotope data at 15.2, 15.7 and 20.4 kyr BP, respectively. Grey
bars at the y axes of (f) and (h) indicate the modern range of UCDW at the Drake Passage coral sampling
locations (Chapter 3). B-A refers to Belling-Alleread interstadial in the Northern Hemisphere, other
abbreviations as in Fig. 4.4.

4.4.2.2. Glacial water mass mixing in the Drake Passage and implications for the overturning
circulation

The Drake Passage time series is characterised by the frequent re-occurrence of relatively
unradiogenic Nd isotope signatures of exg = -7 to -8 throughout the entire investigated interval and is
consistently less radiogenic than the Tasmanian Nd record (Figs. 4.5 and 4.6). Whereas PDW and
IDW are sources of rather radiogenic Nd isotope signatures (Piotrowski et al., 2009; Noble et al.,
2013; Figs. 4.5 and 4.6), such unradiogenic mid-depth Nd isotopic compositions are most likely
sourced from the (North) Atlantic (e.g., Roberts et al., 2010; Wilson et al., 2014; Béhm et al., 2015).
This is illustrated in radiocarbon-Nd isotope space (Fig. 4.6) where most glacial Drake Passage
UCDW data plot between (relatively well-ventilated and unradiogenic) NADW/GNAIW and a
poorly-ventilated radiogenic source. Before and during the earliest LGM at 25.6 and 22.7 kyr BP,
mixing occurred pre-dominantly with underlying radiocarbon-depleted (AA"C =~ -550%0) and
radiogenic (eng = -5.5) deep waters as found in the South Atlantic (Skinner et al., 2010, 2013; Figs.
4.5 and 4.6). During most of the LGM, mixing of UCDW was dominated by GNAIW influence and
deep Pacific-derived waters (Noble et al., 2013; Skinner et al., 2015), the latter of which may have
been derived from mixing with an even more radiocarbon-depleted deep Pacific source (Tiedemann et
al., 2015). The resulting Drake Passage UCDW chemistry was similar to the contemporaneous deep
Cape Basin (Piotrowski et al., 2005, 2012; Barker et al., 2010) indicating a similar mixture of water

masses in the deep Southeast Atlantic (Fig. 4.6).
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The prominent role of Atlantic-sourced water masses in glacial UCDW is consistent with the
meridional LGM water mass geometry (Curry and Oppo, 2005), South Atlantic stable isotope data
(Lund et al., 2015), active overflows in the Northeast Atlantic (Crocket et al., 2011; Fig. 4.5),
relatively unradiogenic Nd isotope signatures in the deep North Atlantic (Roberts et al., 2010; Bohm
et al., 2015) and active (pre-dominantly mid-depth/GNAIW) export of water masses from the North
Atlantic (McManus et al., 2004; Gherardi et al., 2009; Béhm et al., 2015). At the same time, the
admixture of well-ventilated GNPIW, recorded south of Tasmania, into UCDW was limited (Fig.
4.6). The modern Southern Ocean density structure reveals that the Tasmanian corals were sampled
from depths bathed by water masses of slightly lower density compared to water masses bathing most
Drake Passage sampling sites (Figs. 4.2 and 4.3). This could have reduced the influence of GNPIW on
deep waters recorded at Drake Passage sampling sites.

However, there is significant overlap in the modern water mass density range covered by
corals at both sampling locations, i.e. at the Tasmanian margin and in the Drake Passage (Figs. 4.2
and 4.3). Therefore, the pronounced isotopic gradients between both locations translate into
significant chemical differences between ACC-bound UCDW, represented by Drake Passage UCDW,
and relatively well-ventilated GNPIW evident south of Tasmania. This is particularly remarkable
because the ACC fronts (and alongside the ACC-bound UCDW) are believed to have migrated north
during the LGM (Gersonde et al., 2005; Anderson et al., 2009; De Deckker et al., 2012; Ferrari et al.,
2014). From this follows that the LGM mid-depth water mass exchange between the South Pacific
and Southern Ocean was limited, despite vigorous advection of GNPIW from the North Pacific. Thus,
GNPIW was likely to recirculate within the Pacific basin and feed significantly into AAIW formation,
thereby contributing to increased glacial AAIW ventilation, in particular in the Pacific sector of the
Southern Ocean (e.g., Muratli et al., 2010). The combined radiocarbon-Nd isotope data provide
supporting evidence that the mid-depth glacial ocean was ventilated from both, the North Pacific and
the North Atlantic, consistent with oxygen isotope data (e.g., Duplessy et al, 2002; Matsumoto et al.,
2002; Adkins, 2013). In the Pacific Ocean, the well-ventilated GNPIW recorded at the Tasmanian
margin was consequently associated with a mid-depth Pacific overturning cell (reaching down to ~1.5
to 2 km water depth; e.g., Matsumoto et al., 2002) which mixed, however, only marginally into the
ACC core. Vertical Nd isotope (~2 eng; Skinner et al., 2013; this study) and/or radiocarbon offsets
(AAMC of ~250%o; Skinner et al., 2010, Burke and Robinson, 2012; Figs. 4.5 and 4.6) indicate a
deeply stratified water column. Nevertheless, glacial mixing with underlying deep water masses did
not cease in the Southern Ocean (Fig. 4.6) implying (reduced) interaction between upper and lower
overturning circulation cells (cf. Ferrari et al., 2014). This glacial circulation pattern existed until at
least ~17 kyr BP.

Considering that the modern vertical Nd isotope distribution in the ACC is rather
homogeneous (Stichel et al., 2012) and that UCDW dominates the modern mid-depth Tasman Sea

(e.g., Sokolov and Rintoul, 2000), the implied lateral and vertical gradients are mechanistically
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challenging, in particular in the light of a more northerly LGM position of ACC-bound UCDW flow
(e.g., Barrows and Juggins, 2005; Gersonde et al., 2005; Anderson et al., 2009; Ferrari et al., 2014).
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Figure 4.6: Drake Passage (purple line) and Tasmanian (red line) deep-sea coral data in radiocarbon-Nd
isotope space (Burke and Robinson, 2012; Chen et al., 2015; Hines et al., 2015; Burke et al., unpubl. data).
The coral data is grouped by time intervals and location. Results from early (1), mid (2) and late (3) HS1
periods in the Drake Passage are connected with stippled purple arrows. The arrow direction indicates the
evolution with time. Radiocarbon data for modern water masses from GLODAP data base natural seawater
A™C reconstruction (Key et al., 2004). Modern (i.e. 1950) A14Cat1nosphcrc (Reimer et al., 2013) used to
generate seawater AAYC (AAMC = A*Ceorar- AMCatmosphm). Coral AA™C calculated with IntCall3 (Reimer
et al., 2013; see also caption Fig. 4.5). Modern Nd isotope endmember data for western (Northwest Atl. All
109-1 Stn30; Piepgras and Wasserburg, 1987) and eastern NADW (Ovide St. 15; Copard et al., 2011),
central North Pacific PDW (BO-3; Amakawa et al., 2009), North Pacific Intermediate Water (NPIW)
(Station 4; Zimmermann et al., 2009), Antarctic shelf waters (Carter et al., 2012), and modern UCDW and
AAIW bathing the coral sampling sites (Chapter 3). The arrows from modern PDW and NPIW point to
well-ventilated Glacial North Pacific Intermediate Water (GNPIW; cf. e.g., Matsumoto et al., 2002). The
dashed black line represents conservative mixing between modern NADW and PDW. Powder blue polygons
indicate potential glacial endmember values from the literature. Southwest Atlantic data from MD07-3076,
3777 m water depth (Skinner et al., 2010, 2013). Southwest Pacific cores CHATSk (4240 m), CHAT10k
(3003 m) and MD97-2121 (2314 m) (Noble et al., 2013; Skinner et al., 2015). Southeast Atlantic core
TNOS57-21 (4981 m) (Piotrowski et al., 2005; 2012; Barker et al., 2010). Northwest Atlantic deep-sea corals
collected between 1713 and 2546 m water depth (Wilson et al., 2014 and references therein). Note the two
directions of mixing during LGM (Last Glacial Maximum) and HS1 (Heinrich Stadial 1) in the Drake
Passage and lacking overlap with Tasmanian coral data until 14.8 kyr BP (late deglacial).

It has been suggested that deep ocean stratification is mainly the result of extended perennial
sea ice cover in the Southern Ocean causing changes in water mass geometry, ultimately reducing
(dianeutral) mixing between the upper and lower overturning cells in the global ocean (Ferrari et al.,
2014). Such reduced mixing would be expressed in a deeply stratified Southern Ocean, a feature
particularly evident from combined radiocarbon-Nd isotope data (Skinner et al., 2010, 2013; Burke
and Robinson, 2012; this study). However, McCave et al. (2014) showed that the bottom flow of the
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ACC through the Drake Passage was nearly constant from the Last Glacial Maximum (LGM) to the
Holocene. This constant flow was questioned by Lamy et al. (2015) who argued for a partial
northward deflection of water masses bound to the northern ACC flank in response to northerly
displaced SWW. Despite, the vigorous ACC flow postulated by McCave et al. (2014) would have
limited the northwards extension of perennial sea ice cover. As the Drake Passage is a crucial location
with respect to isoneutral and dianeutral mixing (St. Laurent et al., 2012; Thompson and Sallée, 2012;
Watson et al., 2013), it may be expected that mixing in a widely ice-free LGM Drake Passage was
similar to modern. This would reduce the influence of northwards expanding sea-ice on reducing
(dianeutral) mixing between upper and lower overturning cells (cf. Watson et al., 2013; Ferrari et al.,
2014). Past work showed that both, wind-induced zonal and meridional ACC mean circulation imply
counteracting (“compensating”) eddy circulation, but their sensitivity to atmospheric forcing is
distinct (e.g., Marshall and Radko, 2003, Morrison and Hogg, 2013; Munday et al., 2013).

The meridional overturning as the residual circulation along interior density surfaces
(Marshall and Radko, 2003) shows significant sensitivity to combined wind and buoyancy forcing
scaling with eddy circulation (e.g., Abernathey et al., 2011, Meredith et al., 2012; Munday et al.,
2013). Moreover, isoneutral and dianeutral eddy mixing is enhanced near y" = 28.0, i.e. the interface
of UCDW and LCDW (cf. Smith and Marshall, 2009; Abernathey et al., 2010; Ledwell et al., 2011;
Watson et al., 2013; Tulloch et al., 2014). This implies sensitivity of mixing and water mass
ventilation at this critical depth to (changing) westerly wind forcing (cf. Tulloch et al., 2014),
consequently affecting water column stratification without the need of sea-ice expansion into the
Drake Passage. As hypothesised by Toggweiler et al. (2006), both mechanisms may be linked through
thermal feedbacks ultimately controlling deep stratification. Due to the distinct response of zonal
ACC transport and Southern Ocean overturning circulation to atmospheric forcing (e.g., Morrison and
Hogg, 2013; Munday et al., 2013) aforementioned sensitivity of the overturning circulation can be
consistent with constant zonal flow through large parts of the Drake Passage. This is due to the
relationships found in eddy-resolving models (e.g., Marshall et al., 2006a; Meredith et al., 2012;
Munday et al., 2013) so that constant mean flow paired with decreased wind forcing over the Drake
Passage channel requires a reduction in the counteracting eddy field. The glacial deflection of SAF-
bound water masses (Lamy et al., 2015) might then have contributed to this eddy mixing effect on the
overturning circulation such that SAF-related turbulence in the northern Drake Passage was reduced.
The resulting reduction of mixing is evident for instance from radiocarbon and Nd isotopes (Figs. 4.5
and 4.6).

Similar processes may have been crucial in generating the strong lateral Nd isotope gradient
between UCDW and GNPIW during the LGM, represented by the Drake Passage and Tasmanian
corals, respectively (Figs. 4.5 and 4.6). Mixing in the Southern Ocean occurs pre-dominantly in the
lee of bathymetrical obstacles and along the equatorward ACC flank, whereas mixing within the ACC

is reduced (Sallée et al., 2011; Thompson and Sallée, 2012). The strongest cross-frontal mixing is
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observed in the Drake Passage area and reduced in the Pacific sector of the Southern Ocean
(Thompson and Sallée, 2012) where mean flow can act to suppress eddy mixing (Naveira Garabato et
al., 2011). Assuming overall northward displacement of LGM fronts (Gersonde et al., 2005), GNPIW
bathing the Tasmanian corals may have mixed isoneutrally into the eastward flow along the northern
ACC flank (cf. Abernathey et al., 2010; Sallée et al., 2011; Thompson and Sallée, 2012). As cross-
frontal mixing is, however, limited upon flow through the Pacific sector of the Southern Ocean
(Naveira Garabato et al., 2011; Thompson and Sallée, 2012), GNPIW is considered to have been
(partly) re-injected into the Pacific basin before the core of the ACC would pass the Drake Passage.
One potential location is in the central Pacific where GNPIW could be carried northward similar to
UCDW in the modern Pacific (Fig. 4.1). This could also have contributed to the radiogenic Nd isotope
signatures extracted from mid-depth Chatham Rise sediments (partly ascribed to boundary exchange;
cf. Noble et al., 2013). Alternatively, the LGM northward frontal zone displacement (Gersonde et al.,
2005; Kohfeld et al., 2013) could have induced enhanced northward deflection of ACC waters off
Chile (Lamy et al., 2015). The latter location implies the potential for abrupt changes of Drake
Passage UCDW properties in response to latitudinal shifts of wind fields once a critical SWW
position was reached. Thereby, mid-depth water chemistry would be altered efficiently by both,
vertical mixing with underlying water masses due to increased turbulence and lateral admixture of
GNPIW into the ACC core (cf. Anderson et al., 2009; Lamy et al., 2015). Beside Lamy et al.’s work,
direct evidence for stronger deflection of ACC waters during the glacial is sparse. Nevertheless,
thermal isolation of Campbell Plateau water masses highlights the possibility of small-scale latitudinal
gradients along the northern ACC flank (Neil et al., 2004). In addition, reduced productivity as a
result of suppressed coastal upwelling (e.g., Hebbeln et al., 2002; Mohtadi et al., 2008), enhanced
LGM AAIW oxygenation (Muratli et al., 2010) and colder SSTs (Feldberg and Mix, 2002) are
consistent with partial northward deflection of ACC water masses off Chile in response to
equatorward shifted westerlies (Kohfeld et al., 2013; Lamy et al., 2015) and oceanic fronts (Gersonde
et al., 2005).

In order to evaluate the millennial-scale variations, we here focus on the transition from the
LGM to HSI1 as it provides the best data coverage. Similar to previous work, our Nd isotope data
seem to indicate an early HS1 breakdown of deep stratification in the Drake Passage, i.e. during an
interval of southward migrating fronts (vertical Nd isotope homogenisation at ~16.7 kyr BP, including
AAIW, gyg = -6.0 to -6.5; Fig. 4.5). Alongside, reduced Atlantic overturning was partly compensated
for by enhanced Pacific overturning facilitated by ocean-atmosphere propagation under glacial
boundary conditions (e.g., Saenko et al., 2004; Okazaki et al., 2010; Menviel et al., 2011; Hu et al.,
2012; Rae et al., 2014), consistent with reconstructions from AAIW depth range (Huang et al., 2014;
Freeman et al., 2015). Enhanced Pacific overturning is expressed in strong influence of relatively
well-ventilated GNPIW recorded south of Tasmania (eng = -4.9 + 0.2 and AA'C = -170%o) at ~16.7
kyr BP (Figs. 4.5 and 4.6). The radiocarbon-Nd isotope space shows that early HS1 Drake Passage
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UCDW was dominated GNPIW-imprinted waters from south of Tasmania mixing with a North
Atlantic component (Figs. 4.5 and 4.6). Hence, lateral admixture controlled early HS1 Drake Passage
UCDW properties rather than vertical mixing with deep radiocarbon-depleted sources. This lateral
GNPIW admixture peaked at ~16.7 kyr BP (exg = -6.4 + 0.3, AA"C = -130 to -160%o; Robinson and
van de Flierdt, 2009; Fig. 4.6). Following the scenario hypothesised for the LGM Southern Ocean,
poleward migration of the SWW and an accompanied shift of Southern Ocean fronts (e.g., Mohtadi et
al., 2008; Anderson et al., 2009; Barker et al., 2009) might have deflected SAF-bound waters carrying
a strong GNPIW component into the circumpolar flow. Supporting evidence for this mechanism is
provided by New Zealand speleothem 8'°C data considered to be pre-dominantly driven by SWW-
induced rainfall (Whittaker et al., 2011). The 6]3Cspeleo shows close covariation with glacial and early
deglacial Drake Passage Nd isotope variability (Fig. 4.5). Between ~26 and 13 kyr BP, radiogenic Nd
isotopic compositions in the Drake Passage were associated with reduced SWW influence in New
Zealand and vice versa. Hence, reduced northerly SWW influence can be linked with (i) increased
lateral admixture of Pacific-derived waters into the circumpolar flow, but also with (ii) enhanced
intrusion of deep waters at times (cf. Anderson et al., 2009; Lamy et al., 2015; Fig. 4.6).

Alternatively, reduced North Atlantic water mass export in response to meltwater input may
be invoked (e.g., Seidov and Maslin, 2001; Rahmstorf, 2002; Robinson and van de Flierdt, 2009) as
North Atlantic buoyancy forcing has a strong control on Atlantic overturning strength (e.g., Yeager
and Danabasoglu, 2014). Indeed, millennial-scale variability of North Atlantic overflow activity
linked to meltwater events (Crocket et al., 2011; Fig. 4.5) reveals intriguing covariation with Drake
Passage Nd isotope signals during early HS1, HS2 and at 20.4 kyr BP (Fig. 4.5). Meltwater-induced
reduction of ventilation from the North Atlantic and, alongside, reduced AMOC activity during HS1
have been inferred from a number of records throughout the Atlantic basin (e.g., Sarnthein et al.,
1994; McManus et al., 2004; Pahnke et al., 2008; Gherardi et al., 2009; Roberts et al., 2010; Crocket
etal., 2011; Huang et al., 2014; Skinner et al., 2014; Bohm et al., 2015; Freeman et al., 2015; Fig 4.5).
In this scenario, reduced export of Atlantic-sourced water masses would increase the proportion of
Pacific-derived water masses in the Southern Ocean.

The resulting net effect on the Drake Passage Nd isotope signature is similar from both
mechanisms as both would, under glacial boundary conditions, reduce the proportion of Pacific-
sourced waters in the ACC during Southern Ocean cold phases and vice versa. Moreover, both
mechanisms are linked through the involved bipolar seesaw effect describing an antiphasing in the
interhemispheric distribution of heat (Seidov and Maslin, 2001; Stocker and Wright, 2003; Barker et
al., 2009). Strong bipolar seesaw effects have been shown to be associated with North Atlantic
meltwater events (e.g., Seidov and Maslin, 2001; Anderson et al., 2009; Barker et al., 2009) and
considered to propagate North Atlantic signals through the ocean into the Southern Hemisphere (e.g.,
Seidov and Maslin, 2001; WAIS Divide project members, 2015). The Drake Passage UCDW data
show radiogenic Nd isotope signatures around 16.7, 20.4, 22.7 and 25.6 kyr BP (Fig. 4.5). The first
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three events coincided with a reduction in overflow activity and/or export of deep water masses from
the North Atlantic, ascribed to meltwater-induced cold phases (McManus et al., 2004; Gherardi et al.,
2009; Crocket et al., 2011; Bohm et al., 2015; Fig 4.5). In the Southern Ocean, such intervals were
expressed as warming phases paired with poleward intensification of the SWW (e.g., Anderson et al.,
2009; Barker et al., 2009; WAIS Divide project members, 2015) and a breakdown of deep Southern
Ocean stratification (Toggweiler et al., 2006; Anderson et al., 2009; Burke and Robinson. 2012; Fig.
4.5). Bipolar seesawing in the atmosphere is, however, significantly faster (cf. Stocker and Johnson,
2003; Barker et al., 2009; Wang et al., 2015) and has been shown to operate between ~74 and 11 kyr
BP (Whittaker et al., 2011). The consistent and abrupt nature of change in our Drake Passage Nd
isotope record favours the idea that SWW forcing (Whittaker et al., 2011; Fig. 4.5) was the pre-
dominant control on Southern Ocean water mass properties during the last glacial through efficient

modulation of lateral and vertical mixing.

4.4.3. Transition into the interglacial Southern Ocean between 18 and 14 kyr BP

The structure of the Southern Ocean water column during HS1 was more differentiated than
the early HS1 scenario between 16.9 and 15.8 kyr BP. In the Drake Passage, centennial fluctuations of
~2 epsilon units are evident, paired with a major transition in ventilation state at ~15.3 kyr BP (Burke
et al., unpubl. data; Figs. 4.6 and 4.7). At the same time, the Tasman time series shows a gap between
16.7 and 14.8 kyr BP, i.e. during the interval of maximum increase of Southern Ocean opal flux
(Anderson et al., 2009) and intensification of the SWW in the Indo-Pacific sector of the Southern
Ocean (Whittaker et al., 2011; Figs. 4.5 and 4.7).

Variability on millennial to (sub) centennial time scales during late HS1 and the ACR was
reconstructed from high resolution surface ocean proxies in Southern Ocean (Martinez-Boti et al.,
2015), Cape Basin (Barker et al., 2009) and North Atlantic sediments (Bard et al., 2000; Carlson et
al., 2008; Thornalley et al., 2011; Fig. 4.5), and identified in North Atlantic deep-sea corals (Robinson
et al., 2005; Eltgroth et al., 2006; Thiagarajan et al., 2014; Wilson et al., 2014; Fig. 4.7). Similar to
shifts in the Drake Passage time series (Fig. 4.7), Piotrowski et al. (2004, 2005) found significant pre-
Bolling Nd isotope fluctuations of ~2 - 3 epsilon units in the deep Cape Basin. The original record
was re-visited by Piotrowski et al. (2012) with a refined approach which missed, however, sampling
the full variability. The resulting deglacial evolution was significantly smoother, similar to other deep
ocean &ng records (Piotrowski et al., 2009; Skinner et al., 2013; Fig. 4.7) rendering the Drake Passage

high frequency Nd isotope variability unique in the deeper water column of the Southern Ocean.

4.4.3.1. Overturning circulation and ocean ventilation: the 15.8 to 14.7 kyr BP interval

During mid-HS1 between 15.8 and 15.2 kyr BP, and hence before the ACR transition, our
data show a shift from exq = -6.6 + 0.2 to exg = -7.9 0.2 leading a ventilation peak (AA'*C =~ -90%o)
at ~15.3 kyr BP during an interval of intense wind-induced upwelling (Anderson et al., 2009) and
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enhanced SWW activity over New Zealand (Whittaker et al., 2011; Fig. 4.7). The abruptness of the
initial shift at ~15.8 kyr BP could partly result from the fact that the coral recording exg = -6.6 + 0.2 at
Burdwood Bank was under stronger influence from Pacific-derived water masses bound to the SAF
and the boundary current joining the ACC at the depth of the sampling location (Well et al., 2003;
Brearley et al., 2014; Fig. 4.2). In the modern ocean, the effect of this boundary current on the Nd
isotope distribution at Burdwood Bank is, however, barely significant (Chapter 3). Nevertheless, the
initial transition towards Drake Passage UCDW &xg = -7.5 £ 0.2 paired with low AA'C of ~-260%o
points to significant admixture of radiocarbon-depleted glacial water masses from the North Atlantic
(Wilson et al., 2014; Figs. 4.6 and 4.7) and was led by stronger influence of SWW over New Zealand
(Whittaker et al., 2011). Based on deep-sea coral data from the New England Seamounts (NES) in the
western North Atlantic it has been speculated that the build-up of a warm, saline, radiocarbon-
depleted and radiogenic sub-surface water mass from 15.8 kyr BP was fed from the Southern Ocean
(Thiagarajan et al., 2014, Wilson et al., 2014). Given the well-ventilated and unradiogenic signal
recorded in the Drake Passage at the same time, this seems an unlikely scenario (Fig. 4.7).

In the tropical and central North Atlantic, enhanced mid-depth circulation was recorded from
~16.3 kyr BP (Gherardi et al., 2009; Huang et al., 2014; Fig. 4.7) and Nd isotope data from the
abyssal Cape basin indicate stronger influence of Atlantic water masses from around 16 kyr BP
(Piotrowski et al., 2012). At the same time, the western basin remained relatively invariant (Skinner et
al., 2013; Fig. 4.7), consistent with stable isotope data indicating reduced admixture of northern-
sourced waters to the deep Southwest Atlantic Ocean until ~15 kyr BP (Lund et al., 2015). Such deep
processes coincided with a rapid rise in sub-surface dwelling G. inflata 5"%0,yc in the Northeast
Atlantic (i.e. ice-volume corrected 8'°0, representing subsurface density; Thornalley et al., 2010),
ventilation of extremely radiocarbon-depleted Arctic Mediterranean water masses (Thornalley et al.,
2015), as well as mid-depth ventilation, and hence overturning activity in the Northeast Atlantic (cf.
Thornalley et al., 2011; Fig. 4.7). The close relationship between North Atlantic surface ocean
conditions and water mass formation has been diagnosed by Manabe and Stouffer (1995).

The mid-HS1 ventilation of extremely radiocarbon-depleted and radiogenic deep waters in the
Northeast Atlantic and Nordic Seas (Crocket et al., 2011; Thornalley et al., 2011; 2015) could have
mixed with a less radiocarbon-depleted and unradiogenic source in the Northwest Atlantic to cause
mid-depth fluctuations between eyg of -11.5 to -12.5/AA™C = -120 to -130%0 and exq of -13 to -
14.5/AA"™C = -160 to -180%o recorded in the Northwest Atlantic (Wilson et al., 2014). From Figure
4.6 follows that Drake Passage UCDW of AAYC = -260%o0 and exg = -7.5 + 0.2 at ~15.6 kyr BP could
then result from mixing between mid-depth Northwest Atlantic water masses with eyg of -13 to -14.5
and AA"™C = -160 to -180%o at 15.8 kyr BP (Wilson et al., 2014) with underlying radiogenic and
radiocarbon-depleted water masses in the Southwest Atlantic and/or Pacific (Skinner et al., 2010,

2013, 2015; Noble et al., 2013; Fig. 4.6), consistent with Atlantic transfer times (Huhn et al., 2008).
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The transfer of this water mass could thus relate to an early spin-up of mid-depth Atlantic circulation
around 16 kyr BP (Gherardi et al., 2009; Huang et al., 2011).

The following short-lived ventilation pulse at 15.3 kyr BP (AA"C = -90%o) paired with a
strong North Atlantic contribution to Drake Passage UCDW (eng = -7.9 = 0.2; Fig. 4.6) is inconsistent
with mid-HS1 AA™C values of -120 to -230%o in the Northwest Atlantic over the entire period
(Wilson et al., 2014; Fig. 4.7). Unless the formation of unknown deep water masses did occur in the
Southern Ocean, the strong ventilation signal bypassed the NES or, alternatively, was not sampled.
The latter is supported by the fact that the NES data set has a gap between ~15.4 and 15.1 kyr BP
(Wilson et al., 2014). Regardless, the western basin was dominated by old radiocarbon-depleted water
masses (Wilson et al., 2014) whereas Northeast Atlantic was well-ventilated (Thornalley et al., 2011)
pointing to different water masses dominating the respective basins during mid-HS1 (Fig. 4.7). Such
inter-basin gradients have, moreover, been recognised in stable isotope data (e.g., Matsumoto and
Lynch-Stieglitz, 1999) and Nd isotopes (Roberts et al., 2010, 2015; Piotrowski et al., 2012), likely
resulting from stronger influence of relatively radiogenic Nordic Seas overflow waters in the eastern
basin (Crocket et al., 2011) and/or local effects (Roberts et al., 2015). A Nd isotope gradient is also
evident in the deep South Atlantic Ocean throughout the entire 18 to 14 kyr BP interval with,
however, different signs to the North Atlantic (Piotrowski et al., 2012; Skinner et al., 2013; Fig. 4.7).
During mid-HS1 the inter-basin Nd isotope contrast in the South Atlantic was most pronounced when
eng = -8 was recorded in the abyssal Cape Basin (4981 m water depth; Piotrowski et al., 2012)
whereas the western South Atlantic basin showed exg =~ -6.4 in 3770 m water depth (Skinner et al.,
2013; Fig. 4.5). The Cape Basin record has been interpreted in the light of admixed NADW
controlling the Nd isotope signal in response to overturning strength (Piotrowski et al., 2004, 2005
and 2012) thus indicating enhanced admixture of Atlantic-sourced waters during mid-HS1 (Fig. 4.7).
It can therefore be speculated that the pre-dominant export route of deep Atlantic water masses into
the Southern Ocean was through the eastern (South) Atlantic, consistent with stable isotope data
(Lund et al., 2015). Assuming that the core of GNAIW was significantly shallower (e.g., Curry and
Oppo, 2005) than the deep Cape basin core location in 4981 m water depth (Piotrowski et al., 2012)
implies substantial deepening and/or intensification of GNAIW/NADW export through the eastern
Atlantic basin during mid-HS1. This signal would propagate into the ACC where a strong Atlantic
contribution to the circumpolar flow was recorded in the Drake Passage towards 15.3 kyr BP when
ena Was -7.9 = 0.2. Intriguingly, the Nd isotope shift at ~15.8 kyr BP, potentially induced by North
Atlantic buoyancy forcing, was led by a pronounced SWW intensification over New Zealand
(Whittaker et al., 2011; Fig. 4.7). These processes were presumably linked through bipolar
atmospheric coupling (e.g., Wang et al., 2015; Whittaker et al., 2011), thus both influencing Southern

Ocean water mass mixing on, however, different time scales (Fig. 4.7; section 4.4.2.).
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Deciphering glacial-interglacial Southern Ocean dynamics with deep-sea corals
Chapter 4
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Figure 4.7: The Southern Ocean deep-sea coral time series during the transition to interglacial circulation
between 18 and 14 kyr BP. (a) NGRIP oxygen isotope record (Rasmussen et al., 2006; Svensson et al., 2006).
(b) Intermediate-depth Nd isotope record from Demerara Rise indicating flow vigour of upper AMOC
circulation cell (Huang et al., 2014). (c) Mid-depth 21pa/>°Th record from central North Atlantic indicating
water mass export from the North Atlantic (Gherardi et al., 2009). (d) Deep-sea coral Nd isotope data from the
New England seamounts (Wilson et al., 2014). (¢) Northeast Atlantic 5'°0;,. of subsurface dwelling foraminifer
G. inflata as a seawater density indicator (Thornalley et al., 2010). (f) Offset between benthic and planktic
radiocarbon signature as a measure of ventilation state downstream of ISOW in the Northeast Atlantic
(Thornalley et al., 2011). (g) opal flux record of upwelling intensity from the South Atlantic sector of the
Southern Ocean (Anderson et al., 2009) and Hollywood cave 8"°C record of SWW influence over South Island,
New Zealand (Whittaker et al., 2011). (h) Drake Passage radiocarbon deep-sea coral time series of UCDW
depth range indicating ventilation (Burke and Robinson, 2012; Chen et al., 2015; Burke et al., unpubl. data; see
Fig. 4.5 caption for details). (i) Drake Passage deep-sea coral Nd isotope time series of UCDW depth range
from this study (purple) with U-series age uncertainties from Burke and Robinson (2012), Chen et al. (2015)
and Burke et al., (unpubl. data); HS1 coral (black) from Robinson and van de Flierdt (2009); Nd isotope record
from MDO07-3076 in the deep western basin of the South Atlantic (grey shading, dark line; Skinner et al., 2013)
and Nd isotope record from the deep Cape Basin in the Southeast Atlantic (grey shading, white line; Piotrowski
et al., 2005, 2012). (j) Tasman deep-sea coral radiocarbon data representing ventilation in the Southwest Pacific
sector of the Southern Ocean (Hines et al., 2015; see Fig. 4.5 caption for details). (k) Tasman deep-sea coral Nd
isotope time series, stippled line indicates data gap (this study), and deep Nd isotope record from CHATS5K at
Chatham Rise in the deep Southwest Pacific (Noble et al., 2013). (1) WAIS Divide oxygen isotope record
(WAIS Divide project members, 2013). (m) WAIS Divide ice core CO, record (Marcott et al., 2014). Grey
stippled lines indicate events at 15.2, 15.7, 16.2 and 20.4 kyr BP, respectively. Grey bars at the y axes of I and
K indicate the modern Nd isotope range of UCDW at the Drake Passage coral sampling locations (Chapter 3).
B-A refers to Boelling-Allered interstadial in the Northern Hemisphere, others as in Fig. 4.4.

Regardless, the Drake Passage Nd isotope signal of eyg = -7.9 £ 0.2 was not a pure North
Atlantic signal (Roberts et al., 2010; Crocket et al., 2011; Piotrowski et al., 2012; Wilson et al., 2014;
Roberts and Piotrowski, 2015) and required admixture of water masses with a more radiogenic Nd
isotope signature, similar to the modern setting (e.g., Stichel et al., 2012). At the same time, the Drake
Passage AA'“C was -90%o in 1064 m water depth, and as such better ventilated than modern UCDW
(AA™C = -115%o; Key et al., 2004). Despite the high variability of northern water mass radiocarbon
signatures during HS1 (e.g., Robinson et al., 2005; Wilson et al., 2014), significantly better-than-
modern NADW ventilation is unlikely (i.e. AA"C = -70%o; Key et al., 2004). Therefore, we suggest
that two similarly strong overturning cells operated in both, the Atlantic and Pacific Ocean during the
mid-HS1 interval efficiently ventilating large parts of the global mid-depth ocean.

At 15.2 kyr BP, AA"C drops abruptly to ~-160%o while the ey remains unradiogenic at -8.0 +
0.2 (in the same coral) showing that the strong ventilation pulse from the North Atlantic was a very
short-lived event and/or a deep old Atlantic carbon reservoir was eroded (Fig. 4.7). The fact that one
coral recorded changes in radiocarbon while Nd isotopes remained invariable underpins that such
abrupt changes were unlikely to be dominated from simple vertical movements of water mass
boundaries (isoneutrals). This is because both geochemical parameters would be expected to respond
simultaneously without delay among one another. After ~15.2 kyr BP a drop in Nd isotopic
composition to a more Pacific-like signal of exg = -6.3 + 0.2 at 14.9 kyr BP was associated with AA'*C
of -140%o (Figs. 4.6 and 4.7). At the same time, the North Atlantic was characterised by freshwater-
induced (sub-) surface density reductions during this 300-year-long interval (Bard et al., 2000;
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Thornalley et al., 2010). The surface ocean perturbations were paired with reduced deep convection in
the Nordic Seas (Thornalley et al., 2015), expressed in poor GNAIW/NADW ventilation (Thornalley
et al.,, 2011). A decrease of GNAIW/NADW export to the Southern Ocean could then partly be
compensated by enhanced Pacific export to the Southern Ocean leading to Drake Passage exg = -6.3 £
0.2 (Fig. 4.7). On the other hand, a more direct way would be SWW-controlled admixture of Pacific
water masses into the Southern Ocean (e.g., Lamy et al., 2015). The lack of covariation with influence
in New Zealand around ~15 kyr BP (Fig. 4.7) may result from dating and age model uncertainties
during such abrupt and short-lived events, but also from the asymmetric response of different
Southern Ocean sectors to climatic forcing (e.g., Sallée et al., 2008). The following ACR/B-A
transition is characterised by a shift of about 2 eyy towards stronger contribution of Atlantic-sourced
waters, consistent with high subsurface ocean density in the Northeast Atlantic, overflow activity,
overall deepening of well-ventilated North Atlantic water masses, their penetration into the global
deep ocean (e.g., McManus et al., 2004; Gherardi et al., 2009; Piotrowski et al., 2004, 2012; Barker et
al., 2010; Crocket et al., 2011; Thornalley et al., 2011; Noble et al., 2013; Skinner et al., 2010, 2013,
2014) and the extension of UCDW into the SW Pacific (Figs. 4.6 and 4.7). The overlying well-
ventilated Drake Passage AAIW appears to have followed the UCDW Nd isotope trend with an offset
of about one epsilon unit (Fig. 4.5). The sparse Nd isotope values were remarkably similar to
contemporaneous AAIW Nd isotope signatures extracted from Brazilian margin sediments (Pahnke et
al., 2008). The radiogenic nature of AAIW Nd isotope signatures could have resulted from
incorporation of surface water masses, either from the Antarctic or from the Chilean shelves, both of
which characterised by relatively radiogenic Nd isotopic compositions (Walter et al., 2000; Carter et
al., 2012; Noble et al., 2012 and references therein; Chapter 3).

It has been shown for the last deglaciation that the global temperature signal was led by the
Northern Hemisphere (Shakun et al., 2012). A bipolar seesaw behaviour propagated North Atlantic
signals to the South Atlantic Ocean on millennial time scales (Barker et al., 2009), and through
atmospheric teleconnections to the Pacific sector of the Southern Ocean (Whittaker et al., 2011). As
noted above, our data can be interpreted to reflect a mechanistic link between North Atlantic salt
content, deep water formation and export to the Southern Ocean, a link that has been diagnosed to
respond to freshwater perturbations on appropriate time scales (Manabe and Stouffer, 1995; Stouffer
et al., 2007). Moreover, the results of Manabe and Stouffer (1995) show multi-decadal response to
freshwater perturbations superimposed on a centennial-scale recovery after initialisation indicating
that some of the high frequency oscillations may be immanent to the system.

However, the close covariation with SWW intensity leads us to suggest that these Northern
Hemisphere processes were strongly moderated by Southern Hemisphere atmospheric dynamics as
pointed out by Williams et al. (2005) and shown by Whittaker et al. (2011). A direct link between the
SWW and North Atlantic Ocean dynamics is established through the Agulhas salt leakage providing
an important dynamic feedback during AMOC recovery (Biastoch et al., 2009; Beal et al., 2011;
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Durgadoo et al., 2013), but also by interoceanic exchange of water masses through the Drake Passage
(Lamy et al., 2015) and south of Australia (De Deckker et al., 2012). North Atlantic freshwater events
cause salt and heat accumulation in the tropical and subtropical Atlantic which may then contribute to
the re-invigoration of Atlantic overturning (e.g., Broecker et al., 1990; Schmidt et al., 2004; Carlson et
al., 2008). Thus, salt feedbacks and atmospheric teleconnections linking interoceanic and bipolar
seesawing were likely involved in the changes recorded in Drake Passage UCDW deep-sea corals. If
the partial deflection of SAF-bound waters in response to SWW dynamics (Lamy et al., 2015)
changed Drake Passage water mass mixing, atmospheric propagation of interhemispheric feedbacks
played presumably a critical role (Williams et al., 2005; Whittaker et al., 2011; Wang et al., 2015) as
the oceanic build-up of heat acts on the order of hundreds of years (Stocker and Johnson, 2003) and is
thus too slow.

Therefore, it seems likely that the SWW controlled a significant portion of the abrupt Nd
isotope variability in the ACC, likely superimposed on centennial to millennial scale changes of
global overturning circulation (cf. WAIS Divide project members, 2015). Such abrupt changes would
require the SWW to steer the ACC bifurcation toward a threshold position thus inducing northward
deflection of SAF-bound water masses. Through atmospheric feedbacks, potentially linked with
Northern Hemisphere perturbations, this mechanism could drive abrupt changes in Drake Passage

water mass mixing.

4.4.3.2. The role of Southern Ocean mid-depth circulation in atmospheric CO, rise

The sampling resolution of our deep-sea coral time series across a crucial interval during the
last deglaciation allows speculation on pathways and origin of CO, released from the deep ocean into
the atmosphere via the Southern Ocean (Anderson et al., 2009; Burke and Robinson, 2012).

Our data set shows that the early deglacial rise in atmospheric CO, was associated with deep
Pacific-derived water masses dominating the Southern Ocean, following an overall Antarctic timing
(e.g., Marcott et al., 2014). However, Marcott et al. (2014) speculated that phases of pronounced rapid
atmospheric CO, rise at ~16.2, 14.8 and 11.7 kyr BP (Figs. 4.4 and 4.5) might result from re-
organisation of the AMOC. The Nd isotope data presented here does not show a simple deglacial link
between circulation and atmospheric CO, rise. After the mid-HS1 event, enhanced atmospheric CO,
rise occurred during an interval of relatively strong advection of well-ventilated Atlantic-derived
water masses into the Southern Ocean at 14.7 and 11.7 kyr BP (Burke and Robinson, 2012; Chen et
al., 2015; Marcott et al., 2014; Fig. 4.5). Expansion of Pacific-derived water masses into the Southern
Ocean was vice versa associated with phases of reduced CO, rise such as recorded at ~15 kyr BP in
the Drake Passage and south of Tasmania during the late ACR (Fig. 4.5). Before ~15.3 kyr BP, this
relationship seems to have been reverse such that stronger influence of Pacific-derived waters in the

Southern Ocean was associated with enhanced atmospheric CO, rise during early HS1.
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Recent work of Martinez-Boti et al. (2015) shows intriguing abrupt (sub) millennial
variability of Southern Ocean CO, degassing. Their boron isotope data indicate that the Southern
Ocean turned into a net source during mid-HS1 and the ACR (Martinez-Boti et al., 2015). These
intervals are characterised by a strong contribution of relatively well-ventilated Atlantic-sourced
waters in the Southern Ocean reflected in average Nd isotope signatures of eng = -7.7 = 0.3 (n = 22)
during and after the ACR and eng = -7.8 £ 0.2 (n = 4) during the mid-HS1 between 15.8 and 15.2 kyr
BP (Fig. 4.5). The deglacial Eastern Equatorial Pacific turned into a significant CO, source at 15 kyr
BP (Martinez-Boti et al., 2015), paralleled by northward penetration of UCDW in the Southwest
Pacific as recorded south of Tasmania at 14.8 kyr BP (Fig. 4.5) indicating that replacement of deep
Pacific-sourced waters enhanced oceanic CO, degassing. Age model uncertainties and different
temporal resolution do, however, limit a more detailed analysis of the relationship between circulation
changes and Southern Ocean degassing. Moreover, changing ocean-atmosphere equilibration time and
re-injection of poorly equilibrated/high pCO, water masses into the ocean interior, a process referred
to as “ocean tunnelling” (e.g., Martinez-Boti et al., 2015), could have delayed a direct response of
atmospheric CO, content to Southern Ocean radiocarbon content.

In summary, these findings support the idea that the deglacial atmospheric CO, rise was
associated with changes in the global overturning circulation, underpinning the crucial role of the
Southern Ocean during the deglacial climate re-organisation (Anderson et al., 2009; Skinner et al.,
2010, 2013; Schmitt et al., 2012). Notably, it is important to consider age model uncertainties and
signal smoothing limiting applicability of comparison between palacoceanographic archives; a
problem that may be overcome with high-resolution archives and resolute age control, such as deep-

sea corals, allowing multi-proxy approaches on the same samples.

4.5. Summary and conclusions

We presented combined Nd isotope and radiocarbon data extracted from deep-sea corals
collected south of Tasmania and in the Drake Passage in order to constrain glacial to deglacial
Southern Ocean dynamics. We generated two mid-depth high resolution time series from individual
corals covering the interval between 26 and 12 kyr BP.

The Tasman Nd isotope time series suggests a pronounced southward extension of relatively
well-ventilated GNPIW from 26 to 16.7 kyr BP (HS2 to HS1). This Pacific influence was lost just
before the Antarctic Cold Reversal, with a timing that paralleled Antarctic temperature and CO,
changes, as well as increased upwelling associated with southward frontal movement and a reduction
of deep stratification in the Southern Ocean. During the ACR, a pronounced change in water mass
mixing was linked with the expansion of UCDW and enhanced ventilation recorded by deep-sea coral
radiocarbon content.

The mid-depth Drake Passage Nd isotope and radiocarbon signatures do not follow such

Antarctic timing. In particular, the Nd isotope signal is characterised by a modern-like baseline,
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punctuated by (sub) millennial to centennial phases of intensified Pacific influence. During the LGM,
the Drake Passage UCDW was dominated by mixing of mid-depth North Atlantic and underlying
deep waters. The LGM scenario substantiates previous reconstructions of a deeply stratified Southern
Ocean water column, but provides also evidence for occasional admixture of significant volumes of
deep waters to mid-depths.

The Nd isotope difference between water masses bathing the Tasmanian margin and the
Drake Passage imply a pronounced Nd isotope gradient between circumpolar flow, which can be
monitored in the Drake Passage, and water masses originating from the North Pacific, recorded south
of Tasmania, until 16.7 kyr BP. The lateral admixture of such GNPIW into the circumpolar flow as
well as deepening of Southern Ocean mixing seem to be related to SWW forcing and the position of
oceanic fronts. This glacial mode of operation with two mid-depth cells ventilating a deeply stratified
glacial ocean was replaced by a modern type of circulation between 16.7 and 14.8 kyr BP. Significant
deepening of Southern Ocean mixing during early HS1 was followed by a change in Southern Ocean
ventilation state, and presumably of large parts of the global ocean during mid-HS1, i.e. the interval
from ~15.8 to 15.2 kyr BP. This occurred likely in dynamic interaction of North Atlantic processes
coupled interhemispherically with the SWW.

The mid-HS1 interval was also a turning point for the relation of Southern Ocean water mass
mixing and the outgassing of old carbon from the glacial deep ocean into the deglacial atmosphere.
After mid-HS1, enhanced CO, degassing from the ocean was associated with the extension of Atlantic
water masses into the Southern Ocean. This indicates that stronger Atlantic overturning promoted a
reduction of global ocean stratification. During the early deglacial, this relationship was reverse when
atmospheric CO, rise was associated with (deep) Pacific-derived water masses dominating the

Southern Ocean.

Declaration: This work was completed as part of a collaborative multi-proxy investigation. I
contributed the Nd isotope and concentration analyses. Andrea Burke and Sophie K. Hines provided
the uranium-series and radiocarbon data and collected the neodymium fraction as outlined in Chapter
2. The data was generated from sample material provided by Laura F. Robinson and Jess F. Adkins.
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Chapter 5

Mid-depth ocean circulation during MIS 2
and MIS 3: neodymium isotope evidence for

interhemispheric coupling
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Abstract

The insolation-driven transition into the Last Glacial Maximum (LGM) was punctuated by
abrupt millennial-scale oscillations, termed Dansgaard-Oeschger (D/O) cycles, comprising cold
(stadial) and warm (interstadial) conditions in the Northern Hemisphere. We here aim to evaluate the
interhemispheric oceanic response during the long-term transition into peak glacial conditions and
intermittent short-term oscillations. Therefore, we use the neodymium (Nd) isotopic composition
extracted from absolutely dated deep-sea coral skeletons recording mid-depth (695 - 1986 m) seawater
signatures from the North Atlantic and the Southern Ocean.

In the North Atlantic, peak glacial conditions featured reduced influence from the Northwest
Atlantic source region (i.e. Labrador Sea) on mid-depth waters. This is reflected in a Nd isotope trend
from eng = -12.6 £ 0.2 to eng = -10.6 = 0.3/-11.3 = 0.4 between ~47 and ~25 kyr BP at the New
England Seamounts (NES). Southern Ocean source waters can be ruled out as a significant influence,
consistent with available Nd isotope and **'Pa/**"Th data. Instead, Northeast Atlantic deep-sea coral
data suggest that a reduction of Labrador Sea Water (LSW) may have been compensated for by
expansion of water masses sourced from the Nordic Seas and/or from the Mediterranean Sea. This
implies significant isotopic variability of deep water masses exported from the North Atlantic.

At the same time, Upper Circumpolar Deep Water (UCDW) recorded in the Drake Passage
appears remarkably invariable at eng = -7.5 between 39.2 and 27.2 kyr BP, a baseline value which is
also evident during MIS 2 and close to modern UCDW values. In contrast, mid-depth Nd isotope data
from south of Tasmania, spanning the same time interval from 44.1 to 27.0 kyr BP, display seawater
Nd isotope compositions between eng = -4.9 = 0.2 and exg = -6.9 £ 0.2. The most radiogenic values are
observed towards the end of MIS 3 and during the LGM (eng = -5.5). Local inputs and vertical shifts of
water mass boundaries can be excluded to cause these values. Instead, the recorded signal was
dominated by dynamic mixing of unradiogenic ACC-derived UCDW and radiogenic Glacial North
Pacific Intermediate Water (GNPIW). Under glacial conditions, a southward expansion of GNPIW
was paired with the northward migration of ACC fronts, likely along with the ACC-bound UCDW
core. We consider the implied gradient to result from reduced cross-frontal mixing of GNPIW into the
ACC core. Presumably, equatorward intensification of glacial Southern Hemisphere westerly winds
(SWW) enhanced northward deflection of water masses bound to the northern flank of the ACC.

The immediate effect of SWW forcing on the Tasmanain Nd isotope signal is demonstrated
for an interval of high resolution data coverage across Heinrich Stadial 3 (HS3). In contrast to long-
term trends, northwards shifts seem to have induced abrupt ‘flushing’ of the Tasman Sea with UCDW.
The Tasmanian margin data can be integrated into a sequence of events involving North Atlantic
subsurface ocean warming promoting ice-sheet melting towards the Heinrich IRD event and followed
by intrinsic oscillations. This sequence is interhemispherically linked through atmospheric

teleconnections thus dictating abrupt Tasmanian margin Nd isotope changes.
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5.1. Introduction

The pen-ultimate interglacial (Marine Isotope Stage Se; 130 - 123 kyr BP) was followed by
Marine Isotope Stages (MIS) 4 (71 - 57 kyr BP) and 3 (57 - 29 kyr BP) comprising the transition into
peak glacial conditions of the Last Glacial Maximum (LGM; 23 - 19 kyr BP). While glacial-
interglacial climate conditions are ultimately driven by Northern Hemisphere insolation, detailed
records are influenced by nonlinearities and feedbacks in the climate system (e.g., Milankovitch, 1941;
Hays et al., 1976; Broecker and Denton, 1989; Imbrie et al., 1992, 1993; Clark et al., 2009).
Superimposed on the long-term trends, millennial-scale stadial-interstadial oscillations (cold and warm
phases, respectively), the Dansgaard-Oeschger (D/O) cycles (Dansgaard et al., 1993), follow a
characteristic saw tooth pattern of rapid warming and gradual cooling as revealed by Greenland ice
core data (Barker et al., 2011). At times, D/O cycles are preceded by large ice rafting events in the
Northern Hemisphere, referred to as Heinrich events (Bond and Lotti, 1995), which stand out in the
marine record (Hemming, 2004).

The abruptness of interstadial D/O inceptions is not recorded in Antarctic ice core records.
Instead, rather smooth millennial-scale variability is observed (Blunier et al., 1998; Blunier and Brook,
2001). On orbital time scales, the Southern Hemisphere appears to lead the Northern (Imbrie et al.,
1992), whereas more recent work suggests a northern lead (e.g., Huybers, 2009; Shakun et al., 2012;
WAIS Divide project members, 2015). Similarly, lead and lag relationships on millennial time scales
are under debate (e.g., Steig and Alley, 2002; Schmittner et al., 2003). Stocker and Johnson (2003) put
forward a conceptual model of the thermal bipolar seesaw considering the Southern Ocean’s thermal
inertia dampening and integrating abrupt changes initiated in the North Atlantic, consequently
implying “near zero-phase anticorrelation” (Barker et al., 2011).

In the surface ocean such seesaw behavior is expressed in shifts of sea surface temperatures
and the position of oceanic fronts in response to the cross-equatorial re-distribution of salt and heat
(Broecker et al., 1990; Broecker, 1998; Bard and Rickaby, 2000; Schmidt et al., 2004; Barker et al.,
2009; Sikes et al., 2009). As the surface ocean is the ultimate source to form deep water masses
(Stocker and Wright, 1991), it has been proposed that such bipolar seesaw behaviour is translated into
deep water formation and export rates, water mass geometry and overturning strength (e.g., Broecker,
1998; Seidov and Maslin, 2001; Seidov et al., 2001; Piotrowski et al., 2005; Barker et al., 2009;
Skinner et al., 2013). All such processes are integral parts of the global meridional overturning
circulation (MOC; e.g., Lumpkin and Speer, 2007; Talley, 2013).

The modern mode of MOC operation is dominated by Atlantic overturning (AMOC) and
characterised by strong southward export of NADW (e.g., Marshall and Speer, 2012) which is fed by
dense waters formed in the Labrador (e.g., Lilly et al., 1999; Jenkins et al., 2015), Mediterranean
(Gascard, 1978; Schlitzer et al., 1991) and Nordic Seas (e.g., Ronski and Budéus, 2005; Jenkins et al.,
2015) from cooling of northward flowing warm and saline surface water masses. In the Atlantic Ocean

interior, the southward NADW flow is balanced by intermediate and bottom water masses sourced

108



from the Southern Ocean, i.e. Antarctic Intermediate Water (AAIW) and Antarctic Bottom Water
(AABW), respectively (e.g., Lumpkin and Speer, 2007). Their formation is connected to the dynamics
of the Antarctic Circumpolar Current (ACC) where NADW mixes with old, nutrient-rich and oxygen-
poor water masses from the Indian and Pacific Ocean, i.e. Pacific Deep Water (PDW) and Indian Deep
Water (IDW) to form Circumpolar Deep Water (CDW) (Reid and Lynn, 1971; Callahan, 1972; Talley,
2013; Fig. 5.1). The admixture of PDW and IDW into the ACC occurs pre-dominantly in the upper
deep level causing a distinct minimum in oxygen and salinity paired with local maxima in nutrient
content and consequently referred to as Upper Circumpolar Deep Water (UCDW) (Reid and Lynn,
1971; Callahan, 1972). Lower Circumpolar Deep Water (LCDW), in contrast, is characterised by a
salinity maximum, oxygen and nutrient minima due to the dominant influence of NADW (Reid and
Lynn, 1971; Callahan, 1972; Fig. 5.2). Strong westerly winds induce intense mixing, steepening of
isoneutrals and upwelling of deep water masses into the surface mixed layer (Marshall and Speer,
2012; Fig. 5.2). Here, in particular UCDW participates in the formation of AAIW which is then
subducted into the ocean interior north of the Polar Front (PF) (Piola and Georgi, 1982; Bostock et al.,
2013; Talley, 2013). South of the PF, upwelling CDW mixes with local water masses on the Antarctic
shelves to form shelf bottom waters upon brine rejection (Orsi et al., 1999). Such dense shelf bottom
waters overflow the shelf edge whereby they incorporate CDW to ultimately form Antarctic Bottom
Water (AABW) ventilating the abyss of all ocean basins (Orsi et al., 1999; Fig. 5.1). Northward
flowing AABW mixes dianeutrally into overlying water masses thereby closing the global overturning
circulation system (Lumpkin and Speer, 2007; Talley, 2013). In the Pacific Ocean, such slow
dianeutral mixing is the dominant driver of deep overturning (MacDonald et al., 2009; Talley, 2013)
as a low salinity layer prohibits deep water formation in the North Pacific (Warren, 1983; Emile-Geay
et al., 2003).

It has been proposed that variability in overturning circulation and associated interhemispheric
seesaw patterns played a critical role for glacial-interglacial changes of atmospheric CO,, i.e. for the
CO; decrease towards peak glacial conditions (Blunier and Brook, 2001) as well as for the deglacial
rise (Anderson et al., 2009; Marcott et al., 2014). Similarly, interhemispheric temperature changes
identified in ice cores were associated with oceanic re-organisation during D/O cycles (Blunier and
Brook, 2001). Changes in atmospheric CO, concentrations are likely to be related to the nature of deep
ocean circulation. This is due to the linkage between wind-driven Southern Ocean upwelling, deep
carbon sequestration, the position of the NADW-AABW boundary and resulting mixing efficiency
between the upper and lower meridional circulation cells (e.g., Anderson et al., 2009; Sigman et al.,
2010; Ferrari et al., 2014).

In order to decipher ocean-atmosphere interaction and associated implications for the climate
system, it is crucial to constrain past circulation patterns. A suitable proxy to trace water mass
provenance, and hence ocean circulation, is the neodymium (Nd) isotopic composition of seawater

(e.g., von Blanckenburg, 1999). The Nd isotopic composition is usually expressed as eng =
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(("PNd/"**Ndgampie)/ (' *Nd/"*Ndcgur) — 1) x 10,000 where CHUR s the chondritic uniform reservoir
(Jacobsen and Wasserburg, 1980).

3
H
S
£
8
<
g
S

90°E 180°W 90°W 0
Figure 5.1: Global map with simplified sub-surface ocean circulation pattern superimposed (after Piola and
Georgi, 1982; Talley and McCartney, 1982; Reid, 1989, 1994, 1997; McCartney, 1992; Mantyla and Reid, 1995;
Talley, 1996; Sokolov and Rintoul, 2000; Macdonald et al., 2009; Kawabe and Fujio, 2010; Bostock et al., 2013;
base map generated in ODV: Schlitzer, 2012). Dark grey: North Atlantic Deep Water (NADW) and Lower
Circumpolar Deep Water (LCDW); red: Upper Circumpolar Deep Water (UCDW); red-brown: Pacific Deep
Water (PDW) and Indian Deep Water (IDW); yellow: Antarctic Intermediate Water (AAIW). Hatched areas
indicate main formation regions for NADW (grey), Mediterranean Outflow Water (MOW; purple), AAIW
(yellow) and AABW (Antarctic Bottom Water; dark blue). Note that AABW fills the abyss of all major ocean
basins (not shown here; see Orsi et al., 1999 and references therein) and that AAIW is also formed along the
Antarctic Circumpolar Current (ACC) in all ocean basins (e.g., Piola and Georgi, 1982; Bostock et al., 2013).
Stippled and dashed grey lines in the Southern Ocean indicate Subantarctic Front (SAF) and the southern ACC
front (SACC), respectively (Orsi et al., 1995). Global seawater Nd isotope systematics represented by NADW
(ena = -13.5; Piepgras and Wasserburg, 1987), PDW (eng = -4; Amakawa et al., 2009) and UCDW (gng = -8;
Stichel et al., 2012; Chapter 3). Red star: deep-sea coral sampling location south of Tasmania (Fig. 5.2). Purple
star: deep-sea coral sampling locations in the Drake Passage (Fig. 5.2). Sky blue star: deep-sea coral sampling
location at Reykjanes Ridge. Note that Iceland Scotland Overflow Water (ISOW; grey line in the Northwest
Atlantic Ocean) flows around the Reykjanes Ridge. Pink stars: the large star in the Northwest Atlantic indicates
New England Seamounts coral sampling location as well as the location for a sedimentary deep North Atlantic
Nd isotope and **'Pa/*’Th record from Bermuda Rise (Bohm et al., 2015); the small star in the central North
Atlantic marks a coral sampling location off the Mid-Atlantic Ridge (Fig. 5.2). White stars denote locations of
data used in Figures 5.5 and 5.7. (1) EDML oxygen isotope ice core record (EPICA community members, 20006,
2010). (2) Byrd icecore CO, record (Ahn and Brook, 2008), WAIS Divide methane record (Rhodes et al., 2015).
(3) Siple Dome C carbon dioxide record (Ahn and Brook, 2014). (4) Hulu cave speleothem oxygen isotope
record (Wang et al., 2001). (5) NGRIP oxygen isotope ice core record (NGRIP, 2004). (6) Deep Nd isotope and
31pa/PTh record from ODP 1063 (4584 m; Bohm et al., 2015) (7) Deep Southeast Atlantic (4981 m water
depth) Nd isotope record from Cape Basin core TNO57-21 (4981 m; Piotrowski et al., 2005). (8) Southern
Ocean opal record from core TNO21-14PC (Anderson et al., 2009). (9) Deep Indian Ocean (3800 m) Nd isotope
record from Chagos Trench core SK129-CR2 (Piotrowski et al., 2009). (10) Planktonic foraminifera abundance
from MDO03-2611 off Southern Australia (De Deckker et al., 2012). (11) Mid-depth Tasman Sea carbon isotope
records from cores MD06-2986 (1477 m water depth) and MD06-2990/SO136_003GC (944 m water depth)
(Ronge et al., 2015). (12) Mid-depth Chatham Rise cores SO213/2_82-1 (2066 m water depth), SO213/2_84-1
(972 m water depth) (Ronge et al., 2015), and MD97-2120 (1210 m water depth) (Pahnke and Zahn, 2005). (13)
Hollywood Cave speleothem record from Northwest South Island, New Zealand (Whittaker et al., 2011).
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Water masses acquire their Nd isotope signature mainly in their source region in vicinity to the
continental margins (Frank, 2002; Goldstein and Hemming, 2003). Distal changes of the seawater Nd
isotopic composition are usually ascribed to atmospheric inputs (e.g., Greaves et al.,, 1999) and
exchange processes with bathymetric features (Lacan and Jeandel, 2005a). The global distribution of
dissolved Nd isotopes in the ocean is dominated by two source regions of distinct isotopic
composition, i.e. the North Atlantic where NADW forms with exg = -13.5 (Piepgras and Wasserburg,
1987), and the North Pacific where a more volcanogenic signature of exg = -4 (Amakawa et al., 2009)
is imprinted on PDW (Fig. 5.1). Such water mass-specific isotopic fingerprints result from the low
oceanic Nd residence time of ~400 to 2000 years (Tachikawa et al., 1999, 2003). Therefore, the
intermediate Nd isotopic composition of ACC water masses (eng = -8) is dominated by efficient
mixing between PDW and NADW (Carter et al., 2012; Stichel et al., 2012; Garcia-Solsona et al.,
2014; Rickli et al., 2014; Basak et al., 2015; Fig. 5.1). Nevertheless, some water mass Nd isotope
heterogeneity can be resolved in the Southern Ocean, in particular of locally formed bottom waters
(Carter et al., 2012; Stichel et al., 2012; Garcia- Solsona et al., 2014; Rickli et al., 2014; Basak et al.,
2015). Deciphering past Southern Ocean water mass signatures requires information about potential
Nd isotope variability of source waters, e.g., NADW and PDW. Along those lines, recent work from
the North Atlantic indicates that the Nd isotopic composition of NADW was variable (Wilson et al.,
2014; Bohm et al., 2015; Roberts and Piotrowski, 2015).

Here, we present new Nd isotope data for the mid-depth (695 - 1986 m) ocean from precisely-
dated deep-sea coral skeletons. The new records will be evaluated with respect to past variability in
the North Atlantic source region and Southern Ocean water mass mixing during the latter parts of the

last glacial cycle including phases of abrupt change, namely Heinrich events and D/O cycles.

5.2. Material and Methods
5.2.1. Deep-sea coral samples
5.2.1.1. North Atlantic

Deep-sea coral specimens Desmophyllum dianthus from the North Atlantic have been
collected at three locations, the New England Seamounts (n = 9), Reykjanes Ridge (n = 7) and in the
central North Atlantic (n = 1). Samples from the New England Seamounts (NES) were collected with
the deep submergence vehicle ALVIN from 1222 to 1986 m water depth and were Uranium-series
dated to ages within MIS 3 and 2 (47.1 to 25.1 kyr BP; updated ages after Robinson et al., 2007)
(Table 5.1; Fig. 5.2). All samples are currently bathed by upper NADW (uUNADW; Fig. 5.2) carrying a
strong LSW component (Talley and McCartney, 1982; Jenkins et al., 2015; Lambelet et al., accepted).
One single D. dianthus has been collected from 1420 m water depth at the eastern flank of the Mid-
Atlantic Ridge in the central North Atlantic and yielded an age of 24.9 + 0.2 (Adkins, unpubl. data).
This sample was retrieved from uNADW range located just outside the modern Mediterranean

Outflow Water (MOW) core depth of ~1000 m (Reid, 1994; Fusco et al., 2008). MOW spreads from
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the Strait of Gibraltar into the Eastern North Atlantic and its influence can be traced down to ~2500 m
water depth in the Western North Atlantic (Reid, 1994; Figs. 5.1 and 5.2).

At the Reykjanes Ridge, D. dianthus specimens were raised by dredging from water depths
between 997 and 1680 m during cruise CE0806 (Fig. 5.2). Nine U-series dates on seven individual
corals covered MIS 5 to MIS 3 in the range from 109.8 to 35.9 kyr BP (Burke et al., 2012; Table 5.1).
The mid-depth samples were collected along the northwestern flank of the Reykjanes Ridge and are
pre-dominantly bathed by LSW with some admixture of modified ISOW (McCartney, 1992; Xu et al.,
2010; Fig. 5.2). One intermediate-depth sample was dredged from 997 m water depth, i.e. between
LSW and overlying SPMW (Fig. 5.2) (McCartney and Talley, 1982; Talley and McCartney, 1982;
Fig. 5.2).

5.2.1.2. Drake Passage

Five fossil specimens of Desmophyllum dianthus from the Drake Passage were processed,
three of which have been U-series dated to be within MIS 3 and 2 (39.2 + 0.3, 35.4 £ 0.2 and 27.2 £+
0.2 kyr BP), and the other two individuals are 103.5 + 0.7 and 226.0 + 3.4 kyr BP old (Table 5.1). The
samples have been collected by dredging or trawling during cruises NBP080S5 and NBP1103 from
695, ~820 and 1134 m water depth at Sars seamount, Shackleton Fracture Zone (SFZ) and Interim
seamount, respectively (Table 5.1; Figs. 5.1 and 5.2; Burke et al., 2010; Margolin et al., 2014; see
Chapter 3 for detailed description of sampling locations). The Drake Passage coral samples used here
were raised from water depths currently dominated by UCDW (Sievers and Nowlin, 1984; Sudre et
al., 2011; Fig. 5.2).

5.2.1.3. South of Tasmania

At the southern margin of Tasmania (~44°S and ~147°E), a set of 31 deep-sea corals has been
selected. The Desmophyllum dianthus specimens were collected during cruise TN-228 in 2008-2009
from water depths between 1480 and 1689 m using the remotely operated deep submergence vehicle
JASON (Thiagarajan et al., 2013). They yielded U-series ages of 67.5 to 27.0 kyr BP (Hines et al.,
2015) (Table 5.1; Figs. 5.1 and 5.2) and are currently bathed in UCDW with admixed PDW as
indicated by the mid-depth oxygen minimum in Figure 5.2 (Reid, 1997; Rintoul and Bullister, 1999;
Sokolov and Rintoul, 2000; Macdonald et al., 2009). The sampling sites are located below the lower
boundary of AAIW which is at ~1200 m water depth (i.e. op= 27.3, y" = 27.55 kg/m?; Bostock et al.,
2013 and references therein; Fig. 5.2). The southward penetration of PDW into the modern Tasman
Sea is limited to water depths above ~2000 m due to the bathymetric restrictions along the northern

Tasman Sea margin (Sokolov and Rintoul, 2000; Fig. 5.1).
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Figure 5.2: Deep-sea coral Nd isotope results from late MIS 5 to MIS 2 from various global locations in
context with ambient modern seawater profiles (Table 5.1). Unradiogenic source waters (lower eyg) are
highlighted with dark bars, and more radiogenic source waters (higher enq) With grey bars. (A) Deep-sea coral
Nd isotope results from Reykjanes Ridge (RR) south of Iceland and from the New England Seamounts (NES) in
the Northwest Atlantic. NES FeMn coatings were scraped off the aragonitic coral skeletons. Note that two
radiogenic water mass endmembers are considered (i.e. a southern source represented by a seawater profile
from the Shackleton Fracture Zone, Drake Passage (Chapter 3; grey diamonds) and subpolar gyre water masses
from Signature 12 (Lacan and Jeandel, 2004a, 2005b) and Signature 23 (Lacan and Jeandel, 2004b), both
sampling ISOW Nd isotope signatures at depth (indicated by dashed polygon). (a-1) Northeast Atlantic
sampling locations (sky blue stars) superimposed on salinity section across Reykjanes Ridge south of Iceland.
LSW: Labrador Sea Water, SPMW: Subpolar Mode Water, NACW: North Atlantic Central Water, ISOW:
Iceland Scotland Overflow Water (highlighted by dashed polygons at both sides of Reykjanes Ridge). (a-2)
New England Seamount (NES) and central Atlantic (off the MAR, i.e. the Mid-Atlantic Ridge) sampling
locations (blue stars) superimposed on salinity section across the subtropical North Atlantic. NACW: North
Atlantic Central Water, MOW: Mediterranean Outflow Water, uNADW: upper North Atlantic Deep Water
carrying a strong Labrador Sea Water (LSW) component (e.g., Jenkins et al., 2015). (B) Drake Passage coral
Nd isotope results compared to local seawater Nd isotope data (dark grey bar; Chapter 3) and central North
Pacific data (light grey bar; Amakawa et al., 2009). (b) Oxygen section across the Drake Passage. Purple stars
denote position of samples in the water column. The dashed white arrow and small deep purple star indicate the
position of the SFZ in density space, i.e. relative to the more westerly locations of Sars and Interim seamounts
(see inset). Black arrows: net direction of upwelling deep waters and downwelling intermediate waters, roughly
separated by y" = 27.6 kg/m? (cf. Sudre et al., 2011; Marshall and Speer, 2012). LCDW: Lower Circumpolar
Deep Water, UCDW: Upper Circumpolar Deep Water, AAIW Antarctic Intermediate Water. Oceanic fronts
from Orsi et al. (1995); SAF: Subantarctic Front, PF: Polar Front, SACC: southern ACC front.
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(C) Nd isotope data from Tasmanian deep-sea corals. Seawater Nd isotope data from north of the polar fronts,
sampled Southeast off New Zealand (dark grey bar; Basak et al., 2015) and from the central North Pacific (light
grey bar; Amakawa et al., 2009). (c) Latitudinal oxygen section from the Tasman Sea to Antarctica crossing
sample location at the Tasmanian margin (black dots). PDW: Pacific Deep Water, indicated to mix isoneutrally
with UCDW, other water mass abbreviations as in (b). STF: Subtropical Front, other fronts as in (b). Salinity
and oxygen sections with superimposed density anomaly surfaces (in kg/m?, thin black lines) generated from
WOA13 (Jackett and McDougall, 1997; Garcia et al., 2013; Zweng et al., 2013) with ODV software (Schlitzer,
2012). Inset maps: coral locations are indicated by stars in respective colours, white diamonds indicate nearby
seawater locations used for plots (A), (B) and (C). Drake Passage seawater profile from Shackelton Fracture
Zone overlaps with coral sample location (indicated by blue star in inset map of (b)).

5.2.2. Sample preparation and analytical procedures

The analytical procedures for Nd isotope analyses carried out in the MAGIC laboratories at
Imperial College London followed the approach outlined in Chapter 2. In brief, physically and
chemically cleaned deep-sea coral samples were subjected to Fe coprecipitation to concentrate trace
metals to then separate uranium (U) and thorium (Th) for U-series dating (Burke and Robinson, 2012;
Chen et al., 2015; Hines et al., 2015). The Nd fraction is collected during U-Th separation, passed for
purification through a two-step column chemistry, and analysed by TIMS as NdO™. A '*Nd spike was
added after Fe coprecipitation and U-Th separation (inducing about 10-12 % Nd loss) so that reported
Nd concentrations are minimum values (Chapters 2 and 3). Samples from the NES processed for Nd
analyses only yield accurate Nd concentrations (Table 5.1; cf. Crocket et al., 2014).

Over a period of 26 months 5 and 15 ng loads of pure JNdi-1 were analysed ('*Nd/'*Nd =
0.512105 £+ 0.000009, 2SD, n = 110) to monitor instrumental offset and normalise mass bias corrected
"SNd/"*Nd ratios of samples to the reference ratio of "*Nd/'**Nd = 0.512115 + 0.000007 (Tanaka et
al., 2000). BCR-2 rock reference material yielded '*Nd/***Nd ratios of 0.512637 + 0.000011 (2 & SD;
n = 32), and a similar precision was obtained from replicate analyses of our in-house coral reference
material (**Nd/"**Nd = 0.512336 + 0.000009; n = 23). Full procedural blanks of combined U, Th and
Nd separation from aragonitic matrix ranged from 2 to 27 pg Nd, averaging at 6 pg (n = 20). Full
procedural blanks of Nd separation from the aragonitic sample matrix were 1 to 17 pg, averaging at 4
pg Nd (n=10).

Some NES corals were analysed in 2006 by T. van de Flierdt at Lamont-Doherty Earth
Observatory (Table 5.1). These samples were subjected to similar physical and chemical cleaning
procedures as outlined by van de Flierdt et al. (2006b, 2010) and subsequently processed through
anion exchange chemistry for U-series dating (Robinson et al., 2005, 2007; van de Flierdt et al.,
2006b). After Fe coprecipitation, the rare earth elements were separated on TRU spec” resin and
neodymium was subsequently isolated by a-HIBA and cation exchange resin. Samples were loaded
with Si gel for NdO" analyses on a VG Sector 54-30 thermal ionisation mass spectrometer by dynamic
multicollection. Mass bias was corrected for by using "**Nd/'**Nd = 0.7219 and instrumental offset
was accounted for by normalising to a nominal La Jolla value of '*Nd/"**Nd = 0.511858 £ 0.000007.
Repeated analyses of 5 and 35 ng La Jolla Nd standards resulted in average '*Nd/"*'Nd = 0.511858 +

0.000016 (n = 5) and "*Nd/"*Nd = 0.511856 = 0.000020 (n = 8) for two analytical sessions.
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5.3. Results
5.3.1. North Atlantic

Northwest Atlantic deep-sea corals from the New England Seamounts (NES) represent pre-
dominantly stadial phases (Robinson et al., 2007; Fig. 5.3), characterised by a trend towards more
radiogenic values from eyg = -12.6 £ 0.2 around 47.1 kyr BP to eyg = -10.6 £ 0.3/-11.3 + 0.4 at 25.1
kyr BP (Table 5.1; Fig. 5.3). The range of Nd isotopic compositions falls in between the values of
modern subpolar water masses influenced from the Labrador Sea (exg = -14; Lacan and Jeandel, 2004a,
2005b; Lambelet et al., accepted), the overflow waters from the Nordic Seas and/or Southern Ocean
waters (exg = -8 to -9; Lacan and Jeandel, 2004b, 2005a,b; Stichel et al., 2012; Garcia-Solsona et al.,
2014; Fig. 5.2). For one sample, top and bottom sections were analysed, yet the bottom section had to
be excluded from palaeoceanographic interpretation due to elevated **Th concentrations of ~9 ng/g.
High ***Th concentrations cause high uncertainty in the calculated age, but more importantly, could
indicate significant detrital contamination (Table 5.1). Two ferromanganese crusts scraped off the
skeletons of 47.1 and 31.4 kyr BP old corals yielded eyg = -13.5 = 0.3 and &y = -14.4 £ 0.3,
respectively. Such signatures are less radiogenic than Nd isotopes extracted from the corresponding
aragonitic skeletons themselves (Table 5.1) and show close similarity to current North Atlantic
subpolar gyre seawater Nd isotopic compositions (Lacan and Jeandel, 2004a, 2005b; Fig. 5.2).

In the Northeast Atlantic, the few available deep-sea coral Nd isotope results from mid-depths
fall within a similar range as the western Atlantic specimens, i.e. from gyg =-11.8 £ 0.3 to gyg = -10.6
+ 0.2 (Table 5.1; Fig. 5.3). One additional sample of MIS 5 age from 1385 m water depth was dated to
109.8 kyr BP and its Nd isotope signature is eyg = -10.3 = 0.2 (Table 5.1). The most radiogenic Nd
isotope signal of exg = -8.7 + 0.2 was recorded at 42.3 kyr BP in 997 m water depth (Table 5.1; Fig.
5.3). Samples CE0806-Dr16-5b and CE0806-Dr15-3 show signs of contamination and are therefore
omitted from the data set (see caption Table 5.1).

The single D. dianthus specimen from the central North Atlantic shows a Nd isotopic

composition of eyg =-13.1 £ 0.2 at 24.9 £ 0.2 kyr BP (Table 5.1; Figs. 5.1, 5.2 and 5.3).

5.3.2. Drake Passage

Out of the five additional corals analysed from the Drake Passage (see also Chapter 4), two
cover MIS 3 and one was dated of MIS 2 age aligning along a potential glacial Nd isotope baseline of
eng = -7.5 between 39.2 kyr BP and 27.2 kyr BP. Due to the large age difference to the remaining data
set, the two older samples from ~103.5 and 226.0 kyr BP (Table 5.1) are not discussed in detail here.
All deep-sea coral Nd isotope signatures plot in between modern CDW from the Drake Passage (eng =

-8; Chapter 3) and PDW (eng = -4; Amakawa et al., 2009; Fig. 5.2).
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Figure 5.3: Deep-sea coral Nd isotope data analysed for latest MIS 5 to MIS 2 (MIS boundaries after
Lisiecki and Raymo, 2005), superimposed on ice core oxygen isotope records of respective hemisphere.
(a) and (b) NGRIP oxygen isotope record (NGRIP, 2004) on GICCO5/NALPS time scale (Andersen et
al., 2006; Svensson et al., 2008; Barker and Diz, 2014) for climatological reference. Oldest coral in (a)
is taken from van de Flierdt et al. (2006b) with an updated age of 48.8 kyr BP. Pink triangle in (a)
represents central North Atlantic coral from MAR, other sample material from the New England
Seamounts (NES), including full procedural replicate results (see Fig. 5.2 and text for details). (c)
EDML oxygen isotope record from EPICA community members (2006, 2010).

5.3.3. South of Tasmania

The new MIS 4 and 3 deep-sea coral Nd isotope data from the southern Tasmanian margin
cover the time interval from ~68 to 27 kyr BP (Hines et al., 2015) and show variability between exg = -
4.9 £ 0.2 and gy = -7.6 = 0.2 (Table 5.1). The highest data coverage is between 42 and 27 kyr BP,
when 28 specimens document a radiogenic trend towards peak glacial values around eyg = -5.5 (Fig.
5.3; Chapter 4). Superimposed on the long-term trend, short-lived fluctuations occur with pronounced
unradiogenic punctuations in seawater Nd isotopic composition at 42.4, 37.1 and 30.3 kyr BP (exg = -
6.5 £0.2 to -6.9 &+ 0.2), each of which deviating by up to ~1.5 epsilon units from the background trend
(Table 5.1; Fig. 5.3). The Tasmanian Nd isotope signatures during MIS 3 and 2 are more radiogenic
than the Drake Passage at similar density surfaces. Values plot in between modern Pacific sector ACC
waters (exg = -8; Basak et al., 2015) and North Pacific Deep Water (exg = -4; Amakawa et al., 2009;

Table 5.1, Fig. 5.2).
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Table 5.1: Neodymium isotope and concentration results of deep-sea corals used for this study grouped by
location and listed by their U-series age (kyr BP), which is expressed in thousand years before present (i.e.
1950). Uranium-series data from the Northwest Atlantic updated from Robinson et al. (2007), Northeast
Atlantic from Burke (2012), Central North Atlantic (off the Mid-Atlantic Ridge) from Adkins (unpubl. data),
Drake Passage from Burke and Robinson (2012) and Chen et al. (2015), Tasmania from Hines et al. (2015).
Water depth is the depth of sample collection. Some of the Northwest Atlantic corals have been processed
through different analytical procedures (see methods section). All remaining Nd isotope results were generated
at Imperial College London (see methods section) of which the Northwest Atlantic Nd concentrations are
accurate whereas all others are minimum estimates for Nd concentrations (i.e. assuming no Nd loss during U-
Th chemistry, which may be an underestimation by at least 10%; see Chapters 2 and 3). ‘chem. repl.” indicates
replicate analyses from sample splits processed through combined U-Th-Nd chemistry, “full repl.” denotes re-
sampled corals processed through combined U-Th-Nd chemistry, ‘Nd repl.” demarks individidual sub-samples
processed for Nd isotope analyses only. ‘Top’ and ‘bottom’ indicate top and bottom part of respective coral.
Crust marked by hashtag has been analysed on a Nu Plasma IT MC-ICP-MS at Imperial College London, while
all other data were measured by TIMS. Mass balance corrected (‘MB corr.”) results based on worst case
scenario using Nd/Th = 4.5 of BCR-2 (Wilson, 1997) and &yg = 8.98 (Kempton et al., 2000), applied to
Northeast Atlantic corals (cf. Chapter 3). Samples which show signs of contamination (in grey and bracketed)
are omitted from palacoceanographic interpretation, i.e. CE0806-Dr16-5b (mass balance results), CE0806-
Dr15-3 (high 8”*U;) and ALV-3889-1311-001-008 bottom (high ***Th).

5.4. Discussion

While it has been demonstrated that deep-sea corals are reliable recorders of seawater Nd
isotopes (e.g., Copard et al., 2010; van de Flierdt et al., 2010), changing source water compositions
through time can challenge the (too) simplified notion of using Nd isotopes as a quantitative tracer of
water mass mixing and overturning. Temporal variations in seawater Nd isotopes can furthermore be
caused by local changes of continental inputs (eolian and riverine) and/or boundary exchange
processes (e.g., Frank, 2002; Goldstein and Hemming, 2003; Lacan and Jeandel, 2005a). In the
following, both of these points are discussed before turning to an interpretation of our new records in

the context of vertical and/or lateral water mass movement.

5.4.1. The significance of local inputs for the Nd isotope signature of ambient water masses

Dust is generally considered an important source of oceanic Nd (e.g., Tachikawa et al., 1999),
even though its impact on the Nd isotopic composition of the deeper water column seems to be limited
in the modern ocean (e.g., Jones et al., 1994; Greaves et al., 1999; Stichel et al., 2015). Towards peak
glacial conditions dust deposition increased, however, significantly in both hemispheres (Mayewski et
al., 1994; Fischer et al., 2007). Figure 5.4 shows the new deep-sea coral Nd isotope records compared
to ice-rafted detritus (IRD) and magnetic susceptibility (MS) from proximal sediment core locations.
The latter represents an integrated signal of ferromagnetic mineral input from terrestrial sources
including dust, IRD as well as submarine downslope and along-slope mass transports (e.g., Mienert
and Chi, 1995; Weber et al., 2012). Therefore, MS can serve as a proxy for the significance of local
Nd input at our various sample locations.

The NES are located close to the North American continent which is dominated by old rocks
with unradiogenic Nd isotope signatures (eng < -20; Jeandel et al., 2007). Thus, it is expected that

enhanced terrestrial input from nearby glacial and peri-glacial environments in North America as
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recorded by higher MS (except during carbonate IRD events; Hemming, 2004) would be associated
with less radiogenic coral Nd isotope signatures. The Labrador Sea MS baseline remains rather
constant from MIS 3 towards peak glacial conditions of MIS 2 with high multi-millennial fluctuations
superimposed (Weber et al., 2001). This pattern is hence unsuitable to explain the trend in the NES

deep-sea coral Nd isotope data (Fig 5.4).

Age (kyr BP) Figure 5.4: Time series of deep-sea
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14 7 (a) NW Atlantic tracers for local input. Nd isotope
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& (b) NE Atlantic from van de Flierdt et al. (2006b).
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rafted detritus record from
Denmark Strait core PS2644-5
(Voelker et al., 2015). (c) Magnetic
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In the Northeast Atlantic, enhanced local input from Iceland (exg > 0; Jeandel et al., 2007)
should be reflected in more radiogenic coral Nd isotopic compositions. A nearby IRD record from the
Iceland Sea (Voelker et al., 2015) was chosen to indicate detrital release from glaciated Iceland and
from more distal sources. Although the coral data from this region is limited, the increase in IRD
abundance paired with constant (or even slightly declining) Nd isotope signatures between ~73.7 and
69.4 kyr BP is diagnostic that increased erosion in Iceland is not driving the observed Nd isotope
variations (Fig. 5.4). Moreover, the two coral data points from MIS 3 in the Northeast Atlantic deviate
by ~2 epsilon units from each other, and are both more radiogenic than the older samples, but not
accompanied by a significant trend in the IRD record (Voelker et al., 2015; Fig. 5.4). Our conclusion

of insignificant local Nd influence on the seawater signature at the Reykjanes Ridge is further
120



corroborated by a 109.8 kyr BP old coral showing a relatively radiogenic Nd isotope signature (&xq = -
10.3 £ 0.2, Table 5.1), despite very low fluxes from terrestrial sources (e.g., IRD of ODP 983; Barker
et al., 2015 and OPD 980; Oppo et al., 2006).

In the Drake Passage, local terrestrial sources, i.e. Patagonia and the Westantarctic Peninsula,
show Nd isotopic compositions of gyg > ~-5 (Noble et al., 2012 and references therein; Chapter 3). It
has been demonstrated that both regions experienced intensified erosion during glacial times
associated with significant environmental change, in particular in Patagonia (e.g., Sugden et al., 2009;
Kaiser and Lamy, 2010; Caniupan et al., 2011). A nearby MS record from the Scotia Sea serves as an
indicator for local terrestrial inputs to the open Drake Passage dominated by dust fluxes (Weber et al.,
2012). The 3-4-fold increase in MS during late MIS 3 is not accompanied by a contemporaneous trend
in coral Nd isotope signatures as the MIS 3-2 baseline remains stable at around ey = -7.5 (Fig. 5.4).
This indicates that local terrestrial fluxes were unlikely to affect the Drake Passage seawater Nd
isotopic composition significantly. Nevertheless, the Nd isotope variability after ~27 kyr BP appears to
potentially covary with MS. However, given the high throughput of water resulting from high current
speeds in the Drake Passage on glacial-interglacial time scales (McCave et al., 2014), it is unlikely that
short-lived events would have a strong effect whereas substantial long-term increases do not induce
Nd isotope changes. Therefore, the potential covariation after ~27 kyr BP is more likely related to a
common underlying climatic mechanism.

South of Tasmania, the Nd isotope data is compared to a nearby low resolution MS record
(Nirnberg et al., 2004). The MS data indicate stronger terrestrial input from MIS 4 towards MIS 2,
likely reflecting the integrated result of glacier build-up, snow accumulation and reduced vegetation
facilitating efficient physical erosion towards the ocean (Petherik et al., 2013; Reeves et al., 2013).
Jeandel et al. (2007) presented estimates of relatively unradiogenic Tasmanian and Southeast
Australian hinterland Nd isotope signatures which are also reflected in Southeastern Australia clay
mineral isotopic compositions of eyg < ~-8 (Gingele and De Deckker, 2005). Significant influence of
increased local input would drive the seawater Nd isotopic composition towards less radiogenic
values, opposite to the trend in our deep-sea coral data (Fig. 5.4). Such anti-correlative trends indicate
that local inputs are unlikely to drive the multi-millennial Nd isotope signal recorded in the coral
skeletons. Due to the low resolution of the MS record, we cannot exclude short-lived inputs to
influence the seawater Nd isotopic composition. However, given that substantial long-term changes in
input have only an insignificant effect on the recorded Nd isotope signal, it appears unlikely that short-
lived events would alter the recorded Nd isotopic composition efficiently (Fig. 5.4). Moreover, D.
dianthus specimens live in exposed strong-current environments and skeletal sub-samples integrate a
decadal-scale signal (Chapter 3). This renders efficient alteration of seawater Nd isotopic composition
by short-lived erosional events even less likely in this area. The role of New Zealand has been
discussed in Chapter 4 for the deglacial interval when enhanced erosion of radiogenic terrestrial

material (e.g., Frost and Coombs, 1989) is accompanied by a pronounced 2 epsilon unit shift towards
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less radiogenic values. The fact that New Zealand is downstream of Tasmania and following the
reasoning in Chapter 4, potential New Zealand influence on the seawater Nd isotope signal would not
compromise the conclusions drawn from the discussion below.

In summary, the lack of covariation, in particular on (multi-) millennial time scales between
Nd isotope changes and local terrestrial fluxes (monitored by records of MS and IRD) throughout MIS
4, 3 and 2, leads us to conclude that oceanographic changes are most likely the dominant driver of the

Nd isotope variability archived in our fossil deep-sea corals.

5.4.2. The North Atlantic: composition of exported northern sourced water during MIS 3 and 2

The Northwest Atlantic deep-sea coral Nd isotope record (~1200 to 2000 m water depth)
evolved to more radiogenic values from 47.1 to 25.1 kyr BP, in concert with the deep ocean Nd
isotopic composition at Bermuda Rise (4584 m water depth; Bohm et al., 2015; Fig. 5.5). The overall
amplitude of Nd isotope variability over this time period was, however, lower in the mid-depth coral
record (~2 epsilon units) than in the sedimentary deep water record (~5 epsilon units). This could be
an artefact of the lower temporal resolution of the coral record and the fact that stadial phases were
sampled preferentially (Table 5.1). Having ruled out any significant local inputs, changes in
intermediate (and deep) water mass compositions at the New England Seamounts could be attributed
to (i) admixture of southern-sourced water masses, i.e. AAIW and AABW, (ii) deepening of North
Atlantic Central Water (NACW), (iii) expansion of MOW, or (iv) changes in the upstream source
areas of predominant water masses.

The majority of deep-sea corals from the NES were collected from water depths between 1719
and 1986 m, a depth range where AAIW has neither been traced in the glacial nor in the interglacial
North Atlantic (Pahnke et al., 2008; Xie et al., 2012, 2014; Huang et al., 2014; Jenkins et al., 2015).
For AABW, such depths are probably too shallow rendering southern-sourced waters unlikely to
control the NES Nd isotope pattern. Alternatively, enhanced admixture of MOW (~1000 m water
depth, eng = -9.4 £ 0.2; Tachikawa et al., 2004; Jenkins et al., 2015) or deepening of West North
Atlantic Central Water (WNACW; ~200 to 800 m water depth, exg = -9.7 £ 0.2; Jenkins et al., 2015;
Lambelet et al., accepted) could create more radiogenic NES Nd isotope signatures. Despite that, both
scenarios seem to be precluded by the unradiogenic Nd isotopic composition of eyg = 13.1 = 0.2
recorded at 24.9 kyr BP by the central North Atlantic coral in 1420 m water depth. It is noted that
either water mass could have influenced the one shallow sample (1222 m) from Gregg seamount at
31.9 kyr BP (where eyg =-11.1 £ 0.2; Table 1, Figs. 5.2 and 5.3).

As none of the scenarios discussed above seem to be fully adequate to explain our new NES
data, we consider changes in NADW (or its shoaled glacial analogue GNAIW, i.e. Glacial North
Atlantic Intermediate Water) source waters. One striking observation is the similarity of mid-depth
coral data with the authigenic eyg values extracted from deep Bermuda Rise sediments (4584 m; Bohm

et al., 2015; Fig. 5.5). The deep Bermuda Rise Nd isotope baseline values are near exg = -13 during
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most of MIS 3 and 4 with superimposed peaks as unradiogenic as eng = -16. Towards peak glacial
conditions, the Nd isotope baseline decreased to about exg = -11. This could be interpreted to result
from increasing admixture of radiogenic AABW. However, a relatively constant *'Pa/*°Th baseline
of ~0.6 persisted from MIS 4 to MIS 2 indicating a net Pa export from the North Atlantic throughout
this interval, despite the trend towards more radiogenic Nd isotope signatures (Bohm et al., 2015; Fig.
5.5). Is it possible that these values reflect a change in the mixture of exported northern-sourced waters
during the glacial? Modern NADW is a delicate mixture of various water masses (e.g., Jenkins et al.,
2015), so that past changes in formation rates and/or depth seem possible (e.g., Wilson et al., 2014).
The new deep-sea coral data from the Northeast Atlantic provide a window to test this idea (at least in
part). The corals from the Reykjanes Ridge are currently bathed by LSW with some ISOW admixed
(e.g., McCartney, 1992; Xu et al., 2010; Fig. 5.2). The deep-sea corals from 73.7 to 69.4 kyr BP and at
36.5 kyr BP fall pre-dominantly in stadial intervals (Fig. 5.3). Hence, the stadial coral Nd isotope
signatures of eyg = -11.6 £ 0.2 (73.7 to 69.4 kyr BP), exg =-10.6 £ 0.3 (36.5 kyr BP) and eng = -8.7 £
0.2 (42.3 kyr BP) are significantly more radiogenic than modern seawater in the LSW-dominanted
mid-depth Northeast Atlantic (eng = -14; Lacan and Jeandel, 2004a, 2005b; Lambelet et al., accepted;
Chapter 3; Figs. 5.2 and 5.3). Furthermore, these values are more radiogenic than the
contemporaneous Northwest Atlantic (Bohm et al., 2015) indicating reduced influence of LSW in the
North Atlantic during stadials (Fig. 5.5).

It has been hypothesised that the absence of Atlantic water masses reduced the salt supply to
the Labarador Sea thus enhancing stratification and suppressing deep water formation during stadials
(Rasmussen et al., 2003; Schmidt et al., 2004; Gibb et al., 2014). Such processes could then render
source waters from the Northeast Atlantic to be more prominent in exported northern water masses
(Rasmussen et al., 2003; Thornalley et al., 2013). Convectional seesawing between the two dominant
North Atlantic deep convection centres is evident from modern observations (e.g., Dickson et al.,
1996), models (e.g., Bentsen et al., 2004; Renssen et al., 2005; Oka et al., 2006) and
palacoceanographic reconstructions (Solignac et al., 2004; Hillaire-Marcel et al., 2011). In other
words, formation rates and extension of LSW were progressively reduced, and replaced by water
masses with more radiogenic Nd isotope signatures sourced from the overflows (Figs. 5.3 and 5.5).
The relatively radiogenic Nd isotope signal recorded in the mid-depth Northeast Atlantic may then
have been corroborated by strengthened MOW (eng = -9.4 + 0.2; Tachikawa et al., 2004) acting as a
salt supplier to the (glacial) North Atlantic (Voelker et al., 2006). It can be speculated if enhanced
stadial/glacial MOW flow (Cacho et al., 2000; Voelker et al., 2006) partly replaced LSW in the
Northeast Atlantic to be incorporated into the cascading overflows, thus influencing both, the mid-
depth and deep water column in the Northwest Atlantic (Fig. 5.5).

Such a scenario could explain differences in Nd isotopic composition observed between the
western and eastern North Atlantic basin on glacial-interglacial time scales (see also Roberts et al.,

2010; Piotrowski et al., 2012; Béhm et al., 2015). Moreover, this would be consistent with the constant
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baseline in *'Pa/*’Th indicating pre-dominant strong southwards water mass export throughout MIS
3 and 2 (Bohm et al., 2015; Fig. 5.5). The suggestion that mid-depth North Atlantic water masses were
subject to particularly dynamic Nd isotope changes during times of rapid climate transition has already
been formulated by Wilson et al. (2014). Here, we suggest that the interplay of LSW, overflow waters,
and MOW in the Northeast Atlantic (see also Hanebuth et al., 2015) changed during the transition
towards peak glacial conditions consequently altering the Nd isotope signature of mid-depth water
masses exported from the North Atlantic.

Interestingly, the FeMn coatings scraped off the aragonitic skeletons are offset towards less
radiogenic values (Table 5.1; Fig. 5.3). On a first order, this seems consistent with an integrated signal
recorded by exposed FeMn coatings versus a snapshot archived in the coralline aragonite itself. But
more importantly, such unradiogenic signal of FeMn coatings is clearly not representative of the
seawater-derived Nd isotope signal characteristic of cold intervals (Figs. 5.3 and 5.5). Or more
precisely, the unradiogenic nature of the Nd isotopic compostion of FeMn oxyhydroxides coated onto
North Atlantic corals is similar to Nd isotope signatures of seawater-derived phases precipitated
during warm intervals (Bohm et al., 2015; Figs. 5.3 and 5.5). This suggests that FeMn oxyhydroxides
in the North Atlantic were precipitated preferentially during phases of unradiogenic seawater Nd
isotopic composition, i.e. during warm intervals. This could explain the relatively stable and
unradiogenic Nd isotope signal in North Atlantic glacial-interglacial FeMn crust data (Foster and

Vance, 20006).

Figure 5.5: Comparison of deep-sea coral Nd isotope data with literature data for MIS 4, 3 and 2. (a) Summer
insolation at 65°N (Berger and Loutre, 1992). (b) NGRIP oxygen isotope ice core record (NGRIP, 2004) on
GICCOS5/NALPS time scale (Andersen et al., 2006; Svensson et al., 2008; Barker and Diz, 2014). (c) Hulu cave
speleothem oxygen isotope record representing monsoon patterns in central China (Wang et al., 2001). (d)
21pa/>°Th record from Bermuda Rise ODP site 1063 (4584 m water depth; in grey) (Bohm et al., 2015). (e)
Authigenic North Atlantic Nd isotope record from ODP site 1063 (spring green; Bohm et al., 2015). Coral Nd
isotope data from the New England Seamounts (blue; this study and van de Flierdt et al., 2006b), the central
North Atlantic (blue triangle, this study) and the Reykjanes Ridge (sky blue diamonds, this study). Note the
offset between Northeast and Northwest Atlantic coral data and the close similarity of Nd isotopic composition
recorded at in the Northwest Atlantic at mid-depth and in the abyss. (f) Deep Southeast Atlantic (4981 m water
depth) Nd isotope record from Cape Basin core TNO57-21 (Piotrowski et al., 2005) and deep Indian Ocean Nd
record from core SK129-CR2 (3800 m water depth; grey polygon) from the Chagos Trench (Piotrowski et al.,
2009). (g) Drake Passage and Tasmanian deep-sea coral Nd isotope data (data younger than 27 kyr BP from
Chapter 3). Note that Drake Passage data are consistently less radiogenic than the Tasmanian record with
absolute Nd isotope signatures similar to deep records in (e). (h) Southern Ocean (Atlantic sector) opal flux
record from TNO57-14PC4 indicative of upwelling intensity. (i) Byrd icecore CO, record (Ahn and Brook,
2008) on GICCO5/NALPS time scale (Barker and Diz, 2014). (j) EDML stable oxygen isotope record (EPICA
community members, 2006, 2010). (k) Light green and brown bands are running averages of mid-depth Tasman
Sea carbon isotope records from cores MD06-2990/SO136_003GC (944 m water depth) and MD06-2986 (1477
m water depth) (Ronge et al., 2015). Chatham Rise 8" Chenmic record from core MD97-2120 (1210 m water
depth; black; Pahnke and Zahn, 2005). Note that AAIW shoaled when MD97-2120 8" Chenthic approached values
of deeper Tasman Sea MD06-2986 which are in turn similar to Chatham Rise core SO213/2_82-1 from 2066 m
water depth (Ronge et al., 2015).
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5.4.3. Unmixing the Nd isotope signal south of Tasmania: identifying dominant source water
masses
Currently, the Tasmanian coral sampling locations are bathed by UCDW (Fig. 5.2), but

overlying AAIW has been identified to shoal and deepen on glacial to interglacial time scales,
respectively (Ronge et al., 2015). This led to fluctuations of the AAIW-UCDW boundary across 1210
m water depth as recorded in core MD97-2120 at Chatham Rise (Pahnke and Zahn, 2005; Ronge et al.,
2015; Fig. 5.5). AAIW is formed from Antarctic surface waters which, in turn, are strongly influenced
by upwelling deep waters (Piola and Georgi, 1982; Bostock et al., 2013; Cerovecki et al., 2013), but
may also include a local component derived from the Antarctic shelves (Carter et al., 2012). However,
the formation regions of AAIW from south of Tasmania are remote from Antarctic shelf water masses
(Bostock et al., 2013). This is reflected in the Nd isotope signature of modern Southwest Pacific
AAIW resembling the signature of underlying source waters (eng = -8.2; Basak et al., 2015).
Therefore, changes in AAIW formation and/or circulation are unlikely candidates to explain the
observed variation. Compelling evidence for this hypothesis is provided by Ronge et al. (2015) using
the 8" Clenthic signal from a set of regional cores to conclude that AAIW remained above 1477 m water
depth near 44°S in the Tasman Sea during the last 350 kyrs.

Therefore, we consider the observed Nd isotope variability recorded at the southern margin of
Tasmania to be pre-dominantly set by the dynamic mixing of UCDW, as a relatively unradiogenic
source, the composition of which can be approximated by the data from the Drake Passage, with a
source of radiogenic Nd. Two potential candidates for the latter source are underlying deep waters and
North Pacific water masses (Fig. 5.2). Southern Ocean deep and bottom waters have been shown to
carry very radiogenic Nd isotope signatures of eyg = -5 during glacial intervals (Piotrowski et al.,
2005; Elderfield et al., 2012; Noble et al., 2013; Skinner et al., 2013). Direct upward intrusion of such
waters appears unlikely given the rapid fluctuations in the Tasmanian time series and low average
vertical eddy diffusivity (k = 1.3 cm*sec) and upwelling rates (o = 1.2 cm/day) (Munk, 1966). Based
on simple geometry of steepened isoneutrals a 10-15° northward shift of ACC fronts would be
required to bath the Tasmanian margin in LCDW (Fig. 5.2). Reconstructions do not provide
supporting evidence for such tremendous migration in this region (cf. Neil et al., 2004; Barrows and
Juggins, 2005; Niirnberg and Groeneveld, 2006; De Deckker et al., 2012; Kohfeld et al., 2013; Figs.
5.2 and 5.6). As the Southern Ocean is a region of deep wind-driven mixing (e.g., Marshall and Speer,
2012), underlying radiogenic deep water masses may have been mixed into the overlying water
masses at times, similar to processes reconstructed for the deglacial period (Anderson et al., 2009;
Skinner et al., 2010; Burke and Robinson, 2012). However, work from the glacial mid-depth
Southwest Pacific suggests a deeply stratified water column near 2000 m water depth (Sikes et al.,
2000; Skinner et al., 2015; Hines et al., 2015) and that deeper mixing is rather associated with a
southward shift of the frontal system during Southern Hemisphere warm periods (e.g., Toggweiler et
al., 2006; Anderson et al., 2009). In other words, an increase of upward mixing of LCDW is associated

with southward frontal shifts. Thus, LCDW can be ruled out to have caused progressively increasing
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admixture of radiogenic Nd into mid-depth Southwest Pacific water masses towards peak glacial
conditions.

It follows that the most likely source for radiogenic Nd near Tasmania is derived from the
(North) Pacific, i.e. PDW and/or Glacial North Pacific Intermediate Water (GNPIW; e.g., Matsumoto
et al., 2002; Chapter 4), consistent with modern hydrography of the Tasman Sea indicating mixing of
upper PDW into UCDW above ~2000 m water depth (Fig. 5.2). Modern PDW has a Nd isotope
signature of exg = -4 in the North Pacific (Amakawa et al., 2009; Figs. 5.1 and 5.2) and appears to have

been stable across the past glacial cycle (Abouchami et al., 1997).

5.4.4. Southern Ocean water mass mixing and implications for ocean circulation during MIS 3
and MIS 2

The least radiogenic Nd isotope value of the entire record is displayed with exg = -7.6 £ 0.2
during early MIS 3 at 54.8 kyr BP reflecting increased influence of UCDW at the sampling location
during warmer periods. In contrast, towards peak glacial conditions the Pacific influence increased
progressively (Fig. 5.5) paralleling reduced North Atlantic derived waters in the deep Atlantic and
Indian Oceans (Piotrowski et al., 2005, 2009; Bohm et al., 2015; Jonkers et al., 2015; Fig. 5.5). Such
progressive reduction of Atlantic overturning towards peak glacial conditions was associated with
changes in the cross-equatorial heat transport in the Atlantic dictating a southward migration of the
Atlantic Intertropical Convergence Zone (ITCZ; Zarriess et al., 2011) and alteration of East Asian
Monsoon patterns (e.g., Wang et al., 2001; Deplazes et al., 2014). This was paired with reduced
upwelling in the Southern Ocean (Anderson et al., 2009; Fig. 5.5) driven by northward migration of
the SWW (Kaiser et al., 2005; Anderson et al., 2009; Whittaker et al., 2011). So how can this be
reconciled? Neodymium isotope records from the deep South Atlantic (Piotrowski et al., 2005) and
Indian Ocean (Piotrowski et al., 2009) are located upstream of the NADW flow direction with respect
to Tasmania and are thus likely to more readily indicate reduced NADW influence on the global deep
ocean. Despite the similar trends on glacial-interglacial time scale, the deep Nd isotope signatures
show less radiogenic values than the Tasman time series throughout (Fig. 5.5). This would be
consistent with an expansion of PDW/GNPIW paired with reduced Atlantic overturning and
progressive shoaling of Southwest Pacific AAIW towards peak glacial conditions (Ronge et al., 2015;
Fig. 5.5). Indeed, combined Nd and radiocarbon analyses support a similar or better ventilation state of
LGM mid-depth waters sourced from the North Pacific compared to UCDW in the glacial Drake
Passage (Burke and Robinson, 2012; Chen et al., 2015; Hines et al., 2015; Burke et al., unpubl. data;
Chapter 4). In combination with more vigorous deep Pacific inflow during glacial times (Hall et al.,
2001), this indicates progressively intensifying Pacific overturning related to GNPIW expansion (e.g.,
Matsumoto et al., 2002) at the expense of UCDW resulting in radiogenic peak glacial Nd isotope

signatures at the Tasmanian margin (Figs. 5.5 and 5.6).
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At the same time, the ACC UCDW Nd isotope baseline archived in Drake Passage corals
remains relatively invariable with less radiogenic values (exg = -7.5; Fig. 5.5) requiring admixture
from an unradiogenic source, i.e. the North Atlantic. In context with other Nd isotope data, our mid-
depth Southern Ocean records suggest that the multi-millennial trend from MIS 3 towards MIS 2 was
likely controlled by the progressive evolution of two mid-depth overturning circulation cells. The
evolution of the Pacific cell was related the southwards expansion of GNPIW, reflected in Tasmanian
coral Nd isotope signatures of eyg = -5.5. The active overturning in the Atlantic can be inferred from
relatively unradiogenic Nd isotope signatures of exg = -7.5 in the Drake Passage (Fig. 5.5).
Neverthelss, such Drake Passage signatures were not a pure Atlantic signal where exported water
masses carried exg = -11 to -12 during late MIS 3 and MIS 2 (Fig. 5.5). This invokes interactive
admixture to the Southern Ocean from both, the Atlantic and Pacific Ocean. It can be speculated if the
Nd concentration of GNPIW participating in this mixing could have been lowered due to the Pacific
overturning, similar to newly formed Atlantic water masses. This would imply that the actual
proportion of Atlantic water masses could be small despite similar-to-modern Nd isotope signatures
recorded in Drake Passage corals.

However, the vertical extent of overturning cells in both basins was likely restricted to above
~2-2.5 km water depth (Matsumoto et al., 2002; Hodell et al., 2003; Curry and Oppo, 2005; Skinner et
al., 2015). The interaction with the lower cell was limited due to restricted dianeutral mixing (e.g.,
Sarnthein et al., 1994; Curry and Oppo, 2005; Ferrari et al., 2014) paired with reduced Southern Ocean
upwelling induced by poorly aligned SWW (Toggweiler et al., 2006; Anderson et al., 2009; Chapter 4;
Fig. 5.5). Limited mixing between upper and lower cells would facilitate sequestration of atmospheric
CO; and can therefore act as a positive feedback mechanism of insolation-driven global cooling (e.g.,
Toggweiler et al., 2006; Ferrari et al., 2014, Fig. 5.5) accompanied by NADW shoaling (e.g., Curry
and Oppo, 2005). Shoaling of NADW hampers the southward geostrophic flow of NADW below the
Drake Passage sill depth (Toggweiler and Samuels, 1995). As the transformation of upwelling
NADW-imprinted LCDW to AABW on the Antarctic shelves implies heat loss, this process has a net
warming effect on Antarctic temperatures (e.g., Talley, 2013). Consequently, NADW shoaling implies
decreasing heat flux to the Antarctic continent thus amplifying the cooling trend.

The transition into peak glacial conditions comprised, besides NADW shoaling, the
northwards migration of oceanic fronts, the sea-ice margin and the SWW (Gersonde et al., 2005;
Kaiser et al., 2005; Anderson et al., 2009; Kohfeld et al., 2013). South of Tasmania, a northward
frontal shift would be expected to feature a stronger influence of unradiogenic ACC-bound UCDW.
On multi-millennial time scales, this is not the case. Instead, the southward expansion of GNPIW
paired with northward migration of ACC-bound UCDW implies a pronounced lateral Nd isotope
gradient in the Southwest Pacific (Fig. 5.6). Such gradient could be sustained only if the southward
expansion of GNPIW, inferred from the Tasmanian corals, did not translate into volumetrically

significant net export of GNPIW into the ACC flow. From a mechanistic point of view, the more
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Deciphering glacial-interglacial Southern Ocean dynamics with deep-sea corals

Chapter 5
northerly position of oceanic fronts, and in particular the SAF during glacial times (Barrows and
Juggins, 2005; Gersonde et al., 2005; Kohfeld et al., 2013) paired with bathymetrical constraints in the
Southwest Pacific (Heath, 1981; Rintoul et al., 1997; Fig. 5.6) could act to restrict the export flow
from the Tasman Sea, in analogy to modern observations (Rintoul and Bullister, 1999; Sokolov and
Rintoul, 2000), and to thermal isolation on the Campell Plateau (Neil et al., 2004). Deep waters
entering the Tasman Sea from the north could then re-circulate within the restricted basin until they
joined the eastward flow at the northern ACC flank. After circumventing the Campbell Plateau, such
water masses might readily have been re-injected into the South Pacific Basin (Fig. 5.6). This could
have contributed to the radiogenic CDW Nd isotope values extracted from glacial sediments at
Chatham Rise (eng = -4, partly ascribed to boundary exchange, see Noble et al.,, 2013) and the
similarity of mid-depth 5"°C east and west of New Zealand during MIS 3 (Ronge et al., 2015). Or
alternatively, GNPIW was picked up by the eastward ACC flow, but limited cross-frontal mixing in
the Pacific sector of the Southern Ocean led to reduced net admixture into the ACC core (monitored in
the Drake Passage). Partial deflection of water masses associated with the northern flank of the ACC
would then feed into the South Pacific Gyre (Lamy et al., 2015; Chapter 4) thus reducing the net
admixture of GNPIW into the circumpolar flow, i.e. into the Drake Passage. It is noted that both re-
circulation mechanisms still allow admixture of GNPIW into the ACC; a more northerly position of

the SWW and associated oceanic fronts just reduces the net export into the circumpolar flow.

Peak glacial
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Figure 5.6: Schematic of Tasman Sea circulation. (left) Simplified modern circulation dominated by UCDW
(purple arrows; after Rintoul and Bullister, 1999; Sokolov and Rintoul, 2000). Frontal positions after Orsi et
al. (1995). STF: Subtropical Front, SAF: Subantarctic Front, PF: Polar Front. Black star indicates coral
sampling location at the southern margin of Tasmania. (right) Proposed peak glacial circulation pattern with
northward displaced fronts and associated circumpolar flow (after Barrows and Juggins, 2005; Gersonde et
al., 2005; Kohfeld et al., 2013), southward expansion of GNPIW in the Tasman Sea and potential route around
Campbell Plateau (red stippled line). Note that northward movement of the deep reaching SAF and PF is
bathymetrically restricted by the Campbell Plateau south of New Zealand and probably also the Tasman
plateau south of Tasmania. White dots denote locations of literature data (see caption Fig. 5.1).

5.4.5. A Southern Hemisphere driver of North Atlantic Heinrich events?
The close similarity of the Tasmanian Nd isotope time series to Antarctic ice core records has
already been pointed out. The high resolution interval between 32 and 30 kyr BP in our Tasmanian

deep-sea coral Nd isotope data (Fig. 5.7) covers Heinrich Stadial 3 (HS3) starting at ~31.2 kyr BP
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according to the absolutely dated speleothem chronology from Hulu cave (Wang et al., 2001). During
this early phase, the Southern Hemisphere experienced gradual warming (EPICA community
members, 2006, 2010; Fig. 5.7) and weak/southerly SWW (Whittaker et al., 2011), paralleled by
changes in the terrestrial biosphere represented by high resolution WAIS Divide methane (CH,) data
(Rhodes et al., 2015; Fig. 5.7), whereas Greenland temperatures remained rather stable (NGRIP
members, 2004; Andersen et al., 2006; Fig. 5.7). Superimposed on the relatively smooth transition into
HS3, a methane excursion, abrupt northward shifts of the SWW and the SAF paralleled by AAIW
deepening preceded the actual Heinrich inception. This is not seen in other proxy data which may
indicate the short-lived nature of this event (Fig. 5.7). The Heinrich inception was recorded by a
change in Asian monsoon circulation at 31.2 kyr BP (Wang et al., 2001) and as instantaneous warming
of Antarctic temperatures indicated by EDML ice core 8'0. In the Southwest Pacific, AAIW shoaling
(Pahnke and Zahn, 2005; Ronge et al., 2015) coincided roughly with a northward migration of the
Subantarctic Front (SAF) as reflected in the abundance of subpolar species in core MD03-2611 south
of Australia (De Deckker et al., 2012; Figure 5.7). The most radiogenic Nd isotope signature of exq = -
4.9 + 0.2 was recorded at ~30.8 kyr BP, although the ~400-year data gap between 31.2 and 30.8 kyr
BP may hold further variability. Nevertheless, the radiogenic signal at 30.8 kyr BP indicates strong
influence of southward penetrating GNPIW at the sampling site accompanied by a more southerly
position of oceanic fronts (De Deckker et al., 2012; Table 5.1; Fig. 5.7). The NES coral data between
32 and 31 kyr BP shows a tendency towards slightly less radiogenic values from eng = -11.1 = 0.2 to
eng ~ -12 (high uncertainties on U-series dates; see Table 5.1 and Fig. 5.3) providing evidence that the
Southwest Pacific trend was not simply driven by Nd isotope changes of North Atlantic source waters.

At 30.8 kyr BP, the Nd isotopic composition shifted abruptly (~one epsilon unit) towards less
radiogenic values, in concert with northward shifting SAF and SWW, AAIW shoaling, changes in
East Asian monsoon circulation and peaking CH4. Atmospheric methane concentrations are pre-
dominantly controlled by changes of the terrestrial biosphere which, in turn, are driven by large scale
atmospheric re-organisation (Chappellaz et al., 1993; Brook et al., 2000). Given this and the close
covariation with SWW and ocean frontal positions suggests that changes in Southwest Pacific ocean
circulation, expressed in Tasmanian Nd isotope variability, were coupled to atmospheric forcing. Most
importantly, such atmospheric mechanism is consistent with the abrupt nature of change characterised
by “flushing” of the GNPIW-dominated Tasman Sea with GNAIW-admixed UCDW from the south
during abrupt stadial frontal shifts. In contrast to the multi-millennial evolution (Figs. 5.5 and 5.7)
discussed above, the Nd isotope response across HS3 was in opposite direction, i.e. the peak glacial
Pacific might have been closer to steady state (Fig. 5.6). Interestingly, Antarctic and Greenland ice
core 5'*0 data show limited sensitivity during this interval providing evidence that the high latitude
temperature response was decoupled from and/or insensitive to high-frequency mid-latitude variations
(Fig. 5.7). The atmospheric CO, content might, however, have been related to such abrupt northward
expansion of UCDW (Ahn and Brook, 2014; Fig. 5.7).
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Figure 5.7: Time interval from 32
to 30 kyr BP covering Heinrich
Stadial 3. (a) Siple Dome C carbon
dioxide record on GICCOS5 time
scale (Andersen et al., 2006; Ahn
and Brook, 2014). (b) NGRIP
oxygen isotope ice core record
(NGRIP, 2004) on GICCOS5 time
scale (Andersen et al., 2006). (c)
EDML oxygen isotope ice core
record (EPICA community
members, 2006, 2010). (d) WAIS
Divide methane record recording
changes in pre-dominantly
terrestrial sources (Rhodes et al.,
2015). (e) Hulu cave speleothem
oxygen isotope record (Wang et al.,
2001). Note inverted y scale
compared to Figure 5.5. (f)

8" Chentnic of MD97-2120 from
1210 m water depth (Pahnke and
Zahn, 2005). (g) Planktonic
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MD03-2611 off Southern Australia
(De Deckker et al., 2012); SAF =
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Figure 5.5. (i) Tasmanian deep-sea
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the interplay of less radiogenic
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GNPIW/ PDW. Uncertainties of U-
series ages from Hines et al. (2015)
(see also Table 5.1). Grey shading
indicates intervals of change
recorded in Nd isotope data south
of Tasmania. Stippled line shows
onset of HS3 as recorded in Hulu
cave speleothem data (Wang et al.,
2001). Note that a northward
frontal shift is associated with more
prominent UCDW at the coral site,
in contrast to the multi-millennial
time scales where UCDW
influence is reduced during glacial
intervals (Fig. 5.5).



Remarkably, the Hulu Cave SISOSpeleO shifts towards heavier values considered to represent
reduced summer monsoon, and thus a southward ITCZ migration, dominated by Northern Hemisphere
dynamics (Wang et al., 2001). At the same time, the northward movement of oceanic fronts in the
Southwest Pacific (De Deckker et al., 2012) could be expected to have induced a northward
displacement of the tropical rain belt, and thus intensified summer monsoon. As the East Asian
monsoon depends, among other factors, on Indian and Pacific Ocean sea surface temperatures (Yihui
and Chan, 2005), it can be speculated if these opposing trends were partly caused by the re-distribution
of heat associated with potential Pacific overturning during Heinrich events drawing a substantial
amount of heat from low to high latitudes in the North Pacific (Hu et al., 2012; Menviel et al., 2014).
This could change dominant sources and pathways of precipitation, but moreover simply alter the ratio
of winter over summer precipitation (cf. Wang et al., 2001). Such scenario can involve asynchrony
between Atlantic and Pacific atmospheric circulation (Liu and Hu, 2015) during which the Southern
Hemisphere can act to influence the Hulu Cave 8'°0, as considered in particular for cold intervals
(Rohling et al., 2009). This way, atmospheric processes driving Tasmanian coral Nd isotope trends
could be aligned directly with Hulu Cave 5'°0 (Fig. 5.7). Alternatively, a northward shift of Southern
Ocean fronts could simply have been paired with southward displacement of the Indo-Pacific ITCZ,
consequently enhancing Southern Hemisphere pressure gradients (Fig. 5.7). Such a scenario has
previously been reconstructed for Heinrich intervals and demonstrated to strengthen SWW circulation
over New Zealand (Whittaker et al., 2011).

After the initial shift, our Tasmanian deep-sea coral data indicate abrupt oscillations paralleled
by shifts of the SWW and peaks in atmospheric methane concentrations (Fig. 5.7). Therefore, we
suggest that atmospheric forcing induced changes in GNPIW-UCDW mixing resulting in shifts to exg
=-5.1£0.2 at 30.4 kyr BP and back to unradiogenic values of exg = -6.5 = 0.2 at 30.3 kyr BP. Similar
fluctuations have been reported for the intermediate-depth North Atlantic during Heinrich Stadials
HS1, HS2 and HS4. They were ascribed to oscillations of the thermohaline circulation (Zahn et al.,
1997), or more precisely, the AMOC (Wunsch, 2002). Moreover, Zahn et al. (1997) identified smooth
multi-centennial to millennial transitions prior to the actual HS1, HS2 and HS4 IRD events in high
resolution data from the Iberian Margin. Unfortunately, our data coverage across HS2 and HS4 is
limited, but our HS3 data captured comparable high frequency oscillations occurring after a rather
gradual transition into HS3. The similarity of the oceanic transition in the North Atlantic and
Southwest Pacific supports the global reach of Heinrich-D/O cyclicity (e.g., Hemming, 2004; WAIS
Divide project members, 2015). The lack of response in the Nd isotope data to the early SWW shift,
superimposed on the gradual transition into HS3, then indicates that centennial-scale oceanic
processes (cf. Stocker and Johnsen, 2003; Barker et al., 2011; WAIS Divide project members, 2015)
could have played a pivotal role in driving the system towards a Heinrich event, decoupled from short-
term atmospheric forcing. However, the (sub) decadal-scale Nd isotope shifts thereafter call for a

faster mechanism, i.e. atmospheric forcing (Whittaker et al., 2011; Wang et al., 2015). In the
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atmosphere, associated perturbations have been linked with changes in tropical rainfall driving
atmospheric methane concentrations during HS1, HS2, HS4 and HS5 (Rhodes et al., 2015). It has been
shown that Southern Hemisphere atmospheric circulation is sensitive to climate change and, alongside,
influences ACC properties (Boning et al., 2008; Gille, 2008; Anderson et al., 2009; Whittaker et al.,
2011) and CDW upwelling intensity on the shelves (e.g., Thoma et al., 2008; Shevenell et al., 2011;
Chapter 6).

We therefore propose a sequence of events to fit our Southern Ocean Nd isotope data into a
global framework. Freshwater runoff from glacial melting into the North Atlantic induced a gradual(?)
transition of the AMOC (Zahn et al., 1997) leading to an increase of subsurface salinity and heat
content (Marcott et al., 2011) paired with reduced and/or shoaled NADW/GNAIW formation
(Rasmussen et al., 2003; Thornalley et al., 2013) and export prior to the Heinrich IRD event (e.g.,
Rasmussen et al., 2003; Piotrowski et al., 2005; Robinson and van de Flierdt, 2009; Béhm et al., 2015;
Figs. 5.5 and 5.7). As the southward geostrophic flow of Atlantic-sourced waters feeding into the
upwelling water masses on the Antarctic shelves can only be maintained below the Drake Passage sill
depth (Toggweiler and Samuels, 1995), NADW shoaling reduces the deep southward flow. Notably,
the wind-driven upwelling of NADW-spiked LCDW is a heat source to the circum-Antarctic shelves
(Thoma et al., 2008; Holland et al., 2010; Shevenell et al., 2011; Talley, 2013). Therefore, reduced
southward NADW flux induces Antarctic cooling, as recorded in the EDML ice core located near the
coast in the Atlantic sector of Antarctica (EPICA community members, 2006, 2010; Figs. 5.1 and 5.7),
in concert with decreasing atmospheric CHy levels (Rhodes et al., 2015) and expansion of GNPIW
(Fig. 5.7). In the North Atlantic, the subsurface warming would not be recorded in Greenland ice core
data, but induce melting of buttressing ice shelves (Shaffer et al., 2004; Marcott et al., 2011; Joughin
et al., 2012; Rignot et al., 2015) accelerating thinning and ice loss of grounded Northern Hemisphere
ice sheets (Shaffer et al., 2004; Rignot et al., 2004; Joughin et al., 2012), amplified by (regional) sea-
level rise in direct response to AMOC reduction (Fliickiger et al., 2006; Goddard et al., 2015). At a
tipping point of subsurface warming, the (gradual) transition culminates in the actual Heinrich event
(Marcott et al., 2011; Alvarez-Solas et al., 2013) which is then expressed in the wide-spread
distribution of IRD and surface ocean freshening across the North Atlantic (Hemming, 2004). The
interoceanic response during closed Bering Strait state would be expected to enhance Pacific
overturning, and hence extension of GNPIW at the expense of GNAIW/UCDW through ocean-
atmosphere feedbacks (Kiefer et al., 2001; Saenko et al., 2004; Okazaki et al., 2010; Rae et al., 2014),
consistent with radiogenic Nd isotope signatures of eyg = -4.9 £ 0.2 south of Tasmania at 30.8 kyr BP
(Fig. 5.7). This scenario involves a positive feedback loop in the North Atlantic which can be
disrupted by a breakdown of stratification in the North Atlantic, i.e. by water column instability upon
release of subsurface heat and salinity re-launching vigorous North Atlantic deep water formation (cf.
Thiagarajan et al., 2014). Short-term resumption and reduction of the AMOC and associated

atmospheric re-organisation, reflected in atmospheric CH, content (Rhodes et al., 2015), would be
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progressed into the Southern Hemisphere through atmospheric teleconnections. The implied SWW
response, expressed in Hollywood cave precipitation patterns, controlled UCDW-GNPIW mixing as
represented by Tasmanian coral Nd isotope signatures (Whittaker et al., 2011; Fig. 5.7). Alternatively,
re-stabilisation of the North Atlantic ice sheets at a new grounding line might cause the observed
oscillations, but is surely a good candidate to ultimately give rise to AMOC intensification during the
following D/O interstadial once the ice sheets returned to equilibrium. However, both mechanisms
interrupting the positive feedback loop of subsurface heat buildup, glacial melt and freshwater capping
in the North Atlantic could be subject to intrinsic oscillations resulting in abrupt interhemispheric
variability exemplified by HS3. A similarly differentiated climatic sequence has recently been
identified during deglacial HS1 (Thiagarajan et al., 2014; Wilson et al., 2014; Strikis et al., 2015;
Chapter 4). The strong northward heat transport associated with a sustained AMOC resumption would
lead into a subsequent warm D/O interstadial, but would also deliver moisture for increased
continental snow and ice accumulation in the North Atlantic realm. The implied ice advance could
then (slowly) drive the system into the next Heinrich-D/O cycle.

We here established an interhemispheric relationship for the HS3 interval which is different to
other Heinrich intervals, in particular with regard to sources and timing of ice rafting in the North
Atlantic (Hemming, 2004). Nevertheless, analogies in our data and pre-Heinrich Antarctic temperature
evolution suggest that similar processes operated during other Heinrich Stadials (Fig. 5.5). During
HS2, a trend towards more radiogenic values by ~one epsilon unit was paralleled by Antarctic
temperature cooling recorded in EDML ice core 8'*0 and progressive AMOC reduction inferred from
North Atlantic mid-depth stable isotope data (Zahn et al., 1997). Similar pre-Heinrich EDML cooling
trends are observed prior to HS4 and HS5 (EPICA community members 2006, 2010; Figs. 5.5 and 5.7)
so that our proposed sequence of events may apply to other Heinrich/IRD events.

Although our suggested scenario requires freshwater flux to the North Atlantic, the ultimate
trigger might be found in the Southern Hemisphere as the centennial-scale prelude to the actual
Heinrich IRD event is reflected in a characteristic gradual Nd isotope trend covarying with
atmospheric CH; content and EDML ice core 8O (Fig. 5.7). It can be speculated if Southern
Hemisphere atmospheric dynamics conditioned the North Atlantic towards Heinrich events. More
specifically, cooling Antarctic temperatures could induce sea ice advance, shoaling of the
NADW/AABW interface, which increased the distance of the Antarctic continent to the major ACC
upwelling zone (cf. Ferrari et al., 2014) and eventually Antarctic heat supply. In the North Atlantic,
excess northward oceanic heat transport would fed into subsurface ocean heat accumulation inducing
ice melting (Marcott et al., 2011; Alvarez-Solas et al., 2013). The reduced water mass formation
implied by North Atlantic stratification could have been compensated for by salinitiy-driven
deepening and intensification of water mass formation in the North Pacific (Kiefer et al., 2001;
Okazaki et al., 2010; Menviel et al., 2014; Rae et al., 2014). It needs to be tested if the (sub)

centennial-scale interhemispheric response was a consistent feature of Heinrich events, in particular
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the timing of inter- and intrahemispheric teleconnections, and if different boundary conditions such as
the position of the margins of Northern Hemisphere ice sheets change the above ice-ocean-atmosphere

feedback scenario.

5.5. Conclusions

We presented new deep-sea coral Nd isotope results from the North Atlantic and Southern
Ocean covering the time period from MIS 4 to 2. In combination with available **'Pa/*°Th and Nd
isotope data, our North Atlantic results suggest a progressive ~2 epsilon unit Nd isotope “endmember”
change of North Atlantic deep waters across MIS 3 resulting in peak glacial eng = -11 to -12. This
change was probably caused by reduced spreading of upper deep water masses from the Labrador Sea,
compensated for by more vigorous overflow circulation and northward expansion of MOW.

At the same time, UCDW Nd isotope signatures (monitored in the Drake Passage) show
remarkably invariable gyg = -7.5 between 39.2 and 27.2 kyr BP implying a strong contribution from
Atlantic-sourced water masses. At the Tasmanian margin, consistently more radiogenic Nd isotope
signatures indicate enhanced admixture of GNPIW. Such GNPIW expansion replaced reduced
Atlantic-sourced Nd in the peak glacial ocean, similar to deep South Atlantic and Indian Ocean trends.
The nature of our new Southern Ocean Nd isotope data in the context of previous work suggests the
progressive evolution of mid-depth overturning cells in both, the Atlantic and Pacific Ocean reflected
in the recordings of GNAIW and GNPIW in the Southern Ocean.

Remarkably, the transition into peak glacial conditions featured northward migrating ACC
fronts paired with progressively reduced influence of UCDW near Tasmania. This is counterintuitive
as a northward migration of ACC fronts was expected to result in a more dominant role of
unradiogenic UCDW near Tasmania. The resulting Nd isotope gradient implies reduced mixing
between ACC-bound and South Pacific water masses. If volumetrically relevant, the GNPIW export
through the Tasman Sea occurred likely along the Campbell Plateau margin and may have been
(partly) re-injected into the South Pacific via the DWBC east off New Zealand. On a larger scale,
limited cross frontal mixing of water masses associated with the northern flank of the Pacific ACC
paired with effective equatorward deflection off Chile could reduce the net admixture of radiogenic
GNPIW into ACC-bound UCDW.

An interval of high resolution Nd isotope data coverage across Heinrich Stadial 3 between 32
and 30 kyr BP revealed that abrupt Nd isotope shifts occurred on decadal time scale. We integrated
such abrupt events, characterised by “flushing” of the Tasman Sea with UCDW, in a global
framework. A (southern) oceanic prelude to the actual North Atlantic Heinrich IRD event is indicated
by the gradual expansion of GNPIW at the expense of GNAIW-spiked UCDW. Shoaling and/or
reduction of NADW/GNAIW induced a chain of positive feedbacks leading to the North Atlantic IRD
event. The positive feedback loop includes intrinsic oscillations of AMOC strength and/or ice sheet

stability affecting the North Atlantic surface ocean, and alongside the atmosphere. Interhemispheric
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signal propagation occurred likely through atmospheric teleconnections, expressed in SWW
position/intensity and associated oceanic fronts dictating abrupt changes in UCDW-GNPIW mixing at
the Tasmanian margin. The intrinsic feedback loop terminates through re-stabilisation of retreated
Laurentide outlet glaciers allowing effective AMOC resumption (interstadial D/O state) which then

supplies heat and moisture to slowly drive the system into the next D/O cycle.

Declaration: The work presented here was part of a collaborative multi-proxy investigation to which I
contributed the Nd isotope and concentration data as discussed above. Some North Atlantic deep-sea
coral and the coral crust Nd isotope data was kindly provided by Tina van de Flierdt and Kirsty C.
Crocket. Laura F. Robinson and Jess F. Adkins provided sample material. Sophie K. Hines, Andrea
Burke and Jess F. Adkins conducted the uranium-series work as indicated.
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Chapter 6

Holocene changes in Southern Ocean
circulation in response to atmospheric
forcing inferred from deep-sea corals
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Abstract

The modern Southern Ocean is dominated by the dynamics associated with the circumpolar
flow of the Antarctic Circumpolar Current (ACC). Southern Ocean water mass transformation and
ACC dynamics are closely coupled to the Southern Hemisphere westerly winds (SWW) implying
substantial turnover of key elements of the global climate system such as heat, freshwater and carbon.
The current interglacial, namely the Holocene, can serve as a test ground to investigate the impact of
small climatic changes on ocean circulation. We here use Nd isotopes from absolutely dated Drake
Passage deep-sea corals from water depths currently bathed by Antarctic Intermediate Water (AAIW)
and Upper Circumpolar Deep Water (UCDW).

Neodymium isotope results vary in total between exg = -5.8 = 0.2 and -8.4 + 0.2, far in excess
of expected variation. Grouped into AAIW and UCDW density classes, our Nd isotope results reveal
the different nature of these water masses during the Holocene. The AAIW record is characterised by
a marked Nd isotope shift from exg = -7.3 £ 0.2 to -5.9 = 0.2 at 11.7 kyr BP and a gradual trend
towards modern values thereafter. Our AAIW results show strong covariation with regional proxy data
for temperature, SWW intensity/position and upwelling intensity. This leads us to conclude that our
Nd isotope signal is intrinsically connected to SWW dynamics, inducing substantial early Holocene
mixed layer deepening down to levels currently bathed by UCDW. Such deepening likely contributed
to the early Holocene acceleration of atmospheric CO, rise through enhanced air-sea gas exchange.
The most pronounced feature of the Holocene mid-depth Nd isotope record is a marked peak at ~6.8
kyr BP (eng = -5.8 £ 0.2) indicating substantial expansion of Pacific water masses into the Southern
Ocean. In covariation with equatorward SWW intensification and paralleled by northward Pacific heat
flux, the mid-Holocene expansion of deep Pacific water masses into the Southern Ocean was likely
associated with intensified Pacific overturning. The implied Southern Ocean stratification probably

contributed to a contemporaneous drop in atmospheric CO,, and to the accelerated rise thereafter.
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6.1. Introduction

The transformation of water masses in the Southern Ocean is closely linked to Southern
Hemisphere atmospheric forcing, and as such, sensitive to climate change currently expressed in
changes of heat, freshwater and carbon budgets in response to global warming (e.g., Gille, 2002; Oke
and England, 2003; Boning et al., 2008; Ito et al., 2010). Mechanistically, Southern Hemisphere
warming is associated with a tendency towards a positive Southern Annular Mode (SAM) describing
the poleward intensification of the Southern Hemisphere westerly winds (SWW) (Kushner et al.,
2001; Lamy et al., 2010). Such poleward intensification has been linked with rising atmospheric air
temperatures in Antarctica, in particular in West Antarctica (Turner et al., 2005; Marshall et al.,
2006b), and is likely to cause observed enhanced upwelling of relatively warm CDW on the Antarctic
shelves (e.g., Thoma et al., 2008). Heat supply to the Antarctic shelves, induced by upwelling of warm
CDW sourced from the Antarctic Circumpolar Current (ACC), can lead to subsurface melting of
buttressing ice shelves. This drives intensified glacier retreat, particularly pronounced at the West
Antarctic Ice Sheet (WAIS) (Cook et al., 2005; Pritchard et al., 2012; Rignot et al., 2013). Moreover, a
poleward intensification of the SWW induces an asymmetric response to Surface Ocean mixing and a
stronger meridional component in otherwise pre-dominant zonal air flow (Sallée et al., 2008, 2010).
Under a warming scenario these processes can act in a positive feedback loop, scaled down by oceanic
uptake of excess greenhouse gases, and in particular excess (e.g., anthropogenic) CO, of which about
40% are transferred into the ocean’s interior during Southern Ocean water mass transformation
(Sabine et al., 2004). The interaction of upwelling deep waters degassing old carbon into the
atmosphere and the uptake by formation of intermediate waters is, however, crucial for the net flux
(Le Quéré et al., 2007; Lovenduski et al., 2008).

As the dynamics of Southern Ocean water mass transformation are closely linked to
momentum and buoyancy forcing, a poleward intensification of the SWW could impose substantial
alteration of Southern Ocean dynamics progressing into the global overturning circulation system
(e.g., Rahmstorf and England, 1997; Oke and England, 2003; Sijp and England, 2009), and expressed
in the interhemispheric re-distribution of heat (e.g., Seidov and Maslin, 2001; Stocker and Johnsen,
2003). The global overturning circulation is currently dominated by water mass formation in the North
Atlantic where North Atlantic Deep Water (NADW) forms from warm and saline surface water
masses in the North Atlantic marginal Seas (Gascard, 1978; Schlitzer et al., 1991; Lilly et al., 1999;
Ronski and Budéus, 2005; Fig. 6.1). At depth, the southward export of NADW is balanced by
northward flow of Antarctic Intermediate and Bottom Water (AAIW and AABW, respectively)
organised in shallow and deep meridional overturning cells, respectively, and referred to as Atlantic
Meridional Overturning Circulation (AMOC) (e.g., Lumpkin and Speer, 2007; Talley, 2013). In the
Southern Ocean, NADW joins the zonal flow of the ACC where it mixes with old, nutrient-rich and
oxygen-poor water masses from the Indian and Pacific Ocean, i.e. Pacific Deep Water (PDW) and

Indian Deep Water (IDW) to form Circumpolar Deep Water (CDW) (Reid and Lynn, 1971; Callahan,
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1972; Talley, 2013; Fig. 6.1). Due to the higher density of NADW joining the zonal CDW flow the
deeper levels of the ACC are characterised by a NADW-induced salinity maximum, oxygen and
nutrient minima, whereas PDW and IDW cause relative minima in oxygen and salinity paired with
maxima in nutrient content at mid-depth. Therefore, CDW is consequently sub-divided into upper and
lower CDW, i.e. UCDW and LCDW, respectively (Reid and Lynn, 1971; Callahan, 1972; Fig. 6.1).
Wind-induced upwelling of CDW into the Southern Ocean mixed layer feeds into the formation of
AAIW which is subducted into the ocean interior north of the Polar Front (Piola and Georgi, 1982;
Naveira Garabato et al., 2009; Bostock et al., 2013). Water masses of higher density upwell pre-
dominantly south of the Polar Front (e.g., Marshall and Speer, 2012; Talley, 2013), thereby supplying
heat for the Antarctic continent and salt for the brine-induced AABW formation on the Antarctic
shelves (Orsi et al., 1999; Fig. 6.1). This leads to NADW/LCDW feeding pre-dominantly into AABW
formation and UCDW pre-dominantly into AAIW formation (e.g., Marshall and Speer, 2012; Talley,
2013; Fig. 6.1).

It has been shown that the modern Atlantic-dominated system is sensible to freshwater fluxes
(e.g., Keigwin et al.,, 1991; Manabe and Stouffer, 1995; Seidov et al., 2001; Rahmstorf, 2002;
McManus et al., 2004). A freshwater-induced reduction of Atlantic overturning may be partly
compensated for by intensified overturning and deepening of water mass formation in the North
Pacific (e.g., Okazaki et al., 2010; Rae et al., 2014) requiring, however, glacial boundary conditions,
i.e. a closed Bering Strait (e.g., Hu et al., 2012). In order to assess the significance of Southern Ocean
dynamics in the global climate system and projected future change, it is desirable to study intervals
with boundary conditions similar to modern, such as the current interglacial, i.e. the Holocene (11.7
kyr BP to present). Early work described the Holocene as a relatively stable interval compared to the
glacial-deglacial climate perturbations (e.g., Dansgaard et al., 1993). Subsequent studies identified
significant climate cyclicity in analogy to millennial-scale glacial periodicity (Bond et al., 1997, 2001;
Sarnthein et al., 2003). Although the postglacial sea-level rise induced flooding of the Bering Strait
already ~13,000 years ago (Elias et al., 1997), about half of the postglacial sea-level rise and ice sheet
decay occurred during the early to mid-Holocene (Fairbanks, 1987; Bard et al., 1996). This is believed
to have influenced the formation regions of water masses feeding into NADW (Hillaire-Marcel et al.,
2001; Solignac et al., 2004; Telesinski et al., 2014).

The Holocene Southern Ocean was exposed to substantial changes in the position/intensity of
the SWW, imposing variability on mid-latitude air and sea surface temperatures associated with
changes of the hydrological cycle and Antarctic sea ice extent (e.g., Lamy et al., 2010; Shevenell et al.,
2011; Mulvaney et al., 2012). But the implications of such changes for processes of Holocene AAIW
formation and the structure of the Holocene Southern Ocean water column are poorly constrained. We
therefore target both branches of Southern Ocean water mass transformation, i.e. the changes in deep
circulation feeding the mixed layer through upwelling and the formation of intermediate waters from

such mixed layer water masses.
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Deciphering glacial-interglacial Southern Ocean dynamics with deep-sea corals
Chapter 6

Data View
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Figure 6.1: (a) Global map of simplified sub-surface ocean circulation (after Piola and Georgi, 1982; Talley
and McCartney, 1982; Reid, 1989, 1994, 1997; McCartney, 1992; Mantyla and Reid, 1995; Orsi et al., 1999;
Sokolov and Rintoul, 2000; Macdonald et al., 2009; Kawabe and Fujio, 2010; Bostock et al., 2013). Dark grey:
North Atlantic Deep Water (NADW) and Lower Circumpolar Deep Water (LCDW); red: Upper Circumpolar
Deep Water (UCDW); Red-brown: Pacific Deep Water (PDW) and Indian Deep Water (IDW); yellow:
Antarctic Intermediate Water (AAIW). Hatched areas indicate main formation regions for NADW (grey),
AABW (Antarctic Bottom Water; dark blue) and AAIW (yellow). Note that AABW fills the abyss of all major
ocean basins (not shown here; see Orsi et al., 1999 and references therein) and that AAIW is also formed along
the Antarctic Circumpolar Current (ACC) in all ocean basins (e.g., Piola and Georgi, 1982; Bostock et al.,
2013). Stippled and dashed grey lines in the Southern Ocean indicate Subantarctic Front (SAF) and the southern
ACC front (SACC), respectively (Orsi et al., 1995). Global seawater Nd isotope systematics represented by
NADW (eng = -13.5; Piepgras and Wasserburg, 1987), PDW (eng = -4; Amakawa et al., 2009) and UCDW (eng
=~ -8; Stichel et al., 2012; Chapter 3). Purple star with white line: deep-sea coral sampling locations in the Drake
Passage (Table 6.1). White star with purple line: South Pacific corals (Table 6.1). White dots denote locations
of data used in Figures 6.3 and 6.5. (1) James Ross Island deuterium ice core record (Mulvaney et al., 2012). (2)
Accumulation rate of terrestrial organic carbon in Patagonian Fjord core TM1 (53°S; Lamy et al., 2010). (3)
Southeast Pacific alkenone sea surface temperature (SST) (ODP 1233; Kaiser et al., 2005) and trace metal data
from ODP sites 1233 (Mn) and 1234 (Re) (Muratli et al., 2010). (4) TEXgs SST record from ODP 1098 located
on the West Antarctic Peninsula (WAP) shelf (Shevenell et al., 2011). (5) Southwest Pacific alkenone SST
record from core MD97-2120 (Pahnke and Sachs, 2006). (6) AAIW Nd isotope record from Brazilian margin
core KNR159-5-36GGC (1238 m water depth) (Pahnke et al., 2008). (7) Bermuda Rise **'Pa/**°Th record from
core OCE326-GGC5 (4550 m water depth) and Nd isotope record from core OCE326-GGC6 (4541 m water
depth). (8) Mid-depth (2150 m) central North Atlantic **'Pa/**°Th record from core MD95-2037 (Gherardi et
al., 2009). (9) Deep Iberian Margin (3135 m) **'Pa/***Th record from core SU81-18 (Gherardi et al., 2005). (10)
Deep South Atlantic (3770 m) Nd isotope data from core MD07-3076 (Skinner et al., 2013). (11) Deep Cape
Basin (4981 m) Nd isotope data from core TNO57-21 (Piotrowski et al., 2012). (12) Deep Indian Ocean (3800
m) Nd isotope record from Chagos Trench core SK129-CR2 (Piotrowski et al., 2009). (13) EPICA Dome C
carbon dioxide record (Monnin et al., 2001, 2004). (14) Northwest Pacific alkenone SST record from spliced
cores KR02-06 St.A MC1, KR02-06 St.A GC and MDO01-2421 (Isono et al., 2009). (b) Detailed map of Drake
Passage coral sampling locations at Burdwood Bank, Sars seamount and Shackleton Fracture Zone (SFZ).
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PF: Polar Front, other fronts and literature sample locations as in (a). WAP: West Antarctic Pensinsula. Yellow
hatched area indicates main AAIW formation area (see Bostock et al., 2013). Red line demarks oxygen section
(WOA13: Garcia et al., 2013) shown in (c) where purple stars represent vertical distribution of sample locations
across the Drake Passage. Thin black lines indicate surfaces of neutral density anomaly y" (Jackett and
McDougall, 1997; in kg/m?). The neutral density at SFZ coral sampling depth of ~820 m is y" = 28.05 kg/m?.
The small purple star indicates the SFZ position in the section with respect to the density distribution relative to
the PF. Similarly, South Pacific samples were translated into Drake Passage section density structure relative to
the mean frontal positions (white stars with purple line). White stippled lines indicate mean positions of the
SAF and PF (Orsi et al., 1995) as plotted in (b). Black arrows indicate the meridional components of Southern
Ocean circulation, i.e. the direction of upwelling deep waters and downwelling of intermediate and bottom
waters. Note the oxygen minimum in UCDW. Figures generated with ODV software (Schlitzer, 2012).

In order to reconstruct past water mass mixing, we here use the isotopes of rare earth element
neodymium (Nd), shown to be a suitable proxy to trace water masses (von Blanckenburg, 1999) and
mixing, e.g., in the Southern Ocean (Carter et al., 2012; Stichel et al., 2012; Garcia-Solsona et al.,
2014; Basak et al., 2015). Water masses acquire their Nd isotope signature mainly in their source
region which is in the ocean interior pre-dominantly altered by conservative mixing (Frank, 2002;
Goldstein and Hemming, 2003; Carter et al., 2012). On a global scale, this leads to two source regions
dominating the oceanic Nd distribution: the North Atlantic where NADW forms with eyg = -13.5
(Piepgras and Wasserburg, 1987; Fig. 6.1) and the North Pacific where a volcanogenic signature of gyy
~ -4 is imprinted on PDW (Amakawa et al., 2009; Fig. 6.1). The epsilon notation refers to the Nd
isotopic composition, defined as exg = ((143Nd/ 144Ndsample)/("BNd/ 144NchUR) — 1) x 10,000 where
CHUR is the chondritic uniform reservoir (Jacobsen and Wasserburg, 1980). Mixing of PDW and
NADW in the Southern Ocean circumpolar flow leads to intermediate values of exg = -7.6 £ 0.2 to &xgq
=-8.6 £ 0.2 for AAIW, UCDW and LCDW in the Drake Passage (Stichel et al., 2012; Chapter 3; Fig.
6.1). Despite strong isoneutral and dianeutral mixing in the lee of topography (St. Laurent et al., 2012;
Thompson and Sallée, 2012; Watson et al., 2013), most tracers such as oxygen concentration resolve
different Southern Ocean water masses in the Drake Passage (Fig. 6.1) and it remains unclear why Nd
isotopes show relatively homogenous vertical distribution (see Chapter 3). This may simply result
from Drake Passage water mass mixing incidentally involving Nd drawn to similar proportions from
both ocean basins at respective density levels (cf. Sudre et al., 2011) as Nd isotope heterogeneity is
resolved in other Southern Ocean locations (Carter et al., 2012; Stichel et al., 2012; Garcia-Solsona et
al., 2014; Rickli et al., 2014; Basak et al., 2015).

We will therefore use our new Holocene Nd isotope data paired with existing radiocarbon data
from absolutely dated Southern Ocean deep-sea corals to explore the history of water masses in the

Drake Passage and evaluate the implications for the global overturning circulation.
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6.2. Material and methods
6.2.1 Deep-sea corals samples

Deep-sea corals from the Southern Ocean have been collected from two locations. In the
Drake Passage, a total of 24 specimens was raised by dredging and trawling during cruise NBP0805
from Burdwood Bank, Sars seamount and the Shackleton Fracture Zone (SFZ). Of the 24 individual
corals, 23 are D. dianthus and one B. malouinensis. The depth interval of 695 to 1750 m covered by
corals is pre-dominantly bathed by AAIW and UCDW (Table 6.1, Fig. 6.1). Due to the poleward
steepening of isoneutrals samples from 695 m at Sars seamount are bathed by UCDW (27.6 kg/m* <v"
< 28.0 kg/m?, O, = 4.2 ml/l; Sudre et al., 2011), whereas corals collected from 816 m water depth at
Burdwood Bank are currently bathed by AAIW (27.35 kg/m? <" < 27.6 kg/m?, O, = 6.5 ml/l; Sudre
et al., 2011; Fig. 6.1). Additional three D. dianthus from the Smithonian collection were processed for
this study. They were collected by trawling during USAP expeditions 15 and 16 from average water
depths of 1034 m (~55°S/130°W) and 465 m (~54°S/140°W) in the Pacific sector of the Southern
Ocean (Table 6.1, Fig. 6.1). As such, these sampling locations are near the mean position of the

Subantarctic Front (SAF) and currently bathed by AAIW and UCDW, respectively (Fig. 6.1).

6.2.2. Sample preparation and analytical procedures

The majority of Nd isotope analyses was carried out in the MAGIC laboratories at Imperial
College London, following the approach outlined in Chapter 2. In brief, physically and chemically
cleaned deep-sea coral samples were subjected to iron (Fe) co-precipitation to concentrate trace
metals, to then separate uranium (U) and thorium (Th) for U-series dating (Burke and Robinson,
2012). The Nd fraction is collected during U-Th separation for purification during two-step column
chemistry for TIMS Nd isotope analyses as NdO". Reported Nd concentration data was generated by
doping with a ""°Nd spike solution before Nd separation, and are hence minimum values not
accounting for Nd loss during Fe co-precipitation and U-Th separation (Chapters 2 and 3).

Over a period of 26 months 5 and 15 ng loads of pure JNdi-1 were analysed (‘**Nd/"*Nd =
0.512105 + 0.000009, 2SD, n = 110) to monitor instrumental offset and normalise mass bias corrected
"SNd/"**Nd ratios of samples to the reference ratio of "*Nd/'**Nd = 0.512115 + 0.000007 (Tanaka et
al., 2000). BCR-2 rock reference material was processed with every batch of chemistry and yielded
"Nd/'**Nd ratios of 0.512637 + 0.000011 (2 & SD; n = 32) on loads of 10 and 30 ng Nd. A similar
precision was obtained from replicate analyses of 10 and 30 ng Nd loads of our in-house coral
reference material ('*Nd/'**Nd = 0.512336 + 0.000009; n = 23). Full procedural blanks of combined
U, Th and Nd separation from aragonitic matrix ranged from 2 to 27 pg Nd (n = 20). The Nd blank of
the Nd chemistry alone ranged from 1 to 17 pg (n = 10).

Neodymium isotope analyses of the South Pacific samples were carried out at Lamont-
Doherty Earth Observatory (Table 6.1). These samples were subjected to similar physical and
chemical cleaning procedures as outlined by van de Flierdt et al. (2006b, 2010), and subsequently
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processed through anion exchange chemistry for U-series dating (Robinson et al., 2005, 2007; van de
Flierdt et al., 2006b). In brief, after Fe co- precipitation the rare earth elements were separated with
TRU spec” resin and Nd was subsequently isolated by o-HIBA and cation exchange resin. Samples
were loaded with Si gel for NdO" analyses on a VG Sector 54-30 thermal ionisation mass
spectrometer using dynamic multicollection. Mass bias was corrected for by using '‘*Nd/'*Nd =
0.7219. All samples were and instrumental offset was corrected for by normalising to La Jolla nominal
value of "*Nd/"**Nd = 0.511859 + 0.000007 (Lugmair and Carlson, 1978). Repeated analyses of 5 and
35 ng La Jolla Nd standards resulted in average '“Nd/'**Nd = 0.511858 + 0.000016 (n = 5) and
"“Nd/"*Nd = 0.511856 + 0.000020 (n = 8) for two analytical sessions applied as 26 external

uncertainty. The internal 2 error is reported when the 20 external uncertainty was smaller (Table 6.1).

6.3. Results

Holocene Drake Passage Nd isotope results range from eyg =-5.8 £ 0.2 to eng = -8.4 £ 0.2 over
the past 11.8 kyr BP (i.e. thousand years before present, where present is 1950). This range includes
three modern individuals from Chapter 3 omitting the result for B. malouinensis as it does not reliably
record modern seawater (Chapter 3, Table 6.1). We grouped the results according to the neutral
density (y") of the water depth they were collected from. Potential depth-dependent variability is
subject to discussion below. Constructed time series of AAIW (Burdwood Bank) and UCDW (Sars
seamount and Shackleton Fracture Zone; Table 6.1; Fig. 6.1) are presented in Figure 6.2 and are
complemented by upstream samples from the subpolar South Pacific. The first observation is that
there are pronounced trends in both, AAIW and UCDW history, throughout the Holocene. Starting
with AAIW (water of y" < 27.6 kg/m?), the onset of the Holocene features a significant Nd isotope
shift from eyg = -7.3 £ 0.2 to eng = -5.9 = 0.2 followed by a gradual trend towards modern values
(Table 6.1; Fig. 6.2). In contrast, the UCDW level (y" > 27.6 kg/m?) recorded minor fluctuations
around an average value of exg = -7.8 in the early Holocene, including two samples collected from
locations close to the modern interface to LCDW y" > 28.0 kg/m?® (Sudre et al., 2011; Table 6.1; Fig.
6.2). Large Nd isotope variability at the UCDW level is then evident during the following mid-
Holocene. Maximum eyg values of -5.8 £+ 0.2 are reached at 6.8 kyr BP followed by a decline to less
radiogenic values between exg = -7.4 £ 0.2 and &yg = -8.2 + 0.2 during the late Holocene (Table 6.1;
Fig. 6.2). It should be noted that rarely the exact same time interval is sampled by the corals from the

two different density levels.
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Table 6.1: Neodymium isotope and concentration results of deep-sea corals used for this study grouped by
modern water mass and listed by their U-series age, which is expressed in thousand years before present (i.e.
kyr BP where BP = 1950) (Burke and Robinson, 2012). Water depth is the depth of sample collection.

The South Pacific corals have been processed through different analytical procedures at LDEO (see section
6.2.2 and Chapter 5). Remaining samples were processed at Imperial College London and include minimum Nd
concentration data (see Chapter 2). ‘Nd’ refers to the Nd concentration in the sample after co-precipitation and
anion exchange chromatography for U-Series dating. Samples denoted ‘Nd repl.” are re-sampled specimens
processed for Nd isotope analyses only, ‘chem. repl.” indicates samples processed through combined U-Th-Nd
chemistry (Chapter 2) from poorly homogenised splits of the same sample and ‘full repl.” denotes re-sampled
coral processed through combined U-Th-Nd chemistry. Samples with asterisk are modern specimens from
Chapter 3. Balanophyllia malouinensis listed individually as modern calibration revealed that this species is not
a reliable recorder of ambient seawater (Chapter 3).

6.4. Discussion
6.4.1. Significance of the neodymium isotope signal recorded in deep-sea corals

It has been shown in Chapter 3 that the intra-skeletal Nd of aragonitic deep-sea corals is pre-
dominantly derived from seawater. We therefore aim to evaluate the nature of the recorded seawater
signal with respect to changes in input, boundary exchange and water mass mixing ultimately acting to
set the Nd isotope signature of seawater (e.g., Frank, 2002; Goldstein and Hemming; Lacan and
Jeandel, 2005a). Figure 6.2 highlights that the majority of Holocene Southern Ocean Nd isotope
signatures extracted from deep-sea corals plot outside the range of modern ACC seawater Nd isotopic
composition, i.e. towards more radiogenic values. This result seems at odds with the common notion
of relative water mass (and Nd isotope) stability throughout the Holocene (e.g., McManus et al., 2004;
Piotrowski et al., 2004; Pahnke et al., 2008; Roberts et al., 2010). Therefore, we will first explore
whether changes towards more radiogenic isotopes in AAIW and UCDW could be inflicted by the
nearby land masses of Patagonia and the West Antarctic Peninsula (WAP) (volcanogenic rocks with
eng > ~-5; Hegner et al., 2007; Noble et al., 2012 and references therein).

In the North Atlantic, recent work indicates that ice-rafted detritus (IRD) release from drifting
ice can cause Nd isotope staining of underlying water masses (Roberts and Piotrowski, 2015). While
Patagonia is largely deglaciated during the Holocene (Sugden et al., 2009), the nearby WAP could
supply IRD. However, the major iceberg route does not cross our sample locations, but enters the
ACC downstream (Stuart and Long, 2011). Moreover, considering the high throughput of ACC flow
(e.g., Cunningham et al., 2003) it may be speculated that armadas of icebergs would be required in
order to release sufficient IRD and to significantly stain such vigorous water column. This renders
local IRD input a highly unlikely source.

Another pathway for supplying continental Nd to the ocean is the input of dust (e.g.,
Tachikawa et al., 1999), even though its impact on the deeper water column seems limited (e.g.,
Greaves et al., 1999; Stichel et al., 2015). Nevertheless, dust has been inferred as a significant source
of terrestrial input to the Scotia Sea (e.g., Weber et al., 2012). Comparison of our Nd isotope time

series with magnetic susceptibility (MS) data from core MD07-3133, a recorder of the ferromagnetic
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mineral input to the Scotia Sea, reveals a lack of correlation, rendering major dust influence unlikely
(Fig. 6.2).

250 — Terrestrial input Figure 6.2: (a) Time series of Nd
200 - (€) isotope results grouped by density
= 1 + class of seawater bathing the
¢ 150 1 Dust respective sampling site. Separation
£ 100 - ¥ byisoneutral y" = 27.6 kg/m* (Sudre
= 50 4 | 40 < et al., 2011) translates roughly into
4 30 £ separation between AAIW and
0 - - £ underlying UCDW (Fig. 6.1).
Runof; 1([)) - 20 g Subpolar South Pacific samples from
) i 8 same density class plotted separately.
00000000 o 0 § Modern Drake Passage seawater and
DI L Z’ coral samples (AAIW) from Chapter
Nd isotope results < 3. Note that only one sample from
-6 SFZ contributes to the Drake Passage
i density class of y" > 27.6 kg/m?. (b)
7 4 Accumulation rate of siliciclastic
z | material at site TM1 driven by
R L By e < R Ry 1 fluvial runoff from Patagonia (Lamy
8 7 et al., 2010). (c) Magnetic
S i susceptibility record from Scotia Sea
-9 — A DrakePassage @ SouthPacific ® Drake Passage M South Pacific core MD07-3134 Serving as a proxy
— 777 for (pre-dominant) dust input (Weber
0 2 4 6 3 10 12 etal., 2012).
Age (kyr BP)

Freshwater runoff is another source considered to contribute in significant amounts to the
marine Nd budget, despite the fact that most dissolved riverine Nd is scavenged upon mixing with
seawater (Frank, 2002 and references therein). Nonetheless, a recent study by Rousseau et al. (2015)
suggests that besides removal of ~71% of dissolved riverine Nd in the low salinity zone by
coagulation, dissolution of Nd in the mid to high salinity area of an estuary could contribute more Nd
to the ocean than dust or dissolved riverine inputs. In the Drake Passage, terrestrial influence is
reflected in aluminum and manganese seawater concentration data, but seems restricted to the
Patagonian shelf (Middag et al., 2012). Comparison of our AAIW record to the accumulation rate of
siliciclastic material in Patagonia (Lamy et al., 2010; Fig. 6.2) reveals some similarity in that both
records show a decreasing trend throughout the Holocene. In detail, the Nd isotope record continues to
evolve towards less radiogenic values in the mid to late Holocene, while the accumulation rate of
silicilastic material remains constant. In the UCDW depth range, maximum values are reached during
the mid Holocene at a time of lower terrestrial inputs than the early Holocene. We hence conclude that
changes in terrestrial inputs can possibly affect the source signature of locally formed AAIW, but are

difficult to invoke for explaining the UCDW record.

6.4.2. Formation of Antarctic Intermediate Water during the Holocene
Our new Drake Passage Nd isotope data from Holocene deep-sea corals, including one sample
from the Pacific sector of the Southern Ocean, show intriguing differences to existing Holocene
AAIW data from the Brazilian margin (Pahnke et al., 2008; Fig. 6.3), i.e. the pronounced shift at the
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onset of the Holocene and the subsequent gradual Nd isotope trend towards modern values (Figs. 6.2
and 6.3). The abrupt nature of the initial shift covaries with indicators of SWW such as South Pacific
SST (Kaiser et al., 2005; Pahnke and Sachs, 2006) and the accumulation rates of organic carbon in
Chilean Fjords (Lamy et al., 2010; Fig. 6.3). The subsequent gradual trend of Drake Passage AAIW
eng 18 then paralleled by a wide range of proxies from the Holocene Southern Hemisphere, closely
following Southern Hemisphere spring insolation (Laskar et al., 2004) and the mid-latitude (~65°S)
Antarctic ice core record from James Ross Island (JRI) (Mulvaney et al., 2012). Southern Hemisphere
spring insolation has been argued to control austral summer duration (Huybers and Denton, 2008), and
therefore sea-ice extent and upwelling of CDW onto the West Antarctic shelf (Shevenell et al., 2011;
Fig. 6.3). In comparison with deep Nd isotope records from the South Atlantic (Skinner et al., 2013)
and the northern Indian Ocean (Piotrowski et al., 2009), a strong gradient to overlying mid-depth and
intermediate water masses is evident in the Drake Passage (Fig. 6.3). The trend towards unradiogenic
Nd isotope signatures in the deep ocean has been ascribed to the deepening and/or intensification of
NADW during the deglacial (Piotrowski et al., 2004, 2005; Skinner et al., 2013), consistent with the
widely accepted picture of glacial-interglacial change in water mass geometry (e.g., Sarnthein et al.,
1994; Curry and Oppo, 2005). During the Holocene, the UCDW and AAIW records change in
opposite direction to deep ocean Nd isotope trends implying a deeply stratified water column. In the
AAIW range, a pronounced shift from eyg = -7.3 £ 0.2 to eng = -5.9 + 0.2 is paralleled in underlying
UCDW at, however, reduced amplitude precluding upward progression of the signal (Fig. 6.3). This
AAIW Nd isotope shift of ~1.4 epsilon units is accompanied by a ~40%o jump in AA"*C from ~130 =
11%0 to ~90 £ 14%o (AAMC = A"Coomal - AMCatmosphere; contemporaneous A"‘Cmmosphere from Reimer et
al., 2013), indicating better AAIW ventilation (Burke and Robinson, 2012). Similarly, enhanced
AAIW ventilation during the earliest Holocene is evident from manganese data from the Chile margin
(Muratli et al., 2010; Fig. 6.3), coincident with lateral AAIW expansion and enhanced intermediate-
depth ventilation in the tropical Atlantic (Huang et al., 2014; Xie et al., 2014; Chen et al., 2015). The
Nd isotope and AA'C shifts in AAIW corals are accompanied by shifts towards warmer temperatures
off Chile (Kaiser et al., 2005) and off New Zealand (Pahnke and Sachs, 2006), paired with enhanced
accumulation rates of terrestrial organic matter in Chilean fjords (Lamy et al., 2010). Taken together,
the proxy data indicate intriguing covariation of AAIW properties with the position and/or strength of
the SWW defining the Holocene mean position of oceanic fronts, and therefore SST, as well as acting
to control the Southern Hemisphere mid-latitude hydrological cycle (Jenny et al., 2003; Kaiser et al.,
2005; Lamy et al., 2010). This is consistent with climate model outputs for Southern Hemisphere
warming scenarios (e.g., Kushner et al., 2001; Delworth and Zeng, 2008) and recent observations
(e.g., Gille, 2002; Boning et al., 2008). As the formation of AAIW in the modern Southern Ocean is
linked to atmospheric forcing (e.g., Sloyan and Rintoul, 2001; Oke and England, 2004; Naveira
Garabato et al., 2009; Close et al., 2013), and in the light of available robust Holocene literature data,

we interpret the Drake Passage AAIW Nd isotope signal to be related to SWW dynamics through
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wind-induced circulation changes. This raises the question of how the SWW can induce changes of the

AAIW Nd isotopic composition given that underlying UCDW is less radiogenic and responds at

smaller amplitude (Fig. 6.3).
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Figure 6.3: Holocene Southern Hemisphere
atmosphere and ocean dynamics and their
role in AAIW formation and ventilation. (a)
Spring insolation at 65°S as an indicator for
austral summer duration (Laskar et al., 2004;
Huybers and Denton, 2008). (b) West
Antarctic Peninsula (WAP) 8D ice core
record from James Ross Island (JRI) ice core
(Mulvaney et al., 2012). (c) Alkenone
unsaturation index (U¥’37) sea surface
temperature (SST) records from Southeast
and Southwest Pacific used as first-order
approximation of frontal and hence SWW
position (Kaiser et al., 2005; Pahnke and
Sachs, 2006). (d) Accumulation rate of
terrestrial organic carbon in a Patagonian
Fjord recording fluvial input, associated with
SWW strength (Lamy et al., 2010). (¢) WAP
TEXge shelf SST record, sensitive to
upwelling of warm CDW onto the shelf and
sea ice extent (Shevenell et al., 2011). ()
Oxygen content of AAIW in 835 m water
depth off Chile reconstructed from excess
manganese (xsMn) concentrations in ODP
core 1233. xsMn refers to the non-detrital
component in the sediments. High values
indicate high O, content (Muratli et al.,
2010). (g) Drake Passage AAIW radiocarbon
record plotted as AAMC = A¥Coppa -
AMCatmosphere (Burke and Robinson, 2012).
The atmospheric A*C used for subtraction
was calculated as the average value of
contemporaneous A'*C (Reimer et al., 2013)
averaged across 2 ¢ uncertainty range of
uranium-series dating. Arrow indicates
modern AAMCparw using pre-bomb

A" Cytmosphere (Reimer et al., 2013) and natural
AMCaarw from Key et al. (2004). (h) Drake
Passage Nd isotope record from AAIW depth
range (grass green) compared to Brazilian
margin record (faded green) from Pahnke et
al. (2008), underlying UCDW deep-coral Nd
isotope data (pale purple) and stacked deep
ocean time series (Piotrowski et al., 2009,
2012; Skinner et al., 2013). Dashed line
indicates average Nd isotopic composition of
seawater collected at coral sampling
locations and green box represents seawater
Nd isotopic composition of sample collected
at depth of modern deep-sea corals calibrated
in Chapter 3.



If it was boundary exchange (Lacan and Jeandel, 2005a; Carter et al., 2012; Rickli et al.,
2014), it would be expected that underlying UCDW was similarly, if not more affected since UCDW
would be forced towards the Antarctic margin (Fig. 6.1). Moreover, the Nd isotopic composition of
modern seawater collected at the coral sampling locations shows no evidence in support of boundary
exchange processes altering the Drake Passage seawater Nd isotope signature (Chapter 3, and see also
Stichel et al., 2012).

Therefore, changing the Nd isotope signature of AAIW source waters through local fluxes is
the most likely candidate. The Southeast Pacific is a main AAIW formation region (e.g., Bostock et
al., 2013) so that input from Patagonia (eng > -4; Hegner et al., 2007 and references therein) could
drive AAIW source waters towards more radiogenic values. Having said that, the Southeast Pacific
AAIW formation area is east of Patagonia where strong westerly winds limit the westward flux of
shelf water masses. Middag et al. (2012) showed that the extension of Patagonian shelf water masses
carrying elevated trace metal concentrations from terrestrial input is largely restricted to the shelf. In
the southern Drake Passage, they identified, however, a mid-depth plume of elevated trace metal
concentrations reaching beyond the WAP shelf into the Drake Passage open ocean mixed layer
(Middag et al., 2012). Terrestrial input from the WAP shelf is relatively radiogenic in nature (eng > -4;
Hegner et al., 2007 and references therein; Noble et al., 2012). Carter et al. (2012) showed that water
masses interacting with radiogenic Antarctic shelf sediments can carry their Nd isotope signature
northwards into the Amundsen Sea surface ocean across the PF. In analogy, re-suspension and partial
dissolution of sediments are likely to influence WAP shelf water masses (cf. Carter et al., 2012; Rickli
et al., 2014). As the Drake Passage is a region of deep upwelling, such signal can only be transferred
downward by water masses formed locally in the Southern Ocean, such as AAIW (cf. Piola and
Georgi, 1982; Bostock et al., 2013).

We therefore propose that atmospheric forcing expressed in an abrupt southward shift of the
SWW at the onset of the Holocene enhanced northward advection of (WAP) shelf (sub-) surface water
masses. Such shelf water masses then supplied radiogenic Nd to the open ocean mixed layer,
consequently feeding into AAIW. This scenario is consistent with modern observations showing that
AAIW formation and properties are linked to Bellingshausen Sea subsurface water masses controlled
by Southern Hemisphere atmospheric dynamics (Naveira Garabato et al., 2009). A poleward
shift/intensification of the SWW is expressed in elevated air temperatures on the WAP shelf (Turner et
al., 2005; Marshall et al., 2006b) and stronger upwelling of warm CDW on the Antarctic shelves (e.g.,
Thoma et al., 2008; Shevenell et al., 2011; Fig. 6.3). This heat supply, in particular from upwelling
CDW, is capable to accelerate ice loss of buttressing ice shelves inducing thinning of grounded ice and
hence glacier retreat of the modern (Cook et al., 2005; Pritchard et al., 2012) and early Holocene
WAIS (Hillenbrand et al., 2012). Such retreat might further contribute to sediment-seawater
interaction of shelf water masses, thereby supplying radiogenic Nd to WAP shelf water masses

(indicated by dashed arrows in Fig. 6.4). The meridional (sub) surface water transport may further be
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enhanced by stronger northward Ekman transport (Oke and England, 2003) and the asymmetric
response of the surface ocean to atmospheric forcing, allowing meridional winds to cross the ACC
more frequently (Sallée et al., 2008, 2010). Meridional winds west of the WAP are critical for the
formation of AAIW in the Southeast Pacific (Naveira Garabato et al., 2009). Taken together, these
processes could lead to the pronounced Nd isotope shift of 1.4 epsilon units in response to SWW
forcing (Figs. 6.3 and 6.4). The contemporaneous AA'*C shift indicating better AAIW ventilation
(Muratli et al., 2010; Fig. 6.3) would then result from higher AAIW formation rates (Oke and
England, 2003) associated with stronger SWW-induced mixing (i.e. positive Southern Anular Mode
case in Sallée et al,, 2010) inducing better equilibration of upwelling deep water masses with
atmospheric radiocarbon (Ito et al., 2004).

During the remainder of the Holocene, the Nd isotope trend covaries closely with proxies for
atmospheric forcing. A gradual Nd isotope trend from eyg = -5.9 + 0.2 at 11.7 kyr BP to modern values
of eng= -7.6 £ 0.2 in alive collected corals (Fig. 6.3) mimics a decrease in spring insolation/summer
duration (Laskar et al., 2004), decreasing temperatures at JRI (Mulvaney et al., 2012), equatorward
movement of the SWW (Kaiser et al., 2005; Pahnke et al., 2006; Lamy et al., 2010), paired with
reduced upwelling of CDW and sea ice extension on the WAP shelf (Shevenell et al., 2011), and
relatively poor AAIW ventilation in the Drake Passage (Burke and Robinson, 2012) and off Chile
(Muratli et al., 2010; Fig. 6.3). This suggests that the progressive AAIW Nd isotope trend from the
early Holocene to the present reflects the reduced incorporation of radiogenic shelf-derived water
masses during AAIW formation due to the northward migration of the SWW. The above regional
scenario shows that the Southern Hemisphere can drive climate processes with global significance due
to Holocene teleconnections between high and low latitude atmospheric dynamics (Shevenell et al.,
2011).

Such changes in AAIW formation have strong implications for the oceanic heat budget (Oke
and England, 2003) and the oceanic uptake of carbon, which consequently influences atmospheric
carbon concentration (Sabine et al., 2004; Le Quéré et al., 2007). Although the Southern Ocean can act
as a net sink for excess carbon (Sabine et al., 2004), its efficiency may diminish during abrupt change
to then turn into a net source of (natural) carbon (Le Quéré et al., 2007). More precisely, Southern
Ocean northward Ekman drift and subduction of AAIW and its less dense companion SAMW
(Subantarctic Mode Water) account for a significant amount of carbon uptake from the atmosphere
(Ito et al., 2010), but enhanced wind-driven degassing of upwelling deep waters can act to release
carbon to the atmosphere (Le Quéré et al., 2007; Lovenduski et al., 2008). Therefore, the formation of
mode and intermediate waters in the Southern Ocean and their link to SWW dynamics seem crucial
for the distribution of carbon between the ocean and the atmosphere. If SWW intensification, a
projected future scenario under global warming (Yin, 2005; Fyfe and Saenko, 2006), is indeed
accompanied by changes in formation rates and ventilation of AAIW as evident from our data, then

the Southern Ocean may act as a net source of CO,. This is due to enhanced deep upwelling paired
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with increasing air-sea gas exchange of AAIW/SAMW source waters. This could then have
contributed significantly to the accelerated early Holocene rise in atmospheric CO, (Monnin et al.,
2001; 2004; Fig. 6.5).

Mechanistically, such enhanced formation rates of AAIW in the Southern Ocean need to be
balanced for within the global overturning of the ocean. As noted above, deep ocean proxy data
reflecting the strength of Atlantic overturning indicate indeed intensified NADW advection (McManus
et al., 2004; Piotrowski et al., 2009, 2012; Gherardi et al., 2005; 2009; Roberts et al., 2010; Skinner et
al., 2013, Fig. 6.5). In the section below, we will discuss the deep ocean signal in order to identify the
processes causing deep chemical stratification in the Drake Passage and the implications for the global

overturning circulation.

6.4.3. Deep stratification of the Holocene Southern Ocean - implications for the global
overturning circulation

Our Drake Passage UCDW Nd isotope record (including one sample from the Pacific sector of
the Southern Ocean) implies at a first glance a history for this water mass, decoupled from AAIW and
Antarctic pacing (Figs. 6.3, 6.4 and 6.5). In detail, the UCDW data describe two domains when
considered in AA"C-gyq space (Fig. 6.4). During the earliest Holocene from ~11.8 to ~11 kyr BP,
UCDW data is oriented in the similar direction to AAIW (Fig. 6.5). The implied mixing features,
however, stronger influence of an unradiogenic and radiocarbon-depleted source (eng = -8.4 £ 0.2 and
AA™C = -155 + 14%o at 11.8 kyr BP; Fig. 6.5). Such unradiogenic source was likely of Atlantic origin,
probably a remnant of poorly ventilated glacial deep Atlantic water masses (e.g., Thornalley et al.,
2011; Wilson et al., 2014; Chapter 4) exported south by AMOC resumption and deepening of NADW
formation at the onset of the Holocene (Roberts et al., 2010; Gherardi et al., 2005, 2009; Fig. 6.5).
Radiocarbon data show simultaneous and similar-magnitude shifts of both, UCDW (by ~50 £ 20%o)
and AAIW (by ~40 £ 20%o), at the onset of the Holocene (Fig. 6.5). As UCDW is a major source for
AAIW formation (e.g., Marshall and Speer, 2012), this implies that a shift in deep water ventilation
occurred at the onset of the Holocene causing enhanced ventilation of the upper water column,
expressed in Drake Passage AA'C similar to pre-bomb values (i.e. AA“Caarw = 105%0 and
AA"Cucpw = 115%0; Key et al., 2004; Fig. 6.4). However, if the signal progressed upwards, one would
expect a larger shift in UCDW Nd isotopes compared to AAIW. This is not the case. Figure 6.4
highlights, moreover, that the earliest Holocene composition of UCDW cannot be explained by
upward mixing of well-ventilated deep water masses as this would require a yet unknown deep water
mass to raise AA'*Caarw and the Nd isotopic composition simultaneously. Alternatively, very strong
advection of extremely well-ventilated deep Pacific water masses would be required to mix into the
UCDW range implying substantial spin-up of deep Pacific circulation and ventilation including export
rates similar to modern NADW. This scenario seems unlikely given the size of the Pacific basin,

resulting in long water mass transfer times and depleted background AA™C (Key et al., 2004; Skinner
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et al., 2015). Moreover there is no indication of such dramatic spin-up in North (Davies-Walczak et
al., 2014) or South Pacific radiocarbon data (Sikes et al., 2000; Skinner et al., 2015).
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Figure 6.4: Drake Passage deep-sea coral data in radiocarbon-Nd-isotope space. Radiocarbon data for modern
water masses taken from GLODAP data base natural seawater A'*C reconstruction (Key et al., 2004). Modern
(i.e. 1950) AMCmOSphere (Reimer et al., 2013) used to generate seawater AA™C. Coral AA™C calculated with
IntCall3 (Reimer et al., 2013; see also caption Fig. 6.3). Modern Nd isotope endmember data for western
(Northwest Atl. AIl 109-1 Stn30; Piepgras and Wasserburg, 1987) and eastern NADW (Ovide St. 15; Copard
et al., 2011), central North Pacific PDW (BO-3; Amakawa et al., 2009), North Pacific Intermediate Water
(NPIW) (Station 4; Zimmermann et al., 2009), Antarctic shelf waters (Carter et al., 2012), and modern
UCDW and AAIW (Chapter 3). The arrows connected to modern West Antarctic shelf water masses indicate
speculative extension of the range of shelf water mass properties (see discussion). The dashed line results
from calculating conservative mixing between modern NADW and PDW where white dots indicate 0.1
fractions of mixing.

Therefore, we propose that increased ventilation recorded in UCDW corals during the earliest
Holocene is induced by deepening and/or stronger mixing of UCDW with overlying mixed layer
waters (i.e. the source waters which are ultimately subducted as AAIW; Piola and Georgi, 1982,
Bostock et al., 2013). In detail, we interpret the early Holocene UCDW signal to be caused by
deepening of the mixed layer depth (MLD) during a phase of maximum poleward intensification of
the SWW (Lamy et al., 2010; Figs. 6.3 and 6.5). Such an interpretation is consistent with xsRe data
from ODP 1234 (1035 m bsl) off the Chile margin (Muratli et al., 2010). Rhenium is redox-sensitive
so that changes in xsRe can be interpreted in terms of changes in water oxygenation (Muratli et al.,
2010). ODP 1234 is currently located at the interface of AAIW (high O,) and PDW (low O,; Fig. 6.2).
Following the reasoning by Muratli et al. (2010), low xsRe during the earliest Holocene indicates high
presence of oxygenated AAIW, much in support of mixed layer deepening. This is particularly
surprising as one coral with high AA"C = -114 = 14%, is from 978 m water depth (Table 6.1, Fig. 6.5)
implying substantial deepening of the MLD during the earliest Holocene. During this interval, the Nd
isotopic composition of UCDW appears less sensitive than radiocarbon. We propose two potential

explanations: either radiocarbon in the original mixed layer was better equilibrated with the
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atmosphere than the final AAIW product. Or alternatively, enhanced peak SWW-induced mixing
changed the AA"“Cyaw due to intensified air-sea gas exchange whereas water mass mixing
proportions recorded by Nd isotopes remain rather invariable. This remains, admittedly, speculative

due to limited AAIW data coverage across the early Holocene interval (Figs. 6.3 and 6.5).
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Thereafter, from ~10 kyr BP our Nd isotope data evolves towards significantly more
radiogenic Nd isotope signatures in UCDW depth range, peaking at 6.8 kyr BP at a value of eng = -5.8
+ 0.2 paralleled by enhanced radiocarbon-depletion of AA"“Cycpw = -160 £ 9%o (Fig. 6.5). Hence, the
relation between AA“Cycpw and UCDW Nd isotopes is, compared to the earliest Holocene interval,
inverse (Fig. 6.5). This inverse relationship translates into a different mixing trend in AA"C-Nd
isotope space (Fig. 6.4) indicating a strong mid-Holocene contribution of radiocarbon-depleted,
radiogenic PDW to UCDW. This was paralleled by reduced oxygenation of bottom waters at the
Chilean margin indicating PDW expansion (AAIW shoaling) (Muratli et al., 2010; Fig. 6.5). The
consistent change in both tracers renders non-conservative effects on endmembers and along the
NADW and PDW flow paths unlikely so that the mid-Holocene UCDW ventilation and Nd isotope
change translates into a ~40% reduction of NADW in UCDW, assuming similar-to-modern North
Atlantic and North Pacific endmember properties (Piepgras and Wasserburg, 1987; Amakawa et al.,
2009; Key et al., 2004; Fig. 6.4). Such strong and enduring (at least ~1000 years) interglacial reduction
of NADW export raises obvious questions about the mechanism.

Mixing with deeper waters appears unlikely as underlying water masses are significantly less
radiogenic during the mid-Holocene and evolve towards less radiogenic Nd isotope signatures of eyg =
-9.5 at the same time (Piotrowski et al., 2009, 2012; Skinner et al., 2013; Fig. 6.5). In the deep
Northwest Atlantic, Nd isotope (Roberts et al., 2010) and B1pa/?°Th data (McManus et al., 2004)
from Bermuda Rise indicate consistently strong export of lower NADW (Fig. 6.5). In contrast,
31pa/Z'Th data suggest less vigorous flow during the mid-Holocene in the deep Northeastern Atlantic
basin (Gherardi et al., 2005) and a dramatic reduction of mid-depth water mass export in the central
North Atlantic around ~7 kyr BP (core MD95-2037 from 2150 m water depth; Gherardi et al., 2009).
This depth range is today dominated by upper NADW carrying a strong Labrador Sea Water (LSW)
component. Stable isotope and grain size analyses from the Northeast Atlantic suggest further that re-
organisation of water masses allowed for intrusion of LSW into the deep Northeast Atlantic at ~6.5
kyr BP (Hoogakker et al., 2011). This is consistent with coarse fraction data from intermediate depths
in the Southern Caribbean indicating stronger AAIW influence during the mid-Holocene (Xie et al.,
2014) and enhanced ventilation at AAIW level in the tropical Atlantic (Chen et al., 2015), maybe in
response to low mid-depth southward flow vigour (Gherardi et al., 2009). Therefore, it is suggested
that the onset/intensification of Labrador Sea deep convection around 7 kyr BP (Solignac et al., 2004;
Hoogakker et al., 2015) generated a higher density version of LSW penetrating pre-dominantly into
lower NADW. Water masses exported from the Labrador Sea carry a distinct unradiogenic Nd isotope
signature which is today resolved in less radiogenic values of upper NADW (Lambelet et al.,
accepted). If this pattern was reversed during the mid-Holocene, a vigorous deep southward flow
would export very unradiogenic water masses at depth of which a high proportion could cross the
ACC below the Drake Passage sill depth and upwell towards the Antarctic continent (Toggweiler and
Samuels, 1995). It can be speculated that deepening of LSW could imply that more radiogenic (and
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sluggish) upper NADW export mixes isoneutrally into the ACC at UCDW depths. This would explain
both, the unradiogenic nature of the mid-Holocene deep ocean (Piotrowski et al., 2004, 2009, 2012;
Roberts et al., 2010; Skinner et al., 2013) and deep Southern Ocean stratification (Fig. 6.5).

The North Atlantic processes of LSW formation, associated subpolar gyre dynamics and
AMOC variability may all be driven by buoyancy forcing on the North Atlantic, and in particular over
the Labrador Sea (Yeager and Danabasoglu, 2014). Regardless, a simple Nd isotope change of upper
NADW driven by North Atlantic processes is unlikely to substantially influence the Drake Passage
mixing equation. Mixing calculations reveal that upper NADW eyq of ~-8 would be required to drive a
~2 epsilon unit change in Drake Passage UCDW (based on Piepgras and Wasserburg, 1987; Amakawa
et al., 2009). This seems highly unlikely given reconstructions from the past mid-depth North Atlantic
(Wilson et al., 2014; Chapter 5) rendering North Atlantic processes unsuitable to explain Drake
Passage UCDW of eyg = -5.8 = 0.2 at 6.8 kyr BP. Therefore, changes of the large scale overturning
circulation, compensating for and/or independent of North Atlantic processes, are considered to
explain mid-Holocene Drake Passage water mass mixing. Yeager and Danabasoglu (2014) showed
that momentum (i.e. wind) forcing can account for substantial AMOC variability south of the equator,
and it has been hypothesised that the position of the SWW acts to control the strength of overturning
circulation and salinity stratification in the North Pacific (Sijp and England, 2009).

According to the scenario outlined by Sijp and England (2009) an equatorward shift of the
SWW would induce a stratification breakdown in the North Pacific allowing for a deepening of
convectional processes. The SWW moved equatorward towards the mid-Holocene (Pahnke and Sachs,
2006; Lamy et al., 2010; Fig. 6.3), associated with a maximum in the extra-tropical interhemispheric
temperature gradient (Marcott et al., 2013; Fig. 6.5). A substantial part of this Northern Hemisphere
excess heat is presumably due to strong northward heat transport associated with intense deep water
mass formation in the North Atlantic. However, a high resolution U*37 SST record from off Japan
capturing the Kuroshio current (Isono et al., 2009) parallels the extra-tropical interhemispheric
temperature gradient (Fig. 6.5). Paired with equatorward shifted SWW, this strongly suggests
intensified mid-Holocene northward heat transport in the Pacific Ocean (Isono et al., 2009; Fig. 6.5).
Such heat flux implies enhanced northward salinity flux via the Kuroshio Current (cf. Warren, 1983;
Emile-Geay et al., 2003; Menviel et al., 2012) thus potentially inducing a proposed deepening of
convectional processes ventilating the North Pacific water column (cf. Sijp and England, 2009;
Menviel et al., 2012). Indeed, radiocarbon reconstructions from the mid-depth Northwest (Rella and
Uchida, 2014) and Northeast Pacific (Davies-Walczak et al., 2014) show indication for better
ventilation during the mid-Holocene. These radiocarbon records were, however, generated from paired
benthic-planktic '“C age differences which are sensitive to age model changes (see Davies-Walczak et
al., 2014), and/or have been interpreted to monitor enhanced northward AAIW advection (Rella and
Uchida, 2014). Stronger northwards advection of AAIW may indeed be a consequence of increased

southward PDW export. Alternatively, deepening of North Pacific ventilation may occur away from
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the Okhotsk Sea, which Rella and Uchida (2014) excluded as a source of deepened mid-Holocene
ventilation based on proxy evidence. Either way, our data strongly suggest enhanced Pacific
contribution to mid-Holocene Drake Passage UCDW, likely in response to a northward SWW shift
(Kaiser et al., 2005; Pahnke and Sachs, 2006; Sijp and England, 2009; Lamy et al., 2010) and
associated with fortified northward oceanic heat (and salinity) flux in the Pacific (Isono et al., 2009).
Such link between North Pacific surface conditions and SWW intensity has been found in recent
model simulations leading to enhanced mid-depth water mass export from the North Pacific (Menviel
et al,, 2012). The SWW-induced strengthening of the Pacific mid-depth circulation could have
occurred well before Drake Passage UCDW properties changed. Regardless, the time scale of the shift
itself is centennial, but may be further refined when more data becomes available for the critical
interval between ~7.5 and 6.8 kyr BP (Table 6.1, Fig. 6.5). In combination with processes acting to
reduce mid-depth southward flow in the North Atlantic, our results render deepening of water mass
formation in the mid-Holocene North Pacific likely. The implied expansion of PDW into the Southern
Ocean involved deep and shallow stratification which, in turn, may then have played a critical role in
the mid-Holocene drawdown of atmospheric CO, and, through degassing, contributed to the
accelerated rise thereafter (Fig. 6.6). In such a scenario, the ultimate controlling factor would be the

position of the SWW mediating substantial re-organisation of mid-Holocene mid-depth circulation.

6.5. Conclusions

Our new Drake Passage Nd isotope data paired with existing radiocarbon data from the same
corals reveal substantial oceanic re-organisation of the Holocene intermediate- and mid-depth
circulation implying significant consequences for water column stratification and the structure of
global meridional overturning circulation. A pronounced simultaneous shift of Nd isotopes and
radiocarbon in AAIW depth range at the onset of the Holocene (11.7 kyr BP) can be tied to poleward
intensification of the SWW. The AAIW Nd isotope signature is identified to result from mixing of
upwelling deep waters with substantial contribution of shelf-derived water masses that were
previously subjected to non-conservative exchange processes, likely sourced from the Westantarctic
shelves. Better ventilation inferred from radiocarbon data indicates deepening of the mixed layer depth
implying better equilibration of upwelling deep waters with the atmosphere, consequently leading to
accelerated release of carbon dioxide into the atmosphere. The proposed vertical extension of the
Early Holocene winter mixed layer can be traced down to ~1000 m water depth in the Drake Passage
rendering mixed layer deepening in response to poleward intensification of the SWW substantial.

From ~10 kyr BP this effect ceased with the equatorward expansion of the SWW inducing
substantial changes in mid-depth circulation. The mid-Holocene North Atlantic was characterised by
buoyancy-driven reductions of mid-depth flow vigour and water mass export paired with strong
southward flow at deep levels. These North Atlantic processes covary with a reduction of infiltration

of Atlantic-like Nd isotope signatures and ventilation in Drake Passage UCDW. Simultaneously, sea
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surface temperature data from the Northwest Pacific Ocean suggest intensified northward heat
transport in the Kuroshio Current contributing to mid-Holocene Northern Hemisphere heat piracy.
These combined effects lead us to conclude that the mid-Holocene (~6.8 to 5.8 kyr BP) domination of
Pacific-derived water masses in Drake Passage UCDW was likely coupled with enhanced overturning
in the Pacific. The recorded switch occurred on centennial time scale and was presumably associated
with a contemporaneous drop in atmospheric CO,. Despite potential mid-depth water mass renewal in
the Pacific Ocean, southward exported PDW would still carry high amounts of pre-formed properties,
such as carbon, due to the nature of convectional processes ventilating underlying old water masses.
Hence, the mid-Holocene PDW expansion into the chemically stratified Southern Ocean water column
was likely to play a key role in the contemporaneous drop in atmospheric CO, and then again, through

degassing, during accelerated rise thereafter.

Declaration: I conducted the Nd isotope and concentration work presented in this chapter. The U-
series and radiocarbon data were generated by Andrea Burke on samples provided by Laura Robinson.
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Chapter 7

Summary and general conclusions
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The aim of this work was to decipher past water mass mixing in the Southern Ocean in order
to infer large-scale oceanic re-organisation during past intervals of climatic perturbations. A refined
method of combined multi-element separation was used to minimise sample consumption, workload
and uncertainty when comparing different geochemical parameters among each other.

Building upon previous studies, the global deep-sea coral Nd isotope calibration was extended,
revealing that not all species are reliable recorders of ambient seawater. Exploring the nature of Nd in
the coralline skeleton demonstrated that the skeletal Nd budget of most coral samples is dominated by
seawater-derived phases, of which authigenic phosphate phases were identified as most likely phases
to account for elevated intraskeletal Nd concentrations.

Based on above findings, the Nd isotopic composition of deep-sea corals was applied to
reconstruct past oceanic Nd isotope variability. New data from the North Atlantic helped to constrain
the Nd isotope evolution in this important source region. In comparison with available literature data,
the results provide evidence that mid-depth waters exported from the North Atlantic were subject to
significant isotopic variability, presumably due to changes in the relative proportions of source waters

contributing to the exported intermediate to deep waters (Fig. 7.1).
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Fig. 7.1: Summary of the new deep-sea coral Nd isotope data from the New England Seamounts (NES), the
Drake Passage and the Tasmanian margin (blue, purple and red stars on inset map, respectively). Water masses
dominating at the coral sampling locations in the modern ocean are listed in brackets. The Tasmanian margin is
dominated by UCDW, but also influenced by PDW (cf. Sokolov and Rintoul, 2000; Chapters 4 and 5). Data
shown are based on successfully calibrated coral species only (see Chapter 3). The Drake Passage results include
three samples from the South Pacific (triangles), and were grouped by modern water masses currently bathing
the sampling sites. The oldest NES sample is from van de Flierdt et al. (2006b) and one Drake Passage sample
(black dot) is from Robinson and van de Flierdt (2009). MIS: Marine Isotope Stage (after Lisiecki and Raymo,
2005), NADW: North Atlantic Deep Water, (U)CDW: (Upper) Circumpolar Deep Water, AAIW: Antarctic
Intermediate Water, PDW: Pacific Deep Water. See discussion in Chapter 3 for references on seawater Nd
isotopic composition. Inset base map generated with ODV software (Schlitzer, 2012).
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In the Southern Ocean, abrupt variation superimposed on multi-millennial trends describe the
character of Nd isotope variability in the Drake Passage and south of Tasmania over the last ~40,000
years (Fig. 7.1). Notably, whenever the time resolution (i.e. sampling density) is increased, deep-sea
corals resolve (sub) centennial-scale variability previously barely identified in the Southern Ocean.
The Nd isotope trends in both locations are remarkably different, suggesting that they record
complementary features of past ocean circulation.

The Drake Passage Nd isotope signal, considered to monitor circumpolar water masses (i.e.
UCDW), is relatively unradiogenic with a baseline similar to modern seawater (eng =~ -7.5). This
indicates significant influence of Atlantic-derived water masses in the circumpolar flow throughout
most of the last glacial. In contrast, the Tasmanian time series is characterised by a multi-millennial
trend following Antarctica’s climate beat (i.e. temperature and CO, records from Antarctic ice cores;
e.g., EPICA community members, 2006, 2010; Ahn and Brook, 2008, 2014) with abrupt fluctuations
superimposed. During glacial times, the Nd isotope signatures at the Tasmanian margin are
significantly more radiogenic than contemporaneous UCDW (Fig. 7.1), indicating a stronger influence
of Pacific waters at the location.

Based on the new coral data, a peak glacial circulation scenario is proposed, which is
summarised and compared to the modern circulation in Figure 7.2. In the modern ocean (Fig. 7.2,
panel A), NADW (eng = -13; Lambelet et al., accepted) is formed from surface waters in the marginal
seas of the North Atlantic (blue circles with crosses) and then exported to the Southern Ocean at depth.
In the open North Pacific, PDW (eng = -4; Amakawa et al., 2009) forms from deep and bottom waters
by interior mixing (red circle with point; i.e. no active convection) and is exported into the Southern
Ocean at mid-depth upon mixing with northward penetrating CDW (e.g., Macdonald et al., 2009;
Kawabe and Fujio, 2010; Fig. 7.2, panels a-1 and a-2). The zonal flow of CDW is homogenous in its
Nd isotopic composition (exg =~ -8; e.g., Carter et al., 2012; Stichel et al., 2012; Rickli et al., 2014;
Basak et al., 2015). The Subantarctic Front (SAF, dashed line) and the Polar Front (PF, stippled line)
are considered to represent most of the deep-reaching circumpolar flow (e.g., Cunningham et al.,
2003). The main Southern Hemisphere westerly wind (SWW) forcing occurs slightly north of the
SAF, in particular in the Drake Passage area (e.g., Kohfeld et al., 2013; Fig. 7.2, panels a-1 and a-2).

The peak glacial scenario (Fig. 7.2, panel B) shows major differences to the modern scenario.
The new coral data illustrated in Figure 7.1 can only be explained by two Pacific-derived water masses
mixing dynamically with an Atlantic-derived component in the circumpolar flow of UCDW. The
North Atlantic source is represented by GNAIW (eng = -12; approximated from Huang et al., 2014;
Wilson et al., 2014 and Chapter 5) and formed mainly south of Iceland (e.g., Ganopolski et al., 1998).
The shoaled GNAIW export to the Southern Ocean precluded significant influence on the lower CDW
range. Such reduced Atlantic influence was probably replaced by an old Pacific-derived water mass at

the lower deep levels as part of a vertically expanded lower overturning circulation cell (dark grey)
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(Matsumoto et al., 2002; Noble et al., 2013; Skinner et al., 2010, 2013, 2015; Fig. 7.2, panels b-1 and

b-2). The overlying GNPIW, a water mass actively ventilated from the North Pacific during peak

glacials (e.g., Keigwin, 1998; Matsumoto et al., 2002; Fig. 7.2, panel b-2), expanded southwards in the

Pacific basin as documented by the Tasmanian margin data. As such, GNPIW probably occupied large
parts of the glacial Pacific Ocean, which are dominated by UCDW in the modern ocean (Fig. 7.2).
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Fig. 7.2: Schematic of modern (A) and proposed peak glacial (B) mid-depth circulation, i.e. the depth range
bathed by water masses of y" = 27.6 - 28.0 in the modern ocean (see individual Chapters for more details). The
coral sampling locations are indicated by the black stars. Circles with points indicate flow towards the reader,
circles with crosses transport away from the reader. On the maps, this translates into upwelling and downwelling,
respectively, whereas in the transect figures (a-1, a-2, b-1, b-2) this represents zonal transport. NADW: North
Atlantic Deep Water (eng from Lambelet et al., accepted); PDW: Pacific Deep Water (PDW; eyg from Amakawa
et al., 2009); CDW: Circumpolar Deep Water (upper and lower; exg based on Chapter 3 and references therein);
AABW: Antarctic Bottom Water; AAIW: Antarctic Intermediate Water; NPIW: North Pacific Intermediate
Water; SPMW: Subpolar Mode Water. The glacial analogue of SPMW is poorly constrained and hence not
considered in the glacial scenario. GNPIW: Glacial North Pacific Intermediate Water (eng inferred from
Abouchami et al., 1997 and Amakawa et al., 2009); GNAIW: Glacial North Atlantic Intermediate Water
(approximated from Huang et al., 2014; Wilson et al., 2014 and Chapter 5); PF: Polar Front (stippled line); SAF:
Subantarctic Front (dashed line); SWW: Southern Hemisphere westerly winds. The peak glacial northward
migration/expansion of Southern Ocean frontal zones is inferred from literature (Gersonde et al., 2005; Barrows
and Juggins, 2005; Kohfeld et al., 2013; McCave et al., 2014; Lamy et al., 2015). In the transect figures, the
white spaces between the major water masses are considered as mixing zones. The deep grey cell extending from
the Southern Hemisphere shelves into the deep Northern Hemisphere oceans indicates the lower limb of the
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overturning circulation, represented by AABW mixing into overlying water masses. The details of the deep level
in the glacial transects is based on previous work (Matsumoto et al., 2002; Piotrowski et al., 2004, 2005, 2009,
2012; Anderson et al., 2009; Skinner et al., 2010, 2013, 2015; Noble et al., 2013; Ferrari et al., 2014). See text
for further details. Base maps in (A) and (B) were generated with ODV software (Schlitzer, 2012).

It follows that northward deflection of GNPIW-influenced water masses off Chile likely
reduced the lateral admixture of radiogenic GNPIW into the circumpolar flow during phases of
unradiogenic Nd isotopic composition in glacial UCDW (eng = -7.5; recorded in the Drake Passage).
The deflected GNPIW would consequently recirculate within the Pacific basin, but also be involved in
AAIW formation. Likewise, vertical mixing with underlying deep waters was reduced, but did not
cease in the Southern Ocean (Fig. 7.2, panels b-1 and b-2). In contrast, more radiogenic values (eng = -
6.0) reflect stronger Pacific influence, dominated by enhanced mixing with deep water masses as
indicated by comparison with available radiocarbon data (Burke et al., 2012; Chen et al., 2015;
Chapter 4). Presumably, this occurred in response to redirection of SAF-bound flow into the Drake
Passage enhancing turbulent mixing. Despite the continuous admixture of deep waters into glacial
UCDW, the overall interaction between upper and lower circulation cells was, however, limited
compared to the modern ocean. This is expressed in deeply stratified Southern Ocean water column
(Fig. 7.2, panels b-1 and b-2), consistent with previous work (e.g., Matsumoto et al., 2002; Anderson
et al., 2009; Ferrari et al., 2014).

The new deep-sea coral Nd isotope data hence confirm the idea proposed by Lamy et al.
(2015) that a critical position of SWW-induced frontal movement in the Southeast Pacific could
efficiently control the supply of Pacific-derived water masses to the Drake Passage (Fig. 2). This can
explain the overall low fraction of GNPIW in glacial circumpolar flow and the SWW-related abrupt
variation in deglacial Drake Passage water mass mixing (Fig. 7.1). Such changes imply a range of
feedbacks and teleconnections, which can be subject to interoceanic and interhemispheric coupling
often associated with oceanic seesawing (cf. e.g., WAIS Divide project members, 2015). The abrupt
nature of change in the Drake Passage, but also south of Tasmania, suggests however that atmospheric
signal propagation influenced Southern Ocean circulation patterns ultimately through changes in the
position of the SWW.

This work highlights that the position of the SWW-controlled Southern Ocean fronts plays a
pivotal role for the understanding of the global circulation, in particular for Southern Ocean mixing
and lateral interoceanic water mass exchange. The significance of the SWW in controlling past
Southern Ocean dynamics can be expected given the close relationship in the modern ocean.
Nonetheless, the strong lateral component in Southern Ocean water mass mixing, in particular during

the glacial-interglacial transition, is yet underrated in climatic reconstructions.

In order to substantiate the results and conclusions drawn from this work, it is suggested that
future work should continue to focus on the nature of water mass exchange between the Pacific and
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Atlantic Ocean from a Southern Ocean perspective. For this purpose, additional high resolution data
from the Drake Passage and Tasmanian deep-sea coral sampling locations could help to explore such
change in more detail, in particular during transient phases and across Heinrich intervals. In this
context, deep-sea corals can also provide a suitable multi-proxy archive for high resolution
reconstructions of past South Pacific water mass properties, a location where sedimentation rates are
otherwise low and preclude sediment-based high resolution studies. Paired with improved constraints
on past SWW dynamics this could help to better understand the interaction between the Southern
Ocean and the Pacific Ocean, and hence the structure of the global overturning circulation during

intervals of extreme climatic boundary conditions.
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Appendix

Appendix Table:

Neodymium isotope and concentration results of deep-sea
corals not used for paleoceanographic interpretation. Coral
species termed ‘colonial’ are unidentified colonial
scleractinian corals. Drake Passage Stylasterids from Interim
seamount show open U-system behavior. Ages reported in
kyr BP, which is expressed in thousand years before present
(i.e. 1950). Water depth is the depth of sample collection.
Samples were processed from U-Th chemistry wash
fractions at Imperial College London, Nd concentrations are
hence minimum values (underestimated by ~10%; see
Chapter 2). Uranium-series data from Burke (2012). See
main text for details about North Atlantic and Drake Passage
sampling locations.
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