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UNIVERSITY OF SOUTHAMPTON
ABSTRACT
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Ocean and Earth Science
Doctor of Philosophy

COUPLING OF THE CRYOSPHERE AND OCEAN DURING INTERVALS OF RAPID

CLIMATE CHANGE IN THE PALAEO RECORD: A MULTI-PROXY STUDY OF THE

HEINRICH EVENTS OF THE LAST GLACIAL FROM THE NORTHEAST ATLANTIC
by Anya Jane Crocker

Determining the response of the global thermohaline circulation to freshwater perturbations is of
vital importance for future climate modelling efforts. The Heinrich events of the last glacial
provide classic case studies, with major episodic inputs of freshwater associated with large
numbers of icebergs flooding the North Atlantic Ocean. Climate modelling experiments and
proxy reconstructions have both indicated a significant decrease in the strength of the meridional
overturning circulation in response to this fresh water input to the ocean during each Heinrich
event. Here, I present high resolution, multi-proxy reconstructions of cryospheric and surface and
deep ocean behaviour over the last 40,000 years from Ocean Drilling Project (ODP) Site 980 in
the northeast Atlantic, incorporating Heinrich events 1 to 4. Oxygen, carbon and neodymium
isotope reconstructions of bottom water chemistry show a unique signature at this site for every
Heinrich event, indicating the influence of a different water mass during each event. Bulk
sediment leachate neodymium isotope values are strongly offset towards more radiogenic values
than both planktonic foraminifera and fish debris throughout the Holocene, however, the
agreement between the substrates is much closer under glacial conditions. This observed offset is
attributed to modification of the leachate signal by fine material transported by strengthened
bottom current activity in the Holocene, suggesting that bulk sediment leachates may not always
record bottom water chemistry faithfully at sediment drift sites. Rare earth element profiles
suggest that foraminifera without their ferromanganese coatings removed do not undergo
significant diagenetic modification in the sediment, making these a better choice for
reconstructions of bottom water neodymium isotope signatures. Each Heinrich event shows a
different sequence of changes in the lithologies of ice-rafted debris, which argues against a simple
repeating pattern of ice sheet destabilisation at each Heinrich event. The high degree of spatial
variability in IRD patterns between sites in close proximity, however, suggests that surface ocean
properties and circulation likely exerted a strong control over the IRD flux records, and hence the
phasing of the circum-Atlantic ice sheets cannot be simply deduced from any single sedimentary
record. Evidence of perturbation in bottom water properties can be seen prior to the deposition of
the main ice-rafted debris layer during some of the Heinrich events at Site 980, suggesting that
circulation changes may have played a role in the destabilisation of ice sheets, though the nature
of these precursor changes differs between events. These findings show that Heinrich events are
not simple, repeating events. Instead, differences in fresh water input and in surface ocean
properties and circulation between Heinrich events likely give rise to different patterns of mid-
depth North Atlantic circulation. The observed contrasts in bottom water chemistry at Site 980
between different Heinrich events highlights the sensitivity of the overturning circulation to fresh
water inputs and argues against a simplistic model of thermohaline circulation cessation at each
Heinrich event.
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Chapter 1
Introduction

1.1  Patterns of past climate variability

In order to better understand how Earth’s climate may change in the future in response
to increasing anthropogenic greenhouse gas emissions, it is important to decipher how
climate has varied in the past. In this way, we aim to improve our knowledge of what the
Earth System is capable of naturally, the feedbacks within the system and the processes
responsible for driving the observed variability. Targeting research towards specific
intervals with relevance to predicted future climate, for example, intervals of rapid
change, elevated carbon dioxide levels, or major ice sheet destabilisation can be

particularly advantageous.

Beyond the instrumental records of the past few centuries, we do not have direct
measurements of temperature changes and many other climatic variables. We turn,
therefore, to proxy records to reconstruct parameters of interest instead. Numerous
processes in the modern Earth System have been shown to vary in a predictable manner
with climatic parameters. A range of biotic, geochemical and sedimentological
techniques are among those proving successful for reconstructions. If it is assumed that
the same relationship between the proxy variable and the climatic variable of interest
persisted back in time, and the proxy signature is faithfully preserved, then these proxy

records can be used to reconstruct past climate change.

Over the past few decades, the number of climatic proxy reconstructions has increased
dramatically. A wide range of archives have been exploited, including marine and
lacustrine sediments, ice cores, speleothems, tree rings and corals. These records have
revealed a highly dynamic system, with distinct patterns of variability observed over
different timescales (illustrated in figure 1.1). A wide range of processes have been
invoked to explain the observed patterns in climate reconstructions, however, as yet, not

all of these are fully understood.
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Figure 1.1: Proxy reconstructions of past climate variability over different timescales
through the Cenozoic era. (a) Compilation of oxygen isotope signatures of benthic
foraminiferal calcite over the past 65 Ma, from Zachos et al. [2008]. Low values
indicate warmer bottom water temperatures and/or decreased global ice volume. Note
that the temperature scale only applies for an ice-free world where variation in 8'°0 is
driven solely by temperature change. Grey bars indicate the growth of the Antarctic
and Northern Hemisphere ice sheets, with narrower widths indicating partial or
ephemeral ice sheets [Zachos et al. 2008]. (b) Compilation of measurements of the
oxygen isotope composition of benthic foraminiferal calcite over the last 5 Ma, from
Lisiecki and Raymo [2005]. The record is marked by higher frequency variation
between cold glacial and warmer interglacial conditions, superimposed on a longer
term cooling trend. (c) Oxygen isotopic signature of ice from the NGRIP ice core
spanning the last 60 ka [North Greenland Ice Core Project Members et al. 2004].
Warmer atmospheric temperatures correlate with less negative &'°Oy. values. Strong
variability between cold stadial and milder interstadial conditions can be seen through
much of the glacial interval, with significantly more stable temperatures in the
Holocene. (d) Standardized 30-year-mean temperatures, expressed in standard
deviation units through the last 2000 years, averaged across 7 continental-scale
regions (bars show the twenty-fifth to seventy-fifth unweighted percentiles) [from
PAGES 2k consortium 2013]. Temperature scale on the right axis is determined by
comparison to the HadCRUT4 instrumental time series [Jones et al. 2012; PAGES 2k

Global temperatures have been dominated by a gradual cooling trend over the last 50
million years, with the progressive growth of polar ice sheets, first on Antarctica, and
then in the northern hemisphere as temperatures decrease, illustrated in figure 1.1(a)
[e.g. Emiliani 1954; Miller et al. 1987; Lear et al. 2000; Zachos et al. 2001]. Many of the
processes suggested as drivers of these long-term trends are tectonic in origin, including
opening and closing of oceanic gateways, volcanic and metamorphic outgassing and
continental weathering [e.g. Walker et al. 1981; Berner et al. 1983; Berner 1992; Haug
and Tiedemann 1998; Scher and Martin 2006]. Superimposed on these gradational,
million year trends are strong oscillations. These have specific frequencies, with 400

kyr, 100 kyr, 41 kyr, 23 kyr and 19 kyr the most distinctive, and are attributed to subtle



variations in the Earth’s orbit around the sun [Hays et al. 1976; Berger 1988; Laskar et
al. 2004]. Evidence of this orbital-driven variability has been found across a range of
timescales [e.g. Van Houten 1964; Olsen 1986; Crowley and Kim 1994; Lourens et al.
2005; Pilike et al. 2006], and can clearly be seen superimposed over the gradual cooling
trend of the past 5 Ma in figure 1.1(b) [Lisiecki and Raymo 2005]. Climatic variability
over the past 800,000 years is dominated by alternation of temperatures between cold
(glacial) and warm (interglacial) states, with a periodicity of approximately 100 kyr. It
has been suggested that glacial-interglacial variability in the latest Pleistocene is either
paced or driven by the 100 kyr eccentricity cycle [e.g. Shackleton et al. 1988; Berger
and Jansen 1994; Maslin and Ridgwell 2005], although pacing of the glacial
terminations by the 41 kyr obliquity cycle has also been proposed [Huybers and Wunsch
2005].

Strong sub-orbital variability is visible in records of glacial climate, with surface
temperatures alternating between two distinct states: mild interstadial and cold stadial
intervals [Broecker et al. 1985; Bond et al. 1993; Dansgaard et al. 1993; Voelker 2002].
These two states are clearly expressed in the North Greenland Icecore Project (NGRIP)
record of the last glacial interval, illustrated in figure 1.1(c) [North Greenland Ice Core
Project Members et al. 2004]. Millennial scale climatic oscillations have been preserved
in numerous archives, including ocean sediments [Heinrich 1988; Bond et al. 1992;
Bond and Lotti 1995], Greenland ice cores [Johnsen et al. 1992; Dansgaard et al. 1993],
pollen [Grimm et al. 1993; Sanchez-Goiii et al. 2000; Harrison and Sanchez-Goii 2010]
and speleothem records [Bar-Matthews et al. 1997; Genty et al. 2003]. Stadial-
interstadial variability is best documented in the North Atlantic region, however similar
variability has been observed at numerous locations across the globe [e.g. Broecker and

Hemming 2001; Voelker 2002].

The transitions from stadial to interstadial conditions are extremely rapid, and are
followed by a more gradual cooling into the next stadial interval. These cycles are
known as Dansgaard-Oeschger events, and, in general, are spaced by a period of 1470

years = 20%, or a multiple of this [Schulz 2002]. Greenland ice cores record warmings



of 10-15°C occur in over a period of decades [Grootes et al. 1993; Lang et al. 1999;
Johnsen et al. 2001], with fluctuations in North Atlantic sea surface temperatures of 3—
10°C believed to occur synchronously [Bond et al. 1993; Elliot et al. 2002; Hall et al.
2011]. Dansgaard-Oeschger events group into longer cooling cycles with asymmetrical
saw-tooth shapes, known as Bond cycles, each typically spanning 10-15 kyr [Bond et al.
1993]. The end of each of these cycles is marked by a Heinrich event, with a dramatic
increase in the amount of ice-rafted debris (IRD) deposited in the North Atlantic
[Heinrich 1988; Bond et al. 1992; Broecker et al. 1992]. There is little to distinguish
Heinrich events from non-Heinrich stadials in the ice core record [Rahmstorf 2002;
Heinrich Events: Land Ice and Ocean Workshop 2012]. However, Heinrich events are
much more distinctive in the sediments of the North Atlantic Ocean, with concentrations
(and fluxes) of IRD significantly elevated above other stadial intervals, particularly in a
distinctive band across the North Atlantic [Ruddiman 1977; Bond et al. 1992; Hemming
2004]. This IRD-rich horizon is known as a ‘Heinrich layer’. A simplified illustration of
climatic variability during Bond cycles, Dansgaard-Oeschger and Heinrich events is

shown in figure 1.2.
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Figure 1.2: Simplified illustration of Dansgaard-Oeschger and Heinrich variability,
showing typical interstadial (1), stadial (S) and Heinrich stadial (HS) conditions. (a)
Northern hemisphere ice sheet size, from Alley [1998] (note inverted axis). (b)
Idealised Greenland ice 80 values, with low values during stadials indicating cold
atmospheric temperatures [based upon Grootes et al. 1993, Alley 1998, North
Greenland Ice Core Project Members et al. 2004]. (c) Flux of ice-rafted debris
recorded in North Atlantic sediment cores [e.g. Heinrich 1988, Bond and Lotti 1995;
Elliot et al. 1998]. (d) Strength of overturning circulation in the North Atlantic,
switching between three modes: M: modern/warm, G: glacial/cold, H: Heinrich/off
[Alley et al. 1999; Rahmstorf 2002].

Many annual to centennial processes also act to modulate climate over regional to global
scales. These include solar activity, internal climate oscillations (such as the El Nifio
Southern Oscillation and the North Atlantic Oscillation) and greenhouse gas emissions
(including volcanic and anthropogenic sources) [e.g. Bray 1971; Rasmusson and
Wallace 1983; Hurrell 1995; Tett et al. 1999; Bond et al. 2001; Moy et al. 2002; Hegerl
et al. 2003; Solomon et al. 2007]. These shorter term processes contribute to the

variability in the climate of the past 2,000 years observed in figure 1.1(d).

1.2 Project Rationale

Heinrich events provide excellent case studies to better understand the coupling between
the ocean and cryosphere, in particular, the response of the Atlantic meridional
overturning circulation (AMOC) to the addition of fresh water associated with rapid
change in the cryosphere. This has become a crucial area of research, particularly in the
context of the rapid, anthropogenically driven change already documented in the polar

regions [Lemke et al. 2007, and references therein].

Ocean Drilling Program (ODP) Site 980 is a classic site in the study of North Atlantic
climate evolution. Together with its partner site ODP Site 981, the recovered sediments

provide an archive of climatic variability through the Pleistocene and into the Pliocene,



providing excellent records of centennial to orbital scale variability, spanning the growth
and evolution of the ice sheets of the northern hemisphere [e.g. Oppo et al. 1998; Mc
Intyre et al. 1999; McManus et al. 1999; Flower et al. 2000; Oppo et al. 2001; Draut et
al. 2003; Raymo et al. 2004; Becker et al. 2006; Oppo et al. 2006; Marino et al. 2011].
Part of the reason why Site 980 has proven to be such a valuable climatic archive is its
location within the Feni Drift sediment deposit [Jones et al. 1970; van Weering and de
Rijk 1991]. Sediment drifts commonly have accumulation rates elevated above
comparable sites at similar water depths [e.g. McCave and Tucholke 1986; Hollister
1993; Wold 1994; Knutz 2008], and therefore have the potential to provide
palaeoclimatic records with high temporal resolution. These benefits were exploited in a
classic study of climate evolution by McManus et al. [1999], who produced
palaeoceanographic reconstructions of the last 500,000 years from Site 980 to
demonstrate that millennial scale climatic variability increases dramatically when global
ice volume exceeds a critical threshold. However, the published record of the last glacial
is of relatively low resolution [McManus et al. 1999], and cannot clearly resolve
suborbital climate variability. Revisiting this time interval, therefore, has the potential to
provide significant new insights. Understanding the dynamics of the most recent glacial
interval can have important implications for the interpretation of longer timescale
climatic reconstructions, hence data generated from some of the youngest sediments
recovered at Site 980 have the potential to aid research efforts over the Pleistocene and

Pliocene.

Strong variability in bottom water properties has previously been inferred at Site 980 for
the last glacial through the use of neodymium isotopes, and attributed to melt water
release during Heinrich events [Crocket et al. 2011]. However, the stratigraphy of this
section of the core is poor, with the position of the Heinrich IRD layers not yet
established to prove that the two phenomena are linked. Site 980 is located at the edge of
the belt of major ice-rafted debris deposition in the North Atlantic during the last glacial
interval [Ruddiman 1977]. Therefore, distinctive peaks in IRD fluxes are expected at
each Heinrich event (including the presence of Laurentide Ice Sheet derived detrital

carbonate grains at H1, H2 and H4), making the identification of the Heinrich layer



much less ambiguous [Heinrich 1988; Bond et al. 1992; Hemming 2004]. This is
particularly important, as the term ‘Heinrich event’ is not well defined. The IRD layer
forms part of a longer, more complex event [e.g. Gutjahr and Lippold 2011; Stanford et
al. 2011 etc.], so it is vital to clarify exactly which part of the event is referred to,
particularly if comparing records from different locations. Identification of the Heinrich
layer permits the relative phasing of changes in other components of the Earth System to
be identified, increasing our understanding of both the mechanism responsible for
Heinrich event generation and the response of the ocean to the addition of icebergs and
associated fresh water release. The high sedimentation rate at Site 980 also results in a

clearer expression of any temporal offsets between the proxy records.

The North Atlantic is one of the most significant sites globally for convection and deep
water formation, hence changes in this region have a wide ranging influence. Labrador
Sea Water, overflows from the Nordic Seas, recirculating North East Atlantic Deep
Water and Antarctic Bottom Water are all found in the Rockall Trough today [Ellett and
Martin 1973; McGrath et al. 2012] and all play a role in the formation of North Atlantic
Deep Water [Lacan and Jeandel 2005]. Site 980 is sensitive to changes in the strengths
and properties of each of these water masses, making the site an ideal target to monitor

temporal variations in the vigour of deep water formation in the North Atlantic.

It has been suggested that a significant reduction in the vigour of the overturning
thermohaline circulation of the ocean occurs as a result of fresh water addition during
Heinrich events, with the cessation of regional deepwater formation in the North
Atlantic reducing ocean ventilation and allowing southern sourced waters to penetrate
further northwards and to shallower depths [e.g. Keigwin and Lehman 1994; Sarnthein
et al. 1995; Seidov et al. 1996; Ganopolski and Rahmstorf 2001; McManus et al. 2004;
Hall et al. 2006; Stanford et al. 2006]. Site 980 is located at a water depth close to the
postulated glacial boundary between northern and southern sourced waters, estimated as
2 to 2.8 km water depth (figure 1.3) [e.g. Boyle and Keigwin 1987; Curry et al. 1988;
Duplessy et al. 1988; Bertram et al. 1995; Curry and Oppo 2005; Marchitto and
Broecker 2006; Meland et al. 2008; Yu et al. 2008]. The site is well situated, therefore,



to evaluate changes in the northwards extent of southern sourced waters and hence also

assess the extent to which thermohaline circulation shutdown occurred at Heinrich

events.
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Figure 1.3: (a) Cross-section of the 8°C of seawater total inorganic carbon in the
pre-industrial North Atlantic, with modern values corrected for the Suess effect (the
invasion of >C enriched anthropogenic carbon dioxide), from Olsen and Ninneman
[2010]. (b) Modern western Atlantic 3CO, 8°C values from the GEOSECS
expeditions [Kroopnick 1985], adapted from Curry and Oppo [2005]. (c) Western
Atlantic glacial 8°C values compiled from measurements on Cibicidoides and
Planulina, adapted from Curry and Oppo [2005]. The position of ODP Site 980 is
marked by a red triangle. Water mass abbreviations are STGW: Subtropical Gyre
Water; SPMW: Subpolar Mode Water; AAIW: Antarctic Intermediate Water; NAIW:
North Atlantic Intermediate Water; LSW: Labrador Sea Water; ISOW: Iceland-
Scotland Overflow Water; NEADW: North East Atlantic Deep Water; LDW: Lower
Deep Water; NADW: North Atlantic Deep Water; AABW: Antarctic Bottom Water,
GNAIW: Glacial North Atlantic Intermediate Water; GAABW: Glacial Antarctic
Bottom Water. Note the different colour scale of figure (a) compared to (b) and (c).

This thesis aims to investigate the sequence of changes in the cryosphere, surface and
deep ocean occurring at Heinrich events in order to better understand both the
mechanism responsible for their generation and the response of the system to the
addition of fresh water. Reconstructing changes in water mass structure, including the
presence or absence of southern sourced waters can help to understand the extent to
which the vigour of the overturning circulation is reduced, and test the working
hypothesis of a shutdown of the overturning circulation at Heinrich events. By
producing a record spanning multiple Heinrich events at the same location, the natural
repeatability of the Heinrich events can be assessed. Documenting and understanding the
commonalities and distinguishing any differences among the Heinrich events will help
to explore the sensitivity of the ocean system to the nature of the fresh water pulse
and/or the pre-event conditions, thereby potentially shedding light on the key factors that

determine the response of the ocean to a rapid input of fresh water.

1.3  Site location
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ODP Site 980 is located at 55°29.1'N, 14°42.1'W in the Eastern North Atlantic, with a
water depth of 2170 m [Shipboard Scientific Party 1996]. It is situated on the western
edge of the Rockall Trough, which is located to the south of the Greenland-Scotland
Ridge (illustrated in figure 1.4). The trough is bordered by the Irish continental margin
to the east and the Rockall Plateau to the west. It deepens to the southwest, from a depth
of ca. 1000 m in the north to >3000 m in the south as it connects to the main Atlantic
basin. ODP Site 980 was drilled to recover sediments from the Feni Drift, which is a
contourite deposit plastered against the eastern margin of the Rockall Plateau, with a
development history strongly influenced by the activity of bottom currents [Jones et al.

1970; McCave and Tucholke 1986; van Weering and de Rijk 1991; Howe et al. 1994].
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Figure 1.4: Location of ODP Site 980 (marked by a white circle). FSC: Faeroe-
Shetland Channel, FBC: Faeroe-Bank Channel, WTR: Wyville-Thomson Ridge. Figure
created using Ocean Data View [Schlitzer 2013].



Sediments recovered from ODP Site 980 form a continuous sequence dominated by clay
and nannofossils, with smaller amounts of silt and foraminifera and including occasional
coarser dropstones [Shipboard Scientific Party 1996]. Three holes (980A, 980B and
980C) were drilled at the site. This study uses samples from the top 10 metres composite
depth (mcd), with a combination of samples from holes B (0.05-4.13 metres below
seafloor, or mbsf) and A (0.32-4.08 mbsf) to produce a complete record spanning the
last 40,000 years. Sedimentation rates through this section range from 0.06 to 0.84 m

ka™! and there are no known hiatuses in this section of the core.

1.4 Modern Oceanography

1.4.1 Major water masses of the Rockall Trough

Much of the upper water column (<1000 m depth) in the Rockall Trough consists of the
relatively warm and saline Eastern North Atlantic Water (ENAW), a form of Subpolar
Mode Water (SPMW). ENAW forms in the Bay of Biscay and travels northwards,
becoming progressively fresher due to mixing from water masses from the west [Ellett
and Martin 1973]. These waters are transported northwards into the Nordic Seas by
branches of North Atlantic Current (NAC) [Hansen and @sterhus 2000]. Below this,
small amounts of fresher Subarctic Intermediate Water (SAIW) and saline
Mediterranean Overflow Water (MOW) are commonly documented in the southern parts
of the Rockall Trough, at depths of approximately 600-1000 m and 800-1100 m
respectively [Ullgren and White 2010; McGrath et al. 2012], although neither water
mass is believed to directly influence ODP site 980 at the present day.

Labrador Sea Water (LSW) formed by deep winter mixing in the Labrador Basin
circulates in the modern Rockall Trough at depths of 1500-2000 m [Ellett and Martin
1973]. The properties of this water mass strongly depend on the influence of local
climate upon the convective regime where it is formed [Clarke and Gascard 1983;
Yashayaev et al. 2007]. Below the LSW layer (at depths of 2500-3000 m) is the more
saline North East Atlantic Deep Water (NEADW). This is formed from a combination of
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waters overflowing the Iceland-Scotland Ridge, southern-sourced Lower Deep Water,
Labrador Sea Water and the shallower Modified North Atlantic Water [Swift 1984;
Lacan and Jeandel 2005]. Both LSW and NEADW enter the trough from the southeast
before circulating in a cyclonic gyre [New and Smythe-Wright 2001]. In the deepest
parts of the basin, Antarctic Bottom Water (AABW) has been identified by its high
dissolved silicate content. It is typically found at depths below 3000 m in the modern
ocean, although its exact strength and position varies between years [McGrath et al.
2012]. The circulation of these major water masses in the North Atlantic is illustrated in

figure 1.5.
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Figure 1.5: (a) Major intermediate and deep currents of the North Atlantic Ocean.
(b) Schematic cross-section of the Rockall Trough indicating the major water masses
at 55°N. Vertical exaggeration approximately x66. Based upon McCartney [1992],
McCave et al. [1995], Hansen and Osterhus [2000], New and Smythe-Wright [2001]
and Lacan and Jeandel [2005]. WTOW: Wyville-Thomson overflow water;, SPMW:
Subpolar mode water; LSW: Labrador Sea water; NEADW.: Northeast Atlantic deep

water; AABW: Antarctic bottom water.

1.4.2 Overflow waters from the Nordic Seas

The Greenland, Iceland and Norwegian (GIN) Seas are a major site of formation of cold,
dense water in the modern ocean, as warmer surface waters are cooled by cold
atmospheric temperatures and sink to greater depths via a variety of mechanisms in both
the open ocean and along continental margins [e.g. Aagaard et al. 1985; Clarke et al.
1990; Mauritzen 1996; Marshall and Schott 1999]. These dense waters are separated
from the main body of the Atlantic Ocean at depths below 840 m by the Greenland-
Scotland Ridge. However, waters from the GIN Seas are able to flow southwards into
the main Atlantic basin over the deeper parts of the ridge. Once on the southern side of
the ridge, the high density of the overflow waters compared to the North Atlantic surface
and intermediate water masses leads them to sink to greater depths and become a major

contributor to North Atlantic Deep Water [e.g. Swift 1984].

There are several different pathways by which subsurface water masses from the GIN
Seas are able to cross the Greenland-Scotland Ridge. The Denmark Strait, between
Iceland and Greenland has a sill depth of approximately 620 m and east of Iceland, the
sill depth is generally less than 500 m. Of the total flux of water entering the North
Atlantic from the Nordic Seas, just over half (of a total of 5.6 Sv) passes through the
Denmark Strait and into the Irminger Basin, with approximately 1 Sv directly
overflowing the Iceland-Scotland Ridge. The remaining 1.5-2.4 Sv flows through the
Faeroe-Shetland Channel to the west of the Faeroe Islands, where water depths exceed

800 m (overflow pathways shown in figure 1.5) [Hansen and @sterhus 2000; Olsen et al.



2008]. Most of the water flowing along this channel continues into the Faeroe Bank
Channel and eventually drains into the Iceland Basin, however a small amount of water
(approximately 0.3 Sv) overflows the Wyville-Thomson Ridge (which bounds the
channel to the south) into the Rockall Trough [Sherwin and Turrell 2005; Olsen et al.
2008].

Pure overflow waters crossing the Wyville-Thomson Ridge are thought to consist of
Norwegian Sea Arctic Intermediate Water (NSAIW) and/or Norwegian Sea Deep Water
(NSDW) [Hansen and @sterhus 2000; Sherwin and Turrell 2005]. As these dense waters
descend on the southern side of the Wyville-Thomson Ridge, they entrain the
surrounding Eastern North Atlantic Water, increasing the total volume of the overflow
waters from >0.2 Sv to a maximum estimate of 0.8-0.9 Sv [Sherwin et al. 2008]. The
water mass formed by this process is known as Wyville-Thomson Overflow Water
(WTOW) [Ellett and Roberts 1973], and travels southwards, flowing along the eastern
edge of the Rockall Plateau, with WTOW traced to at least 55°N in the North Atlantic,

and sometimes beyond [Johnson et al. 2010].

Recent oceanographic transects place the main core of Wyville-Thompson Overflow
Water in the Northern Rockall Trough at intermediate depths (600-1200 m), based upon
its temperature, salinity and chemical properties [Johnson et al. 2010; McGrath et al.
2012]. The development of the Feni sediment drift has previously been attributed to
rapidly flowing overflow waters [Jones et al. 1970; van Weering and de Rijk 1991],
however, with a maximum crest height approximately 2100 m below sea level, the Feni
Drift is located significantly below the core of modern WTOW. One possible
explanation for this discrepancy is that the depth of the overflow waters has changed
over time. Temporal variation in overflow behaviour has been observed over time scales
from days to seasons to years [Dickson and Kidd 1986; Sherwin and Turrell 2005;
Sherwin et al. 2008; Johnson et al. 2010]. Also, the strength of overflow water export is
very likely to vary with regional climate over longer timescales for example, over
glacial-interglacial cycles [e.g. Raymo et al. 2004; Yu et al. 2008] or linked to the

development of the northern hemisphere ice sheets [e.g. Raymo et al. 1992; Henrich et



al. 2002]. Changes in the height of the Greenland-Scotland Ridge would also have had
an impact on overflow strength [Wright and Miller 1996; Poore et al. 2006; Poore et al.
2011]. The Feni Drift formed over millions of years, with its inception in the Late
Palacogene or Early Neogene [Jones et al. 1970; Masson and Kidd 1986], therefore, the
relief of the Feni Drift today may not necessarily be indicative of the modern circulation

patterns.

Alternatively, the Feni Ridge may be shaped by extreme events, as proposed by Dickson
and Kidd [1986]. A denser component of WTOW at depths below 1500 m has been
identified in 12 of the 31 years between 1976 and 2006, in years both with and without
the shallower WTOW core present [Johnson et al. 2010]. The deeper component is only
found on the extreme west of the Rockall Trough, as a slope current, and may indicate a
different pathway for WTOW, potentially associated with large overflow events
[Johnson et al. 2010]. Such an event was documented by Sherwin and Turrell [2005],
with WTOW forming as NSDW cascaded down the southern side of the Wyville-
Thomson Ridge at a rate of 1.5-2.1 Sv and entrained ENAW, increasing the volume of

the overflow water mass by a factor of three as it descended.

1.5 Thesis outline

Chapter 2 investigates changes in the surface ocean and deposition of ice-rafted debris in
the northeast Atlantic during the last glacial interval. A new stratigraphy for ODP Site
980 is established by correlation of the percentages of the polar planktonic foraminiferal
species N. pachyderma (s.) to a regional stratotype, supplemented by recalibrated,
previously published radiocarbon ages of planktonic foraminifera. Fluxes of ice-rafted
detrital carbonate grains provides a clear identification of the Heinrich IRD layers.
Variability in the lithology of IRD both within and between Heinrich events and the
ability of these changes to reconstruct phasing between ice sheets is considered. The
implications of the sequence of changes in the flux and assemblage of both planktonic
foraminifera and IRD for the mechanism by which Heinrich events are generated is also

discussed.



Chapter 3 explores the use of neodymium isotopes as a proxy to reconstruct the
provenance of water masses. New reconstructions of the neodymium isotope
composition of planktonic foraminifera and fish debris at ODP Site 980 are presented
and compared to previously published sediment leachates records from the same core
[Crocket et al. 2011]. The fidelity of each of these substrates as a record of seawater
neodymium isotopic composition is compared, with rare earth element distributions used
to shed further light on the acquisition of the neodymium isotopic signature and its

stability as samples become more deeply buried over time.

Chapter 4 investigates the changes in bottom water chemistry through the Heinrich
events at ODP Site 980. The neodymium isotope data are combined with high resolution
benthic carbon and oxygen isotope records to disentangle the influences of changing
properties and/or provenance of the bottom waters. Comparison with the records of ice-
rafted debris and N. pachyderma (s.) presented in chapter 2 allows the phasing between
the different components of the Earth System at Heinrich events to be reconstructed. The
sequence of changes in the cryosphere, and surface and deep ocean is used to evaluate
the plausibility of some of the mechanisms responsible for Heinrich event generation,

and assess the extent of thermohaline shutdown.

Finally, in chapter 5, the main conclusions of this thesis are summarised, and several

suggestions for future research directions presented.
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Chapter 2
Millennial Scale Variability in Surface Ocean Conditions
during the Last Glacial Interval: Spatial and Temporal
Variability in the Northeast Atlantic

2.1 Abstract

The last glacial interval and deglaciation were marked by dramatic, high frequency
variability in the global climate, most noticeably in the North Atlantic region. Large
armadas of icebergs flooded the North Atlantic Ocean as a result of destabilisation of the
Laurentide Ice Sheet (LIS) and other circum-Atlantic ice sheets, adding large amounts of
fresh water to the ocean and disrupting the Atlantic meridional overturning circulation.
The mechanisms responsible for generating these Heinrich events are still debated.
Proxy reconstructions of upper ocean temperature variations at Ocean Drilling Project
(ODP) Site 980 in the northeast Atlantic show excellent agreement with the millennial
scale variability captured by the geochemistry of ice cores from Greenland, although
their expression in the sedimentary record is modified by a combination of variable
sedimentation rates, bioturbation and bottom current activity. Variations in the flux of
planktonic foraminifera deposited may be linked to highly variable sea ice extent, with
the bulk magnetic susceptibility of the sediment illustrating how the marine sedimentary
record is strongly influenced by both the deposition of ice-rafted debris (IRD) and
bottom current activity. Spatial variability in the composition of IRD across the
Northeast Atlantic illustrates the fact that changing patterns in grain lithologies in open
ocean settings cannot be interpreted simply as a function of large-scale ice-sheet
behaviour. Instead, IRD deposition is also influenced by surface ocean properties and
circulation, and the mass balance of both major ice sheets and their smaller, less stable
ice streams. Differences in the sequence of lithologies deposited between Heinrich
events suggests that they are not simple, repeating events, with local factors and internal
ice sheet instabilities potentially playing a role in the observed patterns of IRD

deposition in marine sediments. Evidence of European sourced IRD preceding detrital



carbonate deposition at multiple Heinrich events, however, suggests that melt water
input to the ocean from smaller ice sheets could have played a role in the destabilisation

of the LIS at Heinrich events.

2.2 Introduction

Current predictions of global climate over the coming centuries suggest that future
warming will be extremely rapid, unlike anything observed over the relatively stable
conditions of the Holocene [Solomon et al. 2007]. The climate of the last glacial interval
was much more unstable than the Holocene, with strong fluctuations between mild
(interstadial) and cold (stadial) conditions [e.g. Bond et al. 1993; Dansgaard et al. 1993;
Alley et al. 1999; Broecker and Hemming 2001; Rahmstorf 2002; Voelker 2002].
Certain stadials are marked by a significant increase in the input of icebergs to the North
Atlantic, and have been christened “Heinrich events” [e.g. Heinrich 1988; Bond et al.
1992; Grousset et al. 1993; Bond and Lotti 1995; Hemming 2004]. Large inputs of
freshwater to the ocean at high latitudes severely disrupted the meridional overturning
circulation during Heinrich events [e.g. Stommel 1961; Broecker et al. 1985; Maslin et
al. 1995; Oppo and Lehman 1995; Vidal et al. 1997; Ganopolski and Rahmstorf 2001].
Understanding the links between the locations and mechanisms of fresh water addition
to the oceans and the resulting changes in overturning circulation helps to develop our
understanding of the oceanic response to future freshwater inputs as a result of

anthropogenic ice sheet destabilisation.

Despite being the focus of many investigations, the mechanism responsible for
generating millennial scale Dansgaard-Oeschger variability is still much debated. For
responses to be seen over a hemispheric, and perhaps even global scale, it is thought that
interactions between the global thermohaline circulation, sea ice feedbacks and tropical

ocean-atmosphere processes must all play a part [Clement and Peterson 2008].

Many of the hypotheses put forward to explain why Heinrich (H-) events have a greater

impact on both the North Atlantic sedimentary record and the oceanic thermohaline



circulation than Dansgaard-Oeschger (D-O) variability focus on internal instability of
ice sheets [Hemming 2004]. MacAyeal [1993] proposed that periodic purging of the
Laurentide ice sheet occurred when its volume reached a threshold, at which point basal
melting lubricated the ice sheet, triggering a rapid collapse. Alternative mechanisms
have since been suggested including jokulhlaup activity (the catastrophic release of
meltwater previously trapped behind a dam) [Johnson and Lauritzen 1995], episodic
activity of a Hudson Strait ice stream [Marshall and Clarke 1997] and ice shelf collapse
as a result of warming of surface [Hulbe 1997; Hulbe et al. 2004] or subsurface [Marcott
et al. 2011] waters.

Synchronous or near-synchronous release of icebergs from multiple ice sheets during
Heinrich events would imply either some form of coupling between the ice sheets or an
external forcing acting across the region. Sea level [Bond and Lotti 1995; Fliickiger et
al. 2006] and thermohaline circulation changes [Zahn et al. 1997; Moros et al. 2002;
Alvarez-Solas et al. 2010; Gutjahr and Lippold 2011] have both been invoked as
potential triggers for Heinrich events, with surges from one ice sheet also being
proposed as destabilising agents for other ice sheets [e.g. Bond and Lotti 1995; Snoeckx
et al. 1999; Scourse et al. 2000; Darby et al. 2002]. The importance of solar forcing is
also currently debated [e.g. Bond et al. 2001; Braun et al. 2005; Muscheler and Beer
2006; Darby et al. 2012; Obrochta et al. 2012].

Icebergs transport the terrigenous products of glacial erosion from their source area out
into the open ocean, where this ice-rafted debris (IRD) is deposited as drifting icebergs
melt and/or break up due to the physical abrasive action of waves [Andrews 2000]. In
certain cases, it is possible to identify the provenance of the IRD on the basis of its
composition, chemistry or age. Therefore, marine sediments can provide an insight into

the dynamics of major ice-sheets.

Deciphering the source(s) of IRD and meltwater input has important implications for
understanding the resulting changes in ocean thermohaline circulation [Bigg et al. 2011].

A number of different IRD provenance indicators have been used to explore this further.



These include grain lithologies [e.g. Darby et al. 2002; Peck et al. 2007], lead isotopes
[e.g. Gwiazda et al. 1996a; Gwiazda et al. 1996b; Hemming et al. 1998; Bailey et al.
2012; Crocket et al. 2012], neodymium and strontium isotopes [e.g. Grousset et al. 1993;
Revel et al. 1996; Farmer et al. 2003], K/Ar [e.g.Jantschik and Huon 1992], **Ar/*°Ar
[e.g. Gwiazda et al. 1996¢c; Hemming et al. 2002; Hemming and Hajdas 2003], Rb-Sr
[e.g. Huon and Jantschik 1993], magnetic properties [e.g. Robinson et al. 1995; Walden
et al. 2007; Watkins et al. 2007], organic geochemical footprints [Naafs et al. 2013] and
the presence of reworked late Tertiary and early Cenozoic nannofossils [e.g. Rahman

1995; Scourse et al. 2000].

opP9sy *
]

ENAM97-09 (7~
v23.81° 5NN

MD07-2261° )

Figure 2.1: Reconstructed extent of ice at the Last Glacial Maximum (LGM) based
upon Funder and Hansen [1996], Landvik et al. [1998], Svendsen et al. [1999],
Clark and Mix [2002], Dyke et al. [2002; Naafs et al. 2013], Huybrechts [2002],
Marshall et al. [2002], Peltier [2004], Sejrup et al. [2005] and Clark et al. [2012].
Blue hashed region marks the location of the main N. Atlantic IRD belt, with the 25—
13 ka 250 mg cm™ kyr’' IRD flux line of Ruddiman [1977] shown, redrawn from
Hemming [2004]. Location of ODP Site 980, with the positions of other cores
referred to in the text also shown, plotted on an orthographic (North Polar)
projection. LIS: Laurentide Ice Sheet; InlS: Innuitian Ice Sheet; GIS: Greenland Ice
Sheet; 1IS: Icelandic Ice Sheet; BIIS: British and Irish Ice Sheet; FIS:
Fennoscandian Ice Sheet; SBIS: Svalbard-Barents Ice Sheet; NWEIS: North West

European Ice Sheet.



Detrital carbonate clasts sourced from the Hudson Bay area beneath the Laurentide Ice
Sheet which covered much of North America (shown in figure 2.1) are found in many of
the Heinrich layers of the last glacial across the North Atlantic (including Heinrich (H)
events 1, 2, 4 and 5) [Heinrich 1988; Andrews and Tedesco 1992; Broecker et al. 1992],
but may be absent in others (e.g. H3 and H6) [Gwiazda et al. 1996a; Hemming 2004].
This suggests that the magnitude of iceberg release from each of the circum-Atlantic ice
sheets may have differed between Heinrich events [Grousset et al. 1993; Snoeckx et al.
1999]. Evidence of variability in IRD provenance within Heinrich events has added
support to suggestions that precursory change in the European ice sheets lead to the
destabilisation of the Laurentide Ice Sheet [e.g. Bond and Lotti 1995; Snoeckx et al.
1999; Grousset et al. 2000; Scourse et al. 2000], although recent studies have painted a
more complex picture [e.g. Walden et al. 2007; Scourse et al. 2009; Haapaniemi et al.

2010].

In order to distinguish between the different mechanisms proposed to explain Heinrich
and Dansgaard-Oeschger variability, it is vital to know the phasing between the different
components of the ocean and Earth system. Leads and lags between changes in the
surface and deep ocean, sea ice cover and instabilities of different ice sheets can convey
crucial information. High resolution, multi-proxy records from a single sediment section
allow offsets between different proxy records to be distinguished, avoiding the
uncertainties associated with comparing records with different chronologies. A time
series spanning multiple rapid climatic events also has the advantage of highlighting any
differences between events, which may have important implications for the mechanism
by which they are generated. ODP Site 980 is well situated to reconstruct variability in
the surface ocean and cryosphere, as it has a high sedimentation rate due to its position
in a major sediment drift (discussed in section 1.2), increasing the probability that any
offsets between proxy records can be resolved. The site is also located on the periphery
of the main North Atlantic IRD belt [Ruddiman 1977], and hence is expected to record a
signal from the Laurentide Ice Sheet, however, due to its location in the Northeast

Atlantic, an influence of the major European ice sheets may also be detected. Site 980



therefore provides an excellent opportunity to study the interactions between the ocean

and cryosphere during the last 40,000 years.
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Aims

The key aims of this chapter are to:

24

2.4.1

Provide a clear and unambiguous identification of the depth of the Heinrich
layers in the last glacial stratigraphy of ODP Site 980.

Update and improve the age model for Site 980, making use of new reference
stratigraphies and recommended stratigraphic procedures.

Deduce changes in the temperature and productivity of the upper ocean using
changes in the species and fluxes of planktonic foraminifera.

Reconstruct the lithology and flux of sand-sized lithic grains transported to the
site by ice-rafting and discuss the links to ice-sheet dynamics.

Compare new, high-resolution data generated from Site 980 with other climate
archives from the North Atlantic to better understand spatial variability in proxy
records.

Improve the understanding between the mechanisms responsible for generating
the changes documented in the North Atlantic during Heinrich events by
comparing records of change in the surface ocean and cryosphere.

Provide a framework for interpreting the data generated in later chapters, by
permitting interpretation of the phasing between the changes in the cryosphere,

surface and deep ocean.

Methods

Sediment preparation

All sediment samples used in this study are from ODP Site 980 with a combination of

samples from Hole B (0.05-4.13 metres below seafloor, or mbsf) and Hole A (0.32—4.08

mbsf), as shown in figure 2.2. In order to be able to place samples from the different
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holes onto a single age scale, the depth scale for each hole was converted from metres
below seafloor (mbsf) to metres composite depth (mcd). This procedure is documented
in appendix 1. Sample volumes were approximately 20 cm’. Bulk sediment samples
were weighed, oven dried at 50°C for 3—7 days and their dry mass was recorded. They
were then washed with deionised water over a 63 um mesh. The coarse fraction (>63
um) was oven dried, weighed and stored in a glass vial. The fine fraction of each sample

(<63 um) was allowed to settle, then freeze-dried and stored for future use.
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Figure 2.2: Schematic of the uppermost core sections recovered from ODP Site 980,
displaying all three holes (4, B and C). Core numbers are followed by H, indicating
that the core is an advanced piston core (1H, 2H etc.), while section numbers are
followed by W, as they are from the working half of the core (IW, 2W etc.). Depths
plotted as metres composite depth, using the values given in the Leg 162 Initial Report
[Shipboard Scientific Party 1996b]. Red lines mark the positions of the samples used in
this study. Yellow shading marks the sections used to construct the splice record

[Shipboard Scientific Party 1996b].



2.4.2 Ice-rafted debris and foraminifera counts

Samples were dry sieved at the 150-500 um size fraction, and the total number of C.
wuellerstorfi (a species of benthic foraminifera typically associated with high bottom
current velocities [Linke and Lutze 1993; Wollenburg and Mackensen 1998; Gupta and
Thomas 2003]) were counted. Sediment samples were then repeatedly divided into two
equal halves using a sediment splitter until approximately 300 lithic grains remained.
These grains were then identified and counted, using the categorisations of Hall et al.
[2011], with reproducibility of counts estimated as +1 %. The samples were then split
again until approximately 300 planktonic foraminifera remained. The number of
specimens of the polar species of planktonic foraminifera Neogloboquadrina
pachyderma (sinistral) (Ehrenberg, 1861) was counted as a proportion of the total
number of planktonic foraminifera in the samples using an optical microscope, allowing
the percentage of N. pachyderma (s.) to be calculated. Repeat counts gave values within
3 % of original counts. The number of planktonic foraminifera per gram of sediment was
estimated as follows:

. . Foraminifera counted .
Foraminifera per gram sediment = - xSediment dry bulk mass
Fraction of sample counted

243 Ice-rafted debris lithologies

Although it is very difficult to assign a geographical origin to any single lithic grain
purely based upon lithology, large scale shifts in the proportions of different lithologies
may indicate changes in the significance of different source regions of IRD. The
attributions used in this study are based upon the arguements of Peck et al. [2007] and

Scourse et al. [2009], and are shown in table 2.1.

2.4.4 Flux estimates

In order to convert estimated concentrations of IRD and planktonic foraminifera into



fluxes, bulk sediment density estimates are needed. Unfortunately the shipboard
estimates of gamma-ray attenuation porosity evaluator (GRAPE) wet bulk density data
from ODP Leg 162 contained a systematic error of ca. 10 % due to a misalignment of
the GRAPE source-sensor apparatus [Carter and Raymo 1999]. Two alternative
techniques were therefore applied to estimate the sediment density: cross-plotting the
GRAPE density estimates from Hole 980A with estimates of the wet bulk density of
discrete samples from the same depth (data from the Leg 162 initial report [Jansen et al.
1996]), and using the wet and dry bulk masses of each sample (based upon the same
principles as the moisture and density (MAD) estimates outlined in the explanatory
notes of the Leg 162 Initial Reports [Shipboard Scientific Party 1996a]). These

techniques are detailed in appendix 2.

Ice sheet Lithologies

Laurentide ice sheet (LIS) Cream coloured detrital carbonate

British and Irish ice sheet| Sedimentary grains
(BIIS) Metamorphic grains

Dark carbonate

Icelandic ice sheet (IIS) Mafic volcanic glass'

. . 1
Felsic volcanic glass

Unatributable origin Transparent quartz
Yellow quartz

Basalt®

Haematite coated grains’
Haematite coated grains’
Feldspars

Pumice®




Table 2.1: Classification of IRD lithologies for provenance allocation.

"Volcanic glasses may also have been transported to the site through the atmosphere
as ash particles.

’Basalt was likely sourced from both the BIS and IIS. Two very different volcanic
assemblages have been documented on the British margin. At the Barra Fan, in the
NE part of the Rockall Trough (MD95-2006 [Knutz et al. 2001]), the volcanic
assemblage is dominated by basalt, thought to originate from the Tertiary volcanic
provinces of the NW British Isles. The very low content of volcanic glass is used to
rule out a dominant Icelandic source at this site. In contrast, at site MD01-2461
(Porcupine Seabight, SE Rockall Trough [Peck et al. 2007]), volcanic glass fluxes
are much higher than basalt, an assemblage more typical of the IIS. The assemblage
at Site 980 is much more similar to that described at MD01-2461, however, this still
does not allow us to determine the source of the basaltic grains with certainty.
Another possible source for the basaltic grains is the Rockall Plateau itself
(particularly at times of lowered sea level) [Hibbert et al. 2010, Naafs et al. 2013].
’Haematite coated grains have been attributed to both E. Greenland, Svalbard and
the Arctic [Bond et al. 1997, van Kreveld et al. 2000] and the Gulf of St. Lawrence
[Bond and Lotti 1995].

*Pumice has previously been attributed to both the Icelandic [Lacasse et al. 1996;
Lackschewitz and Wallrabe-Adams 1997, Scourse et al. 2009] and British [Peck et
al. 2007] ice sheets. The highly sporadic occurrence of pumice in Site 980 could also

indicate the presence of ash layers.

A comparison of IRD fluxes estimated by each of these methods is illustrated in figure
2.3. Estimates calculated from the wet and dry masses of the samples were consistently
higher than those from GRAPE density, most likely as a result of the sediment partially
drying out since recovery. There is a large offset between the densities estimated from
MAD data for Holes A and B. This discrepancy may be due to the fact that samples
from Hole B had dried out to a much greater extent because they had been subjected to
additional handling by another investigator, while the samples from Hole A came

directly from the Bremen Core Repository.
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Figure 2.3: Comparison of density and flux estimates for (a) sediment dry bulk
density and (b) IRD flux calculated using GRAPE (red) and MAD properties
(green). (c) IRD concentration in grains >150 um / g dry bulk sediment mass.
GRAPE data from Jansen et al. [1996].

The choice of density correction does not significantly affect the conclusions of this
work, with the only major difference being that the fluxes estimated using GRAPE data
in Hole 980B samples are approximately halved when compared to the MAD-derived
estimates (figure 2.3). Both show excellent agreement with the concentration data
illustrated in figure 2.3(c), showing that the choice of density correction does not
significantly alter the observed pattern of variability. Due to the uncertain degree of
drying affecting the MAD-derived estimates, however, GRAPE-derived estimates will

be used to calculate fluxes in the remainder of this chapter.



2.5 Age model generation

The published age model for ODP Site 980 of McManus et al. [1999] was created by
graphically tuning the benthic oxygen isotopes from Site 980 to previously published
sediment core chronologies (where stratigraphies had been developed by orbital tuning
of benthic oxygen isotope records) [Martinson et al. 1987; Shackleton et al. 1990].
Suborbital variations in benthic 8'*O within the last glacial interval are, however,
relatively small, hence it is not possible to resolve and correlate millennial-scale
variations to fine-tune an age model. Moreover, the signal at any one site may be
influenced by local variations in bottom water 3'°0O. This is particularly true at times and
in regions where there may have been either significant bottom water generation
associated with sea ice formation, large melt water inputs or the influence of multiple
bottom water masses with different 8'°0 signatures. All of these issues have been
previously documented in the vicinity of the core site during the last glacial interval [e.g.
Dokken and Jansen 1999; Thornalley et al. 2010; Crocket et al. 2011; Waelbroeck et al.
2011], hence there are multiple reasons to suspect that the benthic §'*0 record at Site

980 may not correlate well with globally representative stacks [e.g. Lisiecki and Raymo

2005].

In light of these limitations, a new age model is developed here, following the
procedures suggested in Austin and Hibbert [2012]. Their recommended method for
developing stratigraphies for North Atlantic sediment cores advocates the creation of a
local event stratigraphy for the site using a proxy sensitive to sea surface temperatures,
and then correlating the mid-points of rapid warming intervals to a regional stratotype
(ideally the NGRIP 8'®Ojc. record [North Greenland Ice Core Project Members et al.
2004; Lowe et al. 2008]). This allows the transfer of the GICCO05 chronology [Andersen
et al. 2006; Rasmussen et al. 2006; Svensson et al. 2006; Vinther et al. 2006; Svensson
et al. 2008] to the marine realm. Where possible, this should be constrained by
additional evidence, for example, IRD-rich horizons, radiocarbon dates and

independently tested the presence of ash layers.



Chapter 2 43

327 @

_34 T
a6 B o i A/w\,\\’M‘m\'n‘r“n*«‘f,\\‘“’Mw b ‘/LVW Yty

_38 | ‘{‘“ ‘y\

Z ,
g 40 f ‘“ \ I
g _a M J(WW I (“ / lv ‘\ ‘
] [ A ﬂ el
T ] | ‘ iy J ‘A"|HH-‘,H‘\~||M}F\\‘{\§ ‘Afr i
46 ] i
ag ]
P
1®
= 20+
E 404
;% ]
§ 60 |
2
® 80
100 -
() 1500
20000~
o 8
o 15000 1000 2
£ IRD

‘;-)’ 10000 — Detrital carbonate

]

S 0.6

c ~

£E

SE 04

s E

£ 02 |

e

ol

(]

0
T 9803 T T | T T 980A T T T 1
0 5000 10000 15000 20000 25000 30000 35000 40000 45000

Years b2k (GICCO5)

Figure 2.4: (a,b) Tuning of % N. pachyderma (s.) from Site 980 (b) to the 8"%Ojee
record of the NGRIP ice core (a) [North Greenland Ice Core Project Members et al.
2004], with both records plotted on the GICCO5 chronology [Andersen et al. 2006;
Rasmussen et al. 2006; Svensson et al. 2006, Vinther et al. 2006, Svensson et al.
2008]. Tie-points at intervals of rapid warming (inferred from sharp reductions in %
N. pachyderma (s.)) are shown by solid black lines, with dotted grey lines marking
the position of the recalibrated radiocarbon dates of Oppo et al. [2003] and Benway
et al. [2010] (listed in table 2.2). No % N. pachyderma (s.) data was generated for
much of the Holocene, as conditions were too warm for N. pachyderma (s.) to thrive
(>10°C) [Darling et al. 2006]. (c) IRD (black) and detrital carbonate (red) fluxes at
Site 980. (d) Site 980 sedimentation rate calculated using new age model presented

here.

The % N. pachyderma (s.) record generated at Site 980 (a proxy for upper ocean
temperature when sea surface temperatures are between 4 °C and 10 °C [Darling et al.
2006]) was tuned to North Greenland Ice Core Project (NGRIP) 8'*Oy., a proxy record

for atmospheric temperatures [North Greenland Ice Core Project Members et al. 2004],



on the GICCOS5 chronology [Andersen et al. 2006; Rasmussen et al. 2006; Svensson et
al. 2006; Vinther et al. 2006; Svensson et al. 2008]. Intervals of rapid warming were
chosen as tie-points, as the age uncertainty in identifying the midpoint of a shift is
smallest when the change is most rapid. Visual correlation of the two records carried out
using the Analyseries software of Paillard et al. [1996] (results shown in figure 2.4).
Tuning of sea surface temperatures to the NGRIP 8'*Oj.. record assumes that changes in
North Atlantic are synchronous with air temperatures over Greenland. Although
numerous studies support this idea [e.g. Lehman and Keigwin 1992; Bond et al. 1993;
Shackleton et al. 2000], records correlated in this way are not independent, therefore
great care must be taken when inferring differences in phasing [Blaauw 2012]. Linear

sedimentation rates were assumed between each tie-point.

Tuning of the % N. pachyderma (s.) from Site 980 to the NGRIP 8'*0j., record was
guided by the counts of detrital carbonate grains in the >150 um size fraction. Three
major peaks in detrital carbonate fluxes were identified as H1, H2 and H4 (figure 2.4),
correlating to layers documented across much of the North Atlantic [Andrews and
Tedesco 1992; Bond et al. 1992; Hemming 2004]. Each of these is also associated with
high IRD fluxes and a dominance of polar species of planktonic foraminifera, and is in
good agreement with expected ages from the age model of McManus et al. [1999]. This
allows the shorter-term variations in % N. pachyderma (s.) between the Heinrich events

to be correlated to the NGRIP 8'%0.. record with increased confidence.

The lack of a detrital carbonate peak during H3 in the Site 980 record makes the event
difficult to identify. As a result, two alternative age models are presented in figure 2.5
based upon different tie points between the Site 980 % N. pachyderma (s.) and 8'"°Ojc
NGRIP records.

Correlation of new % N. pachyderma (s.) data to the published NGRIP §'°Oj. record
[North Greenland Ice Core Project Members et al. 2004] allows the creation of a new
chronology for Hole 980A (spanning 18.3—41.5 ka). However, this technique is much
less suitable for generating a chronology for the uppermost part of Hole 980B (0.8-18.3
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ka). This is attributable to a combination of factors: concentrations of N. pachyderma
(s.) are very low in the Holocene meaning that fluctuations in sea surface temperature
cannot be resolved, the sample resolution of Hole B is much lower than Hole A, and the
amplitude of climatic millennial-scale variations are much smaller in the Holocene than

during the glacial [e.g. Bond et al. 1997].
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Figure 2.5: Comparison of potential age models for ODP Site 980 based upon
correlations of the % N. pachyderma (s.) record to the NGRIP 8O record. (a) Site
980 % N. pachyderma (s.) displayed on the main age model, (b) NGRIP [North
Greenland Ice Core Project Members et al. 2004] (c) alternative Site 980 age model
based upon different correlations for the rapid warmings into Greenland stadials 3

and 4.

Correlation of new % N. pachyderma (s.) data to the published NGRIP §'°Oj. record
[North Greenland Ice Core Project Members et al. 2004] allows the creation of a new
chronology for Hole 980A (spanning 18.3—41.5 ka). However, this technique is much
less suitable for generating a chronology for the uppermost part of Hole 980B (0.8-18.3



ka). This is attributable to a combination of factors: concentrations of N. pachyderma
(s.) are very low in the Holocene meaning that fluctuations in sea surface temperature
cannot be resolved, the sample resolution of Hole B is much lower than Hole A, and the
amplitude of climatic millennial-scale variations are much smaller in the Holocene than

during the glacial [e.g. Bond et al. 1997].

To circumvent these problems, the correlations with the NGRIP ice core record are
supplemented with accelerator mass spectrometry radiocarbon dates of the planktonic
foraminifera species Globigerina bulloides, Neogloboquadrina pachyderma (dextral)
and Neogloboquadrina pachyderma (sinistral). These were originally published by Oppo
et al. [2003] and Benway et al. [2010], but have been recalibrated to incorporate more
recent refinements of the radiocarbon calibration curve since the original publication of
Oppo et al. [2003]. Here, the Marine09 calibration curve of Reimer et al. [2009] is used
in conjunction with the Calib 6.0 software [Stuiver and Reimer 1993; Stuiver et al.
2005] to calibrate the raw radiocarbon ages. A constant reservoir age of 400 = 100 years
is assumed for the majority of samples [Bard 1988; Reimer and Reimer 2001;
Waelbroeck et al. 2001]. The exceptions to this are the Younger Dryas (800 + 300 years)
and Heinrich event 1 (1600 + 1000 years) [Bard et al. 1994; Austin et al. 1995;
Waelbroeck et al. 2001; Bondevik et al. 2006; Peck et al. 2006; Cao et al. 2007;
Thornalley et al. 2011b; Stern and Lisiecki 2013], which were identified from the ice-
rafted debris, detrital carbonate and % N. pachyderma (s.) records, at depths in excellent
agreement with previous work at Site 980 [McManus et al. 1999; Benway et al. 2010]. A
sample age span of 40 years per cm of depth was applied, estimated from previously
published core chronologies of Site 980 [McManus et al. 1999; Oppo et al. 2003]. The
median value for each calculated probability function has been quoted as the calibrated
radiocarbon age in table 2.2, with errors of = 1 sigma stated. Sample ages were
converted from ‘years before 1950’ to ‘years before 2000’ by the addition of 50 years to
place them onto the GICCO5 chronology [Andersen et al. 2006; Rasmussen et al. 2006;
Svensson et al. 2006; Vinther et al. 2006; Svensson et al. 2008].
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Depth Midpoint Radiocarbon  Reservoir Calibrated
Hole  Core Section range depth Species age (**C age ("*C age (years
(cm) (mcd) years) years) b2k)

980B 1H W 0-1 0.005 | Gb 1060425 400+100 630+100
980B 1H W 0-2 0.010 | Npd 1190435 400+100 750100
980B 1H W 2-3 0.025 | Gb 1330435 400+100 870+£130
980B 1H W 5-7 0.060 | Npd 1060430 400+100 630+100
980B 1H W 35-37 0.360 | Npd 1710455 400+£100 1260+130
980B 1H I\ 57-58 0.575 | Npd 3090+30 400+£100 2890+140
980B 1H W 65-67 0.660 | Npd 2910435 400+100 2660+150
980B 1H W 74-75 0.745 | Gb 3290435 400+£100 3120+150
980B 1H W 85-87 0.860 | Npd 3670+40 400+100 3590+150
980B 1H W 104-105 1.045 | Gb 4490+25 400+£100 4670+140
980B 1H W 115-117 1.160 | Gb 4880+50 400+100 5170£170
980B 1H W 135-137 1.360 | Npd 6240+65 400+100 6690150
980B 1H 2W 11-12 1.615 | Gb 7230470 400+100 7700130
980B 1H 2W 20-22 1.710 | Npd 7580450 400+100 8050+120
980B 1H 2W 45-47 1.960 | Gb 8830445 400+100 9500+130
980B 1H 2W 65-67 2.160 | Gb 9640+45 400+100 10490+140
980B 1H 2W 80-82 2.310 | Npd 9620450 400+100 10470+140
980B 1H 2W 99-100 2.495 | Gb 9780470 400+100 10690+180
980B 1H 2W 145-147 2.960 | Gb 10900+55 800+300 117204510
980B 1H 3W 0-2 3.010 | Nps 11050+50 800+300 11920+450
980B 1H 3W 15-17 3.160 | Nps 12050+75 400+100 13510+150
980B 1H 3W 15-17 3.160 | Npd 12100460 400+100 13550+140
980B 1H 3W 31-32 3.315 | Nps 12200455 400+100 13640+150
980B 1H 3W 31-32 3.315 | Npd 12450460 400+100 13910+140
980B 1H 3W 40-42 3.410 | Nps 12550+50 400+100 14010+170
980B 1H 3W 45-47 3.460 | Nps 12800+70 400+100 14480+350
980B 1H 3W 55-57 3.560 | Nps 13100455 400+100 15010+360
980B 1H 3W 55-57 3.560 | Npd 12700490 400+100 14330+360
980B 1H 3W 65-67 3.660 | Nps 13250455 400+100 15370+350
980B 1H 3W 65-67 3.660 | Npd 13050+100 400+100 14880+340
980B 1H 3W 80-82 3.810 | Nps 15300+80 1600+1000 | 16390+1490
980C 2H W 44-46 4.020 | Nps 15350480 16001000 | 164701450
980C 2H W 54-56 4.120 | Nps 15450+55 400+£100 18260+200
980C 2H W 70-71 4.275 | Nps 16000+75 400+£100 18770120
980C 2H W 74-76 4.320 | Nps 16450+75 400+£100 19170+230
980C 2H W 84-86 4.420 | Nps 16650+95 400+£100 19390+180
980C 2H W 94-96 4.520 | Nps 17200+85 400+£100 19950+230
980C 2H W 114-116 4.720 | Nps 17750+80 400+£100 20690+270
980C 2H 1W 134-136 4.920 | Nps 18500+65 400+100 21620+230

Table 2.2: Accelerator mass spectrometry (AMS) radiocarbon ages of planktonic
foraminifera from Site 980 [Oppo et al. 2003; Benway et al. 2010], recalibrated
using Calib6.0 [Stuiver and Reimer 1993, Stuiver et al. 2005]. Samples in red

have been excluded from the age model, while those in green have been averaged,




as described in the text. Gb = Globigerina bulloides, Npd = Neogloboquadrina
pachyderma (dextral), Nps — Neogloboquadrina pachyderma (sinistral). All ages
rounded to the nearest 10 years, except the errors in the radiocarbon ages, which

have been rounded to the nearest 5 years.

Mean calibrated ages have also been used where multiple measurements were taken at
the same age horizon. The samples with unclaibrated radiocarbon ages of 3090 and 9640
years have been excluded due to age reversals, following the suggestion of Oppo et al.
[2003]. The data point at 4.02 mcd has also been excluded, as it has a very similar age to
the date 21 cm above it (at 3.81 mecd), giving an interval of unusually rapid

sedimentation.

There is very good agreement between the calibrated radiocarbon ages and those
generated by correlation to the NGRIP record, with only 85 years difference between
estimates taken 1 cm apart at the Younger Dryas (which is well within error). However,
there are greater discrepancies at Heinrich event 1. This may be a result of the greater
uncertainty in estimating temporal changes in the surface ocean reservoir radiocarbon
age. The radiocarbon age of the modern surface ocean is offset from the atmosphere, and
varies spatially as a result of variable rates of air-sea exchange, ocean circulation, and
the rate of atmospheric '*C production [e.g. Mangerud 1972; Stuiver et al. 1986; Bard
1988; Stocker and Wright 1996]. A correction needs to be applied for this offset if the
radiocarbon age of planktonic foraminifera is to be eventually converted into a calendar

age estimate.

Unlike the Younger Dryas, published estimates of the reservoir age changes during H1
are almost entirely based upon the assumption that changes in surface ocean temperature
in the North Atlantic are synchronous with the Greenland ice core records [ Waelbroeck
et al. 2001; Peck et al. 2006; Thornalley et al. 2011b]. However, many of the records
from the northeast Atlantic (including the data presented in this chapter, figure 2.6) show
evidence of warming concurrent with or only just above the H1 detrital carbonate layer
[e.g. Lagerklint and Wright 1999; Cortijo et al. 2005; Peck et al. 2008; Scourse et al.
2009; Benway et al. 2010; Thornalley et al. 2011a]. This suggests either that there was
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Figure 2.6: Dansgaard-Oeschger variability shown in (a) 8'°Os. record of the NGRIP
ice core [North Greenland Ice Core Project Members et al. 2004], (b) Site 980 % N
pachyderma (s.), (c) fluxes of ice-rafted debris >150 um (black) and detrital carbonate
(red) from Site 980. All records plotted on the GICCOS5 chronology [Andersen et al.
2006, Rasmussen et al. 2006; Svensson et al. 2006, Vinther et al. 2006, Svensson et al.
2008]. MIS1, 2 and 3 indicate marine isotope stages (after Hays et al. [1976]). Stadial
(GS) intervals are shaded in yellow with interstadials (GI) in white. Nomenclature for
Greenland stadial and interstadial intervals from Bjorck et al. [1998] and Walker et

al. [1999]. Question mark indicates uncertain correlation of the GS2-Gl1 transition.

an interval of very low sedimentation immediately after H1, high levels of bioturbation
spread the warming signal preserved in the planktonic foraminifera down core or that
there was some warming of the upper ocean prior to the Belling warming (onset
recorded in the NGRIP record at 14.69 + 0.19 ka [Rasmussen et al. 2006]) in this region.
If the shift in % N. pachyderma (s.) identified at 3.81 mecd in the Site 980 record
predates the Bolling warming, it could explain why there is a large offset between the
ages derived by the two different techniques at this point in the record. Estimates of

changes in the surface reservoir age through H1 which are not based upon the



assumption of synchronous warming of the whole of the North Atlantic with Greenland
are therefore urgently needed to test this supposition [e.g. Waelbroeck et al. 2001;
Bondevik et al. 2006].
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Figure 2.7: Age-depth relationship of combined Hole 980A and Hole 980B record on
main new age model described here. Dots indicate tie-points used in the construction
of the age model, with crosses representing rejected tie-points (reasoning explained
in the text). All radiocarbon dates originally from Oppo et al. [2003] and Benway et
al. [2010]. Errors in radiocarbon dates are too small to show on this plot (but are

given in table 2.2). Uncertainty in positioning of NGRIP-Nps tie points estimated as

a maximum of £ 750 years.

An alternative age model for the deglaciation can be created by assuming synchronous
warming between the northeast Atlantic (Site 980 % N. pachyderma (s.)) and over
Greenland (NGRIP 8'*0y.). If this scenario is valid, the offset to the radiocarbon dates
in this section of the core can be explained by uncertainty in the surface reservoir age of
the North Atlantic. The difference in the resulting age models is illustrated in figure 2.8.
The original, radiocarbon-based age model gives an estimate of the age of the detrital
carbonate layer which is in better agreement with previously published estimates [e.g.

Hemming 2004; Stanford et al. 2011], hence this will be used for the rest of this study.
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Figure 2.8: Comparison of main new age model (black/solid lines) with alternatives
(purple/dotted) for the deglaciation (left) and glacial (vight). (a) Age-depth models,
with the position and nature of tie-points indicated. (b) Sedimentation rates
calculated based upon each of the two models. (c) Concentrations of ice-rafted

debris (black) and detrital carbonate (red) grains at Site 980, plotted on both age

The choice of age model through the deglaciation, however, does not alter the
conclusions of this work, as the focus is on the phasing of components within a single

record rather than comparison of ages between archives, and the high concentration of



detrital carbonate clearly marks the position of the H1 IRD layer. In contrast, the choice
of tie-points in the glacial (shown in figure 2.5) affects the identification of the depth of
H3 within the core (illustrated in figure 2.8). Both models give reasonable sedimentation

rates, hence additional information is required to strengthen the chronology through this

interval.
Midpoint Age (years
Hole depth ]()[fllc)(tll)l before Description
(mbsf) 2000)
980B 0.025 0.025 772 | Mean of top 4 recalibrated '*C dates (1)
980B 0.360 0.360 1311 | Recalibrated '*C date (1)
980B 0.660 0.660 2710 | Recalibrated '*C date (1)
980B 0.745 0.745 3175 | Recalibrated '*C date (1)
980B 0.860 0.860 3636 | Recalibrated '*C date (1)
980B 1.045 1.045 4720 | Recalibrated '*C date (1)
980B 1.160 1.160 5225 | Recalibrated '*C date (1)
980B 1.360 1.360 6742 | Recalibrated '*C date (1)
980B 1.615 1.615 7755 | Recalibrated '*C date (1)
980B 1.710 1.710 8097 | Recalibrated '*C date (1)
980B 1.960 1.960 9551 | Recalibrated '*C date (1)
980B 2.310 2.310 10522 | Recalibrated '*C date (1)
980B 2.495 2.495 10742 | Recalibrated '*C date (1)
980B 2.954 2.954 11685 | Correlated warming out of YD
980B 2.960 2.960 11770 | Recalibrated '*C date (1)
980B 3.010 3.010 11965 | Recalibrated '*C date (2)
980B 3.160 3.160 13581 | Mean of 2 recalibrated '*C dates (2)
980B 3.315 3.315 13821 | Mean of 2 recalibrated '*C dates (2)
980B 3.410 3.410 14062 | Recalibrated '*C date (2)
980B 3.460 3.460 14530 | Recalibrated '*C date (2)
980B 3.560 3.560 14722 | Mean of 2 recalibrated '*C dates (2)
980B 3.660 3.660 15171 | Mean of 2 recalibrated '*C dates (2)
980B 3.810 3.810 16444 | Recalibrated '*C date (2)
980C 4.120 4.120 18306 | Recalibrated '*C date (2)
980C 4.275 4.275 18818 | Recalibrated '*C date (2)
980C 4.320 4.320 19220 | Recalibrated '*C date (2)
980C 4.420 4.420 19437 | Recalibrated '*C date (2)
980C 4.520 4.520 20002 | Recalibrated '“C date (2)
980C 4.720 4.720 20744 | Recalibrated '“C date (2)
980C 4.920 4.920 21670 | Recalibrated '“C date (2)
980A 1.629 5.510 23367 | Correlated warming out of H2/into GI-2
980A 2.366 6.281 27789 | Correlated warming into GI-3
980A 2.541 6.467 28898 | Correlated warming out of H3/into GI-4
980A 2.763 6.702 32515 | Correlated warming into GI-5
980A 2.975 6.927 33749 | Correlated warming into GI-6
980A 3.204 7.170 35500 | Correlated warming into GI-7
980A 3.639 7.632 38225 | Correlated warming out of H4/ into GI-8
980A 3.893 7.916 40166 | Correlated warming into GI-9




Table 3.3: Tie points used in the construction of the main new ODP Site 980 age
model. Radiocarbon dates all originally from (1) Oppo et al. [2003] and (2)
Benway et al. [2010]. Correlated points based upon matching Site 980 % N.
pachyderma (s.) record to the NGRIP 61801-69 record [North Greenland Ice Core
Project Members et al. 2004].

The presence of several ash layers, widely documented across the North Atlantic, can be
used to provide an independent test of the new chronology for ODP Site 980 presented
here. It is very difficult to differentiate between grains transported by ice-rafting and ash
particles purely on the basis of lithic counts (discussed more in section 2.7.4.1).
However, peaks in lithic grains of volcanic origin not in proportion to the total IRD flux

can be seen at 28.1 ka and 37.7 ka (figure 2.9), which approximately correlate with the
Fugloyarbanki/Faeroe Marine Ash Zone II and Faeroe Marine Ash Zone III, reported at
26.7 £ 0.4 ka [Svensson et al. 2006; Davies et al. 2008; Lowe et al. 2008] and 38.1 + 0.7
ka [Svensson et al. 2006; Davies et al. 2010]. The presence of an ash peak at 28.1 ka
supports the use of the main chronology over the alternative correlation presented in
figure 2.5 (which gives the ash peak an estimated age of 29.3 ka) as it is closer to the
published Fugloyarbanki/Faeroe Marine Ash Zone II age estimates. Therefore, the main

chronology will be used throughout the remainder of this study.

The greatest fluxes of volcanic grains in the Site 980 record occur during the Younger
Dryas (11.9 ka), most likely corresponding to the Vedde Ash (reported at 12.1 + 0.1 ka
[Mangerud et al. 1984; Rasmussen et al. 2006]). The geochemistry of ash layers can be
used to trace their provenance, increasing confidence in site-to-site correlations [e.g.
Mangerud et al. 1984; Gronvold et al. 1995; Lacasse et al. 1995; Wastegérd et al. 2006;
Thornalley et al. 2011b], however, there is no geochemical data for the volcanic grains
identified at Site 980. Therefore, the published ages of these ash layers have not been
incorporated into the new age model, however their presence at the expected ages within

the core adds confidence to the new chronology presented here.
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Figure 2.9: Identification of ash layers at Site 980. (a) Proportion of the total
lithic grains >150 um size fraction that are volcanic in origin, (b) flux of volcanic
grains >150 um, (c) total flux of IRD (black) and detrital carbonate grains (red)
(both >150 um). Ash layers are shaded in orange with probable identifications:
(A) Vedde Ash, (B) Fugloyarbanki/Faeroe Marine Ash Zone Il and (C) Faeroe
Marine Ash Zone Ill. Ash layer identification is complicated by the fact that
volcanic grains can also be transported by ice-rafting, hence they were identified
by an increased volcanic grain flux not in proportion to the total IRD flux, and an
increase in the proportion of volcanic grains in the > 150 um size fraction
(although an increase in the proportion of icebergs from volcanic-dominated

areas cannot be ruled out as a contributing factor).

2.6 Results



Down core records of the fluxes of ice-rafted debris (including detrital carbonate and
groups of lithologies attributed to input from Britain and Iceland), planktonic
foraminifera, C. wuellerstorfi and the percentages of N. pachyderma (s.) from ODP Site
980 are all illustrated in figure 2.10. Data is plotted on the new age model for Site 980
(as described in section 2.5), with the NGRIP §'*Oj. record [North Greenland Ice Core
Project Members et al. 2004; Andersen et al. 2006; Rasmussen et al. 2006; Svensson et
al. 2006; Vinther et al. 2006; Svensson et al. 2008] and Site 980 bulk core magnetic

susceptibility [Jansen et al. 1996] included for comparison.

2.6.1 % N. pachyderma (s.)

Throughout the glacial part of the record (980A), the percentage of the planktonic
foraminifera N. pachyderma (s.) (% Nps) oscillates between very low (typically <20 %)
and very high (>70 %) percentages (figure 2.10(b)). This is likely to be an underestimate
of the original variability, due to attenuation of the original signal in the stratigraphic
record by bioturbation [Anderson 2001]. A longer interval of dominance of the
planktonic faunal record by N. pachyderma (s.) is found at the last glacial maximum
(LGM), with cold sea surface temperatures dominating the study site from 22.7 ka to
16.9 ka. A longer term shift towards increasing % Nps values during both stadial and
interstadial conditions can be seen through MIS3 and 2, approaching the LGM. Typical
stadial values increase from 50 % to >80 %, with interstadial values increasing from 15
% to 35 %. Not all stadials are characterized by the same magnitude increase in % Nps.
Heinrich event 4 is much more pronounced than the preceding and subsequent stadial
periods, and the highest proportions of N. pachyderma (s.) in the whole record are
recorded during H2. However, cooling of surface waters (as indicated by the % Nps

record) is no more pronounced during H1 or H3 than the adjacent stadial intervals.

In contrast, the percentages of N. pachyderma (s.) are very low in the majority of
samples examined from Hole 980B (<3 %), indicating the persistence of warm upper
ocean temperatures in the northeast Atlantic during the Holocene. High % Nps values

around 17 ka correspond with a peak in detrital carbonate abundance, indicating that sea



surface temperatures were cold at HI, but warmed rapidly afterwards, with % Nps
values of 3-5 %. This warming may have predated the warming into the Bolling
interval/Greenland Interstadial le, as documented in the Greenland ice core records
[Dansgaard et al. 1993; Bjorck et al. 1998]. A brief interruption in this warm interval is
found at 14.0 ka with % Nps reaching 22 %, with the timing suggesting that this event
may correspond to the Older Dryas (GI-1d), although the low sample resolution here
makes identification uncertain. A more dramatic increase in % Nps at 11.9 ka is
identified as the Younger Dryas (GS1). Percentages of N. pachyderma (s.) are very low
in the Holocene, with values below 3 %. This suggests that the specimens identified as
N. pachyderma (s.) may instead be left-coiling morphotypes of the warmer water species
Neogloboquadrina incompta, which is typically right-coiling. Genetic studies have
demonstrated that both N. pachyderma and N. incompta have specimens with aberrant
coiling directions, which cannot easily be distinguished visually from tests of the other
species exhibiting typical coiling directions [Bauch et al. 2003; Darling et al. 2006]. Sea
surface temperature fluctuations therefore cannot be resolved by % Nps in the Holocene
as sea surface temperatures were too warm for the species to thrive (>10 °C) [Darling et

al. 2006], in agreement with previous estimates by McManus et al. [1999].

2.6.2 Ice-rafted debris

The total flux of ice-rafted debris (IRD) in the uppermost part of the core (the Holocene)
is minimal, showing a very similar trend to the % Nps data (illustrated in figure 2.10(c)).
In contrast, IRD fluxes show very strong variability from the base of the record at
42,000 years BP to 10,000 years BP, oscillating between high (stadial) and low
(interstadial) coarse lithic inputs, in very good agreement with the Dansgaard-Oeschger
variability documented in Greenland ice cores [Dansgaard et al. 1993] and the Site 980
% Nps data (figure 2.10).

Maximum IRD fluxes of >18,000 grains cm™ ka™ are identified during Heinrich events
4 and 2, well above the typical stadial fluxes of 5,000-12,500 grains cm™ ka™ (figure
2.10(c)). H3, H1 and the Younger Dryas can also be distinguished on the basis of



elevated IRD fluxes, although these are much less distinctive, and more typical of the

non-Heinrich stadial intervals.

The detrital carbonate (DC) record clearly indicates the position of H1, 2 and 4 in the
record, with peak fluxes for each event of 160—580 grains cm™ ka™'. Detrital carbonate
fluxes are either zero or negligible throughout the rest of the record. At Heinrich events,
the peaks in total IRD flux typically longer in duration than the detrital carbonate peaks,
with increases in detrital carbonate generally appearing slightly delayed compared to the

total IRD flux.

The IRD peak during Heinrich event 2 occurs in two phases. An increase in the IRD flux
to 10,000 grains cm™ ka™' (approximately equal to that at some of the larger preceding
stadials) occurs at 25.4 ka, with values remaining roughly constant until 24.3 ka when
the flux increases further to 18,000 grains cm™ ka™, before dropping to very low values
by 23.2 ka. The detrital carbonate record shows a first peak concurrent with the initial
IRD flux increase at 25.4 ka. Values then drop back to zero for ca. 250 years before

reaching a second (much larger) maximum, coincident the IRD maximum at 23.6 ka.

2.6.3 Flux of foraminifera

Fluxes and variability in the fluxes of both planktonic foraminifera and the benthic
species C. wuellerstorfi are much greater during MIS3 than MIS2 (with the exception of
the deglaciation), with the Holocene and deglacial transition marked by high fluxes of
planktonic foraminifera. Increased stadial fluxes of C. wuellerstorfi during MIS3 are not

as clearly expressed in the planktonic foraminiferal fluxes.

There is no simple pattern in the fluxes of either total planktonic foraminifera or C.
wuellerstorfi at Heinrich events. Both are relatively high during H4 and during at H3
(but with neither event standing out above background variability). There is a strong
decrease in fluxes of both planktonic foraminifera and C. wuellerstorfi through H2, from

relatively high values at the start of the IRD increase to very low values concurrent with
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Figure 2.10: Comparison of IRD and foraminiferal records from Site 980, plotted on
the new age model. (a) 8'°Oy. record of the NGRIP ice core [North Greenland Ice
Core Project Members et al. 2004], (b) % N. pachyderma (s.), (c) Flux of ice-rafted
debris >150 um (black) and detrital carbonate (red), (d) Flux of ice-rafted debris
>150 um with lithologies attributed to the Icelandic Ice Sheet (IIS, navy) and British



and Irish Ice Sheet (BIIS, green), (e) Magnetic susceptibility of the spliced Site 980
record [Shipboard Scientific Party 1996b], (f) Flux of planktonic foraminifera
(green) and C. wuellerstorfi (purple). Dark shading marks the position of Heinrich

events 1-4, with the stadials in a lighter colour.

the drop in IRD after the event. Both records show increases up to and through HI
before dropping again (although peak C. wuellerstorfi fluxes are reached before peak

planktonic foraminifera).

In general, fluxes of total planktonic foraminifera and the benthic species Cibicides
wuellerstorfi show good agreement throughout the whole record (illustrated in figure
2.10(f)). C. wuellerstorfi is an epifaunal species, typically associated with high bottom
current velocities [Linke and Lutze 1993; Wollenburg and Mackensen 1998; Gupta and
Thomas 2003]. However, fluxes of organic matter from the surface have also been
proposed to control its distribution [Belanger and Streeter 1980; Mackensen et al. 1985].
The correspondence between the fluxes of planktonic foraminifera and C. wuellerstorfi
adds support to the suggestion that the temporal distribution of C. wuellerstorfi at Site
980 is strongly influenced by surface productivity, although bottom current circulation is
believed to be generally most vigorous at times when surface conditions are warm and
planktonic foraminiferal fluxes are high, making the dominant factor difficult to
ascertain [Rahmstorf 1994; Sarnthein et al. 1994; van Kreveld 1996; Alley et al. 1999].
Increased C. wuellerstorfi fluxes during the stadial intervals therefore suggest either that
the relationship between sea surface temperature, productivity and benthic foraminiferal
assemblages is complex [e.g. Wollenburg and Mackensen 1998; Murray 2006] or that
bottom currents at Site 980 were stronger during stadial intervals than interstadials. The
influence of variable dilution on the concentrations of both types of foraminifera also

cannot be ruled out.

2.7 Discussion

2.7.1 Decoupling of sea surface temperatures and flux of ice-rafted debris



The records of ice-rafted debris flux and % N. pachyderma (s.) (a proxy for sea surface
temperature) are generally very closely coupled throughout the last 40,000 years, with
both proxies illustrating strong synchronous variation over millennial time scales
(illustrated in figure 2.10). However, the two proxy records show different longer-term
trends. Both the stadial and interstadial planktonic foraminiferal fauna (illustrated by %
Nps) show a gradual progression towards colder temperatures through marine isotope
stages (MIS) 3 and 2, approaching the LGM. However, with the exception of Heinrich
events 2 and 4, neither the stadial nor interstadial IRD flux changes significantly through

this interval.

Decreasing sea surface temperatures during stadial intervals approaching the LGM
therefore seem to have little impact on the flux of IRD to the sediments. This suggests
that iceberg survivability is not the dominant control on the IRD flux to Site 980 through
the last glacial, as originally suggested by Bond and Lotti [1995], unless temperature
changes along the path of iceberg transport were the main determining factor and
showed a different trend to that at our site. However, the long term cooling trend
approaching the last glacial maximum has been well documented at numerous localities
[Sancetta et al. 1973; Broecker et al. 1992; Bond et al. 1993; Oppo and Lehman 1995;
van Kreveld 1996; Elliot et al. 1998]. It therefore seems likely that variability in the flux
of IRD to ODP Site 980 is a result of changes in the surface ocean circulation patterns,

iceberg production and/or iceberg sediment load.

2.7.2 Atypical nature of ODP Site 980

Despite being located at the edge of the well-documented North Atlantic Heinrich IRD
belt (illustrated in figure 2.1) [Ruddiman 1977; Hemming 2004], ODP Site 980 does not
show some of the classic features associated with Heinrich events. One example of this
is the flux of planktonic foraminifera, suggested as a useful approximation of primary
productivity (particularly with asymbiotic species) in regions with low organic carbon
and potential contamination by terrestrial organic matter [Thunell and Reynolds 1984;

van Kreveld 1996; Zarié et al. 2005]. In the main IRD belt, fluxes of foraminiferal tests



drop to very low numbers during Heinrich events as a result of a decreased production
rate of foraminifera and dilution driven by an increased flux of IRD [Bond et al. 1992;
Broecker et al. 1992; van Kreveld 1996]. This productivity drop is also seen in dinocyst
assemblages [Radi and de Vernal 2008], coccolith and biogenic carbonate mass
accumulation rates [van Kreveld et al. 1996] and benthic foraminiferal assemblages
[Thomas et al. 1995]. Low productivity is attributed to melt water and turbidity from
melting icebergs [van Kreveld 1996], which is supported by pronounced shifts to lighter
planktonic oxygen isotope values between 43°N and 50°N [Cortijo et al. 1997]. In
contrast, some North Atlantic sites instead show increases in planktonic foraminiferal
concentration with increased lithic content, including the Irminger Basin [Elliot et al.
1998] and Faeroe-Shetland Channel [Rasmussen et al. 1996]. Increases in productivity
are also supported by diatom assemblages [Sancetta 1992], attributed to high
productivity at the sea ice edge when it is located over the site [Carstens et al. 1997;
Elliot et al. 1998]. Polynya formation, increased nutrient supplies and mixing by deep-
keeled icebergs may also play a role in increasing productivity [Sancetta 1992; Carlson

et al. 1998; Sweeney et al. 2000].

Heinrich events are not prominent in the record of foraminiferal fluxes at ODP Site 980
(figure 2.10(f)), despite evidence of melt waters reaching the nearby site BOFS 5K
during each of H1 to 4 [Maslin et al. 1995]. During the LGM, it has been proposed that
Site 980 was located either just to the north of the summer sea ice limit [de Vernal et al.
2005; Hillaire-Marcel and de Vernal 2008] or close to the winter sea ice limit [Sarnthein
et al. 2003], depending on the reconstruction technique used. Sea ice cover reduces the
flux of planktonic foraminifera by approximately an order of magnitude in the Fram
Strait today when compared to ice-free areas [Carstens et al. 1997]. Maximum fluxes
occur along the ice margin, attributed to a high food supply due to increased primary
production [Smith Jr. et al. 1987; Carstens et al. 1997], however, an unstable ice margin
can result in much lower productivity [Carstens et al. 1997]. Therefore, the variable
foraminiferal fluxes observed at Site 980 may be a result of a combination of increased
accumulation when there is a stable ice edge close to the site and reduced accumulation

when icebergs are particularly abundant, the ice margin is unstable or when there is a



permanent sea ice cover. Each sample is an integration of the surface ocean conditions
over tens or hundreds of years, and hence, seasonal and annual fluctuations in sea ice
extent are smoothed in the sedimentary record.

A further illustration of the complex relationship between surface ocean conditions and
foraminiferal flux occurs during H2. An increased flux of both planktonic foraminifera
and C. wuellerstorfi occurs in the early part of the event where IRD fluxes are moderate,
but then decreases as the IRD flux increases (figure 2.10). This observation could be a
result of increasing iceberg melting over the site in the later stages of H2, leading to low
salinities and high turbidities and creating inhospitable conditions (although dilution by
increased IRD fluxes also likely plays a role). However, foraminiferal fluxes reach their
lowest values as the flux of IRD drops to very low levels just above the H2 detrital
carbonate layer (figure 2.10). If the low foraminiferal flux is a result of extremely low
productivity, this suggests either highly unstable surface conditions or a permanent sea
ice cover, however, a low proportion of N. pachyderma (s.) in the planktonic
foraminiferal assemblage suggests that sea surfaces are relatively warm, arguing against
a permanent sea ice cover. The observed decrease in % Nps cannot be explained by
salinity changes, as N. pachyderma (s.) is more tolerant of low salinities than other high
latitude species [Volkmann 2000]. In addition, species outside their optimum conditions
often exhibit smaller tests, which would bias the assemblage in the 150-500 wm size
fraction towards the larger N. pachyderma (s.) [Boltovskoy and Wright 1976; Bijma et
al. 1990]. Sediment layers of low foraminiferal concentration are also particularly
susceptible to the effects of bioturbation, as particles are moved from regions of high
concentrations to low [Manighetti et al. 1995; Hodell et al. 2010]. However, because the
low % N. pachyderma (s.) values do not extend significantly beyond the interval of low
foraminifera accumulation, bioturbation cannot easily explain the apparent warm sea

surface temperatures.

An alternative explanation for the low foraminiferal and IRD fluxes is dilution by fine
grained, sediment-laden melt water plumes, as has been observed along the Nordic
margins and northwest Atlantic [e.g. Bout-Roumazeilles et al. 1999; Lekens et al. 2005;

Jessen et al. 2010]. The lack of a benthic oxygen isotope excursion would argue against



the influence of hyperpycnal plumes as invoked by Stanford et al. [2011] and instead
suggest the settling of fine material from surface waters, linked to ice sheet
disintegration and meltwater release, as proposed by Lekens et al. [2005]. A large input
of freshwater to the surface ocean occurring after the deposition of the H2 IRD layer is
supported by an excursion of almost 2 %o in the 8'*O of the surface-dwelling planktonic
foraminifera G. bulloides at nearby Porcupine Bank site MDO01-2461 [Peck et al. 2006],
with a drop in sea surface salinity around this time identified in MD95-2002 [Auffret et
al. 2002]. Low salinity, sediment-laden surface waters would also likely dampen
productivity, hence the low fluxes of foraminifera may be attributable to a combination

of dilution and reduced production.

Prominent magnetic susceptibility anomalies during Heinrich events have been widely
documented across the North Atlantic, however (with the exception of H1), no major
anomalies are seen at Site 980 (figure 2.10). “Classic” North Atlantic Heinrich layers (as
expressed in cores within the IRD belt of Ruddiman [1977]) show an increase in
magnetic susceptibility to more than double background values [e.g. Grousset et al.
1993; Robinson et al. 1995; Hemming 2004], which has been attributed to an increase in
titanomagnetite transported in the IRD fraction from lower Palaeozoic basic and
ultrabasic volcanics from the Gulf of St. Lawrence region, and lower Tertiary basalts
from Baffin Island and West Greenland, with additional potential sources in Iceland,
Scotland and East Greenland [Robinson et al. 1995; Stoner et al. 1996; Thouveny et al.
2000; Walden et al. 2007; Watkins et al. 2007]. However, the trend of increased
magnetic susceptibility is not seen in all parts of the North Atlantic. Reduced magnetic
susceptibility at Heinrich events (and to a lesser extent, stadials) has been observed in
the Nordic Seas and areas directly in the path of overflow waters from the Nordic Seas
(see figure 2.11). This drop in susceptibility has been attributed to reduced bottom water
circulation transporting less titanomagnetite from the Greenland-Scotland Ridge [Moros
et al. 1997; Kissel et al. 1999; Ballini et al. 2006]. Heinrich events at these sites are
marked by decreased mean grain sizes in the < 20 pm size fraction [Moros et al. 1997], a

decrease in the magnetic grain size [Rasmussen et al. 1996; Kissel et al. 1999], and a
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shift in the clay mineralogy, with a drop in the proportion of smectite [Gehrke et al.

1996; Ballini et al. 2006].

Magnetic susceptibility |
at Heinrich events: .
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Figure 2.11: Generalised spatial patterns of magnetic susceptibility variation
across the North Atlantic for HI-6. None of the sites show a switch between
positive and negative magnetic susceptibility anomalies between events,
suggesting that the drivers of variability in sediment magnetic susceptibility
in the North Atlantic do not vary significantly between events. Dots show
location of previously published records [Ruddiman 1977; Grousset et al.
1993; Rasmussen et al. 1996, Kissel et al. 1998, Kuijpers et al. 1998; Cayre
et al. 1999, Dokken and Jansen 1999; Kissel et al. 1999; Grousset et al.
2000; Scourse et al. 2000, Thouveny et al. 2000; Weber et al. 2001; de Abreu
et al. 2003; Lekens et al. 2006, Voelker et al. 2006; Peck et al. 2007; Walden
et al. 2007]. Map created using Ocean Data View, and plotted using linear
scales of latitude and longitude [Schlitzer 2013].



ODP Site 980 is geographically located between the two magnetic susceptibility regimes
described above, with increased magnetic susceptibility during Heinrich events to the
south and mostly decreased magnetic susceptibility to the north and west [Kissel 2005].
The strong detrital carbonate signal seen at Site 980 suggests that the site is influenced
by icebergs sourced from the Laurentide Ice Sheet, hence the transport of
titanomagnetite from nearby rock formations might also be expected. However, the
proportion of detrital carbonate in the IRD fraction is much lower at Site 980 (2-3 % of
the total IRD flux at H1, H2 and H4) when compared to sites within the main IRD belt,
such as SU90-08 (8-20 %) [Grousset et al. 1993], hence the flux of titanomagnetite
transported from the northwest Atlantic in the IRD fraction is also likely to be

significantly reduced at Site 980.

The location of ODP Site 980 in one of the major sediment drifts of the North Atlantic
(the Feni Drift) highlights the sensitivity of the site to bottom water velocities.
Intermediate and deep currents bathing the site today are travelling southwards, with a
combination of overflowing waters from the Nordic Seas and recirculating Atlantic
waters flowing anticlockwise around the Rockall Trough [e.g. Ellett and Roberts 1973;
New and Smythe-Wright 2001]. Assuming that the anticlockwise direction of deep
water circulation was maintained during the last glacial interval, fine titanomagnetite
particles could be transported from the Greenland-Scotland Ridge to the Feni Drift. A
reduction in current velocity (as proposed at Heinrich events [e.g. Keigwin and Lehman
1994; Manighetti and McCave 1995; McManus et al. 2004]) would result in a decrease
in the size of grains that could be transported by bottom currents (and possibly also a
decrease in erosion), resulting in fewer high magnetic susceptibility grains being
transported to the site [Manighetti et al. 1995; McCave et al. 1995a; McCave et al.
1995b]. Therefore, absence of an distinctive shift in magnetic susceptibility during
Heinrich events at ODP Site 980 could be explained by a combination of the opposing
influences of a small increase in the flux of titanomagnetite transported from the
northwest Atlantic in the IRD fraction, and a reduction in the strength of bottom
currents, resulting in a drop in transport of titanomagnetite from the Greenland-Scotland

Ridge [Kissel 2005; Kissel et al. 2009].



The only Heinrich event to show a clear excursion in the Site 980 magnetic
susceptibility record is H1, with values approximately double glacial background values.
There is little indication that a more vigorous current flow was maintained than during
the other Heinrich events [e.g. McManus et al. 2004; Praetorius et al. 2008], which
would have resulted in an increased transport of titanomagnetite from the Greenland-
Scotland Ridge (see chapter 4 for further discussion of bottom water circulation). There
is no drop in the flux of planktonic foraminifera at H1 to suggest a greater fall in
productivity than during other Heinrich events, which would concentrate the magnetic
particles (although a drop in the accumulation rate of the fine fraction significantly
greater than the other Heinrich events cannot be ruled out). It seems that the most likely
explanation, therefore, is an increase in the delivery of titanomagnetite to the Rockall
Trough from the northwest Atlantic at this time, either attributable to greater iceberg
production, a higher iceberg sediment content or favourable patterns of sea surface

temperatures and/or currents.

The magnetic susceptibility record provides a perfect illustration of the sensitivity of the
sediments recovered at ODP Site 980 to changes in both the surface and deep ocean.
This makes the site an ideal location to study links and phasings between the different
components of the ocean system. The differences in the magnetic susceptibility patterns
at Heinrich events between sediment cores also highlights the danger of using
susceptibility records to correlate between sites over long distances in the North Atlantic
region, where the patterns of bottom current circulation and transport and sources of ice-

rafted material under glacial conditions are complex.

2.7.3 Expression of Dansgaard-Oeschger events in ice core and sediment records

The Dansgaard-Oeschger events in the NGRIP §'°O;., record exhibit a strong saw-tooth
shape with a rapid warming followed by a gradual cooling. This distinctive profile is not
as clear for the corresponding events in the sedimentary record from Site 980 (figure
2.6). The most notable discrepancy between the two climatic archives is a difference in

the proportion of the record illustrating stadial versus interstadial conditions during



MIS2 and 3. The sedimentary record suggests that similar proportions of time are spent
under stadial and interstadial conditions until the longer stadial GS2. The ice core record
shows a much higher proportion of time under stadial conditions. The difference
between the two archives is most notable during the longer stadials, particularly GS5
and GS3. One possible explanation for this difference is that the signal in the sediment
core is smoothed by bioturbation, which results in signal smoothing, attenuation and
possibly a shift in the position of the peak of any excursion, and hence could result in the
attrition of a saw-tooth pattern [Anderson 2001]. However, it seems unlikely that
bioturbation alone can explain the proportions of the record recording stadial and

interstadial conditions

An alternative explanation for this difference between the NGRIP and Site 980 records
is that the sedimentation rate is much higher during the warmer interstadial conditions.
As only one tie-point is used in the age control per stadial-interstadial cycle (as can be
seen in figure 2.4), major fluctuations in sedimentation rate between stadials and
interstadials cannot be resolved by the age model presented here. IRD fluxes are higher
under stadial conditions and there is no clear trend in the planktonic foraminiferal fluxes
to suggest that these were responsible for an increase in sedimentation rate (figure
2.10(f)). However, the coarse size fraction (>63 pum) only forms a small proportion of
the bulk sediment (1-14 % by mass), so changes in the fluxes of fine grained material
are likely to be the dominant factor in the overall sedimentation rate. Any increase in
sediment flux under interstadial conditions would therefore most likely be attributable to
increased accumulation of either coccoliths (which are more abundant under interglacial
conditions both at this site [Stolz and Baumann 2010; Marino et al. 2011] and in nearby
locations [van Kreveld et al. 1996]) or other fine material. Carbonate fluxes in cores
from this region are higher during interglacials than glacials [van Weering and de Rijk
1991; Cremer et al. 1993], supporting the idea that an increase in coccolith accumulation

rate during interstadials is responsible for a higher sedimentation rate.

Another possibility is that increased seafloor erosion could explain the relative lack of

sediment accumulation during stadial conditions [Dowling and McCave 1993]. Bottom



current-induced winnowing has been observed in the western Rockall Trough, with ODP
Site 980 located just to the south of the main area of winnowing of the Feni Drift
(identified north of 55°30°N) [van Weering and de Rijk 1991; @Ovrebg et al. 2005].
However, bottom currents were strongest (and hence erosion most likely) during the
warmer intervals (interstadials and the early Holocene) [@vrebg et al. 2005]. This would
lead to a relative increase in the amount of sediment preserved from the stadial periods
rather than the interstadials, hence erosion does not seem a likely explanation for

apparent differences between the sediment and ice core records.

Alternatively, increased remobilisation of finer material upstream, which is later
deposited at the Feni Drift could increase the sedimentation rate under more vigorous
bottom current regimes. This is supported by well-expressed millennial scale variability
in magnetic susceptibility attributed to variable fine titanomagnetite transport from the
Greenland-Scotland Ridge at a number of bottom water influenced sites across the North
Atlantic [Kissel 2005]. These processes may influence Site 980, although the lack of
Dansgaard-Oeschger variability in magnetic susceptibility suggests not to the same
extent as documented at other sites with a strong overflow signature (see section 2.7.2

and Cremer et al. [1993]).

The alternative to these scenarios is that a large difference in the patterns of air/sea
surface temperatures between Greenland and the North East Atlantic repeatedly
persisted during the last glacial period. Although this scenario cannot be ruled out
entirely, there is little support for this hypothesis in the published literature, with the
coherence between the two regions widely considered to be very good [e.g. Bond and
Lotti 1995; Alley and Clark 1999; van Kreveld et al. 2000; Voelker 2002; Clement and
Peterson 2008]. Therefore, it seems likely that a combination of increased coccolith
accumulation and greater current-induced winnowing upstream of the site were
responsible for increased sedimentation rates during interstadials, leading to different
expressions of Dansgaard-Oeschger variability in the Site 980 sediment record and

NGRIP ice core.



2.7.4 1IRD provenance through Heinrich events

Although Heinrich events are now very well documented (particularly in the North
Atlantic region), their underlying causal mechanisms are still widely debated [e.g.
Hemming 2004; Clement and Peterson 2008]. Many attempts to decipher the relative
importance of internal ice sheet instabilities and external forcings have focused on the
synchroneity of response of the different circum-Atlantic ice sheets. A lag of the
Laurentide Ice Sheet derived detrital carbonates behind basaltic glass and haematite-
coated clasts was noted by Bond and Lotti [1995] and Grousset et al. [2001], and
attributed to smaller ice-rafting events originating in Iceland and the Gulf of St
Lawrence/Greenland/Scandinavia which occurred before the main Laurentide Ice Sheet
destabilization, and may have played a causal role. Geochemical records also show
evidence of precursor intervals [Grousset et al. 2000; Vance and Archer 2002], with
early iceberg release from the British and Irish Ice Sheet [Scourse et al. 2000] and
Innuitian Ice Sheet [Darby et al. 2002].

There has been some debate about whether some of the documented “precursor” events
are instead either previous stadial intervals or background variability [Grousset et al.
2000; Jullien et al. 2006; Haapaniemi et al. 2010], resulting in the suggestion that the
term should be discontinued [Scourse et al. 2009]. The well-expressed Dansgaard-
Oeschger variability and high sedimentation rate at ODP Site 980 allows non-Heinrich
stadials to be clearly distinguished from intra-Heinrich variability. Heinrich IRD layers
are also well defined by the presence of significant detrital carbonate grains sourced
from the Laurentide Ice Sheet allowing the phasing of other sediment components to be

described in relation to these layers.

2.7.4.1 Heinrich event 4

During Heinrich event 4, peaks in LIS sourced detrital carbonates, and sedimentary and
metamorphic grains attributed to the British and Irish Ice Sheet (BIIS) are approximately
synchronous with peaks in the total IRD flux (figure 2.10). However, a strong



contribution from other European ice sheets prior to the detrital carbonate layer has been
documented at other locations, with several sites from the European margin suggesting a
European source for the early part of H4, with contributions from Iceland and Greenland
[Bond and Lotti 1995; Snoeckx et al. 1999; Knutz et al. 2001]. In contrast, at Site 980,
maximum fluxes of detrital carbonate, and sedimentary/metamorphic clasts (most likely
sourced from the British and Irish or Fennoscandian ice sheets) are synchronous with the
main IRD peak. The absence of early European sourced IRD at Site 980 may be a result
of the smaller size of the BIIS at this time [e.g. Sejrup et al. 2009]. Peak fluxes in
volcanic glasses (generally attributed to an Icelandic Ice Sheet source) are not reached
for approximately another 500 years. It seems probable, however, that at least some of
the volcanic glass identified at Site 980 in this horizon was sourced from Icelandic
eruptions, and hence, does not necessarily reflect an increased in icebergs sourced from
Iceland or East Greenland occurring after the main LIS event. A basaltic tephra horizon
known as the Faeroe Marine Ash Zone III (FMAZIII) has been identified in the NGRIP
ice core at 38,122 + 723 yr b2k, synchronous with the rapid warming event into
Greenland Interstadial 8 [Davies et al. 2010]. This horizon has been well documented in
the sediments of the northern North Atlantic [e.g. Austin and Hibbert 2012; Davies et al.
2012], and closely matches the age of our volcanic glass peak (38.5-37.7 ka), shown in
figure 2.9.

2.7.4.2 Heinrich event 3

No detrital carbonate grains are identified during Heinrich event 3 in the Site 980 record.
The absence of detrital carbonate is a common feature of many sites across the North
Atlantic with the exception of locations close to the Labrador Sea and, to a lesser extent,
in the main IRD belt [compare Bond et al. 1992; Hillaire-Marcel et al. 1994; Bond and
Lotti 1995; Andrews et al. 1998; Rasmussen et al. 2003; Jullien et al. 2006; Hodell and
Curtis 2008]. The smaller extent of H3 is also illustrated by the total IRD flux, which
does not exceed that found during non-Heinrich stadials (in contrast to H2 and H4,

which are much more distinctive). Peak values in lithologies with a likely BIIS origin



are found in the early part of the event, with volcanic glasses then reaching a maximum

as BIIS-sourced grains decrease.

A dominance of Icelandic-sourced lithics during H3 has been documented by Peters et
al. [2008], and is supported by high fluxes of volcanic glass at Site 980, at an age not
corresponding to the previously documented major ash layers [e.g. Wastegard et al.
2006; Svensson et al. 2008; Davies et al. 2010; Davies et al. 2012]. Modelling results
suggest a significant iceberg release from the northern Fennoscandian Ice Sheet [Bigg et
al. 2011], with concurrent melt water pulses observed in the Nordic Seas [Lekens et al.
2006]. Involvement of iceberg and melt water releases from the Arctic has also been
postulated at this time [Darby et al. 2002; Howe et al. 2008; Bigg et al. 2012]. This is
not easily discernible in the northeast Atlantic on the basis of grain lithologies alone,
particularly as few icebergs released are expected to survive to the main Atlantic basin
[Bigg et al. 2011]. It therefore seems most likely that a complex combination of source
areas were responsible for the pattern of IRD observed across the North Atlantic during

H3 [e.g. Snoeckx et al. 1999; Jullien et al. 2006].

2.7.4.3 Heinrich event 2

The IRD record from ODP Site 980 shows two distinct phases during H2. The early part
of the event (from 25.7-24.3 ka) is marked by moderate IRD fluxes, comparable to
typical stadial values. Volcanic glass fluxes reach a peak and fluxes of grains attributed
to the BIIS and LIS are elevated above stadial values. At 24.3 ka, there is a sharp
increase in the fluxes of detrital carbonate, sedimentary/metamorphic lithics and total
IRD fluxes, while volcanic glass fluxes decrease. These high total IRD fluxes persist
until 23.5 ka, when fluxes of total IRD and all individual components drop to very low
values. A very similar pattern of IRD deposition at H2 is recorded at site V23-81 [Bond
et al. 1992; Bond and Lotti 1995; Elliot et al. 1998].

The strontium and lead isotopic signatures of bulk sediment suggests a dominance of

lithic input from an Icelandic source at the start of H2 at DSDP Site 609 [Vance and



Archer 2002], which is supported by the large amounts of volcanic glass found in ODP
Site 980 at this time. Peck et al. [2006] find a strong influence of material from both
Iceland and NW Europe in core MDO01-2461, with the Icelandic signal becoming weaker
and European dominance stronger prior to the deposition of LIS-sourced carbonates, in
good agreement with Grousset et al. [2001]. A two-phase H2 event has also been
documented by Walden et al. [2007] and Scourse et al. [2000], but with BIIS-sourced
grains leading the detrital carbonate peak. Evidence of the arrival of European-sourced
icebergs before the main LIS IRD event has even been documented in the eastern
Labrador Sea [Rahman 1995]. Some studies also find evidence of a high European input
occurring after the main detrital carbonate deposition has stopped [Grousset et al. 2000;
Auffret et al. 2002; Peck et al. 2007; Walden et al. 2007; Peters et al. 2008]. Although
there is no evidence of European sourced IRD deposited after the detrital carbonate,
collapse of northwest European ice sheets is supported by the identification of
deposition from sediment-laden meltwater plumes at this time (as described in section

2.7.2).

2.7.4.4 Heinrich event 1

All defined groups of grain lithologies appear to show synchronous variability at
Heinrich event 1 in the records from ODP Site 980, although the lack of intra-event
variability may be an artefact of the increased sample spacing in this part of the record,
with a resolution too poor to resolve offsets of less than 400 years. H1 occurred during
the most recent deglaciation, an interval of major global climate change, resulting in a
complex pattern of IRD deposition preserved at other localities. Records from the Goban
Spur show a complex structure to HI, including a double detrital carbonate peak with
different sediment compositions before and after, likely representing the activity of
different BIIS or FIS lobes [Scourse et al. 2000; Walden et al. 2007; Haapaniemi et al.
2010]. IRD of European origin is widely documented prior to detrital carbonate
deposition [Rasmussen et al. 1997; Grousset et al. 2001; Knutz et al. 2007; Hall et al.
2011]. A major collapse of the NWEIS occurred after the LIS [Bigg et al. 2012],



however, retreat of the BIIS means that its signal is only seen at more northerly sites

along the Irish continental margin [Scourse et al. 2009].

2.7.4.5 Factors influencing IRD distribution

Comparison of the new data from ODP Site 980 presented here with other published
records from the North Atlantic highlights the spatially variability in the composition
and patterns of IRD deposition at Heinrich events. Differences can be seen between the
temporal IRD distributions in the BIIS-dominated sites of the eastern Rockall Trough
[e.g. Scourse et al. 2000; Knutz et al. 2001; Peck et al. 2007; Scourse et al. 2009] and the
open ocean sites further to the west. An example of this is the absence of evidence of a
European precursor to H4 and H1 at Site 980, despite indications elsewhere [e.g. Bond
and Lotti 1995; Rasmussen et al. 1997; Snoeckx et al. 1999; Grousset et al. 2001; Knutz
et al. 2001; Knutz et al. 2007; Hall et al. 2011]. Increased distance from the BIIS and a
location raised above the deeper parts of the trough to the east are probably responsible
for the weaker record of BIIS fluctuations and increased prominence of Heinrich events
at Site 980, with fewer icebergs and no mass transport deposits reaching the site from
the British/Irish continental margin. This suggests that Site 980 provides a more
integrated record of North Atlantic variability than the continental margin sites along the
eastern margin of the Rockall Trough. However, the differences between records from
Site 980 and core ENAM 97-09 (located on the western margin of the Rockall Trough,
shown on figure 2.1) are less easy to explain. IRD lithologies are dominated by Irish
Carboniferous carbonates at ENAM 97-07 [Richter et al. 2001], in strong contrast to Site
980, where these grains are almost absent. Therefore, there must be other factors

influencing the supply of IRD to these two closely spaced sites.

The complex pattern of IRD deposition in the North Atlantic can partially be attributed
to the spatially heterogeneous nature of ice sheet behaviour. Ice sheets have highly
complex geometries with fast-flowing streams prone to rapid collapses interspersed with
much more stable areas, and ice behaviour can be highly spatially and temporally
variable [e.g. Anandakrishnan and Alley 1997; Bindschadler and Vornberger 1998;
Dowdeswell et al. 1999; Stokes and Clark 2001; Joughin et al. 2004; Alley et al. 2005b].
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In addition, most of the circum-Atlantic landmasses have complex geologies, hence
different ice streams of the same ice sheet may carry a different combination of

lithologies, resulting in a different composition of the lithic grains transported as IRD.

An increase in the number of clasts attributed to a particular source region does not
necessarily indicate an increase in iceberg production at that site. Surface ocean
circulation patterns also play a key role in determining the patterns of IRD preserved in

sediment cores, as these are responsible for the transport of icebergs from their release

Figure 2.12: Simplified reconstructions of the surface or near surface ocean
circulation at the LGM from (a) Sarnthein et al. [1995], (b) Seidov et al.
[1996], (c) Death et al. [2006] and (d) Bigg et al. [2010].



sites to the open ocean. There is currently much uncertainty in the major current
pathways during the last glacial interval, with four different reconstructions of surface or
near surface circulation in the North Atlantic at the LGM illustrated in figure 2.12
[Sarnthein et al. 1995; Seidov et al. 1996; Death et al. 2006; Bigg et al. 2010].

Short term surface circulation variations at Heinrich events (triggered by localized melt
water inputs or changes in surface water properties) would have resulted in very
different depositional patterns to background glacial/stadial conditions [Sarnthein et al.
1995; Seidov et al. 1996; Bigg et al. 2012]. A small shift in the position or strength of
the subpolar gyre could have resulted in vastly different patterns of IRD deposition in
the North Atlantic, even if the flux of icebergs produced by each ice sheet remained
constant. Surface water properties not only influence the direction that icebergs travel,
but also the distance that they cover and the rate at which any transported lithics are
deposited. High sea surface temperatures melt icebergs more rapidly, while sluggish
currents would result in icebergs melting at shorter distances from their source areas. It
is probable that the colder sea surface temperatures widely documented across the N.
Atlantic region during Heinrich events [e.g. Broecker et al. 1992; van Kreveld 1996;
Rosell-Mel¢ et al. 1997; Grousset et al. 2000; Elliot et al. 2002; de Abreu et al. 2003]
would have increased iceberg survivability, allowing greater numbers of them to survive

to more far-field localities.

As the iceberg production signal from any source location is highly modified by the
transport pathway of the iceberg to the site, care must be taken in drawing any firm
conclusions about ice sheet phasing from any single sedimentary record. This is
illustrated by the contrast in IRD lithologies between Site 980 and ENAM 97-09, and the
absence of European-derived IRD input prior to detrital carbonate deposition
documented at other sites in the region during both H4 and H1 at Site 980. It is therefore
vital to combine data from as many locations as possible to start to separate out the
influence of surface ocean properties and circulation and variable lithologies transported
by different ice strea on IRD fluxes if conclusions are to be drawn about ice sheet
behaviour from ocean sediments [Rashid et al. 2012]. It may be possible to use patterns

of IRD deposition to deduce patterns and/or changes in surface ocean circulation [e.g.



Robinson et al. 1995; Watkins et al. 2007], particularly if open ocean sites are compared

to records located close to the outlet of major ice streams.

2.7.6 Implications for the mechanism of Heinrich event generation

An increase in European-sourced IRD prior to the deposition of detrital carbonate
identified at many of the Heinrich events in the North Atlantic has led to the suggestion
either that the behaviour of the European ice sheets was responsible for the
destabilisation of the Laurentide Ice Sheet [Snoeckx et al. 1999; Grousset et al. 2000], or
that ice sheets on opposite sides of the Atlantic were responding to the same external
trigger, albeit with a longer response time for the larger LIS [Heinrich 1988; Scourse et
al. 2000]. Both of these hypotheses argue against the suggestion that Heinrich events
were driven by internal ice sheet instabilities [MacAyeal 1993; Alley and MacAyeal
1994].

A wide array of North Atlantic IRD records generated over the past couple of decades
(including the data presented here from Site 980) have enabled these hypotheses to be
more closely examined. Reconstructions from Site 980 show changes in lithologies
within Heinrich events (particularly H2), which cannot be attributed to previous stadials.
Evidence of “precursor” changes in the circum-Atlantic ice sheets is supported by other
reconstructions, which clearly show either phases just before the Heinrich layer
deposition with ice-rafting indicators distinct from the preceding stadial intervals [e.g.
Rahman 1995], or variability within the Heinrich event itself [e.g. Walden et al. 2007].
Lithological and geochemical evidence of increased IRD deposition prior to the classic
LIS-derived detrital carbonate Heinrich layer has therefore been documented at
numerous sites and with multiple proxies. This pattern of deposition is spatially
complex, with different ice sheet signals more prominent in different parts of the
Atlantic basin, for example, with a much stronger NWEIS signal seen along the
European continental margin than at more open ocean sites (including Site 980).
However, certain features, such as the presence of European-sourced IRD preceding

major LIS destabilization have been recorded in multiple records at H4, H2 and H1. This



lends support to the suggestion that destabilization of smaller ice sheets may have played

a role in the release of icebergs from the LIS.

Reconstructions from ODP Site 980 suggest that there are also distinct differences
between Heinrich events 1 to 4. No clear repeating sequence of ice sheet instabilities is
observed as might be expected if each Heinrich event was a response to the same
external trigger [Scourse et al. 2000], although it should be noted that changes in the
extent and geometries of ice sheets through MIS3 and 2 would likely alter the response
times of each ice sheet. Melt water releases from the various circum-Atlantic ice sheets
(or lobes/streams/sections of these) may well have played a role in preconditioning the
overturning circulation for the shift to a weaker “Heinrich mode” [e.g. Sarnthein et al.
1994; Alley and Clark 1999; Rahmstorf 2002], and started a sea level rise contributing to
the destabilization of the remaining ice sheets [Snoeckx et al. 1999], but the pattern and
magnitude of these releases likely varied between events. Therefore, the phasing
between ice sheets observed at multiple sites across the North Atlantic could be a result
of either differing response times of the different ice sheets (and ice streams within
them) to the same triggers [Scourse et al. 2000], each ice sheet responding to different,

local or internal factors [Rashid et al. 2012], or a combination of these two scenarios.

An alternative hypothesis to explain ice shelf destabilisation at Heinrich events suggests
that melting as a result of high summer air temperatures was the key trigger [Hulbe
1997; Hulbe et al. 2004]. Increasing percentages of N. pachyderma (s.) at Site 980 can
clearly be seen predating detrital carbonate deposition during Heinrich events 4 and 2,
with upper ocean warming occurring only after significant IRD deposition (figure 2.10).
Although the percentage of N. pachyderma (s.) is not a perfect proxy for summer air
surface temperatures, the two are likely to be highly correlated [e.g. Bé and Tolderlund
1971; Schréder-Ritzrau et al. 2001; Darling et al. 2006; Jonkers et al. 2010; Jonkers et
al. 2013]. Therefore, there is no indication of ice sheet destabilisation occurring as a
result of surface warming from Site 980, in agreement the findings of Alley et al.

[2005a].



The role of sea ice as a feedback mechanism [e.g. Clement and Peterson 2008] cannot be
easily resolved from the records presented here. Highly fluctuating fluxes of
foraminifera observed at Site 980 may well be the result of a variable sea ice extent, and
if so, there is no clear link with IRD deposition. Excursions in the 8'°O signature of
surface waters associated with a drop in surface ocean salinity have been widely
documented across the North Atlantic at Heinrich events, but have been attributed to a
combination of iceberg melting, continental input and sea ice formation [Maslin et al.
1995; Cortijo et al. 1997; Dokken and Jansen 1999; Cortijo et al. 2005; Lekens et al.
2006; Hillaire-Marcel and de Vernal 2008; Eynaud et al. 2012]. This highlights the need
for independent reconstructions of sea ice extent to understand the significance of this
feedback, with a range of proxies including diatoms [Kog¢ et al. 1993], dinocyst
assemblages [de Vernal et al. 1997; de Vernal and Hillaire-Marcel 2000] and the
biomarker-based proxy IP,s [Belt et al. 2007; Massé et al. 2008; Miiller et al. 2011;

Weckstrom et al. 2013] all showing promise in this regard.

It has also been suggested that variations in the strength of the overturning circulation
may play a role in the generation of Heinrich events [e.g. Gutjahr and Lippold 2011].

This hypothesis will be examined further in the following chapters.

2.8 Summary and conclusions

North Atlantic ODP Site 980 provides a high-resolution record of rapid changes in
surface ocean conditions spanning the last 40,000 years. Laurentide Ice Sheet (LIS)
derived detrital carbonate grains transported to the site by ice-rafting are found at HI,
H2 and H4, allowing clear identification of the classic Heinrich layers, and hence
permitting detailed comparison of phasing of different components within the records at
this site, and aiding comparison with other sites. Higher frequency variability in sea
surface temperature and ice-rafted debris (IRD) fluxes corresponds very well with the
Dansgaard-Oeschger events, although their expression in the sedimentary record has
been modified by bioturbation, changes in the fluxes of individual components of the

sediment fine fraction and potentially also bottom current variability.



Assuming synchroneity of these millennial-scale events with the Greenland ice cores, a
new age model is developed for ODP Site 980, placing it on the GICCO05 chronology
[Andersen et al. 2006; Rasmussen et al. 2006; Svensson et al. 2006; Vinther et al. 2006;
Svensson et al. 2008]. Low fluxes of IRD and the polar planktonic foraminifera N.
pachyderma (s.) make correlation with the ice core data much more difficult in the
deglaciation and Holocene, hence recalibrated previously published radiocarbon dates
from planktonic foraminifera [Oppo et al. 2003; Benway et al. 2010] were used to

further constrain the chronology here.

Although Site 980 is located on the fringes of the well-documented IRD belt of
Ruddiman et al. [1977], the down core records presented here do not show some of the
typical features associated with North Atlantic Heinrich events. Comparing the data
from Site 980 with other localities across the North Atlantic highlights a sharp contrast
in conditions between the IRD belt and the surrounding area, expressed here both in the
magnetic susceptibility of the sediments and in the flux of planktonic foraminifera. The
magnetic susceptibility of the Site 980 sediments is determined by the interplay between
the flux of ice-rafted debris and the strength of bottom water currents, while the high
variability in planktonic foraminiferal flux is likely attributable to the complex

relationship between ice cover and productivity.

Comparison of the records presented here with data from other sites across the North
Atlantic region suggests a degree of spatial heterogeneity, with surface circulation
patterns and difficulties in identifying source terrains likely contributing to the observed
local differences. The results of this study therefore cautions against using any single
sediment core record to infer changes in ice sheet phasing, and instead highlights the
importance of combining evidence from multiple sites before drawing any conclusions

about basin-wide changes.

The variable patterns of IRD lithologies through Heinrich events at Site 980 are not

suggestive of a simple repeating sequence of ice sheet destabilisations at each event.



However, evidence of change in the smaller circum-Atlantic ice sheets has been
documented in multiple records (including this study) prior to major iceberg release
from the Laurentide Ice Sheet. This supports the hypothesis that a rise in sea level
resulting from these early melt water inputs could play a role in the destabilisation of the
LIS [e.g. Snoeckx et al. 1999; Grousset et al. 2000]. An absence of any warming of sea
surface temperatures prior to the increase in IRD fluxes at Site 980 argues against
surface melt playing a role in ice sheet destabilisation [Hulbe 1997], though subsurface
warming may play a role [Alvarez-Solas et al. 2010; Marcott et al. 2011]. However, the
differences recorded between the Heinrich events suggests that internal ice sheet
dynamics could also play a role in generating the observed patterns of IRD deposition at

Heinrich events [MacAyeal 1993].
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Chapter 3
Multi-substrate Neodymium Isotopic Reconstructions: How
Faithfully is a Bottom Water Signature Preserved in

Sediments?

3.1 Abstract

Neodymium isotopes are becoming an increasingly widely used tool in the
palaeoceanographic community, as the neodymium isotopic composition of bottom
water masses is dependent upon their source region and transport history, and hence can
be used to reconstruct changes in ocean circulation patterns. Fish debris, planktonic
foraminifera and leached iron-manganese oxyhydroxide coatings from bulk sediment
have all been used to reconstruct changes in bottom water properties in the palaeo realm.
However, the accuracy with which these substrates preserve the bottom water signature
as they become buried over time has not yet been fully established. This is explored here
by combining multi-substrate neodymium isotopic reconstructions from ODP Site 980
with rare earth element distributions of planktonic foraminifera to better understand how
rare earth elements (REEs) become associated with foraminifera, and the extent to which
the signal is modified with increasing depth in the sediment. Rare earth element
distributions suggest that foraminifera and fish debris acquire their signature in the in the
shallow sediment pore water, and are not significantly modified by diagenetic processes
during deeper burial. Differences in REE profiles between the upper and lower section
of the sedimentary record presented here are attributed to decreased oxygen content of
the shallow pore waters during the last glacial compared to the Holocene. A significant
offset between the neodymium isotopic signatures of sediment leachates and those of
fish debris and planktonic foraminifera is recorded throughout the Holocene, with
agreement between the substrates under glacial conditions. These differences are
attributed to increased transport of fine, radiogenic material by bottom water currents
during the Holocene influencing the leachate record, which is too radiogenic to

accurately record bottom water chemistry.



3.2 Introduction

3.2.1 Neodymium isotopes as a water mass tracer

Over the last few decades, neodymium isotopes have become an important part of the
palaeoceanography toolkit. This is mainly because neodymium isotopes are not
significantly influenced by biological processes, unlike many of the most commonly
used proxies for water mass chemistry. This means that they have the potential to be
more reliable tracers of water mass provenance and transport history than some of the
more widely used proxies including thecarbon isotope and cadmium/calcium ratios of

benthic foraminifera.

Neodymium isotopic compositions are commonly expressed in epsilon notation:

143

( A?§ﬁ4Ak)‘ .
gNd = 143 sampe

( N%“Nd)m

where CHUR is the CHondritic Uniform Reservoir, an estimate of a present day mean

—1|x10*

Earth value [Jacobsen and Wasserburg 1980]:
('"*Nd/"*Nd)cnur = 0.512638

Rocks exhibit a wide range of neodymium isotopic compositions, depending upon both
their age and initial Sm/Nd ratios, with values ranging from exg = —56 for old granitic
cratons to +12 for young mid-ocean ridge basalts [Jeandel et al. 2007; Sarbas and Nohl
2008; Lacan et al. 2012, and references therein]. A global compilation of rock
neodymium isotope signatures can be seen in figure 3.1 (a) [Jeandel et al. 2007].
Neodymium from this range of sources is transferred from the continents to the ocean
via both riverine and aeolian inputs, resulting in different water masses acquiring distinct
neodymium isotopic signatures [Goldstein et al. 1984; Mearns 1988; Grousset et al.

1992; Tachikawa et al. 1999]. Removal of neodymium from the water column occurs by
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Figure 3.1: Global compilations of neodymium isotope data. (a) Continental ey, signatures,
with estimates extrapolated between sample data using lithology, from Jeandel et al.
[2007]. (b) Seawater eng measurements from <400 m depth, with the mean values displayed
where multiple measurements taken at a site. Replotted from Lacan et al. [2012]. (c) As (b),
but from water depths >1000 m. All data sources are listed in Jeandel et al. [2007] and
Lacan et al. [2012]. Note the wider range of continental values compared to

oceanographic measurements.



adsorption to settling particles, including both organic matter and ferromanganese

coatings [Sholkovitz et al. 1994; Haley et al. 2004].

The residence time of neodymium in the ocean is estimated to be approximately 200-
1000 years [Tachikawa et al. 1999; Tachikawa et al. 2003; Arsouze et al. 2009], which is
shorter than the modern oceanic mixing time of 1000-1600 years [e.g. Broecker and
Peng 1982; Sarmiento and Gruber 2004; Garrison 2011]. This means that the
neodymium isotopic composition of seawater varies spatially (illustrated in figure 3.1
(b)), allowing the signature of a water mass to be used as a tracer of its provenance
[Piepgras and Wasserburg 1987; Innocent et al. 1997]. Surface waters in the Labrador
Sea show the least radiogenic values, reaching as low as eng = —26.6, as a result of very
old crustal material on the nearby continents [Stordal and Wasserburg 1986]. The
abundance of young mantle-derived rocks leads to the most radiogenic values reported
in the surface waters of the North Pacific, with values reaching enq = +0.4 [Vance et al.
2004]. There is a large amount of spatial variability between these two end members,
with a global mean value of eng = —8.8 [Lacan et al. 2012]. In general, surface and deep
waters show very similar neodymium isotope distributions (figure 3.1 (b) and (c)),
although depth gradients depend strongly on water mass distributions and increase with
deep water age [Siddall et al. 2008; Lacan et al. 2012]. The signal of a water mass may
also be modified by mixing with other water masses, and by boundary exchange
processes [e.g. Jeandel et al. 1998; Lacan and Jeandel 2004a; Lacan and Jeandel 2005b;
Wilson et al. 2012; Pearce et al. 2013].

3.2.2 Substrates for neodymium isotope reconstructions

The first neodymium isotope reconstructions of past ocean chemistry used
ferromanganese nodules and crusts to reconstruct changes in seawater composition [e.g.
O'Nions et al. 1978; Piepgras et al. 1979; Goldstein and O'Nions 1981]. Their use is,
however, limited by low temporal resolution. More recently, a wider suite of substrates
have been exploited including leached ferromanganese coatings from bulk sediments

[e.g. Rutberg et al. 2000; Bayon et al. 2002; Piotrowski et al. 2004; Gutjahr et al. 2007;



Martin et al. 2010], fish teeth and debris [e.g. Staudigel et al. 1985; Grandjean et al.
1987; Stille and Fischer 1990; Stille 1992; Martin and Haley 2000], corals [e.g. van de
Flierdt et al. 2006; Robinson and van de Flierdt 2009; Colin et al. 2010; Copard et al.
2010] and foraminifera both with and without authigenic coatings [e.g. Palmer and
Elderfield 1985; Vance and Burton 1999; Vance et al. 2004; Roberts et al. 2010; Elmore
etal. 2011].

Fish teeth and other debris are very rich in neodymium and their use as a recorder of the
neodymium isotope signal of bottom waters is well documented [DePaolo and
Wasserburg 1977; Shaw and Wasserburg 1985; Staudigel et al. 1985; Martin and Haley
2000; Thomas et al. 2003], however their occurrence in the Pleistocene sediments
recovered at ODP 980 is sporadic, precluding high resolution reconstructions. Bulk
sediment leachates have the advantage that sample material is plentiful and high-
resolution records can therefore be produced comparatively quickly and from all
environments. However, several concerns have been raised about the fidelity of seawater
chemistry reconstructions produced by this technique. Horizontal advection of fine
sediments can transport material from upstream to the study site, particularly at sediment
drifts sites such as the Feni Drift [Kidd and Hill 1986; McCave 2002]. Contamination of
the leachate signal by ash or other fine material has also been documented, potentially
occurring during acid-reductive leaching in the laboratory [Wilson et al. 2009; Roberts
et al. 2010; Elmore et al. 2011]. Planktonic foraminifera are abundant in many ocean
sediments, hence they can be used to produce high resolution records of neodymium
isotope variation [Roberts et al. 2010]. They show less susceptibility to contamination
by radiogenic volcanic material or fine unradiogenic sediments than bulk sediment
leachates [Elmore et al. 2011], and hence provide a compromise between the fidelity of
fish debris signature and the high resolution achievable through the use of sediment
leachates. However, the mechanism by which neodymium and the other rare earth

elements become incorporated into the tests of foraminifera is still debated.

3.2.3 Rare earth element association with foraminifera



The rare earth elements (REEs) are a subset of the transition metals, composing the
lanthanides, scandium and yttrium (with the actinides sometimes also included), and are
often found together in nature. This study focuses on the naturally occurring lanthanide
elements (from lanthanum to lutetium). In general, these elements all show similar
behaviour, existing in a 3+ oxidation state, although subtle fractionation between them
occurs as the ionic radius decreases with increasing atomic number, as a result of a
stronger nucleic charge. This results in differences in their speciation in seawater, with
the heavy rare earth elements (HREE) more likely to form complexes, most commonly
with carbonate ions, while the light rare earth elements (LREE) are more readily
scavenged onto organic matter [Goldberg et al. 1963; Elderfield and Greaves 1982;
Cantrell and Byrne 1987; Elderfield et al. 1988; Byrne and Kim 1990; Bertram and
Elderfield 1993; Sholkovitz et al. 1994; Dubinin 2004]. However, both cerium and
europium exhibit behaviour distinct from the main REE trends. This is because they
have multiple oxidation states: in addition to the 3+ state, Ce can exist as 4+ while Eu
can be reduced to 2+ [Frank 2002, and references therein]. While Eu exists only in its 3+
oxidation state under normal marine conditions, Ce is much more sensitive and can be
easily converted between the soluble Ce (III) and insoluble Ce (IV) states in the water
column [Elderfield et al. 1988]. Therefore, the relative abundance of Ce compared to the

other REEs is controlled by the degree of anoxia.

Rare earth elements are not readily incorporated into biogenic calcite, resulting in very
low concentrations within the calcite lattice of foraminifera [Palmer 1985; Palmer and
Elderfield 1986]. Instead, a number of alternate mechanisms have been proposed for the
association of rare earth elements with planktonic foraminifera. In the upper water
column, rare earth elements associate with foraminifera by binding to organic material,
and can then transfer the REEs to the test upon oxidation of the organic matter [Vance et
al. 2004; Haley et al. 2005; Martinez-Boti et al. 2009]. Organic layers between the layers
of calcite of the test may also play a key role in the accumulation of REEs [Roberts et al.
2012], while other studies suggest that barite formed in the upper water column is a
significant Nd-carrier [Haley and Klinkhammer 2002; Vance et al. 2004].

Ferromanganese coatings also contain high concentrations of REEs, with some



precipitation in the water column, but the majority of the coating added either at the
sediment-water interface or at shallow depths in the sediment [Palmer 1985; Sholkovitz
et al. 1994; Pomics et al. 2002; Tachikawa et al. 2013]. In core top foraminifera, it is
estimated that 80-90% of the total neodymium is contained within the coatings [Palmer
1985; Roberts et al. 2012]. Foraminifera which have not undergone reductive cleaning to
remove these authigenic coatings are therefore commonly interpreted as representative
of bottom water chemistry, although they may be modified to a pore water signal under
sub-oxic conditions [Palmer and Elderfield 1985; Palmer and Elderfield 1986; Roberts et
al. 2012]. Attempts have been made to reconstruct a surface water signal by completely
removing the ferromanganese coatings from planktonic foraminifera [Vance and Burton
1999; Burton and Vance 2000; Scrivner et al. 2004; Vance et al. 2004; Haley et al. 2005;
Martinez-Boti et al. 2009], however concerns have been raised regarding whether the
coating signature can be fully removed, if reabsorption occurs during the cleaning
process and whether the calcite lattice itself also records a bottom and/or pore water

signature [Pomicgs et al. 2002; Roberts et al. 2010].

The rare earth signature of foraminifera may be modified as burial depth within the
sediment increases over time. Redox-sensitive elements typically undergo a sequence of
reactions as pore water dissolved oxygen levels decrease with depth in the sediment
linked to the oxidation of organic matter, with iron and manganese oxides and iron
oxyhydroxides becoming soluble under reducing conditions, releasing Mn*" and Fe**
ions which diffuse upwards and then reprecipitate when they reach the oxic-anoxic front
[e.g. Froelich et al. 1979; Thomson et al. 1996; Burdige 2006]. Although the same well-
documented sequence of redox reactions has been identified across the globe, the depth
at which these processes occur varies hugely between sites [e.g. Richards 1965;
Hartmann et al. 1973; Froelich et al. 1979; Burdige 1993]. With the exception of cerium,
the lanthanides do not undergo changes in oxidation state under shallow sediment
conditions, however, the phases with which they associate often do (including iron and
manganese) [Sholkovitz et al. 1992; Haley et al. 2004; Burdige 2006]. Under
suboxic/anoxic conditions in the sediment, REEs may become associated with other

phases which can precipitate onto foraminiferal calcite, particularly manganese



carbonates and iron sulphides [Boyle 1983; Pena et al. 2005; Chaillou et al. 2006; Pena
et al. 2008; Roberts et al. 2012; Tachikawa et al. 2013].

3.3 Aims

The main aims of this chapter are:

* To compare the neodymium isotope records preserved by uncleaned
foraminifera, bulk sediment leachates and fish debris from a sediment drift in an
open ocean setting; a typical environment for palacoceanographic
reconstructions.

* To better understand the origin of the rare earth element signature recorded by
the different substrates, including the degree of post-depositional signal
modification.

® To assess the suitability of bulk sediment leachates, uncleaned foraminifera and

fish debris as recorders of bottom water neodymium isotope compositions.

34 Methods

3.4.1 Sample preparation

Between 600-1600 mixed planktonic foraminifera were picked at the >212 pum size
fraction from each sample for neodymium isotopic analysis. Ferromanganese coatings
were not removed from the foraminiferal tests because the majority of the neodymium
associated with fossilised foraminifera occurs in the ferromanganese coating [Palmer
1985] and both calcite and coatings have been shown to record bottom water
neodymium isotope values in the North Atlantic [Roberts et al. 2010; Elmore et al.

2011].

Foraminifera were broken open between two glass plates and ultrasonicated in ELGA
water for 10 seconds. The supernant was pippetted off the top, removing any suspended

clays. The samples were then sonicated twice more in methanol, with the supernant



removed after both sonications. Once the supernant was clear, the sample was left to dry
and then checked under a microscope to ensure no dirty or non-foraminiferal fragments
remained. 500 pl of 1.75 M hydrochloric acid (HCl) was added to dissolve the
foraminifera and each sample was centrifuged for 45 seconds at 13,000 rotations per

minute (rpm).

One to fifteen pieces of fish debris were picked from the >125 um size fraction of
certain samples to provide an additional check on the fidelity of the foraminiferal record.
Fish teeth were scarce in the samples, hence analyses were dominated by fragments of
bone. Adhering clays were removed by sonication twice in methanol (for 1 minute each
time) and then in ELGA water (4 times at 30 seconds). Samples were then oxidatively
cleaned for 30 minutes in a 1% H,O, — 0.1 M NH4sOH solution. Next, they were rinsed
in ELGA water before being leached in 0.001 M nitric acid (HNOs) for 1 minute in an
ultrasonic bath. No reductive cleaning was used because it has been deemed unnecessary
at a number of Atlantic locations, including nearby ODP Site 982 [Martin et al. 2010].
Each sample was rinsed twice in ELGA water before being transferred to a savillex vial
and dissolved in 0.5 ml 1.75 M HCI, then dried down on a hotplate at 140 °C. After
removal from the hotplate, samples were allowed to cool, and then redissolved in 0.5 ml

1.75M HCL

3.4.2 REE and trace element analysis

An aliquot of 10 pl was extracted from each of the dissolved foraminifera and fish
debris samples for rare earth (REE) and other trace element analysis. 2 ml of 3% HNOs;
spiked with In and Re (to a concentration of 5 ppb) and Be (concentration 20 ppb) was
added to each sample. A further aliquot of 0.1 ml was removed from each of these
diluted samples and diluted a second time with 4.9 ml of 3 % HNOs spiked with 5 ppb
In, Re and 20 ppb Be. These samples were used to determine calcium and strontium
concentrations, as calcium concentrations were too high to analyse concurrently with the
REE. The Quadrupole ICP-MS: Thermo X-Series 2 at the Ocean and Earth Science

department, University of Southampton was used to measure calcium and strontium



concentrations. The remaining sample solutions were analysed for REE and trace
element concentrations using the High Resolution ICP-MS: Thermo ELEMENT 2XR at
the Ocean and Earth Science department, University of Southampton. Strontium was
measured using both the Element and the X-Series to allow the two runs to be directly
compared, and hence REE/Ca ratios to be calculated. All samples were corrected for
matrix effects and instrument drift using the beryllium, indium and rhenium standard
incorporated into each sample. A blank correction was then applied, and rare earth
element standards were used to correct samples for oxide formation. A suite of five
standards with known concentrations bracketing those of the samples were then used to
create a linear calibration to calculate sample element concentrations. External
reproducibility is estimated as 4-5 %, with internal reproducibility much less than this

for the majority of samples.

Rare earth element concentrations of the samples (REEsampic) were expressed relative to
the REE signature of the Post-Archaen Australian Shale (REEpaas) which is thought to
be a good approximation of upper continental crust [Taylor and McLennan 1985;
McLennan 1989], with a composition in good agreement with published estimates of
shale composites [Haskin and Haskin 1966; Gromet et al. 1984; de Baar et al. 1985].
Shale normalisation allows small changes in the relative proportions of two elements
with very different abundances to be more clearly expressed. In order to better visualise
changes within the normalised REE distribution, several ratios were used, after De Baar
et al. [1988] and Martin et al. [2010] (equations 3.3-3.7). These have been modified
slightly by replacing Tm with Er in calculating the HREEs due to the low concentrations
of the rarer Tm in some samples and previously reported inter-REE molecular
interference in the ICP-MS [Haley et al. 2005]. For these reasons, Tm measurements

were not plotted in the rare earth profiles of the Site 980 samples.

LREE = La, + Pr .+ Nd,
MREE = Gd ,+ Tb, + Dy,
HREE = Er, + Yb, + Lu,



MREE MREE
MREE* 0.5(HREE +LREE)

REE sample
where REE = ——<
REE,, s

The multiple oxidation states of cerium mean that, under certain conditions, cerium
behaves differently to the other rare earth elements (as discussed in section 3.2.3). This
distinction is expressed in the cerium anomaly (Ce/Ce*), which is the difference in the
shale-normalised abundance of cerium compared to the expected value calculated from

the nearby LREE elements [de Baar et al. 1985]:

Ce 3Ce

n

Ce* 2La_+Nd_

3.4.3 Neodymium isotope analysis

Neodymium was purified from the dissolved samples using standard procedure column
chemistry, based upon the methods of Cohen et al. [1988]. Two series of columns were
used. Firstly, cation columns were used to strip iron and titanium from the samples. The
remaining material was then run through LN Spec™ columns to isolate neodymium
(and samarium) as far as possible [Pin and Zalduegui 1997]. The detailed column

procedure can be found in appendix 3.

To prepare for analysis, each purified sample was dissolved in 420 ul 0.5 M HNO:s.
Autosampler vials were cleaned in 10% HNOs, rinsed in MilliQ water and then dried. A
calibration set of samples were prepared by adding 20 pl of the dissolved sample to an
autosampler vial already containing 100 pl 0.5 M HNOs. These were analysed in three
separate runs by the Multi-collector ICP-MS: Thermo NEPTUNE at the School of
Ocean and Earth Science, University of Southampton. '**Nd and '*’Ce intensities were
noted for each sample. This allowed samples to be diluted further with 0.5 M HNO; (if
necessary) so that the intensities of the neodymium peaks in the main run were as

constant as possible. Instrumental mass bias ratios were corrected using the procedure of



Vance and Thirlwall [2002], adjusting to a '**Nd/'**Nd of 0.7219 and using cerium-
doped standards to correct for interference of '**Ce on '**Nd. All values were normalised
to the JNdi-1 Standard ("*Nd/'**Nd = 0.512115 + 7) [Tanaka et al. 2000]. Replicate
measurements of this standard across the three runs gave an external reproducibility 20

(2 standard deviations) = (.2 &g units.

3.5 Results

3.5.1 Neodymium isotopes

The neodymium isotopic signature of planktonic foraminifera shows distinctive
downcore variation, illustrated in figure 3.2 (a). Glacial age samples show a steady
baseline value of eng = —10 (with a slight long-term shift towards more radiogenic values
approaching the last glacial maximum). Superimposed on this are two distinct
excursions: a negative excursion to values of eng = —12 at Heinrich event 4 and a
positive excursion to eéng = —7 at Heinrich event 2. A gradual shift towards less
radiogenic values begins at 14 ka, with minimum values of exg = —13.5 occurring in the
early Holocene. These then slowly increase towards a core top value of eng =—11.7. The

oceanographic implications of these features will be discussed in chapter 4.

The neodymium isotope records of fish debris and uncleaned foraminifera show
excellent agreement throughout the record, with samples from the same depth horizon
either within error, or close to it. The record derived from bulk sediment leachates shows
overall agreement in pattern but with substantial offsets to planktonic foraminifera and
fish debris in several sections of the record. This is especially true during the Holocene
(from approximately 12 ka BP), where there is a systematic offset of 1-2 exqg units
between the substrates, with the leachates giving a consistently more radiogenic signal.
There are also several shorter intervals of more radiogenic leachate values at 16 ka, 20

ka and 32 ka.

3.5.2 REE and trace element concentrations
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Figure 3.2: (a) Neodymium isotope composition of sediment leachates (grey, from
Crocket et al. [2011]), mixed planktonic foraminifera (blue) and fish debris (red), all
from ODP Site 980. Error bars show either internal or external error (whichever is
larger). (b) Nd/Ca ratios of mixed planktonic foraminifera. (c), (d) and (e) Ratios of
PAAS-normalised rare earth elements of mixed planktonic foraminifera (formulae given
in equations 3.3-3.8). (f) and (g) Fe/Ca (orange), Mn/Ca (green) and U/Ca (purple)
ratios of mixed planktonic foraminifera. (h) Fluxes of ice-rafted debris (black) and
detrital carbonate (red) grains from the >150 um size fraction of Site 980 samples.
Purple shading marks position of Heinrich events (as identified from the IRD record)
and yellow shading highlights the upper section of the core with an offset in the
neodymium isotope ratios between the planktonic foramifera and fish debris sediment
leachate values (zone I). Note that depth within sediment core (in metres composite

depth) is a non-linear scale.

The downcore rare earth element data from Site 980 clearly show different behaviour in
the upper and lower parts of the core (illustrated in figure 3.2), with a distinct transition
at 2.9 m depth (11.5 ka). In the following discussions, the upper section of the core will
be referred to as zone I, and the lower section, zone II. Nd/Ca values are relatively low
and steady throughout zone I, at approximately 700-800 nmol/mol, with higher and
more variable values (900-3000 nmol/mol) in zone II. The distribution of the rare earth
elements also changes across this depth interval, with the enrichment of the heavy rare
earth elements over the light rare earths higher in zone I (1.4-1.6) than zone II (1.2-1.4).
The magnitude of the negative cerium anomaly shifts at the same depth, with anomaly
values in zone I of 0.5-0.6 to compared to 0.75-1 in zone II (where 1 indicates no
anomaly in cerium concentrations compared to the other rare earth elements). Cerium
anomaly values never exceed 1, in agreement with pore waters measured across a range
of environments [Haley et al. 2004]. There is also a small difference in MREE/MREE*
values between zones I and II, most likely attributable to a decreased relative proportion

of the HREE deeper within the core.

There is no clear correlation of the rare earth elements (represented by Nd) with any of

the redox sensitive elements manganese, iron or uranium (shown in figure 3.3), in
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contrast to the results presented from the Bermuda Rise by Roberts et al. [2012]. Neither

the Fe/Ca nor U/Ca ratios of foraminifera show distinctive differences between zone 1

and zone II, while although Mn/Ca is more variable in zone II, it lacks the marked

increase seen in the Nd/Ca record (figure 3.2).
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Figure 3.3: Cross plots of trace element concentrations of mixed planktonic foraminifera

from ODP Site 980.

Discussion



3.6.1 Assessing potential sources of contamination

3.6.1.1 Detrital input

Before the neodymium isotope record generated here can be interpreted
palaeoceanographically, it is important to determine the precise nature of signal recorded
by the samples (as far as possible). The extent to which contaminating clays influence
the samples is assessed through Al/Ca ratios, which are generally low (< 100 umol/mol).
A few samples contain higher Al/Ca ratios, however, these are all associated with low
Nd/Ca values (illustrated in figure 3.4). This suggests that clays are not a significant
source of neodymium to the samples, and hence no samples have been excluded from

the data set on the basis of their Al/Ca values.

Sediments from ODP Site 980 contain a high proportion of lithic grains (especially
during glacial conditions), therefore, it is possible that input of material with a
preformed neodymium isotopic signature is influencing the record [Rutberg et al. 2000;
Bayon et al. 2002; Bayon et al. 2004]. This hypothesis can be tested through the
abundance of elements common in terrestrial environments but depleted in open marine
settings (e.g. Ti, Zr, Pb) [M. Gutjahr, pers. comm.]. None of these elements show
correlation with either Nd/Ca or eng, and the samples with high concentrations of Zr, Pb
and Ti exhibit low Nd/Ca values (figure 3.4). Therefore, it does not appear that
terrestrial contamination significantly influences the neodymium isotopic data presented

here.

3.6.1.2 Volcanic ash

The influence of volcanic ash on the fidelity of neodymium isotope reconstructions of
bottom water chemistry is a significant concern in the North Atlantic [e.g. Elmore et al.

2011]. Volcanic material has a very radiogenic isotopic signature [e.g. Jeandel et al.
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2007; Sarbas and Nohl 2008], and hence has the potential to significantly modify the
neodymium isotopic signatures of sediment components.
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Figure 3.4: Cross-plots to assess the extent of lithogenic contamination on the
neodymium concentrations (left) and neodymium isotope signatures (right) of mixed
planktonic foraminifera samples. Elements used to assess degree of contamination

are, from top to bottom. aluminium, zirconium, lead and titanium.

A strong influence of easily leacheable, radiogenic volcanic material on sediment
leachate eng values has been documented in the North Atlantic, most notably in close
proximity to Iceland [Elmore et al. 2011]. Site 980 is located approximately 1000 km
from Iceland, just outside the affected zone of core top material identified by Elmore et
al. [2011]. Therefore, the data presented here could potentially be affected during
intervals of high volcanic output, or under different patterns in atmospheric or oceanic
circulation, which resulted in the transport a higher proportion of ash towards the site.
To test this hypothesis, the multi-substrate neodymium isotope reconstructions were
compared to counts of igneous grains >150 um from ODP Site 980 (presented in chapter
2) and to the occurrence of ash layers documented in other regional climate archives

(illustrated in figure 3.5).

The presence or absence of ash in the sediment does not appear to be the dominant
control on the neodymium isotopic signature of either the sediment leachate,
foraminiferal or fish debris records (illustrated in figure 3.5), with no clear relationship
between the ages of documented ash layers and eng values at Site 980. The absence of
ash throughout much of the Holocene also suggests that the offset between the
foraminiferal and sediment leachate records through this interval is not caused by
leaching of increased levels of ash. Small excursions to more radiogenic values in the
foraminiferal exg record occur either at, or close to, three of the four major ash layers,
giving values as (or sometimes slightly more) radiogenic than the sediment leachates.
This raises the possibility either that the foraminiferal signal is modified by interaction
with young volcanic material at times of major ash input, as previously observed on the
Iceland margin [Elmore et al. 2011] or that samples contain small residual amounts of
fine material, despite the clay removal step in their preparation. Trace element
concentrations do not suggest any abnormally high levels of contamination by either

clays or terrestrial material in the affected samples. It should be also noted that two of
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Figure 3.5: Assessment of the impact of volcanic input on multi-substrate neodymium
isotope reconstructions. Vertical yellow bands highlight the time intervals when ash layers
have been previously documented in the North Atlantic region, with black plus signs (+)
marking the age of each individual ash layer [Wastegdrd et al. 2006, Lowe et al. 2008,
Thornalley et al. 2011; Abbott and Davies 2012; Davies et al. 2012, and references
therein]. The four major ash horizons of the last 40,000 years in the North Atlantic are
highlighted in green (A: Saksunarvatn Ash, B: Vedde Ash, C: Faeroe-Marine Ash Zone Il —
Fugloyarbanki tephra, D: Faeroe-Marine Ash Zone III) [e.g. Davies et al. 2012]. (a)
Down core neodymium isotopic signature of bulk sediment leachates (grey) [Crocket et al.
2011], mixed planktonic foraminifera (blue), fish debris (red), and the detrital fraction of
the sediment (black crosses) [Crocket et al. 2011], all from ODP Site 980. Error bars
indicate either internal or external error (whichever is larger). (b) Fluxes of volcanic
grains in the >150 um size fraction from Site 980, with colour shading indicating
lithologies (red: felsic volcanic glass, purple: mafic volcanic glass and green: pumice. (c)
Fluxes of ice-rafted debris (black) and detrital carbonate grains (red) in the >150 um size

fraction, from Site 980.
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these three radiogenic excursions coincide with proposed climatic events (with the
Younger Dryas and Heinrich event 4 approximately coincident with the Saksunarvatn
Ash and Faeroe-Marine Ash Zone III respectively). Therefore, it seems plausible that
water mass changes may be responsible for these observed neodymium isotope
excursions, however, the influence of ash on foraminiferal neodymium isotopes
(possibly through modification of pore/bottom water chemistry) is worthy of further

investigation.

Figure 3.6: Location of sites referred to in discussion. Red: ODP Site 980 [Shipboard
Scientific Party 1996], blue: water column data [Lacan and Jeandel 2004b; Lacan and
Jeandel 2005a], green: % total organic carbon [Lowry et al. 1994], yellow: pore water
chemistry [Sauter 1997], orange: ENAMY93-21 for sedimentation rate comparison [e.g.
Rasmussen et al. 1996] and brown: neodymium isotopes of fish teeth [Martin et al. 2010].
Figure created using Ocean Data View [Schlitzer 2013], plotted on an orthographic (North
Pole) projection



3.6.2 Rare earth element distributions

3.6.2.1 Distribution of rare earth elements associated with foraminifera

The distribution of rare earth elements recorded in a foraminiferal sample can shed light
on the phases with which they are associated. Numerous phases have been proposed as
REE carriers associated with foraminiferal tests, including the calcite lattice and
ferromanganese coatings (discussed in more detail in section 3.2.3). The nature of the
REE carrying phases has important implications for how the REE become associated
with the planktonic foraminifera, and hence the environmental conditions that they
record. The relative influence of surface and bottom/pore water chemistry on planktonic
foraminiferal neodymium isotopic signatures is particularly strongly debated [e.g. Vance
and Burton 1999; Pomi¢s et al. 2002; Vance et al. 2004; Haley et al. 2005; Martinez-
Boti et al. 2009; Roberts et al. 2012]. In this study, no attempt has been made to separate
the geochemical signatures of the different REE carrying phases associated with
planktonic foraminifera. Figure 3.7 compares the Site 980 foraminiferal samples to
published estimates of separated lattice and coating REE distributions from Palmer
[1985] and Bayon et al. [2004]. Foraminifera from both zone I and zone II (as defined in
section 3.5.2) of the core are much more similar to the estimates based on coatings, with
the enrichment of HREE over the MREE in the lattice phase not seen in our samples.
This supports previous suggestions that the majority of the neodymium associated with
sedimentary planktonic foraminifera is in phases other than the primary calcite [e.g.

Palmer 1985; Roberts et al. 2012; Tachikawa et al. 2013].

It should be noted, however, that the depletion of the HREE relative to the MREE
observed in the zone II samples is not seen in zone I, which, coupled with the lower total
rare earth element concentrations, may suggest a greater proportional contribution of the
lattice phase to the total foraminferal rare earth concentrations in the upper section of the
core. The zone I samples fit the estimated coating composition of Bayon et al. [2004]
more closely, while in zone II, there is a better match to Palmer [1985]. This is most

likely due to the different techniques used to estimate the coating signature. Bayon et al.



[2004] analysed whole, uncleaned foraminifera and assumed that all of the rare earths
were contained within the coatings, so their quoted coating rare earth distributions are
actually whole foraminifera and likely contain a component of lattice-bound REEs. In
contrast, Palmer [ 1985] measured the lattice rare earth distribution after the coatings had
been removed and subtracted these values from the total foraminiferal signal to obtain
the coating composition. The zone II samples therefore likely contain a higher
proportion of authigenic REEs, with lattice-bound REEs less significant, hence a better
fit to the pure coating signal is observed. This is supported by the increased Nd/Ca ratios

of the zone II samples (figure 3.2).
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Figure 3.7: Rare earth element profiles, with values normalised to PAAS and La = 1.
Mixed planktonic foraminifera from ODP Site 980 (black) are compared to a core top
foraminiferal lattice signature (green) [Palmer 1985], core top foraminiferal coatings
(vellow) [Palmer 1985] and estimates of foraminiferal coating from the core top and 46
cm depth at two different sites in the Cape Basin (orange and red respectively) [Bayon et
al. 2004].



The issue of whether foraminiferal coatings preserve a seawater or pore water
neodymium isotopic signal, or a combination of the two is still debated [e.g. Palmer
1985; Pomics et al. 2002; Vance et al. 2004; Haley et al. 2005; Martinez-Boti et al.
2009; Roberts et al. 2010]. Rare earth element distributions can help to distinguish
between the two regimes. In figure 3.8, the neodymium isotopic signature of
foraminifera presented here is compared to seawater samples from three
oceanographically similar sites to ODP Site 980 (locations shown on figure 3.6). Station
12 is located in the Iceland Basin, with a sample taken at 2020 m water depth, situated
between the Labrador Sea Water (LSW) and North East Atlantic Deep Water (NEADW)
layers [Lacan and Jeandel 2005a], the same water masses bathing Site 980 (see section

1.4).
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Figure 3.8: Rare earth element profiles (with concentrations normalised to PAAS and La
= 1) of mixed planktonic foraminifera from ODP Site 980 (black) compared with
seawater chemistry. Purple: 2020 m water depth at Station 12, from the Iceland Basin
[Lacan and Jeandel 2005a], dark blue: 483 m water depth at Station 22, Faroe-Shetland
Channel [Lacan and Jeandel 2004b], light blue: 988 m water depth at Station 23, Faroe-
Shetland Channel [Lacan and Jeandel 2004b]. Station locations are shown on figure 3.6.

As Site 980 may also be influenced by overflow waters from the Nordic Seas, bottom

water signatures at Stations 22 and 23 from the Faroe-Shetland Channel [Lacan and



Jeandel 2004b] have also been included for comparison. All three seawater REE profiles
are very similar to each other, with steady increasing PAAS-normalised REE
concentrations as atomic mass increases and a strong negative cerium anomaly. Shale-
normalised HREE concentrations are enriched by approximately a factor of 3 over the
LREEs, which is a significantly greater enrichment than observed in any of the
foraminiferal samples. Therefore, it seems that the rare earth element signature of

foraminifera is strongly fractionated from seawater and/or modified within the sediment.

There is a much better match between the foraminiferal REE distribution and that
documented in pore waters (illustrated in figure 3.9). Haley et al. [2004] identify three
distinct patterns in the REE distribution of shallow pore waters under a range of redox
conditions (figure 3.9), with similar pore water REE distributions recorded by
Sholkovitz et al. [1989]. The “linear” pattern is the most common of the three, and has
been linked to the degradation of particulate organic carbon (POC). The second pattern
has a distinctive “MREE bulge”. This signal in pore waters has been associated with the
dissolution of iron oxides under anoxic conditions [e.g. Froelich et al. 1979; Aller and
Barry 1980; Stumm and Sulzberger 1992; Burdige 1993; Johannesson and Zhou 1999;
Haley et al. 2004]. A third “HREE enriched” pattern has only been observed at the
sediment surface [Haley et al. 2004], and hence is a poor match for the Site 980 record,

where the shallowest sample was taken at 5-7 cm below the sediment surface.

There is a much closer correspondence of the foraminiferal records presented here with
both the “linear” and “MREE bulge” patterns in pore waters than there is to the seawater
patterns shown in figure 3.8. This suggests that the rare earth element signature of
foraminifera is acquired at shallow depths within the sediment, and hence the chemistry
of pore waters rather than bottom water chemistry is preserved, most likely in authigenic

phases rather than being incorporated into the calcite lattice of the foraminifera.
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Figure 3.9: Rare earth element profiles (with concentrations normalised to PAAS and La
= 1) of mixed planktonic foraminifera from ODP Site 980 (black) compared with
examples of the three types of pore water profiles identified by Haley et al. [2004]. All
data from Haley et al. [2004] with yellow: Station 9, 1.47 cm depth (“Linear” profile),
green: Station MC64, 1.18 cm depth (“HREE enriched” profile), orange: Station 8, 17.83
cm depth (“MREE bulge”) and brown: Station 10, 5.33 cm depth (“MREE bulge”).

3.6.2.2 Comparison with the REE signature of fish debris

Fragments of fish debris were analysed at various depths downcore to provide an
additional check on the fidelity of the planktonic foraminifera rare earth element and
neodymium isotope records. A clear similarity between the rare earth element profiles of
foraminifera and fish debris from the same depth horizons can be seen throughout the
record. The fish debris samples also show a distinct difference between the zone I and

zone II sections of the core, with profiles very similar to those recorded in foraminifera
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Figure 3.10: Comparison of REE profiles of fish debris and mixed planktonic foraminifera
(normalised to PAAS and La = 1), from the same depth horizons in ODP Site 980. Solid
lines indicate fish debris samples while foraminifera are plotted with dotted lines. Samples

of equal depth within the sediment are shown in the same colour.



(illustrated in figure 3.10). In the upper part of the core (zone I), both substrates show a
strong cerium anomaly, with MREE and HREE enriched over the LREE (with a slightly
greater HREE enrichment in the fish). The fish debris samples from zone II show a
strong MREE bulge, with similar profile shapes to the foraminifera, except for a lower
proportion of LREE in the PAAS-normalised fish debris. The negative cerium anomaly
is much less pronounced in both substrates in zone II than zone 1. The similarity in the
REE profiles of fish and foraminifera suggests that the processes controlling the rare

earth distributions influence both substrates to a similar extent.

Different mechanisms have been invoked to explain the association of rare earth
elements with fish debris and foraminifera. REEs are adsorbed to the surface of biogenic
apatite during early diagenesis, with little fractionation or exchange with detrital
material. REE concentrations increase by several orders of magnitude over unaltered
apatite, hence any in vivo signature is almost completely obscured [Wright et al. 1984;
Shaw and Wasserburg 1985; Elderfield and Pagett 1986; Grandjean et al. 1987;
Grandjean and Albaréde 1989; Trueman and Tuross 2002]. This signal is relatively
resistant to diagenesis, with substitution of rare earth elements into the crystal lattice
occurring only under more extreme conditions, resulting in a distinctive bell-shaped
REE profile [Staudigel et al. 1985; Keto and Jacobsen 1987; Reynard et al. 1999;
Armstrong et al. 2001; Martin and Scher 2004]. This bell-shaped profile is not seen in
any of the samples presented here, suggesting that a shallow pore water signature is
preserved by the fish debris. Therefore, the fish debris samples support the interpretation
of the foraminiferal REE profiles presented in section 3.6.2.1, which suggest that
planktonic foraminifera without their ferromanganese coatings removed preserve a

shallow pore water signature rather than a seawater profile.

3.6.2.3 Explaining the changing downcore REE distributions

The rare earth element profiles of both planktonic foraminifera and fish debris at ODP

Site 980 are clearly divided into two different regimes, which have been labelled zone I

(the upper section of the core) and zone II (illustrated in figure 3.2). The cerium anomaly



is much lower in the zone 1 samples than those in zone II (figure 3.2), which suggests
that more oxic conditions are recorded in the upper part of the core. An offset between
the sediment leachate values and the other substrates is recorded in zone I but not zone
II, which raises the possibility of a link between the processes controlling the shift in
REE distributions and those determining the offset of one or more of the substrates from
seawater eng values. Understanding the cause of the change in REE behaviour,
therefore, has important implications for the fidelity of neodymium isotopic
reconstruction of bottom water chemistry. Three potential explanations for these changes
are explored here: a lithologic control, an active redox front in the sediment or preserved

differences between glacial and interglacial conditions.

Lithology has been shown to have a strong control over the rare earth signature of bulk
sediment [e.g. Thomson et al. 1984; Sholkovitz 1988; Sholkovitz 1990; Dubinin and
Rozanov 2001]. However, the detrital fraction is typically unreactive (as evidenced by
its extraction procedure) [Jones et al. 1994; Bayon et al. 2002], and REE concentrations
are much lower than in the oxyhydroxide fraction [Gutjahr et al. 2007], hence the
detrital influence on the REE signature of planktonic foraminifera is expected to be
weak. Comparison of the fish debris, foraminifera and sediment leachate data with the
bulk sediment neodymium isotopic record from Site 980 of Crocket et al. [2011] also
argues against significant exchange of the REEs between the foraminifera and the
sediments (illustrated in figure 3.5). Both H2 and H4 show unradiogenic bulk sediment
signatures, while the foraminiferal record gives excursions in opposite directions at these
two events. Therefore, significant exchange with the detrital fraction of the sediments

can be ruled out.

An alternative explanation of the change in character of the REE profiles between zones
I and II is that there is an active redox front in the sediment, resulting in a remobilisation
and redistribution of the rare earth elements. In sediments, organic matter is gradually
oxidised via a sequence of reactions involving progressively less energetically
favourable terminal electron acceptors as each species is sequentially consumed with

increasing depth below the sediment-water interface [e.g. Froelich et al. 1979; Burdige



1993; Calvert et al. 2007]. This sequence is illustrated in figure 3.11. As part of this
succession, first manganese, and then iron are reduced to soluble ions (Mn>" and Fe**
respectively), leading to the dissolution of foraminiferal ferromanganese coatings and
remobilisation of the associated rare earth elements [Palmer and Elderfield 1986;
Burdige 1993; Roberts et al. 2012]. Unfortunately, the published pore water data for Site
980 is of too low resolution to establish the depth of these transitions [Shipboard
Scientific Party 1996], but in figure 3.11, data from Greenland-Scotland Ridge site
M36/3 201 [Sauter 1997] is shown for comparison with the model of Froelich et al.
[1979]. Similar sedimentation rates to Site 980 have been recorded at site ENAM93-21,
which is only 200 m deeper and 80 km west of M36/3 201 [Rasmussen et al. 1996],
suggesting that M36 201 is a suitable analogue for Site 980. Pore water Mn’"
concentrations rapidly increase from 6 cm depth within the sediment at site M36/3 201,
suggesting that oxygen concentrations are close to zero by this depth. Similar oxygen
penetration depths to have been recorded at sites in and around the Rockall Trough with
comparable water depths to Site 980 [Black et al. 2001; Papadimitriou et al. 2004]. The
transition in rare earth element distributions at Site 980 occurs at ca. 2.9 m depth below
the sea floor, therefore, active remobilisation of manganese coatings cannot be
responsible for the shift in rare earth element distributions at this depth. The existence of
significant iron reduction influencing the record is more difficult to determine. Although
nitrate concentrations do not reach zero within the top 0.17 m of the core, they do drop

significantly, so the presence of iron reduction cannot be completely ruled out.

In suboxic and anoxic sediments, if Mn>" concentrations and carbonate alkalinity are
sufficiently high, manganese may precipitate out as carbonates [e.g. Grill 1978;
Pedersen and Price 1982; Middelburg et al. 1987; Burdige 1993]. This typically occurs
on the order of tens of centimetres below the active Mn redox boundary [Pedersen and
Price 1982; Burdige 1993], which is a better fit to the depth transition between zones I
and II at Site 980. The precipitation of diagenetic manganese carbonates associating with
foraminifera has the potential to alter their rare earth signature, particularly because
these phases cannot be easily removed in the cleaning process [Palmer and Elderfield

1986; Roberts et al. 2012], although questions remain regarding the significance of the



association of rare earth elements with manganese carbonates [Tachikawa et al. 2013].
An alternative source of rare earth association with foraminifera comes through
adsorption to the surface of iron sulphides under sulphate reducing conditions, which

have been documented deeper within the sediment at ODP Site 980 [Shipboard
Scientific Party 1996].
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Figure 3.11: Comparison of pore water chemistry of Site M36/3 201 (right) with the
model of Froelich et al. [1979] (left). Schematic depth profile of concentrations of main
species in redox chemistry redrawn from Burdige [2006]. Site M36/3 201 data from
Sauter [1997]. The onset of manganese reduction is clearly visible at 0.06 m depth,

however the presence of iron reduction is less clearly identifiable.

Uncertainties in the pore water chemistry at depth make it difficult to fully evaluate the
possibility of an active redox front driving the observed trends in REE chemistry.
Manganese reduction can be ruled out, but iron reduction, manganese carbonate
precipitation and/or pyritisation could all potentially be involved. Barite has also been
proposed as a rare earth element carrier associated with foraminifera [Bayon 2002;

Haley and Klinkhammer 2002], however pore water studies suggest that barium cycling



is dominant at depths shallower than manganese cycling [Haley et al. 2004], hence this

is unlikely to be driving the observed changes at ODP Site 980.

The coincidence of the shift in REE distribution of foraminifera with the climatic
transition into the Holocene raises the possibility that differences between glacial and
interglacial conditions have been preserved and are responsible for the changes observed
between zone I and zone II samples. Glacial-interglacial differences in the degree of
oxygenation of shallow sediments have been documented in a number of studies [e.g.
Mangini et al. 1990; Thomson et al. 1996; Mangini et al. 2001; Reitz et al. 2004],
including Roberts et al. [2012] who observe similar changes in foraminifera REE
concentrations and cerium anomalies from a site on the Bermuda Rise with a water
depth of 4.5 km. These changes are dated to within ca. 1000 years of the similar
transition observed at Site 980. A combination of oxygen-poor southern-sourced water
reaching the site during the glacial interval and increased sedimentation rates leading to
increased organic carbon burial allowing the development of suboxic conditions during
the glacial have been proposed to explain the differences to the oxic Holocene
conditions [Roberts et al. 2012]. However, these explanations cannot simply be invoked
at Site 980 for three main reasons. First, the site is much shallower than the Bermuda
Rise site studied by Roberts et al. [2012], with minimal influence of southern sourced
waters during the glacial [e.g. Boyle and Keigwin 1987; Curry and Oppo 2005; Yu et al.
2008, and chapter 4 of this study]. Second, sedimentation rates at Site 980 were
generally higher in the Holocene than during the glacial interval (see chapter 2). Third,
there is no evidence of increased carbon burial during the glacial interval at this site.
There is no dramatic change in total organic carbon (TOC) contents at the nearby BOFS
cores, with generally slightly lower concentrations under glacial conditions than in the
Holocene (illustrated in figure 3.12) [Lowry et al. 1994]. However, the occurrence of a
transition to more reducing conditions at approximately the same age at two sites
thousands of kilometres apart despite differences in sedimentation rate, bottom waters

and trace metal cycling is suggestive of a common driving force.
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Figure 3.12: Percentage of organic carbon (% TOC) in sediments from BOFS cores
[Lowry et al. 1994]. Sites are ordered by latitude, with BOFSI4K the most northerly
and BOFS5K the furthest south (exact locations shown in figure 5). Chronology for all
BOFSS cores from Manighetti et al. [1995].

The absence of southern-sourced waters bathing Site 980 does not necessarily preclude a
reduction in bottom water oxygen content. Decreased oxygen content during the glacial
interval is much more widespread than simply following the extent of southern sourced
bottom waters [Murphy and Thomas 2010; Jaccard and Galbraith 2012], and has been
documented on the Portuguese Margin at equal water depths to Site 980 [Baas et al.
1998; Schonfeld et al. 2003]. Increased alkalinity of the glacial ocean may also
contribute to the glacial-interglacial differences [Sanyal et al. 1995; Yu et al. 2008;
Rickaby et al. 2010, T. Chalk unpublished data], particularly if the rare earth elements
are primarily associated with authigenic carbonates, as their formation is promoted by
high pore water alkalinity [Grill 1978; Pedersen and Price 1982; Boyle 1983;
Middelburg et al. 1987].

The preservation of a glacial shallow pore water signature without significant
modification by later diagenetic processes by both the foraminifera and fish debris in the
zone II samples is supported by comparing the data presented here with published REE
distributions of fish teeth of Miocene age from nearby ODP Site 982 (location shown on
figure 3.6) [Martin et al. 2010]. Although slightly flatter, the Miocene samples generally
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exhibit very similar REE profiles to the samples presented here (figure 3.13). One of the
most noticeable features is the preservation of a distinct negative cerium anomaly in all
of the Miocene samples. The redox behaviour of cerium is thought to be very similar to
that of manganese [Elderfield et al. 1988], hence reduction of Ce (IV) to Ce (III)
(releasing Ce’" ions into the pore waters) is expected to occur at shallow depths within
the sediment, reducing the distinct negative cerium anomaly [e.g. Haley et al. 2004]. If
the original, strong negative anomaly of the glacial samples from Site 980 had been reset
by diagenetic processes deeper within the sediment, then it might be expected that the
same would be true of the much older samples at Site 982. However, this is not the case.
The similarity between the fish and foraminiferal signatures presented here suggests that

foraminifera also preserve a near surface pore water signature.
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Figure 3.13: Rare earth element distribution of fish debris from ODP Site 980
(normalised to PAAS and La = 1), with colour indicating age of the samples, compared
to Miocene age fish teeth from ODP Site 982 (black), published by Martin et al. [2010)].



It therefore seems most probable that the changes in rare earth element distributions
between the upper and lower sections of the core (zones I and II) are recording a change
in the degree of shallow pore water oxygenation between the glacial and Holocene. It
does not appear that diagenetic processes are resetting the rare earth element signature of
either fish debris or planktonic foraminifera that is acquired in the top few centimetres of
the sediment column, hence shallow pore water signals are preserved. Therefore,
diagenetic remobilisation of the rare earth elements associated with planktonic
foraminifera cannot explain why there is only agreement with the bulk sediment
neodymium isotopic signatures in the deeper part of the core (zone II). Alternative

hypotheses are explored in section 3.6.3.

3.6.3 Explaining the differences between the neodymium isotopic

signatures of different substrates

Three different substrates have been used to reconstruct changes in the neodymium
isotopic composition of seawater over the past 40,000 years at ODP Site 980: fish
debris, mixed planktonic foraminifera (without coatings removed) and bulk sediment
leachates (presented by Crocket et al. [2011]). Throughout the record, the agreement
between the fish debris and planktonic foraminifera is either within error or close to it,
with most of the record also showing good agreement with the sediment leachate record.
However, there are some significant differences between the leachate and foraminiferal
records, which fall into two categories. Firstly, there are several short radiogenic
excursions recorded in the leachate record not supported by the other substrates (e.g. at
16 ka, 20 ka and 32 ka). Secondly, the leachates show a sustained radiogenic offset from
both the foraminifera and the fish debris throughout the last 11.5 ka (zone I), which is

concurrent with the change in REE distributions discussed in section 3.6.2.

The major discrepancies between the exg records at 16 ka, 20 ka and 32 ka do not seem
to correlate with any major changes in bottom water properties as indicated by other
proxies (see chapter 4), nor do they have any distinctive signal in the coarse lithic inputs

or magnetic susceptibility suggestive of changes in sediment sourcing (chapter 2).



Therefore, it seems unlikely that these short-term differences between the neodymium
substrates are caused by a primary climatic or oceanographic feature. There is also no
clear increase in either the documented occurrence of ash layers or the concentration of
coarse volcanic grains in the core at the main intervals of more radiogenic sediment
leachate values (figure 3.5) to suggest that increased volcanic input is the cause of the
offsets. The extraction of a neodymium isotopic signature from sedimentary material has
been shown to be a delicate procedure, highly sensitive to the reagents used, solid-
solution ratios and leaching time [Gutjahr et al. 2007; Piotrowski et al. 2012; Wilson et
al. 2013]. The partial incorporation of a detrital signal into the sediment leachate may
therefore be a more complex process than the simple presence of volcanic ash (or other
easily leachable material) in the sediment, and could be responsible for these sporadic

offsets between the substrates.

The second type of offset between the sediment leachates and foraminiferal neodymium
isotope records is a 1-2 eng unit increasingly radiogenic signature preserved by the
leachates throughout the uppermost 11.5 ka of the record (zone I), when compared to
both foraminifera and fish debris. Unfortunately, the neodymium isotopic signature of
modern bottom water at ODP Site 980 has not been directly measured to assess which of
the substrates is recording bottom water chemistry accurately. However, the signatures
of the individual water masses influencing the site (discussed in greater detail in sections
1.4 and 4.2.2) can be used to estimate the modern bottom water signature. Site 980 sits
close to the boundary of Labrador Sea Water (eng =—13.9 £ 0.4) and North East Atlantic
Deep Water (exg = —12.8 + 0.2) [Lacan and Jeandel 2005a], with a possible influence of
the Wyville-Thomson Overflow Waters (eng = —11.4 +2.4/-1.5, appendix 4). Therefore,
the core top sediment leachate neodymium isotope values of exg = —10.2 £ 0.3 [Crocket
et al. 2011] are too radiogenic to be accurately recording bottom water values, unless the
site is bathed by pure overflow waters, which is not supported by modern oceanographic
observations [e.g. Ellett and Martin 1973; New and Smythe-Wright 2001; Sherwin and
Turrell 2005; Johnson et al. 2010; McGrath et al. 2012]. The foraminiferal and fish

debris values are more plausible estimates of bottom water chemistry. Therefore, the



sediment leachates must be influenced by an additional source of radiogenic neodymium

in zone I, but not in zone II.

Offsets between sediment leachate and foraminiferal neodymium isotopes in core top
samples have previously been recorded at numerous sites across the North Atlantic
during the Holocene and attributed to the influence of easily leachable volcanic ash
[Elmore et al. 2011]. However, there is no evidence for increased or sustained volcanic
activity throughout the Holocene, corresponding to zone I (see figure 3.5). Instead, ash
layers are much more widespread during the deglaciation, the early part of which shows
a very good agreement between the foraminifera and fish records. Therefore, airborne
volcanic ash cannot easily be invoked to explain the observed offset between the

substrates.

In section 3.6.2.3, glacial-interglacial oceanographic changes were proposed as the most
likely cause of the changing REE distributions recorded by fish and foraminifera
between zones I and II. Therefore, variations in oceanography may explain the offsets

between neodymium isotopic compositions of the substrates in the Holocene.

ODP Site 980 is located within one of the major North Atlantic sediment drifts (the Feni
Drift), which means that sedimentation rates are enhanced by the deposition of fine-
grained material transported by bottom current activity. Bottom currents were much
stronger in the Holocene than the glacial in the Atlantic [Manighetti and McCave 1995;
McCave et al. 1995; Innocent et al. 1997; McManus et al. 2004; Mclntyre and Howe
2009], likely resulting in an increased accumulation of this fine material. The variable
transport of fine titanomagentite grains from the Greenland-Scotland Ridge has been
documented in a number of sites on the southern side of the ridge, particularly at sites in
the path of the overflow waters [Kissel et al. 1999; Kissel 2005; Ballini et al. 2006]. This
material likely has a radiogenic neodymium isotopic signature, sourced from the young
igneous rocks of the Greenland-Scotland Ridge. Therefore, increased transport of
leachable fine material from upstream during the stronger bottom current regime of the

Holocene relative to the glacial is a plausible explanation for the more radiogenic



signature recorded by sediment leachates compared to fish debris and foraminifera
during the Holocene. This explanation is supported by evidence for more radiogenic
leachate values compared to other substrates in drift deposits from the Bermuda Rise
[Roberts et al. 2010] and North Atlantic site BOFS8K during the Holocene [Piotrowski
et al. 2012]. The pattern of sites showing unreasonably radiogenic sediment leachate exg
values identified by Elmore et al. [2011] agrees well with the major modern Nordic
Overflow water pathways [e.g. Hansen and @sterhus 2000]. Very radiogenic leachate
values can be seen extending along the eastern side of the Reykjanes Ridge and around
the southern tip of Greenland, while the raised Rockall Plateau (which is too shallow to
be influenced by overflow waters) remains unaffected. Therefore, the influence of fine
material transported by bottom currents appears to be the most likely explanation of
anomalously radiogenic sediment leachate values recorded at Site 980 during the
Holocene, casting doubt on the use of bulk sediment leachates to reconstruct bottom

water chemistry at sediment drift sites.

3.6.4 The validity of neodymium isotopes as a bottom water proxy

The rare earth element profiles and multi-substrate neodymium isotopic reconstructions
presented in this chapter allow the use of neodymium isotopes in planktonic
foraminifera, bulk sediment leachates and fish debris to be reassessed. Although this
study has only focussed on a single location (ODP Site 980), the implications are likely
to be much wider ranging. One of the most significant results presented here is that bulk
sediment leachate data from sediment drift sites should be treated with caution.
Although sediment leachates have advantages over foraminifera and fish debris in that
they are faster to process and often can be used to give much higher resolution records,
the neodymium isotope values of the leachates are the least reliable of the three phases
as a bottom water proxy. Therefore, if sediment leachates are to be used, the record
should be supplemented by a second substrate (although not necessarily at the same
resolution) to strengthen confidence in the leachate eng estimates, particularly in
environments with a high, fine grained, easily leachable lithic input, such as volcanic

ash, glacial flour or current-transported fine fraction from basaltic provinces.



Neodymium isotope values of foraminifera should also be carefully monitored in
environments with high levels of volcanic ash, as there is a suggestion of increasingly
radiogenic values coincident with times of increased ash delivery to the sediment,
although this effect is difficult to disentangle from water mass changes at Site 980
(section 3.6.1.2).

The difference in rare earth element profiles between the foraminiferal samples and the
bottom waters does not necessarily imply that the neodymium isotope signature
preserved by foraminifera is unrepresentative of bottom water chemistry. Multiple
studies have shown good agreement between bottom water and core top/shallow
foraminifera eng values [e.g. Palmer and Elderfield 1985; Roberts et al. 2010; Elmore et
al. 2011; Piotrowski et al. 2012]. The cycling of rare earth elements at shallow depths
within the sediment involves release from phases that form within the water column,
including ferromanganese oxides and organic matter [e.g. de Baar et al. 1985; de Baar et
al. 1988; Sholkovitz et al. 1989; Jeandel et al. 1995; Haley et al. 2004; Roberts et al.
2012]. Fractionation between the rare earth elements is much greater than between
isotopes hence phases with differing rare earth element signatures can still preserve a
seawater isotopic ratio [Palmer and Elderfield 1986; Martin and Haley 2000; Martin et
al. 2010; Tiitken et al. 2011]. The sharpness of the excursions presented in the
neodymium isotope record suggest that any smoothing only occurs over short distances
(a maximum of ca. 10 cm), comparable to the scale of bioturbation, and in agreement
with Roberts et al. [2012]. The excursions in e¢xg preserved in the Site 980 record (for
example, at H4 and H2) are not represented in the REE distributions, suggesting that
they are not driven by diagenetic processes. Therefore, excursions in the neodymium
isotopic signature recorded by foraminfera and fish debris are attributed to changes in
bottom water chemistry (which is determined by the origin and transport history of the
water mass), and hence provides a useful source of palaecoceanographic information for

climatic reconstructions.

3.7 Summary and conclusions



Neodymium isotopic signatures of mixed planktonic foraminifera, fish debris and bulk
sediment leachates from a single open ocean site are presented here to assess the
accuracy and fidelity of bottom water enxg values reconstructed by three commonly used
techniques. In general, there is good agreement between the substrates, particularly the
fish debris and planktonic foraminfera. However, there is a large discrepancy in the
Holocene, with bulk sediment leachates preserving consistently more radiogenic
neodymium isotope values than both fish debris and foraminifera. This observation
cannot easily be explained by increased concentrations of easily leachable volcanic ash.
Instead, the offset is attributed to the sensitivity of the bulk sediment leaching procedure
to increased transport of fine titanomagnetite grains from upstream locations (including
the Greenland-Scotland Ridge) under the stronger bottom current regime of the
Holocene. Sediment leachate values in the Holocene are significantly offset from the
estimated modern bottom water neodymium isotopic signature, casting significant doubt
on the accuracy by which bottom water eng signatures can be reconstructed from bulk
sediment leachates at sites with a high influx of easily leachable fine material, such as

sediment drift deposits.

The distribution of rare earth elements preserved by both foraminifera and fish debris is
much closer to pore water profiles than seawater samples, suggesting that their rare earth
signature is dominantly acquired at shallow depths within the sediment column. There is
a distinct shift in the rare earth element distribution of both foraminifera and fish debris
approximately coincident with the glacial-interglacial transition in the sediment. This
change in REE chemistry is attributed to more oxic conditions prevailing in the shallow
sediment during the Holocene than under glacial conditions. An alternative hypothesis is
the existence of a redox horizon approximately 3 m below the sediment-water interface,
resulting in a diagenetic redistribution of the rare earth elements. This hypothesis cannot
be completely discounted without pore water data. However, the presence of distinct
negative cerium anomalies in much older fish debris samples at a nearby site [Martin et
al. 2010], similar to those recorded in the Holocene but not the glacial at Site 980 argues
against the influence of a strong diagenetic overprint on the records. This is supported by

the sharpness of the neodymium isotopic excursions preserved during certain Heinrich



events at the site, arguing against significant smoothing of the signal as a result of REE
remobilisation at depth. Therefore, a shallow pore water signal of rare earth elements
appears to be preserved by both planktonic foraminifera and fish debris throughout the
upper 8 m of the sediment column at Site 980, supporting the use of both of these

substrates in palaeoceanographic reconstructions.
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Chapter 4
Distinct Differences in Mid-Depth North Atlantic

Circulation Between Heinrich Events

4.1 Abstract

Predictions of the anthropogenic influence on future climate suggest that melting of ice
sheets during the coming centuries will result in increased input of fresh water to the
oceans. Addition of cold, low salinity water changes the ocean density structure and
hence has the potential to significantly modify oceanic overturning thermohaline
circulation. The Heinrich (H-) events of the last glacial provide natural experiments to
explore these processes, with rapid ice sheet destabilisations during Heinrich events
resulting in the addition of large amounts of fresh water to the North Atlantic. Proxy
records and modelling experiments have suggested that this fresh water addition resulted
in a near complete shutdown of the Atlantic meridional overturning circulation
(AMOC), allowing southern sourced waters to penetrate much further into the North
Atlantic. It has not yet been well established, however, whether the same degree of
disruption to the AMOC occurred during each of the Heinrich events. Multi-proxy
reconstructions of bottom water properties from ODP Site 980 are presented here,
including the first paired neodymium and stable isotopic data from the North Atlantic of
sufficient resolution to clearly resolve the Heinrich events of the last 40,000 years. It can
clearly be seen that each Heinrich event shows a unique bottom water signature,
demonstrating that they are not simple, repeating phenomena. Southern sourced waters
do not influence Site 980 during H4 and H3, but their impact can potentially be seen
during H1 and H2. North Atlantic circulation is therefore highly sensitive to subtle
differences between the events, which include the amount, rate and location of fresh
water input and the surface water properties prior to the Heinrich event at sites of deep
water formation. A complete shutdown of the overturning circulation at Heinrich events,

with an expansion of the range of southern sourced waters into the North Atlantic



appears too simplistic a model to explain the response of the thermohaline circulation to

freshwater addition.

4.2 Introduction

4.2.1 Modern, glacial and Heinrich overturning circulation modes

Palacoceanographic reconstructions and the results of numerical modelling experiments
of the ocean suggest that the pattern of ocean currents observed in the Atlantic basin
today did not persist throughout the last glacial cycle. Three main modes of overturning
circulation have been widely identified: ‘modern’, ‘glacial’ and ‘Heinrich’ or ‘melt
water’ circulation states (alternatively ‘warm’, ‘cold’ and ‘off’) [Stommel 1961;
Broecker et al. 1985; Sarnthein et al. 1994; Alley and Clark 1999; Ganopolski and
Rahmstorf 2001; Rahmstorf 2002]. Simplified illustrations of these three modes are

shown in figure 4.1.

The circulation of the modern Atlantic Ocean is dominated by strong deep water
formation in the Nordic and Labrador Seas. The waters produced are relatively cold and
dense and sink upon entering the main Atlantic basin, forming North Atlantic Deep
Water (NADW) [e.g. Dickson and Brown 1994; Schmitz 1996; Marshall and Schott
1999, and references therein]. Southern sourced Antarctic Bottom Water (AABW) is
generally confined to depths below 4 km [Kroopnick 1985] (figure 4.1(a)).

Atlantic Ocean circulation during the Last Glacial Maximum (LGM) was very different
to the modern ocean. The strength of the Atlantic meridional overturning circulation
(AMOC) was weaker than present [Lynch-Stieglitz et al. 2007], with less vigorous deep
water formation in the North Atlantic generating Glacial North Atlantic Intermediate
Water (GNAIW). The main locus of deep water formation may have moved to the south
of the Greenland-Scotland Ridge [Duplessy et al. 1975; Duplessy et al. 1980; Curry and
Lohmann 1982; Curry and Lohmann 1983; Labeyrie et al. 1992; Oppo and Lehman

1993]. The presence of southern sourced bottom waters has been inferred at shallower
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Figure 4.1: Simplified circulation modes of the North Atlantic Ocean, from Rahmstorf
[2002], also based upon Alley et al. [1999]. (a) ‘Warm’ or ‘Modern’ mode, with
North Atlantic Deep Water (NADW) formed in the Nordic Seas overflowing the
Greenland-Scotland Ridge. Northwards flowing Antarctic Bottom Water (AABW) is
confined to deeper depths only. (b) ‘Cold’ or ‘Glacial’ mode, with sinking of surface
waters moved south of the Greenland-Scotland Ridge. The resulting Glacial North
Atlantic Intermediate Water (GNAIW) only reaches shallower depths, allowing a
shoaling of Glacial Antarctic Bottom Water (GAABW). (c) ‘Off” or ‘Heinrich’ mode,
with minimal deep water formation in the North Atlantic, resulting in the dominance

of Southern Sourced Waters (SSW) in the North Atlantic Ocean.

depths and more northerly latitudes (illustrated in figure 4.1(b)) [Boyle and Keigwin
1982; Oppo and Fairbanks 1987; Curry et al. 1988; Duplessy et al. 1988; Oppo and
Horowitz 2000; Curry and Oppo 2005]. However, this view has more recently been

challenged, with the suggestion that a significant component of glacial “southern



sourced” waters were ventilated in the North Atlantic rather than the Southern Ocean
[Kwon et al. 2012]. A sustained contribution of overflow waters from the Nordic Seas

during the last glacial has also been proposed [Yu et al. 2008; Crocket et al. 2011].

More extreme shifts in AMOC have been invoked when melt water is rapidly added to
the North Atlantic during Heinrich events (figure 4.1(c)). A drastic disruption of
overturning circulation is indicated by numerous proxy records, which reflect change in
the chemistry of bottom waters and/or current velocities [e.g. Keigwin and Lehman
1994; Sarnthein et al. 1994; Zahn et al. 1997; Cortijo et al. 2000; Rasmussen et al. 2003;
McManus et al. 2004; Piotrowski et al. 2008; Robinson and van de Flierdt 2009].
Significantly weaker deep water formation at Heinrich events compared to background
glacial conditions is also predicted by the results of ocean modelling studies [e.g.
Stocker and Wright 1991; Manabe and Stouffer 1995; Rahmstorf 1995; Seidov et al.
1996; Seidov and Maslin 1999]. Increased penetration of southern sourced waters to
more northerly latitudes and shallower depths in the Atlantic basin has been linked to a
reduction in the strength of the meridional overturning circulation at Heinrich events
[e.g. Vidal et al. 1997; Alley et al. 1999; Willamowski and Zahn 2000; Elliot et al.
2002]. However, a stronger signature of overflow waters from the Nordic Seas has also
been proposed at Heinrich events [Meland et al. 2008; Thornalley et al. 2010; Crocket et
al. 2011].

4.2.2 Fingerprinting water masses

Numerous different palacoceanographic proxies have been employed to reconstruct the
changing state of the global thermohaline circulation throughout the last glacial cycle.
Different proxies have different strengths and weaknesses, and also respond to different
aspects of the climate system. One approach to reconstruct changes in the strength of
overturning circulation uses proxies sensitive to current velocities. These include the
mean sediment grain sizes of the terrigenous 10-63 pm size fraction [e.g. Manighetti
and McCave 1995; McCave et al. 1995a; McCave et al. 1995b] and the **'Pa/**°Th ratio
of sediments [e.g. Yu et al. 1996; Marchal et al. 2000; McManus et al. 2004].



Alternative approaches to estimate the strength of the AMOC use the chemical and
biological properties of bottom water masses to infer the extent of ocean ventilation.
The nutrient content of deep waters is determined by the both nutrient content of the
surface waters from which they form (preformed nutrients) and nutrients released by the
remineralisation of organic matter in the deep ocean (regenerated nutrients), which
accumulate the longer a water mass is out of contact with the surface ocean [e.g. Deuser
and Hunt 1969; Kroopnick 1985; Sigman et al. 2010]. The most commonly used deep
water nutrient tracer is the carbon isotope ratio of benthic foraminiferal calcite (usually
expressed as 8'°C). The regeneration of organic matter at depth releases a higher
proportion of the lighter isotope of carbon, '*C, into the water column, which
accumulates over time, hence “old” water masses have lighter 8"°C signatures [e.g.
Broecker 1982; Curry and Lohmann 1982; Kroopnick 1985; Venz et al. 1999; Curry and
Oppo 2005]. However, the carbon isotope signal is also influenced by numerous other
factors, including air-sea exchange, export productivity, and vital and microhabitat
effects of the foraminifera recording the signal [e.g. Grossman 1984; Wefer and Berger
1991; Lynch-Stieglitz and Fairbanks 1994; Mackensen et al. 2000; Cooke and Rohling
2001; Mackensen 2008]. Additional proxies used to reconstruct the nutrient content of
bottom water masses include the Cd/Ca [Boyle and Keigwin 1982; Boyle 1988; Bertram
et al. 1995; Rickaby and Elderfield 2005], Ba/Ca [Lea and Boyle 1990; Martin and Lea
1998; Hall and Chan 2004] and Zn/Ca [Marchitto et al. 2000; Marchitto et al. 2002;
Bryan and Marchitto 2010] ratios of the tests of benthic foraminifera. Another method of
estimating the “age” of a water mass (the time that it has been isolated from interacting
with the atmosphere) comes through the use of radiocarbon dating [Broecker et al.
1960], either of paired planktonic and benthic foraminiferal samples [Andrée et al. 1985;
Shackleton et al. 1988; Duplessy et al. 1989], or of uranium-thorium and radiocarbon

dating of deep sea corals [Adkins et al. 1998; Mangini et al. 1998; Robinson et al. 2005].

Another property of a water mass that can be used to further constrain its origin is its
carbonate ion concentration, which is determined by a number of processes including

air-sea exchange, alkalinity and biology [Yu et al. 2008]. Many reconstructions of



carbonate ion concentration have been based upon the principle of increased dissolution
at lower carbonate ion concentrations [e.g. Farrell and Prell 1989; Howard and Prell
1994; Broecker and Clark 2001; Anderson and Archer 2002; Barker and Elderfield
2002]. In addition, boron isotope ratios in planktonic and benthic foraminifera have been
shown to correlate with seawater pH [e.g. Sanyal et al. 1995; Honisch and Hemming
2004; Foster 2008; Rae et al. 2010; Yu et al. 2010], with the ratio of boron to calcium in
benthic foraminifera empirically shown to correlate with the carbonate ion concentration

the ambient water mass [e.g. Yu and Elderfield 2007; Yu et al. 2008].

Not all water mass tracers are influenced by biological activity. The neodymium isotopic
signature of deep waters (recorded by various substrates including bulk sediments,
foraminifera and fish debris) is determined by the source area of the water mass, and
modified both by interaction with sediments and by mixing with other water masses
along its path [Piepgras et al. 1979; Palmer and Elderfield 1985; Staudigel et al. 1985;
Rutberg et al. 2000; van de Flierdt and Frank 2010; Elmore et al. 2011]. Neodymium
isotopes therefore complement carbon isotopic data well as both provide different
information about the transport history of a water mass. The neodymium isotope

signature of the major water masses in the modern North Atlantic is given in table 4.1.

The oxygen isotopic signature of benthic foraminifera is one of the most widely used
proxies of bottom water chemistry, and is influenced by both global and local signals. A
strong response to changes in the global ice volume over glacial-interglacial timescales
allows oxygen isotope records to provide a useful correlative tool between sedimentary
records [e.g. Duplessy et al. 1970; Shackleton et al. 1977; Shackleton 1987; Waelbroeck
et al. 2002; Lisiecki and Raymo 2005]. However, foraminiferal oxygen isotopes may
also show local variations, for example, due to the input of isotopically light melt waters
[e.g. Veum et al. 1992; Rasmussen et al. 1996b; Vidal et al. 1998; Dokken and Jansen
1999; Meland et al. 2008; Thornalley et al. 2010], with a temperature response also well
documented [e.g. Urey 1947; Epstein et al. 1951; Epstein et al. 1953; Shackleton 1974;
Grossman and Ku 1986; Bemis et al. 1998].



Water

Full name ENd Reference(s)

mass
SPMW?* | Subpolar Mode Water -13.5+1.9/-1.3 | (7), (8)
MOW Mediterranean Overflow Water -94+04 (2), (8), (9)
LSW Labrador Sea Water -13.9+04 (8)
pISOW | Pure Iceland-Scotland Overflow Water -8.2+0.6 (3), (6)
DSOW Denmark Strait Overflow Water -8.4+14 3), (5)
WTOW' | Wyville-Thomson Ridge Overflow Water | -11.4 +2.4/-1.5 | Appendix 4
NSAIW | Norwegian Sea Intermediate Water ~-8.1 (6)
NSDW Norwegian Sea Deep Water ~-8.2 (6)
NEADW | North East Atlantic Deep Water -12.8+£0.2 (8)
NADW | North Atlantic Deep Water -13.5+0.5 (3), (8)
AAIW Antarctic Intermediate Water -82+1 (3), (4), (8)
AABW Antarctic Bottom Water -8.5+0.3 (1), (4), (8), (9)

Table 4.1: Modern neodymium isotopic composition of the major water masses found in

the northeast Atlantic Ocean. References: (1) Piepgras and Wasserburg [1982], (2)
Piepgras and Wasserburg [1983], (3) Piepgras and Wasserburg [1987], (4) Jeandel
[1993], (5) Lacan and Jeandel [2004a], (6) Lacan and Jeandel [2004b], (7) Lacan and
Jeandel [2004c] (8) Lacan and Jeandel [2005a; Meland et al. 2008], (9) Rickli et al.
[2009]. *SPMW has highly spatially variable ey, values [Lacan and Jeandel 2004c], so

the value quoted is a best estimate for the signature at ODP Site 980. "TWTOW estimate

describes the property of the water mass as found in the Rockall Trough, where near

surface waters have been entrained by the overflowing NSDW. Details of the estimation

of the WTOW ey, signature can be found in appendix 4.

As each proxy in the palacoceanographer’s toolkit has its own strengths and weaknesses

and may be influenced by numerous biotic and abiotic factors, combining evidence from

multiple proxies, each a function of different variables, can help to identify the processes

responsible for driving the observed variability in palaeoclimatic recontructions.

Therefore, it is important to consider multiple proxy records when interpreting past

oceanographic changes.




4.3

Aims

The main aims of this chapter are as follows:

4.4

To reconstruct changes in the bottom water chemistry of ODP Site 980 over the
past 40,000 years by producing the first co-registered neodymium and stable
isotopic records from the North Atlantic with sufficient resolution to resolve
Heinrich events.

To link these changes in properties to source areas of intermediate and deep
water masses in the North Atlantic to better understand the circulation changes
occurring as a result of fresh water input to the ocean.

To determine whether southern sourced waters penetrate to the mid-depth
northeast Atlantic during Heinrich events.

To establish the phasing of any thermohaline circulation changes at Heinrich
events through comparison to co-registered records of climate evolution in the
cryosphere and surface ocean at Site 980.

To use these relationships to gain a better understanding of the mechanisms
responsible for the generation of Heinrich events.

To assess the extent of variability amongst Heinrich events.

To evaluate the degree of thermohaline circulation shutdown at Heinrich events.

Methods

Between one and four specimens of the benthic foraminifera Cibicides wuellerstorfi

(Schwager, 1866) were picked from the >212 um size fraction for stable isotope analysis

(corresponding to a carbonate mass of 60-100 pg). Oxygen and carbon isotopic

compositions of this carbonate were analysed using a Europa Geo—-2020 mass

spectrometer in the Palaeoceanography and Palaeoclimate research group, School of

Ocean and Earth Sciences, University of Southampton. Measurements were corrected

for instrumental drift using linear extrapolation between reference standards at the start

and end of the run. All sample values are expressed in delta notation, relative to the

Vienna Peedee Belemnite standard (VPBD), as given by equation 4.1:
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External reproducibility (measured on a blind standard) is better than 0.053 %o for 8'°0
and 0.027 %o for 8"°C. C. wuellerstorfi 8'°0 values were adjusted for species-specific
disequilibrium from seawater values by applying a correction factor of +0.64 %o

[Shackleton and Opdyke 1973].
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Figure 4.2: Adjustment of benthic foraminiferal 5'°0 values for changes in global ice
volume. Top: uncorrected C. wuellerstorfi 8'°0 values. Middle: most probable values of
Red Sea relative sea level reconstruction of Siddall et al. [2003] and Rohling et al.
[2009] (assumed to be globally representative), plotted on the chronology of Grant et
al. [2012], with shading indicating £2SE (standard errors). Bottom: C. wuellerstorfi

80 values corrected for ice volume changes and species offset (procedure described in

section 4.4).



To compare data among Heinrich events, oxygen isotope values were further adjusted
for changes in sea level resulting from variations in the global ice sheet volume. These
adjusted oxygen isotope compositions are expressed as 8'°Ojy. (ice volume corrected).
Sea level reconstructions from the Red Sea (based upon combined oxygen isotope
reconstructions and hydraulic modelling) [Siddall et al. 2003; Rohling et al. 2009; Grant
et al. 2012] were used to correct the foraminiferal oxygen isotope values. Good
correlation has been observed between the Red Sea records and sea level estimates
obtained by corals, modelling and foraminifera [Chappell et al. 1996; Lea et al. 2002;
Waelbroeck et al. 2002; Peltier and Fairbanks 2006], suggesting that the site is globally
representative. A glacial-interglacial global oxygen isotope shift of 1.05 %o was assumed
to correspond to the total sea level shift of 110 m observed across this time interval [e.g.
McManus et al. 1999; Duplessy et al. 2002; Meland et al. 2008]. The sea level record
from the Red Sea [Siddall et al. 2003; Rohling et al. 2009], plotted on the chronology of
Grant et al. [2012] is illustrated in figure 4.2, with both the corrected and uncorrected

oxygen isotope records from ODP Site 980.

4.5 Results and discussion

4.5.1 Glacial-interglacial differences

Modern oceanographic observations show that ODP Site 980 is bathed by a mixture of
North East Atlantic Deep Water (NEADW) and Labrador Sea Water (LSW), with a
possible influence of Wyville-Thompson Overflow Waters (WTOW) [e.g. Ellett and
Martin 1973; Ellett and Roberts 1973; New and Smythe-Wright 2001; Johnson et al.
2010; McGrath et al. 2012]. However, the proxy records presented here suggest that a
water mass with different properties bathed the site during the last glacial interval.
(proxy reconstructions illustrated in figure 4.3). Glacial bottom waters are marked by a
more radiogenic neodymium isotope signal recorded by planktonic foraminifera (exg ~ —
9.5 units compared to a late Holocene value of exg = — 11.7), heavier C. wuellerstorfi
8" Oive (~ 2.9 %o compared to 2.2 %o in the Holocene) and slightly lighter '"°C (0.7 %o
compared to 0.9 %o).
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Figure 4.3: Compilation of palaeoceanographic proxy data from ODP Site 980.
Purple bands mark the position of the Heinrich events and Younger Dryas. (a)
Neodymium isotope ratios of bulk sediment leachates from Crocket et al. [2011] (in

grey), planktonic foraminifera with ferromanganese coatings not removed (blue) and



reductively cleaned fish debris (red). (b) 8 C of benthic foraminifera C. wuellerstorfi,
with darker line colour marking the three-point running mean. (c) 8°0 of C.
wuellerstorfi, adjusted for global ice volume changes and species offset from
seawater, with darker line colour marking the three-point running mean. (d)
Percentage of polar species N. pachyderma (s.) as a proportion of the total number of
planktonic foraminifera. (e) Fluxes of ice-rafted debris (black) and detrital carbonate

clasts (red).

There are three main water mass source regions in the modern North Atlantic which
could have contributed a radiogenic neodymium isotope signal to the Feni Drift during
the last glacial: the Southern Ocean, overflows from the Nordic Seas and the
Mediterranean Sea (figure 4.4) [e.g. Jeandel 1993; Lacan and Jeandel 2004a; Lacan and
Jeandel 2004b; Tachikawa et al. 2004; Lacan et al. 2012]. Previous studies have
concluded that Mediterranean outflow has a heavy carbon isotope signature and was
reduced in volume during the last glacial interval [Zahn et al. 1997], hence this is the

least likely candidate to explain the observed glacial water mass signal at Site 980.

A shoaling of southern sourced water in the North Atlantic during the glacial interval
has been widely supported in the literature [e.g. Streeter and Shackleton 1979; Curry and
Lohmann 1982; Curry and Lohmann 1990; Oppo and Lehman 1993; Bertram et al.
1995]. Low carbon isotope values are typically associated with older, nutrient-rich
southern-sourced waters [Kroopnick 1985; Curry and Oppo 2005], with the Nordic Seas
characterised by slightly heavier 8"°C values [Veum et al. 1992; Meland et al. 2008].
Therefore, the 8"°C signal recorded at Site 980 would appear to support an increased
contribution from the Southern Ocean. However, highly variable benthic carbon isotope
signals have been reported in the glacial Nordic Seas, which have been attributed to the
influence of factors such as brine rejection, freshwater input, productivity and sea ice
cover [Dokken and Jansen 1999; Raymo et al. 2004; Meland et al. 2008; Thornalley et
al. 2010]. An increased proportion of northern-sourced waters cannot, therefore, be ruled
out on the basis of carbon isotopes alone [Lynch-Stieglitz and Fairbanks 1994; Yu et al.
2008].
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Figure 4.4: Cross-plot of 8°C (C. wuellerstorfi) and exq (planktonic foraminifera)
values of ODP Site 980 samples. Grey ovals mark estimates of local water mass
chemistry. Carbon isotope values plotted are estimated glacial compositions, with the
exception of LSW (modern values used as glacial composition not well constrained)
[Bertram et al. 1995; Curry and Oppo 2005, Voelker et al. 2006, Meland et al. 2008,
Olsen and Ninnemann 2010; Thornalley et al. 2010]. All ey, estimates represent
modern water mass chemistry, as glacial end member compositions are not well
defined [data from Lacan and Jeandel 2004b; Lacan and Jeandel 2004c, Lacan and
Jeandel 2005a]. Although eng values are not influenced by glacial-interglacial
fluctuations in productivity, temporally variable amounts of mixing may influence
glacial water mass signatures [Piotrowski et al. 2008]. Glacial pure Nordic overflow
water estimates assume no entrainment of surface waters, and hence are based upon
Norwegian Sea intermediate/deep waters. GAABW: Glacial Antarctic Bottom Water;
GAAIW: Glacial Antarctic Intermediate Water;, MOW: Mediterranean Overflow
Water;, LSW: Labrador Sea Water (Holocene value); GNAIW: Glacial North Atlantic

Intermediate Water.



Water masses from the South Atlantic and Nordic Seas have very different carbonate ion
concentrations, hence this property can be used to distinguish between the two source
areas. Southern sourced waters have relatively low [COs*] (compared to LSW, NEADW
and WTOW influencing the site today), and were likely even lower during the last
glacial interval [Howard and Prell 1994; Hodell et al. 2001; Yu et al. 2008], while
northern component waters have much higher carbonate ion concentration, and may
have been even higher during the glacial than today [Barker and Elderfield 2002;
Honisch and Hemming 2005; Yu et al. 2008]. If there was an increase in the proportion
of southern sourced water reaching Site 980, lower glacial B/Ca values would be
expected. New unpublished data from Site 980, however, indicates increased glacial
B/Ca [Chalk et al. 2013]. The difference in bottom water chemistry between the glacial
and Holocene in this study is therefore most consistent with a stronger influence of

overflow waters sourced from the Nordic Seas at Site 980 under glacial conditions.

4.5.2 Heinrich events

Two main source areas have previously been invoked to explain the changes in bottom
water properties recorded in the North Atlantic during Heinrich events: southern sourced
waters [e.g. Rahmstorf 1994; Vidal et al. 1997; Willamowski and Zahn 2000; Rickaby
and Elderfield 2005; Gutjahr et al. 2010; Thornalley et al. 2011a] and overflows from
the Nordic Seas [e.g. Meland et al. 2008; Thornalley et al. 2010; Crocket et al. 2011].
However, the multi-proxy reconstructions of bottom water chemistry presented here
(figures 4.3 — 4.9) strongly suggest that mid-depth circulation changes during Heinrich
events are more complex than can be simply explained by the repeated presence of
either of these two water masses. Sections 4.5.2.1-4.5.2.4 explore the water mass

changes at each Heinrich event in more detail.
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Figure 4.5: Cross-plot of co-measured oxygen and carbon isotopes of C. wuellerstorfi
from ODP Site 980. All values are smoothed (3-point running mean), with 8"°O values
adjusted for global ice volume changes, as explained in section 4.4. Estimated water
mass compositions shown in grey, based upon Bertram et al. [1995], Voelker et al.
[2006], Meland et al. [2008] and Thornalley et al. [2010]. Water masses as figure 4.5,
with GAABW (N. Atl): Glacial Antarctic Bottom Water as found in the North Atlantic;
GNSDW: Glacial Norwegian Sea Deep Water. Note that the isotopic composition of

brines is highly variable.

4.5.2.1

Heinrich event 4

Heinrich event 4 is unique in the record presented here in that it is the only Heinrich

event to clearly show a shift towards unradiogenic neodymium isotope values and a

decrease in benthic oxygen isotopes, clearly indicating a change in the provenance of the

bottom waters bathing ODP Site 980 when compared to background glacial conditions



(illustrated in figure 4.6). A strong influence of southern sourced waters during H4 can
be discounted by the observed shift of ~ 2 eng units towards less radiogenic values
(reaching a minimum of exg = —12.2), as modern southern sourced waters have a
signature of eng = —7 to —10, with values as high as exg = —6 reached during the last
glacial [e.g. Jeandel 1993; Piotrowski et al. 2004; Piotrowski et al. 2008; Lacan et al.
2012]. Low oxygen isotope values are also not typically associated with southern
sourced water masses. Light carbon and oxygen isotope signatures instead suggest an
increased influence of brines on the site (figures 4.4 and 4.5). A strong brine influence
has previously been attributed to a Nordic Sea overflow signature [Meland et al. 2008],
however, this is not supported by the observed reduction in eng. Estimated isotopic
compositions for modern Wyville-Thomson overflow waters range from exg = -9 to —
11.6 (see appendix 4). Decreased Pacific input to the Norwegian-Greenland Seas (via
the Arctic Ocean) due to the closure of the Bering Strait under glacial conditions
[Shaffer and Bendtsen 1994; Hu et al. 2010] might be expected to shift the overflow
signature towards more unradiogenic values, matching that recorded at Site 980 during
H4. However, there is limited variation in the neodymium isotope signature in the Arctic
Ocean through the dramatic sea level variations of the last deglaciation [Jang et al.
2013], hence variable Pacific input is unlikely to have significantly influenced the

overflow water signature through the last 40,000 years.

The neodymium isotopic composition of WTOW is extremely sensitive to the
composition and degree of mixing of unradiogenic Subpolar Mode Waters (SPMW)
with pure overflow waters as they descend on the southern flank of the ridge, shifting
their composition towards less radiogenic values (see appendix 4) [Lacan and Jeandel
2004c; Sherwin and Turrell 2005]. There is significant variation in upper water column
neodymium isotope values in the North Atlantic today [Lacan and Jeandel 2004c], and
surface circulation was likely very different during the last glacial interval (particularly
during Heinrich events) [see Sarnthein et al. 1995; Seidov et al. 1996; Death et al. 2006;
Bigg et al. 2010, and discussion in section 2.7.4.5]. Mixing of overflows with less
radiogenic SPMW (with an increased signal from the northwest Atlantic) and/or

increased entrainment of the upper water column, therefore, cannot be ruled out at H4.
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Figure 4.6 Heinrich event 4 recorded at ODP Site 980, with (a) to (e) as figure 4.3.
Shading indicates three main phases to the event. I: Cooling of sea surface
temperatures and increasing flux of IRD. 11: Detrital carbonate deposition occurs with
maxima in total IRD flux and % N. pachyderma (s.). Start of significant change in

bottom water chemistry in 8¢ 80 and Eva records. III: Warm sea surface
temperatures and low IRD fluxes indicate return to interstadial conditions while

bottom water proxies indicate maximal perturbations before recovering to pre-event

values.

Also, although well documented [e.g. Jeandel et al. 1995; Tachikawa et al. 1999; Lacan
and Jeandel 2001; Lacan and Jeandel 2004a; Amakawa et al. 2009; Wilson et al. 2012],
the influence of boundary exchange processes on seawater neodymium isotope
signatures is not fully understood [Lacan and Jeandel 2005b; Wilson et al. 2013].
Modern overflow waters become significantly more radiogenic as they cross the

Greenland-Scotland Ridge due to interaction with the young basaltic crust [Lacan and



Jeandel 2004b; Lacan and Jeandel 2004a]. If, this interaction was weaker for any reason

(e.g. current velocity), a less radiogenic WTOW composition would be recorded.

The above uncertainties mean that an increased contribution from the Nordic Seas
cannot entirely be ruled out, however, other source areas for waters with isotopically
light carbon, oxygen and neodymium isotope signatures should be considered. Although
waters with light oxygen and carbon isotope values in the North Atlantic have
previously been attributed to overflows from the Nordic Seas [e.g. Meland et al. 2008],
the same processes inferred to export low stable isotopic signatures to depth in the

Nordic Seas may also be occurring in other locations [e.g. Thornalley et al. 2010].

The mechanisms by which low oxygen isotope signatures are transferred to intermediate
and deep waters are subject to ongoing debate (see reviews by Bauch and Bauch [2001]
and Stanford et al. [2011]). One of the more commonly invoked hypotheses is the
sinking of isotopically light brines, produced during sea ice formation [e.g. Jansen and
Veum 1990; Veum et al. 1992; Dokken and Jansen 1999], possibly in conjunction with
the addition of water of initially meteoric origin to the surface ocean [Rozanski et al.
1993; Macdonald et al. 1995; Melling and Moore 1995; Bauch and Bauch 2001].
Melting below an ice sheet can also produce isotopically light waters, with surface water
masses becoming cooler and denser due to brine release [Weiss et al. 1979; Schlosser et
al. 1990; Weppernig et al. 1996]. Alternatively, the delivery of isotopically light waters
to the deep ocean in sediment-laden hyperpycnal plumes may play a significant role
[Mulder and Syvitski 1995; Mulder et al. 2003; Stanford et al. 2011], with deposits
linked to hyperpycnal flow activity during the last glacial interval documented in the
Norwegian-Greenland Seas [Lekens et al. 2005], Labrador Sea [Hesse et al. 2004] and
North Atlantic [Zaragosi et al. 2001; Zaragosi et al. 2006; Toucanne et al. 2009;
Toucanne et al. 2010], suggesting that inputs of isotopically light water may have been
widespread. Bottom water warming has also been proposed explain the light oxygen
isotope excursions observed at Heinrich events [Rasmussen et al. 1996b; Bauch and
Bauch 2001; Rasmussen and Thomsen 2004; Marcott et al. 2011], however, doubts have

been raised about the density of a warm subsurface water mass [Meland et al. 2008;



Stanford et al. 2011], and warming alone cannot explain the observed excursions in
carbon and neodymium isotopes at Site 980. Many of the other mechanisms proposed to
explain the light oxygen isotope excursion, however, can result in an increased
proportion of light carbon, with brine formation [Millo et al. 2006; Dickson et al. 2008;
Meland et al. 2008; Thornalley et al. 2010] and riverine input [Spielhagen and
Erlenkeuser 1994; Finlay 2001; Bauch et al. 2002] both linked with a depleted 8"°C
signal. This range of processes invoked to export isotopically light waters to depth
would not have been confined to the Nordic Seas, particularly during the cold surface
conditions during Heinrich stadials. Two alternative sites of deep water formation (or of
fresh water input) during H4 which are more compatible with an unradiogenic

neodymium signature are therefore proposed below.

The Labrador Sea is a major site of deepwater formation in the modern ocean, with
Labrador Sea Water (LSW) found in the Rockall Trough from 1500-2000 m depth, and
as a constituent of Northeast Atlantic Deep Water (NEADW) [Talley and McCartney
1982; Dickson and Brown 1994; Marshall and Schott 1999; Lacan and Jeandel 2005a;
McGrath et al. 2012]. Waters sourced from the Labrador Sea region therefore exert a
strong influence at Site 980 today. Models and proxy-based reconstructions have both
suggested that LSW formation was either severely reduced or completely stopped at the
last glacial maximum [de Vernal and Hillaire-Marcel 2000; Hillaire-Marcel and
Bilodeau 2000; Hillaire-Marcel et al. 2001; de Vernal et al. 2002; Cottet-Puinel et al.
2004]. However, there is some evidence to suggest that surface conditions may have
been more favourable for LSW formation during some Heinrich events than background
glacial conditions, with increased surface density, increased brine formation and faster
deepwater currents [Clarke and Gascard 1983; Hillaire-Marcel et al. 2001; Weber et al.
2001; Hillaire-Marcel and de Vernal 2008; Hillaire-Marcel et al. 2011]. The Labrador
Sea is the main source of unradiogenic neodymium to the North Atlantic due to the old,
cratonic rocks in the surrounding area [Piepgras and Wasserburg 1987; Lacan and
Jeandel 2005a; Jeandel et al. 2007; Lacan et al. 2012]. Therefore, a small increase in the
proportion of LSW exported to the North East Atlantic could significantly modify the

neodymium isotopic signature recorded at Site 980.



Alternatively, the observed proxy signals at H4 may have been a result of deep water
formation south of the Greenland-Scotland Ridge, possibly in close proximity to Site
980. Local surface waters have neodymium isotopes of exg = —13 to —14 [Lacan and
Jeandel 2004c; Lacan and Jeandel 2004b], hence an increased proportion of this water
transported to intermediate/deep depths, for example, due to brine rejection, could result
in the observed isotopic signal. Several studies have suggested that deep water formation
occurred south of the Greenland-Scotland Ridge during the last glacial interval
[Duplessy et al. 1980; Duplessy et al. 1988; Labeyrie et al. 1992; Rasmussen et al. 2003;
Millo et al. 2006]. However, as Heinrich events are marked by large decreases in sea
surface density in the NE Atlantic [Maslin et al. 1995], with the North Atlantic Drift not
penetrating north of 40-50°N at H4 [Cortijo et al. 2005], and a sustained offset in the
isotopic signatures of surface and subsurface dwelling planktonic foraminifera [Peck et
al. 2008], it seems unlikely that there was increased open ocean convection at these
times. Instead, isotopically light waters may have been more continental in origin; either
attributable to brine formation on the European and/or Icelandic margins, Rockall
Plateau or Greenland-Scotland Ridge [Meland et al. 2008; Thornalley et al. 2010], or via
hyperpycnal flows from Europe [Zaragosi et al. 2006; Eynaud et al. 2007; Toucanne et
al. 2009; Toucanne et al. 2010].

In summary, the low benthic stable isotope and unradiogenic neodymium isotope
signatures observed at Site 980 during H4 therefore cannot be easily attributed to a
single source area or process. A significant influence of southern sourced waters can,
however, be excluded. Overflowing brines from the Nordic Seas are also unlikely to be
the main contributor. Instead, an increased contribution of Labrador Sea Water (relative
to typical stadial/interstadial conditions), or from waters sourced from the south of the

Greenland-Scotland Ridge seems plausible.

4.5.2.2 Heinrich event 3



The records presented here show no significant change in either oxygen, carbon or
neodymium isotope isotopic signatures during Heinrich event 3. This suggests that there
were no major changes in the bottom water masses directly overlying Site 980
(illustrated in figure 4.7). An absence of significant change in bottom water chemistry
during Heinrich event 3 is a relatively common feature in the North Atlantic [e.g. Vidal
et al. 1997; Zahn et al. 1997; Peck et al. 2007; Skinner et al. 2007], although there is

evidence of a drop in bottom current velocity at this time [Kissel 2005].
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Figure 4.7: Heinrich event 3 recorded at ODP Site 980, with (a) to (e) as figure 4.3.
Shading indicates position of the IRD layer. There is no evidence of associated changes

in bottom water properties.

It should be noted that if the alternative age model described in section 2.5 is adopted, a

shallower IRD peak (at 6.3-6.4 mcd) is identified as corresponding to Heinrich event 3.



Small excursions towards lighter benthic carbon and oxygen isotopes (by ~0.3 %o and
0.2 %o respectively) can be seen postdating the peak in IRD, hence if the alternative age
model is correct, an influence of brines on the site may be seen following deposition of
the H3 IRD layer. However, due to the mis-match between the ages of a peak in the
concentration of volcanic ash in this section of the core (figure 2.9) and the
Fugloyarbanki/Faeroe Marine Ash Zone II (as discussed in section 2.5), the small
excursion in bottom water properties at 6.1-6.4 mcd may not be directly related to a

Heinrich event.

4.5.2.3 Heinrich event 2

Major shifts in bottom water properties are recorded during Heinrich event 2 (illustrated
in figure 4.8). Neodymium isotope values reach the most radiogenic values of the entire
record (exg = — 7.1), with a ~ 0.5 %o decrease in carbon isotope values. Unlike the other
Heinrich events recorded at ODP Site 980, variations in the different bottom water proxy
records are not synchronous with one another. Much of the interval with high IRD fluxes
and cold sea surface temperatures (high % N. pachyderma (s.)) is marked by a shift
towards very radiogenic neodymium isotope values, with little change in carbon or
oxygen isotope values (figure 4.8). The carbon isotope excursion is significantly
delayed, occurring only as neodymium isotope values recover to pre-event values (figure

4.8). This asynchroneity will be discussed further in section 4.6.5.2.

There are three main ways to explain an excursion towards more radiogenic neodymium
isotopic values at Site 980 under glacial conditions: an increased signal Mediterranean
Outflow signature, greater interaction with the basaltic Greenland-Scotland Ridge (most
likely attributable to overflow waters from the Nordic Seas) or increased input of water
from the Southern Ocean. The plausibility of each of these scenarios is discussed in the

following section.

Waters of the Mediterranean Sea exhibit relatively radiogenic isotope signatures (eng = —

4 to —12) [Piepgras and Wasserburg 1983; Spivack and Wasserburg 1988; Henry et al.
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1994; Tachikawa et al. 2004; Lacan et al. 2012]. It has been suggested, however, that
Mediterranean outflows only have the potential to influence the North Atlantic by a
maximum of approximately 1 eng unit, due to the relatively small flux of neodymium out
of the Mediterranean Sea [Spivack and Wasserburg 1988]. Therefore, Mediterranean

overflow waters cannot easily be invoked to explain an excursion of >2 eng units
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Figure 4.8: Heinrich event 2 recorded at ODP Site 980, with (a) to (e) as figure 4.3. (f)
Fluxes of total planktonic foraminifera (green) and benthic foraminifera (brown) (see
section 2.6.1). Shading indicates four main phases to the event. I: Early shift in
neodymium isotope values associated with decreasing sea surface temperatures. II:
IRD fluxes increase to moderate values with high % N. pachyderma (s.) and
radiogenic neodymium isotope values. IlI: Main detrital carbonate layer with
maximum IRD fluxes. Carbon isotope values start to shift towards lighter values as
neodymium isotope signature returns to pre-event values. 1V: Minima in carbon
isotope values associated with low IRD and foraminiferal fluxes and % N. pachyderma

(s.) values indicating a return to stadial conditions.

observed during H2 (figure 4.8). Also, as discussed in section 4.5.1, Mediterranean
outflow waters have a heavy 8'"°C signature and were likely reduced in volume during
the last glacial [Zahn et al. 1997]. Increased Mediterranean Outflow has been observed
associated with Heinrich events but only delayed by ~740 years after meltwater input
[Voelker et al. 2006]. At Site 980, the shift towards radiogenic neodymium isotopes is
recorded during the early stages of H2 (potentially even preceding increased IRD input;

figure 4.8), hence a strong Mediterranean influence on Site 980 can be discounted.

A second possible explanation of the radiogenic neodymium isotopic signal at Site 980
is strengthened overflow from the Nordic Seas. Pure overflow waters crossing the
Greenland-Scotland Ridge have a neodymium isotope signature of enq = —8, close to the
most radiogenic values recorded at Site 980 during H2. However, in the modern ocean,
these waters are highly temporally variable [Sherwin et al. 2008; Johnson et al. 2010]
and diluted by a factor of three or more through mixing with other water masses as they
descend on the southern side of the ridge [Ellett and Roberts 1973; Swift 1984; Holliday
et al. 2000; Sherwin and Turrell 2005; Hansen and Osterhus 2007]. The degree of
entrainment strongly depends upon the overflow dynamics and water column density
structure [e.g. Price and O'Neil Baringer 1994; Nielsen et al. 2004; Sherwin and Turrell
2005]. The existence of a more stratified glacial water column in the North Atlantic [e.g.
Bertram et al. 1995; Curry and Oppo 2005; Yu et al. 2008] therefore may have

influenced the degree of mixing/entrainment of other water masses by the overflows. It



is also possible that interaction of overflow waters with the radiogenic Greenland-
Scotland Ridge by boundary exchange processes was stronger. Although the average
neodymium isotopic signal of the overflow waters is approximately eng = —8, values as
high as exg = —3.9 have been recorded in modern bottom waters, where neodymium
concentrations are approximately double [Lacan and Jeandel 2004b]. Thus if the water
mass bathing Site 980 during H2 is sourced from the Nordic Seas, it would require either
close to a pure overflow signal reaching the site, or greater interaction of the overflows

with the basaltic Greenland-Scotland Ridge.

If a more concentrated overflow water signal is recorded at Site 980 during H2,
similarities with the chemistry of overflow source region in the Nordic Seas would be
expected [Meland et al. 2008; Yu et al. 2008; Thornalley et al. 2010]. Excursions
towards lower 8'*0 and 8"°C values are documented in the Nordic Seas during Heinrich
events, although H2 is less pronounced, particularly in carbon isotopes [Rasmussen et al.
1996a; Dokken and Jansen 1999]. No excursions in either carbon or oxygen benthic
foraminiferal isotopes occurs in phase with the neodymium isotope excursion in the Site
980 record (figure 4.8), which argues against increased overflow waters driving the

observed neodymium isotopic signature during H2.

A third potential explanation for the change in radiogenic neodymium isotope signature
is that there was an increased incursion of southern-sourced waters to the northeast
Atlantic during H2. Incursions of southern sourced waters during Heinrich events have
been strongly advocated by benthic foraminiferal Cd/Ca [Willamowski and Zahn 2000;
Rickaby and Elderfield 2005] and radiocarbon data [Thornalley et al. 2011a] from the
North Atlantic. Shifts towards neodymium isotopic compositions of eng = —8 in the Site
980 data are typical of southern sourced waters [Jeandel 1993; Piotrowski et al. 2004;
Piotrowski et al. 2008; Lacan et al. 2012]. Although these values are close to a pure
Southern Ocean signal today, the South Atlantic was more radiogenic during the last
glacial (especially during stadials and Heinrich events), allowing for some dilution of the

signal as the water mass moved northwards [Piotrowski et al. 2008].



Increased northward penetration of southern sourced waters into the North Atlantic
during the last glacial interval has been widely associated with a shift towards low
carbon isotope values [e.g. Boyle and Keigwin 1982; Curry et al. 1988; Curry and
Lohmann 1990; Oppo and Lehman 1993; Willamowski and Zahn 2000; Hoffman and
Lund 2012]. Therefore, the absence of an accompanying carbon isotope excursion in the
Site 980 C. wuellerstorfi data would seem to argue against the presence of southern
sourced waters during the early stages of H2 in the mid-depth northeast Atlantic Ocean.
However, the Glacial Antarctic Intermediate Water end member (GAAIW) appears to
have a much less depleted carbon isotopic signature than Glacial Antarctic Bottom
Water (GAABW) due to increased air-sea exchange, with §'°C ~ 0.5 %o compared to < —
1 %o [e.g. Hodell et al. 2003; Curry and Oppo 2005; Thornalley et al. 2011a].

The water mass that therefore appears to best explain the radiogenic neodymium
isotopic excursion recorded at Site 980 during H2 is GAAIW. Evidence of southern-
sourced intermediate waters has been reported at a number of sites in the North Atlantic
during H1, extending to 60°N, and to water depths of 2.3 km [e.g. Adkins et al. 1998;
Willamowski and Zahn 2000; Schroder-Ritzrau et al. 2003; Rickaby and Elderfield
2005; Pahnke et al. 2008; Thornalley et al. 2011a]. The data presented here suggests that
a similar scenario may have existed during H2. However, this result is at odds with
several previous studies which argue against a northward penetration of AAIW during
Heinrich events [e.g. Sortor and Lund 2010; Xie et al. 2012], suggesting that this

interval is worthy of further investigation.

4.5.2.4 Heinrich event 1

Carbon isotope values reach the lowest values of the entire record during H1, both at
Site 980 (figures 4.3 and 4.9) and other nearby sites [e.g. Jung 1996; Vidal et al. 1997].
There is no clear concurrent excursion in oxygen isotopes, although values do become
significantly lighter as part of the deglacial trend (figure 4.9). No clear excursion in the

neodymium isotopic signature of planktonic foraminifera is recorded during HI,



although radiogenic values are recorded by the bulk sediment leachates [Crocket et al.

2011].
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Figure 4.9: Heinrich event I recorded at ODP Site 980, with (a) to (e) as figure 4.3.
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bottom water carbon isotopic signature. The position of the Younger Dryas is marked

in orange.

The very low carbon isotope values recorded during H1 could be attributed to waters of
either southern or northern origin. An excursion towards very light values of 8'°C have
been documented by the infaunal benthic foraminifera C. teretis at site MD95-2010 on
the Norwegian margin at this time [Dokken and Jansen 1999], although it should be

noted that this excursion is much less prominent at greater depths in the Norwegian



Basin [Bauch et al. 2001], suggesting that deep water generation was spatially variable.
An alternative explanation is that waters of southern origin reach ODP Site 980 during
H1. A northwards expansion of GAAIW (to latitudes of 60°N and beyond) has been
advocated to explain Cd/Ca ratios [e.g. Rickaby and Elderfield 2005], neodymium
isotopes [e.g. Pahnke et al. 2008] and radiocarbon data [e.g. Adkins et al. 1998;
Schroder-Ritzrau et al. 2003; Thornalley et al. 2011a], with the results of modelling
studies supporting this conclusion [e.g. Sijp and England 2006]. Increased northward
penetration of waters of Antarctic origin has also been proposed in other ocean basins
[Schulte et al. 1999; Pahnke and Zahn 2005]. No clear shift to more radiogenic
neodymium isotope values is, however, observed at Site 980 and B/Ca ratios of C.
wuellerstorfi are much greater than would be expected for pure southern sourced waters
(particularly during the early stages of H1) [Chalk et al. 2013]. This raises the possibility
that the poorly ventilated water mass identified in previous studies [e.g. Keigwin and
Lehman 1994; Adkins et al. 1998; Rickaby and Elderfield 2005] and suggested by light

8'°C values at Site 980 may not have originated in the Southern Ocean.

It is plausible that both southern and northern sourced waters influenced ODP Site 980
during HI. In the early part of the light carbon excursion, B/Ca values are high,
however, in the later part of the excursion, they decrease significantly [Chalk et al.
2013]. High values are more typical of overflow waters from the Nordic Seas or local
deep water formation, while low values are associated with southern sourced waters
[Howard and Prell 1994; Yu et al. 2008]. This suggestion is supported by estimates of
the age offset between surface and deep waters at the South Iceland Rise at water depths
of 1.2-2.3 km [Thornalley et al. 2011a]. This data set shows a brief interval with an
influence of very young bottom waters coincident with surface freshening, brine
formation and low oxygen and carbon isotope values in the Nordic Seas [Dokken and
Jansen 1999; Thornalley et al. 2011b], followed by a dramatic increase in the surface-
deep age offset to values of over 3,000 years, which persisted until the Belling-Allered
interval [Thornalley et al. 2011a]. This sequence of events agrees well with the data

from Site 980 and suggests that evolution of mid-depth waters in the North Atlantic



during H1 was complex, as the ocean adjusted to temporally variable fresh water inputs

from a number of localities.

4.5.3 Dansgaard-Oeschger variability

Different modes of deep water ventilation in the North Atlantic have been proposed to
operate during stadials and interstadials, with thermohaline circulation changes
suggested driving force of Dansgaard-Oeshger variability [e.g. Broecker et al. 1985;
Alley et al. 1999; Ganopolski and Rahmstorf 2001; Clark et al. 2007]. Although rapid
and dramatic changes in surface water temperatures have been extremely well
documented in the North Atlantic and at a number of other locations globally [Voelker
2002, and references therein], convincing evidence of changes in deeper waters to
support their involvement in stadial-interstadial variability has proved much rarer [see
Charles et al. 1996; Jung 1996; Rasmussen et al. 1996a; Keigwin and Boyle 1999; Boyle
2000; van Kreveld et al. 2000; Elliot et al. 2002; Hagen and Hald 2002; Kissel 2005;
Ballini et al. 2006; Dickson et al. 2008]. Quantifying the scale of deep water changes
has important implications for determining the potential involvement of the

thermohaline circulation in Dansgaard-Oeschger variability.

Evidence for mid-depth circulation changes at ODP Site 980 associated with stadial-
interstadial variability is not conclusive, however, there is a suggestion of variability in
bottom water properties in phase with the surface ocean data. Neodymium isotope
values appear slightly less radiogenic (by 0.3-0.7 exg units) during many of the stadials
of MIS3, in both the bulk sediment leachate data of Crocket et al. [2011] and the
planktonic foramniniferal data presented here, with slightly lower benthic oxygen
isotope values often also recorded (illustrated in figure 4.10). It should be noted that the
resolution of the neodymium isotope data and the small and variable nature of the
oxygen isotope excursions prevent any water mass changes to be stated with complete
confidence. However, both the neodymium and oxygen isotope records could indicate
the presence of increased brines sourced from the Nordic Seas during stadials, as

proposed by Dokken and Jansen [1999] and Dickson et al. [2008]. The weaker signal



186 Chapter 4

compared to site MD95-2006 from the northern part of the Rockall Trough at a very
similar water depth [Dickson et al. 2008] may be a result of the dilution of the overflow
signal as the waters move southwards into the main Atlantic basin. Increased brine
formation to the south of the Greenland-Scotland Ridge may also contribute to the light
benthic oxygen isotope signature during stadials [van Kreveld et al. 2000], however, as
modern surface waters have eng values of —13 to —14 [Lacan and Jeandel 2004c; Lacan
and Jeandel 2004b], local brine formation alone cannot account for the more
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radiogenic neodymium isotope signature recorded during stadials. Increased export of
brine enriched overflow waters has been previously linked to rapid warming events out
of stadial intervals [Kuijpers et al. 1998; Dickson et al. 2008]. Higher resolution
neodymium isotope records than those presented here would be needed to clarify this

phase relationship.
4.5.4 Younger Dryas and Holocene

The deglaciation is marked by a dramatic decrease in neodymium values to a minimum
of eng =—13.5 around 8 ka. This trend is interrupted by an excursion of ~ 1 eng towards
more radiogenic values, lasting less than 1000 years and occurring synchronously with
the IRD peak identified as the Younger Dryas (figure 4.9). This excursion is
accompanied by a lower 8'°C signature of benthic foraminiferal calcite. Oxygen isotope
values (corrected for global sea level changes) are low, without displaying a clear
excursion. It is possible that the neodymium isotope signature is a result of
contamination from the Vedde Ash layer, which is found in the North Atlantic region at
this time (12,171 £+ 114 years) [Mangerud et al. 1984; Rasmussen et al. 2006]. However,
the concurrent excursion in C. wuellerstorfi 8°C strongly suggests that the signal is a
result of water mass changes. A decrease in the strength of NADW production has been
widely documented in the North Atlantic during the Younger Dryas [e.g. Boyle and
Keigwin 1987; Broecker and Denton 1989; Smith et al. 1997; Marchitto et al. 1998;
McManus et al. 2004; Praetorius et al. 2008; Elmore and Wright 2011]. A strengthened
influence of overflow waters has been suggested by Labeyrie et al. [2005], Meland et al.
[2008] and Thornalley et al. [2010]. Radiogenic neodymium isotopes, and low carbon
and oxygen isotopic signatures recorded at Site 980 support the influence of Nordic

overflows on the mid-depth Atlantic during the Younger Dryas.

The early Holocene is marked by a very unradiogenic neodymium isotope signature,
with the lowest values identified from 8.2-7.5 ka (figure 4.3). This phenomenon has
been previously documented in the Northeast Atlantic and the Bermuda Rise, at water

depths from 750 m to 4500 m [Colin et al. 2010; Roberts et al. 2010; Crocket et al.



2011]. This is coincident with the catastrophic draining of Lake Agassiz [e.g. Klitgaard-
Kristensen et al. 1998; Barber et al. 1999; Hillaire-Marcel et al. 2007], which released
large amounts of material with an unradiogenic isotopic signature into the North Atlantic
[Crocket et al. 2011] and disrupted both surface and deep circulation [Ellison et al.
2006].

Neodymium isotopic signatures gradually return to more radiogenic values from
approximately 7 ka, while both oxygen and carbon isotope values stabilise (figure 4.3).
Recovery from the input of unradiogenic material from the drainage of Lake Agassiz
was gradual, due to the significant residence time of neodymium in the ocean, which is
estimated to be 200—1000 years [Tachikawa et al. 1999; Tachikawa et al. 2003; Arsouze
et al. 2009]. An increase in the strength of ISOW may also have contributed to the
increasingly radiogenic signal observed at Site 980 at this time [Bianchi and McCave
1999; Thornalley et al. 2010]. This could either occur directly, through a stronger
WTOW signal, or indirectly, via a greater contribution of Nordic overflow waters to
NEADW, as part of a wider reorganisation of North Atlantic circulation during the early

Holocene [Hillaire-Marcel et al. 2001; Colin et al. 2010; Hoogakker et al. 2011].

4.5.5 Phasing of changes in the surface and deep ocean at Heinrich events

The classic view of ice sheet destabilisation resulting in fresh water input to the North
Ocean and resulting in a shutdown of the AMOC during Heinrich events [e.g. Sarnthein
et al. 1994; Seidov et al. 1996] has evolved over the past few decades. A complex
sequence of changes in the Nordic Seas has been documented at HI [Stanford et al.
2011]. A similar sequence of interactions may also have characterised the older Heinrich
events, however these are less well studied. Currently, the mechanisms responsible for
driving the changes recorded during Heinrich events are still debated [e.g. van Kreveld
et al. 2000; Hemming 2004; Clark et al. 2007; Dickson et al. 2008; Gutjahr and Lippold
2011]. Determining the sequence of changes in the cryosphere and ocean can therefore

help to assess the plausibility of proposed scenarios.



4.5.5.1 Heinrich event 4

The first indication of a shift in bottom water properties approaching H4 occurs at 40.3
ka, during the preceding stadial interval. The carbon isotopic signature decreases by 0.15
%o, coincident with a gradual decrease in neodymium isotope values (figure 4.6).
Similarly early onsets of thermohaline circulation perturbation have been documented at
intermediate depths on the Iberian margin [Zahn et al. 1997], Reykjanes Ridge [Jonkers
et al. 2012] and deep western North Atlantic [Hoogakker et al. 2007; Gutjahr et al.
2010]. The first phase of the Heinrich event (in its classic sense, or sensu stricto
[Stanford et al. 2011]) occurs when sea surface cooling and IRD deposition both
intensify from 39.5 ka (phase I, figure 4.6). The main shift in bottom water properties (as
indicated by neodymium isotopes of uncleaned planktonic foraminifera and benthic
carbon and oxygen isotopes) began shortly afterwards, and is approximately
synchronous with the onset of detrital carbonate deposition at 38.9 ka (phase II). There
is a small shift towards more radiogenic neodymium isotopes at 38.2 ka, which may
correlate with a perturbation in circulation identified by a bottom water warming in the
middle of the carbon isotope excursion on the Iberian Margin [Skinner and Elderfield
2007]. Surface water temperatures increased and IRD concentrations decreased
dramatically (marking the end of phase II) before minimum values of carbon and
neodymium isotopes were recorded 37.7-38 ka. Carbon, oxygen and neodymium
isotopes only recovered to pre-event values at 37 ka (phase I1I), with a later small shift

to heavier 8°C values at 35 ka.

4.5.5.2 Heinrich event 2

Heinrich event 2 shows a complex structure, and hence has been subdivided here into
four phases (illustrated in figure 4.8). The first phase (beginning at 26 ka) consists of a
shift towards more radiogenic neodymium isotope values. This is approximately
synchronous with an increase in the proportion of N. pachyderma (s.), indicating a
decrease in sea surface temperature. The second phase is an interval of moderate IRD

fluxes and cold, stable SSTs, characterised by a radiogenic bottom water exg signature



throughout. The third phase is marked by significant detrital carbonate deposition (24.1-
23.2 ka), with high total IRD fluxes. Carbon isotope values start to decrease during this
interval, while neodymium isotopes return to pre-event values. The delayed carbon
isotope excursion compared to peak IRD fluxes is a common feature in the Northeast
Atlantic [e.g. Zahn et al. 1997; van Kreveld et al. 2000; Peck et al. 2007; Skinner et al.
2007]. During the final (fourth) phase, low percentages of N. pachyderma (s.) suggest a
return to interstadial conditions, with very low IRD fluxes at this time. This interval is
notable, however, due to the very light benthic carbon isotope signature (with a
minimum at 23.2 ka) and extremely low fluxes of planktonic foraminifera and C.

wuellerstorfi (see section 2.7.2).

It appears that a shift in the neodymium isotopic signature marginally leads the change
in all other proxies at H2 (figure 4.8). However, not all signals preserved within a single
sedimentary horizon would have formed contemporaneously. The stable isotope
signature of the epifaunal benthic foraminifera C. wuellerstorfi is acquired in bottom
waters during its lifetime (assuming no significant later diagenetic modification)
[Duplessy et al. 1984; Zahn et al. 1986; Grossman 1987]. The similarity of the
foraminiferal rare earth signatures to those of pore waters suggests that the neodymium
isotope signature of the mixed planktonic foraminifera is at least partially acquired in the
upper few centimetres of sediment column (see chapter 3). Therefore, at any depth
within the sediment, the oxygen and carbon isotopic signature is slightly older than the
neodymium isotopic signature. The magnitude of the offset is comparable to the scale of
mixing of the sediment by bioturbation [Roberts et al. 2012]. It seems unlikely,
therefore, that variable depths of redox element cycling can explain the offset between
peak excursions in 8"°C and eng during H2, where they are separated by about 40 cm
depth in the core. The offset between the exg shift and dramatic IRD increase is 4-8 cm,
hence this may also be a primary climatic feature, but is less conclusive. The
uncertainties induced by signal smoothing, therefore, mean that the data presented here
neither supports nor refutes with confidence the suggestion of Gutjahr and Lippold
[2011] that major circulation changes predating H2 may have played a role in ice sheet

destabilisation, despite a similar shift towards radiogenic isotope values recorded in both



studies. Evidence of early bottom water circulation changes has been identified at other
sites [Zahn et al. 1997; van Kreveld et al. 2000; Hagen and Hald 2002; Gutjahr and
Lippold 2011], so it is possible that Site 980 is located too close to the centre of

convection to detect early weakening visible elsewhere [Peck et al. 2007].

As the neodymium isotope composition of the bottom water return to their pre-event
values, carbon isotopes of C. wuellerstorfi start to decrease, reaching a minimum as the
IRD flux and percentage of N. pachyderma (s.) reach very low values. It was
hypothesised in section 2.7.2 that this interval represented an interval of rapid deposition
from sediment-laden melt water plumes. However, this cannot easily explain the very
low benthic carbon isotope signature, particularly as there is no concurrent excursion in
oxygen isotopes, as might be expected for a melt water signal. The absence of an
excursion in the neodymium isotope record means that it is difficult to invoke the
presence of a water mass with a different source. A pulse of high productivity
[Mackensen et al. 1993] also seems unlikely due to the extremely low concentrations of
both mixed planktonic foraminifera and the benthic species C. wuellerstorfi during this
interval, unless the degree of dilution of the foraminifera was extreme. Removal of
calcium carbonate foraminiferal tests by dissolution also seems improbable as the site is
situated well above the glacial lysocline depth [Archer 1996; Brovkin et al. 2007].
Therefore, a flushing of a stagnant water mass is suggested to explain the light carbon
isotope values as the ocean system recovered from Heinrich event 2. Suppressed
overturning would have “aged” the bottom water mass as organic matter is oxidised,
releasing '°C into the water column. This effect would be particularly noticeable if
productivity was elevated along the transport pathway of the water mass. It is possible
that the reason this process is only recorded at H2 is due to abnormally high
sedimentation rates at this time, linked to input of sediment-laden meltwater plumes (see
section 2.7.2), although this explanation may not apply at other North Atlantic sites

where a light carbon isotope excursion is also recorded.

4.5.5.3 Heinrich event 1



A distinct shift towards very light carbon isotope values during H1 is identified
approximately 1000 years before the main IRD peak, although unfortunately this offset
is difficult to date accurately as the isotope shift occurs between samples taken from two
different holes (phase I, figure 4.9). Similar early shifts of bottom water properties in
intermediate and deep waters have been widely documented across the North Atlantic
[e.g. Fagel et al. 1997; Zahn et al. 1997; Lassen et al. 2002; Moros et al. 2002; Schonfeld
et al. 2003; Piotrowski et al. 2004; Piotrowski et al. 2005; Voelker et al. 2006; Pahnke et
al. 2008; Piotrowski et al. 2012; Stern and Lisiecki 2013], and are also associated with a

decrease in the vigour of the meridional overturning circulation [Hall et al. 2006].

Evidence of changing bottom water properties prior to the deposition of IRD from the
Laurentide Ice Sheet is more convincing at H1 than the other Heinrich events. This may
be due to the influence of increasing solar insolation at this time, which sets it apart from
the other Heinrich events in this study [Hays et al. 1976; Raymo 1997; Moros et al.
2002; Huybers and Wunsch 2005; Olsen et al. 2005; Brennan et al. 2013; He et al.
2013]. An early response from some of the more sensitive circum-Atlantic ice sheets
released fresh water into the North Atlantic and Nordic Seas, and was likely responsible
for the observed perturbation to bottom water circulation [e.g. Grousset et al. 2000;
Zaragosi et al. 2001; Darby et al. 2002; Jullien et al. 2006; Ménot et al. 2006; Toucanne
et al. 2010; Stanford et al. 2011].

4.5.54 Implications for Heinrich event generation

Evidence of circulation changes prior to the deposition of the Heinrich IRD layer is
recorded at ODP Site 980 during H4, H2 and H1 (with H3 the exception, as there are no
clear changes in bottom water properties). However, the nature of the deep water
changes and the confidence that can be placed in the occurrence a precursory shift from
the proxy records varies between events. H1 shows by far the most convincing evidence
of an early thermohaline circulation perturbation, with a carbon isotope shift of >0.6 %o
preceding peak IRD by approximately 1000 years. A suggestion of early changes in 8"°C

can also be secen at H4, but these are much less distinct, with a shift of 0.15 %o



approximately 1500 years before the onset of significant detrital carbonate deposition.
However, the main excursion in carbon isotopes does not start until elevated IRD fluxes
are reached. Whether there is evidence of early circulation changes during H2 at Site
980 depends on the depth within the sediment column at which the neodymium isotope
signature of planktonic foraminifera becomes fixed and the scale over which the signal
is smoothed. No shift in the 8'°C of C. wuellerstorfi is recorded until after high IRD
concentrations are reached. Therefore, it is possible that a precursory AMOC slowdown
could have played a role in the generation of some (if not all) of the Heinrich events,
however, there is no clear repeating sequence of events leading up to the deposition of

the Heinrich IRD layer.

Two main mechanisms have been proposed to explain how AMOC slowdown can result
in ice sheet destabilisation: subsurface warming of the ocean directly melting ice [e.g.
Moros et al. 2002; Shaffer et al. 2004; Olsen et al. 2005; Marcott et al. 2011] and
thermal expansion of seawater causing sea levels to rise [e.g. Chappell 2002; Fliickiger
et al. 2006]. Heinrich event 4 is the only event that shows a clear benthic oxygen isotope
excursion (as would be expected if there was a bottom water warming), which occurred
after the main IRD peak (see figure 4.6). However, Site 980 may be too deep for a
strong warming signal to be seen, with observed bottom water warming recorded at
depths of 1-1.3 km [Rasmussen et al. 1996a; Rasmussen and Thomsen 2004; Marcott et
al. 2011] and concentrated at 200-2000 m in modelling studies [e.g. Knutti et al. 2004;
Riihlemann et al. 2004; Mignot et al. 2007; Marcott et al. 2011].

One pattern that is shared by the sequence of events during H4, H2 and H1 is that
recovery of the AMOC (as inferred from bottom water chemistry at Site 980) is delayed
until after the cessation of major IRD input. All three events show the lightest benthic
carbon isotopic signatures after detrital carbonate deposition has ceased. Rapid warming
of sea surface temperatures also occurs before bottom water properties recover. It has
been suggested that the deeper ocean plays a key role in driving the rapid surface
warming out of stadial intervals, with hypotheses including subsurface warming driving

a rapid reduction in sea ice as a result of the collapse of an ice shelf [Gildor and



Tziperman 2003; Li et al. 2005; Li et al. 2010; Petersen et al. 2013], sudden upwelling
of deeper warm waters [Rasmussen and Thomsen 2004; Olsen et al. 2005] and reduction
of fresh water input and/or iceberg calving to the North Atlantic resulting in a
reinvigoration of the overturning circulation and northwards incursion of warm Atlantic
waters [Ganopolski and Rahmstorf 2001; Schmittner et al. 2002]. The records here
suggest that if changes in the MOC were responsible for the rapid warming out of
stadials, either directly or through modulation of ice sheet behaviour, changes must have
been concentrated at depths <2000 m, with little influence from the deeper ocean. An
alternative suggestion is that circulation was restarted due to enhanced sea ice formation
driving brine rejection [Dokken and Jansen 1999; van Kreveld et al. 2000; Dickson et al.
2008]. The records presented here show that at Heinrich events 4 and 2, benthic stable
isotopes do show a decrease prior to the rapid warming of sea surface temperatures,
however, the lowest values are not reached until significant warming has already
occurred, hence deeper circulation changes are unlikely to be the main driver of the

transitions to interstadial conditions.

Surface warming likely resulted in the addition of fresh water to the ocean through the
melting of ice, suppressing circulation resumption [Schmittner et al. 2002; Clark et al.
2007] and hence could be responsible for the lag in the recovery of AMOC. Whether
this process would continue to act for the 500-1000 years required to re-establish pre-
event bottom water conditions is unknown. Decreased export of overflow waters from
the Nordic Seas, for example, as inferred at H4, may also have played a role, increasing

the stability of the reduced AMOC state [ Ganopolski and Rahmstorf 2001].

Deep circulation changes are much more distinct at Heinrich events than Dansgaard-
Oeschger events in the records from Site 980 and across the North Atlantic, suggesting
that there is a significant distinction between the mechanisms responsible for the
generation of each type of event. Differences between the bottom water response at
Heinrich and Dansgaard-Oeschger events most likely reflect the influence of increased
fresh water input to the surface ocean during Heinrich events on the strength of

convection [e.g. Stocker and Wright 1991; Manabe and Stouffer 1995; Ganopolski and



Rahmstorf 2001; Olsen et al. 2005]. Evidence of increased freshwater input is provided
by decreased salinity of surface waters reconstructed at Heinrich events compared to
stadials [e.g. Bond et al. 1992; Maslin et al. 1995; Cortijo et al. 1997; Elliot et al. 1998;
Dokken and Jansen 1999; Cortijo et al. 2000]. The location of the fresh water input may
also play a role, with IRD records suggesting that the Laurentide ice sheet is
significantly more involved at Heinrich events than Dansgaard-Oeschger events [e.g.
Andrews and Tedesco 1992; Bond et al. 1992; Bond and Lotti 1995]. The absence of
significant change in bottom water properties at the end of non-Heinrich stadials, where
sea surface warming is very similar to the end of Heinrich stadials supports the lack of
involvement of the deep ocean in driving the rapid warming into interstadial conditions

[Petersen et al. 2013].

4.5.6 Explaining the differences between Heinrich events

One of the most eye-catching features of the data presented here is the distinct
geochemical signatures of the bottom waters bathing ODP Site 980 during each of the
Heinrich events (section 4.5.2). The sequence and nature of changes in the surface and
deep ocean also varies between events (section 4.5.5). Site 980 is clearly very sensitive
to circulation perturbations under glacial conditions, possibly because it is situated in the
path of overflow waters from the Nordic Seas [e.g. Jones et al. 1970; Yu et al. 2008;
Johnson et al. 2010; Crocket et al. 2011], and close to the depth of the boundary between
northern and southern sourced waters during the glacial [Boyle and Keigwin 1987;
Curry et al. 1988; Duplessy et al. 1988; Bertram et al. 1995; Curry and Oppo 2005;
Meland et al. 2008; Yu et al. 2008]. Two main groups of hypotheses are put forward
here to explain the observed differences mid-depth circulation: variable meltwater input

and differing initial conditions prior to each Heinrich event.

Modelling studies have shown that the location of freshwater input to the ocean strongly
influences the resulting ocean circulation changes, affecting both the rate of change and
timescale of recovery [e.g. Seidov and Maslin 1999; Levine and Bigg 2008; Bigg et al.
2011]. Records of the lithologies of ice-rafted debris from Site 980 suggest differing



involvement of icebergs sourced from the circum-Atlantic ice sheets at each of the
Heinrich events (although this signal may also be modified by other factors, as discussed
in section 2.7.4.5). Riverine fresh water inputs from different regions also likely varied
in association with ice sheet behaviour [e.g. Teller 1990; Brown and Kennett 1998;
Marshall and Clarke 1999; Sionneau et al. 2010]. The rate of melt water input also
strongly influences ocean circulation [e.g. Rahmstorf 1995; Ganopolski and Rahmstorf
2001; Rind et al. 2001; Meissner and Clark 2006], although changes in this parameter

cannot easily be determined in open ocean, far-field sedimentary records.

An alternative explanation for the observed differences in bottom water properties
between the Heinrich events is that they are a response to variation in surface water
properties. Circulation perturbations are widely attributed to changes in the amount and
location of deep water formation in the North Atlantic, and the properties of these deep
waters where they form, hence, the density of the surface ocean exerts a strong influence
on global thermohaline circulation [Seidov and Maslin 1999; Seidov and Haupt 2003].
% N. pachyderma (s.) records from Site 980 (section 2.6.1) suggest that there was a
general overall upper ocean cooling trend, from the oldest part of the record (41 ka) until
ca. 24 ka (figure 4.3), but only modest differences among Heinrich events. Significant
differences in sea surface density, however, have been documented at and between
Heinrich events [e.g. Maslin et al. 1995; Sarnthein et al. 1995; Cayre et al. 1999;
Dokken and Jansen 1999; Weinelt et al. 2003; Cortijo et al. 2005], suggesting that
surface salinity variations are more likely to be the determining factor in explaining the
differences in the observed response of the deeper circulation during Heinrich events.
Highly variable fluxes of foraminifera (described in section 2.6.3) may be an indicator of
variable surface salinity and/or sea ice extent and stability over Site 980. It is the surface
ocean properties at the sites of deep water formation (which may include the Rockall
Trough region), however, which likely exert the greatest control over the bottom water

changes described in this study.

4.6 Summary and conclusions



The location of ODP Site 980 at 2.2 km depth in the western Rockall Trough is close to
the boundary of northern and southern sourced water masses during the last glacial
interval and in the path of overflow waters from the Nordic Seas. These factors make the
site highly sensitive to changes at intermediate/deep depths in the overturning circulation
with the addition of freshwater to the North Atlantic at Heinrich events. In this study, a
suite of complementary bottom water proxies was used to reconstruct bottom water

properties of the mid-depth waters in the northeast Atlantic.

Clear excursions in one or more bottom water proxies (8°C, 8'®0 and exq) can be seen
at three of the four Heinrich events in the studied interval. Distinct excursions in the
carbon and oxygen isotopes of C. wuellerstorfi and the neodymium isotopic signature of
planktonic foraminifera (with ferromanganese coatings in tact) clearly show that Site
980 was bathed by a water mass with different properties at each of the Heinrich events

of the past 40,000 years (H1-4).

During Heinrich event 4, decreases in both the oxygen and carbon isotopic signatures of
C. wuellerstorfi suggests the influence of brines on the bottom waters at Site 980, most
likely with a source either in the Labrador Sea, or south of the Greenland-Scotland
Ridge. In contrast to the other Heinrich events, there is no evidence of a change in
bottom water properties from background glacial conditions at H3, with no clear
excursion in any of the three bottom water proxy records. Heinrich event 2 shows the
most complex structure of the last four Heinrich events. In the early part of the event, a
shift to radiogenic neodymium isotopes is most readily explained by a penetration of
Glacial Antarctic Intermediate Water into the North Atlantic. This is followed by an
interval of very light benthic carbon isotopes, recorded as surface ocean conditions
warmed into the following interstadial, possibly indicating the flushing of poorly
ventilated waters which formed as a result of reduced circulation vigour during the
earlier stages of the event. Heinrich event 1 is marked by the lowest carbon isotope
signatures of the entire record, with the influence of northern sourced waters potentially
being replaced by those of a southern origin during the interval of low carbon isotope

values.



There is evidence, to some extent, of shifts in the bottom water circulation preceding
deposition of the ice-rafted debris layer at all three of the Heinrich events that exhibit a
bottom water response at Site 980. However, the nature of this precursory change varies
strongly between events. Early changes in the intermediate/deep circulation may
therefore contribute to the generation of Heinrich IRD layers, however, there is not
necessarily a repeating set of triggers for each of the events. Instead, it may be that
Heinrich events are a result of the interactions between a number of factors (including
internal ice sheet instabilities, sea level changes and subsurface warming), and hence

cannot be explained by a singe, simple repeating mechanism.

Rapid warming out of stadial conditions occurs before evidence of recovery in the
chemistry of the bottom water masses during all of the Heinrich events studied here
(where there is evidence of bottom water perturbation at Site 980). This suggests that
changes in the deep ocean are not responsible for driving the rapid warming out of
stadial intervals, and hence if oceanic changes are involved, they must be concentrated
in the upper 2000 m of the water column. Changes in bottom water chemistry during
non-Heinrich stadials are much smaller than at Heinrich events at Site 980, despite a
similar degree of warming into the following interstadials, which supports a minimal

involvement of the deeper ocean driving Dansgaard-Oeschger variability in this region.

The distinct response of the bottom waters at Site 980 during each of the four Heinrich
events studied here highlights the sensitivity of the meridional overturning circulation to
the addition of fresh water. The location of fresh water inputs has been suggested as
major factor in the oceanic response [Seidov and Maslin 1999; Levine and Bigg 2008;
Bigg et al. 2011], with variable patterns in the lithologies of grains of ice-rafted debris
recorded at Site 980 (presented in section 2.7.4) pointing to the involvement of different
ice sheets at each event (although this IRD signal is also modified by surface ocean
conditions). Surface ocean density may also play a key role in modulating the strength of
deepwater formation. Although the percentages of the polar planktonic foraminifera N.

pachyderma (s.) do not vary greatly between the Heinrich events (suggesting little



variation in upper ocean temperatures), the highly variable fluxes of foraminifera could
indicate variability in the extent and stability of sea ice over the site. Changes in the
properties of the surface ocean in other possible sites of deep water formation also have
the potential to influence the reconstructed bottom water chemistry, as Site 980 is
influenced by the Labrador and Nordic Seas at the present day, with the potential
additional involvement of waters from the Southern Ocean during the last glacial

interval.

Understanding how the input of fresh water influences the meridional overturning
circulation, particularly close to sites of deepwater formation is of vital importance, with
ice sheet melting likely to increase over the coming decades. The contrasting responses
of the mid-depth North Atlantic between Heinrich events presented here highlights the
sensitivity of deep water circulation to the rates and locations of melt water input and/or

the properties of the surface ocean.
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Chapter 5

Conclusions

5.1 Summary of thesis

ODP Site 980 and its partner site ODP Site 981 provide an extremely valuable archive of
North Atlantic climate variability stretching back into the Pliocene. In this study, the
millennial scale variability of the last glacial interval in both the surface and deep ocean

has been resolved for the first time at Site 980.

Chapter 2 focusses on reconstruction of the expression of the millennial scale variability
in the cryosphere and surface ocean. The position of the Heinrich IRD layers during the
last glacial interval are unambiguously identified for the first time at Site 980, and used
in conjunction with the percentages of N. pachyderma (s.) polar planktonic foraminifera
and recalibrated previously published radiocarbon dates [Oppo et al. 2003; Benway et al.
2010] to produce a new age model for the site. Comparison of temporal changes in the
lithologies of ice-rafted debris with other nearby sites demonstrates how spatially
variable the patterns of iceberg transport are even over relatively small distances, with
surface ocean currents and properties likely influencing the flux of IRD to the sediment.
This observation therefore cautions against the use of the temporal variation in IRD
lithologies at any single site to deduce phasing in ice sheet behaviour. Differences in the
sequence of ice-rafted debris lithologies recorded between Heinrich events are not
indicative of a simple, repeating sequence of changes in the cryosphere and/or surface

ocean for each of the Heinrich events studied.

Chapter 3 assesses the suitability of neodymium isotopes as a proxy for bottom water
chemistry by combining multi-substrate isotopic reconstructions with rare earth element
profiles. New data from planktonic foraminifera (uncleaned of their ferromanganese
coatings) and fish debris shows that both of these substrates record a shallow pore water

rare earth element signature that does not undergo significant diagenetic modification as



sediments become more deeply buried. Previously published sediment leachate values
[Crocket et al. 2011] are strongly offset from both fish debris and foraminferal exq values
throughout the Holocene, however, all substrates generally show good agreement during
glacial conditions. Increased deposition of airborne volcanic ash cannot explain the
abnormally radiogenic sediment leachate values in the Holocene. Instead, the influence
of strengthened bottom current driven transport of fine, radiogenic material (potentially
from the Greenland-Scotland Ridge) on the sediment leachates is suggested as the cause
of this offset between substrates. Thus, planktonic foraminifera and fish debris appear to
be more reliable recorders of bottom water neodymium isotopic compositions than bulk

sediment leachates at drift sites.

Chapter 4 reconstructs the changes in the mid-depth North Atlantic Ocean water masses
by presenting co-registered records of neodymium, carbon and oxygen isotope ratios.
Different geochemical signatures are seen in the bottom waters bathing the site at each
of the Heinrich events. A possible influence of southern sourced waters on Site 980 is
recorded at H1 and H2, but not seen at H3 or H4. This finding argues against a complete
shutdown of the overturning circulation as a response to freshwater inputs at Heinrich
events, resulting in an increased northwards extension and shoaling of southern sourced
waters. Evidence of changes in bottom water circulation are seen to predate IRD
deposition for during H1, H2 and H4. This result is consistent with the suggestion that
the thermohaline circulation plays a role in ice sheet destabilisation, however the nature
of precursory changes strongly varies between events, arguing against any simple,
repeating trigger mechanism. The recovery of bottom water properties is delayed until
after surface waters warm, implying that changes in the deep ocean are not responsible

for driving the rapid warming out of stadial conditions.

One of the strongest conclusions to be drawn based upon the work presented in this
thesis is to highlight the individuality of each of the Heinrich events. Differences are
seen in the origin of icebergs reaching ODP Site 980, the sequence of precursory
changes in the surface and intermediate/deep ocean prior to the destabilisation of the

Laurentide Ice Sheet and the disruption to the thermohaline circulation in the northeast



Atlantic. Any suggestion of a complete shutdown of the overturning circulation as a
result of fresh water input to the North Atlantic at Heinrich events appears too simplistic.
The range of response observed in bottom water chemistry to differences in the initial
state of the ocean and/or the nature of the freshwater forcing illustrates just how
sensitive the Atlantic meridional overturning circulation is to perturbation, hence making

Heinrich events a vital target for future research.

5.2 Suggestions for future research

Synchroneity of late glacial warming

Chapter 2 raised concerns about the synchroneity of warming of the atmosphere and
surface ocean across the North Atlantic after Heinrich event 1, and hence whether this
warming can be used as a tie-point in the construction of sediment core chronologies in
this region. Unfortunately, the relative timing of warming between sites is not easy to
test, particularly in the absence of major tephra layers around H1 to provide independent
tie-points aiding correlation between records. One possible approach is to make paired
measurements of the radiocarbon age of terrestrial organic matter and marine carbonates
from the same shallow marine core. This technique has been used to study the Holocene
and Younger Dryas, but no records currently exist extending further back in time [e.g.
Bard et al. 1994; Austin et al. 1995; Bondevik et al. 1999; Reimer et al. 2002; Bondevik
et al. 2006].

Fidelity of REE profiles as a palaeoredox indicator

In chapter 3, it was concluded that a distinct shift in the rare earth element profiles of
planktonic foraminifera and fish debris, occurring at approximately three metres depth in
the sediment (coincident with the last deglaciation) is more likely to be a result of
glacial-interglacial differences in the degree of oxygenation of bottom waters than a
modern redox horizon in the sediment. Reconstructions of REE profiles though previous
terminations could provide a test of this hypothesis. This is an important issue because
diagenetic remobilisation within the sediment column has the potential to strongly affect

the fidelity of down core neodymium isotope reconstructions. If the changes in REE



distributions observed through the last deglaciation are a result of temporal variation in
bottom water properties, a similar pattern of change might be expected at previous
glacial terminations. However, if the shift in REE patterns is the result of an active redox

front in the sediment, no changes would be expected through earlier deglaciations.

Dansgaard-Oeschger variability in water mass provenance

A suggestion of stadial-interstadial variability in the neodymium isotopic composition of
mid-depth waters of the North Atlantic was presented in chapter 4. This is a potentially
important result if confirmed with a higher resolution study. Neodymium isotopic
signatures are not directly influenced by productivity and meltwater addition/sea ice
formation in the surface ocean, unlike previously documented carbon and oxygen
isotope evidence for stadial-interstadial variability in the northeast Atlantic. Therefore,
neodymium isotopes could be used to provide an independent test as to whether changes
in the pattern of intermediate/deep circulation in the North Atlantic occured during

Dansgaard-Oeschger events.

Reconstruction of sea ice extent

Changes in sea ice extent have been hypothesised to play a major role in both deep water
formation [Vidal et al. 1998; Dokken and Jansen 1999] and driving of Dansgaard-
Oeschger atmospheric and sea surface temperature variability [Gildor and Tziperman
2003; Li et al. 2005; Li et al. 2010; Petersen et al. 2013]. Knowledge of sea ice extent
also provides an important constraint for climate models, influencing both the albedo
and the extent of evaporation and air-sea exchange [e.g. Gildor and Tziperman 2003;
Sarnthein et al. 2003]. A number of proxies have shown promise in reconstructing sea
ice extent including organic biomarkers [e.g. Belt et al. 2007; Belt and Miiller 2013],
foraminiferal stable isotopes [e.g. Hillaire-Marcel and de Vernal 2008] and faunal
assemblages of dinocysts [e.g. de Vernal et al. 1997; de Vernal et al. 2013], foraminifera
[e.g. de Vernal et al. 1997; Sarnthein et al. 2003; Scott et al. 2009; Seidenkrantz 2013],
diatoms [e.g. Crosta et al. 1998; Gersonde et al. 2005] and ostracodes [Cronin et al.
2010]. However, variability in the sea ice extent in the North Atlantic through the last

glacial interval is currently very poorly constrained. Published records of glacial sea ice



extent are dominated by snapshot reconstructions of the North Atlantic at the last glacial
maximum [e.g. Sarnthein et al. 2003; de Vernal et al. 2005] with time series only
covering the Arctic [e.g. Spielhagen et al. 2004; Miiller et al. 2009; Cronin et al. 2010;
Miiller et al. 2011] and northwest Atlantic [e.g. de Vernal and Hillaire-Marcel 2000;
Hillaire-Marcel and de Vernal 2008]. Site 980 provides an excellent target for sea ice
reconstructions because it is located close to the reconstructed position of the polar front
at the last glacial maximum [Sarnthein et al. 2003; de Vernal et al. 2005] and hence
would be sensitive to fluctuations in the sea ice extent. It is also in close proximity to a
number of potential deep water formation regions with shallower water depths (e.g.
Rockall Plateau, British/Irish margin, Greenland-Scotland Ridge) and hence can assess
the likelihood of deep water formation via brine rejection occurring south of the Nordic
Seas. Sites in the southern Nordic Seas and in suggested brine formation regions (e.g.

the North Sea) would also make good targets for sea ice reconstructions.

Strength of Labrador Sea outflow

One of the major contributors to the formation of modern North Atlantic Deep Water is
outflow from the Labrador Sea, however, the strength of Labrador Sea outflow through
the last glacial interval is not yet well constrained. A depth transect of cores located in
the path of these outflows (for example, at Orphan Knoll or the Newfoundland margin)
could help to better constrain the history of this important aspect of North Atlantic
palacoceanography. Evidence of decreased circulation vigour at Heinrich events in the
southeast Labrador Sea has been presented based upon benthic carbon isotopes and
foraminiferal assemblages [Rasmussen et al. 2003]. Neodymium isotopic studies could
greatly enrich previous work, because the highly unradiogenic signature of the Labrador
Sea makes the strength of LSW export easy to determine. Another advantage of studying
the southeast Labrador Sea is that it is located on the major pathway of southward export
of North Atlantic waters. Therefore, results from this region can be used to constrain the
geochemical signature of NADW exported from the North Atlantic, and hence are vital

in determining the extent of a North Atlantic influence at more far-field sites.
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Appendix 1

Splice correlation

In order to be able to place samples from the different holes at Site 980 onto a single age
scale, the depth scale for each hole was converted from metres below seafloor (mbsf) to
metres composite depth (mcd). This combines all samples onto a single continuous
spliced record, constructed from different parts of the record of each of the three holes
[Shipboard Scientific Party 1996a]. The top 3.92 metres of our studied interval from
Hole 980B form the uppermost part of the spliced record, hence the mbsf and mcd
values are identical. For the rest of the record, the individual records were tuned to the
splice by their magnetic susceptibility records (illustrated in figure Al.1), as these show
excellent agreement between the holes [Shipboard Scientific Party 1996a]. This tuning
was carried out using the Analyseries software of Paillard et al. [1996]. Tie-points are

listed in table A1.1.
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Figure Al.1: Correlation of individual core magnetic susceptibilities with the spliced
record. All data is plotted on the metres composite depth scale, with dashed lines
marking the tie-points used to correlate the records. Core sections used in this study
are highlighted in red. The remaining record is coloured as follows: purple - hole A,
blue - hole B, green - hole C. Data from Jansen et al. [Shipboard Scientific Party
1996b].

Depth 980A (mbsf) Deptlz:lig)splice Age (yze(s;(l)‘(s))before
0.83 4.63 18863
1.03 4.86 20047
1.45 533 22435
2.40 6.31 27979
3.67 7.67 38459
6.42 10.76 59601

Table Al.1: New tie-points for the correlation of Hole 9804 magnetic susceptibility
with the published Site 980 splice [Shipboard Scientific Party 1996¢], with ages on

the new age model (presented in section 2.5).
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Appendix 2
Calculation of dry bulk density

In order to calculate changes in the flux of various sediment components, an estimate of
sediment density is needed. Unfortunately, a misalignment of the source-sensor
apparatus used to measure the gamma-ray attenuation porosity evaluator (GRAPE) wet
bulk density during Leg 162 led to a systematic error of approximately 10% in the
measurements. Therefore, alternative techniques are needed to estimate the sediment

bulk density at ODP Site 980.

An attempt to correct for this offset in the GRAPE density was made by cross-plotting
the GRAPE density estimates from Hole 980A with estimates of the wet bulk density of
discrete samples from the same depth within the core [Jansen et al. 1996]. Although a
strong positive correlation is visible, there is significant scatter in the data. Even with
some of the more anomalous data points excluded, the R* value for the correlation is

only 0.55 (see figure A2.1).
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Figure A2.1: Cross-plot of GRAPE density against (a) wet and (b) dry bulk density for
equivalent depths in Hole 980A. The best-fit line (calculated by linear regression) is shown in

black with green points included and red points excluded from the calculation. The equation and



R? value of this best fit line are shown on each plot. The grey line and associated equation on
plot (a) show the estimated correction for the Leg 162 GRAPE values of Jansen et al. [2000],
based upon the relationship between the GRAPE density values at ODP Site 907 which was
originally drilled on Leg 151 (when the MST logger was correctly calibrated) and then re-
occupied on Leg 162.

An alternative method of estimating the sample density is from the wet and dry bulk
masses of each sample (based upon the same principles as the moisture and density
(MAD) estimates outlined in the explanatory notes of Leg 162 Initial Reports
[Shipboard Scientific Party 1996]).The mass of pure water in each sample (M) was
calculated from the difference between the bulk wet sample mass (M,) and the dried
sample mass (My):

M, =M, -M,

The mass of salt remaining from the evaporated pore water (M) can then be
calculated, assuming a salinity s = 0.035:

S
M, = M
salt (1 _ S) w

The total pore water mass (M) and volume (V,y) are given by the following equations,

with a estimated pore water density p s = 1.024 g/cm’:

pw w salt
M, = M.,
p 1= )
M W
V,, =—*
Psw

The mass (Ms) and volume (V) of the solid component can then be calculated, assuming

a salt density (O sa) of 2.257 g/em’ and a solid grain density (0 ) of 2.65 g/cm’:

Ms =Md _Msalt
v - M
Ps

The bulk wet volume of the sample (Vy) is given by:
Vio=V,+V,,



The dry bulk density ( p 4) can then be calculated as follows:

It is important to note that these estimates are likely to be overestimates, as the sediment
will have dried out by an unknown amount in the time since the core was drilled. All
samples are expected to be affected to a similar extent, so although the absolute flux

estimates are may be overestimates, the observed trends are not affected.
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Appendix 3

Neodymium separation procedure

Unless otherwise stated, all fluid should be allowed to drain through the column between

each stage.
Cation exchange columns

Check column resin height is 2.2 cm
Condition column:
Load 1 ml H,Owmgq
Load 0.5 ml 1.75 M HCI
Load 0.5 ml 1.75 M HCI
Load sample
Wash sample in:
Load 0.1 ml 1.75 M HCI
Load 0.1 ml 1.75 M HCI
Load 0.1 ml 1.75 M HCI
Strip waste:
Load 5.5 ml 1.75 M HCI
Load 2.5 ml 2 M HNO;
Collect REE (into a Teflon vial):
Load 2 ml 6 M HNO;
Remove Teflon and dry down on hotplate at 140°C
Clean column:
Fill to brim with 6 M HCI
Fill to brim with H,Owmq

LnSpec exchange columns



Dissolve sample in 0.3 ml 0.2 M HCI when cooled from hotplate
Condition column:
Load 0.5 ml 0.2 M HCl
Load 1 ml 0.2 M HCI
Load sample
Wash sample in:
Load 0.1 ml1 0.2 M HCl
Load 0.1 ml1 0.2 M HCl
Load 0.1 ml 0.2 M HCl
Strip waste:
Load 2 ml 0.2 M HCI
Collect Nd (into a Teflon vial):
Load 4 ml 0.2 M HCI
Remove Teflon and dry down on hotplate at 1400C
Strip waste:
Load 1 ml 0.4 M HCI
Collect Sm (into vial for storage)
Load 2 ml 0.4 M HCI
Clean column:
Fill to brim with 6 M HCI
Fill to brim with 6 M HCI
Fill to brim with H,Owmq



Appendix 4

Estimation of the neodymium isotopic signature of Wyyville-

Thomson Overflow Water

Wyville-Thomson overflow water (WTOW) forms as intermediate/deep waters from
the Nordic Sea Overflow Waters (NSOW) cross the Wyville-Thomson ridge, and
entrain Eastern North Atlantic Waters (ENAW) as they descend. Therefore, the
resulting WTOW eng signature is determined by the neodymium concentration and
isotopic composition of its constituent water masses, and the ratio by which they
mix. Here, WTOW formation is assumed to form by mixing between two
endmembers: NSOW and ENAW, and hence its neodymium isotopic signature can

be estimated by the following equation:

frsow [N Ixsow * Exansow + (1= Txsow) * [NA]gpyw ™ € nasemw

& =
Nd,WTOW 0.5([Nd]ysow +[NdIsppw)

where fysow 18 the fraction of the WTOW formed which consists of NSOW.

Max Ref Min Ref Best Reference/Notes

NSOW % 33.3 | (5),(6) 10 | (1),(2) 20 | (10)
Midpoint (midway

enda ENAW -11.6 | (7) -13 1 (4) -12.3 | between sites)
ena NSOW 7131 03) 9.1 103 -8.2 | pISOW signature (3)
[Nd] ENAW 2.26 | (7) 241 4) 2.3 | Midpoint
[Nd] NSOW 3.54 | (3) 2.87 | (3) 2.88 | (3)
WTOW ENd
estimate -9.0 -11.6 -10.6

Table A4.1: Calculation of a maximum, minimum and best estimate for WTOW
ena. Note that maximum and minimum table headings refer to the calculated ey,
values, rather than the maximum/minimum value of each component parameter
[Nd] measured in pg/g. References (ref): (1) Swift [1984], (2) Holliday et al.
[2000], (3) Lacan and Jeandel [2004a], (4) Lacan and Jeandel [2004b], (5)



Sherwin and Turrell [2005], (6) Sherwin et al. [2008], (7) Rickli et al. [2009],
(8) Johnson [2012].
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