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Deciphering the role of varying iceberg source in abrupt climate
change

Heinrich events involve the massive release of icebergs from continental ice sheets
into the sub-polar North Atlantic, which travel as far south as 40°N and deposit large
quantitiess of Ice Rafted Debris (IRD) in marine sediments. Determining the
distribution of IRD sources across the Atlantic during Heinrich events is a vital step
in ascertaining the sequence of iceberg rafting, and the relative involvement of circum-

North Atlantic ice sheets in this release of freshwater to the North Atlantic.

This study examines evidence from multiple radiogenic isotope (Nd, Sr and Pb)
analyses on the detrital clay size fraction (<2um), and stable isotopes in the detrital
<63 pm fraction of a Hudson Strait (HS) source (6180 of <-2.5 and eNd of <-19) in
the clay and fine fraction deposited at the IRD belt site during Heinrich events. At the
north-eastern British margin changes in detrital 580 and e¢Nd are related to small
inputs of HS derived material during H4, however during H2 there is no discernible
HS source to the fine fraction this is contrary to previous coarse fraction studies at the
site. It is proposed that the dominance of the British and Irish Ice Sheet (BIIS) source
at the site during H2 is due to the increasing size of the British Ice sheet over the course

of the last glacial.

Endmember modelling of particle size distributions demonstrate a coarsening of
the silt fraction over the Heinrich events at the IRD belt site. At the margin of the BIIS
there is a correspondence between millennial scale IRD events and coarse particle size
distributions which is superimposed on increases in the finest endmember over the last

glacial in response to the BIIS reaching the shelf edge.

Changes in stable isotopes of surface dwelling foraminifera demonstrate that the
surface waters were fresher during H2 and H4 coinciding with fine fraction IRD
inputs. At the British ice sheet margin, increasing surface water stratification after 27
ka BP coincides with increases in fine particle size endmember and 580 of the fine
fraction further indicating the consistent presence of the BIIS at the shelf edge after
27 ka BP.
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Introduction

1 Introduction

There is increasing global attention on the climate system, and specifically its
natural variability and response to major changes in forcing. This results from growing
concern about the potential for abrupt climate changes in response to anthropogenic
increases in the concentration of greenhouse gases since the industrial revolution. The
NRC (The National Research Council) committee on Abrupt climate change (2002)

defines abrupt climate change as occurring when:

“The climate system is forced to cross some threshold, triggering a transition to
a new state at a rate determined by the climate system itself and faster than the

cause” (NRC committee on Abrupt climate change (2002), p.14)

Research into past climate has become a vital way of understanding how the
climate system reacts to large-scale changes in climate forcing. The Atlantic
Meridional Overturning Circulation (AMOC) plays a key role in the global climate
system through its northward redistribution of heat (Rahmstorf, 2002). Current
estimates are of 1.33 PW northward ocean heat transport for an overturning circulation
of 18.6 Sv (Johns et al., 2010). Changes in the AMOC have been associated with large
fluctuations in the Earth’s climate in the past and projections of AMOC decline
provide a key source of uncertainty regarding future climate change. Recently, a multi-
proxy reconstruction of the AMOC index suggests that the weakness of the AMOC
since 1975 is unprecedented in the last millennium (Rahmstorf et al., 2015). Further
melting of Greenland in the coming decades could contribute to further weakening of
the AMOC. Rapid changes in the vigour of the AMOC are associated with abrupt
climate changes during the last glacial climate (Rahmstorf, 2002). The North Atlantic
region is thought to be sensitive to freshwater perturbations and therefore this region

is a crucial study area for cryosphere-ocean interactions, and associated abrupt climate
shifts.

1.1 North Atlanticabruptclimate change during the last glacial

Records of 6180 (a proxy of local air temperature and global ice volume) from
Greenland ice cores (Dansgaard et al., 1982; Oeschger et al., 1984; Johnsen et al.,
1992; Dansgaard et al., 1993; Grootes et al, 1993; Andersen et al, 2004; NEEM



Introduction

community, 2013) show large abrupt changes in temperature during the last glacial
(between 110 and 12 ka).
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Figure 1.1: Examples of Atlantic abrupt climate change. Top, a record of the
percentage detrital carbonate from the DSDP 609 core in the North Atlantic, peaks
marked in grey correspond to Heinrich events (H1-H6) (Bond and Lotti, 1995).
Bottom, the 620 record from the GISP2 ice core in Greenland showing Dansgaard-
Oeschger events during the last glacial period (Grootes et al., 1993).

These climate variations, known as Dansgaard-Oeschger cycles (D-O cycles),

began with a stadial (cold glacial conditions) lasting centuries to millennia, followed
by arapid warming (5-16 °C) over a period of decades to an interstadial state (warmer
glacial conditions). Interstadials mark periods of gradual cooling, ended by a further
rapid change back to stadial conditions (Rahmstorf, 2002; Barker et al., 2011) as
shown in Figure 1.1. Bond etal. (1993) demonstrated that these cycles are matched by
changes in the North Atlantic marine record with cooler stadial periods observed in
the Greenland ice cores matching cooler sea surface temperatures (SST’s).
Additionally these stadial conditions are concomitant with increases in atmospheric
dust fluxes (Mayewski et al, 1994), decreasing methane (Chappellaz et al., 1993;
Brook et al., 1996; Chappellaz et al, 2013) and carbon dioxide in the atmosphere
(Broecker, 1994). D-O events were thought to have an approximate pacing of 1470
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years (Schulz, 2002) but evidence from updated age models of the DSDP-609 record
suggests a dual periodicity of ~1000and ~ 2000 years (Obrochta et al., 2012).
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Figure 1.2: Summary maps of key trends in Dansgaard-Oeschger cycles. Top: for
interstadial conditions Bottom; for stadial conditions. (Voelker and Workshop
participants, 2002) reproduced with permission from Elsevier.

Sites across the North Atlantic exhibit millennial scale variability, attributed to the

D-O cycles, in surface ocean conditions and fluxes of ice rafted detritus (IRD), forced

3
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through changing ice sheet dynamics (Bond and Lotti, 1995; Elliot et al., 1998, 2002;
de Abreu et al., 2003; Kroon et al., 2000; Peck et al., 2006; Scourse et al., 2009; Hall
et al., 2011). Outside of the North Atlantic region there are climate correlatives to D-
O variability, (Voelker and Workshop participants, 2002) which are summarised in
Figure 1.2. Abrupt climate variability is also a feature of Antarctic climate (Jouzel et
al. 2007). Many Southern Hemisphere climate records are phased to Antarctica (e.g.,
Lamy, 2004; Kaiser et al., 2005; Lamy et al., 2007; Caniupan et al., 2011) and indicate
that cool North Atlantic conditions are associated with awarming in Antarctic climate.
This relationship is known as the thermal bi-polar seesaw (Broecker, 1998; Seidov and
Maslin, 2001; Lamy et al., 2007; Landais et al., 2015). Barker et al. (2011) postulate
that this is a millennial scale antiphase relationship between warm D-O type events in
Greenland climate and the rate of change in Antarctica, this enabled the construction
of a synthetic Greenland ice core record based on Antarctic climate reaching over
800,000 years.

1.2 Heinrichevents

Across the North Atlantic there are several intervals of increased deposition of coarse-
grained material (>150 pum) known as ice rafted debris (IRD). These ice rafting events
were first documented by Broecker (1994), and named after Heinrich (1988) who
identified six Heinrich layers in the last glacial sediments, referred to as H1 (the most
recently deposited Heinrich layer) through to H6 (the earliest Heinrich layer during
the last glacial). Heinrich layers have been documented at sites across the North
Atlantic in particular in the IRD belt between 40° N and 55° N (a belt of increased
sand deposition during the last glacial) as defined by Ruddiman (1977), ( e.g., Bond
etal,, 1992, 1993; Bond and Lotti, 1995; Bond et al., 1997; Francois and Bacon, 1994;
Thomson et al, 1995; Grousset et al, 1993, 2000, 2001; Andrews et al, 1994,
Manighetti et al., 1995; Zahn et al., 1997; Cortijo etal., 1997; McManus et al., 1998;
Veiga-Pires and Hillaire-Marcel, 1999; Snoeckx et al., 1999; Bard, 2000; Hemming,
2004; Jullien et al., 2006; Rashid et al.,, 2012). This IRD material is thought to have
been transported by ‘armadas’ of icebergs supplied by the circum-North Atlantic ice
sheets (Broecker, 1994). These layers occur at the end of D-O cold phases with SST
cooling events of increased severity (though this change in intensity is not expressed
in the Greenland ice core records) (Bond et al., 1993; Rahmstorf, 2002). An additional
Heinrich layer (5a) at 52.5 ka BP was identified at eight sites in the Northwest Atlantic
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and Labrador sea by Rashid et al. (2003a). The Younger Dryas event at 12.9-11.6 ka
BP is thought to have similar characteristics to Heinrich events see Bond et al. (1993),
and is often referred to as HO as in Andrews et al, (1995).

These two types (D-O cycles and Heinrich events) of climate variability characterise
the last glacial in the North Atlantic and occurred in earlier glacial periods (e.g.,
Martrat et al., 2007; Hodell et al., 2008; Barker et al., 2011; Naafs et al., 2013b). The
rapid nature of this type of climate variability makes it important to understand the
mechanisms that force these abrupt changes, to improve our understanding of the
dynamics and the full range of climate variability. The abrupt nature of Heinrich
events, the enigma surrounding their cause and the extent of their impact make them

a focus for research into cryosphere-ocean-atmosphere interactions.

1.2.1 Characterising Heinrich events

Typically, Heinrich layers of the last glacial are split into Hudson Strait (HS)
Heinrich layers, which are classed as cemented marls (Heinrich 1988; Hemming,
2004) and originated in the Hudson Strait, these include H1, H2, H4, and H5. The H3
and H6 events are different to the HS events: in the Labrador Seaand Western Atlantic
these have a Hudson Strait origin (Grousset et al., 1993; Bond and Lotti, 1995; Rashid
et al., 2003b; Rasmussen et al., 2003). However, in the Eastern Atlantic H3 and H6
consist of IRD from Greenland and European origin (Grousset et al., 1993; Gwiazda
etal, 1996a; Snoeckx et al., 1999; Hemming, 2004). As well as the increase in coarse
lithic proportions, the Hudson Strait Heinrich events are associated with changes in
magnetic susceptibility (Grousset etal., 1993; Dowdeswell et al., 1995; Watkins et al.,
2007), inputs of detrital carbonate (e.g. Andrews and Tedesco, 1992; Bond et al., 1992;
Andrews et al., 1998; Hodell and Curtis, 2008), and a Paleoproterozoic to Archean
age of the sediments deposited (e.g., Gwiazda et al., 1996b; Hemming et al., 1998)
and low €Nd (<-16) an indicator of an older continental source (Grousset et al., 1993;
Hemming et al., 1998; Snoeckx et al., 1999; Revel et al., 1996). Heinrich events cause
substantial freshening and cooling of the temperate North Atlantic surface waters
(Bond et al., 1993; Maslin et al., 1995; Cortijo et al., 2005; Benway et al., 2010).

Heinrich events are associated with decreases in the strength of the AMOC (Prins et
al., 2002; McManus et al., 2004; Hall et al., 2006; Lippold et al., 2012; Jonkers et al.,
2012a; Thornalley et al, 2013), reduced influence of Glacial North Atlantic
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Intermediate Water (GNAIW) and northward incursion of Southern Component Water
(SCW) although the phasing between the ocean and ice sheet is still under debate
(Keigwin and Lehman, 1994; Vidal et al., 1997; Zahn et al., 1997; Elliot et al., 2002;
Lynch-Stieglitz etal., 2014; Oppo et al., 2015). Heinrich events have been associated
with rises in sea level of up to 35 m (e.g., Rohling et al.,, 2008; Siddall et al., 2008)
however this is contested by Arz et al (2007), which suggests that the phasing of the
sea level rises is in phase with interstadials. Heinrich events also coincide with changes
in global wind patterns (Porter, 1995; Wang et al., 2008), and potentially a global
impact on the hydrological cycle (Treble et al., 2007; Rohling et al., 2009; Weldeab,
2012).

1.2.2 Duration of Heinrich events and their position in the last glacial cycle

Heinrich events are irregularly spaced between 5-14 kyr apart but on average
approximately 7.2 kyr apart (Sarnthein et al., 2000). Table 1.1 shows the timing of
Heinrich events from several studies, though the timing of Heinrich events is
surrounded by a great deal of uncertainty (Rohling et al, 2003 Sanchez Goni and
Harrison., 2010). Heinrich layers are characterised by sharp bases, an indication of the
rapid onset of the Heinrich events (Hemming et al., 1998; Hemming, 2004). As
bioturbation of sediment layers acts downwards, dates from the base of the Heinrich
events yield maximum ages as the coarse IRD prevents top down bioturbation.
Equally, the only age that can be achieved for the end of the Heinrich event is a
minimum age because bioturbation mixes the sediments above the event (Hemming
2004), hence it is hard to accurately constrain their duration. However, there are clear
indications that the duration of Heinrich events varies at different sites (see summary
in Table 1.1): H1 to H6 could have durations of between 0.4k.yto 2.2k.y (Elliot etal.,
2001; Rohling et al., 2003; Hemming, 2004, Sanchez Goni et al., 2009).

Heinrich events that occurred at different stages of the last glacial have different
initial conditions, and modelling experiments have shown that the initial conditions
can affect the duration and source of IRD (Prange, 2004). H6 and H5 occur early in
Marine isotope stage (MIS 3), when July insolation at 65°N is relatively high, global
ice volume is lower than during the glacial maximum and sea levels are higher (Siddall
et al., 2008) and IRD records indicate that the North Western European
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Table 1.1 Timing and duration of Heinrich events, n = number of studies included
in the mean, * original source is Bond et al.(1992,1993) based on radiocarbon dates
*original source is Meese et al. (1997). Dates from Sanchez Goni and Harrison
(2010) are based on GICCO05 chronology and are the length of Heinrich Stadials.

Event Hemming Mean range Elliot et al Sanchez Duration
(2004) duration 2001, 2002 (**C Goni and (kyr)
(kyr) (n) ka BP) Harrison
(2010)
H1 16800* 1410 (8) 531. 13.4-15.1 15.6-180 24
H2 24000* 1600 (8) 521 20.4-22.1 24.3-265 2.2
H3 31000* 1800 (3) 800 26.1-27.4 31.3-32.7 1.4
H4 38000* 2140 (4) 965 33.9-34.9 38.3-40.2 1.9
H5 45000* 434 (1) - - 47.0-50.0 3.0
H6 60000* 7000 (1) - - 60.1-63.2 3.1

ice sheet (NWEIS) is small (e.g., Scourse et al., 2009). H4 occurs mid MIS 3 when
there is an intermediate level of ice volume and low level of variation in insolation
forcing (Cortijo et al., 2005). H3 and H2 occur in a period of high ice volume, and H1
occurs in a period of high ice volume and increasing insolation values just prior to
deglaciation. Differences in the background state of the AMOC also affect the severity
of the change in AMOC during Heinrich events (Lynch-Stieglitz et al., 2014).

1.2.3 Potential mechanisms

Since the abrupt variability of the last glacial and Heinrich events were discovered,
there has beena lively debate on their potential causes. Potential mechanisms relate to
ice sheet dynamics, including internal instability of the Laurentide ice sheet
(MacAyeal, 1993; Clarke et al., 1999; Papaet al., 2005; Marshall and Koutnik, 2006),
the build-up of buttressing ice shelves during cooling and collapse during climate
amelioration (Hulbe, 1997; Hulbe et al., 2004; Alley et al., 2006; Alvarez-Solas and
Ramstein, 2011) and internal oscillations in the ice sheet-climate system (e.g., Calov,
2002). Others have suggested that the AMOC acts as an amplifier of the Heinrich
events (e.g., Zahn etal., 1997). Marcott et al. (2011), suggests that there is a subsurface
ocean warming during a Heinrich event as a result of the reduction in the northward
flow of the AMOC, this warms the base of the ice shelf causing a surge of the

buttressed ice stream.
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1.2.4 Contrasts between the IRD beltand the ice sheet margins

Outside of the IRD belt and the Heinrich event intervals, there are varying sources
of IRD; Greenland and European sources dominate the North and Eastern Atlantic,
whereas North American inputs dominate the Labrador sea and the Western Atlantic
(Revel et al., 1996; Grousset et al., 2001). However, several studies on the European
margins have shown an input of LIS material during Heinrich events. Sites at the
Goban Spur, the Porcupine Seabight, Rosemary Bank and Celtic Margin all have an
mput of ‘detrital’ or ‘dolomitic’ carbonate during H1, H2, H4 and H5 (H5 is observed
at the Porcupine Seabight and Goban Spur only (e.g., Scourse et al., 2000; Peck et al.,
2007; Knutz et al., 2007; Hall et al., 2011; Scourse et al., 2009). Dolomitic/detrital
carbonate has been found across the North Atlantic during Heinrich events and is
thought to correspond to dolomitic carbonate that underlies the Hudson Strait
(Andrews and Tedesco, 1992; Bond et al., 1993), however there are local Palaeozoic
carbonates that may be identified as dolomite in the British Isles so this is far from
conclusive. The interpretation of the carbonate input during Heinrich events is
supported by evidence from “CAr/°Ar ages of hornblende grains which have similar
ages to sediments underlying the Hudson Strait (Peck et al., 2007), and Nd and Sr
isotopes which confirm the presence of a low €Nd (<-16) and high Sr input during
Heinrich events at the Porcupine Seabight, Barra Fan and Celtic Margin (Auffret et
al., 2002; Leigh, 2007; Peck et al., 2007).

Snoeckx et al., (1999) and Grousset et al. (2000) have suggested that there are
European ‘precursors’ to Heinrich events. In this scenario ice rafting from the LIS (the
Heinrich event) is preceded by 1-1.5 Ka by deposition of European ice sheet derived
material. It is thought that these precursor events acted as a trigger for the release of
icebergs from the LIS through atmospheric forcing. Another perspective on the
precursor hypothesis is that the European inputs that occur prior to Heinrich events
are part of D-O cyclicity (Bond etal., 1992), and many sites from the Nordic seas have
records of IRD and 880 which have a similar expression to the D-O cycles observed
in the Greenland ice core record. Subsequent studies (Peck et al., 2007; Scourse et al.,
2009; Haapaniemi et al., 2010) support the proposal that these precursors are likely to
be part of D-O cyclicity rather than unique to Heinrich events, as IRD from the BIIS
is deposited throughout the stadial with IRD associated with the LIS appearing
towards the end of a Heinrich stadial.
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1.3 What can we learn from the fine fraction?

The techniques used to characterise the IRD focus largely on the ‘operationally’
defined classification of coarse fraction material (>150um), due to the likelihood of
post-depositional transport of smaller fractions. However, there is a tacit assumption
that no bias is introduced by the exclusion of finer fractions (Hemming 2004). Glacial
abrasion results in large amounts of clay and silt-sized particles and in fact, the sand-
sized fraction (63 to 2000pm) is the least abundant of glacier derived sediments
(Andrews, 2000). Silts and clays can be transported further than sand-sized material
and may indicate the presence of ice over a large spatial and temporal range than sand-
sized material. For example in distal settings it is likely that the majority of coarse
material has already melted out of the icebergs (Dowdeswell et al., 1998), as clay-
sized detrital carbonate does not flocculate readily and may be transported greater
distances than coarse-fraction IRD (Hodell and Curtis, 2008).

In ice proximal sites (<300 m from the ice sheet) from the Labrador Sea Heinrich
events are associated with graded mud facies with IRD grains, indicating the lofting
of fine sediment grains (Hesse et al, 2004). These sedimentary facies from the
Labrador Sea indicate that Heinrich events start with an input of fine material through
melt water and turbidity flows (e.g., Hesse and Khodabakhsh, 1998; Hesse et al., 2004;
Rashid et al., 2012). Similar sedimentary facies have been observed during H1 at the
Celtic margin (Zargossi et al., 2001). By using the fine fraction, it may be possible to
trace sediment plumes and finer IRD near the European margin and across the North
Atlantic prior to IRD inputs. Outside the IRD belt where Heinrich layer markers are
not evident in coarse-grained lithic proxies, using 5180 of fine fraction carbonates may
help to identify Heinrich events (Hodell etal., 2010).

1.4 Aim and outline of thesis

The owverall aim of this study is to further the understanding of the sources and
deposition of sedimentary inputs transported primarily by ice rafting and mekwater,
to the open ocean and how this may impact on surface hydrography and ocean

circulation.

This thesis focuses on the temperate North Atlantic during abrupt climate changes,

particularly Heinrich events, of the last glacial, and seeks to further the knowledge of
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freshwater forcing in the North Atlantic. This will be achieved through geochemical
and grain size analysis of fine fraction material from two sites, SU92-09 from the IRD
belt, which is expected to show a ‘typical’ response to Hemrich events. The second
site is MD04-2829CQ which is proximal to the BIIS and the coarse fraction petrology
of the core demonstrates a LIS input (Hall etal., 2011). This site will provide a record
of BIIS variability through the Heinrich events and the last glacial. Comparing changes
in the fine fraction alongside co registered proxy records of IRD flux and changes in
ocean hydrography will allow further insight into possible mechanisms and impacts

for these abrupt climate changes.
The objectives are to:

I Investigate changes in the supply of fine glaciogenic material to the margins of

the BIIS over the last glacial during abrupt climate changes;

ii. Contrast the supply of glaciogenic material between the BIIS margin and the
IRD belt;

iii. Understand changes in source of glacial flour over Heinrich event 2 and

Heinrich event 4;

The thesis consists of seven chapters. Chapter 2 will provide a description of the
two core sites chosen for this study and provide a description, background and

justification for the analytical methods used.

The following four chapters will present and discuss the results obtained in this
study. Each of the chapters 3,4, and 5 focuses on a different aspect of the fine fraction
sediment composition and contrasts the processes and inputs occurring in the IRD belt
with those at the margins of the BIIS. Chapter 6 is a mini-chapter, which presents and

discusses new contextual proxy data from site SU92-09.

Due to differences in the particle size profiles between hemipelagic and glacially
derived material it is possible to identify ice rafted compared to current sorted material.
Chapter 3 will examine whether increased IRD and meltwater inputs to the fine
fraction have a discernible effect on the particle size distribution of the <63um

fraction.
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Inputs of detrital carbonate to the North Atlantic IRD belt are a primary identifying
feature of Heinrich events, by using bulk fine fraction &80 detrital carbonate
transported by meltwater and icebergs. Chapter 4 will identify shifts in the transport
of fine fraction (<63um) detrital carbonate to an ice sheet distal environment (the IRD
belt) and ice proximal environment (Rosemary Bank) to better understand the
depositional regimes of ice sheet over the last glacial period between 18-41 ka BP in

response to abrupt climate change.

Chapter 5 will reconstruct changes in the source of IRD and meltwater sediments
of <2um fraction material over H2 and H4 using radiogenic Nd Srand Pb at the British
Margin and in the IRD belt. Heinrich events are associated with changes in the Nd, Sr
and PDb isotope ratios in coarse fraction IRD, which indicate a change to a
Paleoproterozoic to Archean aged source thought to be the Hudson Strait of the LIS.
Using the <2um fraction it should be possible to trace inputs of sediment from melt

water plumes and ice rafting.

Chapter 6 will present new foraminifera benthic and planktonic stable isotope
records from site SU92-09 to reconstruct surface and bottom ocean conditions during

the last glacial in response to abrupt climate change.

Chapter 7 is asynthesis of the primary themes in this thesis summarising the main

conclusions and opportunities for further work.
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2 Materials and methods

2.1 Studysites oceanographicsetting

Two sites were examined in this study, the first site consists of marine sediment
core MD04-2829CQ from Rosemary Bank in the Northern Rockall Trough. This site
is distal to the main ice rafted debris (IRD) deposition belt as defined by (Ruddiman,
1977), but proximal to the British and Irish Ice Sheet (BIIS). The second site, marine
core SU92-09, lies within the main IRD belt as shown in Figure 2.1. The two sites
were chosen to encompass the large variability in IRD deposition and oceanographic

conditions across the eastern North Atlantic.
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Figure 2.1: Sketch map of the North Atlantic region. Showing the location of core
SU92-09 and MDO04-2829CQ in relation to the ice sheets (Laurentide ice sheet,
(LIS), British and Irish ice sheet, (BIIS), Icelandic ice sheet (11S), and Greenland
ice sheet (GI1S)) at the LGM (Bond et al., 1992), the IRD belt (with 200 grains cm-2
ka-1 dotted contours) (Ruddiman, 1977) and the LGM surface circulation (Watkins
et al., 2007).
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2.1.1 Northern Rockall Trough

Marine sediment core MDO04-2829CQ (58° 56.93” N; 09° 34.30° W; 1743 m water
depth, (Figure 2.2) was recovered during a reoccupation of the DAPC2 site (Hall et
al., 2006; Knutz et al., 2007) acquired during the SEQUOIA (Sequencing Ocean

— -

20°W 15°W 10°W 5°W 0°w

Figure 2.2: Annotated map showing site MD04-2829CQ (red cross) and modern
major deep ocean water masses; Nordic Seas Overflow Water (NSOW) and North-
eastern Atlantic Deep Water (NEADW), and warm surface water mass the North
Atlantic Drift (NAD), from McCartney (1992) and Hall et al.(2011). Maximum
extent of the British and Irish Ice sheet from Clark et al. (2012). White arrows
denote major ice streams I= the Irish ice stream, B = Barra Fan ice stream,
M=Minch ice stream and N=Norwegian channel ice stream from Scourse et al.
(2009) and references therein.
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Ice Climate Interaction in the NE Atlantic during the Last Glacial) program. The
intention was to extend the DAPC2 record beyond MIS (Marine Isotope Stage) 2 (Hall
and Scourse, 2005). The site is located on a contourite sediment drift and under the
modern ocean configuration, is subject to two main deep-water masses. The Nordic
Seas overflow water (NSOW) that flows over the Wyville Thomson ridge and a
recirculation of North Atlantic deep water (NADW), which flows from the south
(McCartney, 1992) see Figure 2.2. Northward flowing surface waters at the site are
sourced from the North Atlantic Drift current (NAD). The MDO04-2829CQ core was
recovered away from the main continental slope, near to the Sula Sgeir Trough Mouth
Fan sourced from the Minch Ice stream (Scourse et al., 2009). The core site is situated
in an ideal location to assess sedimentary inputs from the British and Irish Ice Sheet
(BIIS) as it is proximal to the Minch ice stream (Bradwell and Stoker, 2007; Stoker
and Bradwell, 2005) and the Barra Donegal Fan, a glacially fed trough mouth fan
(Armishaw et al., 2000). Previous palaeoclimate reconstructions from the site include
those from DAPC2, focused on the last deglaciation (Hall et al., 2006; Knutz et al.,
2007), and from MD04-2829CQ published in Hall et al. (2011) extending back to ~41
ka BP. The latter data will be indicated when compared to data from this study, these
include; IRD and faunal counts, faunal SST estimates, foraminifera stable isotopes and

hornblende ages.

2.1.1.1 Age model for core MD04-2829CQ

The age model for core MD04-2829CQ was originally published in Hall etal. (2011)
and is based on 21 radiocarbon dates from samples of Neogloboquadrina pachyderma
(N. pachyderma) and one from a sample of Globigerina bulloides (G. bulloides).
Radiocarbon dates were converted to calendar years using the model of (Fairbanks et
al, 2005) assuming a constant reservoir correction of 400 years

(www.radiocarbon.ldeo.columbia.edu). This reservoir correction of 400 years is

consistent with modern local estimates for 40°~70°N in the North Atlantic (Hall et al.,
2011).

2.1.1.2 Age model tuning
Originally, core MD04-2829CQ was tuned to the 880 record of the GISP2 ice
core in Hall et al. (2011). This differs from the age model constructed in Scourse et al.

(2009), which is based on stacked records of the abundance of the planktonic
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Figure 2.3: Age and sedimentation rate for core MD04-2829CQ. Original GISP2
model in black, GICCO05 model in red, calibrated radiocarbon dates in blue.
foraminifera N. pachyderma, with differences between the two age models in

excess of 3 ka towards the earlier part of the record. The age model of Hall etal. (2011)
benefits from independent constraint provided by the Laschamp excursion (~41 ka
B.P.) identified in the magnetic record. The Hall et al. (2011) chronology is also closer
to the calibrated radiocarbon ages with a reservoir of between 400 and 1700 years.
The age model of Scourse et al. (2009) requires a AC reservoir in excess of 3000
years, whereas glacial marine reservoir estimates for sites close to the British margin
are typically ~ 1500, e.g., DAPC2, (Knutz et al., 2007) or 2000 years at MD01-2461,
(Peck et al., 2006). Here, minor modification to the Hall et al. (2011) age model for
MDO04-2829CQ have been made by migrating the tie points of the GISP2 tuned age
model from the NGRIP core using the algorithm from Obrochta et al. (2014) as shown
in Figure 2.3. The average resolution of the age model is 256 years, and varies

between 395 years at its maximum and -216 years at its minimum.
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Figure 2.4: Age Model of core MD04-2829CQ updated to GICCO05 age model
(Andersen et al., 2005) using NGRIP tie points. 4; The NGRIP 6*80 curve on the
GICCO05 age model in blue, GISP2 680 original age model in red (Grootes and
Stuvier, 1997). B; The N. pachyderma abundance (%) (Hall et al., 2011) shown in
red using the original tie points to GISP2 and in blue using tie points migrated onto
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the GICCO05 age model using Obrochtaet al. (2014) algorithm; C; GISP2 680 curve
with original tie points indicated D:, The N. pachyderma abundance (%) in red with
tie points and the radiocarbon ages indicated in triangles, E; NGRIP 680 curve on
the GICCO5 age model with the tie points to the MD04-2829CQ curve indicated.
This is well within the range of uncertainty of the age model for the GISP2 core

of 2% (360-800 years.) (Meese et al., 1997). Figure 2.4 also demonstrates that tie
points from core. MD04-2829CQ to GISP2 can be tied to corresponding features in
the NGRIP 180 curve. The age model gives sedimentation rates of between 6 and 32
cm ka! prior to 23 ka BP and higher sedimentation rates of between 37 and 143 cm
ka! after 23 ka BP (see Figure 2.3).

2.1.2 IRD Belt

Marine sediment core SU92-09 was recovered during the second leg of the
PALEOCIMAT cruises and is located at 44°59.70N 23°38.95W and 3270 m water
depth (Cortijo et al., 1997). The site is positioned at the south-eastern edge of the IRD
belt, and well placed to assess inputs from the Laurentide ice sheet to the Eastern North
Atlantic and contributions from the Greenland, Icelandic and Northern European ice
sheets (Grousset et al., 1993; Hemming, 2004).

e
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L N

U

1308
4

Ocean Data View
Figure 2.5: Annotated map showing site SU92-09 (red cross), and site U1308 (black

diamond) (Hodell et al., 2008). Ice sheets mean IRD paths (purple arrows) (Naafs
et al., 2013b) and the IRD belt (black dashed line) (Ruddiman, 1977) the NAD
current isshown in orange (Watkins et al., 2007) white arrows are major ice streams
H= Hudson Strait ice stream and G is the Gulf of Saint Lawrence ice stream.
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Previous study of the core provides magnetic susceptibility data and greyscale for

the entire core and % IRD counts over Heinrich event 4, from Elsa Cortijo pers. comm.

2.1.2.1 Age model for core SU92-09

In the absence of radiocarbon dates, the chronology of SU92-09 is based on
correlation of the magnetic susceptibility curve from SU92-09 to the magnetic
susceptibility curve of nearby core U1308 also in the IRD belt (Hodell et al., 2008)
(Figure 2.5).
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Figure 2.6: Sedimentation rates and age depth model for core SU92-09 tuned to
U1308.

Though there is a level of subjectivity in correlating curves in this way, several
studies have used changes in magnetic susceptibility to match cores within the IRD
belt, as changes in magnetic susceptibility form a distinct marker that in this region
the North Atlantic (e.g., Channell et al., 2012). The correlation was achieved by taking
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the midpoints of matched peaks and minima in the two magnetic susceptibility curves
(Figure 2.7). The chronology for U1308 is based on Hodell et al. (2008) which used
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Figure 2.7: Age model tuning for core SU92-09 based on tie points between the
magnetic susceptibility records from core U1308 (Hodell et al., 2008) and SU92-09.
A: magnetic susceptibility curve from U1308 B: magnetic susceptibility curves from
both cores plotted against age, C: floating magnetic susceptibility curve from SU92-
09.

radiocarbon dates (Bond et al., 1993) and tuning to the SFCP04 (Shackleton et al.,

2004) and LRO4, (Lisiecki and Raymo, 2005) model (see Appendix 1). The tuning
between the cores was carried out using linear interpolation using the program
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Analyseries 2.0 (Paillard et al., 1996); the resulting fit between the two magnetic
susceptibility records has an R? value of 0.717. The sedimentation rates based on the

age model are 2 and 8 cm ka't, see Figure 2.6.
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2.2 Methodology

The aim of this section is to describe and justify the methods that were used to

derive the proxy records in the subsequent chapters.

2.2.1 Particle size measurements

Particle size holds diverse information about the sediments deposited in particular
in relation to the source of the material and the method of deposition (McCave, 2007).
Sewveral instruments infer particle size, the sedigraph, the coulter counter, and Laser
particle sizers each with their own advantages/constraints (McCave and Hall, 2006;
Jonkers et al.,, 2009). The coulter counter is a resistance pulse counter, and works on
the principle that as a particle passes through the aperture which is in an electric field
maintained in electrolyte, there will be achange in voltage proportional to the volume
of the particle (Bianchi et al., 1999). There are assumptions associated with this
method, i.e. particles are spherical and based on the volume of quartz, which is often
not the case, particularly with clays. Measurements of particle size in the 5-63um
decarbonated fraction (removing biogenic carbonates that were produced in situ, and
lithic carbonate which only makes up a small proportion of the sediments) were
undertaken to evaluate changes in detrital particle size over the last glacial in cores
MD04-2829CQ and SU92-09.

2.2.1.1 Sample processing

A total of 163 samples in 1 cm slices at ~2cm resolution were processed from core
MDO04-2829CQ and 78 samples at between 1 and 2 cm resolution from core SU92-09.
Sample preparation follows the method of McCave et al. (1995). In order to remove
carbonates between 3 and 4 mg of dried <63 pm fraction of the samples was leached
in 200 ml of 2M acetic acid for at least 24 hours, and settled in glass jars. This was
repeated once. The samples were then washed in 500 ml of deionised water to remove
traces of acetic acid. To remove biogenic silicates the samples were then leached in
sodium carbonate for 5 hours at 85°C and washed in deionised water twice to remove
traces of sodium carbonate. A solution of 2% sodium hexametaphosphate (calgon)
was added to the remaining terrigenous residues and samples were spun to
disaggregate. Each sample was sonicated for 2 minutes prior to duplicate analyses
using a Beckman Coulter Multisizer I11. Samples were run at a concentration of 2-4%,

and 300,000 counts were taken from each sample between 5-63um in 50

21



Materials and methods

logarithmically spaced size bins. Samples were run in duplicate, if the difference
between sample means was greater than 0.3, samples were rerun to ensure fidelity of

the results.

2.2.2 Stable isotope analysis

2.2.2.1 Oxygen and carbon isotopes in detrital carbonate

The 580 values of sedimentary carbonates become progressively depleted in 180
relative to Pee-Dee Belemnite with age such that, marine carbonates of Cambrian age
have 5180 values of ~ -8 %o compared to modern values of > 0 %o (Veizer etal., 1999;
Faure and Mensing, 2005). This is result of a combination of re-equilibration of 5180
ratios of carbonate in sedimentary rocks with meteoric water, which acts to deplete
180 in carbonates, and higher ocean temperatures when the calcite was initially
precipitated (Faure and Mensing, 2005). Based on the observed difference between
Quaternary and Proterozoic aged carbonate oxygen isotopes, bulk oxygen isotope
measurements have been previously used to represent the changing proportions of
abiotic (lighter 6180)and biotic components (heavier 5'80)of Quaternary marine (e.g.,
Balsam and Williams, 1993) and lacustrine sediment ( e.g., Leng etal., 2010).

Hodell and Curtis (2008) utilised this concept to identify Heinrich events using
changes in oxygen and carbon isotope values of bulk marine sediment samples. The
assertion made by Hodell and Curtis (2008) is that during Heinrich events, sediments
are characterised by an increased input of IRD from Palaeozoic limestones and
dolomite that underlie the Hudson Strait sector of the LIS, which decreases the 5180
of bulk sediment samples. Hodell and Curtis (2008) found that Hudson strait Heinrich
events (1, 2,4, and 5) had mean 3180 values of ~ -5 %o compared to background glacial
values of ~2-3 %o. Over time changes in 680 of N. pachyderma (representing the
biogenic inputs to the sediment) and in the 5180 of lithic grains are relatively small in
comparison to the shifts in the bulk 3180 that are observed at sitt U1308 Hodell and
Curtis (2008) as shown in Figure 2.8. This method has been extended to site U1303
(Channell and Hodell, 2013) and site JPC-13 (Hodell et al., 2010) and is able to
identify a detrital carbonate input correlative with Heinrich events even when no

detrital carbonate is recovered from the >150um fraction as at site JPC-13.
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Figure 2.8: 680 of bulk carbonate (red) at Site U1308. Black diamonds
represent 6180 of N. pachyderma (sinistral) and blue circles showing the 680 of
individual detrital carbonate mineral grains picked from Heinrich layers. Redrawn
from Hodell and Curtis (2008) with permission from Elsevier.

Chapter 4 of this thesis will use 680 of the fine fraction (<63pm) to identify periods
of fine-grained carbonate input, building upon the premise of Hodell and Curtis
(2008), that the biogenic and lithic components have very different isotopic values and
that this can be used to highlight periods when inputs of detrital carbonate are high
such as Heinrich events. This will allow the examination of the extent of the Heinrich
layers, in <63um fraction compared to that shown by IRD counts on the coarse lithic

fraction.

2.2.2.2 Sample processing for bulk and fine stable isotopes

Samples of pre-dried fine fraction (<63 pum) sediments from core MD04-2829CQ
and core SU92-09 were ground to a homogenous powder using a pestle and mortar.
Samples of bulk material were excavated at 1 cm intervals dried at 40°C and ground
to a homogenous powder. Initially, several samples from each core were analysed on
the Thermo Scientific Delta-V isotope ratio mass spectrometer at Cardiff University
to roughly estimate the carbonate content of the samples in order to weigh the correct
amount of carbonate for analysis. This was approximated by comparing the area
curves of initial samples alongside standards with a range of carbonate contents from
100 - 200 pg. Carbonate inputs to core MD04-2829CQ were consistently low around
10 - 20 %, hence 1000 pg +200 pg of material was needed for each analysis. Samples
form SU92-09 were more variable between 10 and 40% carbonate, by correlating
grey-scale values and the area curve of the isotopes it was possible to estimate the %

carbonate in samples and weigh out the appropriate amount of between 300 and 1000
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pg of sample. Samples from both cores were weighed into cleaned glass vials for
stable oxygen and carbon analyses and analysed using the Thermo Scientific Delta-V
isotope ratio mass spectrometer at Cardiff University. Six drops of phosphoric acid
were injected manually into each vial to dissolve the samples and the analytical

procedure was then carried out using a GasBench 1l auto sampler.

A subset of samples from core MDO04-2829CQ was analysed on a second mass
spectrometer. In this mstance 400 pg + 40 pg of sample was weighted mnto cleaned
vials, and analysed using a Thermo MAT 252 coupled to a Kiel 2 type carbonate
preparation device. An inter-machine comparison was conducted to ensure there was
no effect from using a smaller sample size on the MAT 252. In total 32 samples were
run on both the MAT-252 and the Delta-V mass spectrometers (see Figure 2.9). To
assess the within sample variability a subset of samples were run in duplicate or
triplicate (Figure 2.9). In order to assess the consistency of results between batches,
replicate samples were analysed. A random strategy was used such that over the each
core, one replicate was used for each batch of 48 samples the results are shown in
Figure 2.10. The mean difference between samples and replicates for core MD04-
2829CQ is 0.09%o for 613C and 0.15%o (0.18 %o including outlier sample 1003) for
5180, which is <3% of the total variability of the data series. The mean difference
between samples and replicates for core SU92-09is 0.27 %o for 613C and 0.38%o for
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Figure 2.9: Bulk fine oxygen and carbon isotope inter machine comparison and
within sample variation. Top: Inter-machine comparison of carbon isotope and
oxygen isotope analyses of the fine fraction, run on MAT 252 (blue) and Delta V
(green) mass spectrometers. Box plots show the difference between samples run on
both machines (4680 and A6*2C). Bottom: variations within the same sample for
both carbon isotope and oxygen isotope analyses of the fine fraction.
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Figure 2.10: Replicate analyses from core SU92-09 and MD04-2829CQ plotted

against depth for both 6®0OriNe and 6*3Crine. Boxplots showing the difference
between samples and replicates.

880 (0.18 %o and 0.26 %o excluding sample 148), which is 15% and 5% of the total

variability of the two data series respectively. External reproducibility is based on

repeat analyses of the School of Earth and Ocean Sciences in house Carrara 1
carbonate standard is better than 0.1 %o for 80 and 0.07 %o for §13C.
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The spectrometers were calibrated through the international standard NBS-19
Equation 2.1. External reproducibility of Carrara 1 carbonate standards was better than
0.1 %o for 8180 and 0.07 %o for §13C.

Equation 2.1: 680 notation

-11x1000%o
Tl standard J

2.2.3 Foraminifera stable isotope analysis

Planktonic foraminifera are free-floating unicellular eukaryotes with calcite tests
(Pearson, 2012). Benthic foraminifera are a diverse group of foraminifera tests that
live at the sediment water interface (epifaunal) or in the sediment (infaunal).
Foraminifera are abundant in the fossil record since the Cambrian (Culver, 1991) and
their fossil assemblages as well as the geochemical properties of individual species
tests reflect aspects of the environment in which they grew, making them one of the

most widely used tools to study the conditions of past oceans.

2.2.3.1 Stable oxygen isotopes in foraminifera

The fractionation of oxygen isotopes between water and calcite is temperature
sensitive, this discovery, led to the proposal that the relationship could be used as a
palaeothermometer (Urey, 1947; Epstein et al., 1953). Subsequent work applied this
palaeothermometer to the calcite in planktonic foraminifera tests (Emiliani, 1955) and
revealed the first isotope stratigraphy of marine sediments. This relationship is
complicated by the 5180 of seawater, in the surface ocean this is affected by the local
precipitation budget, local inputs of freshwater (i.e. due to rivers/melting ice),
upwelling of water masses with a different 380 value and global ice volume (Ravelo
and Hillaire-Marcel, 2007). In the deep ocean, the seawater 6180 is affected by global
ice volume and the mixing of deep ocean water masses (Ravelo and Hillaire-Marcel,
2007). In foraminifera, in addition to the temperature dependence on isotope
fractionation (Equation 2.2) and the 5180 of seawater, other factors that affect the 6180

of foraminifera include changes in the depth habitat, seasonality, ontological effects,
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the presence of symbionts and vital effects (Ravelo and Hillaire-Marcel, 2007).
Overviews of the 8180 palaeothermometry techniques and the vital effects and
ecological factors that impact the 580 (and 813C see below) of biogenic carbonates
have been recently published (Rohling and Cooke, 1999; Sharp, 2007; Rawvelo and
Hillaire-Marcel, 2007; Hoefs, 2009).

Equation 2.2: Palaeo temperature equation (Kim and O’Neil, 1997)
T =16.1 —4.64 (6'80c — 6§0sw) + (0.09 (60c — §'80sw))?

Where T is temperature, C is calcite and sw is seawater

2.2.3.2 Stable carbon isotopes in benthic foraminifera

The 313C of benthic foraminifera tests reflects the §13C of dissolved inorganic
carbon (DIC) of the water in which the organism calcified (Ravelo and Hillaire-
Marcel, 2007). In the ocean, this is a product of nutrient distributions and air sea
exchange of carbon, such that low 613C corresponds with nutrient-rich waters and high
813C corresponds to nutrient poor waters (Lynch-Stieglitz, 2003). This is because
photosynthesis incorporates more of the lighter carbon isotope into organic matter and
this lighter 83C is released as the organic matter decomposes and sinks and enriches
the nutrient content of the deep water mass (Lynch-Stieglitz, 2003). The equilibrium
exchange between the surface of the ocean and atmospheric CO2results in higher 313C
in cold surface waters and lower 813C in warmer surface waters. This has led to 613C
being used as a tracer in benthic foraminifera typically epifaunal species such as
Cibicidoides wuellerstorfi and Planulina sp., which reflect 613C of bottom waters with
little or no offset. Factors that might cause an offset include species habitat i.e.
epifaunal (living above the sediment) infaunal (living in the sediment) and vital effects

of the species, and local productivity (Lynch-Stieglitz, 2003).

2.2.3.3 Sample processing for foraminifera stable isotopes

As down core 6180 and §13C records from the foraminifera N. pachyderma, G.
bulloides and C. wuellerstorfi are already available from core MD04-2829CQ (Hall et
al., 2011), only SU92-09 was processed for foraminifera stable isotopes in this study.
Three species of foraminifera were identified and picked in each sample to represent

different water mass properties; N. pachyderma, and G. bulloides, to represent the
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surface water masses and the benthic foraminifera C. wuellerstorfi to represent the

isotopic signature of the bottom waters at the site.

Where possible, 30 tests each of N. pachyderma from the 150-250 pum fraction and
G. bulloides from the 250-350 pum fraction to produce a statistical average. Narrow
size ranges were used to pick the foraminifera as a significant size effect is observed
in the isotope ratios of foraminifera of different sizes (Elderfield et al., 2002; Jonkers
et al., 2013). C. wuellerstorfi were not abundant in the core and between 1 and 6 tests
were run per sample as indicated in Appendix 2. The environment of benthic
foraminifera such as C. wuellerstorfi is more stable over the year so a statistical
average is less important. In some instances, there were too few foraminifera to run or
no foraminifera, these samples were excluded. Site SU92-09 has a wide variation in
the composition and percentage of detrital carbonate hence to minimise contamination
by detrital carbonate, foraminifera tests were crushed between two slides and were
cleaned by sonicating in DI water for 20 seconds and again in methanol and further
inspected under the microscope to ensure all detrital carbonate had been removed. The
tests (shells) were then analysed using the MAT 253 at Cardiff University.

2.2.4 Radiogenic isotope analysis

Decay products of long lived radiogenic systems, including Rb-Sr, Th-U-Pb, Sm-
Nd, Lu-Hf and Re-Os are widely used to date and trace geological processes, with a
wide range of applications (Goldstein and Hemming, 2003). In palaeo-climate, one of
the applications of long-lived isotopes is tracing the dispersal of detrital material
throughout the ocean. Long-lived isotope systems are useful due to their conservative
nature, retaining the imprint of the original formations age/ geochemical signature and
are not altered by deposition in sediment like short-lived isotope systems (Faure and
Mensing, 2005). This means that they can be used to locate the original source of the
material. Outlined below is the rationale behind the three long-lived isotope systems
used in this study.

2.2.4.1 Neodymium/Samarium
Samarium (Sm) and Neodymium (Nd) are rare earth elements (REE) that occur in
many silicate and carbonate minerals (Faure and Mensing, 2005). Sm-147 is

radioactive and decays by the emission of an a-particle to 43Nd. The isotope
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composition of Nd is expressed by the ratio of 143Nd/***Nd, and is expressed in epsilon
(¢) notation (DePaolo and Wasserburg, 1979) as in Equation 2.3

Equation 2.3: éNd notation
143Nd
(—144Nd) sample(t)

(143Nd
144Nd

eNd(t) = —1|x10000

)CHUR(t)

Where (243Nd/*44Nd) sample (t) is the sample ratio and (43Nd/**4Nd) CHUR (t) is
the CHondritic Uniform Reservior value (0.512638) Faure and Mensing (2005).

The ratio of #3Nd/***Nd is dependent on both the age and SnVNd ratios being
analysed. 47Sm/144Nd ratios are based on the concentrations of Sm and Nd

measured using ICP-MS (see section 2.2.5) and calculated by Equation 2.4.

Equation 2.4: Calculating 14’Sm/4*Nd ratios

H“Sm Sm
Ty g = g X 0-602
As Nd and Sm have similar radii they are not readily separated by most
sedimentary processes. Hence, the Nd-Smisotope system provides an average age of
the crustal formation of the sediments source. As Nd is more likely to enter magma
than Sm, continents have lower 43Nd/*4‘Nd than mantle sources (Goldstein and
Hemming, 2003). As ¢éNd=0 represents a bulk Earth value over time, more negative
values of e€Nd represent older continental sources and positive values represent

younger mantle sources (Goldstein and Hemming, 2003). Late Archean aged terranes

have an eNd of approximately -27 units (Hemming, 2004).

2.2.4.2 Rubidium/Strontium

Rubidium-87 is radioactive and decays to the stable isotope 8/Srby emission of a
[B-particle (Faure and Mensing, 2005). The Rubidium (Rb)-Strontium (Sr) system is
reset by many geological processes (Hemming, 2004). This is due to the difference in
radii between Rb, an alkali metal, found in association with K and abundant in
feldspars and micas, and Sr an alkali earth element, which replaces Ca and is enriched
in plagioclase and pyroxene. Due to the wulnerability of plagioclase and pyroxene to

chemical attack, Sris removed to the aqueous environment whereas the durability of
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micas and K feldspar causes Rb to be retained in the solid system (Faure and Mensing,
2005). The system is also susceptible to resetting by metamorphism (Goldstein and
Hemming, 2003), and due to the size dependence of the mineral species, carrying Rb
and Sr it is also susceptible to significant mineral sorting and grain size effects such
that the 87Sr/86Sr ratios become more radiogenic with smaller grain sizes (Gargon et
al., 2014). Whilst there is awide range in variability of Rb-Sr signal, the interpretation
is complicated due to the ability of the system to be reset and the implications of grain
size (Hemming, 2004).

2.2.4.3 Thorium-Uranium-Lead

Lead (Pb) has four stable isotopes 204Ph, 206Ph, 207Ph, and 208Ph, 206Ph, 206P is the
decay product of 238U, and 297Pb is the decay product of 235U, and 2%8Ph is the decay
product of 232Th. 294Ph is not a decay product and therefore the ratios are reported are
206pp/204phy  207ph/204ph and 206ph/204Ph, Each system has several intermediate
daughters and are the result of successive emissions of a- and B-particles (Faure and
Mensing, 2005). The system is particularly sensitive to dating sources of Archean
origin due to the long half-life of 238U. However, the Th-U-Pb system does not
discriminate between continental and mantle sources as well as the Sm-Nd and Rb-Sr

systems (Goldstein and Hemming, 2003).

Analyses of Nd Sr and Pb isotopes of the clay size <2 pm fraction material were
undertaken in order to assess the changing source of glaciogenic inputs at site SU92-
09 and MDO04-2829CQ during Heinrich events H2 and H4. Fine-fraction material can
be of mixed sources. In order to determine a source of fine fraction material it is crucial
to use more than one isotope system to examine the radiogenic signature (Hemming
2004). In this case, Rb-Sr, Sm-Nd and Th-Ur-Pb were used as these isotopic systems
distinguish between Archean and Paleoproterozoic provenance which are significant
in the North Atlantic (Hemming, 2004).

2.2.4.4 Sample processing

A total of 48 samples of 0.5-1g of sediment, from core MD04-2829CQ were
prepared for radiogenic isotope analysis. Samples were taken between core depths of
600-732 cm to represent H2 and from 916-972 cm to represent H4. From core SU92-
09 40 samples were taken to cover H2 and H4, between depths of 48-88 cm and 100-
146 cm. These were prepared from the <63 pm fraction.
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Samples were prepared following Chester and Hughes (1967), and were leached
in (i) buffered sodium acetate to remove carbonates, then (i) 1 M hydroxylamine
hydrochloride, and 25% acetic acid solution in order to remove Mn-Fe oxides, leaving
the detrital material only. This approach was preferred over a hydrochloric acid leach,
as this methodology has been shown to attack the lattice of clay minerals, and
potentially bias, in particular, the analyses of detrital Sr. It is therefore is not
recommended in low carbonate marine samples (Chester and Hughes, 1967; Clauer et
al., 1993; Revel et al., 1996). Biogenic silicates were not removed because organic
silicate content is low in samples from the North Atlantic and concentrations of Sr and
Nd in biogenic silica are low and would therefore likely have little to no impact on the
results (Revel et al., 1996). The samples were split into the following operationally
defined size fractions (i) coarse silt (63-20 pm) (i) silt (20-2 ym) and (i) clay (<2
um). The samples were wet sieved through a 20 pum mesh sieve to separate the sample
into 63-20 pm and <20 pm and then both fractions were dried. The <20 pm fraction
was then settled in a measuring cylinder to 2 um using Stokes law (Equations 1 and 2)
to split it into 20-2 ym and <2 pm fractions (Philpotts and Ague, 2009). This was
repeated until the samples were fully settled after the time required by the Stokes law
equation. The samples were then centrifuged to remove water and freeze dried

overnight.

Equation 2.5: Settling velocity

Equation 2.6: Drag co-efficient

(pr —P)g
18u

C =

From (Philpotts and Ague, 2009) Where Vs is the settling velocity, C is the drag
co-efficient, Dp is the particle diameter pp is the particle density, p is fluid density, g

Is the gravitational constant, and p is the fluid viscosity.

All radiogenic isotope measurements were carried out at Lamont Doherty Earth
Observatory, Columbia University, USA. Approximately 50 mg of the <2 pm
sediment fraction of each sample was weighed into a Teflon vial. Sample digestion

was initially carried out using a solution of 1.5 ml hydrogen fluoride and 2 ml of 8N
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nitric acid and heated on a hotplate for 12 hours at 120°C. Following initial dissolution,
it was noted that the samples contained an abundance of organic material that could
not be dissolved in this solution. In order to remove this organic material, an initial
test was carried out on sample 720 (720 cm depth core MD04-2829CQ) to check the
effectiveness of a 30% hydrogen peroxide leach overnight followed by heating to
120°C for two hours. The hydrogen peroxide leach was ineffective, hence 0.5 ml of
perchloric acid (a stronger reducing agent) was added to all samples, samples were
capped and heated at 150°C overnight and left to dry down to a residue at 180- 220°C.

In the further batches, for efficiency, samples were dissolved (i) in a solution of 2
ml hydrofluoric and 0.5ml perchloric acid at 200°C overnight and dried down, (ii) 0.5
ml of nitric acid and heated at 180°C overnight and dried down again. After sample
dissolution, the Pb, rare earth elements (REE’s), Srand Ndwere extracted sequentially
from the samples using column chromatography shown in the flowchart in Figure
2.11. Concentrations of the Nd, Sr, and Pb elutions from the samples were diluted
prior to analysis, using 3% nitric acid to solutions of 100 ppb (Pb) 80 ppb (Sr) and 50
ppb (Nd) and run using an auto sampler on the Neptune multi-collector inductively
coupled mass spectrometer at Lamont Doherty Earth Observatory. Mass
discrimination corrections were performed online using an exponential equation as
part of the automated program. Blank corrections were not carried out as
contamination of blanks was negligible. Samples were normalised to accepted
standards; 143/144Nd values were normalised to JNd-1, 87Sr/26Sr values to NIST-987

and 296pp/204ph, 207Ph/204ph and 206Ph/204Ph values to NIST-981.

Replicate analyses were conducted for core MD04-2829CQ (Figure 2.12). Sr and
Nd values are similar to those of the main data series there is a large difference between
two of the replicates of Pb data. Whilst contamination of the Pb isotopes may be a
possibility, a more likely explanation is that as the provenance age of the sediment that
small differences in the settling may result in un-mixing effects that lead to this (pers.
comms Hemming, 2015). When samples from the same settling batch are rerun they
replicate well (i.e. at depth 642 cm). However, samples that have been resettled i.e. at
depths 972 cm and 720 cm show differences. Hence, the Pb isotope ratios from
samples including depths including 646, 650, 938, 946 in core MD04-2829CQ and
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Figure 2.11: Schematic representing the steps in each phase of column chemistry.
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Figure 2.12: Plots of replicate analyses alongside data

samples 64 and 136, which were processed and settled at LDEO prior to

dissolution, should be interpreted with caution.

2.2.5 Major and Trace elements
Major and trace elemental analysis complements radiogenic isotope work on

sourcing sediments (e.g., Benson et al., 2003). A suite of major and trace elements
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were analysed, the main aim was to assess the concentration of Nd Sr and Pb in the
samples in order that a mixing model can be used to better define the source and
identify when one or more sources were present in the sample. Ratios of K/Ti and
Sc/Th were used in order to corroborate the grain size data in Chapter 3 of the clay
size fraction at both SU92-09 and MD04-2829CQ.

Samples were dissolved in asolution of 3ml 8 N nitric acid and 1 ml concentrated
(15 N) hydrofiuoric acid for each 50 mg of sample, capped and heated at 150°C. The
solution was dried down and then fumed in 2 ml perchloric acid at 200°C until all
organic material was dissolved. Samples were then transferred to bottles in 2.5ml 4N
nitric acid; a 50 times dilution of the sample. Two samples were initially measured to
assess the amount of each element likely to be in the sample set, and a standard
solution was prepared based on these concentrations consisting of the elements to be
determined (see Appendix 3).

To measure the major and trace elements 250 pl of sample was transferred to a test
tube, and a spike of 20l of 1 ppm Indium solution was added and 10.5 ml of a solution
of 3% nitric acid and 0.1% HF. In order to calculate a standard curve a set of 6
standards were prepared with 250 Wl of a different sample in each with 0, 100, 250 and
5004 of the standard solution respectively topped up to 10.75 ml with acid. To assess
the drift in measurements owver the course of the run, a standard was prepared. An
aliquot of each sample was run onthe Quadrupole ICP-MS for minor element and the

ICPMS for major elements at Lamont Doherty Earth Observatory.

2.2.6 Numerical analysis

2.2.6.1 Pearson correlation

Pearson correlation coefficients are widely used to test the level of fit between two
variables. However time series data is subject to serial correlation where the time
series correlates to previous sections of itself, and data is often non-parametric,
estimating confidence in the results is problematic (Mudelsee, 2003). The PearsonT3
programme provides the correlation coefficient between two climate time series with
bootstrap confidence intervals to overcome this issue. As persistence reduces the
effective data size, substantially more data are required. In this thesis, it will be used
in Chapter 3 with data from site MD04-2829CQ.
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2.2.6.2 Geochemical mixing model

Geochemical mixing models can be used to constrain the proportions of each
source region that is contributing to a sample. A geochemical mixing line will be used
to identify the key trends in the data. Using the concentrations of Nd, and Sr, in
addition to the 144N d/**3Nd, 87Sr/86Sr, ratios from this study and from potential sources
an IRD source model will be constructed to better constrain the potential source

contributions.

2.2.6.3 Un-mixing grain size data

Sedimentary compositional data such as particle size and magnetic data is a
composite of several different processes or sources which can be seen as endmembers
(Weltje, 1997). End-members can be viewed as fixed components that when mixed
together in various proportions can reproduce the measured data set (Heslop et al.,
2007). The aim of un-mixing sedimentary data is to derive environmentally
meaningful data by finding the proportion each of the end-members that contribute to
a sample. The diffuse reflectance spectrophotometry DRS un-mixer programme uses
a non-negative matrix factorisation technique to derive end-members this means it can
be used when the end-members are unknown and allows additive estimation of end-
members (Heslop et al., 2007). In this study the DRS un-mixer available from

http://people.rses.anu.edu.au/heslop d/ will be used to derive endmembers from grain

size compositions in order to identify the relative influence of depositional processes
(i.e. ice rafting, sediment sorting) over time atsite MD04-2829CQ and SU92-09.
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3 Changing grain size as an indicator of IRD in the fine

fraction

3.1 Introduction

The large circum-North Atlantic ice sheets, were a significant contributor to the
supply of continental material to the North Atlantic Basin during the last glacial
(Andrews and Principato, 2002). The glacial erosion associated with these ice sheets
supplied sediments to the deep ocean via transport by icebergs, turbidity currents and
nepheloid layers (e.g., Dowdeswell and Scourse, 1990; Syvitski et al., 1996; Hesse et
al., 2004). Much of the work used to quantify inputs from ice sheets has focused on
the >150um fraction of the sediments (e.g., Bond et al.,, 1992; 1993; 1997; Grousset
et al, 1993; McManus et al., 1994; Bond and Lotti, 1995; Elliot et al., 1998; Auffret
et al., 2002, Peck et al., 2007; Scourse et al., 2009; Hall et al 2011; Zumaque et al.,
2012). This operationally defined size fraction is used to exclude any non-ice-rafted
material, based on the assumption that the only way sediments >150um can reach the
open ocean is through ice rafting (e.g., Hemming, 2004). However, this eliminates the
majority of glaciogenic sediments which are derived from the <63um fraction
(Andrews and Principato, 2002; Fagel and Hillaire-Marcel, 2006). This thesis focusses
on characterising the source of material in the <63pum and <2um fraction, presumed
to be glacially derived, and transported by ice rafting and associated mektwater plumes.
However, it is difficult to exclude other methods of transport of fine sediments such
as bottom current remobilisation and aeolian inputs. In this chapter the aim is to use
the particle size distributions (PSDs) of the 5-63um fraction of sediments in
conjunction with elemental analyses of the <2um fraction of the sediments, to
elucidate the potential modes of transport of the sediment deposited in the fine fraction
at the sites SU92-09 and MD04-2829CQ.

3.1.1 Particle size distributions

Particle size distributions (PSD) reflect the transport and depositional environment
of sediments and are potentially useful palaeo environmental tools (Weltje and Prins,
2003). Factors acting upon the final particle size distribution of the sediment include;

the mode of deposition, transport, the particle size distribution of the sediment source
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and the distance the sediment has been transported (Weltje and Prins, 2007). Processes
of transport, deposition and erosion are selective, favouring particular particle sizes
therefore sorting sediments into distinct particle size ranges (Weltje and Prins, 2003).
This principle can be used to infer changes in oceanographic and atmospheric

circulation and depositional regimes over time.

Many approaches have been used to describe PSD, the simplest of which is to use
statistical attributes (mean, mode, skewness and kurtosis) (e.g. Folk and Ward, 1957;
Folk, 1966; Blott and Pye, 2001). An example that has been widely applied in
palaeoceanography, is the use of the mean particle size of the decarbonated sortable
sitt (10-63um) fraction to estimate the relative strength of bottom currents (e.g.,
McCavwe et al., 1995; Bianchi and McCave, 2000; McCave and Hall, 2006; McCave,
2007). This has been very successful in instances where the sediment is deposited by
near bottom currents, as bottom current reworking can process a greater amount of
material than is deposited by mechanisms such as ice rafting (McCave, 2007).
Sediments that have been ice rafted are largely unsorted (similar to tills), hence, where
inputs of ice rafted detritus (IRD) are large, and current sorting is diminished there
may be asignificant IRD contribution to the sortable silt fraction. This posesa problem
for SS studies near the margins of ice sheets or during Heinrich event intervals. Hass
(2002), attempted to remove the influence of IRD on the sortable silt variability by
subtracting the trend of coarse fraction IRD from the sortable silt proxy. Another
approach is to identify the presence of IRD and bottom sorted currents by using the
whole particle size distribution. This has previously been achieved using multivariate
exploratory techniques including entropy analysis (Forrest and Clark, 1989; deGelleke
et al., 2013), principle components analysis (PCA) (Davis, 1970; Andrews and
Principato, 2002; Andrews et al., 2003) and factor analysis (Klovan, 1966) however
these methods are not designed to deal with compositional non-negative data. Where
data are transformed into negative values as part of the matrix they can become
difficult to relate back to the original data and processes (Weltje, 1997). The end
member modelling algorthm (EMMA) was put forward by Weltje, (1997), the
EMMA characterises the PSD using a set of end members which mixed in varying
proportions can reproduce the observed PSD. It overcomes the problems in

factorisation and PCA by using non-negative factorization of the compositional data.
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The end member modelling algorithm is based on the following assumptions about the
data from Weltje (1997);

e The order of variables in the model is irrelevant

The observed variation in composition is as a result of linear mixing with

a superimposed measurement error;

The end member compositions are fixed

The end member compositions are as close as possible to observed

compositions

The end members are linearly independent, i.e., none of the end members
can be expressed as a mixture of the other end members
This method will be used here to examine particle size distributions of the fine

fraction.

3.1.2 Particle size distribution; uses in palaeo-environmental studies

End member modelling using the EMMA algorithm has been used in several
studies of PSD. It has been used to infer aridity by distinguishing between inputs of
fluvial and aeolian material at the Makran continental slope (M. A Prins et al., 2000;
M. A. Prins et al., 2000). In another instance it was used to demonstrate changing
influence of aeolian and hemipelagic inputs and relating this to aridity and wind
strength (Stuut et al., 2002). More recently it has been used to infer the mixing of dust
events and background sedimentation from PSD of Loess and Palaeosol sequences in
Northern China (Prins et al., 2007). EMMA has also been used to look explicitly at
IRD and current sorting from the Reykjanes Ridge in the mid-north Atlantic. This
approach was used to distinguish between current sorted and IRD deposited material
(Prins et al., 2001, 2002; Jonkers et al., 2012a). However, there are significant
differences between their approach and that taken in this study, firstly they used a laser
particle size analyser and were able to look at particle sizes between 0.15-1414 um,
and secondly the Reykjanes Ridge site is situated in a drift site which is distal to the
source of IRD.

3.1.3 Particle size changes over Heinrich events
Differences in PSDs over Heinrich events have been observed in sediments around
the Labrador Sea and the East coast of North America. Hesse and Khodabakhsh
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(1998), demonstrate that there are significant changes in the facies composition of
Heinrich event layers across the North Atlantic. Sites close to the Hudson Strait having
evidence of nepheloid layer deposits and turbidites in contrast to the sites in the North
Atlantic where Heinrich layers consist of fine suspended sediment and ice rafted drop
stones. deGelleke etal. (2013) were able to infer changes in sediment facies over H1
along the North American margin, using entropy analysis of PSDs. They demonstrated
that within 1000 km of the Hudson Strait the Heinrich events are dominated by fine
particle sediment plumes with ice rafting becoming more dominant in distal settings,
over the course of H1 winnowed deposits become more abundant. Furthermore,
studies at the European margin have demonstrated laminations and changes in
grainsize are associated with periods of ice rafting (Dahlgren and Vorren, 2003), and
in the lead up to Heinrich event 1 in particular at sites in the Southern Norwegian Sea
(Lekens et al., 2005) and Celtic margin (e.g., Zargossi et al., 2001; Mojtahid et al.,
2005; Toucanne etal., 2008).

3.1.4 Geochemical/sediment composition changes over Heinrich events

Geochemical analysis has a plethora of applications including; characterising the
parent material of sediments, the environment of deposition, and to evaluate
weathering, sorting, mixing and diagenetic alterations to the sediment (e.g., McLennan
et al., 1993; Saito, 1998; Richter et al., 2006; Bloemsma et al., 2012). It is possible to
use changing elemental ratios to demonstrate instances of continental mechanically
weathered inputs (such as IRD) to a site. For example, XRF derived Si/Sr and Ca/Sr
ratios have been employed to identify detrital layers rich in silicate and detrital
carbonate respectively (e.g. Hodell etal., 2008; Channell et al., 2012) and K/Ti ratios
have been used to demonstrate changing terrigenous sources during IRD events at the
Faeroe Drift (e.g., Richter et al, 2006). Previously the ratio of K/Ti and Th/Sc
representing shifts from a basaltic to continental source, have been used to validate the
end members models of PSD for an IRD related endmember in the North Atlantic
(Prins et al., 2001; Jonkers et al., 2012a).

This chapter presents particle size data of the 5-63um fraction from core SU92-09
and MDO04-2829CQ. Previous studies have shown the utility of particle size
distributions in understanding the transport mechanisms of sediments (M. A Prins et
al., 2000; Stuut et al., 2002; Prins et al., 2002; Arz et al., 2003; Tjallingii et al., 2008).

41



Changing grain size as an indicator of IRD in the fine fraction

The aim is to understand the contribution of various transport mechanisms to the
sediment at the Rockall trough and IRD belt sites, by un-mixing particle size data from
the 5-63pum fraction. It is hypothesised that during Heinrich events particle size will
coarsen due to increasing transport of ice rafted debris, which has a coarser grain size
profile than hemipelagic sediments (Jonkers et al., 2010), to both sites SU92-09 in the
IRD belt, and MD04-2829CQ at Rosemary Bank. By comparing the un-mixed records
from these contrasting settings, it will be possible to observe differences between the
depositional environments at the margins of an ice sheet and at the IRD belt. This will
further the comprehension of changing sediment source at each site. This may allow
the assignment of end members to environmentally meaningful processes, and to infer
how these change over the glacial and in response to abrupt climate change over H2
and H4. These data will be compared the associated compositions of elements (K/Ti
and Th/Sc) from the <2pm fraction, to assess whether there is a continental input to
the fine fraction at the same time as IRD inputs over H2 and H4 as a further validation
of the PSD based end member model.
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3.2 Results

3.2.1 Particle size distributions

In the following figures Heinrich events have been highlighted based on the ages
provided by Hemming (2004) as the centre point for H2, H3 and H4. However, at site
SU92-09 H4 occurs earlier and is centred on 39 ka BP, H1 is also earlier at SU92-09
and is centred at 17 ka BP, these dates are within the range of estimates shown in Table
1.1. Three main trends can be observed in the contour plot (n=78) of the 5-63um
particle size data from the IRD belt site (SU92-09) in Figure 3.1. Firstly, prior to H4
(46-41 ka BP) and H2 (33 to 25.5 ka BP), the distributions are poorly sorted with
similar contributions to the 5-50pm bins and with low volumes recorded in the 50-
63um range. During H4, H2 and H1 (41-38.5, 22.5-25.5and 16-19 ka BP)
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Figure 3.1: Contour plot of the differential volume of particle size vs age from site
SU92-09, based on results from the 5-63um fraction plotted with 50 bins. Particle
size is plotted on a logarithmic scale. Heinrich events are highlighted with black
outline. Shown in red is mean particle size of the 5-63um fraction and in brown the
mean sortable silt is shown. Greyscale is shown in black for reference.
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Figure 3.2: Contour plot of the differential volume of particle size vs age from site
MDO04-2829, 5-63um fraction plotted with 50 bins. Particle size is plotted on a
logarithmic scale. Heinrich events are highlighted with a black outline. Shown in
red is mean particle size of the 5-63um fraction and in brown the mean sortable silt.
IRD (>150um) abundance is plotted in grey for reference.

the particle size coarsens with distinct increases in the 10-63um fraction to 3.3%

volume and decreases in the 5-10pum range to ~1.6 %, which is concurrent with
increases in greyscale. After H2 and H4 there is a fining of the particle sizes with a
distinct increase i the percentage volume of the <10um fraction to over 3% and a

reduction in the >10um particle size volumes to <1.2%.

The contour plot in Figure 3.2 shows that at site MD04-2829CQ the particle size
distributions are generally finer than those at site SU92-09 with SS and mean particle
size of the 5-63um fraction both lower that at site SU92-09. There is a fining trend
during MIS 2 compared to MIS3, and a coarsening of the particle sizes is evident
during H2, H3 and H4 and during some but not all ice rafting events, the ice rafting
events are indicated by the IRD abundance.
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3.2.2 End member model selection

The minimum number of end members sufficient to explain the variability of a
dataset can be estimated using the coefficient of determination (R?), this represents the
variance of each particle-size class reproduced by the approximated data (Weltje,
1997; Prins et al., 2002). This is achieved by finding the inflection point of the curve
of mean R? value plotted against the number of end members that represent the true

number of end members that describe the mixture (Prins and Weltje, 1999).
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Figure 3.3: End member modelling results for site SU90209. A: R?used to estimate
appropriate number of end members. B: R?per size class for 2,3,4,5 and 9 end
member models. C: RMS between the observed particle size distributionsand the
four end member model D: The size distribution of the end members and R? (black

line, right axes) per size class for a 3-end member model, E: Four end member
model and F: five end member model.

Three potential models with 3, 4 and 5 end members for site SU92-09 from the
IRD belt are shown in Figure 3.3. Values of R? are 0.84 for a three-end member model,
0.87 for a four end member model and 0.89 for a five end member model. There is no
clear inflection point for the SU92-09 data set, however after four end members the
increases in R? are small (Figure 3.3A). Plotting the R? values for each end member
model against particle size (Figure 3.3B) demonstrates how well the model fits the
data at a particular particles size. When the R? values are plotted over the different

particle sizes, it is clear that the four end member model more adequately describes
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the data from the coarser particle sizes than the three end member model, the addition
of a fith end members does not increase the fit of the model greatly. The four end
member model shows a good fit to the observed data with 90% of the data having a
RMS value of <1 % Figure 3.3C.

At site MD04-2829CQ, (Figure 3.4) the inflection point of the mean RZcurve is

much clearer than at SU92-09 and is at four end members (Figure 3.4A). The mean
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Figure 3.4: End member modelling results for site MD04-2829CQ. A: R2 used to
estimate appropriate number of end members. B: R2per size class for 2, 3, 4, and 9
end members models. C: RMS between the observed particle size distributionsand
the four end member model. D: The variation in end members and R2 per size class
for a three end member model, E: Four end member model.

R2value for athree end member model is 0.987 indicating a good fit of the model with

just three end members, but a four end member model better describes the coarser
fractions than the three end member model. The four end member model shows a good
fit to the observed data as 95% of the samples have a RMS value of <1. Therefore, for
both site SU92-09 and MD042-829CQ the best model is the four end member model
with mean R? values of 0.87 for SU92-09 and 0.993 for MD0428-29CQ.

The four end member model of site SU92-09 (Figure 3.3E) has an end member (EM-
1) with a modal particle size of 57um (very coarse silt) and three well sorted end
members: EM4, fine silt with a modal particle size of Sum, EM3, medium silt (10pm)
and EM2, coarse silt (mode =28um), based on the classification scheme by Blott and
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Pye (2012). When plotted as a time series (Figure 3.5) it is evident that EM-1 of the
SU92-09 model increases significantly during the H2, H4, and H1 intervals, to
represent 60-70% of the variation at the site.

B =1
B EM-2
B =v-3

EM-4

End member
proportion

Figure 3.5: Variation in the particle size end member proportions over time at site
SU92-09.

The fine silt end member, EM3 dominates in the interval after H4, between 38 -34 ka
BP, and H2, between 23 to 19 ka BP (representing over 60 % of the variation). The
coarse silt and silt end members are most abundant prior to H4 and between H4 and
H2.

End member
proportion

20 25 30 35 40
Age (ka BP)

Figure 3.6: Variation in the particle size end member proportions over time at site
MDO04-2829CQ.
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At site MD04-2829CQ the end members exhibit a similar structure to those observed
at site SU92-09 with a poorly sorted end member, EML1, (coarse silt), and three well
sorted end members: EM3, fine silt (model =5.2pm), EM4, medium silt (11pum) and
EMS3, coarse silt (22um) as shown in Figure 3.4E. In Figure 3.6 it is evident that EM3
the finest end member increases over H4 and then increases over the last glacial. The
coarsest end member (EM1) is low at sitt MDO04-2829CQ accounting for less than
50% of the variability.

3.2.3 Elemental analysis

At site MD04-2829CQ (Figure 3.7) the K/Ti and Sc/Th ratios are high, ratios of K/Ti
peak at the same time as the input of detrital carbonate (DC) IRD to the site during H4
and H2.
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Figure 3.7: ratios of K/Ti and Sc/Th H2 and H4 from the <2um fraction of site
MDO04-2829CQ, A; Sc/Th ratio, B; K/Ti ratio, C; the abundance of IRD (grey) per
gram and detrital carbonate (DC) abundance (orange) Hall et al. (2011). Replicate
analyses are shown in black circles.
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At site SU92-09 there is a significant increase in the Sc/Th and K/Ti ratios over H2
and H4, corresponding with changes in fine fraction weight (<63um), which gives an
approximation of the amount of material entering the fine fraction, and magnetic
susceptibility and greyscale which give an approximation of the changing composition

of the sediments (Figure 3.8).
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Figure 3.8: Ratios of K/Ti and Sc/Th H2 and H4 from the <2um fraction of site
SU92-09, A; K/Ti ratio, B; Sc/Th ratio, C; dry weight (grey) percentage of the
<63um fraction, D; greyscale and magnetic susceptibility. Replicate analyses are
shown in black circles.
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3.3 Discussion

3.3.1 Environmental processes contributing to changes in particle size
When attributing environmental processes to the end members the follow

assumptions are made:

1. Each end member is a response of the grain size to a single process.

2. The processes that are represented by each endmember are the same over time
(i.e. IRD has an invariable composition).

3. The grain size distributions in the endmember model are not overly influenced

by single data points (outliers).

There are several processes occurring at the margins of ice sheets that would have
an impact on particle size distributions. Site MD04-2829CQ is situated on a contourite
drift and is ~50 km away from the shelf break. The processes likely to be active at this
site are sorting due to bottom currents, inputs from IRD, meltwater plumes and
nepheloid layers associated with the ice sheet, surface currents, hemipelagic drift and
aeolian transport (e.g. He et al., 2008) as shown in the schematic in Figure 3.9. At site
SU92-09, the potential processes are IRD transport, hemipelagic fluxes, nepheloid

layers, aeolian inputs and abyssal currents.

Ice sheet Aeolian Inputs

Pelagic rain

Figure 3.9: possible inputsto ice proximal sites that may have an effect on particle
size. Based on the processes discussed in Rebesco (2002) and He et al. (2008).

Englacial and basal transport of sediments within ice exerts little sorting influence

and results in the deposition of poorly sorted sediments (tills) (Bennett and Glasser,
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2009). As a result, material in icebergs is also poorly sorted. EM-1 at site SU92-09
and site MD04-2829CQ is poorly sorted and coarser than the other end members
making it a likely candidate to correspond with IRD. EM-2 is also a coarse end
member in both MD04-2829CQ and SU92-09 with a modal particle size of 27 and
30um respectively. Finer particle size distributions have been associated with ice
rafting from ice shelves in modern day studies which entrain sediments from the
continental shelf resulting in the entrainment of finer material (Hebbeln, 2000). It is
feasible that at least part of the IRD reaching both sites was entrained by this method.
Indeed, when the particle size distributions of the two coarsest and poorly sorted end
members are compared to the particle size distributions of IRD from modern icebergs
(Jonkers et al., 2012a) there are similarities in the grain size distributions (Figure3.10)
of which all but BB-2 have apeak in the coarse silt fraction. When EM1 and EM2 are
combined at both site SU92-09 and MDO04-2829CQ, there is a correspondence
between the modelled EMI1+EM2 and the ice rafted detritus PSD from BB-3
particularly in MDO04-2829CQ. As site MD04-2829CQ is situated on the Feni Drift
there is the potential for EM2 to also be representative of coarsening due to increased
winnowing of sediments as a result of increased flow speeds of the NSOW. At site
DS97-2P (Prins et al., 2001; Jonkers et al., 2012a) mean SS values are between 13-
16.5um, however the mean SS at site MD04-2829CQ is much higher at between 17
and 28 um. Therefore, it is possible that increases in EM-2 correspond to intervals of

faster flow speeds rather than IRD.
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Figure 3.10: Comparison between potential IRD end members at site SU92-09 and
site MDO04-2829. BB1-BB4 are the particle size profiles of IRD from icebergs in
Jonkers et al., (2012). (Note: the BB data is from a larger data set and bins have a
larger spacing than the EM from this study).
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The Pearson’s correlation coefficient calculated using the Pearson’s T program
(Mudelsee, 2003) between the modelled IRD and IRD indicators from site MDO04-
2829CQ are shown in Table 3.1. These show a correlation between the abundance of
IRD grains and the modelled IRD based on EM-1; however, there is a wide range of

error from the bootstrapped confidence interval.

Table 3.1: Pearson T correlation coefficients for endmembers at site MD04-

2829CQ

Endmember  Persistence  Proxy Persistence  correlation confidence

co-efficient  interval
Modelled 0.24 3180rNe  1.27 0.33 -0.146, 0.68
IRD
Modelled 0.24 Total IRD 0.19 0.23 -0.202,0.58
IRD
Modelled 0.24 IRD 0.33 0.53 0.269, 0.72
IRD abundance
EM4(fine) 0.274 3180rNe  1.27 -0.42 -0.717,0.01
EM4(fine) 0.274 IRD 0.33 -0.30 -0.578,

abundance 0.035

3.3.2 Fine endmember attribution

Site SU92-09 is at 3270 m water depth and is not situated near any known drift
site, the sedimentation rate at the site would indicate that it is not affected by increased
sediment inputs associated with sediment drifts. Therefore, the inputs to the site must
be largely from hemipelagic fluxes, with little inputs from bottom currents. If EM-3
and EM-4 are compared to hemi-pelagic fluxes of particles, which have been shown
in previous grain size studies to have a very fine input, it is possible to attribute them
to this, rather than flow speeds as was the case in (Prins et al., 2001). In a study of
several cores across the North American margin, deGelleke et al. (2013) associated
three endmembers with settling from the meltwater plume, turbidity currents and IRD
in samples from the <100pum fraction. The smallest grain size endmember was
attributed to plume settling and is similar in size to the combined EM3 and EMA4.

Hence, these could represent settling from hemipelagic sediments.

Site MDO04-2829CQ is situated on a contourite drift and therefore the site is likely
to experience current sorting. There are two likely scenarios for the finer endmembers
of this site, the first is that they represent changes in current sorting, related to the

situation of the site on the contourite drift; the second is that the finer endmembers are

52



Changing grain size as an indicator of IRD in the fine fraction

related to melt water inputs at the site. The impact of the current on the site has been
demonstrated over H1 using 23!Paxs/?3%Thxs (Hall et al., 2006). The fine end members
from this study have similar distributions to the finer end members of (Prins et al.,
2001, 2002; Jonkers et al., 2012a), these were attributed to low energy bottom currents
associated with the ISOW. Fine endmembers have also been associated with meltwater
plumes and nepheloid layers within 1000 km of the shelf (deGelleke et al., 2013). Due
to the situation of sitt MD04-2829CQ within 50 km of the BIIS and in a sediment
drift, it may be possible that both mechanisms are active at the site. To look at the
potential for current sorting, the ratio of EM2 which possibly represents winnowing
of the finer sediments by faster bottom currents compared to EM3 and EM4, which
represent slow current conditions this is plotted in Figure 3.13 and would indicate

reduced current influence over the course of the last glacial.

As is clear from the above discussion of the endmembers there are multiple factors
influencing each site that can produce the same particle size profiles it is not possible
to attribute a single process exclusively to each endmember which is consistent
throughout the records. Therefore, the best approach is to use the modelled end
members as a descriptive tool to help understand particle size changes rather than to

interpret them as strictly relating to one process in this instance.

3.3.3 Changes in fine fraction deposition over the last glacial

3.3.3.1 SU92-09

At site SU9209 there is a clear trend in the particle size data where EM1, the
coarsest endmember, increases during H4, H2 and H1 accounting for over 60% of the
material during these events as shown in Figure 3.11C. If EM2 (coarse silt) is added
to this as in Figure 3.11B then the coarser silt fraction makes up 80% of the material
deposited during the Hudson Strait Heinrich events. However, if this coarsening of
particle size is interpreted to be an increase in the supply of IRD then that would
indicate that there is a significant amount of IRD outside of the Heinrich event
intervals up to 40% (using EM1) and 60% using (EM1+EM2). After H4 the IRD%
does not return to 0% therefore there is a demonstrable small supply of IRD outside

of Heinrich events to the site. Further evidence at site SU9209 of continental ice rafted
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material is the high ratios of K/Ti and Sc/Th at the site, an indication of a continental

weathered sediment source. Though these ratios are lower outside of the Heinrich
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Figure 3.11: Plot of end members from site SU92-09 over time. A; proportion of
EM-3 fine, B; proportion of modelled IRD (EM-1+EM-2)C; proportion of EM-1,
D; percentage dry weight of the fine (<63um fraction), E; magnetic susceptibility
(purple) and greyscale (black). Black lines are smoothed data trends.
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Figure 3.12: Changes in end members and elemental ratios over H2 and H4 for site
SU92-09. A; proportion of EM-3 fine, B; proportion of modelled IRD (EM-1+E M-
2) C; K/Ti ratio, D; Sc/Th ratio E; percentage dry weight of the fine (<63um
fraction), F;magnetic susceptibility (purple) and greyscale (black).
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events they do not reduce to levels that would be expected with low continental

inputs to the site.

The circum-North Atlantic ice sheets have been shown to have millennial scale
variability that is captured in near ice sheet sites during the last glacial for example at
the European margin (e.g., Scourse et al., 2009). Hence, the transport of continental
material via ice rafting is feasible throughout the last glacial. At sites within the IRD
belt there is evidence of lithics (>150um) throughout the last glacial, for example at
the Driezack seamount (Heinrich 1988) site DSDP609 (Bond et al., 1992; Hodell and
Curtis 2008). Another potential scenario is that these changes in grain size outside of
Heinrich event intervals are linked to bottom flow speeds, which would indicate an
increasing flow speed prior to and immediately after the Heinrich events. Given the
low sedimentation rates at the site between 2 and 8 cm ka1, the extended IRD input
scenario is most likely. The large fining events that occur after H2 and H4 could
indicate a cessation of IRD input to the site and therefore a site dominated by

hemipelagic fluxes.

3.3.3.2 MDO04-2829CQ

From a sedimentary perspective site MD04-2829 is much more complex than site
SU92-09, situated in a drift and close to the ice sheet, it potentially has several factors
controlling particle size at the site asdiscussed in Section 3.3.2. Increasing proportions
of EM3 (fine silt) over the last glacial (Figure 3.13), could be interpreted as decreased
flow speeds at the site which may be expected over the course of the last glacial, this
is interpreted here as increasing supply of fine material from the BIIS throughout MIS
3 as the ice sheet reaches the shelf edge. This is supported by authigenic Pb fluxes of
Crocket et al. (2013), which indicate a higher discharge from the BIIS during the
period 25 to 18 ka BP after H2. This would support the timing of the expansion of the
BIIS put forward by Clark et al. (2012), and the model of BIIS growth from Hubbard
et al (2009). EM1+EM2 does not correlate well with IRD abundances (Table 3.1) from
site MD04-2829CQ however, EM1 alone shows a reasonable correlation with IRD
abundances (0.53) but with a wide confidence interval. Using EM1 it is possible to

identify coarsening peaks in
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Figure 3.13: Plot of end members from site MD04-2829CQ over time. A; sorting of
sediment, B; EM3 (fine silt) C; (EM-1+EM-2) D; proportion of EM-1, E; IRD
abundance in grains per gram (grey)and DC abundance (orange) Hall et al. (2011)
Black lines are smoothed data trends.
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Figure 3.14: Changes inendmembers proportions and elemental ratiosover H2 and
H4 for site MD04-2829CQ. A; EMS3 (fine silt) B;EML (dark blue) and EM2 (light
blue) C; Sc/Th ratio D; K/Ti ratio, E; IRD abundance in grains per gram and

detrital carbonate (DC) grains per gram Hall et al. (2011), ( grey).

the fine fraction that correspond to peak IRD inputs in the coarse fraction. In

Figure 3.14 peaks in EM1 clearly correspond with DC inputs during H4 and with

peaks in the abundance of IRD during H2.
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3.3.3.3 Does end member modelling of fine fraction PSD contribute to the
knowledge of environmental conditions during the abrupt climate changes
of the last glacial?

The aim of this chapter was to characterise the particle size distributions of the fine
fraction to better understand inputs to glacial flour. However, there are several
cautionary notes to the interpretation here. The first is that it has proved difficult to
attribute the end members to actual physical processes. This is likely a result of the
narrow size fraction that was observed, in this study that was in part due to the focus
of this study on the fine fraction of the sediments in an attempt to trace inputs of glacial
flour. A second reason for the narrow size fraction was the use of the coulter counter
which was restricted by the aperture size. One potential solution is to rerun a subset of
the samples using a wider particle size range (using a laser particle sizer) in order to
see if a wider particle size distribution can constrain the interpretation further. The
other issue is that there are multiple processes of deposition acting at the core sites,
which can cause similar changes to the particle size. This could be better constrained
by a multi- core study of the ice margin during the last glacial, as the spatial variability
of the PSD will help to inform the interpretation of the endmember model, and modern
analogue studies which would allow the interaction between the processes and their

particle size distributions to be better understood.
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4 Tracing detrital carbonate inputs across the North Atlantic
4.1 Introduction

4.1.1 Detrital carbonate and Heinrich events

A defining feature of the Heinrich layers during the last glacial is the presence of
detrital carbonate, both dolomite and limestone, in sediment cores from sites across
the North Atlantic IRD belt (Andrews and Tedesco, 1992; Bond et al., 1992; Bond,
1995; Hesse and Khodabakhsh, 1998; Hemming, 2004; Hodell et al., 2008; Channell
et al., 2012; Rashid et al., 2012). The layers of detrital carbonate thicken towards the
western Atlantic and Labrador Sea where they can be several tens of centimetres thick
(Andrews and Tedesco, 1992; Andrews et al., 1994). Comparisons of the composition
of the detrital carbonate layers found it was similar to the Palaeozoic sediments that
underlay the Hudson Strait sector of the Laurentide Ice Sheet (LIS) (Andrews and
Tedesco, 1992; Bond et al., 1992; Broecker et al., 1992). Detrital carbonate has been
found to occur at sites across the North Atlantic during Heinrich event intervals (see
Figure 4.1), and has been identified as far as the European margin (e.g., Scourse et
al, 2000; Peck et al., 2007; Scourse et al., 2009; Hall et al, 2011). However,
significant inputs of detrital carbonate are absent from ambient glacial sediments and
from sites outside the IRD belt (Bond et al., 1992). Heinrich event 3 (H3) and H6,
have been shown to have no detrital carbonate in the eastern North Atlantic but
carbonate was present in these layers in the western Atlantic (Bond et al., 1992) as
shown in Figure 4.1. Authors often refer to H1, H2, H4 and H5 as Hudson Strait (HS)

Heinrich events to mark this distinction (Hemming, 2004).

4.1.2 Characterising carbonate inputs across the North Atlantic

The early work on Heinrich layers often reports carbonate content as a percentage
of the coarse fraction (the definition of which varies from >63um to >150um (e.g.,
Bond et al.,, 1992); however, excluding the fines also excludes a large proportion of
material that is potentially carbonate. This could be crucial as at Orphan Knoll and in
the Labrador Sea, sedimentation from turbidity currents and meltwater plumes with
high fine-grained carbonate concentrations is followed by a brief interval of increased
IRD (Clarke et al., 1999; Rashid et al., 2003b, 2012). Another common technique is
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to measure the total carbonate content, which easily picks out Heinrich events, (e.g.,
Weber et al., 2001) but it should be noted that total carbonate includes both biogenic
and detrital carbonates. Alternative methods use the changes proportions of biogenic
carbonate, which is dominant outside Heinrich layers, to detrital carbonate. This is
reflected in parameters such as XRF measurements of Ca/Sr, where high Ca/Sr ratios
are representative of intervals where detrital carbonate is high and biogenic carbonate
is low (Hodell and Curtis, 2008; Channell et al., 2012). Further studies have tried to
distinguish between dolomitic carbonate and limestones by using ratios of Mg/Al on
dissolved sediment (Thomson et al., 1995) and Mg/Ca on leachates (Francois and
Bacon, 1994).

A further method of characterising the detrital carbonate content is by using the
stable oxygen and carbon isotopes (880 and '3C) of the bulk material (Hodell and
Curtis, 2008). This has previously been applied to the fine fraction to look at nepheloid
layers along the margins of the LIS in (Balsam and Williams, 1993). By using the
large difference between the §180 of detrital and biogenic carbonate as explained in
Section 2.2.2.1, it is possible to identify periods when biogenic inputs are low and

detrital inputs of carbonate are high, as is the case during Heinrich events.
4.1.3 Sources of carbonate in the fine fraction

4.1.3.1 Biogenicand lithic contributions

This chapter will use stable isotopes to identify inputs of detrital carbonate material
within the fine fraction (<63 um) of sedimentary material Whilst §13C of bulk
carbonate material varies over time, as past 313C values have a similar range to more
modern values, it is not possible to distinguish between detrital and biogenic input of
carbonate using 613C (Veizer et al., 1999; Hodell and Curtis, 2008). Therefore, the
following description will focus on 3180 carbonates found in the <63um fraction of
glacial North Atlantic sediments consist of a mixture of autochthonous biogenic
carbonate from coccoliths and small/juvenile/fragmented foraminifera, which have
relatively heavy 3180 values and allochthonous detrital carbonate with much lighter
5180 (Balsam and Williams, 1993; Hodell and Curtis, 2008). Within both the biogenic
and detrital carbonates, there is variation. Detrital carbonate may have different 6180

values due to the geological age or mineralogy, older and dolomitised carbonates have
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lower oxygen isotope values than younger non-dolomitic carbonates (Hodell and
Curtis, 2008). The map in Figure 4.1 shows the potential continental carbonate
sources around the North Atlantic in relation to the IRD belt and the core sites in this

study.
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Figure 4.1: Sketch map of the carbonate around the North Atlantic showing sites
with carbonate during Heinrich events. Full squares: carbonate is present in all
HEs, half squares: carbonate is present in some HES, open squares: no carbonate
is present (Bond et al., 1992). SU92-09, MD04-2829CQ, and the approximate
position of the IRD belt (Ruddiman, 1977) are shown for reference. Carbonate
provinces around the North Atlantic are reproduced from Williams and Ford

(2006).
Previous studies ofthe 180 carbonate measured grains from the >150 um fraction

from Heinrich layers have shown values in the range of -10%o to -2%o with a mean of
-5.65%o (Hodell and Curtis, 2008) illustrated in Figure 4.2. Based on the 380 curve
from Veizer (1999) and values for Archean samples (Veizer et al, 1989, 1999) as
shown in Figure 4.2, these low values of 6180 during Heinrich events would suggest
awide range of geological ages for individual carbonate grains from early Phanerozoic

to Archean in age.
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Figure 4.2: The evolution of 680 of calcite over time redrawn from Veizer et al,
(1999) with permission from Elsevier. The average (solid red line) and range (dotted
red line) of 6'80 of individual grains from the >150um fraction are shown from
(Hodell and Curtis, 2008).

The isotopic compositions of biogenic sources of carbonate are dependent on

temperature, the 180 of the ambient water in which the organism was growing in, and
the species that precipitated the calcite. Both foraminifera (e.g., Pearson, 2012) and
coccoliths (e.g., Ziveri et al., 2003) have well documented species-specific deviations
from the equilibrium fractionation of inorganic calcite. In coccoliths, biological
fractionation accounts for differences between 6180 of coccolith calcite and that of
seawater from 2%o to -2.5%o depending on the species (Dudley etal., 1986).

4.1.3.2 Constraints on supply of lithic material in the fine fraction

Constraints on the supply of detrital material to the glacial ocean are similar to that
of flux of IRD as stated in Peck et al. (2007) and Scourse et al. (2009) these are: the
extent of marine ice margins, rate of iceberg calving, surface circulation, iceberg
debris content rate of iceberg melt, and sea level (Auffret et al., 2002). Additionally,
for detrital carbonates there is an obvious dependence on the presence of carbonate
rocks for entrainment by the ice sheet in the source regions. For fine fraction material,
other transport mechanisms including redistribution via near bottom currents or
aeolian inputs may play an important role (McCave et al, 1995). Finally, at the
continental margins and in a drift site, such as the Rosemary Bank site, it is likely that

there is some inclusion of carbonates from reworking of sediments and inputs from

63



Tracing detrital carbonate inputs across the North Atlantic

slope failures/runoff. Potential changes in any of these parameters could affect the
supply of the lithic component of carbonates to the core site and hence the 5180 ofthe
fine fraction sediment.

This chapter aims to trace detrital carbonate inputs to the fine fraction using the
8180 of the <63pum fraction (5'8OFrinE) in two sites from the North Atlantic and to relate
this to ocean conditions during the inputs of detrital carbonate. Outside the IRD belt
where Heinrich layer markers are not evident in coarse-grained lithic proxies, using
5180 of the fine fraction may help identify Heinrich events (Hodell et al., 2010). Using
studies of the fine fraction in conjunction with coarse fraction data is expected to
reveal more about the nature of delivery of material during the last glacial. In particular
during abrupt climate change events and to identify differences between H2 and H4.
The approach taken was to compare cores from the European margin and the IRD belt,
which are very different depositional environments. A pilot study was undertaken
using samples from core MD04-2829CQ to assess the differences between bulk 5180

and 6180OFINE.

This study will use two sites, MD04-2829CQ from the Rosemary Bank, and SU92-
09 from the IRD belt see Figure4.1. Inthe IRD belt site SU92-09, it should be possible
to observe changes in the 3180 of the fine fraction that can be directly related to
Heinrich events. Comparisons with the north eastern margin of the Atlantic will help
characterise the timing of the inputs freshwater forcing and by looking at the fine
fraction, it may be possible to identify differences in the phasing of detrital carbonate
input related to fresh water plumes from melting icebergs relative to those identified
from the coarse fraction material. Such information may provide new insights into the
evolution of Heinrich events and the role of smaller, fast reacting ice sheets, such as
the British and Irish ice sheet (BIIS), in the millennial scale climate variability of the
North Atlantic during the last glacial. In core MD04-2829CQ from the Rosemary
Bank, inputs of detrital cream coloured carbonate have been identified during Heinrich
intervals, and by looking at changes in the 5180 of fine fraction material, it may be
possible to identify a longer interval of carbonate inputs to the site, with implications

for ‘precursor’ events and the role of the BIIS.
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4.2 Pilotstudy

The pilot study was undertaken to establish the use of §'8OriNE variations as a
proxy for changes in the source and contribution of detrital versus biogenic carbonate
at an ice proximal site in the same way as 6180 has been used on bulk material to trace
detrital carbonate inputs in the IRD belt (Hodell and Curtis, 2008) and in distal sites
(Hodell etal., 2010).

4.2.1 Pilot sampling strategy

Existing proxy data from core MDO04-2829CQ (Hall et al, 2011) including
petrological identification of coarse fraction IRD and ANN faunal transfer function
SST estimates shown in Figure 4.4 were used to assess which depths should be
included in the pilot study. To assess the variation in the proxy over Heinrich events
the interval selected needed to encompass a clearly identifiable increase in detrital
‘cream coloured carbonate’ and also to include a period where IRD input from the
BIIS was low (<1000 grains) in order to encompass the full range of variability in the

core.

The period spanning H2 was chosen for the pilot study as it meets both of these
criteria. Coarse fraction lithic counts show an increase in IRD from the BIIS between
700 and 622 cm depth peaking at 7195 grains cm2 kaland an input from the LIS from
690 to 634 cm depth, peaking at 789 grains cm2 ka!, corresponding to H2. Summer
SST estimates are also reduced during this period by approximately 6°C from a
maximum of 9°C to a minimum 3°C. A period of lowered IRD input is evident between
750 and 700 cm depth and between 600 and 620 cm depth. Of the other potential
Heinrich events, H1 was excluded as supporting IRD and SST data are not available
for this period from core MD04-2829CQ, and H3 was excluded because it has no
identifiable peak in coarse fraction LIS and BIIS sourced IRD at sitt MD042829CQ.
H4 was a potential candidate as it has a peak in LIS sourced IRD of 806 grains cm-2
kal. However, there is only a small increase in IRD from the BIIS to a peak of 2431
grains cm? kal, and the reduction in estimated SST is less than during H2
approximately 4°C. Hence, it was decided that H2 was a better candidate for the pilot
study as the potential change in 3'8Orine was likely to be larger. The initial study

consisted of 150 samples of fine fraction and 150 samples of bulk material that
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encompassed H2 at 1 cm intervals from 600-750 cm depth; these were processed as
described in Section 2.2.2.2.

4.2.1.1 Pilot Results

Fine fraction samples typically have lower 680 values and similar 33C values to the
bulk material samples as shown in Figure 4.3. The samples of fine fraction material
exhibit broadly the same trend as the bulk material as shown in Figure4.4. The spread
of the data points is greater for §8OpuLk than for 3'8Orine possibly reflecting the bias
introduced by large grains within a sample, although these were ground down and
homogenised. Before H2 (prior to the appearance of LIS sourced material) values of
5180guLk are between -2.5 %o and -1.5 %o and values of 818Orine are also higher at -
2.5%o.
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Figure 4.3: Bulk and fine fraction 6'0 plotted against 6'3C.
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Figure 4.4: Bulk and fine stable isotopes plotted against depth. A; 613C from pilot
samples of bulk and fine fraction material plotted against depth, B; 6180 from pilot
samples of bulk and fine fraction material C; ANN SST estimates (Hall et al, 2011),
D; IRD fluxes, total IRD in grey and detrital carbonate IRD in brown (Hall et al,
2011).
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4.2.1.2 Pilot Conclusions

During H2, the 3180guLk values become lighter -3.6 %o to -5 %o this is also the case
for 8'80FiNE. The initial decrease in 88Orine occurs 3 cm before the change in the
880BuLk. There is a small change in both '80suLk and 8'8Orine values after H2 at
630 cm but both are lower than before H2. As 3'8Orinedecreases at the same time as
IRD increases this would suggest that the 5'8Orine signal is linked to the IRD inputs.
There is a correspondence between the 38Orineand 8'80suLk, the fine fraction
material seems to respond earlier to changing conditions at the start of the Heinrich
event as shown in Figure 4.4. There is no correspondence between the input of DC
IRD and the 380 curve, however the total IRD counts includes limestone and chalk
fragments, so a small increase in the amount of carbonate when the detrital carbonate
inputs are identified would not necessarily have a large effect on the 38Orine. The
pilot has shown that fine fraction and bulk 380 are similar, and that fine fraction §180
can also be used to demonstrate changing proportions of the biogenic and lithic
components of carbonates in the fine fraction. Based on this, it was decided to extend
the fine fraction study to the whole of core MD04-2829CQ and SU92-09.
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4.3 Results

4.3.1 Defining carbonate input using stable isotopes

4.3.1.1 IRD belt site SU92-09

The histogram in Figure 4.5 shows that the population of oxygen isotope data of
the fine fraction is bi-modal, the first population has a mean of -4.5 %o and corresponds
to those samples from H1, H2, and H4 highlighted in the black circle.
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Figure 4.5: Cross plot of 6'3C vs 6*20 ratios from different substrates in core SU92-
09 and histograms of the 6'8Orine (right) and 63Crine (top). Substrates are plotted
as follows; N_pachyderma in red crosses, G. bulloides in blue crosses, C.
wuellerstorfiinblack crosses, 63um fraction in orange diamonds and detrital grains
in grey triangles. See text for explanation.

The second population has a mean 8'8OrinE of 0.1%0 and corresponds to the

samples from the ambient glacial sediment. When 38OriNe and 313Crine is plotted
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alongside the 8180 of foraminifera and the 380 of detrital grains picked from core
SU92-09, (Figure 4.5), it is apparent that 5180 values of the Heinrich event population
are closer to and overlap those of the detrital grains. The ambient glacial 58OrNE
population is closer to the 680 of foraminifera. There is an average difference of
~5.75%0 between detrital and foraminiferal calcite 3180 measured in this study.
813Crine hasa skewed distribution and the 513C of detrital grains and foraminifera have

a wider range than that of §13CrinE.

4.3.1.2 Eastern Atlantic margin MD04-2829CQ
Figure 4.6 shows that at sitte MD04-2829CQ the 3'80rine ratio is very low with 70%
of the data falling below -3.2 %o. These low &Orine ratios circled in black
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Figure 4.6: Cross plot of 6*3Cvs 680 ratios from different substrates in core MDO04-
2829CQ and histograms of the 6'8OrNE (right) and 6*3Crine (top). Substrates are
plotted as follows; N. pachyderma in red crosses, G. bulloides in blue crosses, C.
wuellerstorfi in black crosses, 63um fraction in orange diamonds and detrital grains
in grey triangles. See text for explanation.
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correspond with samples from H2, H4 and stadial intervals and have a mean of -
3.8%o0. When plotted alongside other carbonate substrates in the cross plot in Figure
4.6 this low 38Orinegroup are closer samples of detrital carbonate taken from this
core. A smaller number of samples have 68OriNe above -3.2 %o and these correspond
with samples from pre H4 and samples from interstadial intervals, these have a mean
of -2.1 %o and are closer to the §180 of foraminifera from the same core. There are also
two populations of 813C, which are shown in the histogram in the top panel that

correspond to the same populations as are seen in the §18OFrINE.

4.3.2 Changes in fine fraction stable isotopes over the last glacial

In Figure4.7 and Figure 4.8, Heinrich events have been highlighted in grey based
on the ages provided by Hemming (2004) as the centre point for H2, H3 and H4.
However, at site SU92-09 H4 occurs earlier and is centred on 39 ka BP, H1 is also
earlier at SU92-09 and is centred at 17 ka BP. Ratios of §180rine from site SU92-09
range from 2 %o to -5.5%o, and the 313Cring ratios vary from -0.25 %o to 1.5 %o. The
ratio of 8*8Orine is lowered during H1, H2, and H4 to less than -2.5 %o and an average
of between -4.45%o0 and -4.83%o see Figure 4.7. The 8180rine excursion lasts for a
longer period over H4 than over H2. At 31 ka BP thought to correspond with H3,
5180FriNE is reduced to -1.39 %o. The reduction in 38Orine Over each Heinrich event
(except H3) corresponds with peaks in greyscale and reductions in the 5180 of the

planktonic foraminifera N. pachyderma of between 0.8 and 1.4%o.

At site MD04-2829CQ, an overall trend of decreasing 8*8Orine and 313Crine from
41.5to 18.4.ka BP is evident from Figure 4.8, and 5'3Crine ranges from in excess of
1 %o at 34-41 ka BP to values less than 0.65 %o from 27 ka BP to 18 ka BP. During
H2, H3, and H4 the §80Orine is below -2.5 and averages -3.5%o. The lowest values in
the core are reached during H4 of -4.98%.. During the non-Heinrich event intervals
however there are also periods of low 8'8OFring, these correlate to increased IRD input
and low SST and occur during stadial periods. The 3'8Orine ratios in the ambient
glacial range from in excess of -1 %o between 34 and 41 ka BP to less than -3 %o from
26 ka BP to 18 ka BP.
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Figure 4.7: 6*80rine ratios from core SU92-09 vs age. 4; 680 N. pachyderma in
red, B; 6'°Crinein green, C; 6*8Orinein orange, D counts of IRD (grey) and detrital
carbonate (brown) as a percentage of the total >150um fraction, and E; magnetic
susceptibility (purple) and greyscale (black), magnetic susceptibility, IRD
percentages and greyscale are courtesy of pers. Comms. Elsa Cortijo. Heinrich
events are marked in grey.
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Figure 4.8: 6'80riNne and 6'3Crine ratios from core MDO04-2829CQ vs age with
comparative data from Hall et al. (2011). A; 680 NGRIP (Andersen et al., 2006;
Svensson et al., 2006) blue, July insolation at 65°N (Berger and Loutre, 1991) red,
B; Mean annual SST faunal estimates using ANN (Hall et al., 2011), C; 6'80 of N.
pachyderma tests from Hall et al. (2011), D: 6'3Cring, E: 6'80OFine F: total IRD flux
from the >150um fraction in grey and flux of DC in brown. Stadials are marked in

light grey and Heinrich events are marked in dark grey.
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4.4 Discussion

4.4.1 Detrital carbonate inputs and 6*80g e

Measurements of §'8Orine at site SU92-09 from the IRD belt, demonstrate that
fine fraction carbonates comprise of two distinct populations as shown in the
histogram (Figure 4.8). The first of these populations is dominated by heavy §%0
values with a mean of 0.1 %o and is closer to that of foraminifera derived 5180 values
from the same core, hence this is interpreted as the biogenic dominated component of
the 3180rinE signal. This population of biogenic dominated §18Orine is a feature of
ambient glacial sediments in this core. The second population of §8OriNe is much
lighter with a mean value of -4.5 %o, this population overlaps with the 380 of
individual detrital carbonate grains taken from the >150 pm fraction during the
Heinrich events intervals. Therefore, it can be said that a significant proportion of the
carbonate that makes up 6'8Orine signal of this population is of lithic origin. The
changes in 880 of N. pachyderma over each Heinrich event are ~1 %o and therefore
changes in biogenic calcite 580 cannot account for the > 6 %o shift observed during
the Heinrich events. Further support for the lithic origin of the low §'8OriNE can be
found by comparing the 5'80rineOfcore SU92-09 with the coarse fraction lithic counts
of detrital carbonate available for H4. The increased percentage of carbonate grains
and IRD over H4 corresponds with lighter 318OrinE ratios as shown in Figure 4.7. This
detrital population of §*8Orine is found exclusively during the time intervals of Hudson
Strait Heinrich events (H1, H2, and H4). These findings are supported by the earlier
work of Hodell and Curtis (2008) who demonstrated that lighter 5180 ofbulk material
is linked to changing proportions of detrital to biogenic material over Heinrich events.

At Rosemary Bank, sitt MD04-2829CQ the range in 3'8OrinE is between -4.98%o
and 1%o, which is smaller than that range at site SU92-09. The §80 values, measured
as a part of this study, on grains of cream-coloured detrital carbonate are between -
4%o and -8%o as shown in Figure 4.6. The lighter §8Oring, which occurs during stadials
and Heinrich events, is more similar to the detrital grains, than the heavier §'8Ofng,
which occurs during the interstadials and is closer to the biogenic inputs. Hall et al.
(2011), infer the lithic contributions to the MDO04-2829CQ site. These include
limestone from the Carboniferous formations in Ireland and chalk from the Irish Ice

Stream, which are present for much of the last glacial, see the IRD flux in Figure 4.8
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and ‘cream coloured’ carbonates thought to be from the LIS, which only occur during
H2 and H4Figure 4.8. The low 88Orine during stadials shows the dominance of inputs
of detrital carbonate to the fine fraction throughout the last glacial and not just during
Heinrich event intervals. As site MD04-2829CQ is situated on the Rosemary Bank it
IS possible that the fine fraction sediments have undergone some level of reworking,
however, the correspondence between previously published IRD fluxes from Hall et
al. (2011), would indicate that the dominant component of the fines is related to IRD,
rather than sediment sorting associated with post-depositional transport. There are
several documented mass movements at the British and Irish shelf that are thought to
have occurred during the last glacial (Knutz et al., 2002; Evans et al., 2005; Sacchetti
et al., 2007) which may have intermittently re-suspended large volumes of sediment,
these cannot be timed precisely but deposition is thought to be local in extent. Whilst
inputs such as these cannot be ruled out completely it is likely that over the course of
the last glacial inputs from the BIIS dominated the detrital inputs to the fine fraction
at this site.

Foraminifera make up the largest proportion of biogenic material in the <63um
fraction. In Figure 4.9, the changes in 880 of different substrates (818Orine' §180 of
foraminifera and derived 8180 of seawater (5180sw) (see Appendix 5 for calculations)
are shown over time. Taken together these records demonstrate that, as is the case at
site SU92-09, the changes in 38Orne record cannot be accounted for solely by
changes in the 380 of biogenic calcite at sitt MD04-2829CQ. Firstly, all of the
foraminifera 380 values are above 1.7%o. Secondly, the magnitude of the changes in
the oxygen isotope curves of individual foraminifera species is small (<1.43 %o for N.
pachyderma and C. wuellerstorfi and <2.9 %o for G. bulloides) relative to the changes
in the 5'80FINE (5.98%o). Finally, the small shifts in §80 of the foraminifera are often
in opposing directions to that of §'8Orine Taken together this means that changing
5180 signature, and the composition of foraminifera cannot be responsible for the
shifts seen 3'8OriNe throughout the last glacial at sitt MDO04-2829CQ. The derived
880sw values also do not co-vary with 6'8Orine and only have small excursions of
~1.5 %o therefore changes in the values of 38Qsw of the water that biogenic calcite
precipitated in are not likely to be responsible for the large shifis in 68Orine Observed
at site MD042829CQ.

75



Tracing detrital carbonate inputs across the North Atlantic

potential
variation in
lithic 8'°0

variation in
biogenic vs
lithic 8'°0

potential
variation in
biogenic §"°0

20 25 30 35 40
Age (ka BP)
——8"0,y —— 8"0g, (ANNSST) —— 80, Mg/Ca

— N.pachyderma —— G.bulloides  —— C wullerstorfi

Figure 4.9: 680 values of different substrates and estimated 6'80sw for site
MD042829CQ. 6'80sw calculations were derived as shown in Appendix 5 using
MAT SST estimates and N. pachyderma 680 andthe equation from Kim and O’Neil
(1997)

4.4.2 Glacial changes and the impact on 68O g at contrasting sites

The two sites in this study extend over the periods marine isotope stage (MIS) 3
(57 to 29 ka BP) and MIS 2 (29 to 14 ka BP) (Lisiecki and Raymo, 2005), which are
very different in terms of their climate. The portion of MIS 3 that is represented by the
cores in this study, 46 to 29 ka BP, is a period of reducing summer insolation at 65 °N;
see Figure 4.8, and Northern Hemisphere ice sheet growth and lowering sea level
(Siddall et al., 2008). The onset of MIS 2 at 29 ka BP is closely followed by the glacial
maximum extent for the northern BIIS at 27 ka BP (Clark etal., 2012), During MIS 2
global ice volume reaches its maximum and sea levels are at their lowest (Clark and
Mix, 2000) and July insolation at 65°N is low. In core MD04-2829CQ, this is reflected
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in the 8180rine0fthe sediments; over the course of MIS 3 the 518Orine lowers from -1
%o to -3 %o indicating increasing supply of detrital material to the core, as the marine
margin of the BIIS dewvelops, releasing sediment laden icebergs and meltwater to the
site. A possible candidate for this material is the Dalradian limestones which outcrop
in Scotland and Northern Ireland these have 6180 values ranging from -17 to -5.6 %o
(Thomas et al., 2004) making them indistinguishable from the 680 of Hudson Strait
detrital carbonate in the IRD belt (Hodell and Curtis, 2008). It is not possible to know
if the material found in sediment cores released by ice sheets is due to advance, retreat
or changes in the calving regime or ice streaming (Scourse etal., 2009), however the
delivery of detrital material to a site indicates the presence of a marine margin of the
ice sheet. The continued lowering of 8'8Orine indicating increased detrital delivery
during MIS 3 indicates growth of the marine margin of the BIIS. By 27 ka BP the
5*80rine s consistently low and this coincides with the LGM of the BIIS (Clark et al.,
2012). lllustrating a continuous supply of fine fraction carbonate to the site at the
LGM. This is mirrored by data from bulk 380 from the Orphan Knoll near to the
Laurentide ice sheet, which shows that after 28 ka BP there is consistently low 880
of bulk carbonate below -2.5 %o (Figure 4.10) (Channell et al., 2012). This would
suggest that near the margins of the ice sheets 5180 of fine and bulk sediments can

indicate inputs from the local ice sheet.

The association seen at site MD04-2829CQ with increasing ice volume over the
last glacial and decreasing 58OFriNg, is not evident at site SU92-09. Prior to H4 in core
SU92-09 values of 6'80rineare ~1.8 %o, which is very high and indicates little to no
input of detrital material. From 38 ka BP to 19 ka BP the 68Orine ofthe non Heinrich
event intervals the 6'8OrinE average is lower at 0 %o. This difference in the §18OFiNE Of
the ambient glacial could be due to increased lithic carbonate reaching the site as ice
volume increases which is supported by an increase in greyscale values over this
period. However, due to site SU92-09 ice distal setting and low sedimentation rates
during the background glacial there are not large changes in the supply of fine fraction
carbonate associated with increasing ice volume over the last glacial a similar pattern
is seen in core U3108 from the IRD belt also (see Figure 4.10).

4.4.3 Heinrich event 4
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Heinrich event 4 occurs during MIS 3 when global ice volume is still relatively

low, and the BIIS is thought to be small and largely limited to Scotland, evidenced
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Figure 4.10: 680 of bulk material from sites U1302/3 (Channell et al., 2012) and
U1308 (Hodell et al., 2008; Hodell and Curtis, 2008) and fine material from cores
SU92-09 and MD04-2829CQ.
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from IRD identified as Scottish in origin recorded in cores taken from the
Porcupine Seabight and the Barra Fan after 46 ka BP, indicating the development of
an intermittent marine margin (Knutz et al., 2001; Peck etal., 2007; Peters etal., 2008;
Scourse et al., 2009). H4 is the largest of the Heinrich events with estimates of the
discharge of 350 km® of detrital material, over 2.4 km? with an average thickness of
15 cm (Hemming, 2004). It creates a large negative excursion in the 680 of N.
pachyderma thought to represent a large meltwater input across the North Atlantic
during H4 (Maslin et al., 1995; Cortijo et al., 1997, 2005). At SU92-09 based on the
current chronology, the negative 68OriNe excursion during H4 lasts for 2.5 ka, from
40.4 to 38 ka BP, this is with the range of other estimates of the duration of H4 (Table
1.1) (Hemming, 2004). The 3'8Orine record shows a rapid initial change followed by
a more gradual return to background conditions. At site MDO04-2829CQ the H4
interval 40- 38 ka BP is equivalent to Greenland stadial (GS) 9, and there is a reduction
in §180rINetO -2.8 %0 for the majority of this period. At 39 ka BP there is a further
reduction in 88OFNEtO -4.98%0 which correlates to the input of DC to the >150um
fraction to the site, lasting 500 years, this is usually equated to an input from the LIS
in the fine fraction, this is similar to IRD count inputs seen at nearby sites i.e. site
MDO01-2461 where H4 occurs at 39 ka BP (Peck et al., 2007). At asite from the Faeroe
bank a similar peak in Ca/Si and K/Ti at 39 ka BP during H4 is observed and attributed
to an input from the Laurentide Ice sheet (Zumaque etal., 2012).

4.4.4 Heinrich event 2

At H2 global ice volume is much greater sea level is thought to be between 80 to
130 m lower than today (Siddall et al., 2003) and there is evidence that global ice
sheets are at their maximum shelf extent (e.g., Peltier and Fairbanks, 2006; Clark et
al., 2012). Estimates of the size of the release of IRD during H2 are that it covered
2.0x108 km? with an average thickness of 15 cm and a volume of 300km?® of detritus
was released (Hemming, 2004). H2 occurs at 25-23 ka BP in core SU92-09 and is
expressed by a single reduction in 8*80riNE t0 -5.5%o, which lasts for 2 ka. In contrast,
during H2 at site MDO04-2829CQ there is no discernible peak in §180rineas 318Orne
is already low prior and after H2. There is a significant impact of the LGM on the
supply of sediment to MD04-2829CQ, which is not seen in SU92-09.
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45 Summary

Overall sites close to the margins §180 of fine fraction is very dynamic and is not
linked to Heinrich events alone but also inputs of carbonates from local ice rafting
events. In the distal setting the 3'8Orinecan easily pick out input related to Heinrich
events as detrital sediment supply to the site is low. However, atthe ice proximal site
MDO04-2829CQ when carbonate inputs are high such as during MIS 2 it in not possible
to pick out an input from a Heinrich event compared to the back ground data however
during MIS 3 it is possible to pick out a difference in the 38Orine values when a
Heinrich event occurs. At sites close to the margins of the ice sheet 5'8Orine canhelp

inform us about the input of detrital carbonate to the fine fraction.
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5 A comparison between the provenance of the clay size

fraction during Heinrich events H2 and H4
5.1 Introduction

5.1.1 Provenance of Heinrich layers across the North Atlantic

The earliest indication of the provenance of ice rafted detritus (IRD) during
Heinrich events, came from measuring the thickness of visibly lighter layers
containing abundant drop stones. The IRD contained in these layers contain ~20%
detrital carbonate (Heinrich layers) in cores from the Driezack Seamount (Heinrich,
1988) and at site DSDP 609 (Bond et al., 1992). The thickening of these layers towards
the Hudson Strait was taken as evidence that the source of the icebergs delivering IRD
was the Laurentide ice cap centred over Hudson Bay, as limestone deposits cover the
Canadian Shield in this region (Andrews and Tedesco, 1992; Bond et al., 1992;
Broecker et al, 1992). Since these early observations, other methods have been
utilised to better constrain the provenance of the IRD contained within Heinrich layers.
These include the petrography of the >150pum sediment fraction (e.g., Bond and Lotti,
1995;Grousset et al., 2001; Auffet et al., 2002; Peck et al., 2007; Scourse et al., 2009;
Hall et al,, 2011), studies of the magnetic susceptibility (e.g., Grousset et al., 1993;
Walden et al., 2007; Channell and Hodell, 2013), and the use of organic biomarkers
to trace the input of Hudson Strait material (e.g., Rosell-Melé et al., 1997; Naafs et al.,
2013). Long-lived radiogenic isotope systems have also been employed to source IRD,
measured in carbonate and authigenic oxide phase free (detrital) material and include.
Sm-Nd, Rb-Sr, U-Th-Pb, and K-Ar. These systems allow the source or source age of
sediments in the marine environment to be inferred (as described in Section 2.2.4)
(Goldstein and Hemming, 2003). As the terranes around the North Atlantic have a
variable geological history, this can be linked to potential source areas (PSAS),
(Gwiazda et al., 1996b; Revel et al., 1996; Hemming etal., 1998; Grousset et al., 2001;
Benson et al., 2003). This suite of techniques has been widely applied to infer the
source of IRD during Heinrich events from individual grains (e.g., Gwiazda et al.,
1996a, 1996b), bulk sediments (Revel et al., 1996), bulk coarse fraction (>63um)
(Grousset et al., 2001), and the <63pm fraction (Hemming et al., 1998).
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In the mid- latitudes between 40°N and 55°N (the IRD belt, after Ruddiman (1977)
hereafter referred to as the ‘IRD belt’) during H1, H2, H4, and HS5, detrital mputs were
consistently derived from a North Canadian source as identifiable by multiple
provenance indicators. For example, values of eéNd are low, between -16 and -40, and
87Sr/86Sr are high >0.7240 (Revel et al., 1996; Hemming et al., 1998; Snoeckx et al.,
1999; Grousset et al., 2000, 2001; Benson et al., 2003; Jullien et al.,, 2006). Single
grain analyses of Pb in feldspar and “°Ar/3®Ar ages of hornblende grains, from sites in
the IRD belt indicate a Paleoproterozoic age of 1650—-1900 Ga for sediments deposited
during H1, H2, H4, H5. This is consistent with their being derived from the Churchill
province (Northern Canada) (Gwiazda et al., 1996a; Hemming etal., 2000a; Hemming
et al., 2000b; Barber, 2001; Benson et al., 2003; Hemming and Hajdas, 2003; Downing
et al, 2013). Individual grains and bulk >63 pm fraction analyses of Nd and Sr
isotopes from as far as the European margin, indicate the presence of sediments from
a Canadian source during H1, H2, H4 and H5 (Auffret et al., 2002; Jullien et al., 2006;
Leigh, 2007; Peck et al., 2007). This is further supported by a high proportion of
Paleoproterozoic hornblende grains observed in Heinrich layers recovered from the
Porcupine Seabight and Celtic Sea on the NW European Margin (Peck et al., 2007;
Haapaniemi et al., 2010). Nd and Sr isotopes have been used to suggest European
‘precursors’ to Heinrich events, (Snoeckx et al., 1999; Scourse et al., 2000; Grousset
et al, 2000). The deposition of IRD from the European ice sheets prior to the input of
Canadian sourced material in a Heinrich layer, and therefore the inference of a
European trigger of the Canadian ice-armada (Grousset et al., 2000). However, this
mechanism is disputed as not all Heinrich events are preceded by inputs of a European
source, and at the European margin IRD is associated with D-O events throughout the
last glacial (Peck et al., 2007; Haapaniemi et al., 2010).

Sm-Nd and Pb isotopes and concentrations have been used in the clay size fraction
(<2um) previously to infer the sources of sediments transported by bottom currents in
the deep ocean along the Western Boundary Under Current (WBUC) during the
Holocene (Fagel etal., 1999, 2002, 2004; Fagel and Mattielli, 2011). However, during
glacial intervals there were significant increases in both the relative flux and absolute
flux of clay sized sediment to the Labrador Sea from the proximal North American
Shield which underlays the Laurentide Ice Sheet (LIS), due to increased glacial erosion

(Fagel and Hillaire-Marcel, 2006). Furthermore, during the late glacial, clay size
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sediments from the Labrador Sea have similar Nd isotope ratios to those of the coarser
fractions implying they have the same source. Therefore, during glacial intervals,
inputs to the clay terrigenous fraction of ice proximal sediments are dominated by

local sources (Innocent et al., 2000).

The clay-size fraction has not been widely used to infer provenance of the material
contained in Heinrich layers across the North Atlantic, largely because of
complications related to secondary depositional processes, as the sediment fractions
<150um are potentially reworked by bottom currents in the deep ocean. There is also
the potential for mineral sorting across size fractions discussed in Section 5.3.1. But
clays can account for alarge proportion of glacially derived material (Andrews, 2000),
and during the last glacial a large proportion of clays were deposited in glaciomarine
environments and derived from glacial erosion (Andrews and Principato, 2002;
Benson et al., 2003; Fagel and Hillaire-Marcel, 2006). As the coarse fraction does not
account for all of glaciogenic derived material, by overlooking the fine fraction our
understanding of the sediment supply during Heinrich events is limited. Indeed,
studies that have used the <2pm fraction indicate a changing source of clay material
during Heinrich events. Dominant inputs to the <2um fraction during Heinrich events
at the Dreizack Seamounts in the West European Basin have an older age compared
to non-Heinrich intervals (Jantschik and Huon, 1992). 40Ar/f%Ar from <2pm fraction
were used to trace the source of Heinrich event 2 from site VV28-82 in the IRD belt
demonstrating that this fraction had the same provenance as coarser (2-20um)
fractions during H2. Both were consistent with a Labrador Sea ice rafted source
(Hemming et al., 2002).

This chapter presents Sr-Nd-Pb element concentrations and isotope ratios, of the
<2um terrigenous fraction from core SU92-09 situated in the IRD belt and MDO04-
2829CQ from Rosemary Bank. This adds to the growing body of work characterising
detrital sediment inputs to the IRD belt and the Northern European Atlantic Margin
during Heinrich events. This chapter aims to address the following questions

surrounding the origin of clay-sized sediment during Heinrich events.

1. What is the Nd, Sr, and Pb isotopic composition of the clay size fraction of

sediments from the IRD belt and European margin?
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2. Can these sediments be assigned to a source area and do their relative
contributions change over time at each site?

3. Are there significant changes between the composition of Heinrich event
4 (H4) and Heinrich event 2 (H2) given their different initial conditions?

4. |s the clay size fraction similar in composition to coarser fractions from

nearby cores?

The study of clay size terrigenous sediments in conjunction with coarse fraction
lithic counts, where available, is expected to reveal new information on the source and
the nature of delivery of material during Heinrich events H2 and H4. Both H2 and H4
are thought to involve the collapse/surge of the Hudson Strait sector of the Laurentide
ice sheet (LIS) through the Labrador Strait (Hemming, 2004). Additionally, both have
very different initial conditions; during H4 global ice volume was low, and insolation
is high, whereas during H2 global ice volume was high and insolation was low by the
time of H2 the European ice sheets had reached their maximum extent (Clark et al.,
2012). By comparing changes in the source of detrital material of Heinrich events with
different initial conditions the aim is to make inferences about the sources of sediments
that will have implications for the local and regional oceanographic conditions during
Heinrich events. Comparisons between ice-proximal and ice-distal settings will
provide constraints on the sedimentary supply of detrital material in different

depositional environments over the course of both Heinrich events.

5.1.2 Chapter Methods

5.1.2.1 Potential source regions and their radiogenic isotope signatures

Robust characterisation of source sediments is needed to be confident of the
provenance of deposited detrital sediment, particularly when using bulk or fine
sediments that provide an integrated ‘signal’ from many different sources (Hemming,
2004). This chapter uses data from previous studies to characterise potential source
areas (PSAs) for glacially derived material deposited at sites in the North Atlantic
Ocean. These are defined by the glacial margins of the major ice sheets during the last
glacial and their underlying geology (Gwiazda et al., 1996b; Hemming, 2004) as

shown in Figure 5.1. Ideally, isotope ratios from PSAs should be as similar to the
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material measured as possible, i.e. they should be from the same size fraction and the

same mineral fraction (whole rock, sediments or individual minerals).
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Figure 5.1: Map of simplified source regions taken from Bailey et al. (2013) with
permissions from Elsevier. Mean IRD paths are shown by grey arrows and the IRD
belt is shown as the 250 grains per cm contour (stippled area) inferred from
(Ruddiman, 1977) Geological provinces are based on Gwiazdaet al. (1996).

In previous studies PSAs have been characterised using weighted averages of

isotope compositions of bedrock terranes from the geochemical literature. For
example, Revel et al. (1996) used literature based estimates of 43Nd/*4*Nd and
87S5r/853r, and Fagel et al. (1999) 143Nd/44Nd and 206pb/294Ph, 207Ph/204Ph and
208pp/204ph to define their source regions. Although this is a good approach, PSA
terranes defined by the literature may not characterise the material entrained by the ice
sheet and transported to the marine margin. Farmer et al. (2003) suggested that
characterisation of PSAs is best achieved using Quaternary sediments from Trough

Mouth Fans (TMFs). Such ice-proximal sediments provide the isotopic compositions
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of detritus transported by the ice sheet and ice streams to the shelf slope boundary of
ocean margins. TMF isotope compositions have been collected from the <63pum by
Farmer etal. (2003) and similar PSA data has been collected from fjord, estuarine, and
continental shelf for the >63um fraction (Grousset et al., 2001). More recently &Nd
data from the <63pm fraction have been compiled from Northern European rivers by
Toucanne et al. (2015).

Isotope compositions of the <2um fraction are not currently available to
characterise North Atlantic PSAs and accordingly, this study will use the TMF data
from Farmer et al. (2003). Farmer et al. (2003) provide data for Nd, Sr and Pb isotope
compositions and concentrations for the <63um fraction of TMFs from the Canadian
margin, Greenland, Iceland and Scandinavia, but not from the British Isles. These have
been supplemented in this study by Nd and Sr isotope data from Grousset et al. (2001)
and Revel et al. (1996) shown in Figure 5.2. Data from Toucanne et al. (2015) are not
included as only the eNd and no Sr isotope values were available. Figure 5.3 shows
data from Farmer et al. (2003) which were used for Pb isotope compositions of PSAs,
with supplementary data on the mean North Atlantic Pb composition of Mn-Fe oxide
phases for comparison from Abouchami et al. (1999) and from the Rockall Trough
Crocket et al. (2013) and additional source region data from Fagel et al. (1999). The
Northern Hemisphere Reference Line (NHRL) after Hart et al. (1984) (a linear trend
composite of Pb isotope data of volcanic islands from the northern Hemisphere) is
shown for reference. The coloured envelopes in Figure 5.2 and Figure 5.3 will be used
to visually compare the clay size fraction to the PSAs in this discussion. The envelopes
integrate  samples from studies using the <63pm and >63pum this is necessary as the
data from the <63pm fraction only characterise the European source regions using
four samples from Scandinavia and this does not encompass the full range of European
PSAs. The PSA data and the literature sources are in Appendix 4. Nd and Sr isotopes
show large differences among the different PSAs, there are overlaps between the Gulf
of Saint Lawrence and Scandinavian margin PSAs particularly in eNd. Pb isotope
compositions from Farmer et al. (2003) show a significant degree of overlap between
Greenland, Iceland the Gulf of Saint Lawrence and Scandinavia, and whole rock

compositions from several North Atlantic provenances clearly overlap in Figure 5.3A.
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Figure 5.2: Sr and Nd isotope compositions from potential source areas (PSAS). A;
eNd and 8"Sr/f8Sr of PSAs and B; 87Sr/8Sr and 1000/Sr data from PSAs. Source
regions are from Farmer et al. (2003) in the <63um fraction, Grousset et al. (2000)
in the >63 um fraction and Revel et al. (1996) weighted averages from the literature.
Data are highlighted according to provenance see key. PSAs are shown in Figure
5.1 for illustration.
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5.1.2.2 Geochemical end member modelling

This section provides an estimate of the proportions of each PSA contributing to
the clay size terrigenous fraction of sediments deposited in the IRD belt (SU92-09)
and Rosemary Bank (site MDO04-2829CQ). A three component mixing model
examines the contribution of different source areas to the isotopic values presented in
this chapter. A mixing model was calculated for isotope ratios of Nd, and Sr of the
clay size fraction at each site. Lead isotope compositions were excluded from the
mixing model, firstly because the bulk Pb isotope compositions of PSAs show
significant overlap, and secondly because replicate analysis of the Pb ratios for core
MDO04-2829CQ were not consistent, as discussed in Section 2.2.4.4. The mixing
proportions were calculated using Equation 5.1 Equation 5.2, and Equation 5.3. The
initial compositions of the end members were approximated from the PSA data (Table
5.1).

Table 5.1: Average compositions of PSA

End member Sr ppm 87Sr/863r Nd ppm 143Nd/A44Nd
LIS-Baffin Bay 1 210.33 0.73755 21 0.511123
LI1S-Baffin Bay 2 160.67 0.72957333 13 0.511407
LIS-Hudson Strait | 148.5 0.72383 15 0.511183
LIS-GSL 62.32 0.725056 11 0.51195
FSIS 200 0.71985 36.325 0.51198
BIIS 97.33333 0.73425 38.33333 0.51202

1S 202.25 0.7042975 11 0.512948
GIS 170.25 0.7076225 3 0.512625

Based on data from Farmer et al. (2003) Baffin Bay 1 and BIIS are based on data
from Revel et al. (1996).

Equation 5.1: determination of mixing fraction for end member 1 of a three
component mixing of Nd and Sr

fEMl

143Nd 14—3Nd 87S,r, 8757,.
a4y g X Ndsampre = Taayg % Ndewms | X\ 565, X STemz —8g5, X STewms
EM3

sample

87, 87, 143y 143
~\ B6g X STsampte — 865, ° STgms | X Frrrvr e Ndgy, — Ty X Ndgys
sample EM3

143Nd 143Nd 8757,. 8757,.
Ty X Ndgy1 — Taayg X Ndgps | % Bg, X STemz2 ~B6c, X STem3
EM1 EM3
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Equation 5.2: determination of mixing fraction for end member 2 of a three
component mixing of Nd and Sr

87ST 875
femz2 =\ g6z X STsample — 86, X STem3 | —
Sample EM3
8751,. 8757'
Bg,. X STEM1 — 8g, X STem3
EM1 EM3
fem1 X 87¢, 87¢,
g, X STgm2 — 8og,. X STgm3
EM2 EM3

Equation 5.3: determination of mixing fraction for end member 2 of a three
component mixing of Nd and Sr

fEM3 =1 _f;EMl _fEMZ

Where f = mixing fraction, and EM = end member. Mixing equation is adapted

from Franzese et al. (2006).
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5.2 Results: radiogenic isotope compositions of the detrital clay size
fraction

As detailed in Section 2.2.4.1, eNd ratios reflect the average continental age of the
source of the sediment (Taylor and McLennan, 1985; McLennan and Hemming, 1992;
Hemming, 2004) and are represented by the &Nd notation (the deviation of the
143N d/4Nd from 0.512638 the "bulk earth” value) (DePaolo and Wasserburg, 1979).
The clay size (<2um) fraction of the terrigenous sediments from the IRD belt (site
SU92-09) has a wide range of eNd values between -14 and -28 ¢ units (Figure 5.4B).
The lowest values of eNd < -20 are associated with H2 and H4, outlined in grey and
are defined by inputs of detrital carbonate (dark grey) and decreased &2Orine (light
grey). At the onset of H4 (41 ka BP) €Nd values decrease from -15.7 prior to the event
to -26.7 at the peak of H4. eNd decreases to -20 by the end of H4 at 38.1 ka BP. Prior
to H2, between 32 and 25.5 ka BP, ¢Nd is high >-16.2. eNd values decrease to -26.5
at the onset of H2 and thereafter remain low until the end of H2 when they increase to
-16.25 at 23 ka BP. Following the H2 event, ¢éNd values show a slight increase to -
14.8 at 19.2 ka BP.

The ratios of 87Sr/86Sr also reflect crustal age but the Rb-Sr system is more prone
to alteration than Sm-Nd (Dasch, 1969; Biscaye and Dasch, 1971; Goldstein and
Jacobsen, 1988) as detailed in Section 2.2.4.2. Higher 87Sr/86Sr ratios reflect
continental crust and lower 87Sr/86Sr ratios reflect younger mantle sources (Faure and
Mensing, 2005). The 87Sr/8Sr ratios of the terrigenous clay sized sediments from the
IRD belt range from 0.7300 to 0.7451 Figure 5.4. High 87Sr/6Sr ratios are associated
with H2 (0.7384) and H4 (0.7394) but the highest 87Sr/86Sr ratios occur during the H3
interval (0.7451) between 31.5 and 29 ka BP (Figure 5.4C).

When the éNd and 87Sr/86Sr ratios of the clay size fraction from SU92-09 are cross
plotted a common sequence between H2 and H4 is observed Figure 5.5A and Figure
5.5B. Prior to the both H4 and H2 at point 1, 87Sr/86Sris high, 1000/Sr is high and eNd
values are high. During H2 and H4 at point 2 eNd decreases to between -20 and -27,
1000/Sr decreases to between 4 and 6 and 87Sr/86Sr remains the same excluding H3.
After the H2 and H4 events, at point 3 €éNd increases to between -15 and -17 with
values of 1000/Sr of 7-9 and lower 87Sr/86Sr of between 0.730 and 0.738.
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Table 5.2 Radiogenic isotope

composition data of the clay-sized fraction from the IRD Belt site SU92-09

ID | Age Nd Sm E MWNd 20 &Nd 2¢ TDm Rb Sr 1000 87¢y 26 Pb 2%p 207pp  208pp  Dg 26 20
—_— 204 204 204
ékpa) sm 1 5 g Sr 86g;. Ph Pb Pb
48 | 19865 254 42 0098 051188 12 -1481 023 12 161 127 8 073143 16 38 1875 1563 3876 20 57 16
52 | 20.758  26.0 42 00975 051183 15 -1585 029 13 167 133 8 073201 27 42 1865 1562 3870 21 57 16
54 | 21.204 245 40 00979 051182 14 -1597 027 13 157 128 8 073106 19 47 1826 1560 3828 3H 79 21
56 | 21.65 24.9 41 0.0999 051186 12 -1519 023 13 153 121 8 073051 26 111 1783 1557 3779 25 68 18
58 | 22097 263 42 00965 051181 13 -1621 026 1.3 165 130 8 073144 16 113 1778 1557 3774 15 52 14
60 | 22599 238 38 0.090 051180 11 -1625 021 13 162 140 7 073181 18 98 1780 1557 3778 16 53 15
62 | 23157 - - - 051162 10 -1994 020 - - - - 073533 16 - 1824 1558 3845 22 286 62
64 | 23715 218 35 0096 051141 10 -2392 019 - 168 161 6 0.74087 16 22 1856 1558 39.03 0 717 241
66 | 24273 255 39 0.0922 051133 16 -2561 031 20 173 246 4 073695 16 26 1791 1553 3848 18 60 17
68 | 24676 - - - 051128 11 -2654 021 - - - - 073835 15 - 1762 1555 3770 14 51 14
70 | 24924 - - - 051131 11 -2590 022 - - - - 073772 16 - 1758 1555 3760 14 52 14
72 | 25172 248 41 0098 051181 12 -1623 023 13 172 120 8 073468 18 76 1802 1559 3800 18 52 14
74 | 2542 222 37 00995 051185 11 -1543 022 13 166 112 9 0.73525 16 107 1782 1558 3776 41 80 21
76 | 25668 231 38 0.0983 051186 11 -1522 022 12 166 106 9 07371 17 60 1816 1560 3811 19 53 14
78 | 26877 @ 21.2 35 00981 051189 12 -1462 023 12 163 95 10 073731 14 43 1852 1563 3844 19 55 15
80 | 28086 224 37 0.0990 051188 12 -1482 023 12 183 95 11 0.74001 19 47 1855 1563 3845 15 51 14
82 | 29295 265 43 0.0979 051186 10 -1523 019 12 192 100 10 074279 19 61 1831 1562 3819 17 5 15
84 | 30504 257 42 00981 051186 12 -1513 024 1.2 183 9% 10 07439 25 76 1811 1561 3799 40 8 22
86 | 31027 238 39 0.0980 051187 12 -1508 023 12 175 88 1 074506 16 41 1860 1565 3846 17 58 15
88 | 3155 275 45 00981 051185 11 -1544 022 13 187 106 0.74242 19 44 1849 1563 3837 26 352 74
100 | 34686 24.0 39 00981 - 0o - - - 169 110 07365 10 37 1847 1562 3848 40 394 82
102 | 35209 26.1 42 00965 051182 11 -1598 022 13 179 122 073476 17 83 1788 1558 3784 15 53 15
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104
106
108
112
114
116
118
120
122
124
128
132
134
136
138
140
146

35.732
36.255
36.777
37.823
38.346
38.723
38.956
39.189
39.422
39.654
40.073
40.445
40.631
40.7

41.003
42.086
45.337

24.0
24.6
22.9
24.9
24.7
230
25.6
25.7
25.7
248
243
18.7
18.8
214

4.0
4.0
3.7
4.0
3.9
3.6
3.9
4.0
4.0
3.9
3.9
3.2
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Figure 5.4: Isotope ratios of the <2um fraction from the IRD belt (site SU92-09)
from H2 and H4 and the surrounding intervals. Error bars are smaller than
symbols. A; 206Ph/204Ph in pink, 297Pb/2%Ph in purple, 2°8Pb/2%Ph in dark purple, B;
eNdin green, C; 8Sr/f8Sr in blue, D; 6'8OFine in orange, E: percentage IRD in grey
and percentage DC of the total >150um fraction in brown, F: greyscale values in
grey and magnetic susceptibility in dark green. Heinrich events are marked in grey.
A, B, C, D, thisstudy E and F, pers. comm. Elsa Cortijo.
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1000/Sr vs 87Sr/88Srfrom MD04-2829CQ. Samples are colour coded as shown inthe
key. Grey circles and lettering are explained in the text.

The clay sized fraction of terrigenous sediments from Rosemary Bank (site MDO04-

2829CQ have ¢Nd values with a much smaller range between -12.5and -16.6 (mostly
between -12.5 and 14.5) (Figure 5.6B). During H4 from 39.1 to 38.2 ka BP, ¢Nd is
lower than in the ambient glacial with the lowest eNd value of -16.6 occurring at the
same time as the detrital carbonate input, and decreased 38Oring(-4.98%0). Over H2
from 25.1 ka BP to 23.2 ka BP ¢Nd values gradually decrease but are not significantly
different from background glacial values.
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87Sr/88Sr ratios of the clay sized terrigenous sediments from Rosemary Bank have
a range from 0.7305 to 0.7396 (Figure 5.6C). The 87Sr/86Srratios are highest during
H4 reaching 0.7396. 87Sr/86Sr ratios increase during H2 from 0.7328 to 0.7365 and
continue to increase after the end of the Hemrich event. Cross plots of eNd and
87Sr/86Sr ratios of the <2pm fraction at site MDO04-2829CQ (Figure 5.5) show that
before both H2 and H4 and after H4 at point 1 in Figure 5.5C and Figure5.5D 87Sr/86Sr
is low, eNdis high and values of 1000/Sr between 8 and 11. During H2 and the post
H2 interval 87Sr/8%Srincrease but eNd and 1000/Sr remain constant. During H4 at site
MDO04-2829CQ only one sample from the H4 interval has lower eNd (-16.55) and
lower 1000/Sr than all the samples from site MDO04-2829CQ.

Bulk Pb isotopes are useful in detecting Archean sources (Hemming, 2004)
(Section 2.2.3.3) but are not currently as widely used as Nd and Sr isotopes in the
North Atlantic. This is because bulk isotope compositions of source regions overlap
significantly thereby poorly discriminating between different sources (Farmer et al.,
2003) see Figure 5.3A. Most comparisons of North Atlantic sediments focus on
206p|y/204phy- 207pp/204Ply space and 206Ph/204Pb- 208ph/204Ph and this will be used here
for ease of comparison (Gwiazda et al., 1996b, 1996a; Hemming et al., 1998; Bailey
et al., 2012). Three samples were replicated from the Pb isotope data of site SU92-09
(shown in black with links to the original samples (Figure 5.7)), to test the veracity
and consistency of the final data point in Figure 5.7A and Figure 5.7B. In the clay size
terrigenous fraction of the IRD belt (site SU92-09), there are a range of values in the
Pb isotope composition from 17.58 to 19.06 296Pb/2%4Pb, from 15.1 to 15.67 in
207pp/204ph, and from 37.55 to 39.05 in 298Ph/294Ph, Between 46 and 41 ka BP, the Pb
isotope ratios are low (<17.75 for 296Ph/294Ph, but increase to the highest values of the
record just before H4. During H4, Pb compositions are variable with lows of 17.6 and
highs of 18.5 for 206Pb/204Ph. After H4 at 38ka BP the Pb isotope compositions are
higher than prior to the H4 interval at ~18.2 for 296Pb/204Ph. From 31 to 25.5 ka BP Pb
isotope ratios are 18.5 for 206Pb/294Ph. At 25.5 ka BP, the start of H2, they decrease to
17.7 for 296Ph/294Ph and then increase over H2 to 18.5 for 206Ph/294Ph at 24 ka BP.

Pb isotope compositions of clay-sized sediments from the IRD belt are plotted in
206ppy/204pp-208pp/204ph space in Figure 5.7B. The dashed line y = 0.0763x + 14.207

describes all of the samples (R?=0.7297). The solid line describes the ambient glacial
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sediments y = 0.0722x + 14.288 (R2= 0.9248), and it is clear that the sediments from
H2 and H4 are more radiogenic than the ambient glacial sediments plotting above the
solid line. In comparison, sediments from H3 are less radiogenic than the ambient
glacial sediments plotting below the line. When the sediments are plotted in
206ppy/204pp- 207ph/204ph space (Figure 5.7A), they are described by the dashed line y =
0.9948x + 20.144 (R2=0.8197) and black line described by the equation y = 1.0111x
+19.764 (R? = 0.9745) is a linear fit to the ambient sediments. The sediments from
H2 and H4 deviate from the ambient sediment line towards point 2. Sediments from
H3 fall above the line. This is clearly demonstrated in Figure 5.8 where the deviation
from the best fit of the ambient glacial sediment is plotted, and a clear trend of higher
than ambient glacial 2°7Pb/2%4Ph values and lower than ambient glacial 298Pb/294Pb is
evident during H4 and H2.

It should be noted that whilst analytical error is smaller than the symbols for Pb
compositions of the clay sized fraction of site MD04-2829CQ, there is a significant
sample replication error for the Pb isotope compositions (see Section 2.2.4.4) this is
illustrated In Figure 5.6 by the black and red crosses showing the replicates from
MDO04-2829CQ. The Pb isotope compositions of the clay sized terrigenous fraction
from the Rosemary Bank site range from 17.67 to 19.02 in 296Pb/294Ph, from 15.57 to
15.66 in 297Pb/294Ph, and from 37.58 to 38.93 in 208Pb/204Ph. At site MD04-2829CQ,
the samples are very similar in composition and do not deviate greatly from the best
fit line shown in Figure 5.7C. The fit between 206Ph/204Ph vs 207Ph/204Ph y = 0.0697x
+ 14.336 (R? = 0.9825) and Figure 5.7D where the fit between 206Ph/204Ph vs
208pp/204ph js described by y =1.0072x + 19.805 and (R2? =0.995). Four of the samples
from H4 and H2 have very high Pb ratios compared to the other samples.
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Table 5.3 radiogenic isotope data for core MD04-2829CQ

ID Nd Sm Sm/Nd *Nd/'%Nd 16 eNd Ie TDm Rb Sr 1000/ 87Sr/Sr 1 Pb 206pp/ 207ph/ 208pp/ g Io 1o
Sr 204pp  204pp  204pp
600 | 328 52 015862  0.5119653 -1312 017 104 211 106 9 0.735947 15 144 1768 1557 3759 00013 0.0012 0.0032
604 | - - - 05119540 -1334 017 - - - - 0735052 15 - 1782 1558 3773 0.0014 0.0015 0.0044
608 | 354 57 016148 05119671 -1309 016 1.06 214 112 9 0738019 17 156 17.67 1557 3758 0.0012 0.0012 0.0031
612 | - - - 05119699 10 -13.03 020 - - - - 0736572 18 - 1785 1558 3777 00012 0.0012 0.0030
616 | - - - 05119521 9 -1338 017 - - - - 0736505 17 - 1772 1557 37.63 0.0012 0.0012 0.0031
624 - - - 05119351 7 -1371 014 - - - - 0737262 17 - 1809 1560 38.00 0.0013 0.0015 0.0044
628 | 346 56 016058 05119399 8 -1362 016 110 204 113 9 0738050 15 42 1810 1560 3800 0.0013 0.0015 0.0044
632 - - - 05119347 10 -1372 019 - - - - 0736914 17 - 1788 1558 37.80 0.0013 0.0014 0.0042
636 | - - - 05119561 10 -13.30 020 - - - - - 0 - 1823 1560 3815 0.0012 0.0014 0.0043
640 | 17.0 27 0.15917 - 0 - - - 107 58 17 0734342 17 21 1796 1559 37.88 0.0014 0.0016 0.0047
644 | 289 46 016007 05119413 6 -1359 012 109 178 106 0732708 18 54 1787 1558 3779 0.0013 0.0014 0.0043
646 | 335 55 016268 05119575 8 -13.27 016 108 201 108 0732556 20 25 1890 1565 3884 00012 0.0012 0.0032
648 | 263 42 016047 05119487 9 -1345 018 108 215 93 11 0733012 16 58 1802 1559 3795 0.0014 0.0015 0.0047
650 329 54 016489 05119796 8 -1284 016 106 216 93 11 0735655 20 28 1893 1566 3881 00013 0.0013 0.0034
652| 289 47 016111 0511965 8 -1310 015 106 212 101 10 0736535 15 44 1802 1559 3794 0.0013 0.0012 0.0032
656 | - - - 0511926 7 -1317 013 - - - - 0734590 18 - 1809 1560 3802 00012 0.0014 0.0041
660 | 33.0 52 015819 05119726 8 -1298 015 103 222 115 9 0735963 19 42 1811 1560 3804 00022 0.0020 0.0053
664| 65 11 016356 05119581 8 -1326 015 109 35 26 39 0735240 19 7 1797 1559 3789 0.0013 0.0014 0.0044
668 | 353 56 016020 05119590 8 -13.24 015 106 209 114 9 0736546 17 39 1815 1560 3808 00013 0.0012 0.0033
672 123 20 015923 05119665 9 -1310 017 105 84 45 22 073361 16 43 1770 1557 3763 0.0013 0.0013 0.0033
676| 282 46 016334 05119834 9 -1277 017 105 208 97 10 0734025 19 66 1786 1558 3779 0.0012 0.0011 0.0030
680 | 336 54 015911 05119712 9 -1301 017 104 211 118 0733730 18 67 17.84 1558 37.77 00012 0.0011 0.0030
684 | 313 50 015928 05119773 9 -1289 017 103 226 112 0733088 18 32 1825 1561 3820 0.0013 0.0012 0.0032
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Figure 5.6: Isotope ratios of the clay size terrigenous fraction from Rosemary Bank
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5.3 Interpretation

5.3.1 Interpreting coarse and fine fraction data; caveats

In both MD04-2829CQ and SU92-09 ratios of 87Sr/86Sr are high >0.73 compared
to values from the coarse fraction of sites across the North Atlantic which range from
0.72 10 0.73 (see Figure 19 in Hemming, 2004). However, the ratios of 87Sr/86Sr in the
<2um fraction from site SU02-09 and MD04-2829CQ compare well to the 87Sr/88Sr
ratios from the <2um fraction of sitt ME-68-89 from the Driezack Seamount in the
Western European Basin (Huon and Jantschik, 1993) see Table 5.4. Huon and
Jantschik (1993) show that there is a positive offset between the ratios of 87Sr/88Srin
the <2um fraction compared to the 87Sr/8Srratios in the >63pm from site M6-7A-
2441 due to differences in the mineralogy of the sediments across different size
fractions (see Figure 5.9). A similar grain size effect on Srisotopes and concentrations
of Rb and Sr has been observed elsewhere (Biscaye and Dasch, 1971; Gaiero, 2007;
Garcon et al., 2014).

Table 5.4 87Sr/8éSr ratios from Heinrich events (H-E) and the ambient glacial from
<2um fraction

Core H-E 87Sr/86Sr glacial 87Sr/8%Sr  Reference
MD04-2829CQ 0.734839 0.733615 This study
SU92-09 0.739524 0.733829 This study
ME68-89 0.738235 0.733387 (Huon and

Jantschik, 1993)
The causes of the high ratios of 87Sr/86Srin the clay size fraction of the cores in this

study compared to those from the North Atlantic is likely mineralogical changes
between size fractions. Whilst absolute values may not be comparable between the
coarser fractions and the clay sized material, the overall trends are similar between the
<2um fraction material from this study and studies of >63um fraction material (See
Figure 5.16 and Figure 5.17). One approach to reconcile the differences between the
coarse and finer fractions is to adjust the 87Sr/86Sr of the coarser source region data by
a constant (Gaiero, 2007). In Figure 5.9 data are shown from Huon and Jantschik
(1993) there is a difference of 0.007 between the <2um fraction, 2-16um fraction and
the >63um fraction. Hence, in the absence of <2um fraction data from the PSA, if the
87Sr/85Sr ratios are shifted by 0.007 it is possible to estimate what the source region
data may look like in <2pm fraction in Figure 5.12A and Figure 5.13A. However,

further analyses from the North Atlantic would be needed to adequately characterise
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the difference between the coarser and finer fractions of marine sediments and their

source regions.

0.76 ( o \ @ é&,
, 3 ;
/ K-feldspar Q
— . r=
074}  <oum <7095

el _2-16pm
4 -
r'e

2 "

8 ~~.-\. .

™~ , =~ °®

& e i

5 072} !& 1663 um  >63um |

y

600 800 1000 1200 1400
n K-Ar age (Ma)

0.70

Figure 5.9 The 87Sr/%¢Sr ratio with increasing grain size and changing mineral
composition from Huon and Jantschik (1993).

The Pb composition of the <2pum fraction is similar to that of the source regions
from Farmer et al. (2003). Yet, it must be noted that Pb tends to be easily biased by
substantially more radiogenic heavy minerals such as zircon (Garcon etal.,, 2014) and
therefore is also subject to a grain size effect. The Pb data could be affected by
differential settling, as replicates did not compare well with original samples after
resettling (Section 2.2.4.4). As the most radiogenic Pb isotope values from core SU92-
09 and MD04-2829CQ are from resettled samples (values of 206Pb/204Ph above 19 in
all cases), the interpretation of these samples should be treated with caution until
further repeat analyses can be conducted. However, the same effect was not observed
in Nd and Sr isotope ratios, as shown replicate analyses are shown in Figure 5.6 and

Figure 5.7.

5.3.2 Radiogenic isotope provenance of clay sized fraction of North Atlantic

sediments

5.3.3 Ambient glacial sediments

At site SU92-09, ambient glacial clay sized sediments prior to H2 and H4 and
during the H3 interval have high eNd (>-17), and high 87Sr/88Sr ratios (>0.735) and
afier H2 and H4 eNd is high (>-17) and 8/Sr/86Sr ratios are low <0.737 (Figure 5.5).
The modelled age (Towm) see Table 5.2, for ambient glacial sediments, based on the

143N d/*44Nd and 147Snmv/44Nd ratios (see Chapter 2) from the ambient glacial sediments
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are consistent with an apparent age of <1.4 Ga, Mesoproterozoic age. When compared
to Nd and Sr isotope data from PSA as in Figure 5.10, it is evident that the ambient
glacial sediments from post Heinrich event intervals are similar in composition to the
TMFs of the Gulf of Saint Lawrence sector of the LIS and the Fennoscandian ice sheet
(FSIS) Figure 5.10. Further support of the European source/ southern LIS source
region for ambient glacial sediments is derived from the Pb isotope ratios of the
ambient glacial sediments, which are also similar to that of GSL and FSIS sediments
Figure 5.11.

Ambient glacial clay-sized sediments from the Rosemary Bank site MDO0428-
29CQ have high éNd>-13and 8/Sr/86Srratios between 0.731 and 0.74 Figure 5.5 when
compared to PSAs the ambient glacial sediments are most similar to the source regions
of the Northern European margins, particularly the British Isles, Irish Sea and Bay of
Biscay PSA. The Pb isotope ratios of the ambient glacial sediments from Rosemary
Bank are almost identical to the Pb isotope ratios of the ambient sediments from the
IRD belt site, and indicate a GSL/FSIS source.

5.3.4 Heinrich event 4

The <2pm fraction from core SU92-09 during H4 typically exhibits low eNd < -
19, and 87Sr/88Sr values between 0.735 and 0.740, similar to the Baffin Bay PSA
Figure 5.10. The Tpm apparent age for these sediments is 1.8 to 2.1 Ga,
Paleoproterozoic in age, which is similar to ages derived from Baffin Bay (Farmer et
al., 2003). The Pb isotope compositions during H2 and H4 of the clay size fraction of
SU92-09 shift towards higher 298Pb/2%4Ph values and lower 207Pb/204Ph relative to the
ambient glacial sediments (Figure 5.11). This shift moves the sediments towards the
ratios of the Baffin Bay PSA and Hudson Strait PSA (red and pink envelope in Figure
5.11) which is based on data from Farmer etal. (2003).

At Rosemary Bank, during H4, clay size fraction ¢Nd values are high (-14 to -13)
similar to the eéNd values for British Isles reported in Revel et al. (1996) between (-10
and -13.5). However, at 38.62 ka BP (sample 644) there is a small change from values
of -14 to -16 closer to that of the Baffin Bay sediments. This small change coincides
with peaksin DC IRD (Figure 5.6) thought to be of LIS origin is coeval with the lowest

values of 8'80rne. Therefore, this could represent a small input of LIS material
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Figure 5.10 Sr and Nd isotope compositions of <2um fraction samples from site
SU92-09 and site MD04-2829CQ plotted alongside envelopes of simplified potential
source regions see Appendix 4 and Figure 5.2 for original PSA data.
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mixing with the British ice sheet material, though it is also possible that the lower eNd
is from a more local source.

5.3.5 Heinrich event 2

Like H4 at the IRD belt site SU92-09, H2 is characterised by low &Nd <-19, and
87Sr/863r values between 0.735 and 0.74 and deviations in Pb similar to a Baffin Bay/
Hudson Strait source. At the Rosemary Bank site this is not the case, during H2 there
is no change in the isotope ratios of the clay sized fraction compared to the ambient
glacial and the Nd and Sr isotope ratios conform to those of a British Isles source

region.

5.3.6 Sediment mixing

In section 5.3.2 it was established that at least two sources are needed to explain
the variation in Ndand Sr isotopes between the ambient glacial sediments and H2 and
H4 at site SU92-09. A third source is required to explain the high Sr values observed
during H3. Figure 5.12A and Figure 5.12B show that mixing occurs along two axes.
Therefore, a three end member model is required. The end member compositions were
calculated so that mixing curves produce fields that envelop all of the Sr and Nd
isotope and concentration data each core. These end members can then be compared
to the average compositions of end members from Table 5.1 to assess the likely source.
The three end members are as follows, one similar to the Scandinavian PSA
representing inputs from the Fennoscandian ice sheet (FSIS) or GSL PSA representing
a Gulf of Saint Lawrence LIS source , another source similar to the Baffin Bay PSA
representing sediments from the Hudson Strait sector of the LIS (LIS (HS)) and a third
sediment source with high 143Nd/*44Nd ratios, higher Sr concentrations and 8’Sr/86Sr
than the PSAs described, are illustrated in Figure 5.12A and Figure 5.12B. The final
compositions of the end members used for site SU92-09 are shown in Table 5.5. As
the end members are approximate, there is a large uncertainty associated with the end
members (differences between the end member in the model and the PSA values
(Figure 5.12).

Table 5.5 Site SU92-09 end members

End member  Sr ppm 87Sr/B6Sr Nd ppm 143Nd/*44Nd
EM1 100 0.7230 15 0.5119
EM2 280 0.7380 28 0.5110
EM3 83 0.7550 28 0.5120
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The contributions of the sources (end members) to each sample are shown in the
ternary diagram in Figure 5.12C and Table 5.6, the mixing model demonstrates a 38
to 83% contribution to the clay size fraction during H2 and H4 from the LIS (HS)
source area. During ambient glacial conditions, sedimentary inputs are a mixture of
EM3 and FSIS/GSL sourced sediments. When viewed over time in Figure 5.12B it is
evident that the LIS (HS) is only dominant during H2 and H4. It should be noted that
H2 is only represented by two data points as trace element data for Nd and Sr was not
available for all of the samples from this interval. The FSIS/GSL sediment source is
most abundant just prior to H4 and H2 and the undefined end member is most abundant
during H3, and after H4, and after H2. This undefined endmember is similar in
composition to European sources but has much higher Sr isotope values. Though there
is a great deal of uncertainty in the end member model it summarises the initial

comparisons between the PSAs and the isotope compositions in Section 5.3.2.
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Table 5.6 End member proportions for site SU92-09

Depth Age Heinrich EM-1 EM2 EMS3
(cm) (kaBP) Event FSIS/ LIS undefined
GSL (HS)

48 19.865 0.2 0.2 0.6
52 20.758 0.15 0.23 0.62
54 21.204 0.31 0.19 0.5
56 21.65 0.23 0.16 0.61
58 22.097 0.15 0.21 0.63
60 22.599 0.31 0.26 0.44
62 H2 - - -
64 23.715 H2 0.46 0.36 0.18
66 24.273 H2 0.15 0.81 0.03
68 H2 - - -
70 H2 - - -
72 25.172 0.23 0.16 0.61
74 25.42 046 0.11 0.43
76 25.668 0.38 0.08 0.53
78 26.877 0.54 0.02 0.45
80 28.086 0.46 0.02 0.52
82 29.295 H3 0.15 0.07 0.78
84 30.504 H3 0.15 0.05 0.8
86 31.027 H3 0.31 0 0.69
88 31.55 H3 04 011 0.89
100 - - -
102 35.209 0.15 0.18 0.67
104 35.732 0.31 0.17 0.52
106 36.255 0.23 0.23 0.54
108 - - -
112 37.823 0.38 0.16 0.45
114 38.346 0.23 0.36 0.41
116 - - -
118 38.956 H4 0.23 0.56 0.21
120 39.189 H4 0.38 0.48 0.14
122 39.422 H4 0.15 0.58 0.26
124 39.654 H4 0.15 0.54 0.31
128 40.073 H4 0.15 0.83 0.02
132 40.445 H4 0.23 0.39 0.38
134 40.631 H4 0.31 0.12 0.57
136 - - -
138 - - -
140 42.086 0.69 0.08 0.23
146 45.337 054 0.12 0.34
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Figure 5.12: Mixing model for site SU92-09. A; 143Nd/***Nd and 87Sr/88Sr ratios of
<2um fraction illustrating the end members used grey areas are PSAs with 87Sr/%Sr
ratios shifted by 0.007. B; 87Sr/88Sr and Nd concentrations/Sr concentrations
illustrating end members. C; Ternary plot of the samples relative to their end
members. D; End member proportions over time.

The isotope ratios of site MD04-2829CQ can be described by mixing between two

sediment sources. The first sediment source is similar in composition to samples from
the BIIS PSA and the second is more similar to the isotope composition of sediments
from the FSIS/GSL PSA (Figure 5.13A and Figure 5.13B). However, one sample
from H4 has lower ¢Nd values than the other samples from site MD04-2829CQ and
based on the inputs of detrital carbonate at the same time (Section 5.3.2) this is thought
to be due to an input from the Hudson Strait of the LIS. Hence, the LIS (HS) end
member was included in this model to judge if this is possible. The model end member
compositions are shown in Table 5.7 and the proportions of each end member
contributing to each sample is shown in Table 5.8. The proportion that each sediment
source contributes to the mixing is shown in Figure 5.13C and Figure 5.13D. The
proportions show that the sediments comprise largely of a British source mixing (40
to 89%) with a FSIS/GSL source, the FSIS is the more likely candidate due to the
proximity of the FSIS relative to the GSL to site MD04-2829CQ. Prior to H4 the FSIS
source dominates, during H4 the British source dominates but there is a small
contribution from the LIS (HS) of 30%. The contribution of the LIS (HS) is ~10-20%
in the ambient glacial, this indicates that the ‘Canadian’ signal is in part due to a local
provenance. During H2 the main component is the BIIS source accounting for 35-89%

of the isotope signal during H2.

Table 5.7 Site MD04-2829CQ end members

End member  Sr ppm 87Gr/86Sr Nd ppm 143N d/A44Nd
EM1 80 0.7265 25 0.512

EM2 280 0.74 26 0.5111
EM3 90 0.74 40 0.512
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Table 5.8 modelled end member contributions of sediments from MD04-2829CQ

Depth  Age Heinrich EM1 EM-2 EM-3
(cm) (kaBP) event BIIS LIS (HS) FSIS/
GSL
600 22.995 0.41 0.11 0.48
604 - - -
608 23.143 0.21 0.15 0.64
612-624 - - -
628 23.345 0.26 0.16 0.59
632-640 - - -
644 23.731 H2 0.67 0.11 0.22
646 23.799 H2Peak 0.35 0.12 0.53
648 23.876  H2Peak 0.89 0.03 0.08
650 23.956 H2Peak 0.45 0.03 0.52
652 24.032 H2 0.69 0.08 0.23
656 H2 - - -
660 24.307 H2 0.36 0.17 0.47
668 24.559 H2 0.21 0.17 0.63
676 24.827 H2 0.75 0.06 0.2
680 24.953 H2 0.30 0.19 0.51
684 25.077 H2 0.48 0.15 0.37
692 - - -
696 25.554 0.67 0.09 0.23
700 25.720 0.41 0.19 0.4
704 - - -
712 26.200 0.53 0.12 0.35
716 26.344 0.63 0.13 0.25
724 26.662 0.70 0.09 0.2
728 26.839 0.56 0.13 0.31
732 27.006 0.68 0.07 0.25
916 37.181 0.39 0.20 0.42
924 37.653 0.70 0.15 0.14
928 - - -
932 38.046 0.42 0.22 0.36
936 38.253 H4 0.53 0.18 0.3
938 38.342 H4 0.43 0.14 0.43
940 38.437 H4 0.67 0.16 0.17
944 38.620 H4Peak 0.49 0.33 0.18
946 38.710 H4Peak 0.49 0.16 0.36
952 38.978 H4 0.61 0.15 0.24
956 39.157 0.68 0.10 0.22
960 39.338 0.31 0.21 0.49
968 - - -
972 39.798 0.15 0.19 0.67
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Figure 5.13: Mixing model for site MD04-2829CQ. A; 43Nd/***Nd and 87Sr/86Sr
ratios of <2um fraction illustrating the end members used. B, 8Sr/fSr and Nd/Sr
concentrations illustrating end members. C; Ternary plot of the samples relative to
their end members. D; End member proportions over time.

5.4 Discussion

The following discussion places the provenance of the clay-sized fraction IRD into a
regional context for each Heinrich event. The first section of the discussion examines
the veracity of using the fine fraction for IRD provenance by comparing the results
presented in this chapter with the other coarse fraction data from sites around the North
Atlantic and British and Irish margin. The second section examines the implications
for using the fine fraction data to elucidate changes in ice volumes and aid in

characterisation of the mechanisms that create Heinrich events.

5.4.1 IRD Provenance in the clay size fraction

-----

’j 9 :
+
SH92-09

SU-9009 .=

\
---- |

SU-901

Ocean Data View

Figure 5.14: Map showing sites referred to in thisdiscussion (pink triangles). Mean
IRD pathwaysin thesurface ocean (lightblue), and the IRD belt (red) redrawn from
(Ruddiman, 1977) bottom currents (dark blue) from Fagel et al. (2004).

Section 5.3.2 demonstrated that the clay-sized radiogenic isotope data from the IRD

belt site (SU92-09) is best described by three sources, A GSL/FSIS source during the
ambient glacial, and a Hudson Strait/Baffin Bay source during H2 and H4. A further
end member, EM3, does not correspond to a PSA but does aid in constraining the

mixing between PSAs during the ambient glacial, this end member has high 87Sr/86Sr

116



A comparison between the provenance of the clay size fraction during Heinrich
events H2 and H4

ratios, >0.74 which is similar to those recorded in the western Atlantic during H3
(0.7425) (Hemming, 2004). The data provided from the clay size fraction from the
IRD belt in this study is consistent with the Hudson Strait source of the coarser <63
and >63um fraction across the North Atlantic during H2 and H4 (Revel et al., 1996;
Grousset et al., 2001; Hemming, 2004; Jullien et al., 2006).

Table 5.9: The sources and locations of sites referred to in the discussion

Site Location water age  Size Sources
depth range fraction
(m) kaBP
SU90-  Milnes 44°04N, 3645 Bulk evel et al,
11 Seamount 40°2 W 996; Jullien et
al., 2006)

SU90- Mid- 43°.05N, 3375 <63um  (Grousset et
09 Atlantic 31°.05W al., 2001)

Ridge
SU92-  Eastern Mid 44°60N 3270 19- <2um This study
09 Atlantic 23°39W 46

Ridge
MD95- Biscay 47°45'N, 2174 >150um  (Auffret et
2002 Seamount 8°53'W al., 2002)
MDO01- Porcupine 51°45'N, 1153 >150um (Peck et al,
2461 Bank 12°55'W 2007)
MDO04- Rosemary 58°57°N; 1743 <2um This study
2829 Bank 09°34°W
SU90-  Iceland 60°34N 2400 Bulk (Revel et al.,
33 Basin 22°05W 1996)
V28-82 Eastern mid 49°27°N 3935 H1- <63um  (Hemming et

Atlantic 22°16°W H1l al., 1998)
MD95- Barra Fan 57°01’N 2120 20-  <63um  (Leigh, 2007)
2006 10°03°W 48

The Nd-Sr-Pb isotope data from the IRD belt site in this study has substantiated
previous assertions in Hemming et al. (2002). Hemming et al. (2002) demonstrated
using “CAr/9Ar dates that sediments deposited during Heinrich events are dominated
by sediment inputs from the Hudson Strait sector of the Laurentide ice sheet, even in
the clay size fraction. This also aptly demonstrates the viability of the clay-sized
fraction as a proxy for glaciogenic inputs during the last glacial, and is further
supported by the position of the site to the east of the Mid-Atlantic Ridge (MAR), at
3270 m water depth. The MAR is likely to preclude inputs from bottom currents
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derived from the LIS as it acts as a topographical barrier to nepheloid layers (Bout-

Roumazeilles et al., 1999).

The Pb isotope data from this study when compared with potential source regions
for site SU92-09 (Figure 5.7) demonstrate that during both H2 and H4 the Pb isotope
ratios of the sediments shift away from the European sources which characterise the
source region during the ambient glacial. Though comparable bulk Pb isotope analyses
are sparse, where data is available for the <63 across the North Atlantic, a more
dramatic shift to lower 206Pb/207Ph and lower 207Pb/294Ph is observed (Figure 5.15B).
It should be noted that the change in Pb isotope ratios from the Barra Fan and VV28-82
in the IRD belt are more extreme than is seen in the IRD belt and at site MD042829CQ
in the clay size fraction. This could be partly due to changing mineralogy in different

size fractions (Gargon et al., 2014).

'10 T I T | T | T | T 15.8
A
i MD04-2829 1 157
151 Ambientglacial&D ® |
| SU9209 1 15.6
o S
= 20 15155
% o t | '
a & 154
251 —
L LS am?)iel?‘é_o++ - 153
it | O
-30 | /e W TR I 15.2
15 16 17 18 19 20 16 17 18 19
207Pb/204Pb 206Pb/204pb
O H2 Labrador Sea HU87-9 V¥ H2 Barra Fan <63um
+  H1,H2, H4, H5 IRD belt <63um V' H4 Barra Fan <63um
V28-82

Figure 5.15 Differences between 63 and <2 um fraction in North Atlantic sites. A
eNd vs 205Pb/204Ph and B: 206Ph/204Ph 207Pb/2%Ph, <2um fraction from site SU92-09
and MD042828CQ and <63um fraction from HU87-9 (Barber, 2001; Benson et al.,
2003) V28-82 (Hemming et al., 1998) and Barra Fan (Leigh, 2007) and source
region envelopes from Figure 5.3.

5.4.2 Changing IRD sources over Heinrich event 4 acrossthe North Atlantic
Prior to the H4 interval at site SU92-09 in the IRD belt there is a constant supply

from a Scandinavian/GSL source as this study detected in analysis of the interval
preceding H4. However this FSIS/GSL iput does not constitute a ‘European

118



A comparison between the provenance of the clay size fraction during Heinrich
events H2 and H4

precursor’ but implies a background input, as demonstrated by the low total IRD % at
the site prior to H4. (Figure 5.4). The contributions of the Canadian source to the clay-
sized fraction correlate well with the increase in inputs of IRD to the coarse fraction
and decreases in §*80rine H4. This is consistent with the low Nd and high Sr isotope
ratios observed in sites across the North Atlantic (Hemming, 2004). Both site SU90-
11, from the western edge of the IRD belt, and MD95-2002 from the eastern edge of
the IRD belt, have eNd <-25 and 87Sr/8Sr in excess of 0.728 (Figure 5.14, Figure
5.16). During H3 there is an increase in an end with a high Sr isotope ratio and similar
eNd values to the European PSA. This could be evidence of a European source, the
undefined source shows a similar pattern to that of Si/Sr curve from site U1308
(Channell et al., 2012), which they use as an indicator of detrital silicate and low

carbonate inputs.

At the Rosemary Bank site during H4, the isotopic values for eNd and 87Sr/86Sr
indicate asmall input of material of Canadian provenance and increasing contributions
from the BIIS. Coarse (>150um) fraction lithic counts demonstrate an increase in LIS
sourced material during H4 which accounts for amaximum of 3.2% of the total coarse
fraction IRD at the Rosemary Bank site (Hall et al., 2011). Nd and 87Sr/86Sr isotope
measurements on coarse fraction material from the margins of the BIIS including sites
at the Biscay Seamount, and Porcupine Bank demonstrate that in the coarser fractions
there is a significant contribution from a low eNd (-30) and high 87Sr/86Sr (0.728)
source, consistent with an input from the LIS reaching the margins of the BIIS through
ice rafting during H4. Further evidence from the Barra fan also demonstrates a LIS
sourced input to the <63um fraction during H4 using Sr, eNd (-33) and Pb data (Leigh,
2007). However, H2 differs markedly from H4 with high eNd (-12 to -13) and high
87Sr/86Sr (0.735 -0.737). This indicates the dominance of BIIS contribution and no LIS
input, contrasting not only with the results of H4 from this core (Hall etal., 2011), but
also with H2 data from the coarse fraction at the Rosemary Bank site in the North
Atlantic and British margin. Across the North Atlantic and at the British Margin, H2
is characterised by increases in the 87Sr/86Sr and decreases in eNd values below -16
consistent with a Hudson Strait source (Revel et al., 1996; Hemming et al., 1998;
Revel et al., 1996; Snoeckx et al., 1999; Grousset et al., 2001; Peck et al., 2007; Leigh,
2007; Haapaniemi et al., 2010) (Figure 5.16 and Figure 5.17).

119



A comparison between the provenance of the clay size fraction during Heinrich
events H2 and H4

. H2
40 :
) MD01-2002 0.73
-30 |- ‘4
o] =
0.72 S~
520 &
ee]
10 - 0.71
0
m
30 — 0.75
B -
25 @
(o0}
- 0.74
< -20 — Z
= )
Z |
15— 0.73
40 160
- cm
40 —
-30
o L
=
@ -20
-10 —
0
75
-40 —
-30 —0.73 &
=
o
= 20 &
CH S
-10
—0.72
0
40 60 80 100 120 140 160 180
Depth cm

Figure 5.16 eNd and 8"Sr/f5Sr from selected sites along an East to west gradient in
the IRD belt, sites are shown in Figure 5.14 and data sources are shown inTable 5.9
red line indicates eNd values of -16 thought to deliniate between a Canadian and
European source.
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Differences in isotope values between the <2pum fraction and the coarser fractions
along the British Margin during H2 and H4 are attributed to variations in grain size
and depositional setting, as a function of glacial conditions. Evidence from the British
margin suggests that the BIIS was smaller during marine isotope stage 3 (57-29 ka
BP) in which H4 occurs (Lisiecki and Raymo, 2005). For example, IRD counts from
sites at the Porcupine Seabight, and Barra Fan (Knutz et al., 2001; Peck et al., 2007;
Scourse et al.,, 2009) indicate an intermittent presence of the BIIS throughout MIS 3.
H2 occurs after the LGM of the BIIS, which occurred between 27-21 ka BP
(Chiverrell and Thomas, 2010; Clark et al., 2012). Maximum IRD supply occurs at
different times along the margin of the BIIS (Scourse et al., 2009). At the Donegal Fan
it is reached at 30 ka (Knutz et al, 2001), and at 27 ka for other sites including
Rosemary Bank and the Porcupine Seabight (Peck et al., 2007; Hall et al., 2011; Clark
et al., 2012). This early maximum extent of the northern margin has been interpreted
as a curtailment of growth as the northern BIIS asit the shelf break (Clark et al., 2012).
Though the background conditions at the European margin differ significantly
between H2 and H4, the two Heinrich events are the most similar in their extent and
the release of detrital material from the LIS. H4 is the larger of the Heinrich events
with an estimated volume of 350 km3 covering 2.4x10°% km?, compared to H2 which

released an estimated volume of 300km?3 covering 2.0 x108 km? (Hemming, 2004).

Prior to H2 the BIIS reached its maximum extent at the shelf break, resulting in
sedimentary inputs from the BIIS that are much larger during H2, than H4. This has a
particular effect on the clay size fraction which makes up the majority of glacially
derived sediments (Andrews and Principato, 2002). At the margins of the BIIS, as
shown in the schematic diagram in Figure 5.18, there is increased transport of the clay
size fraction through mechanisms such as nepheloid layers, turbidites and surface
meltwater plumes. This effectively diluted the inputs of LIS derived material in the
clay size fractions, meaning that it is not visible in the radiogenic isotope signature of
the H2 sediments and represents only a small proportion of the clay sized fraction
during H4.
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Figure 5.17 &eNd and 8"Sr/f5Sr from selected sites along a north to south gradient
along the British Margin, sites are shown in Figure 5.14, data sources are in Table
5.9 red line indicates ¢Nd values of -16 to deliniate between a Canadian and
European source.
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Figure 5.18 Schematic diagram of inputs at the margins of the BIIS

5.5 Summary

This chapter has demonstrated that at the IRD belt the clay size fraction during
Heinrich events has a similar source to that observed for the coarse fraction
counterparts, with up to 83% of the sediment sourced from the HS sector of the LIS
in the central North Atlantic IRD belt. It also demonstrates a change in provenance of
clay-sized material prior to H2 and H4 which is close to that of GSL and Scandinavian
sources. This finding is consistent with the findings of other studies from across the
North Atlantic, which examined coarser size fractions to source the sediments. This
common source between different grain sizes indicates that deposition in the NA IRD
belt during Heinrich events was dominated by the products of glacial erosion
transported by surface currents. During H3 the site is dominated by another end
member, which is different in composition to those in the coarse fraction of other

studies.

At site MDO04-2829CQ the source of fine material is predominantly European,
however there may be a small input of an older possibly Canadian source during H4.
There are differences between the <2pum fraction from site MD04-2829CQ and the
coarse fraction material along the British margin, which may be a result of dilution of
distal sources of IRD in the <2um fraction by meltwater and nepheloid layers. This
would not have had a great effect on the coarser fractions.

Finally, further characterisation of source regions for the clay size fraction is required
to distinguish between Baffin Bay and Hudson Strait sources, and would enable the
robust validation of the assertions made in the literature regarding changing source

contributions.
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6 Surface and Deep water changes in the North Atlantic

during the last glacial

6.1 Introduction

The prevailing paradigm surrounding Heinrich events is that freshening of the
North Atlantic surface waters through meltwater inputs, causes a reduction in the
vigour of Atlantic Meridional overturning circulation (AMOC) (Bond et al., 1992;
Broecker, 1994; Bond et al., 1997; Broecker, 2003; Hemming, 2004). Changes in the
benthic 5180 representing bottom water masses in the North Atlantic over the last
glacial have been shown to be in phase with warming in Antarctica (Shackleton and
Hall, 2000; Hodell et al., 2010). However, recent evidence from the northern North
Atlantic suggests temperature changes were not directly coupled with changes in

bottom speeds (Jonkers et al., 2012a).

6.1.1 Surface ocean temperature and salinity changes during Heinrich
events

In the ocean, 3180 of seawater can be lowered by decreases in salinity and
increases in temperature (see Section 2.2.3). Across the north-eastern North Atlantic
co-registered records of 8180 of Neogloboquadrina pachyderma and sea surface
temperature (SST) records demonstrated that during Heinrich events, temperatures
cooled and sea surface salinities (SSS) were reduced (Maslin et al., 1995). Decreases
of up to 2 %o of 180 measured on N. pachyderma tests demonstrate the widespread
impact of this temperature and salinity change over Heinrich events (Cortijo et al.,
1997, 2005; Benway etal., 2010). Further evidence for low SST and decreased salinity
during Heinrich events is provided using U3z based sea surface temperature estimates
(Madureira et al., 1997; Bard, 2000; Rosell-Melg¢ et al., 2002) see Figure 6.1. Outside
of the main IRD belt in the North Atlantic, there are discrepancies where warming
SST have been observed over Heinrich events. To the north of the IRD belt for
example, at the Reykjanes Ridge a warming over H4 is observed in Mg/Ca derived
temperatures (Jonkers et al., 2010). In the north eastern North Atlantic warming of
SST was observed during H1 (Cortijo et al, 2005), Furthermore, strong SST

seasonality is observed during H4 at the Faeroe Drift in dinoflagellate assemblage
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derived SST, and high SST were found concurrent with 80-100% abundances of N.
pachyderma (a polar indicator) (Zumaque et al., 2012). Towards the southern edge of
the IRD belt, at site U1313 there is a warming during Heinrich events suggested by
alkenone derived SST (Naafs et al., 2013a),

40N

Subtropical gyre

30N N. Africa

sow 60 W 40w
Reconstructed paleoceanographic conditions during Heinrich Events
M High % polar plankt. foraminifera N. pachyderma (s.) @ Low 30 N. pachyderma (s.)

@ Low alkenone-based SST A Low faunal-based SST
.Low alkenone-based SST + high % C,.,alkenone & Low Mg/Ca-based SST

Warm surface current Cold surface current

Figure 6.1: summary of proxies relating to palaeoceanographic conditions during
Heinrich events from Naafs et al. (2013a) reproduced with permission from John
Wiley and Sons.

6.1.2 Response of intermediate and bottom water masses during Heinrich
events
The configuration of Last glacial maximum (LGM) deep water masses in the North
Atlantic is inferred from 83C and dissolved Cadmium (Cd) of benthic foraminifera.
At depth, North Atlantic Deep Water shoaled to depths <2 km and was called Glacial
North Atlantic Intermediate water (GNAIW); at greater depth Southern Component
Water (SCW) expanded northwards as far as the subpolar regions (e.g., Boyle and
Keigwin, 1987; Oppo and Fairbanks, 1987; Duplessy et al., 1988; Sarnthein et al.,
1994; Curry and Oppo, 2005; Oppo et al, 2015). A slowdown in the Atlantic
meridional overturning circulation (AMOC) is thought to be associated with

freshwater discharge during Heinrich events (Broecker, 1994;Vidal 1997; Rahmstorf,
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2002). Lower overturning rates are indicated by sediment 231Pa/23°Thratios (McManus
et al., 2004; Hall et al., 2006; Negre et al., 2010; Lippold et al., 2012). However, the
use of 281Pa/23%Thas an AMOC strength proxy is complicated by scavenging of 231Pa
by biogenic opal, vertical particle fluxes and AMOC geometry (Lippold et al., 2009;
Anderson et al., 2009; Lippold et al., 2012; Jonkers et al., 2015). Further evidence of
a reduced AMOC during Heinrich events is demonstrated by lower mean sortable silt
(SS) (e.g., Thornalley etal., 2013) and particle size changes (Prins etal., 2002; Jonkers
et al, 2012a). Changes in the ventilation of deep water masses are supported by
lowered 3'3C of benthic foraminifera across the North Atlantic Basin, supporting a
drastic change in the deep circulation associated with these events (Keigwin and
Lehman, 1994; Vidal et al., 1997; Zahn et al., 1997; Willamowski and Zahn, 2000;
Elliot et al., 2002; Peck et al., 2006). However, not all HEs were identical. Lynch-
Stiglitz et al. (2014) for instance demonstrate differences between the change in
ventilation between the early glacial H4 and later glacial H2 and H3. They use the
813C of benthic foraminifera from several cores from the deep (>2000 m) North
Atlantic and intermediate depths (500-900 m) to demonstrate that Heinrich events 2
and 3 have a muted AMOC response to the freshwater forcing in contrast to that which
is seen during the early glacial HEs and H1. This is contradictory to modelling
experiments that show a greater impact of a freshwater forcing during full glacial
conditions (e.g. Bitz etal., 2007; Weber and Drijfhout, 2007).

This chapter will allow inferences to be made about the surface and bottom water
dynamics associated with the Heinrich events by presenting planktonic and benthic
oxygen and benthic carbon isotope record for site SU92-09 using N. pachyderma,
Globigerina bulloides and Cibicidoides wuellerstorfi. By comparing data from site
SU92-09 to isotope records from other cores around the North Atlantic it is possible
to infer the phasing of changes in surface water mass changes and bottom water mass
changes. This could prove informative as previous studies have shown indications of
changes in the deep ocean change prior to Heinrich events (e.g., Zahn et al., 1997,
Peck et al., 2006; Jonkers et al., 2012a).
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6.2 Results

Over the last glacial between 46.5 and 19.5 ka BP there is a trend of increasing
5180 of the benthic foraminifera C. wuellerstorfi from 4 %o to 4.6 %o (Figure 6.2).
Most of this increase occurs at 35 ka BP. Over the same period §13C of C. wuellerstorfi
decreases from 1.2 %o to 0.5 %o. During H4 313C of C. wuellerstorfi initially decreases
to 0.9%o at one sample poimnt, but thereafter an overall increase to a peak of 1.3 %o. At
H3 there is a drop in benthic §'3C from 1%o to 0.6 %o. During H2 3'3C initially
decreases from a peak of 1 to 0.5%, a hiatus in the deposition of C. wuellerstorfi
obscures most of H2 however, at the end of H2 §13C of C. wuellerstorfi is still low

and remains low after the event.

The oxygen isotope ratios of N. pachyderma gradually increase over the period
46.5 to 16.7 ka BP, this trend is interrupted by excursions to lighter values of ~2.5%o
during H4, 2.9%o during H2 and 2.5%0 during H1 Figure 6.2. Over H3, there is no
change in the 3180 of N. pachyderma. The isotope ratios of G. bulloides are lower than
those of N. pachyderma during the ambient glacial, §80 of G. bulloides is between
2.1 and 2.8 %o until H1 where it decreases to 1.5 %o. There is a difference of 0.4 to
1.46 %o between G. bulloides and N. pachyderma during the ambient glacial. The
decreases in N. pachyderma 680 during Heinrich events occur at the same time as the

large decreases to <-5%o seen in §8OFINE.
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Figure 6.2: Benthic and planktonic foraminifera stable isotope ratios for Core
SU92-09. A; 63C of C. wuellerstorfi B; 6180 C. wuellerstorfi, C; 80 of planktic
foraminifera (labelled), D; 6'Orine (orange), percentage IRD (grey) and
percentage detrital carbonate (brown) pers. comm. Elsa Cortijo. Heinrich event
intervals are marked in grey. Darker lines represent the 5 point averages of
foraminifera stable isotopes.
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6.3 Discussion

6.3.1 Fresh water input to surface waters

The ambient glacial values of N. pachyderma are in the range of 3.5 %o and above.
During Heinrich events, these are reduced to ~2.5%0 Figure 6.2C. This effect is
strongest during H4 where the decrease in 580 of N. pachyderma matches the timing
of the inputs of IRD to the core. During H3 there is no discernible change in the 580

of N. pachyderma. At the beginning of H2 there is an excursion of ~1%o that lasts for

Figure 6.3: changes in 6*80 of planktonic foraminifera (before —during) with the
1%o isoline from Cortijo (2005) . (removed copyright unable to be obtained before
submission. see Fig 2 of Cortijo et al (2005)).

1 kyr however the input of IRD (from 8*8OFring) lasts longer than the excursion in
N. pachyderma &'80. Lower 880 of the tests of planktic foraminifera indicate a
decrease in the 180 in the water mass in which the foraminifera calcifies or an increase
in temperature. In the surface ocean lower 8180 is indicative of decreasing salinity,
and global ice volume changes see Section 2.2.3. In studies across the North Atlantic
where the SST effect on 680 have been removed, Heinrich events have been shown
to have large freshwater anomalies across the IRD belt (Cortijo et al., 1997, 2005).
Therefore, it is likely that in core SU92-09 excursions in the 180 of N. pachyderma
is a reflection of lowered SSS during Heinrich events. Comparing the scale of the
change in 380 at this site with those from (Cortijo et al., 2005) shown in Figure 6.3
demonstrates that this site is consistent with changes across the North Atlantic IRD
belt during H4 and during H1. Comparing to sites that data from H2 is available from

the excursion is also similar.

6.3.2 Convergence of 680 records from G. bulloides and N. pachyderma
The oxygen isotope curves of N. pachyderma and G. bulloides shown in Figure
6.2 would at first glance support the conclusions of Rashid and Boyle (2007, 2008)
that during Heinrich events there is awind driven mixed layer deepening which results
in similar values of 6180 of N. pachyderma and G. bulloides. This assertion is based
on the depth habitats of the two species: N. pachyderma is a subsurface dwelling
foraminifera, thought to spend most of its lifecycle near the pycnocline but also found

at a wide range of water depths ranging from 50- 80 m as juveniles to 500-600 m at

129



Surface and Deep water changes in the North Atlantic during the last glacial

other life stages, but is found at peak concentration in the modern subpolar ocean at
150 m (Hillaire-Marcel and Bilodeau, 2000). G. bulloides is a surface dwelling
foraminifera found at depths of 0 - 60 m with a mean calcification depth of 30 m
(Schiebel et al., 1997) and peaks during the spring bloom. Studies have used variatio ns
in the 3180 of these two species to examine water mass changes in the surface and sub
surface and as an indicator of water mass stratification during IRD events (Hillaire-
Marcel and Bilodeau, 2000; Rashid and Boyle, 2007; Peck et al., 2008; Hall et al.,
2011). At site SU92-09 the oxygen isotope curves of the two foraminifera during
ambient glacial conditions have a difference of 0.4 to 1.46 %o Figure 6.4. During
Heinrich events however this reduces to a 0.04 to 0.66 %o difference between the two
foraminifera species as shown in Figure 6.4 This potentially means that the water
masses where the foraminifera are growing have similar properties and may be
interpreted as mixing of the surface and subsurface water masses. However, there are
many considerations in the interpretation of 5180 between these two species which

may mean that this is not the case.

1.6 - H1 H2 H3? H4 |

A 80 (%o0)

0'0 1 1 1 | 1 1 1 1 | 1 L 1 1 ] 1 Il 1 1 ] 1 1 1 1 1 1 1 L | 1
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Figure 6.4: plot of the difference (A) between the 680 values of N. pachyderma and
G. bulloides.

130



Surface and Deep water changes in the North Atlantic during the last glacial

Firstly, in modern sediment trap studies, in a N-S transect G. bulloides were found to
migrate with the spring bloom reflecting the sea surface conditions of May to June
between 40 and 45°N (Ganssen and Kroon, 2000). A further study from the Irminger
sea fluxes of N. pachyderma peak earlier in the year during May and again during
August compared to G. bulloides which peaks during June —August, and both species
are found at the same depth range (Jonkers et al., 2013). This would suggest that the
differences in N. pachyderma and G. bulloides 580 in the past are as a result of

differences in seasonality rather than depth habitat.

A second consideration is that G. bulloides is typically associated with warmer waters
whereas N. pachyderma is associated with colder SST and have been found to live in
sea ice (e.g., Spindler and Dieckmann, 1986). Itis the case that each sample at the site
integrates time with decades to centuries represented in a single sample. Heinrich
events are not once single event but the integration of several meltwater pulses over
several hundred years. Therefore, it is possible that the 5180 of N. pachyderma lowers
in response to meltwater input from the Heinrich event but that G. bulloides is not
present at the time of year or during years when meltwater occurs, and does not register
the lighter 6180 values associated with a meltwater pulse during the Heinrich events,
resulting in the two records seeming to converge. This is supported by the low inputs
of foraminifera during Heinrich events in some cases there were <20 G. bulloides per
sample. Also during H1 there is a decrease in the G. bulloides 520 at the same time
as the decrease in N. pachyderma &80 this indicates that if the conditions are
favourable G. bulloides will register concomitant changes with N. pachyderma. Of the
scenarios above the third is thought to be the most reasonable considering the evidence
provided here. This scenario is also consistent with the interpretation of the N.
pachyderma 80 decrease during HEs predominantly reflecting a (near) surface
freshening (and not a warming) since fresh and cold conditions are unfavourable for
the growth of G. bulloides.

6.3.3 What inferences can be made from changing benthic water masses at
the IRD belt site SU92-09?
The records of the benthic foraminifera C. wuellerstorfi at site SU92-09 are

incomplete with hiatuses during H2 and at the beginning of H4. Potentially, during

Heinrich events the benthic conditions were not favourable for the survival of C.
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wuellerstorfi in large enough numbers for them to be preserved in the sediment

sampled. However, inferences about the general changes over the course of the last

4 4
. S892-09
SU90:08-"" 10582

Ocean Data View

Figure 6.5: Map showing the bottom current circulation adapted from (Fagel et al.,
2004) and the sites mentioned in this discussion.
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Figure 6.6: 6'80 of C. wuellerstorfi from SU92-09 and North Atlantic records
compared to Antarctica 6D record. A; 680 of C. wuellerstorfi from sites in the mid-
Atlantic. B; 6D averaged from Vostok (Petit et al., 1999). C; bulk fine fraction 620
representing increases in detrital material at site SU92-09 and U1308 (Hodell et al.,
2008) are on the same age model JPC-13 (Hodell et al., 2010) and Vostok core are
on their own age models.

glacial can be inferred from the data available. 580 of benthic foraminifera reflect

changes in temperature, global ice volume and local hydrographic conditions (Ravelo
and Hillaire-Marcel, 2007) see Section 2.2.3.1. The 580 of C. wuellerstorfi from site
SU92-09 show a general trend of increasing values over the last glacial from 4.1 %o to
4.6 %o. The minimum values correspond with H4, and a stepwise increase occurs at
33.6 ka BP. This general trend is reflected in sites U1308 (Hodell et al, 2008),
MD952042 (Shackleton et al., 2004), and JPC-13 (Hodell et al., 2010), locations

shown in Figure 6.5 and data in Figure 6.6.
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Figure 6.7: Changes in the structure of 6*3C in water-masses in an N-S transect of
the North Atlantic from Sarnthein et al (1994) reproduced with permission from Jon
Wiley and Sons. Top is early glacial, bottom is last glacial maximum, Red dot
indicates the depth of and position of SU92-09.

The increasing values over the last glacial at the sites in Figure 6.6Error!

eference source not found. demonstrate that this is a wide reaching signal probably
linked to changing insolation and ice sheet growth. The excursion during H4 to lighter
580 of benthic foraminifera in water depths greater than 3000 m is in phase with
warming event Al in Antarctica (Hodell et al.,, 2010) also shown in Figure 6.6. The
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surface expression of Heinrich events (shown by the §'80ring) at site SU92-09

corresponds well with the benthic 3180 changes at the site.

During the last glacial, benthic §3C values at deep sites in the North Atlantic are
reduced in response to an incursion of SCW which has a low §13C signal (Oppo et al.,
2015). At site SU92-09 in the early glacial values of benthic 13C match those of the
NADW. This supports the assertion of Sarnthein et al.(1994) that during MIS 3, the
origin of North Atlantic Deep Water (NADW) was similar to the modern. At site
SU92-09, the transition demonstrating the shoaling of NADW to become GNAIW and
mcursion of SCW occurs between 32 and 28 ka BP where values reduce from ~1%o to
~0.5%o. Sarnthein et al.(1994) demonstrate the shoaling of NADW by their 21-23 ka
BP time step see Figure 6.7, which is consistent with the pattern seen at site SU92-
09. The 513C of C. wuellerstorfi at site SU92-09 during H4 is harder to place into the
context of existing data at water depths of >3000 m. During the Heinrich events of the
last glacial, across the North Atlantic basin below 2000 m 313C values correspond to
SCW with values below 0.5 %o as far north as the subpolar North Atlantic. At site
SU92-09 this is not the case, during H4 values of 1.26 %o (the highest in the record)
are found at the same time asthe IRD is recorded in the core. Vidal etal. (1997) present
data from the North Atlantic and demonstrate that in the vicinity of the IRD belt §13C
values only decrease by <0.25 %.. Indicating that contrary to other sites in the North
Atlantic, local deep water convection occurs at the Ruddiman IRD belt (Vidal et al.
1997).

Table 6.1: comparison between average benthic 6'3C H4 at local sites with data
from Vidal et al. (1997), number of samples is in brackets.

Site Location Depth (m)  Pre-H4 H4 Post H4
SU92-09  44°N 23°W 3270 1.05 (6) 1.15 (6) 1.11(6)
SU90-08  43°N 30°W 3080 1.13(3) 0.9(4) 1.17 (3)
10S-82 42°N 23°W 3540 1.05 (4) 0.9 (1) 1(3)

There is no analytical reason to doubt the values, and as the study was
monospecific and from the same size fraction, there should not be variation based on
the differences in the rate of incorporation of §13C into the shell. If there were
misidentification of C. wuellerstorfi, this would likely have little effect on the 53C

value as many studies use a combination of Cibicidodies species to create their benthic
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records (e.g., Oppo et al, 2015). Furthermore, contamination via bulk carbonate
material would shift the §13C to lower not higher values. Early phase diagenesis of
calcite has been observed during Heinrich events, and this could have an effect on the
813C ofthe foraminifera calcite, but C. wuellerstorfi tests were whole and did not have
visible evidence of recrystallization. Therefore, it can be accepted that these data
reflect a true change in the 313C of the benthic foraminiferal calcite. At the beginning
of H4 there is a hiatus in the record of C. wuellerstorfi, it could be that the change in
813C is missed by this record over H4 and that there is a rapid resumption of the
NADW at the site which occurs before the end of the freshwater forcing indicated by
IRD and the 380 of N. pachyderma.
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Figure 6.8: 6'3C of benthic foraminifera from North Atlantic sites. SU92-09 in
black, average 6'°C from U1308 at 3871 m depth (Hodell et al., 2008) in green and in
red is the average 6*°C + 2 standard deviations of 8 sites with >2000 m depth from
Lynch-Stiglitzet al.(2014).

6.4 Summary

e The 580 of N. pachyderma show a similar decrease to other sites across
the North Atlantic and demonstrate a freshwater input to the site which is
in phase with the increase in 6'8Orine demarking the start input of fine
fraction IRD during the Heinrich event. Over H3 there is no visible
decrease in the 80 of N. pachyderma during H3.

e The 580 of C. wuellerstorfi shows similar phasing and values to sites JPC-

13 and U1308 potentially linking it to Antarctic warming phases.
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The 83C of C. wuellerstorfi demonstrates a change at 36 ka BP from 613C
resembling GNAIW to lighter values representing the greater influence of
SCW at the site. However over H4 there is no change in 83C of C.

wuellerstorfi which is anomalous for the North Atlantic.
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7 Synthesis

The preceding chapters have examined the changing source and supply of glacial
flour to the margins of the British and Irish ice sheet (BIIS) and the IRD belt over the
last glacial period with particular reference to Heinrich events 2 and 4. This synthesis
will summarise the key findings from the previous chapters and then proceed to place

them into context of already existing literature.

Chapter 3 revealed changes in the grain size distributions of the 5-63um fraction.
Through a four component end member modelling study of particle size distributions
(PSD) it was demonstrated that at site SU92-09 during H1, H2 and H4 the 5-63um
fraction was dominated by a coarser end member with a PSD resembling that expected
from IRD. After H2 and H4, the IRD belt site shows a dramatic fining, which is
thought to indicate a retreat of the polar front preventing IRD from reaching the site
or changes to circulation providing material to the site. At the Rosemary Bank site,
there are increases in endmembers with coarser PSD that are associated with an
increase in IRD abundance. The finest end member increases over the course of the
last glacial, in this case it is attributed to increased input from the BIIS as the shelf
edge was reached, this is supported by 580 data from Chapter 4 which demonstrated
increasing detrital input to the site over MIS 2.

Chapter 4 demonstrated that at site SU92-09 in the central North Atlantic IRD belt
there is a significant input of fine fraction detrital carbonate evidenced by low 5180 of
the <63 um fraction (8'8O0rine) during Heinrich events. This is likely as a result of
transport of <63pum fraction carbonates by ice rafting and associated melt water from
the Hudson Strait ice stream which is underlain by Palaeozoic carbonates. At the
British margin, a distinct impact of the growth of the BIIS calving margin on the
5180FINE proxy is observed. Lower values of 818Orine are associated with high IRD
input and low SST indicating periods of higher supply of continentally derived
carbonate relative to the biogenic supply. Over MIS 3 and 2 the supply of continental
carbonate increased as the BIIS established a more permanent marine ice margin.
During H4 there was an increase in detrital carbonate associated with the lowest value
in the 5'8OrinE record of -4.98%o and this is thought to be the expression of a Hudson

Strait source during H4. During H2, the local BIIS is much larger and masks the
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Hudson Strait input to the fine fraction at the site in the 3*8Orne. This chapter
demonstrated the usefulness of 3'8OriNe as a tracer for IRD derived from CaCOs. The
chapter highlights the presence of carbonate IRD in the fine fraction at both sites

despite their very different depositional environments.

Chapter 5 indicated the changing source of sediment over H2 and H4 at the IRD
belt in the clay size fraction. The decreased ratios of Nd and increased ratios of Sr
isotopes demonstrate achange from a source with asimilar ratio to the Fennoscandian
ice sheet (FSIS)/Gulf of Saint Lawrence (GSL) source region during the ambient
glacial, to one similar to a Hudson Strait source during H2 and H4 at site SU92-09. At
the Rosemary Bank site (British Margin) during H4 there is a possible small input
from the LIS source and the majority of the material is BIIS-derived. During H2 there
is no discernible LIS derived material input to the Rosemary Bank site and the H2
interval is dominated by increased clay-sized material from the BIIS.

In Chapter 6 oxygen and carbon isotope data from benthic and planktonic
foraminifera is presented from site SU92-09. A significant decrease in 3180 of N.
pachyderma ~1.5 %o are associated with H4 and H2. However, benthic stable isotopes
demonstrated that there was no concomitant change in 63C during H4 potentially
indicating a consistent presence of North Atlantic Deep Water (NADW) at the site

during the early glacial.

7.1 British Ice sheet growth

7.1.1 41-27kaBP (MIS 3)

Chapter 3 and Chapter 4 demonstrated the increase in fine sediment supply to the
ocean margin of the BIIS over the last glacial. The trends in decreasing §'8Orine and
increasing supply of the fine silt end member to site MD04-2829CQ over MIS 3 are
interpreted as increased delivery of continental derived carbonate material to the site.
An increase in supply of continental sediments is likely due to increased calving
activity and meltwater runoff at the margin of the BIIS as it grew and reached the shelf
break. At site MD04-2829CQ there are low fluxes of IRD to the site until 27 ka,
providing evidence of a small BIIS during MIS 3 that was not sufficiently large to

have a constant ice margin (Hall etal. (2011).
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Knutz et al. (2001) show a low supply of IRD before 30 ka BP in core MD95-
2006 on the Barra Fan indicating the existence of glaciers largely above the marine
limit in Scotland and N. Ireland. These authors interpreted the deposition of quartz
IRD between 30-45 ka BP as indicative of intermittent glaciomarine conditions, and
compared to the Rosemary Bank, the start of the maximum ice extent at the Barra fan
is delayed by 3 ka. This could be due to the lower latitude position of the former which
would cause IRD at that site to increase over a longer period as the near site marine
margin develops. Peters et al. (2008) also show low inputs of BIIS sourced material
during this interval using unmixed magnetic data at sitt MD95-2006 from the Barra
Fan. In a multiple site study, Scourse et al. (2009) interprets the millennial scale
frequency of IRD input during MIS 3 to mean that the British ice sheet was of a
moderate size during this interval, until 29 ka BP when southward expansion of the
ice sheet is evident by increasing IRD fluxes in cores to the south. Crocket et al. (2013)
interprets Pb isotopes on the Mn/Fe phases of samples from ODP Site 980 in the
Rockall Trough to be indicative of an intermittent ice sheet margin during MIS 3.
Growth of the BIIS during this time is also consistent with ice sheet models, including
the accumulation curve of Hubbard et al. (2009) which uses the Greenland ice sheet
as a basis for growth and shows a small growing ice sheet until 27 ka BP. Growth
during early MIS 2 would also be consistent with Stage 2-4 of the flow model of
Hughes etal. (2014).

There is evidence from pollen records both in the British Isles and across northern
Europe that there were warmer conditions during the interval between 38 and 32 Ka
BP (Whittington and Hall, 2002). However, due to the paucity of records, it is not
clear whether this was a continuous warm period or the sum of several interstadials.
The overall record of growth in ice margin activity atthe British ice sheet is punctuated
by several excursions in the 5'8Orine record of site MDO04-2829CQ to higher values
of >-2.5%o. All of these intervals are characterised by low IRD flux and high SST,
corresponding to Greenland interstadials at sitt MD042829CQ (Hall, etal., 2011).This
would indicate these are intervals of warm sea surface conditions and low continental
input. A similar correspondence between the absence of IRD and the occurrence of
Greenland interstadials has been identified in total coarse fraction IRD counts and
magnetic and XRF proxies of lithic material at sites along the Eastern Atlantic margin
of the BIIS including site MD99-2281 (Zumaque et al., 2012) MD95-2006 (Peters et
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al., 2008) and site MDO01-2461 (Peck et al.,, 2007) Kroon et al. (2000) show highly
variable IRD inputs prior to 25 ka BP in records of CaCOs at sitt MD95 2006,
indicating changes in the relative supply of biogenic to lithic material, however the

age model presented was not sufficient to compare directly to Greenland cycles.

7.1.2 27-18kaBP (MIS 2)

At 27 ka there is a change in 8'80OrinE to consistently low values indicating a
constant influx of continental carbonate to the core site. This is supported by almost
continuous coarse fraction IRD inputs and low SST at site MD04-2829CQ at this time.
Previous studies dating the maximum extent of the British ice sheet show that the ice
sheet indeed reached its maximum at~27 ka BP in the northern British Isles (Clark et
al., 2012). Marine records show a step increase in the amount of IRD deposited at the
transition between MIS3 and MIS2, close to the margins of the BIIS. Several studies
have alluded to a change in frequency of coarse fraction IRD inputs, for example in at
site MDO04-2829CQ and DAPC2 (Knutz et al., 2007) both from the Rosemary Bank,
have IRD fluxes atthe last glacial maximum that vary on a centennial scale as opposed
to the millennial-scale that dominates during the lead up to the maximum ice sheet
extent. However, the 580 record at core MD04-2829CQ from the fine fraction does
not exhibit the same high frequency change after 27 ka BP and instead shows a
relatively constant supply of low 880 detrital material. This is likely to be due to the
different nature of coarse and fine fraction material in the sediment column, and to the
nature of the two proxies. Firstly, fine fraction material is likely to be in the water
column for a longer time than coarse fraction material due to the rapid settling velocity
of larger grains. Therefore, coarse fraction material is not likely to undergo much
lateral transport, and would need the presence of an ice sheet/icebergs in the vicinity
of the core (Knies et al, 2001). Contrastingly, the fine fraction material can be
transported over longer distances, making the IRD record more intermittent than the
fine fraction record. The 6'8Orineis probably indicative of long term increase in ice
rafting and melting indicating a constant presence of the BIIS at the shelf margin,
whereas the IRD represents the intermittent activity of ice shelf collapse and the
intermittent nature of the supply of icebergs to the site. The second reason accounting
for more of the trend that is seen in §18OriNe proxy is the sensitivity of §180 as a proxy
for IRD. After the continental input has reached a certain threshold proportion of total

carbonate it becomes difficult for the 580 signal to change further. This can be
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demonstrated by the truncating the IRD at a flux of 8000 grains cm? kal, which then

closely resembles the 618Orine record.

7.2 Structure of H2 and H4

Previous studies which use coarse fraction and bulk data have identified changes
in the source of material over H2 and H4 (Hemming, 2004). At site SU92-09 there are
clear changes in the geochemistry of the sediments over the course of H2 and H4 with
decreases in 6'80FiNe and €Nd, increases in 87Sr/86Sr, shown in Chapter 4 and Chapter
5 and a significant change in the particle size of the silt fraction (Chapter 3). These
changes in fine fraction 8180, and clay sized fraction €éNd and 87Sr/86Sr are consistent
with a Hudson Strait source of the fine fraction and clay fraction during H2 and H4.
This demonstrates that clay sized material has the same source during Heinrich events
as the coarser fractions from other studies of Heinrich events in the IRD belt (e.g.,
Revel et al., 1996; Hemming et al.,, 1998; Snoeckx et al., 1999; Hodell et al., 2008;
Grousset et al., 2001; Channell et al.,, 2012). The inputs of HS sourced material occur
at site SU92-09 at the same time as negative excursions in the §180 of N. pachyderma
which demonstrate the link between ice rafted fluxes and surface freshening that is
observed across the North Atlantic see Figure 7.1 and Figure 7.2.
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Figure 7.1: Comparison between surface conditions during H4 at site SU92-09 and
MD04-2829CQ A; Greyscale and Magnetic susceptibility(purple) B; estimated sea
surface temperatures, C; N. pachyderma D; 6'8Orine E; IRD abundances (total IRD
in grey and DC in brown), supplementary data from Hall et al. (2011) and Elsa
Cortijo pers. comms..
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Figure 7.2: Comparison between surface conditions during H2 at site SU92-09 and
MDO04-2829CQ. A; Estimated sea surface temperatures, B; N. pachyderma C;
0180rine D; Greyscale and Magnetic susceptibility (purple) E; IRD abundances
(total IRD in grey and DC in brown), supplementary data from Hall et al. (2011)
and Elsa Cortijo pers. comms.
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Figure 7.3: Schematic of how sediment composition changes over H2 and H4 based
on changes observed at site MD04-2829CQ and site SU92-09. Red circles represent
the core sites at each location.

There are several differences in the structure of H4 at the two sites that are shown

by the summary data in Figure 7.1 and Figure 7.2. At sitt MD042829CQ, IRD is
transported to the site prior to the main H4 event, (see schematic in Figure 7.3)

whereas at the SU9209 site there is little evidence of detrital inputs prior to H4.

The duration of the event and the proportion of material that can be attributed to a

LIS source during the Heinrich event is very small at the MDO042829-CQ site
compared to the SU9209 site, with the majority of the material at the Rockall Trough
supplied by the adjacent BIIS. After H4 there is a low input of IRD at both sites.
During MIS 3the BIIS is larger and is thought to have reached the shelf break (Scourse
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et al. 2009). This is evident from much increased IRD inputs and consistently low
8180FiINE, and fining of the <63um fraction indicating a constant input of fine grained
material to site MD042829CQ, from processes occurring at the ice margin (Figure
7.3). During H2 at site MD042829CQ these processes dominate the inputs to the site
particularly in the finer fraction and there is little imprint of the LIS outside of the
coarse fraction lithic counts. At site SU9209, due to the distal position of the site to

the ice sheets there is a clear increase in LIS sourced fine fraction material to the site.

7.3 Further Work

This study has highlighted some key issues that can help further our understanding
of sediment source changes during abrupt climate change in the North Atlantic.

7.3.1 Source region investigations

Firstly, the key issue raised in Chapter 5 is the comparability of different size
fractions for source regions, particularly in the case of Pb and Sr isotopes. Refining
source region compositions further by including measurement on all of the >63um,
<63um and <2pm would be an effective way of further constraining sources. A recent
study by Toucanne et al. (2015) illustrated the changing Nd isotope signatures of
Northern European rivers, this and the work of Farmer et al. (2003) on TMF, would
be supplemented by further analyses of Pb and Sr in rivers and TMF at the European
margin. This would be particularly constructive in applying radiogenic isotope
analyses to sediments in the Eastern North Atlantic. Benson et al. (2003) use rare earth
elements in conjunction with radiogenic isotopes in the Labrador Sea to eliminate local
source regions except the Hudson Strait as the source of sediment from H2. Even
though the <2um fraction of sediments is relatively homogenous at site MDO04-
2829CQ, small changes in Nd and Srisotopes are still observed, by better constraining
the source region of individual ice streams of the BIIS using trace elements and Nd
and Sr isotopes it may be possible to identify contributions of different ice streams to

the sediment load, allowing further constrains on ice sheet dynamics and models.

7.3.2 Characterising sedimentary change associated with abrupt climate
changes using particle size analysis

End member model using particle size distributions (PSD) was able to demonstrate
that there are changes in the fine fraction that are associated with increases in IRD
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during Heinrich events and millennial-scale changes at the BIIS margin, however it
was not possible to allocate the end members to different processes. A further point of
enquiry would be to use laser particle size analysis to look at the bulk sediment and
see if the particle size distributions can be attributed to different mechanisms of

transport more clearly using a wider particle size range.

7.3.3 Mid Atlantic Changes in bottom water ventilation

This study has successfully characterised the clay sized fraction at two sites with
very different oceanographic conditions. One of the aims of this study was to use the
contrasts between the fine and the coarse fraction to better understand the dynamics
between ocean circulation and ice sheets. The oxygen isotope data presented in this
thesis alongside the IRD data from site SU92-09 have demonstrated that the changes
in surface ocean conditions, and transport of material to the site occur after changes in
the deep ocean 3'80. However, the benthic §3C from site SU92-09 raises questions
over the spatial distribution of Northern Component Waters relative to the Southern
Component waters during H4. At site SU92-09 it was not possible to identify a
decrease in 813C during H4, there are several explanations why this may have
occurred, the simplest is that the hiatus in the C.wuellerstorfi 513C record means that
the lowered §13C that occurs during H4 is not recorded. This hypothesis could be tested
by taking further samples over the H4 interval from the same core and running
replicate C. wuellerstorfi 313C analyses, to cover the hiatus, or if this is not possible to
use C. wuellerstorfi §12C from local sites where no hiatus in the deposition of benthic
foraminifera is found. Another potential scenario is that as site SU92-09 as the glacial
813C values of C. wuellerstorfi are similar to that of NADW throughout MIS 3, and
the NADW does not shoal at the site until ~30 ka BP to become GNAIW, it could be
that the site is not sensitive to the northward incursion of SCW as the site is 500 m
shallower than the more northerly site of U1308 which does show a large 3%3C
excursion during H4, and this could have implications for the depth of the
NADW/SCW boundary in the Mid North Atlantic (Figure 7.3). In order to test this
hypothesis, a multisite study of 513C of benthic foraminifera at different depths close
to SU92-09 could be examined over H4 to locate the depth of the NADW/SCW during
the event in the mid North Atlantic.
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Appendices

9 Appendices

9.1 Appendix1; Tiepointsfor site U1308 from Hodell et al. (2008)

Available from https://doi.pangaea.de/10.1594/PANGAEA.831743

Radiocarbon dates from Bond et al. (1993).

SFCPO04 = Shackleton etal. (2004); LR04 = Lisiecki and Raymo (2005).

Depth (m) Age (Ka BP) Age Modkel

0.953 17.79 radiocarbon 94-609 Marine

0.981 19.17 radiocarbon 94-609 Marine

1.007 19.56 radiocarbon 94-609 Marine

1.076 20.18 radiocarbon 94-609 Marine

1.167 22.66 radiocarbon 94-609 Marine

122 23.9 radiocarbon 94-609 Marine

1.238 24.58 radiocarbon 94-609 Marine

1.256 25.28 radiocarbon 94-609 Marine

1.305 25.59 radiocarbon 94-609 Marine

1.335 27.05 radiocarbon 94-609 Marine

1.555 30.1 radiocarbon 94-609 Marine

1.635 30.89 radiocarbon 94-609 Marine

1.7 31.98 radiocarbon 94-609 Marine

1.886 33.2 radiocarbon 94-609 Marine

1.988 33.92 radiocarbon 94-609 Marine

2.251 35.45 %Nps 94-609 GICCO05

2512 38.15 %Nps 94-609 GICCO05

2917 41.45 %Nps 94-609 GICCO05

3.06 43.3 %Nps 94-609 GICC05

3.324 46.65 %Nps 94-609 GICCO05

4.099 54.4 %Nps 94-609 GICC05

4.308 57.8 %Nps 94-609 GICCO05

4.36 59.05 %Nps 94-609 GICC05

4526 63.95 %Nps 94-609 GICCO5modelext
4,734 69.6 %Nps 94-609 GICCO05modelext
4.885 72.25 %Nps 94-609 GICCO5modelext
5.163 76.5 %Nps 94-609 GICCO5modelext

5.9 86 benthic 0-18 303-U1308 LR04
6.22 93 benthic 0-18 303-U1308 LR04
7.06 104 benthic 0-18 303-U1308 LR04
8.75 127 benthic 0-18 303-U1308 LR04
9.17 136 benthic 0-18 303-U1308 LR04
11.54 191 benthic 0-18 303-U1308 LR04

169


https://doi.pangaea.de/10.1594/PANGAEA.831743

Appendices

12.42
13.65
15.32
18.06
18.74
21.42

201
220
243
281
292
325

benthic
benthic
benthic
benthic
benthic
benthic

0-18
0-18
0-18
0-18
0-18
0-18

303-U1308
303-U1308
303-U1308
303-U1308
303-U1308
303-U1308

LRO4
LRO4
LR0O4
LRO4
LRO4
LRO4
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9.2 Appendix 2:No. of foraminifera persample

N. G. bulloides  C. N. G. bulloides C.
pachyderma wuellerstorfi ~ pachyderma wuellerstorfi
sample  No. sample No. sample No. sample No. sample No. sample No.
depth of depth  of depth  of depth  of depth  of depth  of
(cm) tests  (cm) tests  (cm) tests (cm) tests (cm) tests (cm) tests
34 31 34 31 42 1 110 34 110 31 121 1
36 31 36 30 43 2 111 31 125 1
40 40 40 30 44 1 112 36 112 31 133 4
42 30 46 2 113 30 134 2
44 30 50 3 114 36 114 30 135 6
46 30 52 2 115 30 136 5
48 39 48 30 53 5 116 40 116 30 137 3
50 30 54 6 117 30 138 4
52 30 55 2 118 36 118 31 139 4
53 32 53 30 56 5 119 35 119 30 140 4
54 34 54 30 57 1 120 40 120 31 142 5
55 30 58 4 121 40 121 30 146 3
56 35 56 30 59 2 122 39 122 29 148 5
57 31 57 30 60 5 123 30
58 34 58 30 61 2 124 41 124 27
59 39 59 30 71 2 125 40 125 31
60 36 60 31 72 3 126 36 126 29
61 34 61 30 73 2 127 28 127 1
62 30 62 31 74 3 128 25
63 32 63 30 75 2 130 37 129 24
64 35 64 28 76 1 131 40 131 12
65 38 65 30 78 3 132 132 30
66 29 66 5 80 2 133 30
69 30 82 3 134 41 134 31
70 29 86 3 135 31
71 30 71 17 88 2 136 36 136 31
72 33 72 30 90 5 137 31
73 33 73 30 92 6 138 33 138 30
74 34 74 30 94 5 139 32
75 39 75 30 96 3 140 34 140 29
76 35 76 31 98 2 142 37 142 30
78 31 78 28 100 4 144 29
80 30 80 30 102 2 146 40 146 30
82 35 82 30 102 2 148 32 148 30
84 36 84 30 103 2
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104
106
108
110
111
112
113
114
115
117
118
119
120

30
30
30
32
30
31

86
88
90
92
9%
96
98
100
102
103
104
106
108

32
34

31

86

88
90

92

39
38
40

94
96

30
30
30
35

38

98

32

40

104
106
108

32
30

38
33
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9.3 Appendix 3: Trace elementinitial concentrations

element  sample concentrations
940 628
Li 49,6234  49.51897
Be 1452195  1.484208
Sc 16.32953  15.41419
Ti 4754.641  4893.554
\% 153.9296  140.5509
Cr 120.7654  127.2099
Co 11.86422  9.639769
Ni 56.75402  56.51842
Cu 20.62591  20.00068
Zn 82.88364  80.04471
Ga 20.42744  20.42256
Rb 178.3162  174.4809
Sr 1450939  14.97467
Y 12.1223 14.24635
Zr 1154054  110.4449
Nb 14.08847  14.02896
Cs 11.7959 11.1539%4
Ba 4452745  457.2357
Ba 438.2114  444.7059
La 3301117  41.69871
Ce 67.47243  83.77815
Pr 7.08713 8.626474
Nd 25.18019  30.75985
Sm 4.056023  4.852582
Eu 0.758852  0.901328
Th 0.4376 0.515785
Gd 2.86014 3.415408
Dy 2483554  2.907365
Ho 0.519953  0.600025
Er 1.58308 1.861867
Tm 0.260557  0.300041
Yb 1.715938  2.025776
Lu 0.265138  0.301799
Hf 3.270061  3.157396
Ta 1.090147  1.156575
Pb 33.6409 37.65788
Th 10.00281  10.89535
U 2758321  3.248629
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9.4 Appendix 4: Potential source area data, Grousset et al (2001) >63um

reproduced with permission from John Wiley and Sons.

PSA 87Sr/88Sr +20 M3Nd/**Nd +20 eNd
FramStrait 0.71818 37 051198 16 -12.8
FramStrait 0.72162 21 0512 15 -12.4
VoringPlateau 0.7229 0.511903 12 -14.3
VoringPlateau 0.7235 0.512057 1 -11.3
Oslofjord 0.725039 6 0.512077 8 -10.9
Sogreford 0.735614 6 0.511923 3 -13.9
RockallTrough 0.724352 6 0.512062 14 -11.2
RockallTrough 0.724012 8 0.512001 6 -12.4
IrishShelf 0.721308 7 0.511998 5 -124
IrishChannel 0.729787 7 0.512011 8 -12.2
CelticSea 0.720651 30  0.511965 18 -131
Britishisles(mean) 0.732519 0.511966 -13.1
BayofBiscay(mean) 0.73065 0.51203 -11.9
SWHPortuguessehelf 0.723874 10  0.512054 6 -11.4
NWPortuguessehelf 0.723285 9 0.511919 11 -14
Iceland(mean) 0.70345 0.513924 7.6

Azores 0.704172 23  0.51289 16 4.9
Faeroelslands 0.704637 11  0.512905 17 5.3
Faeroelslands 0.705334 29  0.512966 28 6.2
Faeroelslands 0.703887 10  0.513037 53 7.6
BaffinBay(b) 0.74287 -33
BaffinBay(b) 0.73156 =274
SaintLawrence 0.720113 8 0.511738 5 -17.5
MilnesSeamount 0.72836 12 0510991 11 -32.1
GRIPbedrock 0.7288 11 0.510403 20 -435
GRIPbedrock 0.73167 7 0.510739 12 -37
EastGreenlandshelf 0.713495 8 0.512094 9 -10.6
FarewellCape 0.71111 10  0.511483 12 -225
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Appendix 4 Continued: Revel et al (1996)

Reproduced with permission from John Wiley and Sons.

PSA facies Sr 1000/Sr  87Sr/8Sr Nd 143Nd/144Nd  eNd
(ppm) (ppm)

Baffin Bay W. SC 185 5.4 0.74285 0.511 -32

Greenland!

Baffin Bay W. SC 238 4.2 0.73225 21 0.51125 -27

Greenland!

Baffin Bay mean 208 48 0.73755 20.9 0.51112 -29.5

value!

E Greenland SC 366 2.73 0.712 23 0.51146 -23

Shelf!

Southeast R 286 35 0.722 0.51135 -25

Canada?

Norwegian shelf! SC 162 6.17 0.72934 22 0.51161 -20.1

Norwegian SC 154 6.49 0.7223 18 0.51119 -28

Margin?

Norwegian SC 116 8.62 0.72815

Margin?

Baltic Shield av® CS 30 0.51164 -19.4

Norway* S 0.72951 0.511876 -14.83

Norway* S 0.73165 0.51191 -14.22

Scandinavia mean 141 7.1 0.72819 23 0.51644 -19.3

British Isles RR 89 11.2 0.73903 40 0.51209 -10.6

North?®

British Isles RR 106 9.4 0.72947 37 0.51195 -135

South®

British Isles mean® 97 10.3 0.73425 38 0.51202 -12.1

Bay of Biscay® SC 90 11.11 0.7348

Bay of Biscay’ SC 78 12.76 0.73024 25 0.51205 -11.5

Bay of Biscay’ SC 84 11.9 0.72898 26 0.51204 -11.6

Bay of Biscay 81 12 0.72961 25 0.51204 -11.6

mean

Faeroe Islands 8 SC 80 12.52 0.7047 7 0.5123 -6.5

Iceland south?® ES 450 2.22 0.70345 54 0.51302 7.6

Iceland SW? 1B 0.70325 0.51304 7.98

Reykjanes Pen.10 B 164 6.14 0.70317 8 0.51305 7.9

Icelandt! B 154 6.5 0.70304

Sources I Sinko (1994) 2 McCulloch and Wasserberg (1978) 2 Miller et al (1986) 4
Janveit (1994) °Davies et al. (1985) ®Dasch (1969), ” Biscaye et al. (1996), 8Revel (1995),
9O’Noins and Gronvold (1973),10 Zindler et al (1979) 1Schilling et al (1983).

SC=sediment core, R=rock, CS=Clastic sediments, S= Shales, RR=Rock and river

sediments ES= Esturine sediments, IB= Icelandic Basalts, B= Basalts
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Appendix 4 Continued: Farmeret al. (2003) Trough mouth fan <63um Reproduced with permission of Elsevier.

Q:'c 5o py) @ 2 3 2 I + o v Z’EBE 'E\'E + jacl —|§\8§\§§\8
& = S < n & so o 83 =6 2 5 9 £ 935 44 535 3
3 = = g2 S 3 3 3 a & 3 ¢ oo o o o
HU77027 h <63 274 171 5.84795  0.463 072729 11 1.66 10.7 0.094 051145 12 -23.1 2 41419 15.444  17.727
-002TWC
HU77027 h <63 61.7 135 740741  1.319 0.72586 14 238 158 0.091 0.51153 27 -21.7 19 38.286 15.324  16.815
-002PC
HU76029 h <63 426 176 5.68182 0.698 0.73557 15 198 119 0.101 0.51124 8 -27.2 24  38.064 15456  17.448
-034PC
HU74026 h <63 349 183 5.46448 0552 0.73073 10 186 10.7 0.105 051131 11 -25.8 24  37.608 15466 17.173
-557PC
HUWU90023 ipg <63 535 170 5.88235 0.91 0.72177 18 317 169 0114 051119 13 -28.2 2.8 38.952 15.463  17.953
-101
HUWU90023 ipg <63 189 - - - 0.51116 9 -28.9 39.134 15.449  18.093
-101
HUWU90023 ipg <63 542 127 7.87402 1.231 0.72589 10 257 132 0.118 05112 12 -28.1 3 39.784 15593 18.751
-101
MD99.22 ipg <63 326 3.06748 0 0.71695 18 385 226 0.103 0.51149 6 -22.5 2.2 36.847 15.292  16.692
36
MD99.22 ipg <63 55.1 326 3.06748 0.489 0.7159 10 327 193 0.103 051156 20 -21 2 - - -
36
HU90- ipg <63 448 148 6.75676  0.874 0.71714 16 289 16.6 0.105 0.51188 10 -14.7 16 38.364 15534  18.096
028-010
HU90- ipg <63 62.9 62 16.1290 2.915 0.72643 17 224 119 0114 0.51199 7 -12.7 16 38.698 15.627 18.616
028-010 3
HU90- mt <63 96.9 74 135135 3.803 0.72663 16 259 135 0.116 0.51197 6 -13.1 17 - - -
028-010 1
HU90- ipg >15 545 130 7.69231  1.209 0.7184 9 1.35 7.9 0.102 051191 13 -14.2 15 - - -
028-010 0
HU90- ipg >15 548 120 833333 1.314 0.71856 9 194 113 0104 0.51194 10 -13.5 15 38.12 15.587 18.209
028-010 0
HU90- mt >15 51.1 89 11.2359  1.662 0.72073 13 16 84 0.115 0.51198 7 -12.9 16 38.241 15.603  18.309
028-010 0 6
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HU90- Mt
028-020
HU90- mt
028-020
HU90- mt
028-020
HU90- mt
028-020
HU93030 ¢/
-006 ipg
HU93030 ¢/
-006 ipg
B9-97- Ic/
336 ipg
B9-97- Ic/
336 ipg
HU93030  hpm
-007 d
HU93030 IRD
-007 SD
HU93030 SG
-007
HU93030 IRD
-007 SD
JM96- SG
1207
JM9670 DF
JM96 68  Gm
uf
JM98 624 D
JM98 625 D

<63

<63

>15

>15

<63

<63

<63

<63

<63

<63

<63

<63

<63

<63

<63

54

53

61.7

64.6

21

19.3

5.2

8.3

104.
1
100.
3
125.
4
99

36 277777 4395

8

34 294117 4538
6

80 125 2226

67 149253  2.793
285 3.5087; 0.022
191 5235  0.292
148 6.75676 0.101

185 540541 0.129

231 4.329
137 7.29927
112 8.92857
201  4.97512

150  6.66667  2.008

160 6.25 1.808

243 411523 1495

247 404858  1.157

0.72639

0.72869

0.72418

0.72906

0.70501

0.70385

0.70415

0.70418

0.70475

0.71323

0.70399

0.70852

0.71714

0.71749

0.72271

0.72206

11

12

12

12

10

10

131

1.25

2.25

2.02

271

3.64

211

2.34

34

2.75

2.75

2.94

6.47

6.1

7.56

7.43

6.2

6.8

124

119

116

154

7.85

8.78

141

14

14

137

34.1

32.2

40

39

0.128

0.111

0.11

0.103

0.141

0.143

0.162

0.161

0.146

0.119

0.119

0.13

0.115

0.115

0.114

0.115

0.51196

0.51203

0.5119

0.51296

0.51295

0.51293

0.51295

0.51285

0.5123

0.51284

0.51251

0.51244

0.51212

0.51205

0.51187

0.51188

12

13

9

12

9

12

23

20

28

16

73

7

10

7

14

-13.3

-11.9

-14.5

6.2

6.1

5.7

6.1

4.2

-10.1

-11.4

-15.1

-14.8

16

15

16

0.1

0.2

0.4

0.3

05

12

0.4

1

0.4

14

15

18

18

38.987

38.96

38.648

38.72

38.953

38.953

38.577

38.66

38.785

38.91

15.615

15.611

15.64

15.635

15.578

15.618

15.602

15.551

15.595

15.653

18.746

18.738

18.612

18.719

18.989

19.031

18.81

18.753

18.721

19.309

Facies abbreviations; h= hemipelagic, ipg= ice proximal glaciomarine,

mt=middle till, hpmd= hemipelagic muddy diamict,

IRDSD= IRD rich sandy diamict, SG= siltstone grains, DF= debris flow, Gmuf= glaciomarine upper fan, D=diamiction
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Appendix 4 Continued: Fagel et al. (2002)

Reproduced with permission from Elsevier.

Mean data PSA No. Nd No. Pb  47Sm/14‘Nd L4SNd/*44Nd  206ppy204ph  207pp/204ppy  208ppy204ph  207ppy206ph  208ppy/206ph

Mid-Atlantic 52 77 0.1877 0.513006 18.641 15.515 38.308 0.841 2.076
wolcanism?

European 17 12 0.1144 0.51208 18.84 15.702 39.024 0.834 2.072
Variscan crust!

European Pan- 57 12 0.1171 0.512045 18.95 15.549 38.709 0.821 2.044
African crust!

Scandinavial 15 38 0.1257 0.512044 18.925 15.633 39.755 0.833 2.541
Swveconorwegian

belt!

Scandinavia Pan- 19 36 0.1052 0.512137 18.451 15.604 38.25 0.846 2.073
African crust!

Scandinavian 19 0.1153 0.511588

shield!

Greenland Pan- 3 18.596 15.594 38.895 0.839 2.092
African crust

Greenland 21 64 0.1135 0.511697 21.236 15.624 39.084 0.757 1.89
Ketilidian belt

Greenland 18 212 0.1009 0.511046 16.673 14.92 37.935 0.95 2.363
Nagssugtogi dian

belt

Greenland? 11 97 0.0894 0.510671 14.914 14.738 35.646 1.003 2.43
Archean Craton

Greenland? Early 109 11 0.131 0.510989 12.6 13.902 35.527 1.104 2.584
Archaean gneisses

Baffin Island? 2 0.9925 0.510925

Labrador® Early 9 13.2 14.07 34.202 1.067 2.595
Archaean gneisses

Labrador Nain 15 15.684 14.618 36.894 0.939 2.375
province?
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Southern Canada
Grenvillian belt3
Trans-Hudsonian 34
orogeny

Superior province 86
West Greenland 6
Rivers?

59

81
2

0.1215

0.1122
0.094

0.511828

0.5112
0.509676

16.805

19.263

25.526
17.265

15.428

15.61

16.657
14.733

36.403

38.202

44515
37.553

0.919

0.834

0.711
0.854

2.168

2.031

1.852
2.176

Sources ! Fagel et al. (1999), 2 Goldstein and Jacobsen (1987,1988) and Asmeron and Jacobsen (1993) 3 McCulloch and Wasserberg

(1978),
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Median data 1479 m/144Nd 143N d/144Nd 206ppy204pp 207ppy204pp 208ppy204pp 207ppy206pp 208ppy206p|y
PSA

Mid-Atlantic wolcanism 0.1756 0.512997 18.49 15.495 38.278 0.839 2.067
Europe Variscan crust 0.1151 0.512074 18.891 15.723 39.135 0.831 2.072
Europe Pan-African crust 0.1154 0.512037 18.772 15.529 38.562 0.829 2.058
Scandinavia 0.1199 0.51198 17.981 15.556 38.276 0.864 2.458
Swveconorwegian belt

Scandinavian Pan- 0.1042 0.51216 18.419 15.602 38.201 0.847 2.072
African crust

Scandinavian shield 0.1122 0.511525

Greenland  Pan-African 18.388 15.598 38.87 0.848 2.107
crust

Greenland Ketilidian belt  0.1137 0.511699 20.816 15.653 39.115 0.754 1.863
Greenland 0.1007 0.510973 15.227 14.692 36.164 0.966 2.362
Nagssugtogidian belt

Greenland Archean 0.0916 0.510699 14.417 14.755 35.3 1.028 2.428
craton

Greenland Early 0.1195 0.510738 12.366 13.785 32.29 1.114 2.607
Archaean gneisses

Labrador Early Archaean 13.115 14.045 33.709 1.075 2.651
gneisses

Labrador Nain province 15.986 14.548 36.825 0.925 2.395
Southern Canada 16.867 15.416 36.449 0.914 2.164
Grenvillian belt

Trans-Hudsonian orogen  0.1105 0.511761 18.44 15.52 37.45 0.84 2.062
Superior province 0.1056 0.511068 22.719 16.226 42.301 0.714 1.835
West Greenland Riwers 0.0945 0.509658
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9.5 Appendix 5:Calculation of 68Oy, from foraminifera 680 and SST

In Chapter 4 the available SST and N. pachyderma 5180 data is used to present a
rough estimate of the 680 of seawater (sw) to show the difference between the
variability of 6'8Orine and biogenic 6180 of calcite. This estimate was derived by
rearranging the palacotemperature equation of Kim and O’Neil (1997) as described in
Chapter 2, see Equation 2.2. SST estimates from faunal transfer functions taken from
Hall et al., (2011) are shown in Figure A.1. Calculation of §18Osw using SST transfer
functions introduces error and should be interpreted with caution. Faunal transfer
functions use the abundance of many planktic foraminifera to infer temperature.
Whilst the technique is a valid approach comparisons with Mg/Ca and biomarker
derived SST demonstrate differences between the proxies (e.g., Nurnberg et al., 2000;
Bard, 2001).

Equation A.1: Palaeo temperature equation (Kim and O’Neil, 1997)
T =16.1 —4.64 (6'80c — 6§0sw) + (0.09 (60c — §'80sw))?

Calculation of 3180sw from coupled Mg/Ca temperature estimates and 5180 from
a single species of foraminifera is a much better method, as Mg/Ca temperature
estimates and 6180 are likely to have been recorded in the same water mass. For this
site Mg/Ca data was only available for part of the record, however it is useful to check
the result provided by faunal transfer functions. The Mg/Ca temperatures displayed
are derived using equations from nearby sites with similar conditions using the
equations found in Anand (2003) and Peck et al (2006) and are shown in Figure A.2.
As is evident from the data in Figure A.1 there are large shifts in the §18Osw of nearly
3 %o from 30-26 ka BP, which is due to the large changes in ANN faunal transfer
function SST. However, estimates over the same period from Mg/Ca derived SST
show much less variability, with shifts of ~ 1%o. This would suggest that using the
SST derived from faunal transfer finctions over estimates the variability in 8Osy

compared to Mg/Ca SST estimates.
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Figure A.1 6'80sw derived from faunal ANN (dark blue) and MAT (brown) SST
estimates and 680 of N. pachyderma. A: Summer SST estimates derived from ANN
(dark blue) and MAT (brown) faunal transfer functions. B: 68Osw derived from
faunal SST estimates with Mg/Ca derived 6'8Osw for comparison. C: 80 of N.
pachyderma tests. Data are from Hall et al (2011) and pers. Comms. lan Hall and

Elena Colmenero-Hidalgo.
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Figure A.2 Mg/Ca SST and N. pachyderma derived 680sw estimates A: Mg/Ca
measurements (per mmol), B: Mg/Ca derived Summer SST estimates using the
equations from Peck et al., (2006) (light blue) and Anand et al., (2003) (dark blue).
C: 0'80sw estimates using the summer SST derived from Mg/Ca and 680 N.
pachydema D: N.pachyderma 680 Data are from Hall et al (2011) and pers.
Comms. lan Hall and Elena Colmenero-Hidalgo..
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