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SUMMARY

Marine sediment core MD01-2461 recovered from the European Margin, SW
of Ireland (51° 45’ N, 12° 55> W) at a water depth of 1153m provides material for
multi-decadal to centennial scale investigation into ice-ocean-climate variability
during the period 60 to 8 kyrs BP. Particular focus is placed on the oceanic and
climatic conditions under which periodic collapse of the North American Laurentide
ice sheet (LIS) occurred, so called Heinrich (H) events, and the involvement of the
NW European ice sheets (NWEIS) within episodes of abrupt climate change.

Presented here are records of circum-North Atlantic ice sheet growth,
dynamics and decline from lithological and geochemical analysis of ice-rafted debris.
Paired Mg/Ca and '%0 data from the surface dwelling Globigerina bulloides and
subsurface dwelling Neogloboquadrina pachyderma sinistral are used to determine
late-glacial variability of temperature, salinity and stratification of the upper water
column, and benthic 8'C records from C. wuellerstorfi documents the interchange of
glacial northern and southern-sourced intermediate water signatures along the
European Margin when compared to similar records from the Portuguese Margin and
high-latitude North Atlantic basin.

A picture emerges that the BIS was in a continuing state of readjustment and
never fully reached steady state. Persistent 2 kyr instability of the BIS fluxes
throughout the late glacial (26.5-10 kyr BP) suggests that ‘precursor events’ were not
directly implicated in the collapse of the LIS. However, negative salinity excursions
of up to 2.6 indicate significant incursions of meltwater associated with peaks in
NWEIS instability, stratifying the upper water column. Such events are associated
with reduced ventilation of intermediate waters, recorded in depleted epibenthic §'°C
suggesting that instability and meltwater forcing of the NWEIS temporarily
weakened Glacial North Atlantic Intermediate Water formation, allowing transient
advance of southern-sourced waters to the site of MDO01-2461. NWEIS-instability
and associated perturbation to the North Atlantic thermohaline circulation may have
set the stage for H event initiation; regional cooling associated with a preliminary
reduction in MOC may have promoted the growth of a LIS-fringing ice-shelf and
subsequent subsurface warming and sea level rise may have destabilised the ice
margin. Additionally, high-resolution summer sea surface temperature records based
on the Mg/Cag. puivides Suggest that mild, even warm summer months may be a have

been a feature of H events.
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Chapter 1 Introduction

Chapter One

Introduction

1.1 Rationale

A key issue in the assessment of present day climate change and the extent of
human influence on the Earth’s environment is determining how the magnitude and
rate of changes observed over the last 100 years differs from natural variability
(IPCC Assessment of Global Warming 2001). However, distinguishing between
anthropogenically-driven climate change and natural variation is seriously limited by
our ‘incomplete understanding of natural climate variability’ (Hegerl, 1998), driving
extensive investigation of past climatic conditions from annual to million year
timescales.

Ice core records from the Greenland ice sheet provide annual to centennial
resolution records of Northern Hemisphere climate variability for the past 110 kyr
(e.g. Dansgaard et al., 1993; Mayewski et al., 1994; Andersen et al., 2004). Unlike
the relative stability of the Holocene Epoch, these ice core records reveal that the last
glacial period was punctuated on a millennial time scale by extreme climatic swings,
comprising Greenland air-temperature increases of 5-10 °C over just a few decades
(Dansgaard et al., 1993; Grootes et al., 1993). Evidence from deep-sea sediments and

ocean-climate modelling suggest that these so-called Dansgaard-Oeschger
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Chapter 1 Introduction

oscillations within the Greeland ice core records likely resulted from switches in the
mode of Atlantic Meridional Overturning Circulation (AMOC; Samnthein et al.,
1994; Ganopolski and Rahmstorf, 2001; Clark er al., 2002). Appreciation of this
ocean-climate system and the mechanisms and thresholds involved may help to
evaluate the potential threat of rapid variability within the climate system in response

to increasing greenhouse gas concentrations.

At present, the AMOC is driven by the formation of deep waters in the
northern North Atlantic and Labrador Sea (e.g. Broecker et al., 1990), with liberation
of heat transported to the north by the warm North Atlantic Drift (NAD) to the
atmosphere, particularly in winter, maintaining the mild climate currently
experienced in NW Europe (Bjerknes, 1964). Glacial advance approaching the Last
Glacial Maximum (LGM, ~21 kyr BP) and migration of the polar front caused these
convection centres to shift into the open North Atlantic, south of Iceland (e.g. Oppo
and Lehman 1993; Sarnthein et al., 1994), plausibly producing a metastable state
prone to dramatic shifts in mode with small perturbations in the freshwater budget
(Ganopolski and Rahmstorf, 2001). Reduced interhemispheric heat piracy to high
northern latitudes through weakened or even shut-down AMOC likely accounted for
the cold, stadial conditions recorded in Greenland ice cores and coincident southern
Atlantic warming as part of the so called bipolar seesaw (Stocker, 1998; Seidov and
Maslin, 2001).

Marine records reveal episodes of enhanced iceberg calving from the circum-
North Atlantic ice sheets and reduced sea surface temperature (SST) corresponding

to stadials within the Greenland air temperature record from 10 to 60 kyr BP (Bond

et al., 1992; 1993). Sediment-laden icebergs calved from circum-North Atlantic ice
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Chapter 1 Introduction

sheets became entrained within a cyclonic surface gyre south of Iceland, depositing
multi-sourced ice rafted debris (IRD) within the Ruddiman Belt, between 40° and 55°
N (Heinrich, 1988; Bond et al., 1992; Grousset et al., 1993; Revel et al., 1996).
Detrital carbonate and distinctive geochemical signatures (e.g. Andrews and
Tedesco, 1992; Bond et al., 1992; Gwiazda et al., 1996; Hemming et al., 1998;
Snoeckx er al., 1999) suggest that large iceberg armadas originating from the
Palaeozoic carbonate-floored Hudson Strait region of the Laurentide ice sheet (LIS)
deposited these IRD-rich horizons (or layers) across the Ruddiman Belt every ~7
kyrs (Bond et al., 1992; Hemming, 2004). These events, known as Heinrich (H)
events (Broecker, 1994 after Heinrich, 1988), involved substantial collapse of the
LIS; the volume of IRD deposited (100-400 km®) derives iceberg volumes indicative
of a loss of up to ~14 % of the LIS during each of these events (Hemming, 2004).
The quantities of buoyant freshwater released during H events, evidenced through
negative 8'0 excursions of planktonic foraminifera of increasingly polar-dominated
assemblages (e.g. Bond et al., 1992; Hillaire-Marcel ef al., 1994; Maslin et al., 1995;
Cortijo et al., 1997) are likely to have greatly exceeded that required to affect the
strength of the AMOC (e.g. Manabe and Stouffer, 1995; Seidov and Maslin, 1999;
Ganopolski and Rahmstorf, 2002). Decreased benthic 8'3C values within the North
Atlantic, associated with the deposition of the H layers suggest the periodic advance
of poorly-ventilated southern-sourced waters (e.g. Vidal et al., 1997; Zahn et al.
1997; Elliot et al., 2002) inferring marked reductions in the strength of Glacial North
Atlantic Intermediate Water (GNAIW) formation during these events. Furthermore,

231pa/239Th ratios at two North Atlantic core sites approach production values during
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Chapter 1 Introduction

the last H event, H1 at ~16.8 kyr BP, suggesting near-collapse of AMOC (McManus

et al., 2004; Hall et al., submitted).

However, this scenario of LIS collapse, freshwater forcing and AMOC
reduction is complicated by records appearing to reflect reduced GNAIW production
prior to LIS collapse (Zahn et al., 1997; Hall et al., submitted), therefore demanding
reassessment of the sequence of ice-ocean-climate interactions associated with H
events, likely incorporating the smaller NW European ice sheets (NWEIS; Knutz et
al., 2001; Hall et al., submitted). It is undoubtedly the small ice volume of the
NWEIS compared to the LIS that has caused this potential meltwater source to be
largely overlooked as a significant player in episodes of abrupt climatic change.
However, positioning of these ice sheets, allowing meltwater to be targeted directly
to the site of last glacial North Atlantic convection, likely made the NWEIS a
principal component of ice-ocean-climate interaction. Occupying a maritime position
within the path of the NAD/Gulf Stream and exhibiting a wet-based regime, the
British ice sheet (BIS) was a sensitive recorder of climatic change, with NW
European margin IRD records documenting frequent ice sheet instability (Knutz et
al., 2000; Wilson et al., 2002; this study), possibly corresponding to instabilities of
the East Greenland and Icelandic ice sheets (e.g. Fronval ef al., 1995; Elliot et al.,
1988; Dowdeswell et al., 1999) and perhaps the SW extent of the LIS (Bond and
Lotti, 1995).

Despite extensive research into H events and numerous ice-rafting events
originating from other circum-North Atlantic ice sheets, there is no clear consensus

on the ultimate driving force behind episodes of LIS instability, or more frequent

instabilities of the ice sheets that covered Greenland, Iceland and NW Europe (see
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Chapter 1 Introduction

review by Hemming, 2004). Modelling of ice sheet dynamics suggesting that a build
up of geothermal heat at the base of the LIS over several thousand years could
destabilise the ice sheet and cause periods of intense iceberg discharge on a ~7 kyr
cycle, lead MacAyeal (1993) to propose a ‘binge-purge’ theory of H event initiation.
However, doubt was soon cast upon theories involving internal ice sheet dynamics
when further investigation revealed the quasi-synchronous instability of a number of
circum-North Atlantic ice sheets during H events (Bond and Lotti, 1995; Revel et al.,
1996; Snoeckx et al., 1999), prompting H event initiation proposals involving a
common (climatic) forcing (e.g. Bond and Lotti, 1995; Grousset et al., 2000; Scourse
et al., 2000). Extensive studies of IRD provenance and fluxes in the NE Atlantic
however, suggest that the marine margins of the NW European and Greenland ice
sheets fluctuated with a 1.5-3 kyr periodicity (Bond et al., 1997, 2001; Knutz et al.,
2001), apparently independent of LIS instabilities, prompting the idea of a pervasive,
background climatic driver, e.g. solar forcing (Bond er al., 2001) affecting the
smaller, more climatically sensitive ice sheets. More recent proposals of ice sheet
destabilisation make analogies to ice sheet processes observed today on the Western
Antarctic and Greenland ice sheets, principally involving surface and subsurface
warming of ice shelves/marine margins (Hulbe, 1997; Moros et al., 2002; MacAyeal
et al., 2003; Hulbe et al., 2004; Fliickiger et al., in press). Despite the growing
number of theories concerning the origin of H events, one which satisfies all criteria
1) positioning within the climate record, 2) provenance and scale of LIS-sourced
debris and ice, 3) rapid and extensive distribution of icebergs, 4) involvement of
other ice sheets, is yet to be found, possibly reflecting gaps in the database of

evidence (Hemming, 2004).
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Given the inability of the current dataset from North Atlantic sediment cores
to prove or disprove the above scenarios, ideas concerning H event initiation remain
speculative, demanding high-resolution, multi-proxy core analysis to offer further
constraints. This thesis attempts to address this issue, presenting high-resolution
records of ocean-ice sheet interaction as recorded in a marine sediment core in the

NE Atlantic.

1.2 Aims of this study

The primary aim of this thesis is to enhance our present understanding of the
mechanisms involved in episodes of abrupt climatic during the last glacial period. To
tackle this issue I will reconstruct records of ice sheet-ocean-climate variability at a
multi-decadal to centennial-scale resolution and assess the involvement of the
NWEIS within episodes of abrupt climatic change, and develop our understanding of
the oceanic and climatic states under which H events occurred. Proxy records
spanning the last ~58 kyr will be obtained from a marine sediment core, MD01-2461,
collected from the continental slope SW of Ireland. In achieving these aims the key

objectives were as follows:

1. To develop a robust age model using radiocarbon and graphical
tuning of SST reconstructions with existing palaeorecords, principally Greenland ice
core records, in order to correlate observations from core MDO01-2461 with marine,

terrestrial and ice-core records from across the globe.

2. To infer ice sheet growth, variability and decline through the analysis

of IRD deposited at the core site. An array of provenance tools will determine likely
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source areas while the flux of IRD will document the extent and stability of marine
margins.

3. To construct high-resolution upper ocean hydrographic records from
the NE Atlantic using stable oxygen isotopes and Mg/Ca palaecothermometry on
surface and subsurface-dwelling planktonic foraminifera.

4, To document variability of the AMOC using stable carbon isotopes of

benthic foraminifera.

1.3 Thesis layout

The principal scientific findings of this study are structured into four research
papers (Chapters 4, 5, 6 and 7) addressing the main objectives outlined above.
Chapters 2 and 3 summarise the techniques used in this study and detail the
development of a robust age model for MDO01-2461, while chapters 8 and 9 discuss
and conclude respectively, the main scientific results of this investigation. The thesis

is thus divided as follows:

Chapter 2 describes the material used in this study, the core location and present

and past hydrography and the background and detail of the various proxies used.
Chapter 3  focuses on the development of the MD01-2461 age model.

Chapter 4  presents records of flux, lithological characteristics and geochemical
composition of IRD deposited at MD01-2461 over the period 55-8 kyr BP, allowing
spatial and temporal determination of ice sheet growth, variability and decline

around the North Atlantic basin.
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Chapter 5  presents upper ocean conditions; surface and subsurface temperature,
salinity and density reconstructions from MDO01-2461, which are investigated in
relation to ice sheet instability and intermediate water mass ventilation over the

period 27-14 kyr BP.

Chapter 6  presents SST records from MDO01-2461 derived from different proxy
approaches and discusses how a more comprehensive picture of surface ocean
conditions (e.g. seasonality, stratification, mean annual v. anomalous years) may be

inferred from multi-proxy approaches.

Chapter 7 presents benthic 8'°C records from MD01-2461 over the period 55-8
kyr BP and provides insights into effect of NWEIS instability and basin wide THC
variability through comparison with benthic 8°C records from the Portuguese

Margin and Bjém Drift.

Chapter 8  draws together the key scientific results of the research which are
detailed in the discussion points of chapters 4, 5, 6 and 7, and provides insights into
their significance for our understanding of past, present and future climatic change.

Proposals for future work concludes the chapter.

Chapter 9 lists the main conclusions of this thesis.
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Chapter Two

Material and Methods

Investigation into the interaction of the last glacial ice-ocean-climate system
within this study is based on data collected from a giant piston (CALYPSO) core
collected from the NE Atlantic. Here I describe the core location, the present
hydrography and last glacial conditions and the proxies used to construct records of
individual ice sheet variability, upper ocean condition and intermediate water

ventilation which may reflect more regional variability of AMOC.

2.1 Core and location

Sediment core MDO01-2461 was recovered from the NW flank of the
Porcupine Seabight (51° 45° N, 12° 55’ W; Fig. 2.1) during RV Marion Dufresne
cruise MD123, 7-11 September 2001 (van Rooij et al., 2001). The site of MDO01-
2461 at present is at a water depth of 1153 m with clear seismic laminations dipping
to the SW parallel to the seafloor recognised through sub-bottom 3.5 kHz profiles

(Fig. 2.2).
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30* w

Figure 2.1. Location of core MD01-2461 and modern circulation patterns. Purple arrows
illustrate the pathways of the NADW across the Wyville-Thomson Ridge (W-T) and
recirculation in the eastern North Atlantic basin at ~2000-3000 m water depth. Yellow arrows
represent LSW at 1500-2000 m. The dashed orange shows the path of MOW at ~ 1000 m
depth, and red arrows show surface North Atlantic Current and ENAW (to depths of -750 m).
The pink arrow depicts Southern Component Water (SCW).

The 20.2 m gravity core recovered olive-grey silty-clay sediments with
frequent drop stones (Fig. 2.3). Visual and x-ray evidence (Fig. 2.4, 2.5) suggest a
largely homogenous sediment with minimal core disturbance and no obvious
turbidite sequences, which may have been a major sedimentary mechanism in such a

slope environment.
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Fig. 2.4 Photograph of core MD01-2461.150 cm length sections of the working half
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Fig. 2.2 Site survey/ 3.5kHz sub-bottom profile. Parallel sub-bottom reflectors to at least
-60 m below sea floor are clearly observed. Cruise track, 209°. Arrow indicates coring site

for MD01-2461.

2.1.1 Present day hydrography

The Porcupine Seabight represents a N-S trending embayment in the
continental shelf SW of Ireland, gradually deepening to the south, to -3000 m water
depth and opening onto the Porcupine Abyssal Plain. Thermohaline convection in the
Labrador Sea and Norwegian-Greenland Sea drives the present mode of circulation,
channelling dense deepwater masses, Labrador Sea Water (LSW) and North Atlantic
Deep water (NADW), into the North Atlantic basin (McCartney and Talley, 1984).
Iceland-Scotland Overflow Water (ISOW; the eastern component of NADW) enters
the eastern North Atlantic basin by flowing over the Wyville-Thomson Ridge, to mix
with the overlying LSW and re-circulate over the Porcupine Abyssal Plain (van

Aken, 2000). This southward penetration of deepwater masses is compensated by the
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return of warm, saline surface waters to the Norwegian Sea via the North Atlantic
Drift (NAD) and Eastern North Atlantic Waters (ENAW). Today, a pole-ward flow
regime characterises all depth levels along the eastern slope of the Porcupine
Seabight (Riiggerberg et al., 2005), however, the morphology of the Seabight
prevents direct through flow of waters below ~ 500 m water depth where currents are
topographically steered in a cyclonic direction (Frank et al., 2004). The relatively
saline ENAW (> 35.40; Holliday et al., 2000) originates from winter mixing within
the Bay of Biscay (Pollard et al., 1996) and is carried northwards by a shelf edge
current around the upper slopes of the Irish-Scottish continental shelves, forming a
saline core at 100-400 m water depth (Fig. 2.6; Hill and Mitchelson-Jacob, 1993).
ENAW overlies and mixes with Mediterranean Outflow Water (MOW),
characterised by a salinity maximum and oxygen minimum at a depth of 1000-1200
m (Frank et al., 2004) and bathing the site of MD01-2461. In deeper parts of the
basin (>1600 m water depth) colder, low salinity LSW is recognised (Fig. 2.6, 2.7;

De Mol et al., 2002).
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Figure 2.6. Modern annual average temperature and salinity in the Porcupine
Seabight. ENAW; Eastern North Atlantic Water, MOW; Mediterranean Outflow Water, LSW;

Labrador Sea Water. Data from the Levitus World Ocean Atlas.

ENAW MOW

12-

10.
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m LSW
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Salinity
Figure 2.7. T-S diagram showing water mass end-members that contribute today to
the site of core MD01-2461. ENAW,; Eastern North Atlantic Water (P6rez et al, 1995),
MOW; Mediterranean Outflow Water (Zenk, 1975), LSW; Labrador Sea Water (Talley and
McCartney, 1982). Temperature and salinity from the site of MD01-2461; blue circles

(Levitus World Ocean Atlas). Note break in salinity axis.
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2.1.2 Glacial conditions

Glaciation of the northern hemisphere over the last ~120 kyrs culminated in
ice sheet advance across North America, Greenland, Iceland and NW Europe at the
LGM, ~21 kyr BP. Associated migration of the polar front caused sites of NADW
formation to shift south into the open North Atlantic south of Iceland. In addition the
depth of deepwater penetration was significantly reduced (< 2000 m; Sarnthein et al.,
1994) and this water mass has been termed the Glacial North Atlantic Intermediate
Water (GNAIW; Oppo and Lehman, 1993). Northward advance of Antarctic Bottom
Waters (AABW) far into the northern North Atlantic is reflected by significantly
decreased ventilation at depths >3500 m. The subpolar NE Atlantic was then
effectively stratified with '>C-enriched GNAIW to depths of ~2000 m overlying
8’3C-depleted Southern Component Water (SCW) (Boyle and Keigwin, 1987;
Duplessy et al, 1988; Oppo and Lehman, 1993; Samthein et al., 1994). During this
time, site MD01-2461 was well ventilated, bathed by GNAIW flowing south along
the European Margin as far as ~30° N, the Moroccan Margin (Williamowski and
Zahn, 2000).

Surface currents in the NE Atlantic were probably similar to today (e.g. Oppo
and Lehman, 1995) although the NAD did not penetrate as far north and may have
been reduced in strength relative to today. An anti-clockwise surface gyre was active
in the central North Atlantic during the last glacial, the zone of preferential IRD
accumulation, the Ruddiman Belt (Ruddiman, 1977), tracing principal iceberg
pathways (Grousset et al., 1993).

A warm-based glaciological regime and extreme maritime position made the

BIS a sensitive recorder of climatic change (McCabe and Clark, 1998; Knutz et al.,
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2001). Proximal to the BIS, IRD deposited at the site of MD01-2461 documents
growth and instabilities of the southernmost extent of the last glacial NWEIS.
Additionally, icebergs sourced from each of the circum-North Atlantic ice sheets
would have become entrained in the surface gyre and have drifted towards the
European margin depositing multi-provenance IRD at MDO01-2461 (Fig. 2.8;

Grousset et al., 1993).
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2.2 Methods

To achieve the objectives defined in section 1.2, a comprehensive array of
sedimentological and geochemical approaches was applied to MDO01-2461 to
reconstruct last glacial conditions in the NE Atlantic and allow interpretation of ice-
ocean-climate interaction. Below is an overview to the methods used within this

thesis.

2.2.1 Core handling, shipboard analysis and physical properties

Once extracted from the core barrel, sediment core MD01-2461 (within PVC
core liner) was cut to standard 150 cm length sections and split onboard the RV
Marion Dufresne using a rotary saw into working and archive halves. The working
half was subsequently lithologically described (Fig. 2.3), photographed (Fig. 2.4)
and passed through a GEOTEK multi-sensor core logging system (MST). Bulk
physical and acoustic properties were measured at 2 cm resolution and include
gamma-ray density, P-wave velocity and magnetic susceptibility. In addition,
spectral light reflectance made at a 2 cm resolution with a MINOLTA
spectrophotometer (model CM-2002; Shipboard party, 2001). These data are
summarised with CIE (Commission International de I’Eclairage) ‘L*’ (lightness) and
‘a’ (red-to-yellow colour balance). Selected multi-elemental analyses (K, Ca, Ti, Mn,
Fe, Cu and Sr) measured in counts s at 1 cm resolution, were carried out on the
ITRAX™ core-scanning X-Ray Fluorescence (XRF) at the National Oceanography
Centre, Southampton. X-radiography imaging of MD01-2461 was performed using

the Scopix system at the University of Bordeaux 1 and is shown in Fig. 2.5.
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The working half of MDO01-2461 was subsequently sampled and processed at
the University of Wales, Bangor (see section 2.2.2). The archive half is currently
stored at Bordeaux Université I.

Whole-core low-frequency magnetic susceptibility measurements were also
subsequently performed on U-channel sub-samples of MDO01-2461 using a
Bartington MS2B Dual Frequency Susceptibility Meter (Wadsworth, 2005) at a2 cm

resolution, improving the accuracy of initial shipboard measurements.

2.2.2 Sample preparation

The top 10 m of MDO01-2461 were sampled at 1-2 cm resolution. Each
sample was initially weighed, dried at 45 °C and weighed again to obtain the wet and
dry total mass. The coarse fraction was separated by wet-sieving samples through a
63 pum sieve using distilled water. The >63 pm fraction was then dried at 45 °C,
sieved with a 1 mm mesh and the separate fractions weighed and stored separately

awaiting analysis.

2.2.3 IRD accumulation

Lithic grains >150 um embedded in pelagic sediment are assumed to be IRD
and therefore a proxy of iceberg flux to the core site. Concentration and lithological
composition of IRD grains were determined by use of a light microscope. In the
>150 um fraction a minimum of 300 grains per sample were counted, with larger
samples being split. Concentration of IRD within MDO01-2461 (grains cm®) is

converted into flux (number of grains cm™ kyr™') as described below.



Chapter 2 Material and Methods

The finalised age model (see section 3.5) is used to extrapolate the bulk mass

accumulation rate as follows:

BMAR (g cm? kyr') =LSR x pDB

where LSR is linear sedimentation rate (cm kyr') and pDB is dry bulk density (g

cm™ ).

Dry bulk density is determined from wet and dry sample weights as follows.
Wet weight (+ salt water) =Xxg
Dry weight (+ salt) =yg

x-y = weight of water = weight of (seawater — salt) = (1-S)sw

Assuming
Sediment particle density  pn =2.65gcm>
Salinity S =35gkg’ =0.035
Water density Pw =1.025 gcm™
Sediment — salt Y = (y-Sx)/(1-S) = (y-0.035x)/0.965
Salt content = S(x-y)/(y-Sx)
Dry mud volume  Vp, =Y/Pm =Y/2.65 cm’
Fluid volume Vw = (x-Y)/pw =(x-y)/1.025 cm’
Therefore, wet sample volume Vi =[(Y/2.65) + (x-Y)/1.025)]

= (2.65x-1.625Y)/2.7162 cm’

Dry bulk density  pDB =Y/Vy

IRD concentration ([IRD], grains g"' dry sed.) was converted to IRD-flux (grains cm”

2 kyr—l).

IRD-flux = BMARX[IRD]
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2.2.4 Last glacial North Atlantic ice sheets and IRD provenance
fingerprinting

With the surface cyclonic gyre south of Iceland transporting icebergs derived
from each of the circum-North Atlantic ice sheets to the core site, successful
determination of IRD provenance has the potential to document instabilities of
different marine margins (Hemming, 2004 and references therein), even individual
ice streams (Scourse et al., 2000). The Hudson Strait origin of H layer IRD is the
ultimate example of successful provenance allocation, with a wide array of proxies
tracing the same geologically distinctive source region (e.g. Andrews and Tedesco,
1992; Gwiazda et al., 1996; Hemming et al., 1998). Allocation of inter-H layer/non-
LIS-derived IRD however, is prone to ambiguities, particularly relating to the similar
bedrock histories of the Gulf of St. Lawrence, the British Isles and Scandinavia (Fig.
2.8) and specific allocation of an IRD source through geochemical approaches alone
is unrealistic (Farmer et al., 2003). To improve our understanding of spatial and
temporal ice sheet variability in the NE Atlantic a comprehensive geochemical and
lithological analysis of all IRD (H and inter-H layer) is used in an attempt to
eliminate some of the ambiguities of single-proxy analysis highlighted by Farmer et
al. (2003).

Lithological provenance, “’Ar/*’Ar ages of individual hornblende grains and
Sr-Nd isotopic composition help to constrain potential source regions, or at least
eliminate unlikely source areas (Hemming, 2004). In the following I describe the
methods used to determine IRD provenance and North Atlantic ice sheet variability
while results derived from this multi-proxy approach are presented and discussed in

Chapter 4.
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Fig. 2.8. Geological map of the continental areas surrounding the North Atlantic and
potential IRD source areas (from Gwiazda et al, 1996a). Main geological units of different
ages are drawn with different patterns. Corresponding ages shown on the map. Location of
MDO01-2461 and iceberg pathway. Shaded area represents the Ruddiman Belt of preferential
IRD accumulation.

2.2.4.1 Lithological provenance

A minimum number of 300 grains in the >150 pm fraction were lithologically
categorised through the use of a light microscope. Census counts involved the
following classifications: quartz, haematite coated grains (HCG; grains with any
visible red staining under light microscope), volcanic debris (black glass, basalt and
pumice), sedimentary clasts (predominantly dark, fine grained carbonates reacting
violently to 10 % HCI and shales), dolomitic carbonate (coarse grained buff, weak
reaction to 10 % HCI) and tephra (see Fig. 2.9). Minor quantities of hornblende,

chalk, mica and a schist-like lithic are also recorded.
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Fig. 2.9. Photographs illustrating the principal
lithological classifications of IRD.
Column a presents a typical H layer assemblage,containing
LIS-derived dolomitic carbonate and hornblende.
Column b presents typical debris derived from the BIS.
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(picked from 750cm
core depth)

300 pm
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2.2.4.2 Ages of individual hornblende grains

The Archean crust making up much of the continental mass around the North
Atlantic has been subject to numerous thermal pulses that reset the ages of
homnblende crystals (Hoffman, 1989; Hemming et al., 1998) allowing age estimates
for ice-rafted hornblende grains to determine potential continental sources (Hemming
et al., 1998; 2000a; 2000b; 2002; Hemming and Hajdas, 2003). Homblende grains
were picked from the >150 um fraction wherever present. Grains were co-irradiated
with hornblende monitor standard Mmhb (age = 525 Myr; Samon and Alexander,
1987) and *°Ar/*’Ar ratios of individual hornblende grains were determined at the Ar
geochronology laboratory at Lamont-Doherty Earth Observatory. Resulting ages
have been corrected for mass discrimination, interfering nuclear reactions, procedural
blanks and atmospheric Ar contamination (Hemming et al., 1998; 2000a; 2000b) and

are presented and discussed in detail in Chapter 4.

2.2.4.3 Sr-Nd isotopic composition

Similarly to hommblende grain ages, the Sr-Nd isotopic composition of
carbonate-free IRD provides a geochemical fingerprint of potential source areas, with
young, radiogenic (¢eNd(o) >0) volcanic/Icelandic debris and ancient, unradiogenic
(eNd(o) <-20) Laurentide-sourced debris forming two distinct end members within
the field of Sr-Nd isotopic compositions (Fig. 2.10; Snoeckx et al., 1999; Grousset et
al., 2001). Although Farmer et al. (2003) highlight the inability of Sr and Nd isotopic
data to clearly discriminate between European and southern Canadian Shield-derived

IRD and call for re-assessment of assumed European-IRD events, specifically the
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origin of H3, coupled lithological records effectively ‘ground truth’ the isotopic data

at MDO 1-2461 and increase confidence in provenance allocation.

» Iceland/Faeroes
AL10 = * East Greenland
» St. Lawrence

* Baffin Bay

NWEIS

¢ Average H layer
LIS
British Isles

=}

¢ British Isles mean

e Irish Shelf

0.70 0.71 0.72 0.73 0.74 0.75
*'SirSr

Fig. 2.10. 87Sr/86Sr ratios v. 143Nd/144Nd, expressed as eNd(o) of potential source areas
of IRD deposited at MD01-2461. Potential source areas (Grousset et al., 2001) and British
Isles samples (Davies, 1985). Mixing lines characterise Sr-Nd isotopic composition fields of

the NWEIS and the LIS.

s751/868r and 14:Nd/14Nd measurements were performed on 150 mg of the
carbonate-free, >150 pm fraction, following 1 M HCL-dissolution of calcium and
dolomitic carbonate. Sr and Nd were chemically separated through ion-
chromatographic columns and analysed on a Finnigan MAT 261 mass spectrometer
at Toulouse University using the standard technique of Grousset et al. (1988).
143Nd/,44Nd has been normalised and reported as eNd(o) following Grousset et al.

(1998).
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2.2.5 Hydrographical reconstructions
2.2.5.1 Upper water column conditions

The oxygen isotope composition of foraminiferal calcite is a function of both
the temperature and isotopic composition, 8'805w, of the ambient seawater within
which the calcite precipitated (Shackleton, 1974). 8'%0,, is itself determined by
salinity and global ice volume. The isotopic composition of seawater, calcite and

temperature adhere to the following relationship (Shackleton, 1974):

T =16.9 — 4.38(8'%0cc — 8'®0sw) + 0.1 (5'*0¢c — 5'%0sw)* (1)

where T is temperature in °C, and 8'30,. and 8'%0s,, are the isotopic compositions of
the calcite test and ambient sea water respectively, both in %o relative to the VPDB

standard. Solving equation (1) for 8'%0, gives

88 0gw = 8'80, +0.27 — 4.38 - V[4.38% — 0.4(16.9-T)] ()
0.2

allowing the isotopic composition of seawater to be computed from paired records of
8'%0.. and calcification temperature (see section 2.2.5.4). Once corrected for global
ice volume (e.g. Shackleton, 2000), 8'304w may be used to estimate palaeo-salinities
using a &'®Os,-salinity (S) relationship, for example that of Craig and Gordon (1965)

for the modern day North Atlantic, which takes the form

580, =S x 0.61-21.3 (3)

2-15



Chapter 2 Material and Methods

Upper water column temperature and salinity structure were determined
through paired oxygen isotope (see section 2.2.5.2) and Mg/Ca (see section 2.2.5.4)
analysis of surface-dwelling Globigerina bulloides and subsurface dwelling

Neogloboquadrina pachyderma sinistral.

2.2.5.2 Stable isotope analysis

For paired stable isotope and Mg/Ca (see section 2.2.5.4) analysis of the
planktonic species, 50 individuals were selected wherever possible, with the
minimum number of individuals used in a paired sample being 20. G. bulloides were
selected from the 250-315 pum fraction and N. pachyderma sin. from the 150-250 um
fraction. Specimens were crushed just enough to break open the chambers, mixed
and then split, thus minimising errors arising from sample heterogeneity. For benthic
foraminiferal isotopes between 1 and 4 specimens of C. wuellerstorfi were selected
from the >250 pm size fraction wherever present.

Prior to stable isotope analysis crushed tests were immersed in 3 % hydrogen
peroxide for 30 minutes and ultrasonicated in methanol for 15 seconds before excess
liquid and residue was removed and tests dried out at 45 °C. All stable isotope
measurements were made at Cardiff University using a ThermoFinnigan MAT 252
coupled to a Kiel III Carbonate Device for automated sample preparation. The long-
term external reproducibility of this system is <0.08 %o for 8'*0 and 0.03 %o for
8'3C. All stable isotope values are reported on the VPDB scale, calibrated through

the NBS carbonate standard.
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2.2.5.3 Foraminiferal ecology

Accurate interpretation of temperature and salinity estimates derived from
paired stable isotope and Mg/Ca analysis requires prior knowledge of the ecology of
the signal carriers, i.e. water depth habitat, seasonality, temperature and salinity
tolerance. Therefore, before further details of geochemical methodology and
temperature and salinity reconstructions, ecological and environmental
considerations of both planktonic species used in this study are summarised.

G. bulloides calcify in the upper 60 m of the water column (e.g. Schiebel et
al., 1997), and following Barker and Elderfield (2002) we assume an average depth
of calcification of 30 m, with a preferred summer growth season centred on July (cf.
Hillaire-Marcel and Bilodeau, 2000). N. pachyderma sin. inhabit a broader and
deeper depth domain. Juveniles occupy relatively shallow waters (~50 to 80 m),
migrating to depths of up to 500-600 m as they mature, spending much of their lives
along the pycnocline (between surface and intermediate waters (e.g. Carstens et al.,
1997; Bauch et al., 1997, Hillaire-Marcel and Bilodeau, 2000). An average
calcification depth for N. pachyderma sin of ~150 m is assumed, reflecting the depth
of peak N. pachyderma sin. concentrations in subpolar waters (Bauch et al., 1997,
Volkmann, 2000; Simstich et al., 2003) and stable isotopes and Mg/Ca records
derived from N. pachyderma sin. are interpreted to reflect mean annual subsurface

conditions.

2-17



Chapter 2 Material and Methods

2.2.5.4 Mg/Ca analysis

Planktonic foraminiferal sample splits for Mg/Ca analysis (~50 %) were
cleaned following Barker et al. (2003). This cleaning procedure involves;

1. ultrasonification in deionised, ultra-high purity water (Elga PURELAB

UHQ II) water and then methanol to remove clays;

2. 2. oxidation of organic matter with alkali-buffered 1% H,0, at 100 °C;

3. manual removal of silicates or oxides;

4. weak acid leach/polish (0.001 M HNOs) removed any secondary coating;

5. dissolution in 0.075 M HNO;.

Samples were transferred to new, pre-cleaned vials after steps 3 and 5.

Clean samples were then diluted to a fixed Ca concentration of 100 ppm
where possible (following an initial concentration determination on a 50 pl sub-
sample of the 300 pl sample prepared), with no samples containing less than 40 ppm
Ca. Analyses were carried out on a Varian Vista ICP-AES at Cambridge University.
Intensity ratios were calibrated against elemental ratios following de Villiers et al.
(2002) to eliminate any Ca matrix effect. Precision and accuracy determined from
replicate runs of a standard solution of Mg/Ca = 5.130 (60 ppm Ca) and Mg/Ca =
1.289 (100 ppm Ca) was found to be <0.4 % (2 o). Blank analyses find that Mg-
leaching from vials or laboratory-contamination was below detection. Aluminium
concentrations were monitored to ensure the effective removal of clay, and any
samples with detectable aluminium were discarded. Sample reproducibility is found
to be + 4 %, translating to an error on temperature estimates of + 0.4 °C. However,

further uncertainties derive from Mg/Ca-temperature calibration and a conservative
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error of £ 1 °C is placed on all Mg/Ca-derived temperature estimates as discussed

below (section 2.2.5.4.2) and in Chapter 5.

2.2.5.4.1 Calcite dissolution and Mg/Ca analysis

Calcification temperature underestimates may result from tests that have been
subject to post-depositional calcite dissolution (Rosenthal ez al., 2000; de Villiers,
2003). Average test weights were measured using a high precision (0.1 mg) top pan
balance. An average of 20 specimens were weighed in each case. Test weights
appear to remain stable throughout the record (Fig. 2.11), suggesting that calcite
dissolution is unlikely to have influenced Mg/Ca values recorded at MDO01-2461
(Rosenthal and Lohmann, 2002). The site of MDO01-2461, at 1153 m water depth, is
situated well above the lysocline which is currently found at a water depth of ~4 km
in the North Atlantic (Van Kreveld et al., 1995). Although the carbonate
compensation depth did shoal during glacials (Samnthein et al., 1982), it is unlikely to
have reached this shallow core site allowing excellent preservation of foraminiferal
tests at MDO01-2461. In fact, test weights, those of N. pachyderma sin. in particular,
display an anti-phase relationship with Mg/Ca, perhaps reflecting thicker test

precipitation during colder periods.
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Fig. 2.11. Mg/Ca values and average test weights from MDO01-2461. Down core Mg/Ca
records from G. bulloides (a) and N. pachyderma sin. (b). Average test weights (c), G.

bulloides weights red, N. pachyderma sin. weights blue.

2.2.5.4.2 Mg/Ca-temperature calibration

Mg/Ca analysis of foraminiferal calcite is becoming a well-established
palaeotemperature proxy (Kucera et al., 2005). With just a few exceptions, all
planktonic species show a significant (r = 0.93) relationship with temperature of the

form

Mg/Ca = Be(AT)
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where T is the calcification temperature (°C) and A is typically 0.1 (Elderfield and
Ganssen, 2000; Anand et al., 2003; Barker and Elderfield, 2002). The pre-exponent
value, B, is species specific ranging from 0.3 to 1 (complied by Anand et al., 2003),
and may also be regionally variable for a given species (e.g. Niirnberg et al., 1996).
Unfortunately, to date, very few calibrations have been established for temperatures
<10 °C (Barker and Elderfield, 2002). Applying the most applicable Mg/Cag. puiivides-
temperature calibration (Mashiotta et al., 1999) to core top measurements from
MDO01-2461, derives summer SST 2 °C in excess of modern SST (13.7°C; World
Ocean Atlas, 1998). Additionally, LGM SSTs of 10-11 °C, exceed previous
estimates for this region by up to 7 °C (e.g. Maslin et al., 1995). These discrepancies
suggest that the calibration of Mashiotta et al. (1999) is unsuitable for G. bulloides in
the NE Atlantic, consistent with findings of Kandiano ez al. (2003).

Establishment of Mg/Ca-temperature calibrations for both G. bulloides and N.
pachyderma sin. is discussed in Chapter 5 and summarised here.

Assuming MDO01-2461 core top is intact, average Mg/Cag. putivides from O - 5
cm core depth, 2.58 mmol mol” (n = 3), is calibrated to modem June-July water
temperatures at 30 m water depth (13.3 °C) assuming an exponent value, A, of 0.1
(Mashiotta et al., 1999; Barker and Elderfield, 2002). Using this approach the
following Mg/Ca-T calibration for G. bulloides was derived

Mg/Cag, = 0.68 ¢ @'
similar to that of Barker and Elderfield (2002) derived from North Atlantic core top
G. bulloides at NEAP 8K (59° 48° N, 2360 m water depth; Mg/Ca =0.72 x e”'").
N. pachyderma sin. is absent in the core top it was not possible to assess the

calibration of Niimberg et al. (1996) for this species. Mg/Ca-temperature calibration
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for N. pachyderma sin. relies on the assumption that the period 20-19 kyr BP, when
the 8'%0 values of both G. bulloides and N. pachyderma sin. are broadly identical
(Fig. 5.4a), represents an episode of persistent, year-round mixing of the upper water
column (cf. Hillaire-Marcel and Bilodeau, 2000; Simstich et al., 2003) in which both
species were exposed to identical water mass and calcification temperatures.
Assuming also that the Mg/Cag, suivides-temperature calibration is valid over glacial-
interglacial conditions and an exponent value of 0.1 for N. pachyderma sin.
(Niimberg et al. 1996), the ratio of pre-exponent values G. bulloides:N. pachyderma
sin. within the 20-19 kyr BP time interval is determined as follows. An average of

the Mg/Ca values of both species was taken over the 20-19 kyr BP period;

Mg/Cagy =1.560 mmol mol’’
Mg/Canps =0.751 mmol mol’
Using T =1n [(Mg/Ca)/A})/B

where A = pre-exponent and B = exponent and calcification temperatures are similar

it follows that

1.56/Agp = 0.751/Anps
such that Agp:Anps = 2.1
and Mg/Canps = 0.32 ¢ @'

This N. pachyderma sin. Mg/Ca—temperature calibration effectively equates
to the generic calibration of Anand et al. (2003; Mg/Ca = 0.38 x €"®T), and
overestimates calcification temperatures by 2-3°C compared to the Mg/Ca N.
pachyderma sin.-temperature calibration of Niimberg et al. (1996; Mg/Ca = 0.47 x

e*%T after Barker et al., 2005) derived using laboratory cultures and Norwegian Sea

core top samples. However, early-Holocene (9.6-8.6 kyr BP) N. pachyderma sin.
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calcification temperatures derived from our calibration average 10.3 °C (unpublished
data) and compare well with modern temperatures at a water depth of 150 m (10.6
°C; World Ocean Atlas, 1998), substantiating our calibration and supporting regional
differences in the Mg/Ca N. pachyderma sin. relationship (Niimberg, 1995).
Chapter 6 presents further discussion of the calibrations derived here,
comparison with published calibrations and other proxy approaches to reconstructing
palaeo-ocean temperatures, including faunal assemblage records from MD01-2461

(see below).

2.2.5.5 Relative abundance of N. pachyderma sin. as a SST proxy.

The relative abundance of the polar species N. pachyderma sin. is commonly
used as a palaeo-indicator of polar waters (B¢, 1977; Reynolds and Thunell, 1986;
Johannessen et al; 1994; Pflaumann et al., 1996; 2003). In waters of summer SST
<8 °C, this species dominates the planktonic foraminiferal assemblage (Pflaumann et
al., 1996). N. pachyderma sin. dominated planktonic assemblages in the NE Atlantic
during the last glacial (cf. Pflaumann et al., 1996) such that transfer function
technique SST estimates are significantly influenced by the relative abundance of N.
pachyderma sin. within this region during glacial times (Kandiano and Bauch, 2003)
and the relative abundance of N. pachyderma sin. serves as a quick, easy and
(generally accepted) reliable proxy for palaco-SST.

A minimum of 300 planktonic foraminiferal shells were counted from sample
splits >150 pm (CLIMAP, 1976, 1984, standard size fraction) to determine N.

pachyderma sin. %. Reproducibility error is found to be = 5 %.
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2.25.6 Considerations for surface and subsurface salinity
reconstructions

Following correction for global ice volume (e.g. Shackleton, 2000) and any
vital effect (e.g. Shackleton, 1974; Duplessy et al., 1981; also see Chapter 5)
Mg/Ca-temperatures may be used to extract the temperature component from
8"80carcites allowing 8'80,y to be determined. Carbonate ion concentration, relating to
atmospheric CO, concentrations may also affect §'0 values on a glacial-interglacial
scale (Spero et al., 1997), however, this factor is not considered within this study.
Incorporating an error on temperature of = 1 °C, on 8'®Ocaicire of 0.08 %o and an
uncertainty of 0.08 on the §'®0,,~salinity relationship of Craig and Gordon (1965),

error on salinity estimates is in the order of + 0.2.

2.2.5.7 Bottom water ventilation

Carbon isotope values recorded in the calcite tests of benthic foraminifera are
found to vary systematically with bottom water masses (e.g. Duplessy et al., 1984).
This nutrient proxy is proven to be a useful tool in the reconstruction of deep ocean
paleocirculation through mapping of benthic foraminiferal stable carbon isotope
ratios from sediment cores on the European margin, the open North Atlantic, and the
Norwegian- Greenland Seas (e.g. Boyle and Keigwin, 1987; Oppo and Lehman,
1993; Sarnthein et al., 1994; Zahn at al., 1997; Elliot et al., 2002). Benthic, epifaunal
species Cidicidoides wuellerstorfi accurately records the 8'°C of dissolved inorganic
carbon in ambient bottom water at the core location as demonstrated by youngest
benthic foraminiferal 8'°C values from MDO01-2461 (1.1 %o VPDB) and recent (core

top) values derived from nearby sites of a similar water depth (1.07 %0 VPDB at
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V29-198, 1139 m water depth; 1.17 %0 VPDB at V28-73, 2063 m water depth; Oppo
and Lehman, 1993) and comparing well with 8'>C of ambient seawater total CO, of
1-1.1 %0 VPDB (between 1000-1500 m water depth, GEOSECS station 23).

In the eastern tropical Pacific, last glacial maximum (LGM) benthic §'°C
values are ~0.3 %o lower than Holocene, suggesting a mean change of '>C of the
marine carbon reservoir of this magnitude (e.g. Duplessy et al., 1984; Boyle, 1988).
To correct for an influence of carbon reservoir changes on epibenthic 8'°C along the
MD01-2461 record would demand robust constraints on mean ocean §'°C variations
across the last glacial and early deglacial period (8-43 kyr BP) at high temporal
resolution, which is currently unavailable. However, mean-ocean 8'3C changes will
have affected &'’C records from different core sites equally and therefore is not
considered an obstacle in the regional comparison of epibenthic 8'°C gradients

presented in Chapter 7.
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Chapter 3

Age model construction

In order to relate records of ice sheet activity and hydrological changes
derived from sediment core MDO01-2461 to other marine, terrestrial and ice core
records it was essential to develop a robust, high-resolution age model. The age-
depth relationship of MDO01-2461 is based on radiocarbon dating, fine-tuned through
the correlation of sea surface temperature (SST) to the GISPII §'®0j record and
supported by tephrachronology. All aspects of age model construction and validation

are discussed in this chapter.

3.1 Radiocarbon dating

Shipboard magnetic susceptibility measurements and spectrophotometry (L*;
Shipboard Party, 2001) coupled with scanning X-Ray Fluorescence Spectroscopy
(XRF)-Ca provided a preliminary age model for MD01-2461. High L* values and
XRF-Ca counts, identifying high CaCO; content, clearly locate MIS 5e, 130-116 kyr
BP (Shackleton, 1969; Martinson et al., 1987) between 1300-1200 cm (Fig. 3.1b, ¢).
Peaks in magnetic susceptibility (Fig. 3.1a) were used to locate potential H event
horizons. The two strongest peaks in magnetic susceptibility centred at ~850 cm and

spanning 530-500 cm identify H4 and H2 respectively (cf. Grousset et al., 1993;
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Robinson et al., 1995). Published ages for H4 fall within the range 33.45 -35.73 14C
kyr BP (Vidal et al.,, 1997, Cortijo et al., 1997), approaching the limit of accurate
radiocarbon dating and defining the maximum depth selected for M4C-accelerator

mass spectrometry (AMS) analysis.

MIS
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Fig. 3.1. Physical properties of MD01-2461 versus core depth.
(a). Shipboard magnetic susceptibility (10"7 Sl), (b). Ca-XRF (counts s"1), (c). L* values.

Marine isotope stages stratigraphy (MIS 1-6) is suggested in the upper panel. Orange bars
locate potential H2 and H4 layers. Red markers on (c) locate ¥C-AMS dates, blue markers

locate beyond range ‘blanks’ used for background correction (see text).

Twenty-five 4C-AMS measurements were performed on monospecific
samples of planktonic foraminifers, either G. bulloides or N. pachyderma sin.

Samples were selected from depths corresponding to SST maxima and minima (see
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section 3.2.3), H layers (4, 2 and 1), and a coral used for U-series dating (see section
3.2.2). In addition, depths of high foraminiferal abundance were chosen to minimise
error due to bioturbation. No radiocarbon measurements were taken from the core
top due to low foraminifera density reflecting the poorly compacted surface
sediments and perhaps core top disturbance or stretching during recovery (see section
3.3.1). Samples weighed a minimum of 9 mg, representing ~1000 G. bulloides or
~1500 N. pachyderma sin.

Contamination of samples during the conversion of carbonate to graphite
prior to analysis requires ‘background’ correction. To determine the magnitude of
this background correction, blank targets were made from material containing no
inherent '*C. These blanks were samples collected from MIS 5 and MIS 6 (1100 cm
and 1450 cm core depth respectively; Fig 3.1) with predicted ages of ~75 kyr and
>130 kyr BP, well beyond the limit of '4C detection. Traces of '*C within these
blanks averaged a '4C enrichment of 0.24 + 0.01 % modern carbon which was used
to correct the dating samples. Radiocarbon ages up to 21.6 kyr BP were calibrated to
calendar years using the Calib Rev 5.0 program (Stuiver et al., 2005) with the
MARINEO4 calibration data set, which incorporates a marine reservoir age of 400
years. The same 400 years reservoir correction was applied to '4C dates of 22 kyr BP
and older, which were then converted to calendar years using the calibration equation
of Bard (1988; Cal yr BP = -6.2724 x 10 x ['“C yr BP)* + 1.3818 x ["*C yr BP] -
1388). Calibrated ages use the mid-point across the analytical 20 errors, which as
quoted (+10 years; Table 3.1) are less than 1 % of the age estimate, except for the

four oldest dates where the error is less than 2 %.
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Of the 25 radiocarbon dates that were measured, three samples displayed age
reversals and were discarded (Table 3.1). The radiocarbon age model assumes linear

sedimentation rates between AMS dates (Fig. 3.2).
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Table 3.1 Radiocarbon dates for MD01-2461

Laboratory Material Depth “C Age Error Age Calendar
Code Cm ~ yr BP + 1o yr Age yr BP
SUERC-3299 G. bulloides 134.0 7,623 29 8,079
SUERC-3300 N. pachyderma sin. 182.5 5,929 24 6,338*
SUERC-3302 N. pachyderma sin. 196.5 11,032 39 12,709
SUERC-3303 G. bulloides 208.5 12,551 46 13,992
SUERC-3306 N. pachyderma sin. 228.5 11,950 43 13,337*
SUERC-3287 N. pachyderma sin. 244.5 14,530 58 16,819
SUERC-3307 N. pachyderma sin. 276.5 15,118 64 17,692
SUERC-3308 N. pachyderma sin. 302.5 15,518 63 18,564
SUERC-3309 N. pachyderma sin. 324.5 15,174 60 17,586*
SUERC-3288 N. pachyderma sin. 356.5 17,130 77 19,993
SUERC-3289 G. bulloides 392.5 18,233 87 21,053
SUERC-3290 N. pachyderma sin. 412.5 18,665 89 21,688
SUERC-3292 N. pachyderma sin. 436.5 19,128 94 22,287
SUERC-2278 G. bulloides 478.0 20,193 118 23,702
SUERC-2279 N. pachyderma sin. 528.5 20,931 129 24,577
SUERC-2275 N. pachyderma sin. 570.5 21,565 128 25,647
SUERC-2274 N. pachyderma sin. 602.5 22,234 147 25,792
SUERC-3293 N. pachyderma sin. 648.5 24,074 168 27,809
SUERC-3296 N. pachyderma sin. 674.0 25,312 195 29,142
SUERC-3311 N. pachyderma sin. 690.5 25,863 208 29,730
SUERC-3312 N. pachyderma sin. 698.5 25,928 209 29,799
SUERC-3313 N. pachyderma sin. 746.5 28,526 287 32,515
SUERC-3316 G. bulloides 766.5 29,592 326 33,604
SUERC-3317 G. bulloides 832.5 32,426 462 36,432
SUERC-3318 N. pachyderma sin. 852.5 35,613 684 39,491

*Discarded age reversals.
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Fig. 3.2. Radiocarbon age-depth relationship
(a) Raw MC ages, based on N. pachyderma sin.; black diamonds, G. bulloides-, blue
diamonds. Discarded age reversals (all N. pachyderma sin.); red diamonds. Calibrated 14C-

age model; black line with no symbols, (b). Resultant sedimentation rate (cm kyr'1).

3.2 Limitations of radiocarbon dating and additional age constraints
Although recent AMS radiocarbon techniques allow accurate dating of
materials up to 40 kyr BP, uncertainties in this dating method arise due to changes in
the rate of MC production and atmospheric concentration (Voelker ef al., 1998; Beck
et al., 2001), necessitating the conversion of radiocarbon years into calendar years
through the use of a robust calibration curve (Stuiver et al., 1991). Such calibration
of 1C ages has been achieved through the use of numerous independent age controls,
including U-Th dated corals (Bard et al., 1990; Bard et al., 1998; Fairbanks et al.,
2005), dendrochronology (Becker, 1993) and the correlation of high-resolution
planktonic foraminiferal 5180 records with the GISPII 818 ice record (Voelker et

al, 2000; Shackleton et al., 2004). Additional uncertainties in the dating of marine
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samples result from variability in the size and exchange rate of the marine '*C
reservoir and the atmosphere. This so-called ‘marine reservoir effect’ accounts for
modern North Atlantic '*C ages being older than atmospheric carbon by ~400 years.
While this reservoir effect is routinely corrected for in marine samples from the
northern hemisphere, recent studies suggest that the reservoir age varied during the
last glacial and 400 years may be a considerable underestimate, particularly during
periods of reduced AMOC (e.g. Austin et al., 1995; Voelker et al., 2000; Waelbroeck
et al.,2001).

Additional dating techniques are used on MDO01-2461 to assess the
radiocarbon age model and the validity of a fixed 400 year '“C-marine reservoir age

correction over the last glacial period.

3.2.1 Tephrachronology

Tephrachronology provides time-parallel marker-horizons allowing precise
correlation of Late Quaternary marine, terrestrial and ice-core records (e.g. Gronvold
et al.,, 1995; Austin et al.,, 2004). Two ash layers were deposited at MDO01-2461

during the last glacial period and are discussed below.

3.2.1.1 Vedde Ash

Shards of rhyolitic ash are found within sediment core MDO01-2461 between
210-160 cm, peaking at 192 cm (74 shards >150 pm g dry sed.), with a secondary
peak at 182 cm (53 shards >150 pm g’ dry sed.; Fig. 3.3). Coincident with the final
delivery of IRD to the core site during the Younger Dryas cold interval, located

through the increased relative abundance of N. pachyderma sin. (see section 3.3), and
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displaying a similar two-point peak to that of Austin and Kroon (1996) this ash
horizon is considered to be the Vedde Ash, most recently dated as 12.1 kyr BP within

the GISPII ice core (Zielinski et al., 1997).

3.2.1.2 North Atlantic Ash Zone lI

The second ash layer is located between 948-950 cm core depth within
MDO01-2461, with exceptionally high ash concentrations of >4,000 shards g' dry
sediment (Fig. 3.3). Deposited before the dolomitic carbonate of HS this horizon is
likely North Atlantic Ash Zone II (NAAZII) first documented by Ruddiman and

Glover (1972).
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Fig. 3.3. Comparison of radiocarbon and finalised age-depth model.

Finalised age model based on GISPIl correlation (see section 3.4) shown in black.
Radiocarbon age model in red. Concentration of ash shards (purple, open circles; note break
in axis for NAAZIl) and dolomitic carbonate grains locate ash layers and H events
respectively. Corresponding ages of H events as compiled by Hemming (2004), Vedde Ash
(VA) age from Zielinski et al. (1997) and NAAZII from Meese et al. (1994). Note offsets

between the two age models prior to H3 and around H1.

Maximum dimensions were measured on individual shards of tephra from the
>63 pm size fraction using a light microscope with a calibrated eye-piece graticule
(following Austin et al., 2004). A minimum of 300 shards were measured per
sample. The estimated size error, based on the calibration procedure and the
magnification used, is £10 pm. Ash-shard size frequency from the two samples of
maximum abundance of NAAZII tephra (950 cm and 948 cm) is shown in Fig. 3.4.
The well-sorted ash-size profile is typical of a wind sorted, primary air-fall deposit,
however, with some shards exceeding 700 pm in diameter it is unlikely that they
were delivered to this site, some 1500 km from Iceland, by atmospheric transport

(Lacasse, 2001). Even if glacial winds had been stronger, prevailing westerlies would
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have steered the eruption column towards Norway, not to the NE Atlantic (Lacasse,
2001). The most likely mode of ash transport to our core site therefore, is fall out of
tephra onto icebergs or pack ice close to Iceland (and most likely to the NE of the
source), and subsequent drifting of this ice to the south and the open North Atlantic
in surface currents (Lacasse et al., 1996, Austin et al., 2004). The absence of
significant quantities of other volcanic debris (i.e. basalt, pumice, obsidian etc.)
suggests that NAAZII was deposited on sea ice, rather than glacial ice, which would
likely have incorporated debris from the bedrock and numerous other eruptions
(Austin et al., 2004).

The shard-size profile of NAAZII tephra at MDO01-2461 is indistinguishable
to that from deposits in the Barra Fan (MD95-2006; Austin et al., 2004; Fig. 3.4),
suggesting that sea ice from the same region, beneath the same eruption column
carried fall-out ash to both core sites. Correlation of high-resolution SST records
from site MD95-2006 with the GISPII 8'0;.. record implies ice rafted deposition of
NAAZII in the NE Atlantic within just one or two decades of the NAAZII eruption

(Austin et al., 2004) dated as 53.269 £ 5 % kyr BP (Meese et al., 1994).
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Fig. 3.4. Ash-shard size distribution of NAAZII tephra from MD01-2461 and MD95-2006.
Tephra from two levels within NAAZIl of MD01-2461 - 948 cm; pink, 950 cm; red. Tephra
from MD95-2006; black (Austin et al.,, 2004).

The concentration of ash shards at the more southerly site (MDO 1-2461)
however, is substantially greater (by a factor of 50) than that found at MD95-2006
(74 shards g'ldry sed.). This difference in concentration cannot be fully accounted
for by sediment dilution due to enhanced accumulation rates in the Barra Fan
(sedimentation rate at MD95-2006 is ~40 cm kyr'l at the time of NAAZII deposition,
compared to ~5 cm kyrlat MDO1-2461). The flux of NAAZII tephra at MDO 1-2461
is calculated to be in the order of 15 shards >150 pm cm'2 yr'l. Assuming a similar
sediment density at the Barra Fan site to MDO1-2461 (1.1 g cm'3), a tephra flux of
~3 shards >63 pm cm'2 yr'l is estimated. This pattern of ash flux likely reflects
palaeo-surface currents of the NE Atlantic gyre (see Fig. 2.8), preferentially
delivering NAAZII-laden ice to MD01-2461. Downstream, MD95-2006 received a
diminished sea ice population. Congestion of icebergs/sea ice due to obstruction or
reduced surface currents around the Porcupine Seabight is also a consideration. This

idea of iceberg congestion may also account for unusually high concentrations of
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dolomitic carbonate (20 % of total IRD at H2) in OMEX 2K recovered from the
Goban Spur, although in this instance iceberg grounding on the continental shelf may

also be a factor.

3.2.2 U-Th dating of deep-sea corals

Three deep-water corals (Lophelia spp.) found within MDO01-2461 were U-Th
dated at GEOTOP-UQAM-McGill, Montreal. Successful dating of the corals would
not only provide three independent tie-points, but coincident with '*C-AMS dating of
foraminifera from the same sample, a U-series date derived from the shallowest
(youngest) coral would potentially provide a '4C-marine reservoir age at that time. U-

series dates of the three corals are presented in Table 3.2.

Table 3.2 U-concentration, composition and ages of deep-sea corals recovered from
MDO01-2461.

Depth cm [2%U] ppm (326) & 2*Uiniial %o (+20) U-series derived age

(calendar) kyr BP (25 )
698.5 3.836 + 0.022 1542 +0.7 27.6+0.4
924.5 4.885 + 0.029 132.5+ 0.6 31.6+04
935.5 4.224 + 0.022 116.8+1.4 494+1.2

The ~18 kyr difference between the deepest two corals, recovered 11 cm
apart within the core, raises concern over the accuracy of the U-series dates. 2y
concentration ([***U]) and 24U/P8U activity ratios were used to assess the possibility
of diagenetic U- loss or gain that may account for this large offset. [*®U] in well
preserved corals is typically ~3.2 ppm (B. Ghaleb, personal communication, 2005).
The elevated values, >3.8 ppm, of the MDO01-2461 corals suggest some degree of

234
83

post-depositional U-gain. Additionally, the U composition of seawater over the

last ~13 kyr has been 150 £ 2 %o (Edwards et al., 1993). Significant deviation of
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coral 5234U;m-m| from this value in the corals recovered at 924.5 cm and 935.5 cm is
again suggestive of some degree of post-deposition U-uptake. These factors are

considered when finalising the age model (section 3.3).

3.2.3 Tuning of palaeoclimate records

Considering dating uncertainties that may derive from variability in the '*C-
marine reservoir age during the last glacial period and assuming that SST changes at
MDO01-2461 are effectively synchronous with atmospheric temperature changes over
Greenland, the radiocarbon age model is assessed through tuning of the paleoclimate
records. Fine-tuning of the radiocarbon age model, and extension beyond the limit of
C-AMS detection was achieved through the correlation of SST records (V.
pachyderma sin. %; see section 2.2.5.5) and the GISPII $'®0j. atmospheric
temperature record, N. pachyderma sin. % maxima corresponding to stadials in the
climate record (Fig. 3.5; cf. Bond et al., 1992; Knutz et al., submitted.). The GISPII
8'80;. record is chosen on account of its robust age model based on annual layer
counting back to 50 kyr BP, with an estimated error of £ 5 % (Meese et al. 1994).

The GISPII-tuned age model exhibits a reasonable correlation (r = 0.70)
between N. pachyderma sin. % and the Greenland air temperature record for the
period 58-8 kyr BP. High accumulation rates around the LGM improve temporal
resolution of the N. pachyderma sin. % record, increasing the correlation coefficient

of the two records to r* = 0.84 between 25-8 kyr BP (Fig. 3.5).
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3.3 Finalised age model

Construction of the finalised age model is shown in Fig. 3.5 and summarised
below.

The two oldest tie-points correspond to NAAZII (950 cm; 53.3 kyr BP) and
the 49.4 + 1.24 kyr BP aged coral (935.5 cm), agreeing well with the N. pachyderma
sin. %-SST v. GISPII age model (Fig. 3.4, 3.5). Between 40-35 kyr BP the oldest
radiocarbon dates and tuned age model are in reasonable agreement (Fig. 3.3),
positioning dolomitic carbonate of H4 at 38.6 kyr BP. Tuning of the paleoclimate
records within this interval positions H5 at 45.6 kyr BP. The coral collected at 924
cm and dated as 31.6 kyr BP is significantly removed from this age-depth
relationship (i.e. the U-series age is too young; Fig. 3.3) suggesting that the elevated
[28U] reflects diagenetic U-gain, as discussed in section 3.2.2. This potential tie-
point is thus discarded.

No dolomitic-carbonate horizon is associated with ‘atypical’ H3, considered a
predominantly European event (Grousset et al., 1993; Gwiazda et al., 1996).
Correlation of N. pachyderma sin.%-SST with GISPII between H2 and H4 positions
a peak of volcanic-rich IRD between 31.5 - 29.5 kyr BP, fitting an ~31 kyr BP age of

H3 (Bond et al., 1992, 1993).
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Vedde H1 H2 H3 H4 H5 NAAZII
Ash

Modern North Atlantic “C-marine reservoir age

4000
2000

T - T 25 T3 35 T 40 45 50 55

Age kyr BP

Fig. 3.5. Finalised age model for MD01-2461.

(a). Estimated 14C-marine reservoir ages at MD01-2461 (blue symbols and dashed lines
refer to discarded, age reversal radiocarbon dates), (b). high-resolution 5180j&@ record (5-
point smoothed) from the Greenland summit GISPIl ice core (http://depts.washington
,edu/qil/datasets/gisp2_main.html; Grootes and Stuiver, 1997), (c). relative abundance of N.
pachyderma sin. (%; >150 pm planktonic population), (d). concentration of dolomitic
carbonate (orange, solid), volcanic debris (purple, filled circles) rhyolitic ash shards (lilac,
open circles) >150 pm g'1dry sediment, (e). sedimentation rate, cm ky'1at MD01-2461. Tie-
points between (a) and (b), tuning of climate records, black; coral, green; NAAZII, purple.
Correlation coefficient of N. pachyderma sin. % and GISPIl 5180ice for entire section r2 =

0.70; from A to the core top r2=0.82; from B to the core top r2= 0.84.
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The 27.6 £ 0.4 kyr BP age of the coral recovered from 698.5 cm is slightly
younger than the 29.8 + 1.5 kyr BP age derive from both the N. pachyderma sin.%-
SST v. GISPII correlation and radiocarbon age models. Taking this coral as a tie-
point significantly reduces the SST-GISPII correlation coefficient and implies a Hc-
marine reservoir age of 2.6 kyr. Although '*C-marine reservoir ages well in excess of
2 kyr have been proposed for the last glacial period (Waelbroeck er al., 2001),
elevated [**U] and a high 281/28U activity ratio suggest that some degree of post-
depositional U-gain likely account for U-series dates underestimating the coral age
compared to the N. pachyderma sin.%-SST v. GISPII derived age. The latter
approach is therefore favoured.

Enhanced temporal resolution of the N. pachyderma sin. % record between
25-8 kyr BP and the strong correlation coefficient with GISPII is the basis for the
remainder of the age model.

Assuming that initial deposition of LIS-sourced debris was effectively
instantaneous, likely within 400 years, across the Ruddiman Belt (Hemming, 2004
(Table 3); Roche et al., 2004), horizons containing the distinctive dolomitic
carbonate of the Hudson Strait region (Andrews and Tedesco, 1992) are effective
stratigraphical markers. Tuning of N. pachyderma sin. % with GISPII 8'%0ic gives
ages for dolomitic carbonate horizons in MDO01-2461 that are consistent with
previously published ages of these events (Table 3.3), heightening confidence in the

correlation of MD01-2461 SST and temperatures over Greenland.
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Table 3.3 Published ages for North Atlantic H events

H Age kyr BP Basis Source

event

H1 16.8 Radiocarbon (400 yr reservoir correction) Bond et al., 1997
H2 24.1 Radiocarbon (400 yr reservoir correction) Bond et al., 1997
H3 30.1 Radiocarbon (400 yr reservoir correction) Bond et al., 1997
H4 38 GISPII correlation Meese et al., 1997
HS5 45 GISPII correlation Meese et al., 1997

3.3.1 Core stretching?

‘Over-sampling’ within giant piston cores such as MD01-2461 is a wide-
spread problem and may result from cable rebound during the coring procedure.
During core recovery acceleration of the piston up the barrel with respect to the
sediment surface produces negative pressure within the core barrel, effectively
syringing sediment upwards and stretching the upper portion of the core (Skinner and
McCave, 2003). Such stretching would clearly distort the core depth-age
relationship, biasing sedimentation rates and mass fluxes, potentially leading to
misinterpretation of sedimentary processes. It is therefore essential to assess and
correct for core deformation relating to the coring method.

The lack of an accompanying gravity core for MDO01-2461 precludes attempts
to use cross-correlation of the physical properties versus depth to determine the
extent, if any, of ‘over-sampling’ in the upper portion of this giant piston core.
However, a number of observations may be used to make a qualitative assessment of
the degree of stretching in core MD01-2461. First, sedimentation rates suggested by
the finalised age model display an increase towards the LGM typical of cores from
the European Margin (Fig. 3.5¢, 3.6). Prior to H4 sediment accumulation is <10 cm

kyr'. Rates increase towards the LGM, peaking at 60 cm kyr' around H2, with
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enhanced rates associated with both H4 and H3. Sedimentation rate decreases
throughout the deglacial.. The youngest radiocarbon date and tuning of palaeoclimate
record suggests an age of 8.08 kyr BP for sediments at 134 cm core depth. Assuming
that the core top is intact and has an age of 0 yr BP linear interpolation derives
sedimentation rates of 16-17 cm kyr' throughout the Holocene. No obvious
distortion to the age model that may reflect core stretching (i.e. increased
sedimentation rates towards the core top) is observed. Additionally, dry bulk
densities within the section 130 to 490 cm (i.e. following H2) average 1.026 + 0.077
g cm™, with no up-core trend of decreasing sediment density. Skinner and McCave
(2003) suggest ‘oversampling’ due to imperfect (heavy) piston coring may occur
down to a depth of ~10 m. If oversampling did occur during recovery of MDO1-
2461, the lack of distortion in sedimentation rates and dry bulk densities may reflect
a uniform ‘stretch’ over the investigated section of core. However, for MDO01-2461
the amplitude of cable recoil is likely to have been limited by the relatively shallow
water depth at the coring location (water depth of 1153 m; Skinner and McCave,

2003) and near-perfect recovery is suggested.
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Fig. 3.6. Comparison of sedimentation rates determined from the radiocarbon and

finalised age models for MD01-2461. Radiocarbon age model in red; finalised in black,

versus core (a), depth, and (b) age. Suggested sedimentation rate for top 134 cm of core in

dashed black line.

In addition to the apparent lack of, or at least uniform, distortion to the upper
core, x-radiograph imagery show clear laminations with MDO 1-2461 at 1700-1950

cm core depth (Fig. 2.5), again suggesting ‘perfect’ coring undistorted by marginal

strain or sediment flow.
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3.4 Age model comparisons and implications for '‘C-marine
reservoir age.

The two independent age models (radiocarbon and GISPII-correlation)
display good agreement for much of the record (Fig. 3.3), however, two notable
offsets are observed. The first is between 33-31 kyr BP and the second is a
cumulative offset increasing throughout the deglacial period (from H2), peaking
around 15.2 kyr BP. Assuming that the robust climatic correlation is valid, the offsets
may be interpreted to reflect 'YC-marine reservoir age variability during the last
glacial (cf. Voelker et al., 1998).

Between 33-31 kyr BP the best correlation of SST-GISPII leads to predicted
'“C-marine reservoir ages (‘*C-calibrated (+ 400 yr) — GISPII age) of 1.4-1.6 kyr.
Reduced correlation coefficient between the N. pachyderma sin. % record and
GISPII and the lack of well-defined stratigraphical marker-horizons account for
some degree of uncertainty in the positioning of tie-points between H3 and H4,
limiting confidence in estimates of '*C-marine reservoir ages at this time.

Following 26.5 kyr BP however, sedimentation rates and temporal resolution
of core records increase, improving confidence in the GISPII-tuned age model. At
25.6 kyr BP predicted '*C-marine reservoir ages are 460 years, not dissimilar to the
modermn NE Atlantic (Bard et al., 1987). Stepwise increases in 14C-marine reservoir
age of ~500 and almost 300 years are then associated with H2 (21.4 kyr BP) and
following ice rafting at the LGM (~21.5 kyr BP) respectively, where "*C-marine
reservoir ages of ~1.2 kyr are implied. A temporary drop in reservoir ages to 960
years at 19.4 kyr BP follows before values reach 2050 years following H1 (15.2 kyr

BP). "*C-marine reservoir age then decreases through the Younger Dryas, reaching
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modern North Atlantic values of 400 years at ~8 kyr BP where both age models are

again in agreement.

3.4.1 '“C-marine reservoir age variability and AMOC.

Variable '*C-marine reservoir ages are increasingly documented in North
Atlantic records, particularly at times of reduced AMOC and extensive sea-ice cover,
reducing sea-atmosphere interaction (e.g. Bard et al., 1994; Austin et al., 1995;
Voelker et al., 1998; 2000; Waelbroeck et al., 2001). Temporal variability of the l4c-
marine reservoir age implied at MDO01-2461 is considered with surface ocean mixing
and intermediate ventilation in Chapter Five and summarised below.

Each of the three stepwise increases of '*C-marine reservoir age at MDO1-
2461 is associated with meltwater flux and stratification of the upper water column
as indicated by divergent 8'°0 values of the surface (G. bulloides) and subsurface (V.
pachyderma sin.) dwelling planktonic foraminifera (Fig. 3.7b; Peck et al., 2006).
Associated reductions in 8"*Cpentnic (Fig. 3.7c) suggest sluggish overturn of the

1C-marine

AMOC, likely decreasing atmospheric-ocean interaction, increasing
reservoir age and accounting for increased '*C-concentrations in the atmosphere
(Beck et al., 2001). An additional consideration may be the influx of ‘fossil’ CO,
within meltwater potentially reducing the '*C-concentration of surface ocean waters.
A similar phenomenon occurs beneath the Antarctic ice shelves where carbon fixed

by foraminifera is strongly influenced by aged, glacial-derived CO, (Domack et al.,

1989).
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Fig. 3.7. Apparent relationship between upper water column structure, AMOC and #C-
marine reservoir age variability at MD01-2461.

(a). Marine reservoir age implied by offset between the ¥4C and GISPII age models, (b). 6180
of surface dwelling G. bulloides (red) and subsurface N.pachyderma sin. (blue), (C) 513C benthic-
Grey shaded area represents area of reduced confidence in age model. Episodes of
meltwater release, stratification of the upper water column, highlighted through the anti-
phase relationship of the s1so0 (surface and subsurface) and concurrent reduction in
intermediate water ventilation coincide with step-wise increases in ¥C-marine reservoir age.

Insert shows relationship between #C-marine reservoir age and surface ocean stratification

(A5 Oplanktonic I-®- $ O/V pachyderma sin. —$ O g. bulloides)-
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The three episodes of melt water release, surface stratification and AMOC
weakening appear to have had a cumulative effect on the '*C-marine reservoir age at
MDO01-2461, each successive event increasing marine reservoir age further. A
temporary reversal in this trend is observed at 19.6 kyr BP, following a period of
vigorous AMOC and upper water column mixing at the core site, which went some
way to ‘resetting’ the '“C-marine reservoir age before meltwater associated with H1

caused reservoir ages to increase yet again.
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Chapter 4

The relationship of Heinrich events and their European
precursors over the past 60 kyr BP: A multi-proxy ice

rafted debris provenance study in the North East Atlantic'

ABSTRACT

High resolution, multi-proxy records of ice rafted debris (IRD) flux and provenance in the NE
Atlantic detail the development, variability and decline of marine margins of the last glacial
circum-North Atlantic ice sheets. Coupled lithological identification, Sr and Nd isotopic
composition and *°Ar/**Ar ages of individual hornblende grains reduce ambiguity as to IRD
potential source region, allowing clear differentiation between Laurentide (LIS), Icelandic and
British (BIS) ice sheet sources (the Icelandic and BIS are collectively referred to as the NW
European ice sheet, NWEIS). A step-wise increase in the flux of IRD to the core site at ~26.5
kyr BP documents BIS advance and glaciation of Ireland. Millennial-scale variability of the BIS
at a ~2 kyr periodicity is inferred through clusters of pulsed IRD fluxes throughout the late glacial
(26.5-10 kyr BP). Combination of these European IRD events and the ~7 kyr periodicity of LIS
instability is thought to account for quasi-synchronicity of the NWEIS and LIS IRD pulses at
Heinrich event (H) 2 and H1, previously suggested to represent the possible involvement of the
NWEIS in the initiation of H events. Furthermore, the lack of extensive NWEIS marine margin is
inferred prior to H3 (31.5 kyr BP), such that no ‘European precursor’ event is associated with
either H5 or H4. This suggests that ‘precursor events’ were not directly implicated in the
collapse of the LIS, and the persistent instabilities of the BIS that are clustered at a 2 kyr
periodicity are incompatible with the concept that both H events and their ‘precursors’ are
independent responses to a common underlying trigger.

! Submitted to Quaternary Science Reviews as

Peck, V.L., Hall, I.R., Zahn, R., Grousset, F.E., Hemming, S.R., Scourse, J.D, The relationship of
Heinrich events and their European precursors over the past 60 kyr BP: A multi-proxy ice rafted debris
provenance study in the North East Atlantic
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41 Introduction

Ice-rafted debris (IRD) horizons spanning the North Atlantic Ruddiman Belt,
zone of preferential IRD accumulation 40-55° N (Ruddiman, 1977), attest to the
involvement of last glacial northern hemisphere ice sheets in episodes of abrupt climatic
change (Broecker, 1994). Massive destabilizations of the Laurentide ice sheet (LIS)
evidenced by detrital carbonate-rich IRD-layers, Heinrich events (H), are inferred at the
coldest stadials of the Greenland ice core record, hindering the formation of North
Atlantic Deep Water and curtailing the Atlantic Meridional Overturning Circulation ,
accounting for exceptionally cold northern hemisphere climate (Heinrich, 1988; Bond et
al., 1992; 1993; Broecker, 1994; Ganopolski and Rahmstorf, 2001). While extensive
petrological and geochemical analysis of Heinrich layers determine the Hudson Strait
region of the LIS as the principal outlet of icebergs (e.g. Bond et al., 1992; Andrews and
Tedesco, 1992; Grousset et al., 1993; Hemming et al., 1998), quasi-synchronous
instabilities of the NW European ice sheets (NWEIS) are also evidenced in NE Atlantic
records (e.g. Revel et al., 1996; Snoeckx et al., 1999; Grousset et al., 2000, 2001;
Scourse et al., 2000). Interpretation of such ‘European precursor’ events prior to H1 and
H2 (16.8 kyr and 24 kyr BP respectively) play a key role in attempts to determine the
ultimate forcing mechanism behind H event initiation, requiring a common external
driving force, for example solar forcing to account for multiple ice sheet instabilities
(e.g. Scourse et al., 2000). However, ambiguity of provenance allocation, particularly
through the use of Sr and Nd isotopic composition alone (Vance and Archer, 2002;
Farmer et al., 2003) and high frequency instability of the NWEIS throughout the latter
stages of the last glacial (Bond and Lotti, 1995; Knutz et al. 2001) question the exact

nature of ‘European precursor’ events.
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Using lithological identification coupled with Sr and Nd isotopic analysis of
bulk IRD and “°Ar/*’Ar dating of individual hornblende grains we present a centennial
scale record of IRD flux to the European margin during the last 58 kyr, interpreting
individual ice sheet growth, variability and decline and the significance of ‘European

precursor’ events.

4.2 Material and methods

Core MDO01-2461 was recovered from the north-western flank of the Porcupine
Seabight (51° 45°N, 12° 55°W) in a water depth of 1153 m (Fig. 4.1). The site is ideally
located to monitor BIS variability as it is close to the last glacial Irish Sea ice stream, a
principal outlet glacier draining the BIS (Scourse and Furze, 2001). As previous studies
illustrate, a cyclonic surface gyre circulation in the subpolar North Atlantic routed
iceberg drifts from the circum-North Atlantic ice sheets to this region (Grousset et al.,
1993; Peck et al., 2006) so that the core records also monitor IRD derived from other

North Atlantic margins.
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DAPC2

50° W 40° W 30°W 20°' W 10° W

Fig. 4.1. Location of core MD01-2461 and additional core sites discussed in this study.
Dashed lines indicate likely routes of icebergs derived from circum-North Atlantic ice sheets and
the zone of preferential IRD accumulation is shaded (following Ruddiman, 1977; Grousset et al.,
1993). Dotted lines represent the limits of the last glacial ice sheets. BIS - British; IIS -

Icelandic; GIS - Greenland; LIS - Laurentide. Dotted line indicates implied outflow from the lIrish

Sea ice stream.

4.2.1 Physical properties

Magnetic susceptibility of bulk samples was measured every 2 cm using a
Bartington MS2 susceptibility meter with MS2B sensor (Wadsworth, 2005). Selected
multi-elemental analyses (K, Ca, Ti, Mn, Fe, Cu and Sr), at 1cm resolution, were carried

out on the ITRAX™ core-scanning X-Ray Fluorescence (XRF) at the National

Oceanography Centre, Southampton.
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4.2.2 IRD concentrations and composition

Lithic grains >150 um embedded in pelagic muds are assumed to be IRD and
therefore a proxy of iceberg delivery to the site. Concentration and lithological
composition of IRD grains were determined by use of a light microscope. Lithological
classification included quartz, haematite coated grains (grains with any visible red
staining under light microscope), dolomitic carbonate, brown to grey limestones
(reacting to 10 % HCI) and volcanic debris. In the >150 um fraction a minimum of 300
grains per sample were counted, with larger samples being split. Principal component
analysis (MultiVariate Statistical Package, MVSP Version 3.13m) was performed on the
concentrations of the lithologically distinct components of the IRD assemblage to
identify potential relationships, i.e. similar or dissimilar provenance.

IRD concentration ([IRD], grains g”' dry sediment) was converted into IRD-flux
(grains cm™ kyr™).

IRD-flux = BMARX[IRD]

We used the age model to extrapolate the bulk mass accumulation rate (BMAR)

as follows:
BMAR (grains cm™ kyr'') =LSRxpDB

Where LSR is linear sedimentation rate (cm kyr'l) and pDB is dry bulk density
(g cm™) determined from wet and dry sediment weights and correcting for salt content
assuming sediment particle and waters densities of 2650 kgm> and 1025 kgm®
respectively and pore water salinity of 35 gkg'.

Power spectra of the total IRD flux was determined from the irregularly spaced

data between 26.5-12 kyr BP using the Redfit 3.5 routine (Schulz and Mudelsee, 2002).
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In addition to lithological provenance, we compare crustal histories, Sr-Nd
isotopic composition of non-carbonate IRD and *“’Ar/*’Ar ages of individual homnblende
grains to determine temporal variability in the sources of IRD to the core site (e.g.
Snoeckx et al., 1999; Hemming et al., 1998; Hemming and Hajdas, 2003). The Archean
crust making up much of the continental mass of the North Atlantic region has been
subject to numerous thermal pulses that reset the ages of hornblende crystals (Hoffman,
1989; Hemming et al., 1998). Thermal overprinting of the Superior Province of North
America and the Lewisian complex of NW Scotland give hornblendes “°Ar/*’Ar ages in
the order of ~2600 Myr and represent some of the oldest crustal material in the North
Atlantic region. Metamorphism in the Paleoproterozoic reset the ages of hornblende
crystals of the North American Churchill Province, bordering the Hudson Strait
carbonate platform, to 1900-1650 Myr. Thermal overprinting of the Lewisian of NW
Scotland persisted throughout this period such that hornblende grains from this region
potentially display ages ranging from 2707 to 947 Myr (Friend et al., 2003). Hormblende
ages reset to ~1000 Myr during the Grenvillian orogeny are found in SE Canada and NE
Scotland and ages of ~450 Myr resulting from the Caledonian-Appalachian orogeny are
found in Canada, Eastern Greenland, the British Isles and Scandinavia). Hormblende
grains were picked from the >150 pm wherever present. Grains were co-irradiated with
hornblende monitor standard Mmhb (age = 525 Myr; Samon and Alexander, 1987) and
“Ar/°Ar ratios of individual hornblende grains were determined at the Ar
geochronology laboratory at Lamont-Doherty Earth Observatory. Resulting ages were
corrected for mass discrimination, interfering nuclear reactions, procedural blanks and

atmospheric Ar contamination (Hemming et al., 1998).
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The 'Nd/'*Nd of the carbonate-free, >150 pum fraction was determined for 27
samples. Chemically separated Sr and Nd were analysed on a Finnigan MAT 261 mass
spectrometer at Toulouse University, with '®Nd/'**Nd normalised and reported as

eNd(o) following Grousset et al. (1998).

4.2.3 Benthic oxygen isotopes

Epibenthic foraminifera Cibicidoides wuellerstorfi were collected wherever present,
generally 1-4 specimens per sample, picked from the >250 um fraction. For stable
isotope analysis crushed tests were immersed in 3 % hydrogen peroxide for 30 minutes
and ultrasonicated in methanol for 15 seconds before excess liquid and residue was
removed and tests dried out at 45 °C. All stable isotope analyses were made using a
ThermoFinnigan MAT 252 and coupled carbonate preparation device with an external

reproducibility of <0.08 %o for 8'®0 and reported on the VPDB scale.

4.2.4 Chronology

Eleven AMS '“C dates are added to the age model presented in Peck et al.
(2006), corrected for a marine reservoir effect of 400 years and calibrated to calendar
years before present (yr BP) using CALIB Rev 5.0/MARINEO4 data set (Stuiver ef al.,

2005) up to 20 "*C kyr and Bard ez al. (1998) thereafter (Table 4.1).
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Table 4.1. Radiocarbon dates for MD01-2461

Laboratory Material Depth “c Age Error Calendar
Code Cm yr BP Age Ageyr
+ 1o yr BP
SUERC-3299 G. bulloides 134.0 7,623 29 8,079
SUERC-3300 N. pachyderma sin. 182.5 5,929 24 6,338%*
SUERC-3302 N. pachyderma sin. 196.5 11,032 39 12,709
SUERC-3303 G. bulloides 208.5 12,551 46 13,992
SUERC-3306 N.pachyderma sin. 228.5 11,950 43 13,337*
SUERC-3293 N. pachyderma sin.  648.5 24,074 168 27,809
SUERC-3296 N.pachyderma sin. 674.0 25,312 195 29,142
SUERC-3311 N. pachyderma sin.  690.5 25,863 208 29,730
SUERC-3312 N. pachyderma sin.  698.5 25,928 209 29,799
SUERC-3313 N. pachyderma sin. 746.5 28,526 287 32,515
SUERC-3316 G. bulloides 766.5 29,592 326 33,604
SUERC-3317 G. bulloides 8325 32,426 462 36,432
SUERC-3318 N. pachyderma sin. 852.5 35,613 684 39,491

* Age reversals removed.

Fine-tuning of the radiocarbon age model and extension beyond the limit of c
detection was achieved through the correlation of a sea surface temperature (SST)
record based on the relative abundance (%) of Neogloboquadrina pachyderma sinistral
within the planktonic assemblage, to the GISPII 25180iCe atmospheric temperature record.
The relative abundance of the polar species N. pachyderma sin. is commonly used as a
palaeo-indicator of polar waters (B¢, 1977; Pflaumann et al., 1996; 2003), dominating
the planktonic assemblage in waters of summer SST <8 °C (Pflaumann ef al., 1996). A
minimum of 300 planktonic foraminiferal tests were counted from sample splits >150
um to determine % N. pachyderma sin. with a reproducibility of £5 %. The % N.

pachyderma sin. maxima are tuned to stadials in the GISPII 8'%0 climate record (Fig.
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4.2a, b; Peck et al., 2006) which provides a robust age model based on annual layer

counting back to 50 kyr BP, with an estimated error of+5 % (Meese et al. 1994).

Vedde H1 H5 NAAZII

°0
=20
- 40
-60

4000 80
2000

75

- 100

Age kyr BP

Fig. 4.2. Stratigraphic correlation of relative SST from MDO01-2461 and atmospheric
temperatures above Greenland from the GISPIlI 5180jce record. The chronology of MDO1-
2461 is largely based on the visual correlation of SST and climatic temperature shifts, (a). High
resolution 5180ie record (5-point smoothed) from the Greenland summit GISPIl ice core
(http://depts.washington.edu/qgil/datasets/gisp2_main.html; Grootes and Stuiver, 1997), (b).
Relative abundance of N. pachyderma sin. (%, >150 pm planktonic assemblage), (c).
Concentration of dolomitic carbonate (solid orange), volcanic debris (purple, filled circles)
rhyolitic ash shards (lilac, open circles) >150 pm g'1dry sediment, (d). Sedimentation rate, cm
ky1at MD01-2461. Correlation coefficient of N. pachyderma sin. % and GISPII 5180jGfor entire
section r2=0.70; from A to the core top r2=0.82; from B to the core top r2= 0.84.
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Additionally, tephrochronology provides time-parallel marker-horizons allowing
precise correlation of late Quaternary marine, terrestrial and ice-core records. Shards of
rhyolitic ash are found within the sediment core between 160-210 cm, peaking at 192
cm (74 shards g dry sediment), with a secondary peak at 182 cm (53 shards g dry sed.
Fig. 4.2c). Given that this interval is coincident with the final delivery of IRD to the
core site during the Younger Dryas (high % N. pachyderma sin.) we consider this ash
horizon to be the Vedde Ash, most recently dated as 12.1 kyr BP within the GISPII ice
core (Zielinski et al., 1997). A second tephra layer, North Atlantic Ash Zone II
(NAAZII) is found at 948-950 cm with exceptionally high ash concentrations of >4,000
shards g dry sediment. Correlation of high-resolution SST records from site MD95-
2006 (Barra Fan, 2120 m water depth) with the GISPII 8‘80ice record, implies ice rafted
deposition of NAAZII in the NE Atlantic within just one or two decades of the eruption
(Austin et al., 2004) dated at 53.26 + 5 % kyr BP (Meese et al., 1994).

Assuming that initial deposition of LIS-sourced debris during H events was
effectively instantaneous, at least within just a few hundred years across the Ruddiman
Belt (Hemming, 2004 (Table 3); Roche et al., 2004), horizons containing the distinctive
dolomitic carbonate of the Hudson Bay region (Andrews and Tedesco, 1992) are useful
stratigraphic marker horizons. Tuning of % N. pachyderma sin. with GISPII 8"80ice
gives ages for dolomitic carbonate horizons in MDO01-2461 (Fig. 4.2c) that are
consistent with previously published ages of H events (Table 4.2), heightening
confidence in the correlation of MD01-2461 % N. pachyderma sin. and atmospheric

temperatures over Greenland.
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Table 4.2. Published ages for North Atlantic H events

H Age kyr BP Basis Source

event

H1 16.8 Radiocarbon (400 yr reservoir correction)  Bond et al., 1997
H2 24.1 Radiocarbon (400 yr reservoir correction)  Bond et al., 1997
H3 30.1 Radiocarbon (400 yr reservoir correction)  Bond et al., 1997
H4 38 GISPII correlation Meese et al., 1997
HS5 45 GISPII correlation Meese et al., 1997

The finalised age model exhibits a strong correlation (> = 0.70) between % N.
pachyderma sin. and the GISPII 5'®0 record for the period 58-8 kyr BP, while high
accumulation rates around the LGM improve temporal resolution of the % N.
pachyderma sin. record, increasing the correlation coefficient of the two records to r* =

0.84 between 25-8 kyr BP.

4.3 Resuits
4.3.1 Physical properties and IRD concentration and composition

Total IRD concentrations (Fig. 4.3c) rarely fall below 100 grains >150 um g’
dry sediment suggesting a near persistent supply of icebergs to the core site throughout
the last glacial (60-10 kyr BP). Quartz constitutes on average 82 % of total IRD
assemblages, while haematite coated grains generally account for a further 10 % (Fig.
4.3¢). Constituents that make up the remainder include the distinctive Hudson Strait
dolomitic carbonate (Fig. 4.3g), volcanic debris (Fig. 4.3f) and sedimentary lithics (most
likely BIS-derived debris; Fig. 3d). Minor quantities of hornblende (see section 4.3.2),
chalk, mica and a schist-like lithic are also found. Chalk clasts are frequently associated
with peak BIS-IRD concentration between H2 and H1 (Peck et al., 2006).
Coccolithophore assemblages identify Late Cretaceous (Coniacian-Santonian; pers.

comm. J. Young) age ranges similar to those from nearby core OMEX-2K, derived from
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the glacial erosion of the Celtic Shelf by the Irish Sea ice stream (Scourse et al., 2000).
Occasional clasts of schist and mica flakes are noted in samples prior to H3.

Significant peaks in total IRD concentration are associated with the LIS-sourced
dolomitic carbonate of H layers 4 and 2 (38.6 kyr and 24.1 kyr BP respectively). H5 and
H1 (46.2 kyr and 16.8 kyr BP) are similarly identified by dolomitic carbonate-rich
horizons and all four H events (HS, 4, 2 and 1) are associated with hightened magnetic
susceptibility (Fig. 4.3b; Grousset et al., 1993; Robinson et al., 1995). Similar to
Robinson et al. (1995), we find that variability of magnetic susceptibility does not
represent a simple relationship between IRD-concentration/carbonate dilution. High
susceptibility signals associated with LIS-sourced IRD horizons do not necessarily
correspond to peak total IRD concentrations, particularly at H1 and HS, while high IRD
concentrations at the LGM (between H2 and H1) leave no clear signal in the magnetic
susceptibility record. It is the nature of the IRD, more than the abundance that
influences the magnetic susceptibility signal. Ferrimagnetic-minerals (magnetite)
associated with H events, doubtless derived from the plutonic rocks in the source region
of Hudson Strait outlet (Grousset et al., 1993) account for the discrete peaks in magnetic
susceptibility associated with H events 5, 4, 2 and 1. H3 layers in the NE Atlantic are
typically devoid of LIS-sourced debris and proposed to have a predominantly European
origin (e.g. Grousset et al., 1993; Gwiazda et al., 1996; Snoeckx et al., 1999). Within
MDO01-2461, H3 is recognised by a broad positive magnetic susceptibility signature
associated with increased concentrations of volcanic material within the period 31.5-
29.5 kyr BP. No dolomitic carbonate is observed within this interval.

From the XRF data we compare Ca/Fe with the magnetic susceptibility records

(Fig. 4.3a; following Pilike et al., 2001). Ca/Fe is predominantly controlled by Ca
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variability (mainly calcium carbonate), decreasing towards the LGM as the ratio of
lithogenic IRD to CaCO; increases. Similarly to the magnetic susceptibility record,
correlation of Ca/Fe with the concentration of total IRD is inconsistent. However,
consideration of lithological composition suggests that correlation of transient Ca/Fe
excursions, superimposed onto the long-term climate signal, with anomalies in magnetic
susceptibility may be a potentially useful provenance tool. High Ca/Fe ‘detrital
carbonate spikes’ correspond to the high magnetic susceptibility anomalies and
concentrated dolomitic carbonate horizons of H2 and H4. Smaller Ca/Fe ‘spikes’ are
associated with lower dolomitic carbonate concentrations of H5 and H1. High Fe counts
are found to accompany increased concentrations of volcanic debris (cf. Pilike et al.,
2001), with negative anomalies in Ca/Fe associated with NAAZII, H3 and the Vedde
Ash. In-phase and anti-phase transient anomalies in Ca/Fe and magnetic susceptibility
therefore locate Heinrich and volcanic-rich layers respectively. Further application may
reveal the potential of coupled Ca/Fe-magnetic susceptibility records as preliminary

indicators of Heinrich and ash layers in sediment cores.
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Vedde H1 H2 H3 H4 H5 NAAZII

Age kyr BP

Fig. 4.3. Physical properties and IRD concentration plotted against age for MD01-2461.
(a). XRF CalFe, (b). magnetic susceptibility, concentration of IRD (>150 pm) g'1dry sediment of
(c). total IRD, (d). BIS debris, (e). haematite coated grains, (f). volcanic debris, rhyolitic tephra
(lilac) all other (purple), (g). dolomitic carbonate. Ash layers and H3 located via purple bars. H

layers (5, 4, 2 and 1) located via orange bars.
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4.3.2 Hornblende grain ages

Prior to ~19 kyr BP, hornblende grains are exclusively associated with horizons
containing dolomitic carbonate, implying a LIS source. Following 19 kyr BP however,
homblende grains are more abundant, peaking at H1 as previous H layers, but
maintaining a persistent presence in ambient deglacial IRD (Fig. 4.4). “°Ar/*°Ar ages of
individual homblende grains from MDO01-2461 were binned into age brackets and
potential source areas as summarised in Table 4.3. Within each of the H layers we find
that grains of Paleoproterozic age dominate homblende assemblages (Table 4.4).
Homblende grains collected within H layers 5, 4 and 2 are entirely of Late Archean and
Paleoproterozoic age (Fig. 4.4a). Between 19-12.6 kyr BP, hornblende grain ages are far
more diverse than within the H layers 5, 4 and 2. Paleoproterozic, Mesoproterozoic and
Paleozoic, ages are equally represented, with minimum grains of Late Archean age (Fig.

4.4b).

Table 4.3. ““Ar/*°Ar ages of hornblende grains and potential source areas.

Age Hornblende age bin* Potential source regions
Myr
Paleozoic 200-600 Appalachians of North America

Caledonian of East Greenland, British Isles
and Scandinavia

Mesoproterozoic  850-1200 Grenville province of North America
Stoer Group of NE Scotland
Paleoproterozoic  1650-1900 Churchill province of North America

Western Greenland
Lewisian complex of NW Scotland
Late Archean 2400-2800 Superior province of North America
Lewisian complex of NW Scotland
* following Hemming et al., 1998.
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Fig. 4.4. Flux of 40Ar/39Ar dated hornblende grains to MD01-2461.
(a). Flux of hornblende grains (>150 pm) cm'2 kyr'1to MD01-2461, with relative abundance of

40Ar/3Ar ages indicated, (b). Deglacial period (19.2-12.8 kyr BP) in detail.

Table 4.4. % of Paleoproterozoic age hornblende grains collected from MD01-2461 H layers

H event Number ofdated

hornblendes
1 14
2 29
4 25
5 19

85.7
93.1
68

73.7

% o f Paleoproterozoic age (1650-1900 Myr)
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4.3.3 Sr-Nd

Dolomitic carbonate concentration at MDO01-2461 peaks within H layer 2
making up 4.3 % of total IRD. Closer to the Hudson Strait, at Orphan Knoll, detrital
carbonate makes up 25-30 % of total IRD (Bond and Lotti, 1995), while at a site just a
few hundred km SW of MDO01-2461 detrital carbonate accounts for at least 9 % of total
IRD (V28-82; Hemming et al., 1998). This west-east trend of decreasing LIS
contribution to IRD assemblages reflects dilution by NWEIS-sourced IRD. However,
this dilution of LIS-sourced IRD within the NE Atlantic does not overwhelm the Sr-Nd
isotopic composition of the H layers in MD01-2461; non-carbonate debris maintain a
strong LIS signature, < -20 €Nd(o), for H events 5, 4, 2 and 1, comparable to sites little
influenced by the NWEIS (Fig. 4.5a, 6b.; e.g. Revel et al., 1996; Snoeckx et al., 1999;
Grousset et al., 2001). In contrast, the isotopic composition of inter-H event debris falls
within the field of British and Icelandic province, with potential influence from eastern
Greenland and the Gulf of St Lawrence (Fig. 4.5a). Three samples representing IRD
deposited between HS and H4 cluster around the isotopic composition of modern day
Irish Shelf deposits. Following H4, samples display significantly more radiogenic Sr-Nd
isotopic compositions consistent with enhanced volcanic concentrations at H3.

Focusing on H2 an isotopic evolution may be observed across the event, with the
Laurentide sourced layer effectively sandwiched between debris of NWEIS source (Fig.
4.5b; cf. Snoeckx et al., 1999; Grousset et al., 2000; 2001). eNd(o) values of -10 to -5
associated with pre-H2 IRD peak between 26.0-24.5 kyr BP suggest a predominantly
Icelandic and BIS assemblage, supported by enhanced relative concentrations of both
volcanic and BIS debris (Fig. 4.3d, f). Following deposition of H layer 2, with typical H

layer eNd(o) of -29.7, a substantial influx of debris falls within the field of the British
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Isles and Irish shelf, exhibiting little overlap with the isotopic composition of the
volcanic-rich ‘precursor’ debris. Deglacial IRD Sr-Nd isotopic compositions again fall

into the NWEIS field.

m  H5-H4
Ambient
IRD
Deglacial
NWEIS
10 -i Potenial source areas

Evolution of F2 ® Iceland/Faeroes

0- w Pre-H layer » East Greenland

m Post-H layer
e St. Lawrence

10 * Baffin Bay
0, © Average H layer
@) 20 NWEIS British Isles
’ + British Isles mean
e Irish Shelf
230 -
b
40
.70 0.72 0.73

"Sr/*“Sr

Fig. 4.5. Nd-Sr compositions of of IRD assemblages from MD01-2461.
Potential source areas (Grousset et al., 2001) and British Isles samples (Davies, 1985). (a). H

layer and ambient IRD compositions, (b). Nd-Sr composition of IRD across the H2 event.
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4.4 Discussion
4.4.1 Provenance allocation
Potential source regions of the lithological components of IRD deposited at the

site of MDO01-2461 are listed in Table 4.5.

Table 4.5. Lithological assemblages and potential source areas of IRD deposited at
MDO01-2461.

Lithological assemblage Proposed sourced region and reference Ice sheet
Dolomitic carbonate Hudson Bay (Bond et al., 1992; LIS
Andrews and Tedesco, 1992)
Homblende grains North American igneous provinces
(Paleoproterozoic ages) (Hemming et al., 1998)
NW Scotland (this study) BIS?
Haematite coated grains Gulf of St. Lawrence (Bond and Lotti, LIS?
1995)
Eastern Greenland (van Kreveld et al., East
2000; St. John et al., 2004) Greenland?
British Isles (this study) BIS?
Pale — dark brown/grey Carboniferous formations of Ireland BIS
limestone (Knutz et al., 2001)
Shale
Black limestone Irish Sea ice stream (Scourse et al.,

Chalk (Upper Campanian; J 2000)
Young pers. comm.)

Schist clasts/mica Scottish metamorphic provinces (?)
Obsidian (black glass) Icelandic volcanic province Icelandic
Basalt (e.g. Bond and Lotti, 1995;
Pumice Lackschewitz and Wallrabe-Adams,
1997). BIS?
Tertiary volcanic provinces of NW
Tephra (bubble-wall, straw British Isles (basalt only, Knutz et al., Icelandic
colour) 2001)
Icelandic eruptions (e.g. Lacasse et al.,
1996)

Components are listed in descending order of relative abundance within each assemblage.

The Late Archaean and Paleoproterozoic hornlendes collected from H layers 5, 4

and 2 (Fig. 4.4a), fit the Hudson Strait source suggested by their exclusivity to dolomitic

carbonate-rich layers. Although grains of this age may have been potentially sourced
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from NW Scotland, consideration of all provenance proxies (the lithological
assemblage, magnetic susceptibility, and Sr-Nd data) effectively eliminates this source
region, favouring a LIS-source. Sedimentary grains comprising dark to light grey-brown
limestones and shales characterise BIS deposits, considered to be derived predominantly
from Carboniferous formations outcropping over much of Ireland. With the volcanic
and haematite coated grains however, there is some ambiguity to their principal origin.
Volcanic material ice rafted to the Barra Fan (site DAPC2, Fig. 4.1), primarily from
Tertiary volcanic provinces of NW British Isles (Knutz et al., 2001) is very distinct
from that deposited at MD01-2461. Unlike the basalt-rich assemblages at the Barra Fan,
volcanic assemblages at MD01-2461 are dominated by fragments of black glass, better
fitting an Icelandic origin (Bond and Lotti, 1995; Lackschewitz and Wallrabe-Adams,
1997; Elliot et al., 1998). Additionally, the distinctive crypto-crystalline basalt
deposited at the Barra Fan site (Knutz, 2000), is not noted at our site. It is envisaged that
volcanic fragments deposited at MDO01-2461 were predominantly derived from
Icelandic ice sheet-sourced icebergs entrained in the cyclonic gyre of the central North
Atlantic (Fig. 4.1), approaching the European margin from the west, rather than drifting
south along the BIS margin, a path which would have presumably been obstructed by
icebergs calved from Ireland during much of the late glacial.

Haematite-coated grains are a persistent component of IRD assemblages across
the Ruddiman Belt (e.g. Bond and Lotti, 1995). At MDO01-2461 haematite-coated grains
average 10 % (range 5-16 %) of the total IRD assemblage, fitting decreasing
percentages west-to-east across the North Atlantic, that indicate the Gulf of St.
Lawrence to be a principal source region (Bond and Lotti, 1995). A further north-to-

south trend following the path of the East Greenland Current suggests red beds of
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Eastern Greenland to be a secondary source region of haematite-coated grains (Bond et
al., 1997; van Kreveld et al., 2000; St. John et al., 2004). Principal component analysis
of IRD assemblage concentrations at MDO01-2461 determine one principle axis
accounting for 84 % of variability, most likely reflecting total flux of IRD, which was
derived predominantly from the local BIS as reflected by the high variability loading of
the BIS assemblage (Table 4.6). High variability loading of haematite coated grains
with respect to Icelandic ice sheet-sourced debris may indicate that the BIS was a
important source of haematite coated grains to our core site rather than the East
Greenland ice sheet or Gulf of St. Lawrence which, following Bond and Lotti (1995),
we may expect to show distinct synchronicity with volcanic debris from the Icelandic
ice sheet. Expansive outcrops of Old and New Red Sandstone are found in Wales,
Scotland and border regions of England (Geological map of the British Islands, BGS,
1969), but not in Ireland where the Carboniferous formations source the limestones and
shales of the BIS assemblage, perhaps accounting for the weaker correlation of these

lithologies (* = 0.61).

Table 4.6. Variability loadings of IRD components to total IRD flux to MD01-2461.

IRD assemblage component Variability loadings
Volcanic debris 0.03
BIS 0.88
Haematite coated grains 0.47
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4.4.2 IRD flux: Ice sheet growth, variability and decline

H1 H2 H3 H4 H5
Deglacial LGM Ice sheet growth

& Age kyr BP

Fig. 4.6. Benthic S180 and IRD flux to MD01-2461 during the last glacial.

(a)~S10 benthic (»o VPDB) reflecting bottom water temperatures and global icevolume, (b).
Magnetic susceptibility (c). eNd of non-carbonate fraction. eNd(o) < -20 indicative of an LIS-
origin. Flux of IRD (>150 pm) cm'2kyr'1dry sediment of (d). total IRD with 2 kyr filter overlain in
grey between 26.5-10 kyr BP, (e). haematite coated grains, (f). BIS debris, (g). volcanicdebris,

rhyolitic tephra (lilac), all other (purple), (h). dolomitic carbonate
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Confidence in the age model permits conversion of IRD concentrations to IRD-
flux for each provenance-assemblage and thus better interpretation of ice sheet
contributions (Fig. 4.6). Flux of IRD to the core site depends on 1) extent of marine ice
margins, 2) rate of iceberg calving, 3) surface current strength and direction, 4) iceberg
debris content and 5) rate of iceberg melt. Assuming that 3, 4 and 5 were effectively
constant, broad changes in IRD flux represent the development/decline of marine
margins and may be used to record the evolution of the last glacial circum-North
Atlantic ice sheets (Ruddiman, 1977), particularly the proximal BIS. Benthic 8'%0 at
MDO01-2461, controlled by global ice volume and bottom water temperatures, records

the last glacial-deglacial cycle (Fig. 4.6a).

4.4.2.1 Approaching the LGM

Benthic 8'%0 values prior to H4 are relatively low and stable, 3.8 + 0.3 %o
VDPB. The flux of total IRD to the core site at this time was minimal (0 to 22 grains
cm? yr''). While NWEIS debris is present throughout the record (Fig. 4.3d, f), the flux
of NWEIS IRD to the core site prior to H3 is negligible, reflecting the juvenile state of
the Icelandic ice sheet and BIS, not having developed extensive marine margins. The
sedimentary rock-type assemblage that typifies BIS-sourced IRD, principally from
Ireland, is poorly represented prior to ~27 kyr BP. The periodic occurrence of schist-
type lithic grains and enhanced concentrations of mica flakes prior to this time however,
suggest glacial erosion of a metamorphic province. We tentatively suggest that this IRD
may have been sourced from glaciers overlying the Dalradian Supergroup of Scotland,
reflecting glaciation of elevated landmasses in the north of the British Isles as early as

HS. A predominantly local source of IRD at this time is supported by the high relative
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abundance of BIS debris and haematite coated grains, minimal contribution of volcanic
debris (just 0.5 % of total IRD, compared to a down core average of >1 %) and Sr;Nd
isotopic compositions resembling modermn Irish Shelf deposits. This finding is
significant in that it demonstrates the presence of a BIS as early as 46 kyr BP,
supporting previous speculations about the establishment of intermittent BIS marine
margins prior to full glaciation at ~27 kyr BP (Knutz ef al., 2001; Bowen et al., 2002).

Large-scale instability of the LIS is evidenced twice, at ~46.3 kyr BP (H5) and
38.6 kyr BP (H4), during this period of NWEIS growth. Small quantities of Icelandic
and BIS debris may also be associated with H4. The brevity of these events suggests a
short-lived advance of the BIS to sea level, allowing a brief period of ice calving into
the ocean.

Following H4, benthic 8'®0 increases with LGM values averaging 4.5 %o

VDPB attained at ~27 kyr BP. Extensive ice sheet growth during this period is
associated with cooling upper ocean conditions, as evidenced by increasing % N.
pachyderma sin. (Fig. 4.2b), culminating with an abrupt increase in IRD flux at 26.5 kyr
BP (Fig. 4.6d).

Icebergs derived from calving of Icelandic glaciers, evidenced by the enhanced
flux of volcanic debis to the core site and more radiogenic éNd(o) values (Fig. 4.6¢, g),
increased in frequency from ~31.5 kyr BP associated with deposition of H3, and
coinciding with the maximum northern extent of the Icelandic ice sheet (Gudmundsson
et al., 2003). The broad positive magnetic susceptibility signature, comparable in
magnitude to H1, suggests elevated concentrations of ferromagnetic minerals similar to
the other H events, however, the absence of both dolomitic carbonate and typical-H

layer geochemical signatures eliminates a typical H event LIS-IRD provenance. Such
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magnetite-bearing material may derive from the Gulf of St. Lawrence region (Thouveny
et al., 2000) or from plateau basalts from East Greenland and Iceland (Pirrung et al.,
2002). Farmer et al. (2003) highlight the inability of Sr and Nd isotopic data to clearly
discriminate between European and southern Canadian Shield-derived IRD and call for
re-assessment of assumed NWEIS-IRD events, specifically the origin of H3. Although
the coupled lithological records presented here effectively ‘ground truth’ the isotopic
data at MDO01-2461 and determine a clear Icelandic ice sheet contribution to H3, an
additional contribution from the Gulf of St. Lawrence cannot be ruled out.

A stepwise increase in flux of total IRD to the core site from 26.5 kyr BP is
associated with the first significant appearance of debris that can be confidently
attributed to the BIS, reflecting the development of extensive BIS marine margins, full
glaciation of Ireland and establishment of the Irish Sea ice stream. This timing supports
modelling of the Irish ice sheet, where calving of icebergs is predicted to have begun at
25 kyr BP (Siegert and Dowdeswell, 2002), and is consistent with the age of LIS
advance suggested by Grenville- and Appalachian-province derived hornblendes in the
western North Atlantic (Hemming and Hajdas, 2003). IRD records from both sides of
the North Atlantic basin therefore suggest that LGM conditions (i.e. maximum ice sheet

extent) began as early as ~27 kyr BP in the northern hemisphere.

4.4.2.2 Ice sheet variability

Maximum variability in the flux of IRD to the core site is identified between
26.5 kyr and the Younger Dryas, following the establishment of last glacial maximum
NWEIS marine margins. There is little variation in benthic 5'%0 around the LGM,

suggesting that the fluxes of IRD derived from the NWEIS represented largely localised
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events, apparently not associated with major ice volume change. A ~2 kyr periodicity of
total IRD flux variability within this period exceeds the 99 % confidence limit and is
clearly illustrated in the filtered record (Fig. 4.6d). Such millennial-scale variability of
the NWEIS, thought to be linked to Dansgaard-Oeschger (D-O) climate variability of
the Greenland ice core records has previously been documented by Bond et al. (1997),

van Kreveld et al. (2000) and Knutz et al. (2001).

4.4.2.3 Deglaciation

Although the ~2 kyr periodicity of IRD flux clusters to MDO01-2461 persists
throughout the deglacial, the amplitude of these events falls significantly following the
H1 ‘precursor’ at 18.4-17.2 kyr BP when the last significant fluxes of BIS debris are
recorded. Sr-Nd isotopic compositions characterize a principally BIS-sourced debris
assemblage following H1. Conversely, the diverse range of ages derived from
hornblende grains between 19-12.6 kyr BP suggest either the increased presence of LIS-
sourced ice, derived from all four age provinces or the sourcing of hornblende grains
from elsewhere. Hemming and Hajdas (2003) account for the appearance of
Mesoproterozoic and Paleozoic aged ice-rafted homblendes in the western North
Atlantic as representing the south-eastward advance of the LIS across Appalachian and
Grenville provinces between H3 and H1. Retreat of the LIS following H1 is inferred by
the absence of grains younger than that of the Churchill Province (<1650 Myr) in the
western North Atlantic after ~14 *C kyr. A European source for hornblende grains of
<1650 Myr in NE Atlantic is therefore more feasible than a LIS source at this time.
Caledonian bedrock of East Greenland, the British Isles and Scandinavia could have

sourced Paleozoic aged hornblendes while metamorphic provinces of Northern Scotland
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could have accounted for grains of Late Archean to Mesoproterozoic age, therefore
requiring no input from the LIS and accounting for the absence of dolomitic carbonate
associated with these grains. Free southwards drifting of icebergs calved from the ice
streams draining the Scottish highlands, after 19 kyr BP and following retreat of the
Irish ice sheet (Bowen et al., 2002) may offer an explanation for the ‘late’ appearance of

abundant, non-H event hornblende grains and associated grains of schist.

4.5. Summary and interpretation of '’European precursor’ events
Identification of IRD of NWEIS origin preceding H events in the NE Atlantic
prompted several authors to propose ‘European precursor events’, with the implication
that they may play some mechanistic role in the initiation of LIS collapse (e.g. Grousset
et al., 2000). Records from MDO01-2461 again demonstrate instability of the NWEIS
preceding both H2 and H1, however, significant NWEIS activity around this time,
potentially of D-O frequency, precludes the assignment of specific NWEIS instabilities
as precursors to these H events. Furthermore, we find little evidence of ice rafting that
can confidently be attributed to any significant variability of the NWEIS prior to H3,
reflecting a juvenile state BIS lacking active marine margins. Although similarly to
Snoeckx et al. (1999), Sr and Nd isotopic compositions of IRD prior to H4 display a
clear NWEIS signature, IRD flux is at ambient glacial levels and therefore not
representative of an ‘event’. It may be argued that the >150 pum size fraction is
insensitive to low level changes in background IRD (Moros et al., 2004). However, we
suggest that given the proximity of MDO01-2461 to the last glacial BIS, any
destabilisation of the SW extent of this former ice sheet is unlikely to go unrecorded in

our coarse fraction record. Consistently, we are confident that no ‘European precursor’
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events, similar to those observed prior to H2 and H1, are associated with H4 or HS in
this core.

Whatever the trigger may have been for H event initiation, we find that
instability of the NWEIS prior to the LIS was unlikely a necessary component. Indeed
H events 5 and 4 occurred while the NWEIS was still in a juvenile state and apparently
incapable of calving significant quantities of ice. On the other hand, H3 seems to be
primarily of NWEIS origin. Steady pacing of H events (~7 kyr) and NWEIS instability
following 26.5 kyr BP (~2 kyr) lead us to suggest that superimposition of independent
LIS and NWEIS IRD events of differing frequencies may have lead to the sequencing of
NWEIS-LIS sourced IRD at H2 and H1. Climatic sensitivity of the Greenland Ice Sheet
is suggested by the pervasive ~1.5 kyr pulsing of ice rafted haematite coated grains
from Eastern Greenland through the last glacial and into the Holocene (Bond et al.,
1997; 2001). Similar variability of the BIS (Knutz et al., 2001, this study) lead us to
suggest that millennial-scale fluctuation of circum-North Atlantic ice sheet marine
margins was common place during the last glacial, perhaps in response to a similar
driving force. In contrast, the ~7 kyr period of the iceberg armadas from Hudson Strait
may reflect a very different controlling mechanism for the LIS, independent of other ice
sheets. Such independent frequencies of ice sheet instabilities appear to oppose an
ultimate underlying forcing mechanism that generated lagged responses in each of the
ice sheets (cf. Scourse et al., 2000). As debate over H event initiation mechanisms
continues (e.g. Hemming, 2004; Hulbe et al., 2004; 2005; Alley et al., 2005) we add
that whatever the trigger for H events may have been, it did not require the presence of
an established NWEIS and nor did it appear to influence the steady ~2 kyr pacing of

NWEIS instability.
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Chapter 5

High Resolution Evidence for Linkages between NW
European Ice Sheet Instability and Atlantic Meridional

Overturning Circulation'

ABSTRACT

Published studies show that ice rafted debris (IRD) deposition preceding Heinrich
(H) events H1 and H2 in the NE Atlantic was derived from the NW European ice sheets
(NWEIS), possibly offering clues about ice sheet sensitivity and stability, and the
mechanisms that caused periodic collapse of the Laurentide Ice Sheet (LIS). We present
detailed lithological and geochemical records, including radiogenic isotope fingerprinting, of
IRD deposits from core MD01-2461, proximal to the last glacial British Ice Sheet (BIS),
demonstrating persistent instability of the BIS, with significant destabilisation occurring 1.5-
1.9 kyr prior to both H1 and H2, dated at 16.9 kyr and 24.1 kyr BP respectively in the NE
Atlantic. Paired Mg/Ca and 8'%0 data from the surface dwelling Globigerina bulloides and
subsurface dwelling Neogloboquadrina pachyderma sinistral are used to determine late-
glacial variability of temperature, salinity and stratification of the upper water column. A
picture emerges that the BIS was in a continuing state of readjustment and never fully
reached steady state. Increased sea surface temperatures appear to have triggered the
episode NWEIS instability preceding H1. It seems most probable that the so-called
‘precursor’ events were not linked to the H-events. However, if response to a common
thermal forcing is considered, an increased response time of the LIS, up to ~2 kyr longer
than the NWEIS, may be inferred. Negative salinity excursions of up to 2.6 indicate
significant incursions of melt water associated with peaks in NWEIS instability. Decreased
surface density led to a more stable stratification of the upper water column and is
associated with reduced ventilation of intermediate waters, recorded in depleted epibenthic
8'3C (Cibicidoides wuellerstorfi). We suggest that instability and meltwater forcing of the
NWEIS temporarily weakened Atlantic Meridional Overturning Circulation, allowing transient
advance of southern-sourced waters to this site, prior to H events 1 and 2.

! Published in Earth and Planetary Science Letters as Peck, V.L., Hall, LR., Zahn, R., Elderfield, H.,
Grousset, F.E., Hemming, S.R., Scourse, J.D. (2006). High Resolution Evidence for Linkages between
NW European Ice Sheet Instability and Atlantic Meridional Overturning Circulation
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5.1 Introduction

Numerical modelling suggests that increases in freshwater flux of just 0.01
Sv, if routed to the centres of active deep-water convection, have the capability to
cause considerable reduction in the Atlantic Meridional Overturning Circulation
(AMOC), accounting for mean annual temperature changes of between 5-10 °C in
the circum-North Atlantic region over a matter of decades (Ganopolski and
Rahmstorf, 2001). The last glacial NW European ice sheets (NWEIS; comprising the
British, Icelandic and Fennoscandian ice sheets) likely achieved a maximum ice
volume of ~10 x 10® km’, approximately one third that of the North American,
Laurentide ice sheet (LIS) (Charbit et al., 2002), often considered to be the principal
driver behind millennial scale variability in AMOC during the last glacial period
(Vidal et al., 1997; Zahn et al., 1997, Elliot et al., 2002). Rather than the volume of
these freshwater reservoirs however, it is the location of the NW European ice sheets
(NWEIS; comprising the British, Icelandic and Scandinavian ice sheets), close to the
main North Atlantic convection centres, that enhances their potential to perturb
AMOC and climate during episodes of accelerated ice sheet melting.

Despite intensive research into Heinrich (H) events (see recent review by
Hemming, 2004) and Dansgaard-Oeschger (D-O) climatic oscillations that are
associated with ~1.5 kyr ice rafted detritus (IRD) cycles in the NE Atlantic (e.g.
Bond and Lotti, 1995; Lackschewitz et al., 1998), there is no clear consensus on the
underlying mechanism that caused these periodic phenomena. Hypotheses relating to
H event initiation include external forcing, probably intimately linked to
perturbations of AMOC dynamics (e.g. Bond e al., 1997), and the internal dynamics

of the LIS (MacAyeal, 1993; Marshall and Clarke, 1997). Modelling (MacAyeal,
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1993; Marshall and Clarke, 1997) and lack of significant D-O frequency surging of
the Hudson Strait ice stream (Andrews and Barber, 2002) suggest that the LIS was
relatively stable and largely immune to high-frequency (climate) forcing, favouring
internal instabilities as the trigger for periodic LIS collapse every 7-10 kyr
(MacAyeal, 1993; Alley and MacAyeal, 1994). Conversely, the sensitivity of the
smaller NWEIS of the last glacial is well documented (Fronval et al., 1995; Elliot et
al., 1998; Knutz et al., 2001). Recent studies have identified NWEIS instability prior
to H-events 1 and 2 (Grousset et al., 2000; Scourse et al., 2000; Knutz ef al., 2002),
possibly supporting a common external triggering mechanism of H events, assuming
individual ice sheet response times were, in part, proportional to ice sheet size/extent
of marine margin. Understanding the forcing and climatic feedbacks that propel these
millennial scale cycles, including their interference with AMOC, is crucial for the
development of predictive climate models (Ganopolski and Rahmstorf, 2001).

Here we present evidence from a marine sediment core for NWEIS variability
preceding H1 and H2 (~16.8 kyr and ~24.0 kyr BP; Bond et al., 1992; Bond et al.,
1993). Multi-proxy foraminiferal and lithologic geochemical analyses allow us to
document the variability of the British (BIS), East Greenland/Icelandic (EGIIS) and

Laurentide ice sheets in fine detail in a framework of AMOC variability.

5.2 Materials and methods

Sediment core MD01-2461 was recovered from the north-western flank of
the Porcupine Seabight (51°45° N, 12° 55° W) in a water depth of 1153 m (Fig. 5.1).
The site is ideally located to monitor BIS variability as it is close to the last glacial

Irish Sea ice stream, a principal outlet glacier draining the BIS (Scourse and Furze,
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2001). As previous studies illustrate, a cyclonic surface gyre circulation in the
subpolar North Atlantic routed iceberg drifts from the circum-North Atlantic ice
sheets to this region (Ruddiman, 1997; Grousset et al., 1993; Zaragosi et al., 2001)

so that the core records also monitor IRD derived from other North Atlantic margins.

60° N

50° N

50° W 40° W 30° W 20°'W 10° W

Fig. 5.1. Location of core MD01-2461 at the northeastern extent of the Ruddiman belt
of preferential IRD accumulation. Dashed red lines indicate likely routes of icebergs
derived from circum-North Atlantic ice sheets due to an anti-clockwise surface gyre during
the last glacial (Ruddiman, 1977; Grousset et al., 1993). Dashed yellow lines represent last
glacial maximum ice sheet extent for the; BIS - British; 1IS - Icelandic; GIS - Greenland; LIS

- Laurentide ice sheets (IS). Dotted line indicates implied outflow from the lIrish Sea ice

stream.
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The chronology of MDO01-2461 is based on 15 monospecific foraminifera
(Globigerina bulloides, or Neogloboquadrina pachyderma sinistral) AMS "*C dates.
Radiocarbon ages were calibrated to calendar years before present (yr BP) using the

CALIB programme (version 5.0.1 with the MARINEO4 data set), incorporating a

400 yr correction for marine reservoir age (Stuiver, 2005) (Table 5.1).

Table 5.1. Radiocarbon dates for MD01-2461

Laboratory Material Depth "C Age Error Calendar
Code cm yr BP Age Age yr
+ loyr BP

SUERC-3302 N. pachyderma sin. 196.5 11,032 39 12,709
SUERC-3303 G. bulloides 208.5 12,551 46 13,992
SUERC-3306 N. pachyderma sin. 228.5 11,950 43 13,337*
SUERC-3287 N. pachyderma sin. 244.5 14,530 58 16,819
SUERC-3307 N. pachyderma sin. 276.5 15,118 64 17,692
SUERC-3308 N. pachyderma sin. 302.5 15,518 63 18,564
SUERC-3309 N. pachyderma sin. 324.5 15,174 60 17,586*
SUERC-3288 N. pachyderma sin. 356.5 17,130 77 19,993
SUERC-3289 G. bulloides 392.5 18,233 87 21,053
SUERC-3290 N. pachyderma sin. 412.5 18,665 89 21,688
SUERC-3292 N. pachyderma sin. 436.5 19,128 94 22,287
SUERC-2278 G. bulloides 478.0 20,193 118 23,702
SUERC-2279 N. pachyderma sin. 528.5 20,931 129 24,577
SUERC-2275 N. pachyderma sin. 570.5 21,565 128 25,647
SUERC-2274 N. pachyderma sin. 602.5 22,234 147 25,792

*Age reversals removed.
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However, comparison of the relative abundance of N. pachyderma sin. (%; an
apparent relative sea surface temperature (SST) proxy; Be, 1977) with the GISPII
51sO record (Grootes and Stuiver, 1997; Fig. 5.2b, ¢) suggests that the constant 14C-
reservoir assumption is likely incorrect. The climate-based correlation (r2= 0.829)
suggests that the 400-year '4C-reservoir correction is a considerable underestimate,
with offset between the tuned and MC-based age model increasing following H2 and

the last glacial maximum (LGM; Fig. 5.2a).

400 year reservoir age

Age kyr BP

Fig. 5.2. Stratigraphic correlation between relative abundance of N. pachyderma sin.
and GISPIl ice core, (a) Suggested HUC-marine reservoir ages determined from the age
difference between calibrated #C ages and calendar years based on the correlation of N.
pachyderma sin. % (c) with GISPIl 810 (Grootes and Stuiver, 1997) (b). Dashed line
indicates the present day North Atlantic 4C-marine reservoir age of 400 years. Vertical lines
indicate tie-points used for stratigraphic correlation. Black triangles in (c) indicate 1C date.

Orange bars locate H layers 1 and 2.
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Elevated '*C-marine reservoir ages have previously been interpreted from
North Atlantic sediments, reflecting sea-ice or meltwater cover reducing air-sea gas
exchange and isotope equilibration (Austin et al., 1995; Voelker et al., 1998;
Waelbroeck et al., 2001; Eiriksson et al., 2004). Our correlation between N.
pachyderma sin. % and the Greenland ice core palaeoclimatic record suggests '*C-
marine reservoir ages of up to ~2 kyr occurred at our site during periods of
substantial meltwater release and ocean stratification. An additional consideration
may be release of aged CO; during ice sheet melt (Domack et al, 1989). Here, we use
the age model derived from tuning the N. pachyderma sin. % record to GISPII 8'*0
profile which provides a robust stratigraphy that is comparable with the Greenland
ice core record and palaeoceanographic profiles from other North Atlantic core sites
(Veiga-Pires and Hillaire-Marcel, 1999). Sedimentation rates range between 12 and
60 cm kyr"' yielding, at a sampling interval of 1-2 ¢cm, a mean time step along the
records of 60 + 30 years.

Lithic grains >150 pm embedded within the silty clay sediment are
considered to be ice rafted (Ruddiman 1977; Bond and Lotti, 1995). Through visual,
lithological classification we distinguish between non-provenance specific quartz and
haematite-coated grains, an East Greenland/Icelandic (EGIIS) assemblage of
volcanic debris (pumice, black glass and basalt), LIS-sourced dolomitic carbonate
(Andrews and Tedesco, 1992) and a BIS assemblage (shale, dark carbonates and
black limestone) sourced in part from Carboniferous formations that outcrop across
much of Ireland. Chalk clasts occasionally associated with this BIS assemblage

support an Irish Sea ice stream source, with Coniacian-Santonian age coccoliths
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(pers. comm. J. Young, Natural History Museum) suggesting erosion of the Celtic
Shelf by the Irish Sea ice stream (cf. Scourse et al., 2000).

As additional provenance fingerprints we use radiogenic isotopes
(**Nd/'"**Nd) and **Ar/*’Ar ages of individual hornblende grains. The '**Nd/'**Nd of
the non-carbonate, >150 um fraction was determined for 16 samples in the intervals
associated with H2 and H1. Chemically separated Nd was analysed on a Finnigan
MAT 261 mass spectrometer at Toulouse University, normalised and reported as eng
following Grousset et al. (1998).

Hornblende grains were picked from the >150um size fraction wherever
present. Grains were co-irradiated with hornblende monitor standard Mmhb (age =
525 Myr; Samon and Alexander, 1987) and **Ar/*’Ar ratios of individual hornblende
grains were determined at the Ar geochronology laboratory at Lamont-Doherty Earth
Observatory. Resulting ages have been corrected for mass discrimination, interfering
nuclear reactions, procedural blanks and atmospheric Ar contamination (Hemming et
al., 1998; Hemming et al., 2000a; Hemming et al., 2000b). The assignment of IRD
assemblages to a specific ice sheet provenance is determined from the above suite of
proxy-approaches and is discussed in detail in Chapter 4.

Upper water column temperature and vertical structure was determined
through paired Mg/Ca and oxygen isotope analyses of surface-dwelling G. bulloides
and subsurface dwelling N. pachyderma sin. Samples of 50 specimens where
available (not less than 20) were crushed, homogenised and split. Samples for Mg/Ca
analysis were cleaned following Barker et al. (2003) and analysed on an ICP-AES
(Varian Vista) with a precision better than 0.4 % (2¢; liquid standard solution), and

sample reproducibility of <4 %. Temperature calibration is discussed below (section
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3.2). All stable isotope analyses were made using a ThermoFinnigan MAT 252 with
an external reproducibility of <0.08 %o for 8'®0 and 0.03 %. for 8'°C. Benthic
isotope measurements were made on 1-4 specimens of Cibicidoides wuellerstorfi

where possible.

5.3 Results and discussion
5.3.1 Ice sheet instabilities

An almost constant flux of IRD to the core site throughout the period 26.5-17
kyr BP suggests constant readjustment of the BIS marine margins. Within this time,
four distinct episodes of ice sheet instability may be inferred from enhanced IRD flux
(Fig. 5.3d). The H1 and H2 layers, centred at 24.1 kyr BP and 16.9 kyr BP
respectively, stand out in the records due to their high magnetic susceptibility (Fig.
5.3b; Grousset et al., 1993; Wadsworth, 2005) and the presence of distinctive
dolomitic carbonate sourced from the Hudson Strait region of the LIS (Fig. 5.3g;
Andrews and Tedesco, 1992). Crustal debris derived from the Precambrian shield
underlying the LIS is identified by eng values of <-24 (Fig. 5.3a; Snoeckx et al.,
1999; Grousset et al., 2000; Grousset et al., 2001). This is corroborated by the
Paleoproterozoic age range (1650-1900 Ma) of the Churchill Province which
dominates the assemblages of hornblende grains extracted from each of these IRD
layers in our core (Fig. 5.3c; H1, 84 % n = 13; H2, 82 % n = 29; Hemming et al.,
2000). These are the type H layers sensu strictu. At this site they are each only 1-6
cm thick and represent 100-300 years within episodes of IRD deposition exceeding
2000 years (H2) in the NE Atlantic. Given the apparent synchronicity of H layer

deposition across the IRD belt (cf. H layer ages compiled by Veiga-Pires and
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Hillaire-Marcel, 1999, and Hemming, 2004) instability of the LIS and extensive
iceberg discharge from the Hudson Strait lagged the regional increase in IRD
deposition in the NE Atlantic by >1 kyr, consistent with the European ‘precursor’
events of Grousset et al. (2000) and Scourse et al. (2000). The high resolution
records, robust age model and multi-proxy investigation of ice-ocean interaction
presented in this study allow more detailed interpretation and accurate dating of these
‘precursor’ events than previous studies have allowed.

Prior to H2, the first phase of ice sheet activity is marked by enhanced fluxes
of EGIIS and BIS sourced IRD (Fig. 5.3e, f) at 26.2 kyr BP, with associated
radiogenic eng of -5.6 (Just above ‘d’, Fig. 5.3a) reflecting the strong volcanic
contribution. This initial episode of NWEIS instability and IRD deposition occurred
1.9 kyr prior to the first appearance of Hudson Strait sourced debris at 24.25 kyr BP
and lasted 400 years. Enhanced deposition of BIS debris recommenced at 25.5 kyr
BP and increased steadily for 300 years with little input from the EGIIS. IRD flux
then rapidly increased, total IRD exceeding 350 x 10’ grains cm™ kyr™ at 25.0 kyr
BP. Increased fluxes of both volcanic and BIS debris, together with eNd values of -
6.3, suggest bimodal sourcing of IRD from both the BIS and EGIIS in this phase of
considerable NWEIS instability lasting 300 years. The timing of this peak in NWEIS
instability recorded at MDO01-2461 is, within the constraints of the age models,
equivalent to that of the relatively radiogenic éNd ‘precursor’ IRD peak at MD95-
2002 in the Bay of Biscay (Grousset ef al., 2000), and the Celtic Shelf chalk-rich
IRD peak at the Goban Spur (Scourse et al., 2000). Following this episode of
substantial IRD deposition, the flux of volcanic debris decreased again while eNd

values of -11 to -12, approaching the British Isles end member (Grousset et al.,
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2001), became dominant for 900 years, until the arrival of LIS-sourced icebergs and

H layer deposition. This entire episode of NWEIS instabilities is termed NWE2 (Fig.

5.3).
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Fig. 5.3. Lithological and geochemical IRD records versus age from core MD01-2461.

All measurements except magnetic susceptibility were made on the >150 pm fraction. All
IRD counts are normalized to fluxes (grains g"1x dry bulk density (g cm'3) x sedimentation
rate (cm kyr'1) = grains cm'2 kyr'1). (a) eNd of silicate fraction, (b) whole-core magnetic
susceptibility (Wadsworth, 2005), flux of ice rafted (c) hornblende grains with
Palaeoproterozoic (1650-1900Ma) 40Ar/3Ar ages, (d) total grains, (e) BIS grains, (f) volcanic
grains and (g) dolomitic carbonate grains to MD01-2461 (>150 pm cm'2 kyr'1). Note break in
axes. Stars in (e) denote depths where Upper Cretaceous Chalk is found. Vertical bars
highlight dominance of IRD provenance; Brown = BIS is main IRD source, purple =
significant contribution from EGIIS, orange = LIS signature is recorded. Acronyms are as
follows: H, Heinrich Layer; NWE, NW European ice sheet sourced events (numbers refer to

respective H layers). LGM, last glacial maximum. Letters a, b, ¢ and d refer to correlative

events of Bond and Lotti (1995).
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Similar sequencing of NWEIS IRD deposition is observed prior to HI,
NWEI1. A significant influx of IRD derived from both the BIS and the EGIIS,
commenced at 18.4 kyr BP, 1.5 kyr prior to the arrival of Hudson Strait debris.
Dissimilar to NWE2, there is no substantial increase or peak in IRD flux, rather total
IRD steadily decreases across NWE]1, remaining low throughout the deposition of H
layer 1 when total IRD was just 28 x 10° grains cm” kyr, approximately a 10-fold
reduction compared to H2 fluxes.

Two significant IRD layers of NWEIS derivation occurred between H1 and
H2, commencing at ~22.4 kyr BP (LGM2) and ~20.3 kyr BP (LGM1). These
intervals lasted 1.6 and 1.0 kyrs respectively. The peaks of these three most recent
IRD events (LGM2, 1 and NWE1) present a periodicity of 1.5-1.6 kyrs, likely
correlating to peaks in volcanic and haematite-coated grains recognised within the
North Atlantic IRD belt (“a”, “b” and “c”” of Bond and Lotti, 1995). IRD deposited at
our core site from the first phase of NWE2, peaking at 25.9 kyr BP, may relate to “d”
at ~23.0 "C kyr (Bond and Lotti, 1995) and is labelled accordingly (Fig. 5.3),
supporting synchronous instability of the NWEIS and potentially the south-eastern

extent of the LIS also.
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5.3.2 Surface, subsurface and intermediate water conditions
associated with ice rafting events

Except for intervals where the 8'0 of G. bulloides and N. pachyderma sin.
are identical around the LGM, N. pachyderma sin. consistently displays heavier
8'%0 than G. bulloides (Fig. 5.4a), reflecting the greater depth and lower temperature
habitat of N. pachyderma sin. As Hillaire-Marcel and Bilodeau (2000) and Simstich
et al. (2003) we interpret similar 8'%0 values of surface and subsurface species to
represent intensive mixing of the upper water column. However, this interpretation
requires that each species calcifies in equilibrium with seawater 8'%0 and ambient
temperature, or that possible disequilibrium calcification is known and corrected for.
The carbonate-water temperature equation of Shackleton (1974) is used to determine
equilibrium calcite oxygen isotope composition from modern water column data
(Fig. 5.5a; World Ocean Atlas, 1998). A factor of -0.27 %o is used to convert water
on the SMOW scale to calcite on the VPDB (Fig. 5.5b). Assuming an average
calcification depth of 30 m for G. bulloides (cf. Barker and Elderfield, 2002), 5"%0¢.
bulloides from core top specimens predict a summer (~July) growth season, within
water temperatures averaging ~12 °C. This growth season is later than that of April-
June predicted by Ganssen and Kroon (2000), who assume G. bulloides isotopic
temperatures reflect true SST, not the 0-60 m depth range within which the
specimens calcified. Similar latitude core top 8'%0¢. bulloides from the Ganssen and
Kroon (2000) data set (Fig. 5.5b) fit our core top values, reinforcing our

interpretation of a summer bloom season at an average water depth of 30 m.
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Fig. 5.4. Upper ocean climate records from core MD01-2461.

(a) 5180 of G. bulloides (red, closed circles) and N. pachyderma sin. (blue, closed circles).
(b) Calcification temperatures (°C) of G. bulloides (within upper 60 m of water column; red,
closed circles) and N. pachyderma (100-200 m water depth; blue, closed circles), (c) SSS
(red, closed circles) and subsurface salinity (blue, closed circles) based on G. bulloides and
N. pachyderma sin. respectively. Flux of (d) Total IRD grains (> 150 pm), and (e) dolomitic
carbonate grains (>150 pm) per cm'2 kyr'1 to core MDO01-2461. Vertical bars and

abbreviations as Fig. 5.3. Meltwater pulses indicated with vertical arrows on (c).
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The lower limit of the present day summer thermocline, overlies the average
depth of N. pachyderma sin. calcification, ~100-200 m (Kohfeld et al., 1996;
Carstens et al., 1997, Volkmann, 2000; Simstich et al., 2003), where there is
negligible change in water temperature throughout the year (<0.6 °C). As fluxes in N.
pachyderma sin. are tied to phytoplankton blooms (Niirnberg, 1995), it is likely that
the majority of N. pachyderma sin. calcified during a similar growth season to G.
bulloides yet effectively record the mean annual temperature of subsurface waters
(Niirmberg, 1995). Significant regional variability of vital effect, offsetting &'%Oy,
pachyderma sin. from equilibrium calcite, is determined from North Atlantic-Arctic Ocean
core tops where N. pachyderma sin. currently thrive. Offsets range between 0
(Durazzi, 1981; Spielhagen and Erlenkeuser, 1994; Wu and Hillaire-Marcel, 1994) to
-1%0 (Kohfeld et al., 1996; Bauch et al., 1997; Volkmann and Mensch, 2001,
Simstich et al, 2003). The absence of N. pachyderma sin. from the top 1m of MDO1-
2461 precludes attempts to determine possible 880y pachyderma sin. disequilibria, yet it
would appear that any offset at this site would certainly be <1 %o, potentially zero
(Durazzi, 1981). From these considerations we assume that both planktonic species
calcified in, or close to, isotopic equilibrium (cf. Hillaire-Marcel and Bilodeau,

2000).
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Fig. s.5. Modern seawater temperature, salinity, and computed equilibrium si8o caicite
profiles from MDO01-2461. (a) Hydrographic data (temperature - solid lines, salinity -
dashed lines) for January, May and July (NODC (Levitus) World Atlas 1998). (b) computed
equilibrium s 180 caicite following Shackleton (1974). Double-headed arrows locate average
calcification depth of G. bulloides (red) and N. pachyderma sin. (blue). Core top 51809 huidcdes
(red, open circles from MDO01-2461; black diamonds from box cores 88-06 and 88-07 at
51.4°N and 50.5°N; Ganssen and Kroon, 2000).

Mg/Ca of foraminifers is proven to be an effective palaeo-temperature proxy
(Elderfield and Ganssen, 2000), but established calibrations for G. bulloides are not
based on temperatures lower than ~10 °C. Applying the Mg/Ca-temperature
calibration of Mashiotta et al. (1999) to core top G. bulloides Mg/Ca, we derive

summer SSTs 2 °C in excess of modem SST (13.7 °C; World Ocean Atlas, 1998)
and LGM SSTs of 10-11 °C, exceeding previous estimates for this region by up to 7
°C (e.g. Maslin et al., 1995). These discrepancies suggest that the calibration of

Mashiotta et al. (1999) is unsuitable at our core site. As N. pachyderma sin. is absent
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in the core top it was not possible to assess the calibration of Niirnberg et al., (1996)
for this species.

To resolve these calibration issues we assume that the period 20-19 kyr BP,
when the 8'0 values of both G. bulloides and N. pachyderma sin. are broadly
identical (Fig. 5.4a), represents an episode of upper water column mixing (Hillaire-
Marcel and Bilodeau, 2000; Simstich et al., 2003) in which both species were
exposed to identical water mass and calcification temperatures. Using the
exponential relationship between Mg/Ca and temperature, Mg/Ca = A exp (B x T),
and assuming a similar exponent value of 0.1 for both species (Anand et al., 2003),
we determine a pre-exponent ratio G. bulloides:N. pachyderma sin. of 2.1. From
modern SST (30 m) and core top Mg/Ca values we derive a pre-exponent of 0.68 for
G. bulloides and, by virtue of the pre-exponent ratio of 2.1, 0.32 for N. pachyderma
sin., assuming a fixed pre-exponent ratio across the glacial-interglacial transition.
This calibration compares well with that of Barker and Elderfield (2002; Mg/Ca =
0.72 x €' for G. bulloides at 60° N in the North Atlantic. The N. pachyderma sin.
Mg/Ca-temperature calibration effectively equates to the generic calibration of
Anand e al. (2003; Mg/Ca = 0.38 x e*%T), with variability in estimated calcification
temperature that may arise from these different calibrations being <1 °C at Mg/Ca =
0.78 mmol mol™, the average Mg/Ca composition of MD01-2461 N. pachyderma
sin. Our calibration overestimates calcification temperatures by 2-3 °C compared to
the T-Mg/Ca N. pachyderma sin. calibration of Niirnberg e? al. (1996; Mg/Ca = 0.47

¢”%T) using laboratory cultures and Norwegian Sea core top samples. However,

X
early-Holocene (9.6-8.6 kyr BP) N. pachyderma sin. calcification temperatures

derived from our calibration average 10.3 °C (unpublished data) and compare well

5-18



Chapter 5 Ice sheet instability and AMOC

with modern temperatures at a water depth of 150 m (10.6 °C; World Ocean Atlas,
1998)), substantiating our calibration and suggesting regional differences in the T-
Mg/Ca N. pachyderma sin. relationship (Niirnberg, 1995). We consider combined
analytical and calibration uncertainties of Mg/Ca-derived temperature estimates to
amount to + 1°C (Anand et al., 2003).

The resulting temperature record derived from G. bulloides Mg/Ca suggests
variability of SST within the range 6-16 °C (Fig. 5.4b), with a SST increase during
the early deglacial of ~4 °C. Glacial SST trends derived from G. bulloides broadly
parallel subsurface temperatures, as determined from N. pachyderma sin. Mg/Ca,
within the range 6-12 °C (Fig. 5.4b).

Amplitudes of the temperature anomalies of the two species do not directly
mirror the magnitude of coeval excursions in the paired §'®0 records of both species,
that on occasion display an anti-phased trend between G. bulloides and N.
pachyderma sin. 8'®0 (Fig. 5.4a). This pattern alludes to changes not only in
temperature, but seawater oxygen isotope (8w) composition and salinity, with
implications for upper ocean water mass stratification. Calcification temperatures,
based on Mg/Ca ratios, were used to subtract the temperature component from
planktonic 8'0, allowing determination of &, following the oxygen isotope
paleotemperature equation of Shackleton (1974). 8'®0 values were corrected for
global ice volume following Shackleton (2000). Assuming that the freshwater
endmember 8'®0 was similar to today, salinity was then determined following the
modern North Atlantic 8,-Salinity relationship, 8, = Sx0.61 - 21.3 (Craig and
Gordon, 1965), enabling estimates of density (o;) to be made using the International

Equation of State of Seawater (UNESCO, 1980). Incorporating the errors associated
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with the analytical precision for Mg/Ca and 8'0, temperature calibration
uncertainties and assuming an error of estimate for salinity on &,, of 0.08 that is
derived from the North Atlantic surface d.-Salinity relation suggests an uncertainty
envelope on density in the range 0.6-0.7 o, units. Total error on salinity estimates in
the order of £ 0.2.

Overlapping density values at the two depth habitats (~30 m for G. bulloides
and ~150 m for N. pachyderma sin.) suggest a well-mixed upper water column at this
site for most of the late glacial (Fig. 5.6b). Elevated 8">Cpenmic (>1.5 %o; Fig. 5.6¢)
during much of this time also suggest rapid ventilation of the mid-depth waters
during the late glacial from a nearby source in the open North Atlantic (Oppo and
Lehman, 1993; Zahn et al., 1997). Following H1, SST averages ~4 °C warmer than
average LGM temperatures, while a persistent offset of >1 %o is displayed between
8"%0¢. pultoides and 8'%0y, pachyderma sin. and a ~0.7 %o reduction in 8" Cpenthic. This data
pattern indicates enhanced surface stratification and concomitant convection
slowdown at this site in the course of enhanced meltwater shedding during
deglaciation.

Periodic negative excursions in sea surface salinity (SSS) of up to 2.6 suggest
recurrent melt water surges, with fluxes maximising following the major phases of
NWEIS instability at NWE2, H2, LGM2 and 1, and NWE1 and finally at H1 (Fig.
5.4c). The LGM1 salinity reduction peaking at 19.2 kyr BP coincides with the 19-kyr
meltwater pulse, supporting the contention (Clark et al., 2004) that rapid sea level
rise of 10-15m at this time in part originated within the North Atlantic.

These meltwater incursions frequently stratify the upper water column,

inferred by divergent surface and subsurface water densities (Fig. 5.6b). 8'>Cpenthic
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depletion by up to 1.2%o during these episodes suggest reduced intermediate water
ventilation, likely reflecting northwards penetration of Antarctic Intermediate Water
(AAIW; Zahn et al., 1997; Rickaby and Elderfield, 2005) (Fig. 5.6c). Several
lowered 8"’ Cpenmic data points associated with each NWEIS melt water event
reinforce the contention that reduced bottom water ventilation at our site,
independent of LIS meltwater forcing, is a real feature of these events. Furthermore,
each episode of melt water release, surface stratification and apparent AMOC
reduction appears to have had a cumulative effect on the '*C-marine reservoir age at
MD01-2461 as each successive event is coincident with a further increase in marine
reservoir age (Fig. 5.6). A temporary reversal in this trend is observed at 19.6 kyr
BP, following a period of vigorous AMOC and upper water column mixing at the
core site which went some way to ‘resetting’ the reservoir ages before meltwater
associated with NWE1 and H1 caused reservoir ages to increase yet again.

While reduced 8"’ Chenmic is a well documented feature of H events in the
North Atlantic (e.g. Vidal et al., 1997; Zahn et al., 1997; Elliot et al., 2002), reduced
bottom water ventilation presented here, associated exclusively with NWEIS
instability and melt water forcing highlights the significant effect that the smaller

circum-North Atlantic ice sheets may have had on AMOC.
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Fig. 5.6. Upper ocean density profile, intermediate water ventilation and 14C-marine
reservoir age proxy records from core MD01-2461. (a) 14C-marine reservoir age (as Fig.
5.2a), (b) Density (sigma-t) for surface (G. bulloides; red) and subsurface (A, pachyderma
sin.; blue) waters. Error bars indicate region of uncertainty in density calculation, (c) 813C of
the benthic foraminifera Cibicidoides wuellerstorfi. Vertical bars and abbreviations the same
as Fig. 5.3. Reduced surface density and upper water stratification (b) and associated
reductions in 513C (c) indicated with vertical arrows. Dotted lines in (c) highlight one-point

peaks that are potential ‘outliers’.

5.3.3 Ice Sheet Processes in Response to Ocean-Climate Forcing

The records of surface and subsurface temperature display fine-scale
variability, with salient anomalies that coincide with major IRD events. A notable
warm pulse is recorded between 19.0-18.6 kyr BP in both surface and subsurface
temperatures. A warming pulse at this time, possibly initiating NWEIS instability,
has been noted at several core sites west of the British Isles (Knutz et al, 2002;
Lagerklint and Wright, 1999). At MD02-2461 this warming occurs over 400 years

and amounts to an increase of~s °C for SST and ~5 °C for subsurface temperatures,
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reaching maxima of 15.6 °C and 12 °C respectively at 18.7 kyr BP. An increase in
SSS of ~3 associated with this warming pulse may suggest the northward penetration
of low latitude, warm saline waters, perhaps reflecting a transient strengthening of
the AMOC. Abrupt termination of this warming trend and reduced SSS is associated
with initial step-up of NWEIS debris flux at 18.4 kyr BP, NWE]1.

Increased upper ocean temperatures prior to IRD deposition derived from the
NWEIS suggests an intensification of ocean thermal forcing may have led to basal
melt of ice shelves fringing these ice sheets and retreat of the grounding line (Rignot
and Jacobs, 2002; Shaffer et al., 2004). At the same time heat exchange with the
atmosphere may have increased surface melt, accelerating ice shelf break up
(MacAyeal et al., 2003) and ice stream flow (Zwally et al., 2002). Increased ice
accumulation on the BIS, caused by increased precipitation from a warmed
atmosphere, possibly increased the interior ice sheet mass and thereby reduced
stability further (Oppenheimer, 1998). Close coupling of ocean-climate and BIS
stability is envisaged. It is suggested that BIS instability initiating NWE2, recorded
by moderate BIS-IRD deposition, may have resulted from ice shelf break-up due to
surface-subsurface warming above a critical threshold (cf. Vaughan and Doake,
1996; Rignot and Jacobs 2002; MacAyeal et al., 2003). Within the 300 year duration
of this phase, sufficient ice shelf was melted back to reduce any buttressing effect,
triggering fast flow of tributary ice streams (De Angelis and Skvarca, 2003)
producing the large and abrupt increase in IRD deposition during the peak of the
NWE2 event at 25.0 kyr BP. Accelerated ice stream activity appears to have lasted
for ~300 years, during which IRD deposition remained high and sufficient fresh

water was released to stabilise the upper water column and reduce intermediate water
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ventilation. After this unstable phase, the NWEIS, principally the BIS, appear to
have restabilised, reducing IRD delivery and perhaps allowing ice volume to recover.
Were collapse of the LIS interpreted to be in response to the same forcing as the
NWEIS (cf. Scourse et al., 2000), a response time of almost 2 kyrs in excess of the
NWEIS may be implied from our records. As such it may be perceived that the so-
called European ‘precursor’ events were not directly linked to the H events (cf.
Grousset et al., 2000), rather a manifestation of differing ice sheet response times to
a common forcing, conceivably reflecting the greater mass of the LIS supporting a
high thermal inertia and/or time taken for ocean warming to reach ice shelves
buttressing the LIS. Limited marine-based BIS margins, and therefore greater ice
sheet stability by the time of H1, following the retreat of the Irish Sea ice stream
(McCabe and Clark, 1998), may account for the high rise in surface and subsurface
temperatures apparently required to initiate BIS instability at NWE1 compared to
NWE2.

The major influx of local BIS debris immediately following deposition of H
layer 2 includes the shallow benthic foraminifera Elphidium excavatum forma
clavata which suggests down-slope transportation from a proximal glaciomarine
source (Osterman, 1984). Assuming marine margins remained, it seems plausible
that increased SSTs, exceeding 10 °C, would have destabilised the BIS margin
further, enhancing calving and initiating debris flow down the continental slope. A
rise in sea level of 10 to 15 m associated with the collapse of the LIS (Yokoyama et
al., 2001; Chappell, 2002) may also have contributed to this destabilisation (Scourse
et al., 2000). The near absence of locally derived IRD coincident with or following

H1 suggests that the BIS ice margin had retreated sufficiently to be unaffected by a
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SST or sea level change associated with LIS collapse, or that exposed sea floor
within the Irish Sea limited iceberg entry into the open ocean, glacial runoff

freshening surface waters as opposed to ice rafting.

5.3.4 NW European ice sheet instability and AMOC variability

Decreased mid-depth water ventilation prior to the main LIS collapse events
at H1 and H2 are noted in 8'*Cyenmic records throughout the North Atlantic (Vidal ez
al., 1997; Zahn et al., 1997; Elliot et al., 2002; Rickaby and Elderfield, 2005).
Whereas the decline of intermediate-water ventilation is often progressive in these
records, beginning up to 2.5 kyrs before full H conditions (H1; Zahn et al., 1997),
8 Chenthic at our site records temporary, 200-400 year, reduction in intermediate-
water ventilation, associated with NWEIS instability/meltwater forcing, 1.2-1.8 kyr
before full H-event conditions. 8'*Cpenmic at MD01-2461 then decreases again
associated with and following LIS-sourced IRD deposition and further meltwater
release, in phase with records of complete AMOC collapse (Rickaby and Elderfield,
2005). Given that advance of AATW to MDO01-2461 was likely in compensation for
reduced Glacial North Atlantic Intermediate Water (GNAIW) formation (Rickaby
and Elderfield, 2005), far-reaching effects of the NWEIS-sourced meltwater pulses
may be implied prior to both H1 and H2. It is envisaged that NWEIS-sourced
meltwater extended to the area of GNAIW formation, weakening deep/intermediate
water production and reducing AMOC. Had the meltwater pluses produced longer-
term stratiﬁcation of surface waters within this region than is observed at MDO1-

2461 they may account for the progressive, pre-H event spin-down of AMOC
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recorded at more southerly sites (Zahn et al., 1997). Regional comparison of benthic

8'3C records are discussed in detail in Chapter 7.

54 Summary

We demonstrate the apparent sensitivity and heightened response of the
NWEIS to climatic warming with respect to the well grounded, stable LIS during the
last glacial period. Despite the comparatively small ice volume of the NWEIS, their
positioning with respect to the likely centre of last glacial North Atlantic deep or
intermediate water formation appears to have made meltwater released from the
NWEIS an effective means of causing basin wide AMOC variability, highlighting

the important role of the NWEIS in millennial scale climatic events.
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Chapter 6

Millennial-scale surface and subsurface palaeothermometry

from the NE Atlantic, 55-8 kyr BP: A multi-proxy approach’

ABSTRACT

We present high-resolution records of climatic variability from planktonic
foraminiferal Mg/Ca for the period 55-8 kyr BP from NE Atlantic core MD01-2461. The
Mg/Ca of polar species N. pachyderma sin. (Mg/Cayys) is inferred to record ‘typical’ mean
annual subsurface conditions, and displays a strong relationship with the relative abundance
of N. pachyderma sin. within the planktonic assemblage. Mg/Ca of G. bulloides (Mg/Cag)
records summer sea surface temperature (SST) and predicts similar values to both the N.
pachyderma sin. relative abundance and Mg/Ca proxies during episodes of year round
mixing of the upper water column as suggested through paired 8'®0 records. Enhanced
seasonal thermocline during marine isotope stage 3 and meltwater events across the last
glacial maximum is documented by divergent trends in surface and subsurface §'°0 and
temperature estimates. Contrary to faunal records and Mg/Caygs, H events are not the
coldest events in summer-SST record, rather Mg/Cag, based records presented suggest
relatively mild summer surface ocean conditions associated with each of the last five
Heinrich events in the NE Atlantic, with warming > 5 °C recorded at H1. This multi-proxy
approach to upper ocean temperature reconstruction provides a more comprehensive
picture of ocean-climate conditions during the last glacial and highlights area where further
work is needed in understanding what it is that individual proxies are recording.

! Submitted to Paleoceanography as Peck, V.L., Hall, L.R., Zahn, R., Elderfield, H. Millenial-scale
surface and subsurface palacothermometry from the NE Atlantic: A multi-proxy approach
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6.1. Introduction

To date, surface-ocean conditions for the glacial North Atlantic are largely
based on planktonic foraminiferal diversity counts, with sea surface temperature
(SST) calculated from the transfer function technique (TFT, Imbrie and Kipp, 1971),
including the modern analogue technique (MAT, Prell, 1985), forming the most
comprehensive reconstructions of last glacial maximum (LGM) conditions
(CLIMAP project members, 1981; GLAMAP 2000, Pflaumann et al., 2003). With
the advent of temperature-sensitive organic biomarkers and trace metal ratios in
foraminiferal shells as tools to infer palaeo-SST, a reassessment of the CLIMAP
reconstruction of LGM conditions using a multi-proxy approach is now possible
(Mix et al., 2001; Kucera et al., 2005). However, while validation of numerical
climate models (e.g. Schifer-Neth and Paul, 2003) relies on accurate palaco-SST
reconstructions, SST-estimates derived from multiple proxy approaches yield
differing results (e.g. Niirnberg et al., 2000; Bard, 2001; Kandiano et al., 2004). This
highlights the need for a fuller understanding of the parameters and processes that
determine the linking of each palaeoproxy with temperature, e.g. habitat depth,
growth season and preferred temperature range of the particular organism that serves
as the signal carrier. Paired, multi-proxy SST records from the same core site have
the potential to better characterise surface ocean conditions, for example seasonal
variability of temperature and upper water column stratification (Barker et al., 2005)
provided the proxy-temperature relationship is well constrained.

Here we add to palacoenvironmental reconstructions of the last glacial,
presenting high-resolution multi-species foraminiferal Mg/Ca records as a means of

determining absolute surface and subsurface temperature records from the NE
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Atlantic between 55 and 25 kyr BP. These data extend the 25-8 kyr BP
palaecothermometry records for site MD01-2461 reported by Peck et al. (2006)
allowing upper ocean conditions to be assessed over the interval 55-8 ky BP. We
compare these Mg/Ca-derived temperature records with the relative abundance of the
polar species Neogloboquadrina pachyderma sinistral, representative of the faunal-
diversity based technique upon which the majority of North Atlantic SST records are
currently based (e.g. Maslin et al., 1995, Madureira et al., 1997, Kandiano and
Bauch, 2003). Coupled with records of ice sheet instability, we investigate
similarities or dissimilarities between these two proxy approaches during the last

glacial.

6.2. Material and methods

Sediment core MD01-2461 was recovered from the north-western flank of
the Porcupine Seabight (51° 45° N, 12° 55> W) in a water depth of 1153 m (Fig.6.1).
Chronology of MD01-2461 is based on 25 '*C AMS dates and the subsequent fine-
tuning of the abundance record of N. pachyderma sin. to the GISPII §'30j. record
(Fig. 6.2a, b). Correlation between the two records is robust over their total length
(55-8 kyr BP) to within r = 0.70, increasing to r = 0.84 between 25-8 kyr BP as
temporal resolution in the marine record increases across the LGM and the last
deglacial (Peck et al., 2006; Peck et al. in press).

Fine-scale records of IRD provenance and flux (grains >150 pm cm™ kyr)
from MDO01-2462 (Peck et al., 2006; Peck et al. in press) detail the history of growth
and variability of the NW European ice sheets (NWEIS, comprising the British,

Icelandic and Fennoscandian ice sheets), the east Greenland ice sheet and episodes of
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Laurentide ice sheet (LIS) instability known as Heinrich (H) events (Heinrich, 1988;

Broecker, 1994).

60° N

50° N

50° W 40° W 30°W 200 W 10°W

Figure 6.1. Location of core MD01-2461 at the north-eastern extent of the Ruddiman
IRD belt. Dashed (red) lines indicate likely routes of icebergs derived from circum-North
Atlantic ice sheets due to an anti-clockwise surface gyre during last glacial (following
Ruddiman, 1977; Grousset et al., 1993). Yellow dashed lines represent the limits of the last
glacial ice sheets. B - British; |- Icelandic; G - Greenland; L - Laurentide. Black dotted line
indicates implied outflow from the Irish Sea ice stream.

6.2.1. Trace element and stable isotope analysis

Upper water column temperature, thermocline and halocline structure are
determined through paired Mg/Ca and oxygen isotope analysis of surface-dwelling
G. bulloides and subsurface dwelling N. pachyderma sin.

Calcification of G. bulloides occurs in the upper 60 m of the water column
(e.g. Schiebel et al., 1997); within this paper we assume that Mg/Ca and stable

isotope values are representative of a mean calcification depth of 30 m (cf. Barker
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and Elderfield, 2002) and a preferred summer growth season centred on July
(Hillaire-Marcel and Bilodeau, 2000; Peck et al., 2006).

N. pachyderma sin. inhabit a broader and deeper depth domain. Juvenile
forms occupy relatively shallow waters (~50 to 80 m), migrating to depths of up to
500-600 m as they mature, spending much of their lives along the pycnocline,
between surface and intermediate waters (Carstens et al., 1997; Bauch et al., 1997;
Hillaire-Marcel and Bilodeau, 2000). We assume a mean calcification depth for .
pachyderma sin. of ~150 m, reflecting the depth of peak N. pachyderma sin.
concentrations in modern subpolar waters (Kohfeld et al., 1996; Carstens et al.,
1997; Volkmann, 2000; Simstich et al., 2003). Below the thermocline there is little
seasonal variability of water temperatures, such that oxygen isotope and Mg/Ca
values derived from N. pachyderma sin. are likely to reflect mean annual subsurface
conditions at ~150 m (cf. Niirnberg, 1995).

For paired stable isotope and Mg/Ca analysis of the planktonic species, 50
individuals were selected wherever possible, with the minimum number of
individuals used being 20. G. bulloides were selected from the 250-315 um fraction
and N. pachyderma sin. from 150-250 pum fraction. These narrow size fractions
minimise variability in stable isotope and Mg/Ca measurements that may arise from
varying chamber numbers/test size (Spero and Lea, 1996) and restricts the likely
habitat depth interval within which the specimens calcified (Kroon and Darling,
1995). Considering that calcite dissolution may significantly alter Mg concentrations
in foraminiferal tests (Rosenthal et al., 2000; Rosenthal and Lohmann, 2002),
average test weights were monitored along the core section using a high precision top

pan balance. Specimens were then crushed between glass slides to break open the
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chambers, mixed and then split, homogenising the sample for paired Mg/Ca and
stable isotope analyses.

For stable isotope analysis, 50 % of the sample was immersed in 3 %
hydrogen peroxide for 30 minutes and ultrasonicated in methanol for 15 seconds
before excess liquid and residue was removed and tests dried out at 45°C. All stable
isotope analyses were made using a ThermoFinnigan MAT 252 and carbonate
preparation device with an external reproducibility of <0.08 %o for §'0. All stable
isotope values are reported on the VPDB scale, calibrated through the international
NBS carbonate standard.

The remaining sample splits for Mg/Ca analysis were cleaned following
Barker et al. (2003). Samples were diluted in 0.075 mol HNO; to a fixed Ca
concentration of 100 ppm where possible, with no samples containing less than 40
ppm. Analyses were carried out on a Varian Vista ICP-AES. Intensity ratios were
calibrated against elemental ratios following de Villiers et al. (2002) to eliminate any
Ca matrix effect. Samples containing concentrations of Al above detection level
0.005 ppm (which at Ca concentrations of 80-100 ppm translates to Al/Ca < 0.1
mmol mol™), indicative of clay contamination, were discarded. Analytical precision
determined from replicate runs of a standard solution of Mg/Ca = 5.130 (60 ppm Ca)

and Mg/Ca = 1.289 (100 ppm Ca) was <0.4 % (20). Sample reproducibility is < 4 %.
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6.2.2. Faunal counts

The relative abundance of the polar species N. pachyderma sin. is commonly
used as a palaeo-indicator of polar waters (B¢, 1977; Reynolds and Thunell, 1986;
Johannessen et al; 1994; Pflaumann et al., 1996; 2003). In waters of summer SST
<8 °C, this species dominates the planktonic foraminiferal assemblage (Pflaumann et
al., 1996) such that TFT SST estimates are significantly influenced by the relative
abundance of N. pachyderma sin. within this region during glacial times (Kandiano
and Bauch, 2003).

A minimum of 300 planktonic foraminiferal shells were counted from sample
splits >150 ym (CLIMAP, 1976, 1984, standard size fraction) to determine N.

pachyderma sin. %. Reproducibility error is found to be + 5%.
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6.3. Results and discussion

HIGH

10 15 20 25 30 35 40 45 50 55
Age kyr BP

Figure 6.2. Climate, upper ocean temperatures and ice sheet activity as recorded at
MDO01-2461. (a). GISPIl s1s0o ice core record (High-resolution sisoic record (5-point
smoothed) from the Greenland summit GISPIl ice core (http://depts.washington.edu
/qil/datasets/gisp2_main.html; Grootes and Stuiver, 1997). (b). N. pachyderma sin. %, (c).
Mg/Ca®. Core top Mg/CaGb shown by red dashed line. (d). Mg/CaNs, (e). Oxygen isotope
records of G. bulloides (red) and N. pachyderma sin. (blue) ». VPDB), (f). sedimentation
rate (g). flux of total IRD to the core site, (h). flux of LIS-sourced dolomitic carbonate to the
core site (>150 pm cm'2yr'1). Orange bands locate H events H1, H2, H4 and H5. Purple
bands locate Icelandic debris of H3. Brown band locates increased BIS debris flux at the
LGM.
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6.3.1. Coupling surface and subsurface Mg/Ca and oxygen isotope
records

Comparison of the 8'®0 of surface and subsurface dwelling foraminifera
serves as an indication of upper water column stratification (Hillaire-Marcel and
Bilodeau, 2000; Simstich et al., 2003). Under the modem summer thermocline
structure at MDO01-2461, waters within the habitat depth range of G. bulloides are ~3
°C warmer than N. pachyderma sin. depth waters (NODC (Levitus), 1998).
Comparison of calculated 5'%0 of seawater (Fig. 6.3) with coretop 8'%06. bulloides from
MDO01-2461 suggests a summer bloom season (~July), assuming no vital effects
(Hillaire-Marcel and Bilodeau, 2000; Peck et al., 2006). The absence of N.
pachyderma sin. within the core top precludes similar assessment of growth season
and vital effect offset from equilibrium calcite, however, deglacial records (~12 kyr
BP), allow the most recent direct comparison between the two species and a similar
thermocline structure to today, although cooler and/or more saline, is inferred.
During full LGM conditions (19-20 kyr BP) offset between the two 8'%0 records
tends to zero suggesting failure of seasonal thermocline development and year-round
mixing of the upper water column, such that both species calcified tests in the same
water mass (similar temperature and salinity). Millennial-scale events are also clearly
identified within the 8'®0 records, with amplitudes of divergence exceeding 3 %o at
H2, suggesting significant freshening (and perhaps warming?) of the surface layers
while subsurface waters become cooler and/or more saline.

On a glacial-interglacial timescale, broad similarities between the paired §'*0
and Mg/Ca records are observed for both G. bulloides and N. pachyderma sin.

However, at the millennial time scale, anomalies within either the 8'%0 or Mg/Ca
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records are frequently absent or even anti-phased within the paired record (e.g. 22-21

kyr and 16.8 kyr BP), reflecting the salinity component of'the 518 record.

Temperature (°C)

Jan
July

100
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« 200
250
300
350

400-1—J
35.35 35.45

Salinity

35.55

S5 180wypnB%
4.0 3.0 2.0 1.0 0.0

LGM Deglacial
G bulloides

Meltwater

150- [Modem  N. pachyderma Sin.

250 -
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400 J

Warmer and/or
less saline

Cooler and/or
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Figure 6.3. Upper water column temperature, salinity and 81sO of equilibrium calcite at

the site of MDO01-2461. (a), modern T and S for January, May and July, (b). equilibrium

calcite for modern (red); calculated from modern T and S using average conditions over the

months of May, June, July. Average ore top 518 b (red) supports average habitat depth of
G. bulloides of -30 m. N. pachyderma sin. haboitat depth assumed to be -150 m. Deglacial

conditions (purple) represented by average 510 of both G. bulloides and N. pachyderma sin.

across the interval 13-10 kyr BP, LGM conditions from 20-19 kyr BP and meltwater event

example from H2, 24 kyr BP. Selected time intervals are highlighted on Fig. 6.2e.
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6.3.2. Mg/Ca-temperature calibration and shortfalls

Published Mg/Ca-temperature calibrations for both G. bulloides and N.
pachyderma sin. are presented in Fig. 6.4 and Table 1, all taking the form

Mg/Ca =Be*"

where T is the calcification temperature (°C) and A reflects the temperature
sensitivity in Mg/Ca, typically being ~10 % per °C increase in T (Elderfield and
Ganssen, 2000; Anand et al., 2003; Barker and Elderfield, 2002). To date, few
Mg/Ca-T calibrations have been established for SST <10 °C (Barker and Elderfield,
2002; Table 6.1) and those that are available may be restricted to the region within
which the calibration was determined, producing unfeasible temperature estimates

outside of the calibration area (e.g. Kandiano et al, 2004).

Table 6.1. Published Mg/Ca-temperature calibrations.

Curve Species Region Method Temp A B Reference
range

1 Gb North Core top 0.1 0.72  Barker and Elderfield,
Atlantic 2002

2 Gb North Core top 0.1 0.68  Pecketal, 2006
Atlantic

3 Gb North Core top 8-22 0.081 0.81 Elderfield and Ganssen,
Atlantic 2000

4 Gb Santa Core top 10-16 0.9 0.69 Paketal, 2004
Barbara
Basin

5 Gb Culture 16-25 0.104 051 Leaetal, 1999

6 Gb Southern Core top 10-25 0.108 0.47 Mashiotta et al., 1999
Ocean and culture

A Nps Norwegian Core top 1-13 0.088 0.46 Niinberg et al., 1996
Sea and culture (From Barker et al.,

2005)

B Nps South Core top -1-15 0.083 0.406 Niirnberg et al., 1996
Atlantic

C Mixed North Sediment 13-28 0.09 0.38 Anand etal., 2003
Atlantic trap

D Nps North See text 0.10 032 Pecketal., 2006
Atlantic
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Figure 6.4. Comparison of published Mg/Ca-temperature calibrations for G. bulloides
and N. pachyderma sin. Calibrations for G. bulloides in shades of yellow to pink; for N.
pachyderma in shades of blue. Boxes highlight range of Mg/Ca values measured and
‘optimal temperature range’ for both species (7-22 °C for G. bulloides and 3-10 °C for N.
pachyderma sin.; Duplessy et al., 1991). Numbers and letters refer to calibrations listed in
Table 1. Dashed lines represent core top Mg/CaGb and average modern water temperature

at a depth of 30 m between May-July at MD01-2461.

For G bulloides exponential values, A, vary within the range 0.081-0.104
such that the slope of the calibration curves, determining the amplitude of
temperature anomalies, vary by up to 23 %. For N. pachyderma sin. variability of
Mg/Ca-temperature sensitivity between calibrations is -17 %. In turn the pre-
exponent value, B, which largely determines the absolute temperature estimates
accounts for the majority of variability between the calibrations, ~ 3 °C for G
bulloides (calibrations 1and 5) and < 3 °C for N. pachyderma sin. (calibrations a and
d; Fig. 6.4).

The calibrations selected in this study (Peck et al., 2006) fall at the cooler and
warmer extremes of the calibration spectra for G. bulloides and N. pachyderma sin.

respectively (Fig. 6.5). They were determined via core top calibration of G. bulloides

6-12



Chapter 6 Multi-proxy palaeothermometry

assuming Mg/Ca-temperature sensitivity of 10 % (Peck et al., 2006) and for M.
pachyderma sin. using the assumption that similar calcification temperatures would
be recorded by both species at the LGM (20-19 kyr BP; Fig. 6.3) and again, a
Mg/Ca-temperature sensitivity of 10%. A cool calibration for North Atlantic G.
bulloides relative to the same species in the South Atlantic is consistent with the
findings of Kandiano et al. (2004) who apply the Southern Ocean core top-derived
temperature calibration of Mashiotta et al., (1999) to North Atlantic Mg/Ca records
and overestimate glacial SSTs by up to 13 °C with respect to faunal based SST
estimates (SSTuna1). Additionally, cooler temperature-calibrations likely reflect the
fact that in this study core top samples are calibrated to temperatures at 30 m water
depth, not SST sensu stricto. Support for the G. bulloides Mg/Ca-temperature
calibration presented in Peck et al. (2006) is the marginally cooler calibration (-0.57
°C offset) of Barker and Elderfield (2002) derived from a North Atlantic core top at
~60° N, reinforcing the suggestion that significantly different Mg/Ca-temperature

relationships exist between North and South Atlantic G. bulloides.
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Figure 6.5. The range of calcification temperatures of G. bulloides and N. pachyderma
sin. derived from published Mg/Ca-temperature calibrations, (a) Summer SST inferred
from Mg/Ca( Red, open circles, Peck et al. (2006); High temperatre limit, Pak et al. (2004);
Low temperature limit, Barker and Elderfield (2002). Modern summer SST shown by red
dashed line, (b) Mean annual SubST inferred from Mg/CaNps- Blue, open circles, Peck et al.
(2006); Low temperature limit, Barker et al. (2005), (c) a and b on same temperature scale.
Modern summer SST and mean annual SubST shown by red and blue dashed lines
respectively, (d) June solar insolation at 65° N, (e). AT (SST-SubST; °C). A 6th order

polynomial fit is shown in red. Modern AT and AT=0 shown with dash lines.
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At present, North Atlantic N. pachyderma sin. are rare south of ~60° N
(Pflaumann et al., 1996), preventing core top validation of the Mg/Ca-temperature
relation of this species at site MDO01-2461. The relatively warm temperatures
predicted from the Peck et al. (2006) calibration for N. pachyderma sin., + 2.9 °C
and + 0.8 °C average offset compared to Norwegian Sea and Southern Ocean core
top-derived calibrations respectively, may also reflect regional/latitudinal variability
in calibrations, perhaps relating to genotype variability (Darling et al., 2000; Kucera
and Darling, 2002). The failure of previously published Mg/Ca-temperature
calibrations to estimate feasible temperatures at MDO01-2461 highlights the necessity
of species and region specific calibration.

Temperature records derived from Mg/Cag, suggest variability of summer
SST (at 30 m water depth) within the range 5.6-15.7 = 1 °C during 55-8 kyr BP,
compared with modern summer SST (at 30 m) of 14 °C (NODC (Levitus), 1998)
(Fig. 6.5a). Broad summer SST trends derived from G. bulloides are largely
reproduced in mean annual subsurface temperatures (SubST; ~150 m water depth),
as determined from Mg/Cangs, within the range 5.8-11.8 °C (Fig. 6.5b). Additionally,
downcore offsets in the summer SST and mean annual subsurface records of G.
bulloides and N. pachyderma sin. respectively (AT; Fig. 6.5¢) serve as a proxy for
the strength of the seasonal thermocline. Insolation may be a significant control on
the strength of the seasonal thermocline, as suggested by the broad-scale correlation
between AT and insolation at 65° N (Fig. 6.2d). However, before detailed discussion
of last glacial surface ocean conditions, surface and subsurface Mg/Ca records are

compared with faunal records from MD01-2461.
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6.3.3. Mg/Ca and faunal diversity records

N. pachyderma sin. % varies between 0 to 97 % through 55-8 kyr BP (Fig.
6.2b). Following Pflaumann et al. (1996) we would expect N. pachyderma sin. % to
display a strong, negative correlation with summer SST derived from Mg/Cagp.
Using the N. pachyderma sin. %-summer SST calibration presented in Elliot et al.
(1998), absolute values of last glacial to deglacial summer SSTs derived from the N.
pachyderma sin. % record are comparable to those of TFT and MAT records from
nearby core M23414 (Kandiano et al., 2004) and the range of summer SST derived
from Mg/Cagp (5-14 °C); however, high amplitude, high frequency variability of the
N. pachyderma sin. %-SST record often distinguishes it from Mg/Cagy (Fig. 6.6a, b).

In general, closer correlation is in fact observed between the N. pachyderma
sin. % and Mg/CaNps records. Rescaling of the N. pachyderma sin. %-temperature
calibration (SubST = 11 - 0.048 x N. pachyderma sin. %) to subsurface temperatures
illustrates co-variance of these two proxies, particularly during the period 29-8 kyr
BP (Fig. 6.6¢), suggesting that N. pachyderma sin. % is more representative of mean
annual conditions (cf. Morey et al., 2005), rather than summer SST (Pflaumann et

al., 1996) in this case.
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Figure 6.6. Comparison of surface and subsurface Mg/Ca-temperatures records with
N. pachyderma sin. %-derived temperatures, (a). N. pachyderma sin. % - summer SST
(calibrated following Pflaumann et al., 1996; green) and Mg/CaG - derived Summer SST
(red), (b). N. pachyderma sin. % temperature record rescaled to water temperatures at -30
m water depth through linear interpolation of earliest Holocene and LGM (22-21 kyr BP;
summer SST = 12.5-0.08 *N. pachyderma sin. % with Mg/Ca(-derived summer SST (red),
(c). Rescaling of the N. pachyderma sin. %-temperature calibration (SubST = 11 - 0.048 * N.
pachyderma sin. %) with Mg/CaNs - derived subsurface temperature (blue), (d). Oxygen
isotope records of G. bulloides (red) and N. pachyderma sin. (blue) (%0 VPDB). Orange
bands locate H events H1, H2, H4 and H5.

6.3.4. Upper ocean conditions 55-26.5 kyr BP

Prior to -35 kyr BP, summer SST inferred from the Mg/Cacb record, average
11.7 £ 1.2 °C with a few intervals displaying summer SSTs comparable to today (~14
°C; NODC (Levitus), 1998). Within this period, Mg/Caob-derived temperatures are
on average 1.7 °C warmer than Mg/CaNps-temperatures, concurrent with an average

5 11EO offset of 0.7 %o, suggesting development of a seasonal thermocline at this site,
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although weaker than that which develops today, perhaps reflecting reduced solar
insolation at this time (Fig. 6.2).

Significant mismatch between both Mg/Ca records and the faunal record,
both in absolute temperature estimate and trend across the H5 and H4 intervals is
observed (Fig.6.6). Although disparity between records may in part reflect reduced
temporal resolution, due to reduced sedimentation rates in this part of the record, no
clear cool/H event signal is observed in either Mg/Ca record at H4 while a cold
summer SST signal in Mg/Cag, precedes a cold excursion in the faunal signal at H5
and suggests warming of summer SST across H layer deposition.

Approaching H3, ~31.5 kyr BP, surface ocean conditions deteriorate with
Mg/Cag, summer SST decreasing to full LGM values of ~8.6 °C associated with the

apparent breakdown of the seasonal thermocline, noted by AT falling to 0 °C.

6.3.5. LGM-deglacial conditions and the British ice sheet

Expansion of the proximal BIS and establishment of extensive marine ice
margins is likely to account for a stepwise increase in IRD flux to the core site at
26.5 kyr BP (Fig. 6.2h; Peck et al., 2006) concurrent with extensive northern
hemisphere glacial advance (Hemming and Hajdas, 2003). These enhanced glacial
conditions are associated with minimal AT values, frequently 0 °C (consistent with
similar 8'%0 values of each species) suggesting mixing of the upper water column
persisted into the summer months throughout much of the LGM, with surface and
subsurface temperatures fluctuating within the range 6-11 °C for the majority of this

period, up until ~17.5 kyr BP.
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LGM summer SST estimates predicted by Mg/Cag, analysis appear
surprisingly high considering the proximity of our core site to the last glacial BIS,
apparently at maximum extent at ~22 kyr BP (Bowen et al., 2002). Mean annual
atmospheric temperatures of -5 °C today define the climatic limit of ice sheet
viability (Vaughan and Doake, 1996), such that the Mg/Cagp-derived SSTs at MDO1-
2461 exceeded that expected for ice sheet growth or even to sustain stability
suggesting that climatic conditions were not conducive to BIS stability, implying the
possibility of a metastable state for much of the LGM. The almost constant high flux
of IRD to the core site throughout the period 26.5-17 kyr BP (Fig. 6.2h) reflects
constant readjustment of BIS marine margins, warm surface waters ensuring a
constant moisture source and surface ice accumulation, counterbalancing ablation of
the marine margin.

The apparent lack of seasonality at this time reflects minimal insolation and
likely accounts for the generally good correlation between the three proxies,
particularly Mg/Canps and N. pachyderma sin. % throughout the LGM.

Following the Younger Dryas (12 kyr BP) summer SST (Mg/Cagp) is
comparable to modern (core top) values. N. pachyderma sin. % tends to zero as
temperatures exceed the optimal temperature range of this species (>10 °C; Duplessy
et al., 1991) and this proxy is saturated. Assuming that the youngest 8'®0 and
Mg/Canps values, ~8 kyr BP, are not affected by environmental stress, seasonal
stratification comparable to today is suggested as insolation increases and AT

approaches modern values (3 °C).
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6.3.6. Millennial scale events; maybe H events were not so cold
Increased IRD fluxes and N. pachyderma sin. dominance (>75 %) of the
planktonic assemblage documents the presence of polar waters at MD01-2461 during
each of the H events (Fig. 6.2b). However, unlike the faunal record presented here
and the majority of sub-polar North Atlantic SST records, predominantly based on
faunal assemblages (e.g. Bond et al., 1992, 1993; Maslin et al., 1995; Madureira et
al., 1997; Kandiano and Bauch, 2003), H events are not the coldest events within the
Mg/Cag, summer SST record. Minima in Mg/Cany; are clearly associated with H 3, 2
and 1, consistent with the faunal record (Fig. 6.6), yet Mg/Cag, maintains ambient or
even elevated values, particularly at H1. Anti-phasing of the Mg/Cag, and N.
pachyderma sin. % and Mg/Can,s records is contradictory, the latter proxies
suggesting reduced mean annual temperatures while Mg/Cagp, suggests ambient, even
warmer summers. Furthermore, given that the apparent calcification temperature of
G. bulloides is well within the optimal temperature range of this species during H1,
the low abundance of G. bulloides coincident with the exceptionally warm summer
SST derived from Mg/Cagy is a paradox. Why are two SST proxies reconstructing

very different conditions?

6.3.7. Robustness of Mg/Cag signal

Initially, we assess the potential of warm Mg/Cag, H event signals being an
artefact of sediment mixing. Discrete dolomitic carbonate horizons and high
sedimentation rates (>25 cm kyr') of H layers 1 and 2 are consistent with IRD-rich
layers acting as a temporary barrier to bioturbation (Manighetti et al., 1995).
Moreover, Mg/Ca values of G. bulloides coincident with H layer 1 are substantially

higher than those of specimens within the overlying sediment, and oppose
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suggestions that ‘warm’ G. bulloides were mixed down from overlying post-H event
sediments. Additionally, chronologically ordered YC-AMS dates across the last 40
kyrs suggest there was minimal mixing of foraminifera at these times.

Laboratory cultures have found that salinity changes of ambient seawater
influences foraminiferal Mg concentrations, yet in comparison to temperature change
this effect is negligible and meltwater overprinting would cause an underestimation
of the Mg/Ca-derived temperature (Niirnberg et al., 1996; Lea et al., 1999), not the
elevated temperatures we observe, particularly during H1. Similarly, dissolution of
the tests could not have accounted for these anomalous temperatures (Rosenthal et
al., 2000). Firstly, all tests were intact, displaying no visual evidence of dissolution
and shell weights remain stable throughout the record (variability of ~12 % between
45-10 kyr BP), increasing in the glacial suggesting preservation was good (Barker
and Elderfield, 2002), and secondly, dissolution reduces Mg/Ca, underestimating
calcification temperature. Discarding any samples with traceable Al (> 5 ppb in
samples where Ca is > 80 ppm) eliminated the possibility of clay contamination
elevating the Mg/Ca ratio (Barker ef al., 2003). Finally, a Mg/Cag, from a nearby site
(M23414), although at lower temporal resolution (multi-centennial time scale) also
appears to record elevated summer SST coincident with H 4, 3 and 2, anti-phased
with faunal records. We therefore conclude that our interpretation of warm summer

SSTs is robust and reflect actual SSTs during H events.
6.3.8. Artificial seasonality and anomalous years

If mismatch of proxy-records prior to H3 may be accounted for by enhanced

seasonality, could a similar scenario be applied to the meltwater events? Summer
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SST <8 °C implied by N. pachyderma sin. dominance of the planktonic assemblage
(>75 %) and increased fluxes of IRD reflecting increased iceberg density at the sea
surface, suggest unfavourable conditions for surface-dwelling G. bulloides during the
H events. While these surface ocean conditions were likely representative of the
majority of years within a given sample interval, accounting for the dominance of
polar species N. pachyderma sin. within the planktonic assemblage, summer SST
>10 °C recorded by G. bulloides Mg/Ca, may represent a small percentage of mild
summers, perhaps even exceptionally warm in the case of Hl. Additionally,
meltwater events have the potential to enhance seasonality of the upper water column
through development of strong, shallow halocline, allowing thermocline
development during the summer months. Furthermore, increasing insolation at H1
may account for the substantially warmer summer SST at this event. The high-
resolution Mg/Cagp-SST record provided by our core may have recorded brief
‘snapshots’ of reduced-ice or ice-free summers, when surface waters were able to
warm during the summer months with no loss of latent heat.

Similar meltwater stratification of the upper water column is evident between
21.6-21.0 kyr BP, coincident with LGM2 (Fig. 6.4c, d). Unlike stratification at H1
however, there is not notable warming of the summer SSTs during this interval.
Rather, N. pachyderma sin. % (<60 %) suggest ambient glacial SSTs, while Mg/Cagy
records some of the coldest summer SSTs of the entire record. Occasional negative
AT values, of up to -2 °C (Fig. 6.2¢), suggest inversion of the thermocline coincident
with enhanced IRD flux and insolation minima, perhaps similar to the cold halocline
layer of the Arctic Ocean (Bjork et al., 2002). Persistently cold SSTs associated with

BIS ice calving at this time is consistent with glacier advance during extreme LGM
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cooling (Bowen et al., 2002). Comparison of Mg/Cagy, records during this LGM ice-
rafting event with H2 and particularly H1, suggests that ocean-climate conditions
may have been very different associated with collapse of the LIS, potentially
somewhat improved, i.e. possibly milder during the summer months.

It may be possible that icebergs maintained low SSTs during ice rafting
events out of equilibrium with episodes of climatic warming (cf. Lagerklint and
Wright, 1999; Moros et al., 2002). Had improved climatic conditions been associated
with H events, the persistence of icebergs at the sea surface would have maintained
cold SSTs at the site of MDO01-2461, again accounting for the dominance of M.
pachyderma sin. within the planktonic assemblage. Recent alkenone records from the
western Mediterranean suggest abrupt warmings were concurrent with H events (H1,
H3 and H5) in this region (Martrat ef al., 2004) and favour the possibility of climatic
warming out of phase with iceberg-moderated SSTs in the central North Atlantic.

Alternatively, transient advections of subtropical surface waters coincident
with H events, perhaps driven by the variable strength of a poleward flowing shelf
edge current along the European margin (Kenyon, 1987) or zonality of low-latitude
forcing winds (McIntyre and Molfino, 1996), may have carried warm surface waters
to the site of MDO01-2461, depositing G. bulloides carrying anomalously warm
Mg/Ca signatures, yet not enough specimens to have influenced the planktonic

assemblage record.

6.3.9. Implications of mild summers associated with Heinrich events

One mechanistic hypothesis for H event initiation involves climatically-
forced catastrophic disintegration of ice shelves fringing the LIS (Hulbe et al., 2004).

Recent collapse of the Larsen ice shelves fringing the Antarctica Peninsula

6-23



Chapter 6 Multi-proxy palaeothermometry

demonstrate the vulnerability of ice shelves to climatic forcing and potential for rapid
and wide-ranging distribution of icebergs (e.g. Doake et al., 1998; MacAyeal et al.,
2003). Ice shelf expansion along the margin of the LIS is proposed to have occurred
during the cold-culmination of a series of increasingly high-amplitude Dansgaard-
Oeschger oscillations (Hulbe et al., 2004). Subsequent climatic warming, at least
during the summer months, is suggested to have initiated seasonal surface melt of the
ice shelf. Repeated flooding and freezing cycles of surface meltwater would have
propagated crevasses to the base of the ice shelf, eventually triggering rapid
disintegration of the ice shelf and extensive dispersal of debris-laden icebergs (Hulbe
et al, 1997, MacAyeal et al., 2003; Hulbe et al., 2004).

A principle criticism of the Hulbe model is that, to date, no palaeoclimate
records indicate any such warming prior to or coincident with the H events (Alley et
al., 2005). The Mg/Cag,-SST records presented here provide the first evidence of
what may have been the previously ‘unobsefvable short term warm periods’ (Alley et
al., 2005) or at least evidence that summer conditions not as cold as previously
considered.

While the data presented here may support one aspect of the ice shelf
proposal hypothesis, further criticism of the Hulbe model focuses on the mismatch of
predicted IRD-provenance and that observed with in Labrador Sea sediments
(Hemming, 2004; Alley et al., 2005). Like all H event initiation models, this
proposal is far from ideal (Hemming, 2004), however, the potential role of a
climatically responsive ice shelf is not ruled out. While Alley et al. (2005) favour a
‘binge-purge’-type model (MacAyeal, 1993; Alley and MacAyeal, 1994), they

concede that LIS-fringing ice shelves likely existed at certain times in the life cycle
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of the LIS and certainly contributed to ice sheet behaviour. Combining aspects of
both models, Hemming (2004) suggests that collapse of an ice shelf buttressing the
Hudson Strait ice stream may have triggered massive purging of the LIS. Whatever
the ultimate trigger, the occurrence of mild and perhaps even anomalously warm
summers coincident with H events, appears to be evident and may be incorporated

into future H event-initiation concepts.

6.4. Summary and conclusions

In this study, we suggest that Mg/Canps and N. pachyderma sin. % are reliable
recorders of ‘typical’ mean annual conditions. Mg/Canps recording mean annual
temperatures at ~150 m water depth, while N. pachyderma sin. % appears to record
mean annual SST (cf. Morey et al., 2005), rather than summer SST (Pflaumann et
al., 1996). Mg/Cagp, records summer SST. All three proxies predict similar
palaeotemperatures during episodes of year-round mixing of the upper water column,
yet quite different conditions when orbital parameters (prior to H3) or meltwater
stratification promote seasonal variability. High resolution Mg/Cag,-SST records
appear to have captured evidence for mild summers, even warming, concurrent with
H events, heavily documented in faunal assemblage SST records as representing the
coldest intervals of the last glacial. Meltwater stratification and thermal isolation of
the surface layer may have accommodated warming of surface waters during a few
anomalously warm summers. During the majority of years, however, icebergs
maintained the cool mean annual temperatures recorded in faunal diversity and

subsurface temperatures records provided by Mg/Canps.
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Mild summer SSTs during H events may not been recorded previously due to
the inability of faunal diversity records to capture short-lived or even intra-annual
conditions. The mild temperatures recorded, including exceptionally warm SSTs at
H1, may represent just a small percentage of years within a given time interval, the
resolution provided by faunal diversity reconstructions prohibiting identification of
such anomalous years. Very few Mg/Ca-SST records have yet been produced within
the mid-latitude North Atlantic. If confirmed elsewhere, then mild summers, perhaps
even enhanced summer warming, as suggested from Mg/Cag,-SST records of
MDO01-2461, may have played a key role in the initiation of H events during the last

glacial.
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Chapter 7

Progressive reduction in NE Atlantic intermediate water
ventilation prior to Heinrich Events; a response to NW

European ice sheet instabilities?'

ABSTRACT

We present high-resolution benthic 8'C records from intermediate water depth core
site MD01-2461 (1153 m water depth), from the Porcupine Seabight, NE Atlantic, spanning
43 to 8 kyr BP. At an average time-step of 160 x 56 yr this core provides information on the
linkage between records from the Portuguese Margin and high-latitude North Atlantic basin,
allowing additional insights into North Atlantic thermohaline circulation (THC) variability
during millennial-scale climatic events of the last glacial. Together, these records document
both discrete and progressive reductions in Glacial North Atlantic Intermediate Water
(GNAIW) formation preceding Heinrich (H) event 1, 2 and 4, recorded through the apparent
interchange of glacial northern and southern-sourced intermediate water signatures along
the European Margin. Close coupling of NW European ice sheet (NWEIS) instability and
GNAIW formation is observed through transient advances of SCW along the European
margin concurrent with pulses of ice rafted debris and meltwater release into the NE Atlantic
between 27-16 kyr BP when the NWEIS was at maximum extent and proximal to Last
Glacial Maximum convection zones in the open North Atlantic. It is such NWEIS instability
and meltwater forcing that may have triggered reduced North Atlantic THC prior to collapse
of the Laurentide ice sheet at H1 and H2. Precursory reduction in GNAIW formation prior to
H4 may also be inferred. However, limited NWEIS ice volume prior to H4 and convection
occurring in the Norwegian-Greenland Sea requires that if a meltwater trigger is invoked, as
appears to be the case at H1 and H2, the source of meltwater prior to H4 is elsewhere, likely
higher latitude ice sheets. Clarification of the sequencing and likely mechanisms of
precursory decrease of the North Atlantic THC support theories of H event initiation relating
to ice shelf growth during cold periods associated with reduced North Atlantic THC and
subsequent ablation through subsurface warming and sea-level rise associated with further
reductions in meridional overturning.

! Submitted to Geochemistry, Geophysics, Geosystems as Peck, V.L., Hall, LR., Zahn, R., Scourse,
J.D. Progressive reduction in NE Atlantic intermediate water ventilation prior to Heinrich Events; a
response to NW European ice sheet instabilities?

7-1



Chapter 7 Wide-scale THC variability

7.1 Introduction

An increasing number of theories concerning the initiation of periodic
collapse of the Laurentide ice sheet (LIS), so-called Heinrich (H) events call for
improved understanding of phase relationships within the North Atlantic ice-ocean-
climate system. A key unknown and critical component to several H event initiation
theories (e.g. Moros et al., 2002; Fliickiger et al., 2006) is the phasing of Atlantic
Meridional Overturning Circulation (AMOC) perturbation with respect to LIS
collapse.

Advance of Southern Component Water (SCW) into the North Atlantic
during the last glacial is apparent from extensive mapping of benthic foraminiferal
carbon isotopes from North Atlantic core sites, with high nutrient, low 8'C Antarctic
Bottom Water (AABW) bathing the North Atlantic basin at depths >3500 m as far
north as the Rockall Trough (e.g. Oppo and Lehman, 1993; Samthein et al., 1994,
Curry and Oppo, 2005). The glacial mode of North Atlantic thermohaline circulation
(THC) was highly sensitive to density contrasts between Glacial North Atlantic
Intermediate Water (GNAIW) and SCW, most likely Antarctic Intermediate Water
(AAIW) (e.g. Broecker et al., 1990; Weaver et al. 2003; Rickaby and Elderfield,
2005). Significantly reduced ventilation of waters bathing intermediate depth North
Atlantic sites during episodes of northern hemisphere ice sheet instability,
particularly the H events, suggests reduced GNAIW formation, likely due to
increased freshwater flux obstructing North Atlantic deep/intermediate water
formation (e.g. Cortijo et al., 1997; Vidal et al., 1997; Ganopolski and Rahmstorf,
2001), and invasion of SCW to high northern latitudes (at depths < 2000 m)

(Sarnthein ef al., 1994; Zahn et al., 1997; Willamowski and Zahn, 2000, Elliot ef al.,
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2002; Rickaby and Elderfield, 2005). However, this apparently straightforward
cause-effect relationship between H event meltwater and intermediate water
formation is questioned, with North Atlantic benthic 8"°C records suggesting that
weakening of the North Atlantic THC may have begun up to 2.5 kyr prior to LIS
instability (Zahn et al., 1997; Willamowski and Zahn, 2000). Furthermore, recent
investigation into AMOC variability using 2*'Pa,/**°Th,s suggest a substantial
decrease in the rate of overturning prior to deposition of LIS-sourced ice rafted
debris (IRD) (McManus et al., 2004; Hall et al,, 2006), possibly driven by NW

European ice sheet (NWEIS) sourced meltwater (Hall et al., 2006). Fliickiger et al.

(2006) suggest that subsurface warming and relative sea level rise likely resulted
from reduced AMOC prior to the H e\}ents, ablating and destabilising northern
hemisphere ice sheet margins and initiating ice sheet collapse. Conversely, Moros et
al. (2002) suggest that enhanced subsurface heat flux driven by a strengthened
AMOC may have melted ice shelves and forced the retreat of grounding lines. These
divergent theories require further investigation into the records of AMOC variability
and phasing with ice sheet-surface ocean conditions.

We present benthic 8'3C records from sediment core MD01-2461 from the
Porcupine Seabight, an intermediary for pre-existing NE Atlantic records,
concentrated on the Iberian margin (Zahn et al., 1997) and Rockall Trough-Irminger
Sea (van Kreveld et al., 2000; Elliot et al., 2002; Knutz et al, 2002; Hall et al., 2006;
Rickaby and Elderfield, 2005). Combined with previously published records of ice
sheet instability and surface ocean conditions from MDO01-2461 (Peck et al., 2006),

we investigate at multi-centennial to millennial time steps the distribution of
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intermediate waters along the European Margin to determine sequencing of North

Atlantic ice sheet vs. THC events.

7.2 Materials and methods

Sediment core MD01-2461 was recovered from a seismically laminated
sequence on the NW flank of the Porcupine Seabight (51° 45’ N, 12° 55> W) at a
water depth of 1153 m (Fig. 7.1b). The Porcupine Seabight represents N-S trending
embayment in the continental shelf SW of Ireland, gradually deepening to the south,
to ~3000 m water depth and opening onto the Porcupine Abyssal Plain.
Thermohaline convection in the Labrador Sea and Norwegian-Greenland Sea drives
present day circulation, through the formation of intermediate level Labrador Sea
Water (LSW) and deeper North Atlantic Deep water (NADW). The latter water mass
comprises three components that enter the North Atlantic Basin through the Wyville-
Thomson, Iceland-Faeroe and Greenland-Iceland ridges (McCartney and Talley,
1984) to mix with the overlying LSW and re-circulate over the Porcupine Abyssal
Plain (van Aken, 2000). This southward penetration of deepwater masses is
compensated for by the northward flow of warm, saline surface waters to the
Norwegian Sea via the North Atlantic Drift (NAD) and Eastern North Atlantic
Waters (ENAW). Today, a pole-ward flow occurs at all depth levels along the
eastern slope of the Porcupine Seabight (Riiggeberg et al., 2005), however, the
morphology of the Porcupine Seabight prevents direct throughflow of waters below
~ 500 m water depth where currents are topographically steered in a cyclonic
direction (Frank et al., 2004). ENAW overlies and mixes with Mediterranean

Outflow Water (MOW), which currently bathes the site of MDO01-2461 and is
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characterised by a salinity maximum and oxygen minimum at a depth of 1000-1200

m (Frank et al., 2004).

NIUiVe [fisnoi/kg]

Fig. 7.1. Positioning of core sites discussed in this study and modern circulation
scheme, (a). Locations of cores discussed in this study and the modern North Atlantic
circulation scheme. Blue arrows illustrate the pathways of the NADW across the Wyuville-
Thomson Ridge (W-T) and recirculation in the eastern North Atlantic basin at ~ 2000-3000 m
water depth. Yellow arrows represent LSW at 1500-2000 m. The dashed orange shows the
path of MOW at - 1000 m depth, and red arrows show surface North Atlantic Current and
ENAW (to depths of -750 m). GEOSECS Station 23 (black, open diamond); V28-73 (black,
filled circle) and VM29-198 (black, filled square) both from Oppo and Lehman (1993). Figure
adapted from Frank et al. (2004). (b). eWOCE meridional section A16 showing modern day
nitrate concentrations, with nutrient-rich AAIW clearly expressed at intermediate depth
reaching as far north as -20 °N. Nutrient depleted NADW fills the basin and flows south at
depth. Cores discussed in this study are plotted on this meridional section to show their

relation to modern day hydrography.

The 20.2 m core recovered olive-grey silty-clay sediments with frequent drop
stones. Visual and x-radiograph evidence present no evidence of core disturbance or
turbidite sequences within the interval studied. Geochronology of MDO 1-2461 is
based on 25 monospecific foraminifera (Globigerina bulloides or Neogloboquadrina

pachyderma sinistral) AMS MC dates and fine-tuning of the relative abundance of

Neogloboquadrina pachyderma sinistral within the planktonic assemblage (N
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pachyderma sin. %) with the GISPII 8'80 record (Peck et al., submitted). The
GISPII-tuned age model (= 0.83, 27-8 kyr BP) suggests significantly enhanced
'4C-marine reservoir ages, exceeding 2 kyr during the deglacial (Peck et al., 2006)
(Fig. 7.2a). Sedimentation rates range between 12 and 60 cm kyr'.

Lithic grains >150 pm embedded within the silty clay sediment are
considered to be ice rafted, and lithological and geochemical examination has been
used to determine the phasing of circum-North Atlantic ice sheet instability and
iceberg rafting to the core site (Peck et al, 2006). Vertical structure of the upper
water column is inferred from 8'®0 records of surface and subsurface dwelling
planktonic foraminifera Globigerina bulloides and Neogloboquadrina pachyderma
sinistral, calcifying at an average depth of 30 m and 150 m respectively (see Peck et
al., 2006). Benthic, epifaunal species Cidicidoides wuellerstorfi accurately records
the 8'3C of dissolved inorganic carbon in ambient bottom water at the core location
as demonstrated by youngest 8'°C values from MD01-2461 of +1.1 %o VPDB that
compares well with recent values derived from nearby core sites at similar water
depths (1.07 %0 VPDB at V29-198, 1139 m water depth; 1.17 %0 VPDB at V28-73,
2063 m water depth) (Oppo and Lehman, 1993) and closely correlates with 8'°C of
ambient water total CO, of +1.0 to +1.1 % VPDB (between 1000-2000 m water
depth, GEOSECS station 23; Fig. 7.1a). Between 1 and 4 specimens of C.
wuellerstorfi were selected from the >250 pm size fraction wherever present,
providing an average time-step of 160 + 56 kyrs for benthic isotope records. Stable
isotope analyses were made using a ThermoFinnigan MAT 252 with an external

reproducibility of <0.08 %o for 5'0 and 0.03 %o for &'*C.
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Whole ocean 8'°C changes (e.g. Curry et al., 1988; Duplessy et al., 1985;
Duplessy et al., 1988) will have affected the epibenthic 8'°C records from the
different core sites used in this study equally and therefore are not considered an
obstacle in our documentation of regional 8'°C gradients. Correction of our record
for changes of the global ocean carbon reservoir demand robust constraints on mean
ocean 8'3C variations that occurred during the last 40 kyr at high temporal resolution,

which are currently unavailable.
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7.3 Results and discussion

Age kyr BP

Fig. 7.2. Benthic stable isotope and IRD stacks from MD01-2461 and S075-26KL and
surface and subsurface oxygen isotopes from MDO01-2461. Benthic and planktonic stable
isotope and IRD stacks from MDO01-2461, S075-26KL and NEAP4K. Unless otherwise
stated records from MDO01-2461 are black, closed circles; S075-26KL, green, open circles
and NEAP4K purple, open circles, (a) Inferred ¥C marine reservoir ages for MD01-2461
(Peck et al.,, 2006) and S075-26KL (see text), (b). 810 C. wuellerstorfi. Vertical arrows
indicate tie-points synchronizing the record of S075-26KL to MD01-2461 (S075-26KL age
model as published prior to 24 kyr BP), (c). 510 planktonic. Surface dwelling G. bulloides
(MDO01-2461, red; S075-26KL, green) and subsurface dwelling N. pachyderma sin. from
MDO01-2461 (blue), (d). S13C C. wuellerstorfi, (e). Flux of total IRD at MD01-2461 (grains
>150 pm cm'2kyr'1), (f). Flux of dolomtic carbonate at MD01-2461 (orange); concentration of
total IRD at S075-26KL (>355 pm g'1); weight % >1 mm at NEAP4K, (g). Radiocarbon
(black) and tuned (red) sedimentation rates. Blue vertical bars highlight episodes of surface
ocean stratification. Orange vertical bars highlight H layers 4, 2 and 1, with H3 located by the
purple bar.
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7.3.1 Benthic 8'°C records from MD01-2461

Elevated benthic 8'°C values of 1.65 %0 VPDB during the last glacial reflect
the influence of a well-ventilated mid-depth water mass, GNAIW (Oppo and
Lehman, 1993) or Upper North Atlantic Deep Water (UNADW) (Boyle and
Keigwin, 1987). H events recorded in MD01-2461, identified through the occurrence
of IRD deposition with contribution of distinctive Hudson Strait-sourced dolomitic
carbonate (Fig. 7.2f) (Peck et al., 2006), coincide with benthic 8'3C depletions of 0.6
%o to 1.25 %o. A smaller negative 8"3C anomaly, of ~0.3 %o, is associated with an
enhanced flux of IRD at ~30 kyr BP likely recording the occurrence of H3. This
suggestion is supported by the apparent lack of LIS-sourced IRD compounds in this
section, which has been considered a type-characteristic of H3 along with a strong
volcanic component to the IRD assemblage (e.g. Grousset et al., 1993; Gwiazda et
al., 1996), likely of East Greenland/Icelandic origin (Peck et al, submitted).
Negative benthic 8'°C anomalies associated with H events at MD01-2461 are
considered to document advances of SCW, most likely a glacial version of AAIW, to
our core site in response to decreased or halted GNAIW formation, confirming
restriction of deep-intermediate convection in the northern North Atlantic in the
course of the events (e.g. Cortijo et al., 1997; Vidal et al., 1997; Zahn et al., 1997,
Rickaby and Elderfield, 2005).

An additional control on the ventilation of deep-intermediate waters in the
North Atlantic during meltwater events might involve a change in the mode of North
Atlantic deep water formation, from open-ocean convection under glacial conditions
to buoyancy loss due to brine formation in the course of sea-ice formation in the

Nordic Seas following meltwater surges (Dokken and Jansen, 1999). Recent studies
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have suggested that brine formation proximal to ice margins persisted throughout the
last glacial in the northern North Atlantic concurrent with open-ocean convection in
the North Atlantic (Labeyrie et al., 2005). The most likely preformed poorly
ventilated signal (Vidal et al., 1997; Elliot et al., 2002) and low 8'%0 signature of
these intermediate brine waters being masked during ambient glacial conditions by
the well-ventilated GNAIW and only becoming apparent during episodes of reduced
MOC, when simultaneous negative anomalies in both planktonic and benthic §'*0
and benthic 8'°C are observed in North Atlantic records (Dokken and Jansen, 1999;
Labeyrie et al., 2005; Waelbroeck et al., 2006). Such an interpretation challenges the
interpretation of North Atlantic benthic §”C anomalies as documenting the
northward penetration of southern sourced waters in response to reduced MOC as the
rapid transmission of the North Atlantic-derived brine signal to both the Indian and
Pacific Ocean necessitates active intermediate water formation (Labeyrie et al.,
2005; Waelbroeck et al., 2006).

At site MD01-2461 we also see some evidence for the injection of low 5'%0
intermediate waters, characteristic of formation via brine rejection, notably at
meltwater event ‘b’ (18-17.7 kyr BP) with a well defined decrease of benthic §'0 by
0.7 %o associated with a transient negative benthic 8'°C anomaly. Further benthic
5'80 (brine) anomalies are hinted at during H4, H3 and meltwater events at ~26 kyr
BP and ‘a’ (21.8-20.9 kyr) although these anomalies are much less distinct and
appear absent at H2. This lack of a clear brine signal together with the recently
reported covariance of Blpy /POTh,, and benthic 8'>C records from core DAPC2
(Hall et al., 2006) provides convincing evidence that changes in bottom water

ventilation along the northern European margin (inferred from 8'°C) relate to
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changes in the rate of MOC and the interchange of poorly ventilated southern and
well ventilated northern sourced water masses (at least up to ~ 1700 m water depth)
rather than the dominant injection of poorly ventilated brine waters from the Nordic
Seas (Labeyrie et al., 2005). This interpretation of benthic 8'°C data provides the
basis for the following discussion.

While initial benthic 8'>C decreases in MDO01-2461 directly coincide with the
onset of H layer deposition, peak minima in benthic §C coincide with maximum
divergence in 8'0 from surface and sub-surface-dwelling planktonic foraminifers
(Fig. 7.2b) that we interpret as indications of meltwater stratification of the upper
water column (Peck et al., 2006). Benthic 8'°C values fall to their lowest values
within the entire record, +0.4 %o VPDB, at 16.2 kyr BP, some 0.6-1.1 kyr after the
incursion of the detrital carbonate peak indicative of H1 deposition at this site,
coincident with offset between 8'0 G. bulloides and N. pachyderma sin. of > 2.5 %o
indicating prominent meltwater stratification. Deglacial meltwater forcing is evident
from persistent upper ocean stratification through 16.4-14.0 kyr BP, associated with
significant sea level rise at this time (Bard et al., 1990; Bard et al., 1996). Benthic
8'3C values do not return to their elevated glacial levels but vary between 0.7-1.2 %o
VPDB throughout the deglacial, plausibly reflecting a combination of changes
involving the terrestrial biosphere and its influence on marine carbon reservoir 8'°C
and establishment of the modern mode of North Atlantic THC. A decrease in benthic
8'3C of 0.5 %o at 13 kyr BP is captured by two data points only, but potentially
reflects a convection slow-down in the North Atlantic during the Younger Dryas cold
period (Boyle and Keigwin, 1987; Sarnthein e al., 1994; Rickaby and Elderfield,

2005). In addition to the H events, short-lived negative 8'>C anomalies are observed
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at 26-25.7 kyr, 21.8-20.9 kyr (‘a’) and 18-17.7 kyr (‘b’) BP, and directly coincide
with intermittent meltwater stratification of the upper water column, and enhanced
deposition of NWEIS-sourced IRD. Our timings of the two most recent events, ‘a’
and ‘b’ support dates of BIS ice sheet retreat determined from cosmogenic nuclide
(*®Cl) surface-exposure dating of glacial erratic boulders and glacially smoothed
bedrock sampled around the former ice margins in Ireland (Bowen et al., 2002). IRD
associated with meltwater event ‘b’ and an IRD peak with a similar NWEIS-
signature prior to H2 (at 25.0 kyr BP) likely correspond to the well-documented
‘European precursor’ events (e.g. Grousset et al., 2000; Scourse et al., 2000).
Freshwater surging associated with these episodes of NWEIS instability conceivably
reached the area of GNAIW formation and caused transient, 200-500 year, reduction
in northern sourced intermediate water flux, allowing brief northwards penetration of

SCW to the MDO01-2461 site (Peck et al., 2006).

7.3.2 Intermediate water ventilation changes from NE Atlantic records
We compare the benthic 8'°C record of MD01-2461 with similar records of
other North Atlantic sites to determine regional variability of intermediate water
masses. In particular, we use the high-resolution record from core SO75-26KL from
the Portuguese Margin at a water depth of 1099 m, similar to that of MD01-2461
(Zahn et al., 1997). Data records from SO75-26KL have been published on a
radiocarbon time scale applying a constant '*C-marine reservoir age correction of
400 years (Zahn et al., 1997; Willamowski and Zahn, 2000). Assessment of multiple
'4C data (e.g. Voelker et al., 1998; Waelbroeck et al., 2001), in agreement with age

modelling of the MDO01-2461 records (Peck et al., 2006), suggest that NE Atlantic
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marine '*C reservoir ages were highly variable during the glacial period such that the
radiocarbon time scale of SO75-26KL does not allow for a detailed comparison with
MDO01-2461. To attempt a synchronized time scale for SO75-26KL we graphically
correlate the benthic 8'0 records of both cores by “tuning” the record of benthic
5'%0 record from SO75-26KL to that of MDO01-2461 across the delgaciation (24-8
kyr BP) (Fig. 7.2b). This procedure receives independent support from the
observation that an IRD peak at SO75-26KL, on the synchronized timescale, is
concurrent with the lithologically and geochemically distinct H layer 1 at MDO1-
2461, consistent with synchronous deposition of H layers 4 and 2 at the two sites
(Fig. 7.2f). Additionally, the onset of deglacial warming/surface ocean freshening in
the planktonic 8'®0 records is simultaneous at the two sites (Fig. 7.2c). The
synchronized timescale of SO75-26KL suggests marine '*C-reservoir ages between
0.4 kyr to 0.9-1.0 kyr in the period 17.3-16.4 kyr BP at this site (Fig. 7.2a). A
latitudinal gradient of reservoir ages during the deglaciation from ~1 kyr at 37° N
(SO75-26KL) up to ~2 kyr at 52° N (MDO01-2461) (Peck et al., 2006) is comparable
with the findings of Waelbroeck et al. (2001).

The lower resolution benthic 8'>C record from core NEAP 4K at Bj6m Drift
(1627 m water depth; Fig. 7.1) (Rickaby and Elderfield, 2005) is used as reference
for comparison with mid-depth ventilation changes in the high-latitude North
Atlantic. The age model of NEAP 4K (> 13 kyr BP) is based on stratigraphical
correlation (benthic and planktonic 8'30) with core BOFS 5K (Barker et al., 2004),
which has a radiocarbon-based age model incorporating the elevated marine
reservoir ages of Waelbroeck et al. (2001; 1.9 kyr) for this time period. Temporal

resolution at this site averages 500 years and does not allow for a detailed correlation
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of the benthic §'30 record with that of MD01-2461. A broad peak in weight % of the
>1 mm size fraction, spanning ~20-9 kyr BP is of little use for correlation to the IRD
events at the European Margin sites. Therefore, we have no firm control on the
timing of isotope patterns along the benthic isotope records of NEAP 4K in relation
to MDO01-2461 and SO75-26KL and will use the record for a qualitative assessment

of regional gradients only.

Table 7.1. Details of cores discussed in this study.

Core Location Water depth  Reference

NEAP-4K Bj6m Drift 1627 m Rickaby and Elderfield,
61°29°N24° 10 W (2005)

DAPC2 Rockall Trough 1709 m Knutz et al., (2002)
58°58° N 09°37° W

SO75-26KL  Iberian Margin 1099 m Zahn et al., (1997)
37°49° N 20°30° W

SU81-18 Iberian Margin 3135m Gherardi et al., (2005)

37°46°’ N 10° 11’ W

During the last glacial, an eastern branch of GNAIW was advected along the
European Margin towards the Portuguese Margin, while northwards flowing SCW
(likely AAIW) penetrated as far north as the Moroccan Margin as is indicated in
paired benthic 8'°C-Cd/Ca profiles (Fig. 7.1a) (Willamowski and Zahn, 2000).
GNAIW therefore, maintained the well-ventilated ambient bottom water conditions
(6"°C >1.4 %o VPDB) recorded at both MDO1-2461 and SO75-26KL during mean
glacial conditions. Conversely, the offset, of up to 0.5 %o, between the MD02-2461
and SO75-26KL benthic 8'®0 records over the glacial interval suggests the additional
influence of a warmer and / or low-8'0 glacial mid-depth water mass at the upper

Portuguese margin (Zahn et al., 1997).
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Similar absolute values of benthic 8'°C are recorded at both SO75-26KL and
MD01-2461 associated with and following IRD deposition at H4, 2 and 1. However,
decline into these benthic 8'>C anomalies starts considerably earlier at the Portuguese
margin and appears more gradual, notably in the periods prior to H4 and H1. That is,
mid-depth ventilation appears to deteriorate at the Portuguese margin up to 5 kyr
prior to these two H events, and importantly, before the collapse of mid-depth
ventilation at the site of MDO01-2461. This contrast in mid-depth ventilation plausibly
reflects the proximity of the northerly MDO01-2461 to the site of mid-depth
convection that provided the site with well-ventilated mid-depth waters even though
the production of these waters was in decline. If so, the early decrease in benthic
8'3C at the Portuguese margin suggests that the production of mid-depth waters
started to deteriorate well before H1 and H4 presumably because of a gradual built-
up of meltwater surging before the LIS destabilised and large-scale iceberg calving
occurred. The benthic 8"°C proxy close to the centres of convection would not

resolve such an early decline in mid-depth convection.

7.3.3 Precursory meltwater forcing from the NWEIS

GNAIW convection in the open North Atlantic at the LGM (Sarnthein et al.,
1994; Vidal et al.,, 1997), proximal to the fully advanced NWEIS, facilitated close
coupling of NWEIS meltwater and overturning circulation. Within the H2 to H1
interval, benthic 8°C at MD01-2461 suggests that bottom waters at this site
remained well ventilated by GNAIW until ~16.6 kyr BP, the exception being the
apparent transient advance of the GNAIW/SCW hydrographic front north of ~52° N

at meltwater events ‘a’ and ‘b’. At SO75-26KL, benthic 8'*C fell steadily over a ~5
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kyr period approaching H1, following an abrupt shift by -0.5 %o at 21.4 kyr BP.
Initiation of this trend of decreasing ventilation at SO75-26KL is coincident with
event ‘a’ at site MDO01-2461 when the apparent advance of SCW as displayed in a
likewise brief episode of benthic 8'3C depletion centred on 21.2 kyr BP. Based on an
IRD assemblage at MD01-2461 dominated by BIS-derived lithologies, this event has
‘been suggested to constitute a reduction in GNAIW formation during an episode of
NWEIS instability and associated meltwater surging into the NE Atlantic (Peck et
al., 2006). The end of this freshwater surge allowed intermediate water production to
resume, reverting benthic 8'°C values at MDO01-2461 back to elevated/GNAIW
values at 20.9 kyr BP. However, continuing decrease of benthic 8'°C values recorded
at SO75-26KL suggest GNAIW production did not fully recover and that North
Atlantic THC was progressively weakening prior to the incursion of H1 icebergs and
meltwater to the NE Atlantic. As no further meltwater forcing is evident in the
planktonic §'®0 records of MDO01-2461 until event ‘b’, at 17.8 kyr BP, convection
was plausibly reduced by freshwater forcing at higher latitudes (e.g. Elliot et al.,
2002) or further to the west. 231P21,“,/23°Th,‘s ratios at DAPC2 (1709 m water depth) in
the Rockall Trough, increase towards production values at ~18.0 kyr BP, suggest
substantially reduced rates of overturning (Hall ez al., 2006) concurrent with event
‘b’ which may represent either a second transitory advance of SCW or an episode of
brine injection to MD01-2461 preceding H1 by ~0.9 kyr. However, Gherardi et al.
(2005) use » 'Pa,s/>*°Thy records from the Iberian Margin to suggest that ‘shallow’
overturning in the NE Atlantic basin was vigorous until 16.5 kyr BP. Core SU81-18
used in their study is located at 3135 m water depth, some 2000 m deeper than both

MDO01-2461 and SO75-26KL. It may be possible that 2*'Pa export at depths below
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cores SO75-26KL, MD01-2461 and DAPC?2 is recorded at SU81-18 accounting for
these divergent signals, supporting a reduction in shallow overturn (<1700 m), while
deeper convection was perhaps maintained, accounting for the lower Blpy, /*Th,,
values recorded at SU81-18 at this time.

The low-resolution record of NEAP-4K closely follows the structure of the
benthic §'>C record of MD01-2461 and documents elevated 8'°C values around 1.4
%o throughout the interval between H2 and H1, suggesting persistent bathing of this
site with GNAIW. This pattern confirms our contention of continued production of
GNAIW, albeit at lower rates in response to NWEIS instabilities, at ‘a’ and ‘b’.

Benthic 8'°C values of <0.7 %o VPDB at all three intermediate water depth
sites reflect the prominence SCW between 16.2-15.4 kyr BP, implying large-scale
collapse of GNAIW production following H1. Unlike the coupled H layer-benthic
81’C collapse records of SO75-26KL, NEAP-4K and DAPC2 (Knutz et al., 2002;
Hall et al., 2006) significantly reduced ventilation at MDO01-2461 is not recorded
until several hundred years after H1. Geochemical (**Ar/*’Ar dates of individual
hornblende grains, Sr-Nd of carbonate-free IRD), magnetic susceptibility and
lithological classification (dolomitic carbonate) each suggest that this is the only
horizon within the deglacial interval (20-10 kyr BP) of MDO01-2461 that contains a
notable contribution of LIS-derived debris (Peck et al., 2006). The H1 layer in
MDO01-2461 spans a few hundred years, whereas deposition at both DAPC2 and
SO75-26KL is in the order of 1.0 kyr. While it appears plausible that MDO01-12461
may have witnessed the earlier stages of H1 deposition in the NE Atlantic only,
perhaps reflecting changing surface current patterns, it remains an issue to explain

why benthic 8'°C at MD01-2461 does not decrease until after the H1 layer in this
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core. One possible explanation is that the elevated 8'°C value recorded immediately
following H1 layer deposition and measured from a single specimen of C.
wuellerstorfi (asterisk on Fig. 7.2d) is not representative of ambient bottom water
ventilation at this time and ventilation reduction at MD01-2461 was effectively
simultaneous with H1. Alternatively, taking the benthic 8'>C record at MD01-2461 at
face value across HI1, the elevated benthic 83C levels may reflect a time-
transgressive shoaling of reduced ventilation that reached the deeper sites in the
north (NEAP-4K, DAPC?2) first, before affecting MD01-2461.

At H2, a ‘precursory’ reduction in benthic §'°C is observed at SO75-26KL at
25 kyr BP, ~1 kyr prior to H layer deposition, accompanied by a brief anomaly at
MDO01-2461 at 24.6 kyr BP. The abrupt decrease in benthic 8'°C at SO75-26KL is
synchronous with the equally abrupt increase in IRD from the NWEIS at MDO1-
2461, representing instability of the BIS immediately preceding H2 (Peck et al.,
submitted). Surface and subsurface planktonic 8'®0 display an only minor
divergence at this time (up to 0.5 %o) indicating freshwater forcing at a smaller scale
than during the ‘a’ and ‘b’ events, but its influence on GNAIW formation appears
significant enough to produce the reduction in ventilation observed at SO75-26KL.
Mid-depth ventilation recovers abruptly after this event before large-scale ventilation
collapse occurs in the course of H2. Minimum ventilation of intermediate waters
along the European Margin is seen in the benthic "°C record of both SO75-26KL
and MDO01-2461 that immediately follows the H2 IRD deposition in MDO01-2461.
Significant destabilisation of the BIS is suggested by a substantial increase in the flux
of BIS-derived debris immediately following deposition of H2 at MDO01-2461,

perhaps triggered by sea level rise of up to 15 m associated with LIS-collapse
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(Yokoyama et al., 2001; Chappell, 2002). Consistently the maximum (>2.5 %o) offset
between 8'%0 of the G. bulloides and N. pachyderma sin. which lags H layer
deposition by ~300 yr is thought to be derived principally from NWEIS meltwater.
Similarly, to H1, a progressive decrease in benthic 51°C preceding H4 by ~2
kyr is observed in SO75-26KL, while benthic 813C depletion at MDO01-2461 occurred
abruptly associated with H layer deposition. The short-lived increase in IRD flux
associated with H4 plausibly reflects the juvenile state of the BIS at this time (Peck.
et al., submitted; Chapter 4), a contention that appears to be confirmed by the lack
of a coeval freshwater signal in planktonic §'30 (Fig. 7.2¢). The limited extent of the
NWEIS, coupled with North Atlantic deep-intermediate water convection likely
occurring in a similar location to the contemporary ocean prior to the stage 3-2
boundary (Samthein ez al, 1994; Vidal et al., 1997) suggest the NWEIS was an
unlikely source of meltwater for triggering the reduction in mid-depth ventilation
prior to H4. Rather, initial reduction in GNAIW production likely reflects other

meltwater sources (van Kreveld et al., 2000, Elliot et al., 2002).

7.3.4 Ice sheet instability in response to North Atlantic THC changes
Several hypotheses attempting to explain the occurrence of H events,
incorporating a range of internal and external forcing factors, have been proposed
(e.g MacAyeal, 1993; Johnson and Lauritzen, 1995; Marshall and Clarke, 1997; Hunt
and Maslin, 1998; Arbic et al., 2004). Recent concepts have used the disintegration
of ice shelves fringing the Antarctic Peninsula as a modern analogue for the sudden
iceberg releases during H events (Hulbe, 1997; Hulbe et al., 2004) and consider

ocean subsurface temperatures, coupled with North Atlantic THC variability, as a
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factor that may have destabilized the LIS through their effect on ice shelves and
fringing ice margins (e.g. Moros et al., 2002; Shaffer et al., 2004; Fliickiger et al.,
2006).

The concept of recurrent meltwater release from the NWEIS and surface
ocean stratification, promoting transient weakening of the North Atlantic THC and
regional cooling particularly appears to apply for the period preceding H1. Such cool
conditions may also have promoted the growth of a LIS-fringing ice-shelf, perhaps
priming the LIS for H event collapse (Hulbe, 1997; Hemming, 2004; Hulbe e? al.,
2004). Subsequent subsurface warming and sea level rise (0.3-0.5 m), associated
with the THC reduction, may then have played a role in undermining the ice shelf
thus removing the buttressing support exerted on the feeder ice streams, leading to

large-scale surging of the ice sheet (Fliickiger et al., 2006).

7.4 Conclusions

Benthic 8'°C records from NE Atlantic core MDO01-2461 document
interchange of well-ventilated northern-sourced and poorly-ventilated southern-
sourced intermediate waters during the last glacial. Enhanced ventilation at MDO1-
2461 documented by 8'°C benthic values of >+1.6 % VPDB, compared to early
Holocene values of <1 %o VPDB suggests that well-ventilated GNAIW was bathing
this core site, along with sites on the Bjorn Drift and Portuguese Margin at similar
water depths during ambient LGM conditions. Frequent meltwater incursions,
associated with instability of the NWEIS, appear coincident with weakened GNAIW
formation leading to transient advances of SCW along the European margin. Such a

scenario is likely to account for precursory reductions in North Atlantic THC prior to
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both H 2 and 1 when NWEIS was at maximum extent and convection was more
proximal. Progressive reduction in North Atlantic THC may also be inferred prior to
H4, however the limited extent of the NWEIS coupled with the likely location of
convection centres at higher latitudes precludes meltwater release from the NWEIS
as the trigger.

LIS destabilisation therefore, appears to have consistently occurred following
progressive (H1 and H4) or discrete (H2) reductions in the North Atlantic THC. The
role that North Atlantic THC variability may have played in H event initiation is still
debatable, yet a scenario where climatic cooling in response to surface ocean
stratification and reduced North Atlantic THC promoted ice shelf growth, which
were subsequently ablated through accompanying subsurface warming, triggering ice

sheet collapse is consistent with the data reported here.
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Chapter Eight

Summary and future work

8.1 Introduction

High-resolution, multi-proxy analyses from marine sediment core MDO1-
2461, have provided a detailed record of ice-ocean-climate interaction in the NE
Atlantic during the last glacial period, with particular attention having been paid to
the involvement of the NWEIS. An array of provenance proxies were applied to IRD
records from a sediment core located on the NW European margin, off SW Ireland,
providing insight into the activity of the NWEIS, and the Icelandic, Greenland and
Laurentide ice sheets during the period 58-8 kyr BP. Sequencing of upper ocean
conditions and wide-scale changes in North Atlantic THC with ice sheet instabilities
at fine temporal resolution constrain our understanding of the circumstances under
which H events occurred and we assess the consistency of the data presented here
with recent H event trigger proposals. The principal findings are summarized and

discussed below, followed by suggestions for further work.

8.2 Growth, instabilities and decline of the last glacial circum-North
Atlantic ice sheets (Chapter 4)
Lithological assemblage, Sr-Nd isotopic compositions and “Ar/*’Ar ages of

individual hornblende grains were used to identify individual ice sheet growth and
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dynamics, and sequencing of instabilities of various circum-North Atlantic ice
margins during the last glacial period.

Four episodes of LIS collapse are clearly recorded within this period 55-8 kyr
BP, namely H1, H2, H4 and HS5. In contrast, prior to ~31.8 kyr BP (~H3) very little
IRD derived from the NWEIS can be traced, suggesting a juvenile state with no or
very limited actively calving marine margins. Of the NWEIS, the IIS is the first to
deliver IRD to MDO01-2461, coincident with H3. Glacial advance over NW Europe in
the subsequent 5 kyr is noted by the arrival of distinctive BIS-sourced debris from
~27.1 kyr BP. From this time on, through the LGM and the deglacial, constant
readjustment of the IIS and BIS margins is documented in the pervasive delivery of
NWEIS-sourced IRD, with peaks in NWEIS-IRD flux exhibiting a periodicity of ~2
kyrs. A significant step-down in total IRD flux across H1 reflects major retreat of the
BIS, and northern hemisphere deglaciation.

The term ‘European Precursor’ first arose following discovery of European-
sourced IRD deposits in the NE Atlantic prior to H1 and H2 (Grousset ez al., 2000,
Scourse et al., 2000) and speculation as to the significance of these events ensued;
were these events an early climate signal such that the NWEIS was responding faster
to the same driving force that destabilised the LIS? Or, did the precursor events some
how trigger subsequent collapse of the LIS? Or, were the events merely coincidental?
In addressing these questions it is noted firstly that two principal frequencies of
North Atlantic ice sheet instabilities are evident in this study; high frequency
instability of the BIS (also reported by Knutz et al., 2001), similar to the 1-2 kyr
instabilities of the East Greenland (Bond et al., 1999), Icelandic (Elliot et al., 1998)

and Fennoscandian (Fronval et al., 1995) ice sheets, in contrast to substantial surging
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of the LIS which occurred with a ~7 kyr frequency. The steady pacing of NWEIS
instability across the LGM appears unperturbed by collapse of the LIS at HI,
suggesting independent oscillations of the smaller NWEIS and the larger LIS may
have existed. Secondly, having identified the lack of actively calving NWEIS
margins prior to H3, both H5 and H4 ensued without the possibility of a ‘European
precursor’. It is concluded therefore that ‘European precursors’ were not a generic
part of H events and their expression in the IRD record of NE Atlantic sediment
cores likely results from the coincidence of frequency of individual ice sheet

instability.

8.3 Involvement of the NWEIS in episodes of abrupt climatic change;
NWEIS meltwater stratification and AMOC variability (Chapter 5)

Ambient LGM (26-17.4 kyr BP) conditions at site MDO01-2461 are
characterised by year-round mixing of the upper water column (at least the upper 150
m) as inferred from the similar 5'®0 values recorded in the tests of surface-dwelling
G. bulloides and subsurface-dwelling N. pachyderma sin.. Mixed layer temperatures
derived from Mg/Ca analyses average 8.6 °C over this period. Additionally, benthic
8'3C values >1.4 %o suggest that the site of MD01-2461 was in the path of a well-
ventilated intermediate-depth water mass, most likely originating from the central
North Atlantic convection centres of the LGM, i.e. Glacial North Atlantic
Intermediate Water. Instability of the NWEIS, indicated by episodes of enhanced ice
rafting, is often associated with meltwater release and stratification of the upper
water column as indicated by divergent trends in the 8'®0 records of the two

planktonic species. Associated reductions in benthic &'"°C record decreased
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ventilation of intermediate waters. Reduced GNAIW formation within the central
north Atlantic at these times is proposed to have resulted from the fresh water forcing

from the NWEIS at ~26 kyr, 24 kyr, 21.5 kyr, 17.6 kyr and 17.2 kyr BP.

8.4 Upper ocean climate reconstructions (Chapter 6)

High-resolution summer-SST records derived from Mg/Cag. puiioides appear to
have captured evidence for mild, even warm, summer conditions associated with the
collapse of the LIS during the last glacial. H layer deposition at MD01-2461 does not
coincide with the coldest episodes of the Mg/Cag. puivides-SST record. Contrary to
published faunal records and the relative abundance of N. pachyderma sin. within the
same samples, H events coincide with mild, even elevated (H1), summer SSTs as
predicted by Mg/Cag. puiides Suggesting that climatic conditions during H events were
perhaps not as extreme as previously evidenced. Mild summers, or even enhanced
summer warming, as suggested from Mg/Ca-SST records of MD01-2461, may have
played a key role in the initiation of H events during the last glacial, perhaps by

climate-induced collapse of fringing ice shelves as proposed by Hulbe ez al. (2004).

8.5 Mapping wide-scale THC variability along the European margin
(Chapter 7)

The relationship between the episodes of NWEIS meltwater forcing recorded
at MDO01-2461 (and discussed in Chapter 5; Peck et al., 2006) and basin wide North
Atlantic thermohaline circulation variability is investigated through regional
comparisons of benthic 5"°C records. It is concluded that NWEIS instability was the

likely trigger of episodic reductions in GNAIW formation and transient advance of
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southern component waters along the European Margin. The effect of NWEIS
instability on thermohaline circulation appears to have been greatest at the LGM
when the combined effects of maximum NWEIS ice volume and a more proximal
site of intermediate water convection likely contributed to significant weakening in

GNAIW production over several thousand years prior to H1.

8.6  Millennial scale climate variability

This thesis has focussed on millennial scale climate variability within the
North Atlantic region and most observations have been fully accounted for by ice-
ocean-climate variability within this region. However, there is increasing
appreciation of low latitude and Southern Hemisphere involvement in episodes in
abrupt climate change (e.g. McIntyre and Molfino, 1996; Broecker, 1998; Knorr and
Lohman 2003; Pahnke and Zahn, 2005) and debate over the ultimate driver behind
millennial scale climate variability (e.g. Little et al, 1997; Bond et al., 2001;
Rahmstorf and Alley, 2002). External, solar forcing would provide the best
explanation for the global character of millennial-scale climate change, but changes
in solar activity may be considered an ineffective means of climatic forcing with
measured variability of solar output over the 11-year sun-spot cycle being just 0.1 %
(Frohlich, 2000). However, larger amplitude changes may have been active on longer
time-scales (Lean et al., 1995; Beer et al., 2000) and amplifying mechanisms, such
as cloud cover (Svensmark and FriisChristensen, 1997) are invoked to account for
observations of reduced solar activity (increased '°Be concentrations) during cold
episodes in both the Holocene and last glacial (Finkel and Nishiizumi, 1997; Bond et

al., 2001). During an unstable climatic period it is likely that small changes in solar
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output had a stronger influence as a climatic driver, potentially triggering abrupt
climatic changes. Additionally, non-linear response of the climate system to weak
solar forcing may relate to stochastic resonance within the climate system
(Rahmstorf and Alley, 2002).

Regarding H events however, it is increasingly apparent that internal
dynamics of the LIS was the principal factor determining pacing. Direct climatic
forcing of the LIS appears a less conceivable means of triggering an H event
considering the time frame required for climatic forcing at the ice surface to
penetrate to the base (Clarke et al., 1999). Ice loss from the LIS during H events is
predicted to be in the order of 5 x 10° km’ or up to 14 % of the total ice sheet
(Hemming, 2004). Recovery of this mass-deficit, particularly in the most active
region of the LIS, the Hudson Strait ice stream, likely reflects the low frequency
nature of H events relative to the smaller, more dynamic ice sheets in the NE
Atlantic. Additionally, glaciological models suggest that attainment of a critical mass
of the LIS was a pre-requisite to Hudson Strait surging (Marshall and Clarke, 1997).
However, once this threshold mass was attained, the ice sheet became metastable and
prone to substantial surging. Additionally, the development of ice shelves fringing
the LIS may have enhanced susceptibility to climatic or oceanic forcing. In fact,
many H event initiation proposals prescribe this preconditioning of the LIS to ensure
susceptibility to trigger mechanisms such as seasonal warming (e.g. MacAyeal et al.,
2003; Hulbe et al., 2004) or sea level or tidal forcing (e.g. Arbic et al., 2004). In this
scenario it is therefore conceivable that the ultimate trigger may not have been
common to each event. That is, provided the LIS was in a ready state, any number of

ice-ocean-climate perturbations might have triggered the initial response of the
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Hudson Strait ice stream. This idea is consistent with the conclusion that ‘European
precursors’ were not being a generic component to H events (Chapter 4) and the
lack of evidence within MD01-2461 to suggest a common forcing was associated
with the last four major instabilities of the LIS.

For H1, there is certainly some evidence presented in this study for increased
seasonality and warm summers, coincident with rising insolation, which may support
the scenario of Hulbe et al. (2004) where enhanced summer conditions shattered a
LIS-fringing ice shelf and lead to ice stream surges. Correlation of MD01-2461
records to the Greenland ice core reveals an episode of apparently increasing solar
activity associated with H1 and the warm summer temperatures, reinforcing the
proposal of summer warming triggered a collapse of potential ice shelves fringing
the LIS, at least the Hudson Strait ice stream during this event.

H2 was the first event to be associated with LGM conditions and sea level
forcing related to instability from other circum-North Atlantic ice sheets should not
be ruled out in this case, particularly given the low insolation and mild (but not
warm) summers associated with this event. For H4 and H5 the temporal resolution
provided by this study makes speculation on possible triggers difficult.

In conclusion, no ultimate forcing agent for H event initiation has been
uncovered in this study. Rather, evidence presented here contributes to the growing
knowledge of the climatic conditions under which H events occurred and it is
considered that the final trigger that initiated LIS surges was not necessarily common

to each H event.

8-7



Chapter 8 Summary and future work

8.7 Thoughts on further work

Below are issues raised in this study and implications for further studies and

ideas of how some of these issues may be addressed in the future

8.7.1 Age models

Determining the true sequencing of ice-ocean-climate interactions from
marine, terrestrial and ice-core records requires robust, high-resolution age models.
Temporal and spatial variability of '4C marine reservoir ages complicates correlation
of radiocarbon-dated marine core records from different sites (e.g. Waelbroeck et al.,
2001; Chapter 7) and with terrestrial and ice core records (e.g. Voelker et al., 2000).
Tuning of SST records with a fixed reference, for example the GISPII or awaited
North GRIP SIBOice chronologies, allows core-to-core comparisons to be made with
confidence, unaffected by localised '*C reservoir effects. However, the underlying
assumption that North Atlantic SSTs were in phase with air temperatures over
Greenland, and that there were no latitudinal leads or lags in SST variability is
unfounded. Additionally, SST to ice core record correlation is subjective, more so if

attempts are made at inter-hemispheric comparisons.

8.7.2 IRD provenance

Further multi-proxy IRD provenance studies should be applied to better
characterise debris derived from different ice sheets. Particular emphasis placed on
distinguishing between Icelandic and East Greenland, East Greenland and Gulf of St.

Lawrence sources, perhaps by tracing iceberg pathways back to source coupled with
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extensive bedrock characterisation (lithological and geochemical) would be of great

benefit to future studies of circum-North Atlantic ice margin dynamics.

8.7.3 Variability of the last glacial BIS.

Several records of IRD accumulation are available along the European
Margin, positioned in the path of various NWEIS ice streams/glacial outlets (table
8.1). Accurate correlation of these records and terrestrial records may allow more
detailed history of glaciation of the British Isles. Tuning of the N. pachyderma sin.
%-SST record to the Greenland ice core records would determine a common age-
model for each record (see section 8.7.1), independent of the temporally and perhaps
spatially (e.g. Waelbroeck et al., 2001) variable '*C marine reservoir age and similar
ages for horizons containing Hudson Bay sourced dolomitic carbonate would be

expected, constraining these age models.

Table 8.1 Sites along the NW European Margin that may be compared in future

studies

Core site Location Nearest ice margin  Reference

DAPC2 58°58° N, 09°36°W  NW Scotland Knutz (2000)
MD95-2006 57°02° N, 10°03° W  NW Scotland Knutz et al. (2001)
MDO01-2461 51°45°N, 12°55° W  Ireland This study

OMEX-2K 49° 05’ N, 13°25* W  Irish Sea Ice Stream  Scourse ef al. (2000)
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8.7.4 Palaeotemperature reconstructions

Accurate reconstructions of palaeo-sea surface temperature (SST) distribution
is a prime means of assessing the ability of climate models to provide realistic
representations of past and future climate states (e.g. Taylor er al., 2004). The
compilation of temperature reconstructions presented in this study underlines the
necessity to develop our understanding of different palaeothermometry approaches,
to determine which parameters are being recorded in each case, such that multi-proxy
SST records may provide a comprehensive range of surface ocean conditions, for

example, mean annual, seasonal extremes, surface and subsurface.

8.7.4.1 Species and region specific Mg/Ca-temperature calibrations for
North Atlantic records

Extensive core-top, sediment trap and culturing of North Atlantic G.
bulloides and N. pachyderma sin. are needed to assess the calibrations determined in
this thesis and to investigate the nature of regional differences in same-species

Mg/Ca-temperature relationship.

8.7.4.2 Further North Atlantic Mg/Ca records

Very few Mg/Ca-SST records have yet been produced within the mid latitude
North Atlantic. More Mg/Ca records are required to access if the apparently mild
summer conditions, even warming, observed within this region (Kandiano et al.,
2004; this study) is real and representative of a wider-reaching summer warming

coincident with destabilisation of the LIS.
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8.7.4.3 Additional proxy records applied to MD01-2461

Coupling of the Mg/Cag. puinides record with faunal diversity data has allowed
informed interpretation of this record and better characterisation of upper water
column structure and temporal variability, for example distribution of typical and
atypical conditions within a given time slice. Application of additional approaches,
such as, MAT and TFT, alkenones and dinocyst assemblages to the same core would
improve our understanding of both palacoenvironmental conditions at this site and of

the climate signals that the individual proxies are carrying.

8.7.4.4 Individual specimen Mg/Ca analysis
Mg/Ca analysis of individual foraminifera specimens, particularly G.
bulloides, could be used to determine distribution of summer-SST within a given

time-slice, rather than the average of up to 50 years as is provided in this study.

8.7.5 AMOC

Contrary to conclusions drawn from the compilation of regional benthic §'°C
records presented in Chapter 7, Gherardi et al. (2005) interpret *'Pa/**°Th records
from the Portuguese Margin as representing active overturning circulation in the
eastern North Atlantic basin up until ‘a later phase of H1’. In addition, they claim
that BIS instability following collapse of the LIS terminated intermediate water
convection NW of the Rockall plateau, accounting for an apparent lag time of ~1 kyr
in 2'Pa/*°Th records of AMOC reduction from the Portuguese Margin with respect
to Bermuda Rise (McManus et al., 2004). Perhaps these records are too deep (water

depths >3000 m; McManus et al., 2004; Gherardi et al., 2005) to document the
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intermediate water variability inferred in Chapter 7. Certainly, a recent >*'Pa/**°Th
record from the Rockall Trough supports progressive spin-down of overturning at
depths shallower than 2000 m (Hall et al., submitted). To complement the
comprehensive compilation of regional benthic 8'"’C records from the European
Margin presented in Chapter 7, production of *'Pa/*°Th records from MD01-2461

and at shallower depth on the Iberian Margin (e.g. SO75-26KL) would be advised.

8.7.6 Interdisciplinary studies; data-model comparisons

1. Model reconstructions of North Atlantic 8'%0 during H events (Paul and
Mulitza, 2006) should consider the contribution of NWEIS-sourced meltwater in
addition to the LIS.

2. Subsurface cooling of >3 °C followed by warming of 1-2 °C is predicted by
models of AMOC (Shaffer et al. 2004; Fliickiger et al. in press). The subsurface
temperatures recorded in this study, ~150 m water depth, are likely too shallow to
confidently compare with predicted in model outputs. Benthic Mg/Ca bottom water
temperature records at this intermediate water depth site may provide a more realistic
means of data-comparison comparison in this case.

3. The effect of icebergs at the sea surface, both meltwater stratification and the
latent heat of ice melt, should be incorporated into climate models to better

characterise the interaction of the upper ocean-climate (cf. Jongma et al., 2004).
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Core depth cm

Age kyr BP

134.5
196.5
228.5
274.5
348.5
394.5
434.5
486.5
528.5
574.5
624.5
692.5
730.5
770.5
780.5
799.5
836.5
846.5
856.5
884.5
902.5
934.5
952.5
982.5

8066
12590
14494
16472
19243
20300
21720
23380
24080
25060
26280
29660
30760
32500
33740
35220
36660
38400
38860
43060
45585
49280
53440
58680

Appendix A
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Appendix B

IRD counts
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120.5 253 3 38 3 2 299 54
124.5 181 34 1 3 219 132
128.5 256 43 3 2 304 71
132.5 208 2 1 32 2 2 247 78
136.5 245 2 2 48 1 4 3 305 112
140.5 150 22 3 2 177 83
144.5 254 3 36 2 3 4 302 193
148.5 186 34 220 136
152.5 171 2 19 1 5 198 161
156.5 165 3 28 2 4 202 172
160.5 288 3 3 30 9 3 336 149
164.5 266 2 3 42 1 3 4 321 274
168.5 149 3 5 20 3 1 2 183 185
1725 372 15 40 1 10 438 365
174.5 264 2 13 19 3 2 1 304 300
176.5 295 1 4 24 1 1 3 8 337 262
180.5 270 1 28 25 1 2 4 331 304
182.5 263 3 26 35 4 2 4 337 679
184.5 248 3 12 30 3 3 2 7 308 768
186.5 290 3 8 32 4 3 6 346 1091
188.5 268 5 13 37 10 5 338 646
192.5 297 6 25 50 2 3 2 12 397 1175
194.5 263 2 17 35 3 13 333 997
198.5 349 8 6 44 2 9 418 2826
202.5 293 7 22 2 10 334 578
206.5 307 3 4 46 2 1 12 375 911
210.5 283 3 2 27 1 2 7 325 312
214.5 221 2 31 5 259 424
218.5 317 4 46 4 8 379 442
222.5 312 3 37 3 1 11 367 446
226.5 236 2 2 36 4 6 286 514
228.5 247 2 41 1 4 6 301 624
2305 272 5 44 5 5 331 947
2345 290 6 1 36 1 14 348 1519
238.5 277 5 29 3 2 5 321 847
242.5 308 2 25 11 4 350 1531
244.5 293 4 1 30 2 3 1 4 338 1478
246.5 437 9 1 49 1 5 1 10 513 1497
248.5 278 7 26 4 1 2 2 8 328 1031
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3505 331 6 2 38 3 1 7 388 1113
2525 298 12 59 2 5 376 1034
2565 258 6 40 1 2 307 1405
2585 290 4 30 3 327 840
2625 278 2 15 27 2 1 6 331 754
2665 345 3 27 375 778
2705 303 3 1 4 2 3 5 352 933
2745 300 1 57 2 3 6 369 816
2785 265 6 2 2 4 4 6 320 559
2825 251 1 26 1 3 6 288 1533
2845 317 13 18 3 2 353 1114
286.5 266 32 1 9 308 774
2905 245 391 2 1 1 4 293 1267
2045 289 1 431 6 I 20 361 1105
2085 265 3 30 2 6 13 319 1723
3065 261 2 311 7 16 318 2243
3105 275 1 26 1 6 11 320 2909
3145 305 2 356 4 20 372 2077
3185 262 5 31 2 8 11 319 2893
3225 364 3 3 £s3 51 12 434 2567
3265 279 2 6 1 3 14 335 1286
330.5 296 4 47 1 7 12 367 1543
3345 308 3 8B 7 11 19 391 1581
3385 353 2 46 3 7 411 2209
3425 322 45 1 5 4 13 390 1685
3465 356 1 41 4 20 422 1829
350.5 332 31 2 8 373 1605
3545 305 3 56 2 4 9 379 2748
3585 346 3 833 1 9 405 1889
3625 271 2 2 1 2 5 323 2699
366.5 346 3 a4 9 9 9 420 2110
3705 332 4 831 9 1 16 406 2080
3745 306 2 36 2 6 1 15 368 1915
3785 265 1 43 6 2 9 320 1708
3825 262 2 1 39 1 6 8 319 1260
3865 296 2 52 11 10 362 1720
3905 319 2 59 s 1 14 400 2046
3945 255 2 1 26 1 1 2 10 298 1620
4005 264 1 a1 1 4 10 321 867
4025 308 1 10 1 13 333 2023
4065 301 2 39 3 3 13 361 1838
4105 252 2 37 5 13 309 1561
4145 278 3 31 7 10 329 3425
4185 261 2 37 4 1 6 311 2190
4225 269 1 37 1 14 332 2076
4265 392 2 53 2 5 1 18 473 2124
4345 284 1 37 2 1 4 12 341 2916
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284 2 1 55 2 2 1 9 356 2424
277 5 36 1 1 9 329 2194
300 2 39 2 8 351 1338
321 5 46 3 1 2 3 381 2603
312 47 S 1 9 374 1573
296 4 53 4 8 365 872
284 1 47 3 1 1 14 351 913
281 1 41 1 6 5 335 967
385 2 28 10 2 3 5 435 644
253 1 1 29 1 2 8 295 170
242 2 28 4 2 3 19 300 157
389 41 2 5 3 23 463 1081
284 41 3 2 2 28 360 1688
278 2 1 24 6 8 8 4 43 374 2413
238 2 34 1 7 12 6 3 33 336 2179
244 2 3 28 2 2 16 6 3 44 350 2618
210 2 4 20 2 7 26 6 7 41 325 2758
193 2 1 23 3 2 28 8 6 49 315 2465
266 4 23 2 1 32 14 7 59 408 3418
214 1 1 23 21 9 6 44 319 2749
223 1 23 6 20 10 5 34 322 2230
218 3 25 11 1 10 14 3 34 319 2670
257 17 3 12 6 7 46 348 3588
245 1 27 2 1 9 7 2 36 330 2765
236 21 2 1 14 8 10 57 349 4173
220 4 21 5 27 3 4 46 330 4085
278 3 22 2 1 8 8 2 33 357 3338
289 1 24 2 2 7 7 5 35 372 3006
255 3 3 33 1 6 3 10 314 3831
277 3 25 2 18 8 2 25 360 3099
244 1 1 12 4 12 10 1 23 308 2724
281 12 1 14 2 12 3 1 4 1 8 339 2614
308 3 10 1 31 1 11 3 368 2295
276 4 1 1 20 2 9 5 318 4319
303 3 4 38 3 9 1 4 365 4176
270 4 2 1 40 8 1 3 329 2717
297 4 5 23 17 7 2 12 367 2341
377 4 48 9 11 449 2722
284 3 50 2 8 5 352 2691
357 19 3 1 5 1 6 392 2820
265 5 51 2 3 8 334 1794
308 3 30 3 1 5 1 1 15 367 2423
304 2 35 4 2 12 359 2303
263 1 36 6 8 2 4 320 2303
320 3 44 2 11 380 2360
264 2 40 3 1 6 316 2236
286 2 1 30 3 1 12 335 2800
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564.5 335 2 37 8 8 390 2860
566.5 307 1 2 48 3 3 1 8 373 2194
568.5 286 3 41 7 5 342 2859
570.5 319 1 40 5 7 17 389 5489
5725 276 2 23 11 12 1 1 6 332 2928
5745 283 5 1 26 7 1 9 7 339 2093
576.5 311 7 1 47 5 1 8 2 9 391 1479
578.5 289 36 6 8 6 345 1052
580.5 282 2 33 3 32 1 4 330 1899
5825 392 1 32 8 4 17 454 1986
586.5 334 1 48 4 2 11 400 1532
590.5 346 2 48 4 2 19 421 1053
5945 331 S 1 42 3 2 1 18 403 916
598.5 301 3 43 2 4 2 6 361 863
602.5 338 10 36 2 2 1 12 401 383
606.5 303 6 1 47 2 2 12 373 777
6105 288 5 3 5 1 5 7 364 1264
6145 245 29 1 59 5 6 1 12 358 1020
6185 275 15 46 1 2 1 5 345 801
6225 297 2 53 2 12 366 1132
6265 292 8 50 4 3 1 6 364 1060
6305 262 7 47 3 2 1 8 330 760
6345 241 15 1 52 3 17 1 9 330 861
638.5 258 8 42 1 5 3 10 327 1027
6425 331 11 59 6 1 1 7 416 908
646.5 258 4 42 7 1 2 7 321 521
650.5 310 1 2 4 2 1 3 21 385 650
6545 288 3 46 4 5 1 14 361 613
6585 267 2 1 47 6 2 7 332 383
662.5 264 4 1 40 o6 1 1 2 11 330 558
666.5 258 4 1 46 3 1 1 9 323 554
6705 272 5 42 4 1 2 10 336 501
6745 256 6 33 4 2 3 17 321 168
6785 263 9 31 32 2 1 12 323 369
6825 261 4 46 2 4 5 1 5 328 763
686.5 312 11 35 2 1 4 17 382 1074
690.5 330 14 28 2 32 10 389 1546
6945 298 20 33 9 2 1 1 9 373 1094
698.5 293 17 37 6 3 1 6 363 567
7025 343 14 28 6 2 2 395 664
706.5 276 19 40 3 1 4 343 1057
7105 258 9 4 7 5 1 3 3 330 778
7145 236 41 1 58 3 5 2 4 350 474
718.5 292 15 61 5 4 4 5 386 673
7225 252 15 2 37 1 6 4 4 321 834
726.5 254 11 1 34 3 3 4 3 5 318 902
730.5 259 4 1 46 5 8 11 2 8 344 580
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734.5 309 8 2 40 3 3 13 4 5 387 1057
738.5 323 8 1 40 2 2 3 1 7 387 1216
742.5 302 3 44 4 1 7 2 4 367 924
746.5 300 4 1 37 3 6 4 1 6 362 1251
750.5 304 9 2 29 3 2 6 2 7 364 753
754.5 288 2 37 5 6 4 1 1 3 347 448
758.5 277 1 1 40 1 3 2 2 5 332 186
762.5 333 3 20 2 3 4 2 6 373 557
766.5 282 1 21 3 3 4 2 5 321 443
770.5 278 6 28 7 8 2 5 334 755
774.5 296 5 31 4 6 4 1 4 351 696
778.5 289 2 33 4 3 5 6 342 679
780.5 326 4 18 2 2 5 5 362 1352
784.5 294 4 1 45 7 3 4 2 7 367 410
788.5 275 2 21 7 5 1 9 320 555
792.5 292 4 35 7 5 3 5 351 741
796.5 293 4 1 50 3 5 4 1 8 369 942
800.5 305 3 1 48 14 3 6 2 3 385 1108
804.5 292 21 8 2 2 5 6 336 1246
808.5 272 4 1 33 6 3 1 3 323 1462
810.5 254 5 42 2 7 4 314 1279
812.5 287 1 1 31 6 5 10 4 345 1642
814.5 285 3 43 13 6 350 1094
816.5 278 2 30 4 14 4 8 340 1581
818.5 249 1 31 8 1 3 293 1086
820.5 258 31 6 1 10 3 12 321 1430
822.5 289 1 40 2 3 335 1152
824.5 302 3 2 26 7 1 12 2 6 361 1823
826.5 280 4 38 3 1 2 4 332 724
828.5 288 i 1 32 5 5 7 3 7 349 513
832.5 317 2 1 19 3 5 1 5 353 803
836.5 267 2 2 25 3 3 7 2 2 313 526
840.5 278 6 1 25 13 4 1 2 330 1200
844.5 347 5 4 2 19 4 1 23 3 408 1038
846.5 281 3 36 2 3 7 332 1831
848.5 298 7 3 22 1 10 341 1324
850.5 296 3 19 1 3 2 3 327 1462
852.5 305 8 7 12 1 1 32 2 3 371 5560
854.5 281 3 4 12 1 2 2 305 2009
856.5 292 4 1 2 24 6 5 11 2 3 350 2590
860.5 310 2 1 38 2 1 9 6 369 2140
864.5 297 3 38 1 3 9 2 5 358 3238
868.5 280 3 34 5 1 7 4 334 2212
872.5 289 1 28 5 2 7 1 7 340 2796
876.5 294 2 27 13 3 10 1 8 358 2373
880.5 300 2 1 40 6 2 12 3 9 375 2579
884.5 297 1 1 31 5 2 8 1 7 353 1280
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8885 277 1 28 1 11 4 4 326 1499
8925 277 1 1 26 7 1 3 1 5 322 256
896.5 300 6 1 50 3 1 13 2 10 38 1177
900.5 284 1 18 2 2 2 3 6 338 1346
904.5 303 3 2 3105 110 2 357 1604
908.5 311 9 5 1 18 2 1 10 3 4 364 1788
9125 293 2 2 27 2 1 6 1 6 340 489
916.5 302 1 1 2 17 6 2 1 3 353 560
920.5 306 1 9 26 8 3 1 354 52
9245 320 2 28 3 33 8 367 30
928.5 288 1 1 15 4 2 5 6 322 40
9325 311 4 1 2 32 5 2 2 5 3 367 116
936.5 323 23 2 2 4 3 357 213
9405 275 2 5 28 3 5 2 6 326 421
9425 284 4 23 26 8 4 2 5 356 545
9445 291 1 23 17 3 4 4 6 349 301
9465 232 4 69 28 2 1 7 343 594
9485 38 4 341 15 1 390 4645
950.5 67 5 377 3 9 461 4372
9525 195 8 196 21 1 1 4 42 793
9545 320 3 19 23 5 1 4 375 453
956.5 307 2 15 28 1 8 37 37 374
9585 309 1 7 36 3 4 4 364 366
960.5 288 2 3 20 2 4 2 8 329 361
962.5 293 2 2 49 6 1 9 362 756
964.5 305 1 4 7 1 3 2 3 362 934
968.5 293 2 331 3 1 8 341 508
9725 293 3 1 27 1 1 5 3 2 336 674
9745 275 1 3 1 25 2 5 2 2 5 321 811
9765 321 4 36 6 1 5 2 3 378 520
980.5 283 1 1 1 24 3 1 7 3 2 326 1360
9845 292 2 24 2 1 7 4 7 339 734
988.5 287 29 3 4 4 5 2 334 530
9925 287 5 1 16 5 6 1 4 325 1138
996.5 299 1 1 39 5 1 12 2 360 768
1000.5 306 5 s 2 1 8 1 2 379 994
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Appendix C

Sr and Nd isotopic composition of IRD

Depth Sr &eNd
228.5  0.71946 -11.5
2345 0.71827 -6.3
2425  0.72201 -10.3
258.5  0.72075 -6.4
2845  0.72414 -24.5
470.5 0.72325 -10.7
494.5  0.72396 -13.3
504.5 0.72251 -15.6
517.5  0.72724 -11.5
5245 0.72195 -12.1
528.5  0.72504 -29.7
5325  0.72382 -11.7
547.5 0.71854 -9.8
564.5 0.71932 -9.4
570.5 0.71928 -6.3
582.5  0.72405 -8.9
606.5 0.71571 -5.6
690.5 0.71335 -9
746.5  0.71633 -8.4
780.5  0.72145 -6.7
8445 0.72171 -19.1
8525 0.72787 -31
864.5 0.72079 -11.8
880.5 0.71935 -13.2
892.5 0.72225 -12.6
908.5  0.72305 -23.9
916.5 0.72322 -30.6
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Appendix D

Hornblende grain “°Ar/**Ar ages

Depth cm.  Ca/K 36/39 40%39  Mol40  Mol39 %"Ar*  Age(yr) =

198.5 12.3217 0.14905 267.838 0.10168 0.00033 859 954.02 2.23
198.5 39.2275 0.08016 045 0.00733 0.00032 2 2.11 11.01
2025 19855 0.12169 43.677 0.01214 0.00015 549 19419 132
202.5 7.8753 0.04662 690.183  0.38902 0.00055 98.1 1854.84 1.16
202.5 7.8769 0.07875 604.754  0.39966 0.00064 96.3 1705.38 5.79
202.5 12.8227 0.11397 265.845 0.24766 0.00083 88.8 94849 31.78
202.5 12.8836 0.0029  734.065 0.18884 0.00026 100 1927.05 3.1
202.5 15.7932 0.05097 100336  0.02312  0.0002 873 41848 5.37
202.5 235362 0.01225 7.229  0.00185 0.00019 72.6 33.62 1.92
202.5 27.6149 0.15379 46.247  0.12252 0.00136 50.7 20499 251
206.5 5.5833 -0.0092 462.862 0.65707 0.00143 100.6 1426.02 2.27
206.5 63486 0.00468 619.684  2.29246  0.0037 99.8 173241 71.8
206.5 7.0646 0.01679  252.756 0.1784  0.0007 982 911.81 1.54
206.5 9.2612 0.02381 619.664 0.40184 0.00064 98.9 173238 5.78
206.5 11.6946 -0.01535 12.353  0.00116 0.00016 168.4 57.07 4.22
206.5 11.837 0.0358 102.57  0.07575 0.00068 91 42678 5.49
206.5 12.574 0.00445 6.896 0.00376 0.00049 89.3 32.08 8.7
206.5 233126 0.05425 613.401 0.73716 0.00119 97.6 1721.09 2.28
206.5 37.8528 0.5356 11.947  0.07465 0.00044 7 3523 21.14
2185 19485 0.00567 507.574 3.42029 0.00672 99.7 15188 1.45
2185 7.2359 0.03544 65.189  0.01592 0.00021 86.4 282.67 141
2185 73322  0.26804 96.732  0.03042 0.00017 55 40501 1
2185 81962 0.01338 102.606  0.09061 0.00086 96.6 42691 26.18
222.5 11.9969 0.0573  953.178  0.45711 0.00047 98.3 224983 3.12
226.5 8.8251 0.00941  643.557 0.54019 0.00084 99.6 177481 1.74
226.5 27.514 0.45018 452.818 0.26827 0.00046 772 14045 4.26
230.5 22.9061 -0.00128 5.149  0.00165 0.00043 1333 24.01 29
230.5 33.4022 1.48542 17.297  0.46278 0.00102 3.7 7942 1.17
230.5 36.07 0.66561  488.289  0.30598 0.00045 71.1 1479.37

238.5 9.4332 0.03579 625.761  0.51972 0.00082 984 17433 12.51
240.5 6.9632 0.05188 103.81  0.65417 0.00552 873 43137 14.75
240.5 9.8124 0.03515 75.573  0.07495 0.00088 88.3  323.87 14.98
240.5 41.4605 0.17834 12.33  0.03968 0.00063 19.1 56.97 12.71
2425 10.0089 0.22352 114.117  1.61268 0.009 63.4 460 3
2425 249251 0.11535 845.854 0.31856 0.00037 96.2 2060 17
2425  9.1982 0.04513  658.591 0.7121 0.00106 98.1 1767 7
2425 82599 0.0191  640.397  1.33385 0.00207 99.2 1736 6
248.5 7.1457 0.01129 636.491 0.38898 0.00061 99.5 1762.36 10.07
2485 8.7105 0.02127 656.118 1.00382 0.00152 99.1 1796.72 5.5
248.5 9.2788 0.0106 647.146  0.80331 0.00124 99.6 1781.1 16.63
248.5 99714 0.00818 10.456  0.00355 0.00029 83.7 48.42 15.41
2485 10.171 0.02823  659.954 0.51102 0.00077 98.8 1803.36 16.28
2485 11.6014 0.04411 272.898 0.73146 0.00258 95.6 967.96 3.68
248.5 13.6276 0.0733  270.184  0.44375 0.00153 92.7 96049 9.78
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Depthcm. Ca/K  36/39  40*39  Mol40 Mol 39 %7 Ar* Age(yr) =

2485 25.8037 0.2647 14294  0.01823  0.0002 15.5 65.88 6.14
248.5 28.8796 0.55314 82911 0.12123  0.0005 33.5 35242 643
258.5 5.3778  0.22429 54302 0.02883 0.00024 45.1 23843 7.53
2585 6.8659 0.17062 16.813  0.11648 0.00174 25 7725 17.29
258.5 8.7499 0.36969 105.233  0.08552  0.0004 49  436.62 447
2585 8.7813 0.05215 669.654 0.57065 0.00084 97.8 1820.04 3.9
258.5 9.3021 0.0036  623.067 0.28757 0.00046 99.9 173848 7.15
258.5 12.0293 0.05171 106949  0.06423 0.00053 87.8 44293 1521
262.5 7.0597 0.00552 63271  3.67998 0.00582 99.8 1755.67 4.16
262.5 7.5619 0.02348 642.721 0.95464 0.00148 99 1773.34 11.89
262.5 10.7118 0.07314  635.569 0.27214 0.00042 96.8 1760.73 19.2
262.5 10.7783 0.01277 3.503 0.00844 0.00123 51 16.37 4.61
262.5 11.7259 0.00235 678.847 0.11078 0.00016 100 183571 12.74
262.5 159792 0.11517 98.444  0.15357 0.00117 745 41142 7.05
262.5 18.2258 0.00664 9.622  0.00482 0.00045 88.4 44.61 17.23
266.5 4.1077 0.31708 60.863  0.01662 0.00011 394 26522 5.21
266.5 6.1842 0.01018 636205 0.83999 0.00132 99.6 1761.86 22.71
266.5 7.6452 0.11396  1262.38  0.73952 0.00057 97.4 2625.03 14.94
266.5 11.3965 0.00966 -0.124  0.00592 0.00258 -5.4 -0.58 7.22
266.5 183965 0.04767 0.87 0.08967 0.0063 6.1 4.08 1.85
2845 45699 0.02726 111.307 0.20668 0.00174 93.4 458.86 4.79
2845 5.1092 0.00891 670.198 1.25022 0.00186 99.6 182097 5.59
284.5 5.1253 0.12963  575.084 3.5837 0.00586 93.8 1650.44 8.66
284.5 5.1423 0.01078  629.185 0.97427 0.00154 99.5 17494 5.12
284.5 59215 0.00478 471.091 4.01976 0.00853 99.7 144346 6.51
2845 6.2293 0.05958 651.695  0.30129 0.00045 97.4 1789.04 6.86
2845 6.3861 0.01116 626.78  0.48152 0.00077 99.5 1745.12 7.69
2845 7.8405 0.04441 597918 0.17964  0.0003 979 169287 3.96
284.5 8.6254 0.01248 692.297 1.20064 0.00173 99.5 185839 5.12
2845  9.1902 0.0382  663.309 0.61733 0.00092 98.4 1809.15 17.84
2845 10.895 0.08494 109.841 0.17341 0.00129 81.6 45352 13.18
284.5 122253 0.01574 610905 0.70882 0.00116 99.3 1716.57 14.13
2845 144025 -0.0065 682.059 0.18824 0.00028 100.4 1841.15 3.29
284.5 16.6025 0.0362 679.013  0.47839  0.0007 98.5 183599 125
286.5 7.5091 0.05494 72.416  0.75538 0.00857 819 31144 7.19
286.5 81031 0.29756 15.555  0.15132 0.00147 15 71.58 9.6
286.5 9.1621 0.00642  669.193  0.65901 0.00099 99.8 1819.25 5.65
286.5 13.6202 0.08584 41.2  0.02945 0.00045 62.2 183.72 3.59
286.5 34.1571 1.51699 127.221 0.16596 0.00029 219 51588 541
288.5 12.4645 0.21721 270.358  0.14208 0.00043 80.8  960.97 10.93
2945 24.5447 2.42989 31.927 0.07552  0.0001 42 14397 231
296.5 1.6054 0.28433 228.33  0.04464 0.00014 73.1  841.28 23.01
296.5 22214 0.01836 102.627 0.31617 0.00293 95 42699 4.2
296.5 5.0979 0.01071 265.547 1.26635 0.00473 98.9  947.67 4.52
296.5 6.4093 0.00958 1289.611 1.34424 0.00104 99.8 2654.62 24.6
296.5 6.7428 0.01961  550.804  2.33389 0.00421 99 1604.19 5.35
296.5 109285 0.02063 601.754 0.42152  0.0007 99.1 1699.9 1198
296.5 14.5529 0.02073  719.569  1.39303 0.00193 99.2 1903.52 0.96
296.5 20.4063 0.03258 133.924 0.01905 0.00013 93.8 53937 0.92
296.5 23.0206 0.06241 116.362 0.0385 0.00029 86.8 477.17 3.37
298.5 12.9635 1.04418  692.546 1.6701 0.00168 69.1 1858.8 5.61
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Depthcm. Ca/K  36/39 40%/39  Mol40  Mol39 % Ar* Age(yr) +

300.5 21.9274 0.03129 0212  0.00315 0.00037 2.4 1 47
300.5 40.512 0.01871 109.132 0.21591 0.00194 96.4 45093 6.12
302.5 5.7288 0.02533 695316  1.64646 0.00235 99 186344 341
302.5 6.5246 -0.00428 8751 0.00948 0.00131 121.1 40.62 12.19
3045 6.8578 0.19178 74.597 0.19653  0.0015 569  320.03 7.45
304.5 20.9044 0.04262 95.662  3.29604 0.03094 88.9 401 14.29
306.5 5.2505 0.02648 619.246 1.77783 0.00284 98.8 1731.62 6.52
306.5 25.5458 0.48328 56.475 0.06321 0.00032 282 24735 897
3105 5.1382 0.00896 203479 0.88416 0.0043 98.8 766.57 5.85
3105 13.2727 0.10466 27451  0.02499 0.00043 473 12447 6.33
312 1.592 0.01701  740.848 1.03995 0.0014 993 193796 17.93
3145 7.5742 0.01594 263.119 0.20399 0.00076 983  940.92 12.11
3145 11.004 0.09598 263.321  0.15495 0.00053 90.4 94148 1.23
3145 18.4871 0.09075 136.047 0.06344 0.00039 83.8 546.74 5.13
3145 223005 0.02176 779901 2.71977  0.0035 99.3 199952 74
3145 25.7523  0.01655 4424 0.00159 0.00019 52.9 20.65 9.94
3145 26.9988 0.0066 4.348 0.00322 0.00062 82.7 20.3  46.56
316 9.445 0.00585 294.992  0.48237 0.00163 99.5 1027.61 8.69
320 8.0736 0.04127 630.072 0.38828 0.00061 98.1 1750.98 135.08
320 10.2473 0.00935 292752  0.39533 0.00135 99.2 1021.65 35.88
320 189294 0.05169 98.609  0.02393 0.00021 87.1 41204 1.9
320 19.7086 0.04522 17.268 0.01582 0.00053 57.6 79.29 2.76
320 20.6037 0.07067 78.445  0.09682 0.00099 79.5 3351 9.8
3225 10.6476 0.04032 114.072  0.12864 0.00103 90.8 4689 73
3225 123802 0.09204 1011.516 4.48696 0.00435 974 232685 8.89
3225 16.2863 0.01052  610.191  0.25665 0.00042 99.6 171527 5.5
326.5 222045 0.06534 205.49 0.93318 0.00421 91.7 77273 22.86
330.5 6.5966 0.02872  683.924  1.32325 0.00192 98.8 18443 848
330.5 25.6267 0.03474 74.184  0.02346 0.00028 88.8 31841 8.7
3325 19.6456  1.17287 44.106  0.10087 0.00026 11.2 196 6.13
3325 244361 0.28961 10.929  0.07774 0.00081 11.3 50.59 2.14
334.5 6.045 0.05487 43.375  0.14018 0.00237 73 19292 4.79
3345 99872 0.02108 79.816 0.0626 0.00073 93.2 34043 347
3345 19726  1.93038 59.058  0.08429 0.00013 93 257.89 3.99
336.5 9.6364 0.03448  667.342  0.44382 0.00066 98.5 1816.08 1.38
3405 5.2191 0.00118 105.221 0.2573  0.00245 99.9 43658 7.22
340.5 13.1071 0.03902 69.952  0.02963 0.00037 863 301.68 19.88
3405 16.6929 0.05574  662.356 0.5497 0.00082 97.6 18075 2.16
3405 169392  0.30265 25316  0.02409 0.00021 22.1 115.09 8.44
3445 39494 0.0254 5.467 0.02327 0.00182 42.6 2548 7.05
3445 13.7465 0.39728 24.149  0.02829  0.0002 17 109.94 5.32
3445 15.8597 0.05804 1690.864 1.16365 0.00069 99 3042.27 10.12
350.5 10.2709 0.0235 1204476 1.18803 0.00099 99.5 256045 7.76
3925 11.7636  0.05189  261.397  0.16507  0.0006 946 936.11 4.89
3925 242772 0.07052 65.782  0.02008 0.00024 76.6  285.04 8.16
528.5 239616 0.00528 632.074 0.734 0.00117 99.9 1722 8
528.5 6.6341 0.00232 627351 3.03124 0.00434 99.9 1714 4
5285 7.1779 0.03459 651.458 3.26506 0.00495 98.5 1755 4
528.5 209291 0.00936 624.039 0.68985 0.00111 99.7 1708 7
5285 69732 0.00661  632.089 2.8812 0.00456 99.7 1722 5
5285 7.9315 0.00292 664.073  1.30489 0.00197 99.9 1777 6
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Depthcm. Ca/K  36/39 40%39  Mol40  Mol39 %"Ar* Age(yr) =

528.5 9.865 -0.00025 671.713  0.43543 0.00065 100.1 1789 9

528.5 10.2027 0.00664 638.077 1.66879 0.00262 99.8 1732 6
528.5 7.778 0.03135 1317.058 0.68478 0.00052 99.3 2634 14
5285 7.2894 -0.0038 672426 0.39687 0.00059 100.2 1791 10
528.5 7.2935 0.01356 646.023 0.73672 0.00114 99.4 1746 9
528.5 9.2846 0.01734 958.679  0.75399 0.00079 99.5 2215 10
528.5 11.7167 0.01449 626313  3.83827 0.00612 99.4 1712 4
528.5 22.3656 0.06694 662.852 1.20895 0.00179 97.2 1775 5
5285 9.3201 0.01709 636.423  0.57179  0.0009 99.3 1729 10
528.5 13.002 0.01929 700.977 0.67778 0.00097 99.3 1838 9
528.5 7.3576 0.0064 700946 2.70463 0.00386 99.8 1838 4
5285 5.1404 0.00109  648.785 0.6459 0.001 100.0 1751 7
528.5 5.0617 0.04963  633.455 1.11089 0.00172 97.8 1724 6
528.5 10.7596 0.02571 717.996 0.41671 0.00058 99 1865 17
528.5 9.8444 0.0115  650.056  0.48802 0.00075 99.5 1753 13
528.5 81121 0.02494 654.691  0.54557 0.00083 98.9 1761 9
5285 7.2894 0.07914  622.769 1.43914 0.00224 96.4 1705 5
528.5 97949 0.00325 628.448 3.92292 0.00626 99.9 1715 4
528.5 6.178 0.00636 612305  0.92787 0.00152 99.7 1687 5
528.5 7.0366 0.01353 647.773  1.71026 0.00263 99.4 1749 5
528.5 14.5399 035153 640.397 0.40467 0.00055 86 1736 17
5285 9.9966 0.6693  593.827  0.25494 0.00032 75 1654 22
528.5 18.6349 0.16842 606.574 0.13988 0.00022 92.5 1677 33
528.5 18.3974 0.03792 76.218  0.03192 0.00037 87.8 320 10
528.5 162449 0.28028 600.264  0.18462 0.00027 87.9 1665 19
852.5 30.8198 0.19073 1172.223  2.93543 0.00242 95.4 2476 8
852.5 23.3058 0.08778 1506.527  6.25239 0.00413 98.3 2821 5
8525 11.619 0.15643 1311.429 3.83076 0.00284 96.6 2628 6
852.5 6.0337 0.02548 1179.526 3.61908 0.00306 99.4 2485 6
852.5 10.9845 0.0264  617.403 5.1195 0.00824 98.8 1696 3
852.5 13.0858 0.00601 652.15  1.50753 0.00232 99.8 1756 5
8525 11.8229 0.02074 1313.721 2.26751 0.00173 99.6 2630 7
852.5 8.542 0.03641 617.774  1.80207 0.00288 98.3 1697 6
852.5 15.5648 0.05118 638.739 0.33286 0.00051 97.8 1733 12
852.5 18.6337 0.01662  624.524  0.25747 0.00041 99.3 1709 14
852.5 18.6022 0.03377 618.09  0.48288 0.00078 98.5 1697 10
852.5 13.8744 0.01921 603.784  0.34297 0.00057 99.2 1672 10
852.5 11.1755 0.02384  655.465 0.80903 0.00123 99 1762 6
8525 93271 0.00177 647.443  0.87023 0.00135 100.00% 1748 6
852.5 6.4162 0.00155 632.596 1.51997 0.00241 100.00% 1723 6
852.5 15.5011 0.03051 1549.875 1.58799 0.00103 99.5 2861 9
8525 7.7735 0.00177 686.482 1.37442 0.00201 100.0 1814 6
852.5 10.17  0.04306 665.57 0.56991 0.00084 98.2 1779 10
8525 10.344 0.0747  773.185 1.628 0.00206 97.3 1952 6
852.5 82995 0.00527 683.48 1.72861 0.00253 99.8 1809 5
852.5 124177 0.01363  1305.38 2.6916  0.00207 99.7 2622 6
852.5 7.3504 0.08209 696.061 1.83862 0.00256 96.7 1830 6
852.5 99669 0.00055 652.433 0.56718 0.00087 100 1757 10
852.5 87611 0.01413  643.558 0.98134 0.00152 99.4 1742 5
852.5 139141 0.03246 644.44  0.38603 0.00059 98.6 1743 13
908.5 22.7059 0.02229 670.266 5.01771  0.0075 99.1 1787 4




Appendices

Depthcm. Ca/K  36/39 40%/39  Mol40  Mol39 %"Ar* Age(yr) =
908.5 10.0621 0.009 692.082 6.01032  0.0087 99.7 1823 5
908.5 15774 0.03513  4466.54 36.04364 0.00811 99.8 4489 7
908.5 133157  0.0442 715623 5.29119 0.00731 98.3 1862 4
908.5 6.6751 0.01469 653.289  6.63363 0.01012 99.4 1758 4
908.5 10.4519 0.09623  624.442 239102 0.00368 95.7 1708 5
908.5 8.5097 0.00797 669.465 2.80308 0.00419 99.7 1786 S
908.5 9.5878 0.07063 1299.241  3.16412 0.00241 98.4 2615 9
908.5 40.643 0.49572 610.804  0.4333 0.00058 80.5 1684 17
908.5 15.889 0.02576  698.966  1.02975 0.00147 99 1835 7
908.5 11.3732  0.0363 2767.066 1.43246 0.00052 99.6 3725 14
908.5 6.2443 0.01509 646.687 132324 0.00204 99.4 1747 6
908.5 9.9992 0.00819 627.582  0.64047 0.00102 99.7 1714 9
908.5 7.0302 0.00887 722.984 1.21886 0.00169 99.7 1873 6
908.5 10.9349 0.01431  660.407 0.74663 0.00113 99.4 1770 8
908.5 7.4965 0.00216 765.158  0.98025 0.00128 100.0 1940 9
908.5 7.8241 0.00328 668.864 138293 0.00207 99.9 1785 6
908.5 9.7944 0.08719 1200.302  0.5404 0.00044 97.9 2508 14




Appendices

Appendix E

Faunal counts, stable isotopes and Mg/Ca

Depth  Nps %0, 6°Cey &°Onps  07Cyps  Mg/Cagy Mg/Cayy  8°0c, 8°Cen
cm. %

138.5 3 0909 -0.830 3300 0414 2.298

142.5 2 0763 -0.634 3.005 0377 2.794 0.885 1.645 1.076
146.5 1 1100 -0402 3318  0.325 2.459 0.771 2217  0.738
150.5 3 0961 -0.556 2.898  0.306 2371 0.963

154.5 3 1031 -0437 3277 0.139 2.484 0.876  2.038  0.817
158.5 2 0835 -0583 3168 0312 2.345 0.845 2464  0.621
160.5 7 1346 -0.446 3326  0.318 2325 0.853

162.5 5 1434 -0899 3362  0.301 2216 0.899

164.5 7 0985 -0360 3.021  0.359 2.414 0.929

166.5 3 1442 -0859 23831  0.238 2.221 0.868

168.5 7 1403 -0.653 3205 0.212 2.368 0.854

170.5 11 1146 -0.797 3.079 0268 2.199 0.980

172.5 1361 -0.455 2871  0.482 2.553 0.798

174.5 33 1329 -0.689 3323  0.355 2.192 0.824

176.5 274 1259 -0.567 3.395  0.499 2.494 0.881

178.5 19 1499 -0.825 3.196 0.246 2.505 0.876

180.5 145 1344 -0.695 3.062  0.354 2.652 0.824

1825 11.6 1195 -0576  3.057  0.383

1845 234 1491 -0685 3.087 0.494 2.653 0.724

186.5 50 1.581 -0.181 3.024 0.384 2.476 0.770

188.5 43 1033 -0472 3411 0347 2.465 0.927

190.5 39 1.519 -0.909 2841  0.520 2427

192.5 48 1719 -0.726  3.048  0.340 2.256 0.778

1945 508 1.647 -0.841  3.035 0.306 2.183 0.935

196.5 43 1884 -0.582 3233 0288 1.988 0.865

1985 463 1961 -0380 3.180  0.463 2.052 0.868

200.5 50 1911 -0.286  3.138 0326 2.066 0954 2220 0.643
202.5 38 1963 -0306 2942 0461 2.548 0.965

204.5 37 2310 -0.737  3.031  0.448 2377 0.825 2206  0.656
206.5 30 2167 -0464 2990  0.399 1.809 0.959

207.5 2629 1177
208.5 17 2145 -0269 2943  0.120 2.091 0.848 2367 0.837
210.5 17

212.5 16 1305 -0.736 2.689 0430 2.092 0.771

214.5 18 1966 -0.560 2.675  0.358 1.877 0.861 2637 1.075
215.5 2552 0.901
216.5 6 2284 -0.408 2.269 0.948

217.5 2512 0.794
218.5 11 2451 -0.508 2.193 0.952

219.5 3.657  1.100
2205 185 2025 -0.540 3.017  0.232 2.329 0.839

221.5 2615  0.671
222.5 14 2393 -0.649 3204 -0.102 2.014 0.756

E-l



Appendices

Depth NpS 5’806[, (S”C(;b (5180Nps SUCNp: Mg/CaG,, Mg/CaN,,s éMOCw 613CCW

cm. %
224.5 20.5 2.136 -0.523 3.120  -0.035 2.066 0.884
226.5 12 1.927 -0.730 3.171  -0.054 2.059 0.817
227.5 2294  0.943
228.5 7 2.083 -0.731 3.167 -0.084 2.348 0.811
229.5 2.293 0.772
230.5 26.5 1973 -0.661 3.364 0.020 2.294 0.817
2325 53 1.988 -0.771 3.168 -0.119 2.726 0.858
234.5 39 2448 -0.320 3.550 0.004 2.445 0.778
236.5 46 1.813 -0.724 3.206 -0.033
237.5 3.241 0.924
238.5 41.2 1.780 -0.692 3309 -0.104 2.055 0.872
239.5 3.617 0.980
240.5 40 1.466 -0.419 3.335 0.158 2.384 0.818
241.5 2.786
242.5 56 0.955 -0.546 2995 -0.192 0.832
243.5 2.471
2445 86 1.715 -0.516 3260 -0.109 2.320 0.867
245.5 3.078
246.5 73 1.426 -0.564 3.371 0.018 0.859
247.5 2.155
248.5 65.5 1.755 -0.729 3900 -0.063 0.874
249.5 2.408 3.104 0.926
250.5 38 1.386 -0.430 3,555  -0.021 0.793 3.262 1.165
251.5 2.858 3.306  0.864
252.5 59 1.947 -0.707 3.507 -0.140 1.849 0.910
2535 3.227 0.986
255.5 3.587 0.988
256.5 76 3423  -0.059 0.831
257.5 2.504 2.224 0.636
258.5 54 1.717 -0.463 3326 -0.092 0.677
259.5 2.226 0477
260.5 69 1.345 -0.537 2.342 0.878
262.5 80 2213 -0.555 3.153 0.188 2.178 0.834
264.5 30 1.243  -0.599 3.361 0.111 2.468 0.780
266.5 15 1.668 -0.508 2.784 0.380 2.099 0.815 3.036 0.681
268.5 31 1.515 -0.564 3.384 0.197 2.307 0.711 2.530 0.404
270.5 75 1.633  -0.366 3.707 0.110 2.025 0.729
272.5 30 1.035 -0.419 3.580 -0.018 3.167 0.817 2.666  0.637
274.5 79 1360 -0.591 3.513 0.100 0.723
276.5 79 3.882 0.060 0.646 3.275 1.071
277.5 3.007 -0.601 3.253
278.5 76.5 3.681 0.105 0.739
280.5 65.7 3.942 0.101 0.606 3.594 1.444
282.5 76.8  2.035 0.109 4.040 -0.005 0.741
284.5 78.5 3.952 0.134 0.701
286.5 74.5 4.172 0.118 0.566
288.5 67 2563 -0.956 3.940 0.048 2.645 0.705
290.5 774 4042 -0.050 0.733
291.5 1.774
292.5 48.5 2.686 -0.942 4.199 0.080 0.771




Appendices

Depth Nps  §°0¢, &°Cop &°0nps  0°Cnpe  Mg/Cacy  Mg/Canys  8°0c,  8°Ce
cm. %

293.5 1.685

294.5 58  3.051 -1.452 4.095 -0.208 0.752

295.5 2.280

296.5 50.7 2993 -0.831 3424 -0.040 0.813 3798 1.562
297.5 1.676

298.5 65.8 3327 -0.815 3.691  -0.145 0.778

299.5 3.744  -0.033

300.5 50 3430 -0.795 3.732  -0.293 2.125 0.795

301.5 1.466 3934  1.612
302.5 61.8 3535 -0.963 4.016 -0.287 1.564 0.738

303.5 4.114 1.435
304.5 40 3.220 -1.082 3.625 -0.158 1.802 0.734 3.691 1.556
305.5 1.748 3.920 1.565
306.5 67.7 3.002 -0.616 3493 -0.101 0.766  4.000 1.393
307.5 1.569 4.023 1.406
308.5 65.2 2.523 -0.875 3671 -0.188 0.752 3345 0923
309.5 1.700

310.5 549 2799 -1.048 3.617 -0.129 0.673 3318  0.952
311.5 1.725

3125 50 3345 -0.851 3.500 -0.285 0.676

313.5 3.792 1.509
314.5 59.7 3263 -1.143 1.544 0.766

315.5 3.947 1.542
316.5 638 3.095 -1.181 3404 -0.160 1.984 0.706

318.5 53.8  3.103 -1.022 3.781 -0.051 0.705 3.890 1.301
319.5 3.782 1.567
320.5 494  3.121 -1.193 3272 -0.347 1.692

321.5 1.520

3225 589 3237 -1.245 3.829 -0.139 0.730  4.006 1.536
3235 1.498

324.5 68.7 3464 -0.990 3.057 -0.165

325.5 3.897 1.587
326.5 652 3321 -1.211 3.806 -0.162 0.630

3275 2.030

328.5 523 3.826 -0.843 3.551 -0.185 0.688

329.5 1.419 3.949 1.614
330.5 53.5 3461 -0.995 3.853 -0.212 0.793

3315 1.302

3325 50 3.644 -0.676 3460 -0.113 1.800 0.810

3335 3.150 3.963 1.540
3345 49.6  3.195 -1.137 3.674  -0.400 1.039

336.5 433 3.051 -0.839 3312 -0.297 1.645 0.764 3.838  1.692
337.5 4.113 1.700
338.5 527 3517 -0.841 3.761 -0.418 2.202

3395 3938  1.640
340.5 385 3266 -0.923 3.255 -0.308 1.733 0.901

342.5 483 3497 -1.155 3.715  -0.400 1.516 3745  1.609
344.5 31.6  3.191 -0.999 3404 -0.351 1.563 0.755 3777 1.590
346.5 46.5 3.758 -0.439 1.526 3706  1.460
348.5 32 3142 -1.019 3219  -0.291 1.402 0.719  3.983 1.624

E-lll



Appendices

Depth  Nps  8%¢, 6°Cep 8°0Ons 7°Cnps Mg/Cacy, Mg/Cayys  5°0c,  8°Ce

cm. %
350.5 39 3227 -0.710 3252 -0.214 1.448 0725 3910 1.525
3525 449 3.540  -0.137 1.780 0.745
354.5 42 3171 -1.155 3415 -0.284 1.371 0710 3911  1.622
356.5 47 3413 -0793 3390 -0.428 1.564 3751  1.588
358.5 36 3354 -0929 3517 -0.272 1.656 0.703 3914  1.581
360.5 485 3.535 -1.067 1.430 0.715
362.5 50 1.494 0.789  3.849 1.625
364.5 432 3529 -1.136 3.574 -0.348 1.385 0.794 3908 1.628
366.5 505 3.524  -0.276 1.463 0.780  3.741  1.665
368.5 419 3534 -0987 3.681 -0.334 1.741 0770  3.755  1.637
3705 50.7 3422 -0.290 1.661 0.794 3786 1.578
372.5 51 3508 -1215 3571 -0.303 1.570 0732  3.762  1.682
3745 481 3.191 -0938 3500 -0.328 1.651 0.765 3.845  1.462
376.5 47 3483 -0.883  3.591 -0.369 1.416 0.804 3.756  1.617
3785  44.8 3517 0.012 1.686 0.755 3240 1.073
380.5 492 3526 -1.111 3574 -0.360 1.788 0.726  3.827  1.563
382.5 45  3.081 -1.034 3531 -0.119 1.579 0.748
3845 555 3457 -0976 3.569 -0.378 2.066 0.742  3.753  1.677
386.5  42.1 1.771 0.795
387.5 3.514 -0.222
388.5 50 3390 -1.014 3720 -0.242 1.939 0.741 3777  1.554
390.5 526 3.179 -1244 3550 -0.169 1.907 0.700
392.5 52 3426 -1.123 3508 -0417 1.620 0.755
3945 587 309 -1.162 3352 -0.295 1.574 0.719
396.5 46 3362 -1212 3701 -0.342 1.629 0.699 3.822 1551
398.5 44 3293 -1.034 3471 -0.185 0.731
399.5 4.005  1.408
400.5 40 3171 -1233 3633 -0.268 1.819 0719  3.677 1530
402.5 41 3431 -1.065 3496 -0.366 1.883 0.765
403.5 3521 1.575
404.5 51 3253 -1.156 3.575 -0.368 0.706
406.5 54 3418 -1.086 3410 -0.546 1.733 0.841 3855 1.610
407.5 3729 1.567
4085 495 3366 -1.019 3.521 -0.425 1.382 0.678
409.5 3.795  1.691
4105 52,6 3451 -1.176 3.541 -0313 1.938 0.704
4125 518  3.122 -1.399 3567 -0.340 1.709 0.804
4135 3.995  1.582
4145 527 3198 -1.520 3.723  -0.249 1.798 0.817
4165 511 3224 -1.044 3602 -0.158 1.965 0.725
417.5 1.574 3.941  1.196
4185 634 3564 -0920 3798 -0.116 0.832
419.5 1.363
4205 518 2762 -0.766  3.636  0.008 0.692
421.5 1.431 3.777 1357
4225 558 2832 -0.826 3.843  -0.048 0.711
4235 1.190
4245 512 3118 -0773  3.944 -0.136 0.705 3.734  1.433
4255 1.518 4.065 1538
4265 572 3250 -0.859  3.845 -0.033 0.675

E-IvV



Appendices

Depth NpS 38001, é‘IJCGb 8'801\(’,_\- élchps Mg/caGb Mg/CaNps 518on 5”CCW
cm. %

428.5 58.8 2274 -0.786 3.808 -0.160 1.694 0.701

429.5 4.195 1.508
430.5 60 3.928 0.092 0.654

432.5 58.6 3.235 -1.147 3.894  -0.045 0.670

433.5 1.597 3924  1.597
4345 425 3.811 0.052 0.740

4355 1.652

436.5 475 3226 -1.190 3.768 -0.021 0.744

437.5 1.563 3.978 1.501
438.5 39 3527 -0.794 3.509 -0.055 1.460 0.728

440.5 472 3399 -0.752 3.759 0.022 1.517 0.689

4425 33.6 3.637 -0.663 3.671  -0.005 1.431 0.775

443.5 3.807 1.472
4445 269 3.609 -0.651 3.708 0.065 1.244 0.726

445.5 3.631 1.431
446.5 269 3.577 -0.564 3.673  -0.035 1.433 0.750

448.5 375  3.792 -0.591 3.624  -0.147 1.608 0.709

449.5 3.762 1.464
450.5 38.5 3486 -0.776 3.532  -0.164 1.510 0.771

452.5 341 3304 -0.877 3.572 -0.273 1.565 0.792

454.5 415 3275 -0.934 3622 -0.189 1.946 0.775 3.912 1.458
456.5 42.1  3.098 -0.497 3489 -0.079 1.780 0.861 3.800 1.550
458.5 39.8  3.248 -0.842 3.660 -0.021 1.704 0.801 3.955 1.581
460.5 40.6  3.043 -0.839 3.608 -0.130 1.691 0.801 3.860 1.418
462.5 294  3.156 -0.724 3460 -0.242 1.891 0.704

464.5 38.1 3.076 -0.700 3.633  -0.147 1.749 0.843

466.5 40 3206 -0.712 3.626  -0.109 2.058 0.794

468.5 312 3.157 -0.879 3.611 -0.182 2.015 0.806

470.5 341 3.134 -0.852 3440 -0.105 1.761 0.749 3.759 1.631
472.5 32 3.120 -0.828 3.577 -0.015 1.859 0.794 3.805 1.488
474.5 20.6  3.285 -0.367 3.167 -0.196 1.634 0.830 3.637 1.574
476.5 6 2986 -0.156 3.604 -0.191 1.891 0.740 3.735 1.423
478.5 4 3.017 -0.127 3.514  -0.467 2.055

480.5 142 3.042 -0.521 3337  -0.272 1.856 0.818

482.5 16.7  3.055 -0.428 3.631 -0.226 1.841 0.834 3.858 1.256
484.5 27.7  3.026 -0.531 3.623 -0.101 1.809 0.747

485.5 3.689 1.147
486.5 18 3.139 -0.223 3.567 -0.226 1.823 0.819

488.5 43.8 2906 -0.741 3.663 -0.449 1.765 0.718

490.5 594  3.116 -0.545 3.816 -0.291 1.765 0.709

4925 555 2920 -0.867 3.832  -0.103 2.647 0.706

494.5 604 2977 -0436 3985 -0.157 2.226 0.874

495.5 1.538

496.5 68.6 2675 -0.312 4.102  -0.293 0.841

498.5 2439 -0.638 2.051

500.5 1.831 -0.231 3593  -0.303

508.5 1.567 -0.300

5125 1.071 -0.251

514.5 3.720  -0.199 0.776

516.5 95 3.630 -0.392 0.613




Appendices

Depth NpS 5] 80(;[, 5’ JCGI, (S] 80Nps 51 jCNpS Mg/ CaGb Mg/ CaNps 5' 80Cw (SUCCW
cm. %
518.5 96 3.595 -0.177 0.724 3.797 1.055
520.5 97 3.536 -0.176 0.701
521.5 1.900 -0.625
5225 94 3.666 -0.136 0.718  4.092 1415
523.5 1.500 -0.503 3.664 -0.199
524.5 88 3500 -0.322 0.898
526.5 91 3339  -0.058 0.744
528.5 91.7 2324 -0.468 3411 -0.240 1.819 0.681 3.521 1.126
529.5 73.2
530.5 71.6 3368 -0.153 0.859
532.5 50.3 3.037 -0.849 3.541 -0.253 1.881 0.723
5345 553 3.525  -0.051 0.688 3.706 1.514
536.5 58.1  3.161 -1.192 3.586 -0.312 0.732
538.5 43.7 3453 -0931 3.539 -0.382 1.707 0.741 3.891 1.368
540.5 452 3.048 -0.897 1.691 0.703 3.814 1.590
542.5 493 3472 -0.982 3.719 -0.166 1.801 0.799 3.838 1.378
544.5 53.9 3.098 -0.804 3365 -0.257 1.566 0.817
545.5 3360 -1.050 3259 -0.262
546.5 36 3495 -0.752 3439 -0.232 1.837 0.782 3.859 1.538
547.5 44.7
548.5 41  3.583 -1.189 3736  -0.171 1.834 0.782 3.668 1.669
549.5 38
550.5 493 3435 -0.837 3.652 -0.099 0.695 3.870 1.626
551.5 493 3351 -0.767 3532 -0.123 1.675
552.5 -0.190
554.5 534 3415 -1.027 3.569 -0.122 1.767 0.753 3399  0.834
556.5 46.4 2974 -0.699 3.705 -0.267 1.563 0.720
558.5 50 3.248 -0.990 3.740 0.002 1.547 0.765
559.5 53 3150 -0.871
560.5 52 3332 -0.746 3.819 -0.033 1.482 0.680  3.726 1.505
562.5 67.6 3436 -0.845 4.001 -0.280 1.858 0.635 3.775 1.587
564.5 83.6 3.568 -0.986 3983 -0.056 1.458 0.661
566.5 564 3311 -1.119 3.779  -0.192 1.640 0.795 3.768 1.527
568.5 67.7 3450 -0.841 3.540 -0.057 1.597 0.754
570.5 505 3.115 -0.683 3971 -0.122 1.678 0.758
5725 45 3.646 -0.449 3.807 -0.064 1.595 0.692 3.800 1.687
574.5 33 3536 -0.733 3715 -0.428 1.812 0.781
576.5 31 3393 -0.817 3.707  -0.199 1.731 0.751
578.5 29.2 3729 -0.819 3.761 -0.421 1.732 0.727
580.5 29 3382 -0.730 3546 -0.158 1.697 0.754 3.772 1.597
582.5 43.6 3376 -0.684 3.674 -0.404 1.714 0.728
584.5 37.8 3421 -0.748 3.677 -0.248 1.757 0.763
586.5 373 3508 -0.638 3.584 -0.458 1.539 0.763 4.048 1.596
588.5 48 3438 -0.732 3.882 -0.193 1.510 0.719
590.5 53.8 3490 -0.737 3.837 -0.361 1.908 0.743 3.513 1.702
591.5 3.550 1.601
592.5 74 3430 -0.495 3932 -0.317 1.924 0.809
593.5 1.983 3.792 1.582
594.5 70  3.089 -0.745 3.735 -0.472 1.638 0.664
595.5 3.654 1.430

E-VI



Appendices

Depth NpS 6’8061, 8’3CG,, 5’8on CngCN,,, Mg/CaGb Mg/caNps gaOCw 513CCw
cm %

596.5 78.9 3.438 -0.966 3.553 -0.489 1.544 0.758

597.5 3.855 1.601
598.5 68.1 2.738 -0.663 1.965

600.5 95 3983 -0.110 0.687

602.5 924 4.133  -0.370 0.703

603.5 3.588  1.250
604.5 88.3 4.060 -0.122 0.692

606.5 80.2

608.5 78.2 3.880 -0.230 0.712 3.701 1.419
610.5 60.1 2905 -1.002 3.695 -0.304

611.5 1.748

612.5 512 3.388 -0.948 3.820 -0.234 1.643 0.671 3.784 1.380
614.5 453 3415 -1.100 1.642 2.466 1.629
616.5 44  3.457 -0.998 3.616 -0.235 1.613 0.748 3.958 1.653
618.5 504 3213 -1.409 3.640 -0.109 3.871 1.331
620.5 526 3.195 -1.012 3.620 -0.172 1.556 0.763 3.693 1.412
622.5 57.6 3394 -1.057 3.573 -0.286 1.564 3.416 1.507
624.5 64 3453 -0.967 3612 -0.293 1.630 0.673 3.779 1.499
626.5 563 3213 -1.192 3721 -0.376 1.729

628.5 55 3421 -0.903 3.601 -0.393 1.702 0.733 3.822 1.494
630.5 539 3.631 -0.848 1.662 4.004 1.411
632.5 49 3234 -0.904 3.570  -0.069 1.768 0.745

634.5 54.5 1.679 3.633 1.690
636.5 529 3212 -0.530 3.671 -0.080 1.912 0.751

638.5 422 3332 -0.742 3.561 -0.479 1.458 3.500 1.570
640.5 51 3207 -0.287 3.566  -0.059 1.602 0.802 3.497 1.555
642.5 414 2980 -0.642 3.547 -0.373 1.646 3.430 1.638
644.5 34 3.097 -0.546 3.682 -0.158 1.962 0.788  3.781 1.644
646.5 321 3266 -0.305 3.678 -0.169 1.630 3.532 1.516
648.5 33 3258 -0.289 3.621 -0.127 1.775 0.834

650.5 344 3.803 -0.237 1.736 3.381 1.307
652.5 302 3.145 -0.337 3.708 -0.236 1.877 0.843 3.433 1.439
654.5 315 3390 0.072 3.765 -0.152 1.756 3.205 1.371
656.5 33 3.065 -0.237 3.854 -0.058 1.756 0.782 3.260 1.454
658.5 33.7  2.803 -0.652 3.561 -0.278 1.598 3.160 1.179
660.5 78 2967 -0.566 3.855 -0.237 1.651 0.733

662.5 822 3216 -0.557 2.293 3.107 1.382
664.5 81.4 3380 -0.470 3.716  -0.024 2.060 0.689

666.5 74.1 3326 -0.491 3736  -0.379 2.235 3.497 1.396
668.5 89 3116 -0.220 3.854 -0.154 1.894 0.798 3.271 1.242
670.5 62.3 3016 -0.244 3.692 -0.293 1.747

672.5 388 3.023 -0.252 3511 -0.324 1.954 0.766  3.562 1.396
673.5 20.2

674.5 18.8 3.582 -0.329 2.332 3.096 1.392
675.5 22.1

676.5 26 2874 -0.314 3.762  -0.281 2.038 0.712 3525  1.240
678.5 348  2.739 -0.505 3.671  -0.280 2.030 3.332 1.492
680.5 60 2903 -0.383 3372 -0.145 2211 0.820  3.307 1.400
682.5 66.8  3.017 -0.595 1.864

684.5 773 3257 -0.456 3713 -0.211 1.869 0.816
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Depth NpS 5]80(;[, 513CGb é”ONm 5”CNPS Mg/caGb Mg/CaNps SMOCW 643CCW
cm. %

686.5 90.8 3.123 -0.282 2310

688.5 50 2.839 -0.408 3.686 -0.279 2.080 0.824  3.681 1.330
690.5 54.1 2711 -0416 3.746  -0.319 1.938

692.5 96 2.767 -0.271 3410 -0.152 2.576 0.761 3.518 1.400
694.5 88 3.799 -0.294 3244 -0.315 2.368

696.5 86 3.181 -0.285 3012 -0.254 1.893 0.822

698.5 804 3.286 -0.847 1.841 3.448 1.440
700.5 92 3377 -0.526 3366 -0.023 1.618 0729 3.654 1173
702.5 81.2 3.189 -0.412 1.572

704.5 83 3470 -0.150 1.905 0.815

706.5 853 3.174 -0.618 1.818 4.033 1.826
708.5 60 3.166 -0.707 3.806 0.030 1.888 0.663 3.597 1.656
710.5 554 1.813

712.5 49 3.198 -0.622 3.971 0.117 0.676  3.146 1.511
714.5 373  3.089 -0.766 1.721 3.403 1.457
716.5 345 3.153 -0.408 3.848 0.068 1.990 0.747 3.395 1.578
718.5 40.8 3.240 -0.581 1.749 3.548 1.464
720.5 50 3327 -0.542 3.889  -0.145 2.180 0.705 3.592 1.641
722.5 475 3.081 -0.267 1.729 3.049 1.472
724.5 37.5 3.166 -0.597 3.979 0.002 2.067 0.681 3.592 1.606
726.5 44.1 1.982 3.491 1.512
728.5 50 3.181 -0.526 3.995 0.047 1.863 0.724 3.771 1.532
730.5 75.6 3311 -0.500 3.167 1.484
732.5 64 3.898 -0.078 0.604

734.5 66  3.227 -0475 1.544 3.558 1.421
736.5 72 3.099 -0.160 3.849 0.025 1.535 0.733

738.5 66 3.225 -0.409 3.483 1.496
740.5 81 3498 -0.287 3944  -0.008 0.789

742.5 73.8 3253 -0472 1.573

744.5 76 3276 -0.200 3978 -0.257 1.604 0.761

746.5 75.5  3.221 -0.346 3729  -0.242

748.5 74 3344 -0.052 3.828 -0.045 0.765

750.5 546 3309 -0.123 3.897 0.173 1.564 3.503 1.435
752.5 50 3411 -0.269 3.843 -0.122 1.688 0.755 3.437 1.348
754.5 51  3.026 -0.261 1.710 3.419 1.460
756.5 28  3.252 -0.039 3.683 0.003 1.575 0.771 3.072 1.258
758.5 312 3.131 -0.302 1.790 3.456 1.636
760.5 38 3266 0.063 3.695 0.085 1.715 0.780  4.106 1.501
762.5 413 2977 -0.037 1.719 2.980 1.412
764.5 34 3229 -0.094 3.776 0.020 0.851 3.397 1.355
766.5 14.7 1.637

768.5 23.8 3.070 -0.230 3.726 0.147 1.666 0.814  3.111 1.460
770.5 80.3 2.874 -0.029 1.808 3.071 1.377
772.5 72 2986 -0.181 3.824 0.149 1.911 0.757

774.5 80.6 2.840 0.017 1.837

776.5 78 2967 -0.155 3.839 -0.003 1.831 0.747

778.5 539 2866 -0.345 2.258 3.080 1.549
780.5 75.2  3.002 -0.508 3.522 0.297 1.713 0.738  3.547 1.248
782.5 63.7 3.016 -0.609 3734  -0.042 3426 1570
784.5 68.8 3.467 0.198 1.802 0.774  3.425 1.445

E-Vill



Appendices

Depth NPS (5" 80(;1, 5’ JCGI, 51 80}\/,,, 5] chps Mg/ CaGb Mg/ CaNps 51 80Cw 5, 3CCw
cm. %

786.5 544 2799 -0.436 3.906 0.126 1.950

788.5 55.1  2.629 -0.185 3.594 0.125 1.905 0.747  3.157 1307
790.5 49.1 2,650 -0.126 3.758 -0.213 2.050

792.5 492 2711 -0.244 3.566 -0.078 2.032 0.885 2777 1410
794.5 56.8 2.802 -0.392 1.930 2940 1.184
796.5 61.7 2.176 0.758 3.147  1.584
798.5 59.5 2712 -0.240 2.208

799.5 35.8 3.090 1.291
800.5 548 2746 -0.185 2.082 0.771 3192 1.288
802.5 62.2 2.756 -0.315 3.887 -0.018

804.5 70.7 2917 -0.355 3.990 0.016 1.996 0.726 3270 1374
806.5 70 3.042 -0.502 3.744  -0.156 1.904

808.5 67.3 3.634 0.041 2.081 0.825 3.299 1.324
810.5 569 2995 -0.689 3.924 0.112 3.443 3.350 1.421
812.5 56.9 3.745  -0.085 2.571 0.737 3.075 1.151
814.5 56.7 2759 -0.544 3.790 0.00t1 2272 3.211 1.229
816.5 50 2.854 -0.283 3.569 0.035 2.144 0.728 3.311 1.237
818.5 54 2794 -0.462 1.899

820.5 63.7  2.660 -0.495 2.614 0.814  3.334 1.332
822.5 49 2422 -0.284 3.684 -0.019 2.185 2.859 1.402
824.5 62.3 3494 -0.056 2.054 0.813

826.5 61 2.684 -0.206 2.046

828.5 524 3.444 0.030 2.568 0.769 3.300 1.391
830.5 276 2437 -0.775 3206 -0.074 2.344

8325 19.8 2706 -0.599 3.331 0.193 2.100 0.797

834.5 48.2 2,642 -0.606 2.078

836.5 66.7 2481 -0.241 3.339 0.175 2.082 0.807 2.812 0.948
838.5 486 2729 -0.733 3,510 -0.101 2.146 2716  0.943
840.5 71.7 3.067 1.017 2995 1.114
842.5 71 2574 -0.409 3.514  -0.090 2.726

844.5 70.1  2.485 -0.069 3.437 0.064 2.355 0.784

846.5 66.8 3433 -0.044 2.463

848.5 88  2.437 -0.399 3.536 0.009 2.184 0.903 2.734  0.846
850.5 86.5 2.628 -0.264 3.347  -0.027 2.742

852.5 93.5 2709 -0.578 3.596 0.038 1.996 0.880 2.871 0.792
854.5 95 2893 -0.624 3.631 0.074

856.5 92 2920 -0.656 1.978 0.829

858.5 79 2998 -1.105 2.355 3.239 1.563
860.5 769 2787 -0.817 3477  -0.063 1.988 0.729 3.233 1.529
862.5 68.3 2903 -0.697 1.796 3.212 1.610
864.5 66.7 2990 -0.580 3.570 0.073 2.264 0.736  3.024 1.381
866.5 61 2999 -0.627 3.701 0.036 1.953 3.294  1.637
868.5 634 3.073 -0.606 2.234 0.822 3359  1.642
870.5 66 2.885 -0.607 3.703 0.001 1.848 3.156  1.468
872.5 54 2972 -0.761 3.455 0.175 1.896 0.817 3.086 1477
874.5 53 2963 -0.776 3.656  -0.055 2.331 3.150  1.532
876.5 541  3.092 -0.792 3.605 0.085 1.748 0.768 3.144  1.500
878.5 67 2872 -0.731 3.806 0.102 1.863 3226  1.565
880.5 63.5 1.902 0.788  3.154 1.618
882.5 572  3.040 -0.569 3.623  -0.182 1.934 3296  1.695
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Depth  Nps 8%, 8°Cop,  5%Onps  67Cwnpe Mg/Cagy,  Mg/Cayny,  8°0c,  5°Ce
cm. %

8845 69.8 2858 -0.628 1.750 0749  3.502  1.341
886.5 331 2.545 -0.663 3.685  0.032 2.465

888.5 282 2.843 -0.156 2.420 0.808

890.5 284 2.667 -0395 3504 -0.138 2.288 3246 1.557
892.5 286 2512 -0239 3291  0.064 2.190 0.863

894.5 37 2663 -0.514 3454 -0.102 2.351 3365  1.532
896.5 445 2707 -0.505 3.330 -0.164 2.198 0.859 3387 1.034
898.5 44 2630 -0571 3579 -0.058 2.649

900.5 53.6 2366 -0.572 3.548 -0.025 0.818

902.5 67 2716 -0499 3439  -0.022 2.371

904.5 653 2855 -0.696 3251  0.019 1.843 0.918

906.5 517 2943 -0478 3576 -0.184 2.086 2932 0.830
908.5 509 2.694 -0.691 3230 -0.179 1.813 0.775

910.5 267 3472 0.071 1.942 2932 1362
9125 261 2781 -0.492 2.297 0.868 2.883  0.907
9145 19.1 2.650 -0.647 3.289 -0.170 2.205 3014 1.141
9165 269 2.809 -0.781  3.107 -0.175 2.204 0.837 3239  1.051
918.5 18 2665 -0.619 3243 -0.103 2.705 3348 1.203
9205 152 2571 -0.682  3.166  0.032 2.181 0911 3365  1.006
9225 10 2.599 -0.460 2.104

9245 129 2.638 -0.511 3.164 -0.102 0.972

926.5 134 2427 -0244 3296 -0.244 2.243

928.5 10 2583 -0246 2996 -0.298 2.170 0953 3161 0.912
930.5 9 2454 -0386 3385 -0.610 2.218

9325 49.6 2.190 -0465  3.066 -0.133 0.783

9345 258 2313 -0264 2757 -0.900 2.340

936.5 238 2298 -0.540 3290 -0.437 2.710 0.984

938.5 23 2356 -0.378  3.383 -0.304 2.081 2969  1.000
940.5 33 2233 -0304 2971 -0.566 2.221 0.885 3.306 1.034
9425 28 2301 -0.705 3.380 -0.508 2.397

944.5 38 2056 -0.650 3.259  -0.331 2.371 0933  3.115 1.100
946.5 31 2262 -0457  3.109 -0.390 2.110 3.149  1.451
948.5 46 2372 -0.817 2988 -0.359 1.952 0771 2.859 1231
950.5 52 2617 -0466 3385 -0.493 2.238

951.5 3.045  0.830
952.5 35 2397 -0.664 3328 -0.628 2.140 0.828

953.5 3488  0.822
954.5 49 2598 0769  3.559  -0.443 1.812

955.5 3.054  0.862
956.5 40 2619 -0.672 3358 -0.381 0.821

958.5 37 2444 -0.658 3.558 -0.735 1.997

959.5 3478  0.890
960.5 34 2612 -0447 3483  -0.489 2.014 0.856

961.5 2.855  0.990
962.5 49 2709 -0.830 3487 -0.661 2.424

963.5 3226  1.162
964.5 42 2536 -1.048 3332 -0373 2.164 0.833

965.5 3461 1.228
966.5 268 2531 -1.071 3427 -0.838 2.183

967.5 3377 1.176
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Depth NpS (518001, 5”C(;b 51801\/,,; 5”CNps Mg/CaGb Mg/CaN,,s 5’30(;‘4, SHCCW
cm %

968.5 196 2599 -1.202 3.189  -0.567 2.265 0.824

969.5 3.366 1.151
970.5 254 2271 -1.296 3.534  -0.268 2.127

971.5 3.333 1.150
972.5 14 2308 -0.924 3206 -0.610 2.164 0.751

973.5 3.081 1.024
974.5 15 2.446 -1.008 3220 -0.539 2.511

975.5 3304 1201
976.5 16.5 2.401 -0.886 3.148  -0.438 2.039 0.862

977.5 2.967 1.174
978.5 243 2545 -0.975 3.329  -0.610 2.228

979.5 2.698 0.820
980.5 331 2527 -0.787 2913  -0.694 2.439 0.935

981.5 3.445 1.224

982.5 653 2449 -1.017 3.298 -0.384 2.197

Nps %, relative abundance of N. pachyderma sin.; Gb, G. bulloides; Cw, C. wuellerstorfi
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Abstract

Published studies show that ice rafted debris (IRD) deposition preceding Heinrich (H) events HI and H2 in the NE Atlantic
was derived from the NW European ice sheets (NWEILS), possibly offering clucs about ice sheet sensitivity and stability, and the
mechanisms that caused periodic collapse of the Laurentide Icc Sheet (LIS). We present detailed lithological and geochemical
records, including radiogenic isotope fingerprinting, of IRD deposits from corc MD01-2461, proximal to the last glacial British
Ice Sheet (BIS), demonstrating persistent instability of the BIS, with significant destabilisation occurring 1.5-1.9 kyr prior to both
H1 and H2, dated at 16.9 and 24.1 kyr BP, respectively, in the NE Atlantic. Paired Mg/Ca and 830 data from the surface
dwelling Globigerina bulloides and subsurface dwelling Neogloboquadrina pachyderma sinistral are used to determine late-
glacial variability of temperature, salinity and stratification of the upper water column. A picture emerges that the BIS was in a
continuing state of readjustment and never fully reached stcady state. Increased sea surface temperatures appear to have triggered
the episode of NWEIS instability preceding H1. It seems most probable that the so-called ‘precursor’ events were not linked to
the H cvents. However, if responsc to a common thermal forcing is considered, an increased response time of the LIS, up to ~2
kyr longer than the NWEIS, may be inferred. Negative salinity excursions of up to 2.6 indicate significant incursions of melt
water associated with peaks in NWEIS instability. Decreased surface density led to a more stable stratification of the upper water
column and is associated with reduced ventilation of intermediate waters, recorded in depleted epibenthic 8'3C (Cibicidoides
wuellerstorfi). We suggest that instability and meltwater forcing of the NWEIS temporarily weakened Atlantic Meridional
Overtuming Circulation, allowing transient advance of southern-sourced waters to this site, prior to H events 1 and 2.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Numerical modelling suggests that increases in
freshwater flux ofjust 0.01 Sv, if routed to the centres
of active deep-water convection, have the capability to
cause considerable reduction in the Atlantic Meridio-
nal Overturning Circulation (AMOC), accounting for
mean annual temperature changes of between 5-10 °C
in the circum-North Atlantic region over a matter of
decades [1]. The last glacial NW European ice sheets
(NWEIS; comprising the British, Icelandic and
Fennoscandian ice sheets) likely achieved a maximum
ice volume of ~10* 106 km3, approximately one third
that of the North American, Laurentide ice sheet (LIS)
[2], often considered to be the principal driver behind
millennial scale variability in AMOC during the last
glacial period [3-5]. Rather than the volume of these
freshwater reservoirs however, it is the location of the
NWEIS close to the main North Atlantic convection
centres, that enhances their potential to perturb AMOC
and climate during episodes of accelerated ice sheet
melting.

Despite intensive research into Heinrich (H) events
(see recent review [6]) and Dansgaard-Oeschger (D-O)
climatic oscillations that are associated with ~ 1.5 kyr ice
rafted detritus (IRD) cycles in the NE Atlantic (e.g.
[7,8]), there is no clear consensus on the underlying
mechanism that caused these periodic phenomena.
Hypotheses relating to H event initiation include external
forcing, probably intimately linked to perturbations of
AMOC dynamics (e.g. [9]), and the internal dynamics of
the LIS [10,11]. Modelling [10,11] and lack of
significant D-O frequency surging of the Hudson Strait
ice stream [12] suggest that the LIS was relatively stable
and largely immune to high-frequency (climate) forcing,
favouring internal instabilities as the trigger for periodic
LIS collapse every 7-10 kyr [10,13]. Conversely, the
sensitivity of the smaller NWEIS of the last glacial is
well documented [14-16]. Recent studies have identi-
fied NWEIS instability prior to H events 1 and 2 [17—
19], possibly supporting a common external triggering
mechanism of H events, assuming individual ice sheet
response times were, in part, proportional to ice sheet
size/extent o f marine margin. Understanding the forcing
and climatic feedbacks that propel these millennial scale
cycles, including their interference with AMOC, is
crucial for the development o fpredictive climate models
[t

Here we present evidence from a marine sediment
core for NWEIS variability preceding HI and H2 (~ 16.8
and ~24.0 kyr BP; [20,21]). Multi-proxy foraminiferal
and lithologic geochemical analyses allow us to

document the variability of the British (BIS), East
Greenland/Icelandic (EGIIS) and Laurentide ice sheets
in fine detail in a framework of AMOC variability.

2. Materials and methods

Sediment core MDO1-2461 was recovered from the
north-western flank of the Porcupine Seabight (51° 45'
N, 12° 55'W) in a water depth of 1153 m (Fig. 1). The
site is ideally located to monitor BIS variability as it is
close to the last glacial Irish Sea ice stream, a principal
outlet glacier draining the BIS [22]. As previous studies
illustrate, a cyclonic surface gyre circulation in the
subpolar North Atlantic routed iceberg drifts from the
circum-North Atlantic ice sheets to this region [23 25]
so that the core records also monitor IRD derived from
other North Atlantic margins.

The chronology of MDO01-2461 is based on 15
monospecific foraminifera (Globigerina bulloides, or
Neogloboquadrina pachyderma sinistral) AMS 14C
dates. Radiocarbon ages were calibrated to calendar
years before present (yr BP) using the CALIB pro-
gramme (version 5.0.1 with the MARINE04 data set),
incorporating a 400 yr correction for marine reservoir
age [26] (Table 1). However, comparison of the relative
abundance of N. pachyderma sin. (%; an apparent
relative sea surface temperature (SST) proxy, [27]) with
the GISPII 61sO record [28] (Fig. 2b, ¢) suggests that the
constant 14C-reservoir assumption is likely incorrect.
The climate-based correlation (r2=0.829) suggests that
the 400-yr l4C-reservoir correction is a considerable

60* N

Fig. 1. Location of core MD01-2461 at the northeastern extent of the
Ruddiman belt of preferential IRD accumulation [25]. Dashed black
lines indicate likely routes of icebergs derived ffom circum-North
Atlantic ice sheets due to an anti-clockwise surface gyre during the last
glacial [23,25]. Dashed grey lines represent last glacial maximum ice
sheet (IS) extent. B — British; I — Icelandic; G — Greenland; L —
Laurentide. Dashed grey lines represent last glacial maximum ice sheet
(IS) extent.
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Tabie 1

Radiocarbon ages for MD02-2461

Laboratory code Material Depth

(cm)

SUERC-3302 N. pachyderma sin. 196.5
SUERC-3303 G. hulloides 208.5
SUERC-3306 N. pachyderma sin. 228.5
SUERC-3287 N. pachyderma sin. 244.5
SUERC-3307 N. pachyderma sin. 276.5
SUERC-3308 N. pachyderma sin. 302.5
SUERC-3309 N. pachyderma sin. 324.5
SUERC-3288 N. pachyderma sin. 356.5
SUERC-3289 G. hulloides 392.5
SUERC-3290 N. pachyderma sin. 412.5
SUERC-3292 N. pachyderma sin. 436.5
SUERC-2278 G. hulloides 478.0
SUERC-2279 N. pachyderma sin. 528.5
SUERC-2275 N. pachyderma sin. 570.5
SUERC-2274 N. pachyderma sin. 602.5

Age reversals removed.

underestimate, with offset between the tuned and d e -
based age model increasing following H2 and the last
glacial maximum (LGM; Fig. 2a). Elevated 14C-
marine reservoir ages have previously been interpreted
from North Atlantic sediments, reflecting sea-ice or
meltwater cover reducing air-sea gas exchange and
isotope equilibration [29-32]. Our correlation between
N. pachyderma sin. % and the Greenland ice core

400 year reservoir age

12 13 14 15 16 17 18

HMC age Error age Calendar age
(yr BP) (xlo yr) (a BP)
11,032 39 12,709
12,551 46 13,992
11,950 43 13,337*
14,530 58 16,819
15,118 64 17,692
15,518 63 18,564
15,174 60 17,586*
17,130 77 19,993
18,233 87 21,053
18,665 89 21,688
19,128 94 22,287
20,193 118 23,702
20,931 129 24,577
21,565 128 25,647
22,234 147 25,792

palaeoclimatic record suggests 14C-marine reservoir
ages of up to ~2 Kkyr occurred at our site during
periods of substantial meltwater release and ocean
stratification. An additional consideration may be
release of aged CO2 during ice sheet melt [33].
Here, we use the age model derived from tuning the
N. pachyderma sin. % record to GISPII <5180 profile
stratigraphy that is

which provides a robust

19 20 21 22 23 24 25 26 27
Age kyr BP

Fig. 2. Stratigraphic correlation between relative abundance of N. pachyderma sin. and GISPII ice core, (a) Suggested I 4C-marine reservoir ages
determined from the age difference between calibrated 14C ages and calendar years based on the correlation o f N. pachyderma sin. % (c¢) with GISPII
(5180 [28] (b). Dashed line indicates the present day North Atlantic ,4C-marine reservoir age of 400 yr. Vertical lines indicate tie-points used for
stratigraphic correlation. Black triangles in (c) indicate 4C date. Grey bars locate H layers 1 and 2.
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comparable with the Greenland ice core record and
palaeoceanographic profiles from other North Atlantic
core sites [34]. Sedimentation rates range between 12
and 60 cm kyr™! yielding, at a sampling interval of 1-
2 ¢m, a mean time step along the records of 6030 yr.

Lithic grains >150 pm embedded within the silty
clay sediment are considered to be ice rafted [7.25].
Through visual, lithological classification we distin-
guish between non-provenance specific quartz and
haematite-coated grains, an East Greenland/Icelandic
(EGIIS) assemblage of volcanic debris (pumice, black
glass and basalt), LIS-sourced dolomitic carbonate [35],
and a BIS assemblage (shale, dark carbonates and black
limestone) sourced in part from Carboniferous forma-
tions that outcrop across much of Ireland. Chalk clasts
occasionally associated with this BIS assemblage
support an Irish Sea ice stream source, with Con-
iacian—Santonian age coccoliths (pers. comm. J. Young,
Natural History Museum) suggesting erosion of the
Celtic Shelf by the Irish Sea ice stream [cf. [18]].

As additional provenance fingerprints we use
radiogenic isotopes ('**Nd/'**Nd) and *°Ar/3°Ar
ages of individual hornblende grains. The '**Nd/
1%Nd of the non-carbonate, >150 pm fraction was
determined for 16 samples in the intervals associated
with H2 and H1. Chemically separated Nd was analysed
on a Finnigan MAT 261 mass spectrometer at Toulouse
University, normalised and reported as eng following
Grousset et al. [36].

Homblende grains were picked from the >150 pm
size fraction wherever present. Grains were co-irradiated
with hornblende monitor standard Mmhb (age=525
Myr; [37]) and *°Ar/*®Ar ratios of individual horn-
blende grains were determined at the Ar geochronology
laboratory at Lamont-Doherty Earth Observatory.
Resulting ages have been corrected for mass discrim-
ination, interfering nuclear reactions, procedural blanks
and atmospheric Ar contamination [38-40]. The
assignment of IRD assemblages to a specific ice sheet
provenance is determined from the above suite of proxy-
approaches and is discussed in detail elsewhere [41].

Upper water column temperature and vertical
structure were determined through paired Mg/Ca and
oxygen isotope analyses of surface dwelling G.
bulloides and subsurface dwelling N. pachyderma sin.
Samples of 50 specimens where available (not less than
20) were crushed, homogenised and split. Samples for
Mg/Ca analysis were cleaned following Barker et al.
[42] and analysed on an ICP-AES (Varian Vista) with a
precision better than 0.4% (lo; liquid standard), and
sample reproducibility of <4%. Temperature calibration
is discussed below (Section 3.2). All stable isotope

analyses were made using a ThermoFinnigan MAT 252
with an external reproducibility of <0.08%. for '*0
and 0.03%o for 8'*C. Benthic isotope measurements
were made on 1-4 specimens of Cidicidoides wueller-
storfi where possible.

3. Results and discussion
3.1. Ice sheet instabilities

An almost constant flux of IRD to the core site
throughout the period 26.5—17 kyr BP suggests constant
readjustment of the BIS marine margins. Within this
time, four distinct episodes of ice sheet instability may
be inferred from enhanced IRD flux (Fig. 3d). The H1
and H2 layers, centred at 24.1 kyr BP and 16.9 kyr BP,
respectively, stand out in the records due to their high
magnetic susceptibility (Fig. 3b; {23,43]) and the
presence of distinctive dolomitic carbonate sourced
from the Hudson Strait region of the LIS (Fig. 3g; [35]).
Crustal debris derived from the Precambrian shield
underlying the LIS is identified by engy values of <—24
(Fig. 3a) [17,44,45]. This is corroborated by the
Palaeoproterozoic age range (16501900 Ma) of the
Churchill Province which dominates the assemblages of
homblende grains extracted from each of these IRD
layers in our core (Fig. 3c: HI, 84% n=13; H2, 82%
n=29) [40]. These are the type H layers sensu strictu. At
this site they are each only 1-6 cm thick and represent
100--300 yr within episodes of IRD deposition exceed-
ing 2000 yr (H2) in the NE Atlantic. Given the apparent
synchronicity of H layer deposition across the IRD belt
(cf. H layer ages compiled in [6,34]) instability of the
LIS and extensive iceberg discharge from the Hudson
Strait lagged the regional increase in IRD deposition in
the NE Atlantic by >1 kyr, consistent with the European
‘precursor’ events of Grousset et al. [17] and Scourse et
al. [18]. The high resolution records, robust age model
and multi-proxy investigation of ice—ocean interaction
presented in this study allow more detailed interpreta-
tion and accurate dating of these ‘precursor’ events than
previous studies have allowed.

Prior to H2, the first phase of ice sheet activity is
marked by enhanced fluxes of EGIIS- and BIS-sourced
IRD (Fig. 3e, f) at 26.2 kyr BP, with associated
radiogenic &ng of —5.6 (just above ‘d’, Fig. 3a)
reflecting the strong volcanic contribution. This initial
episode of NWEIS instability and IRD deposition
occurred 1.9 kyr prior to the first appearance of Hudson
Strait sourced debris at 24.25 kyr BP and lasted 400 yr.
Enhanced deposition of BIS debris recommenced at
25.5 kyr BP and increased steadily for 300 yr with little
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Fig. 3. Lithological and geochemical IRD records versus age from core MD01-2461. All measurements except magnetic susceptibility were made on
the>150 pm fraction. All IRD counts arc normalized to fluxes (grains g~ 1* dry bulk density (g cm”3)x sedimentation rate (cm kyr- ')=grains cm-2
kyr” 1). (a) eNd of silicate fraction, (b) whole-core magnetic susceptibility [43], flux ofice rafted (c) hornblende grains with Palaeoproterozoic (1650-
1900 M a)40Ar/39Ar ages, (d) total grains, (e) BIS grains, (f) volcanic grains and (g) dolomitic carbonate grains to MD01-2461 (>150 pm cm-2
kyr""). Note break in axes. Stars in (e) denote depths where Upper Cretaceous Chalk is found. Vertical bars highlight dominance of IRD provenance;
light grey = BIS is main IRD source; medium grey = significant contribution from EGIIS; dark grey = LIS signature is recorded. Acronyms are as
follows: H, Heinrich Layer, NWE, NW European icc sheet sourced events (numbers refer to respective H layers). LGM, last glacial maximum. Letters

a, b, ¢ and d refer to correlative events of Bond and Lotti [7],

input from the EGIIS. IRD flux then rapidly increased,
total IRD exceeding 350 * 103 grains cm-2 kyr- 1at25.0
kyr BR Increased fluxes of both volcanic and BIS
debris, together with eNd values of -6.3, suggest
bimodal sourcing of IRD from both the BIS and
EGIIS in this phase of considerable NWEIS instability
lasting 300 yr. The timing of this peak in NWEIS

instability recorded at M DO01-2461 is, within the
constraints of the age models, equivalent to that of the
relatively radiogenic fNd ‘precursor’ IRD peak at
MD95-2002 in the Bay of Biscay [17], and the Celtic
Shelf chalk-rich IRD peak at the Goban Spur [18].
Following this episode of substantial IRD deposition,
the flux of volcanic debris decreased again while eNd
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values of - 11 to -12, approaching the British Isles end
member [45], became dominant for 900 yr, until the
arrival of LIS-sourced icebergs and H layer deposition.
This entire episode of NWEIS instabilities is termed
NWE2 (Fig. 3).

Similar sequencing of NWEIS IRD deposition is
observed prior to HI, NWE1. A significant influx of
IRD derived from both the BIS and the EGIIS,
commenced at 18.4 kyr BP, 1.5 kyr prior to the arrival
o f Hudson Strait debris. Dissimilar to NWE2, there is no
substantial increase or peak in IRD flux, rather total IRD

HINWE1 LGM1 LGM2

steadily decreases across NWEI1, remaining low
throughout the deposition of H layer 1 when total IRD
was just 28 x 103 grains cm-2 kyr-1, approximately a
10-fold reduction compared to H2 fluxes.

Two significant IRD layers of NWEIS derivation
occurred between HI and H2, commencing at -22.4 kyr
BP (LGM2) and -20.3 kyr BP (LGM1). These intervals
lasted 1.6 and 1.0 kyr, respectively. The peaks of these
three most recent IRD events (LGM2, 1 and NWE1)
present a periodicity of 1.5-1.6 kyr, likely correlating to
peaks in volcanic and haematite-coated grains

H2 NWE2

N wo—s

Age kyr BP

Fig. 4. Upper ocean climate records from core MDO1-2461. (a) <5**0 of G. hulloides (black, closed circles) and N. pachyderma sin. (grey, open
circles), (b) Calcification temperatures (°C) of G. hulloides (upper 60 m of water column; black, closed circles) and N. pachyderma sin. (100-200 m
water depth; grey, open circles), (c) SSS (black, closed circles) and subsurface salinity (grey, open circles) based on G. hulloides and N. pachyderma
sin., respectively. Flux of (d) total IRD. (e) dolomitic carbonate (x 103; per cm-2 kyr-1) to MD01-2461. Vertical bars and abbreviations as Fig. 3.

Meltwater pulses indicated with vertical arrows on (c).
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recognised within the North Atlantic IRD belt (“a”, “b”
and “¢” of [7]). IRD deposited at our core site from the
first phase of NWE2, peaking at 25.9 kyr BP, may relate
to “d” at ~23.0 '*C kyr [7] and is labelled accordingly
(Fig. 3), supporting synchronous instability of the
NWEIS and potentially the south-eastern extent of the
LIS also.

3.2. Surface, subsurfuce and intermediate water
conditions associated with ice rafting events

Except for intervals where the 8'%0 of G. bulloides
and N. pachyderma sin. are identical around the LGM,
N. pachyderma sin. consistently displays heavier 6'%0
than G. bulloides (Fig. 4a), reflecting the greater depth
and lower temperature habitat of N. pachyderma sin.
As Hillaire-Marcel and Bilodeau [46] and Simstich et
al. [47] we interpret similar §'30 values of surface and
subsurface species to represent intensive mixing of the
upper water column. However, this interpretation
requires that each species calcifies in equilibrium
with seawater 6'®0 and ambient temperature, or that
possible disequilibrium calcification is known and
corrected for. The carbonate—water temperature equa-
tion of Shackleton [48] is used to determine equilib-
rium calcite oxygen isotope composition from modemn
water column data (Fig. 5a; [49]). A factor of —0.27%o
is used to convert water on the SMOW scale to calcite
on the VPDB (Fig. 5b). Assuming an average
calcification depth of 30 m for G. bulloides [50],
8'%0¢.  putioides from core top specimens predict a
summer (~July) growth season, within water tempera-
tures averaging ~12 °C. This growth season is later
than that of April-June predicted by Ganssen and
Kroon [51], who assume G. bulloides isotopic
temperatures reflect true SST, not the 0-60 m depth
range within which the specimens calcified. Similar
latitude core top 8"80¢. putivides from the Ganssen and
Kroon data set (Fig. 5b; [51]) fit our core top values,
reinforcing our interpretation of a summer bloom
season at an average water depth of 30 m.

The lower limit of the present day summer thermo-
cline, overlies the average depth of N. pachyderma sin.
calcification, ~100-200 m [47,52--54], where there is
negligible change in water temperature throughout the
year (<0.6 °C). As fluxes in N. pachyderma sin. are tied
to phytoplankton blooms [53], it is likely that the
majority of N. pachyderma sin. calcified during a similar
growth season to G. bulloides yet effectively record the
mean annual temperature of subsurface waters [55].
Significant regional variability of vital effect, offsetting
0'"®ON. pachyderma sin. from equilibrium calcite, is

determined from North Atlantic—Arctic Ocean core
tops where N. pachyderma sin. currently thrive. Offsets
range between 0%e [56 58] and —1%. [47,53,59.60].
The absence of N. pachyderma sin. from the top 1 m of
MDO01-2461 precludes attempts to determine possible
880y pachyderma sin. disequilibria, yet it would appear
that any offset at this site would certainly be <1%o,
potentially zero [56]. From these considerations we
assume that both planktonic species calcified in, or
close to, isotopic equilibrium (cf. [46]).

Mg/Ca of foraminifers is proven to be an effective
palaeotemperature proxy [61], but established calibra-
tions for G. bulloides are not based on temperatures
lower than ~10 °C. Applying the Mg/Ca—temperature
calibration of Mashiotta et al. [62] to core top G.
bulloides Mg/Ca, we derive summer SSTs 2 °C in
excess of modern SST (13.7 °C [49]) and LGM SSTs of
10-11 °C, exceeding previous estimates for this region
by up to 7 °C (e.g. [63]). These discrepancies suggest
that the calibration of Mashiotta et al. [62] is unsuitable
at our core site. As N. pachyderma sin. is absent in the
core top it was not possible to assess the calibration of
Niirnberg et al. {64] for this species.

To resolve these calibration issues we assume that the
period 20-19 ka BP, when the 6'*0 values of both G.
bulloides and N. pachyderma sin. are broadly identical
(Fig. 4a), represents an episode of upper water column
mixing [46,47] in which both species were exposed to
identical water mass and calcification temperatures.
Using the exponential relationship between Mg/Ca and
temperature, Mg/Ca=Aexp(Bx7T), and assuming a
similar exponent value of 0.1 for both species [65], we
determine a pre-exponent ratio G. bulloides:N. pachy-
derma sin. of 2.1. From modern SST (30 m) and core
top Mg/Ca values we derive a pre-exponent of 0.68 for
G. bulloides and, by virtue of the pre-exponent ratio of
2.1, 0.32 for N. pachyderma sin., assuming a fixed pre-
exponent ratio across the glacial-interglacial transition.
This calibration compares well with that of Barker and
Elderfield [50] (Mg/Ca=0.72 x %) for G. bulloides at
60°N in the North Atlantic. The M. pachyderma sin. Mg/
Ca-temperature calibration effectively equates to the
generic calibration of Anand et al. [65] (Mg/
Ca=0.38 x"*T), with variability in estimated calcifi-
cation temperature that may arise from these different
calibrations being <1 °C at Mg/Ca=0.78 mmol mol~’,
the average Mg/Ca composition of MD01-2461 M.
pachyderma sin. Our calibration overestimates calcifi-
cation temperatures by 2—3 °C compared to the T-Mg/
Ca N. pachyderma sin. calibration of Niimberg et al. [64]
(Mg/Ca=0.47x €"%87) using laboratory cultures and
Norwegian Sea core top samples. However, early-
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Fig. 5. Modem seawater temperature, salinity, and computed equilibrium *Ocacite profiles from MD01-2461. (a) Hydrographic data (temperature -
solid lines, salinity - dashed lines) for January, May and July [49]. (b) computed equilibrium 8" Ocatcite following [48]. Double-headed arrows locate
average calcification depth of G. bulloides (black) and N. pachvderma sin. (grey). Core top &' 06, huitoides (0pen circles from MDO1-2461; Black

diamonds from box cores 88-06 and 88-07 at 51.4°N and 50.5°N [51]).

Holocene (9.6-8.6 kyr BP) N. pachyderma sin. calcifi-
cation temperatures derived from our calibration average
10.3 °C (unpublished data) and compare well with
modern temperatures at a water depth of 150 m (10.6 °C;
[49]), substantiating our calibration and suggesting
regional differences in the T-Mg/Ca N. pachyderma
sin. relationship [55]. We consider combined analytical
and calibration uncertainties of Mg/Ca-derived temper-
ature estimates to amount to =1 °C [65].

The resulting temperature record derived from G.
bulloides Mg/Ca suggests variability of SST within the
range 616 °C (Fig. 4b), with a SST increase during the
early deglacial of ~4 °C. Glacial SST trends derived
from G. bulloides broadly parallel subsurface tempera-
tures, as determined from N, pachyderma sin. Mg/Ca,
within the range 6—12 °C (Fig. 4b).

Amplitudes of the temperature anomalies of the two
species do not directly mirror the magnitude of coeval
excursions in the paired 6'%0 records of both species,
that on occasion display an anti-phased trend between
G. bulloides and N. pachyderma sin. 8'%0 (Fig. 4c).
This pattern alludes to changes not only in temperature,
but seawater oxygen isotope (6,) composition and
salinity, with implications for upper ocean water mass
stratification. Calcification temperatures, based on Mg/

Ca ratios, were used to subtract the temperature com-
ponent from planktonic 5'*0, allowing determination of
d,, following the oxygen isotope palacotcmperature
equation of Shackleton [48]. 6'%0 values were
corrected for global ice volume following [66].
Assuming that the freshwater endmember 6'%0 was
similar to today, salinity was then determined following
the modern North Atlantic d,—Salinity relationship,
0w =8%0.61-21.3 [67], enabling estimates of density
(o) to be made using the International Equation of
State of Seawater [68]. Incorporating the errors
associated with the analytical precision for Mg/Ca
and 6'%0, temperature calibration uncertainties and
assuming an error of estimate for salinity on d,, of 0.08
that is derived from the North Atlantic surface J,,—
Salinity relation suggests an uncertainty envelope on
density in the range 0.6-0.7 o, units. Total error on
salinity estimates in the order of £0.2.

Overlapping density values at the two depth habitats
(~30 m for G. bulloides and ~150 m for N. pachvderma
sin.) suggest a well-mixed upper water column at this
site for most of the late glacial (Fig. 6b). Elevated
8"3Cpenthic (>1.5%o; Fig. 6¢) during much of this time
also suggest rapid ventilation of the mid-depth waters
during the late glacial from a nearby source in the open



484 V.L Peck et al. | Earth and Planetary Science Letters 243 (2006) 476—488

1 NWE1 LGM1

<,

a° b'

LGM2 H2 NWE2

<’

A J  Error£0.350

28 8

14 15 16 17 18 19 20 21 22 23 24 25 26 27
Age kyr BP

Fig. 6. Upper ocean density profile, intermediate water ventilation and [4C-marine reservoir age proxy records from core MDO1-2461. (a) 14C-marine
reservoir age (as Fig. 2a). (b) Density (<r,) for surface (G. bulloidesd¢black) and subsurface (N. pachyderma sin.; grey) waters. Error bars indicate
region o f uncertainty in density calculation, (c) dI3C of the benthic foraminifera Cibicidoides wuellerstotfi. Vertical bars and abbreviations the same
as Fig. 3. Reduced surface density and upper water stratification (b) and associated reductions in <93C (c) indicated with vertical arrows. Dotted lines

in (c) highlight one-point peaks that arc potential ‘outliers’.

North Atlantic [4,69], Following HI, SST averages
~4 °C warmer than average LGM temperatures,
while a persistent offset of >1%o0 is displayed be-
tween 5 Of; bulloides and 6 O pachyderma sin. and a
~0.7%o0 reduction in This data pattern
indicates enhanced surface stratification and concom-
itant convection slowdown at this site in the course
of enhanced meltwater shedding during deglaciation.

Periodic negative excursions in sea surface salinity
(SSS) of up to 2.6 suggest recurrent meltwater surges,
with fluxes maximising following the major phases of
NWEIS instability at NWE2, H2, LGM2 and 1, and
NWEI1 and finally at HI (Fig. 4c). The LGM1 salinity
reduction peaking at 19.2 kyr BP coincides with the 19-
kyr meltwater pulse, supporting the contention [70] that
rapid sea level rise of 10-15 m at this time in part
originated within the North Atlantic.

These meltwater incursions frequently stratify the
upper water column, inferred by divergent surface and
subsurface water densities (Fig. 6b). deple-
tion by up to 1.2%o0 during these episodes suggests

reduced intermediate water ventilation, likely reflecting
northwards penetration of Antarctic Intermediate Water
(AAIW; [4,71]) (Fig. 6¢). Several lowered
data points associated with each NWE meltwater event
reinforce the contention that reduced bottom water
ventilation at our site, independent of LIS meltwater
forcing, is a real feature of these events. Furthermore,
each episode of meltwater release, surface stratification
and apparent AMOC reduction appears to have had a
cumulative effect on the 14C-marine reservoir age at
MDOI-2461 as each successive event is coincident with
a further increase in marine reservoir age (Fig. 6). A
temporary reversal in this trend is observed at 19.6 kyr
BP, following a period of vigorous AMOC and upper
water column mixing at the core site which went some
way to ‘resetting’ the reservoir ages before meltwater
associated with NWE1 and HI caused reservoir ages to
increase yet again.

While reduced <513C benthic is a well documented
feature of H events in the North Atlantic [3-5], reduced
bottom water ventilation presented here, associated
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exclusively with NWEIS instability and meltwater
forcing highlights the significant effect that the smaller
circum-North Atlantic ice shcets may have had on
AMOC.

3.3. Ice sheet processes in response to ocean—climate
forcing

The records of surface and subsurface temperature
display fine-scale variability, with salient anomalies that
coincide with major IRD events. A notable warm pulse
is recorded between 19.0 and 18.6 kyr BP in both
surface and subsurface temperatures. A warming pulse
at this time, possibly initiating NWEIS instability, has
been noted at several core sites west of the British
Isles [19,72]. At MD02-2461 this warming occurs over
400 yr and amounts to an increase of ~8 °C for SST
and ~5 °C for subsurface temperatures, reaching
maxima of 15.6 and 12 °C, respectively at 18.7 kyr
BP. An increase in SSS of ~3 associated with this
warming pulse may suggest the northward penetration
of low latitude, warm saline waters, perhaps reflecting
a transient strengthening of the AMOC. Abrupt
termination of this warming trend and reduced SSS
is associated with initial step-up of NWEIS debris flux
at 18.4 kyr BP, NWE].

Increased upper ocean temperatures prior to IRD
deposition derived from the NWEIS suggests an
intensification of ocean thermal forcing may have led
to basal melt of ice shelves fringing these ice sheets and
retreat of the grounding line [73,74]. At the same time
heat exchange with the atmosphere may have increased
surface melt, accelerating ice shelf break up [75] and ice
stream flow [76]. Increased ice accumulation on the
BIS, caused by increased precipitation from a warmed
atmosphere, possibly increased the interior ice sheet
mass and thereby reduced stability further [77]. Close
coupling of ocean—climate and BIS stability is envis-
aged. It is suggested that BIS instability initiating
NWE?2, recorded by moderate BIS-IRD deposition, may
have resulted from ice shelf break-up due to surface—
subsurface warming above a critical threshold (cf.
[73,75,78]). Within the 300 yr duration of this phase,
sufficient ice shelf was melted back to reduce any
buttressing effect, triggering fast flow of tributary ice
streams [79] producing the large and abrupt increase in
IRD deposition during the peak of the NWE2 event at
25.0 kyr BP. Accelerated ice stream activity appears to
have lasted for ~300 yr, during which IRD deposition
remained high and sufficient freshwater was released to
stabilise the upper water column and reduce intermedi-
ate water ventilation. After this unstable phase, the

NWEIS, principally the BIS, appear to have restabilised,
reducing IRD delivery and perhaps allowing ice volume
to recover. Were collapse of the LIS interpreted to be in
response to the same forcing as the NWEIS (cf. [18]) a
response time of almost 2 kyr in excess of the NWEIS
may be implied from our records. As such, it may be
perceived that the so-called European ‘precursor’ events
were not directly linked to the H events (cf. [17]), but
were rather a manifestation of differing ice sheet re-
sponse times to a common forcing, conceivably reflect-
ing the greater mass of the LIS supporting a high thermal
inertia and/or time taken for ocean warming to reach ice
shelves buttressing the LIS. Limited marine-based BIS
margins, and therefore greater ice sheet stability by the
time of H1, following the retreat of the Irish Sea ice
stream [80], may account for the high rise in surface and
subsurface temperatures apparently required to initiate
BIS instability at NWE1 compared to NWE2,

The major influx of local BIS debris immediately
following deposition of H layer 2 includes the shallow
benthic foraminifera Elphidium excavatum forma cla-
vata which suggests down-slope transportation from a
proximal glaciomarine source [81]. Assuming marine
margins remained, it seems plausible that increased
SSTs, exceeding 10 °C, would have destabilised the BIS
margin further, enhancing calving and initiating debris
flow down the continental slope. A rise in sea level of 10
to 15 m associated with the collapse of the LIS [82,83]
may also have contributed to this destabilisation [18].
The near absence of locally derived IRD coincident with
or following HI suggests that the BIS ice margin had
retreated sufficiently to be unaffected by a SST or sea
level change associated with LIS collapse, or that
exposed sea floor within the Irish Sea limited iceberg
entry into the open ocean, glacial runoff freshening
surface waters as opposed to ice rafting.

3.4. NW European ice sheet instability and AMOC
variability

Decreased mid-depth water ventilation prior to the
main LIS collapse events at Hl and H2 are noted in
8" Cpenmic records throughout the North Atlantic [3-
5.71]. Whereas the decline of intermediate water
ventilation is often progressive in these records,
beginning up to 2.5 kyr before full H conditions (HI;
[4]), 8" Cpenmic at our site records temporary, 200-400
yr, reduction in intermediate-water ventilation, associ-
ated with NWEIS instability/meltwater forcing, 1.2-1.8
kyr before full H event conditions. 6" Cpepic at MDO1-
2461 then decreases again associated with and following
LIS-sourced IRD deposition and further meltwater
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release, in phase with records of complete AMOC
collapse [71]. Given that advance of AAIW to MDO1-
2461 was likely in compensation for reduced Glacial
North Atlantic Intermediate Water (GNAIW) formation
[71], far-reaching effects of the NWEIS-sourced
meltwater pulses may be implied prior to both H1 and
H2. 1t is envisaged that NWEIS-sourced meltwater
extended to the area of GNAIW formation, weakening
deep/intermediate water production and reducing
AMOC. Had the meltwater pulses produced longer-
term stratification of surface waters within this region
than is observed at MD01-2461 they may account for
the progressive, pre-H event spin-down of AMOC
recorded at more southerly sites [4].

4. Summary

We demonstrate the apparent sensitivity and height-
ened response of the NWEIS to climatic warming with
respect to the well grounded, stable LIS during the last
glacial period. Despite the comparatively small ice
volume of the NWEIS, their positioning with respect to
the likely centre of last glacial North Atlantic deep or
intermediate water formation appears to have made
meltwater released from the NWEIS an effective means
of causing basin wide AMOC variability, highlighting
the important role of the NWEIS in millennial scale
climatic events.
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