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Abstract

Heinrich Events (HEs) define intervals of major ice rafting from the Laurentide Ice
Sheet (LIS) into the North Atlantic during that last glacial period. The discovery of
potential European-sourced precursors to HEs suggests that the smaller, but
climatically sensitive, European ice sheets (EIS) may have played a role in the

triggering of HEs and their impact on global climates.

Environmental magnetism has proved itself to be a useful, rapid and non-destructive
tool in the identification and quantification of provenance in sediments from
numerous depositional environments. In this work, environmental magnetic analyses
are applied to marine sediment records from the European margin of the NE Atlantic
and known to contain ice-rafted debris (IRD) from both LIS and EIS sources. The
primary aim of the work in this thesis is to evaluate the methodology as a means of

distinguishing IRD provenance.

From the data obtained here it is possible to identify several magnetic events that
correspond to the HEs and other layers of detrital material and which correlate well
to previous standard petrological analyses performed on the same core materials.
Magnetic signatures differ within the HEs, suggesting a changing balance of input
from multiple sources as opposed to a single LIS source. The data suggest a phasing
of these compositional differences through individual HEs. The potential of using
environmental magnetic techniques in the identification of IRD provenance within
marine sediments is discussed, as is the significance of the observed provenance

variations within the cores studied.
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1.0 Introduction

1.1 Project Rationale

The general concept of the ice rafting of sediment is now well established in the
Quaternary/marine science research literature (e.g. Hemming 2004). Recently
studies have shown that throughout the Pleistocene, great armadas of icebergs
broke off from the pan-Atlantic ice sheets and drifted across the North Atlantic,
slowly melting and releasing any sediments entrained within them (Heinrich, 1988;
Bond et al., 1992; Broecker et al, 1993; Andrews et al,, 1993; van Kreveld et al,
1996; Rassmussen et al., 1997; Snoeckx et al,, 1999).

These “Heinrich Events” as they became known, are described as cold periods
that exhibit significantly enhanced ice-rafting, occurring roughly every 7-10
thousand years (kyr) for a duration of approximately 1000 years (Heinrich, 1988;
Bond et al., 1993; Andrews, 2000). Heinrich Events (HEs) left a lasting impression
in the sediments of the North Atlantic, in the form of Heinrich Layers
(HLs)(Heinrich, 1988). These horizons are characterised by a high concentration
of coarse lithic grains (lce Rafted Debris - IRD); a decrease in foraminiferal
abundance, with those foraminifera present being dominated by the species N.
pachyderma (sinistral.); light planktonic §'°0 values and an increased magnetic
susceptibility (Fig. 1.1)(Bond et al., 1992; Broecker et al, 1992; Andrews et al,,
1993; van Kreveld et al, 1996; Rasmussen et al,, 1997). Six distinct layers have
been found throughout the Pleistocene so far (labelled H1-H6), plus the Younger
Dryas IRD event, which some authors have called HO (Andrews et al,, 1995).

The HEs form part of climatic cycles called Bond Cycles (Bond et al, 1993,
Broecker, 1994), which span on average 10 kyr. The climate gets progressively
colder, until an abrupt warming returns the climate to its original state and ends a
cycle. The HEs occur just prior to this warming (Fig. 1.2)(Bond et al, 1993;
Williams et al, 1998). Further analysis has also associated HEs with low sea

surface temperatures (SSTs) and sea surface salinities (SSSs), and a reduction



(and possible collapse) of oceanic circulation, notably reduced North Atlantic
Deep Water (NADW) formation and the reduction of the global Thermohaline
Circulation (THC)(Fig. 1.3)(Maslin et al, 1995; Oppo & Lehman, 1995; Seidov &
Maslin, 1999). Heinrich Events are suggestive of major, and possibly abrupt,
climate changes on relatively short time-scales throughout the Pleistocene (Bond
et al, 1993; Bond & Lotti, 1995; Stoker, 1998). This has made the determination
of their causes and mechanisms a significant component in understanding
Quaternary climate change. Current competing hypotheses include external
forcing, such as climate fluctuations or THC perturbations (Scourse et al,, 2000),

and internal instability of the Laurentide Ice Sheet (LIS)(MacAyeal, 1993).

The association of Dansgaard-Oeschger cycles (D-O cycles; short 500-2000 year
climate cycles found in the Greenland Ice Cores, GRIP and GISP2 (Dansgaard &
Oeschger, 1989)) and Bond cycles with HEs (Fig. 1.2), implies a climatic
connection, but whether HEs are the cause or effect of these climate variations
has yet to be established (Stoker, 1998). Climate cooling would increase the
growth of ice sheets, and therefore increase iceberg calving. In turn, this would
inject fresh, polar water into the ocean, altering temperature and salinity and
inducing a weakening of oceanic circulation (Manabe & Stouffer, 1995).
Alternatively, THC perturbations will affect the transport of water temperatures
and salinity around the oceans, which could induce the melting of icebergs,

affecting albedo, evaporation rates and, therefore, climate (Briggs et /., 1997).

The theory of internal ice sheet instability was proposed by MacAyeal (1993) and
Alley & MacAyeal (1994), in the form of a binge/purge mechanism. They
suggested that the basal sediments of the Hudson Bay and Strait periodically
froze and thawed, creating a slipway for the ice, thereby enhancing ice rafting.
The cause of this freezing and thawing was suggested as either geothermal heat,
or a response to the pressure of the ice reacting to a critical mass reached every
7-10 kyr. Climate oscillations could also be caused by the accumulation and
ablation of the LIS, as the strength and position of the northerly winds would be

affected by the height of the ice sheet (Clark, 1994)(See Section 2.4).
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It has long been established that the LIS was the major contributor to the HEs,
and much work has been done on cores from that side of the Atlantic (Broecker
et al., 1993; Andrews et al, 1993; MacAyeal, 1993; Alley & MacAyeal, 1994).
However, recent isotopic and mineralogical work on the sediment fine fraction has
indicated a European/Nordic contribution (Hemming et a/, 1998; Snoeckx et af,
1999). In 2000, whilst studying cores from the Celtic Margin, Scourse et a/,
found what appeared to be a small IRD event approximately 1000 years prior to
H2. It was comprised of chalk and therefore said to be of British origin. Scourse et
al, suggested that this may be a “precursor event” and attributed it to the
response of the British Ice Sheet (BIS) to some hemispheric external force. As the
BIS was a smaller ice sheet than the LIS, it would have responded to that force
quicker. Also, being nearer to the Celtic Margin, BIS icebergs would have reached
this area first. The temporal relationship between different inputs of material is,

therefore, an important element in determining the ultimate cause of HEs.

Provenance is also a key issue in solving the mystery surrounding the cause of
HEs. The identification of which ice sheets were involved, coupled with a reliable
age-depth model could provide detailed information on the mechanisms at work
before, after and during a HE. Current methods of research are often time
consuming and must work in tandem with other data to provide the necessary
information mentioned above. Therefore, a single technique with the ability to
differentiate between source areas, and thereby look in detail at the phasing

throughout a HE is greatly needed.

1.2  Environmental Magnetism

Environmental magnetic techniques provide a means of characterising the iron
mineral types, concentrations and grain sizes within a rock, sediment or soil
(Verosub & Roberts, 1995). As such, they can be used to provide a
compositional signal (or ‘fingerprint’) that can be used in the same fashion as
other compositional analyses such as X-ray Diffraction (XRD), heavy mineral

counts or isotope analysis. However, in contrast to some other compositional



methods, environmental magnetic analyses are relatively quick and simple to use
(Walden et al, 1987; Oldfield, 1991). They are also inexpensive, very sensitive
and non-destructive to the sample, so the material can subsequently be used for
other analysis (Oldfield, 1991; Dekkers, 1997). To date, environmental magnetic
methods have been used, with varying degrees of success, in several provenance
studies (e.g. Begét & Hawkins, 1989; Yu & Oldfield, 1989; 1993). Provenance
studies include identifying a material in terms of its lithological character, its
formation processes, as well as determining the geographical source of the
material and differentiating between transport mechanisms and pathways
(Bloemendal et al, 1992; Verosub & Roberts, 1995). Magnetic methods have
been used to analyse the materials in a variety of sedimentary environments, such
as lakes (Dearing & Flower, 1982), loess (Begét & Hawkins, 1989), and oceans
(Bloemendal & de Menocal, 1989).

The main magnetic parameters: Susceptibility (x), Anhysteretic Remanent
Magnetism (ARM), Isothermal Remanent Magnetism (IRM) and Saturation
Isothermal Remanent Magnetism (SIRM), along with various associated ratios (see
Section 4.4 and Table 4.9) give detailed information on the mineral magnetic
concentration, magnetic grain size and mineral type within a material. A mixture
of these parameters can lead to a comprehensive characterisation of the material
being analysed. Comparing these characters to other samples from different areas
can help with the identification of provenance. Within a marine core spanning a
relatively large timescale, it can be assumed that several different sources will
provide material through a variety of transport mechanisms (Seibold & Berger,
1982; Briggs et al, 1997). This can be postulated because of the known changes
in climate, ocean circulation and ice sheet limits that took place during the
Pleistocene (e.g. Dansgaard & Oeschger, 1989; Bond et al, 1993; Alley &
MacAyeal, 1994; Lambeck, 1995; Oppo & Lehman, 1995; Elliot et al, 2002).
Changes in magnetic properties down-core should reflect these changes in
provenance, transport methods, and pathways (e.g. Bloemendal et al, 1992;
1993), and therefore, the propensity exists to characterise each source or

mechanism magnetically.
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1.3 Aims of the study.

Using sediments from a number of selected marine sediment cores, the aims of

this study are primarily to:

e Evaluate the potential of using environmental magnetic techniques as a
provenance tool in marine sediments;

o Characterise the HLs and inter-HL sediments in terms of magnetic grain
type, size and concentration;

o [dentify and explain the down-core variations in magnetic parameters;

e |If possible, determine the provenance of the sediments, particularly those
associated with the HLs.

Additionally, if the magnetic signature for each of the source areas identified
above can be determined, it may be possible at some stage to attempt un-mixing
of the HE signal into quantifiable concentrations from each source. Such
information could make a useful contribution to the establishment of a causal
mechanism for Heinrich Events that satisfies all the current criteria in terms of
source areas, phasing and climatic and oceanographic effects, however, this is

unlikely to be achieved during the timescale of this study.

These aims are going to be addressed by using high resolution, basic magnetic
measurements of susceptibility (yx), Isothermal Remanent Magnetism (IRM),
Saturation Isothermal Remanent Magnetism (SIRM), and Anhysteretic Remanent
Magnetism (ARM) and associated ratios (Table 4.9) on two marine cores taken
from the Celtic Margin (Fig. 1.4). The first one is a 245 cm Kasten core (OMEX
2K, 40°5.29N, 13°25.9W, Fig. 1.4), which contains a record of the last 30 kyr,
including H1 and H2. OMEX 2K is used as a pilot study for the methods, to assess
their potential for addressing the aims laid out above, before the acquisition of a
longer core. This second core, MD0O1-2461 (51°45’N, 12°55’W, Fig. 1.4) is a
2226 cm Piston core, which reaches back into the last interglacial period (>125

kyr BP). An improved age model for OMEX 2K will be developed through the



addition of 7 new '“C dates to the ones previously obtained by Scourse et al,
(2000). Extensive petrological data is also available for OMEX 2K, with simple IRD
counts in place for MDO1-2461. Certain samples may also be subjected to more
advanced magnetic analysis using a Vibrating Sample Magnetometer (VSM), and a
Superconducting Quantum Interference Device (SQUID). These instruments enable
more detailed information about the magnetic minerals present in a material to be
extracted by performing full hysteresis loops, low, and high temperature
measurements. For further information on these, see Lees & Dearing, 1999 and
Evans & Heller, 2003.

1.4  Structure of the Thesis

Chapter 2 provides a basic background to climate change research, and the
rationale of using marine sediments. Two sections will explore the phenomenon of
Heinrich Events and detail the current issues surrounding them, as well as some of
the other ongoing research attempting to answer the questions posed by HEs.
The final section introduces the subject of Environmental Magnetism, how it came
about as a technique, the methods involved and what it has the potential to
achieve. It also looks at some of the many studies from all aspects of

environmental science to have used these methods.

Chapter 3 is a short introduction to the site context. It details the purpose of the
Ocean Margin EXchange (OMEX) project, which retrieved one of the cores used in
this study; the methods of obtaining deep-sea cores; and discusses the previous
analysis performed on the OMEX 2K core. MD01-2461 is also described, and the

previous analysis discussed, however, as this is a recent core, much of the non-

magnetic analysis is still ongoing.

Chapter 4 is concerned with the methods used in this study. It outlines the
processes used for core logging, IRD counting and XRD, along with two detailed
sections on Radiocarbon dating and its application to this work. The next two

sections explain the environmental magnetic measurements used, the



instrumentation involved, and the subsequent data analysis. Finally, a brief

introduction to some of the basic statistical methods used is included.

The results and discussion are provided in Chapter 5. Here, the age-depth model
for OMEX 2K is discussed, as is the basis for a chronology for MD0O1-2461. A
comprehensive study of the magnetic characters of the sediments is explained
here, and they are interpreted in terms of their provenance and transport
mechanisms. A comparison of the two cores, and other North Atlantic material

are provided, followed by an overview of all the findings discussed above.

The sixth, and final chapter contains the principle findings of this study, and
outlines further work identified during the project. Appendices on page 325
contain additional biplots drawn for both the cores, to show the interactions of
various parameters (Appendix 1) and the raw statistics performed on all cores

and subsections (Appendix 2).



2.0 Literature Review
2.1 The Quaternary

The Quaternary is in the latest period of the Earth’s history (the Cainozoic era)
and it spans approximately the last 2 million years (ma)(Williams et al., 1998;
Maher et al, 1999). It comprises of the Holocene (10 kyr BP - present) and the
Pleistocene (~ 2 ma BP - 10 kyr BP). Some 2.4 ma BP, major ice sheets began to
form over most of North America and Europe. By the onset of the Pleistocene,
much of the Northern Hemisphere was experiencing glacial conditions (Table
2.1)(Ahnert, 1996; Briggs et al, 1997). Within the Pleistocene, as many as 50
glacial - interglacial cycles are thought to have taken place, with some authors
record the Holocene as an interglacial itself; and therefore an extension of the
Pleistocene (Lowe & Walker, 1997; Maher et al.,, 1999).

The climate changes of the Quaternary have left their imprint on terrestrial
landforms, sediment sequences and floral and faunal remains, for example in tree
rings, peat bogs, foraminifera shells and corals etc. The analysis of these can give
valuable insights into the extent of Quaternary environment instability (Lowe &
Walker, 1997; Stauffer, 1999). The use of proxy records contained in stable
isotopes and nuclides, such as '®0, '“C, "°Be, and *°Al etc are also helpful in
assessing past climates, as once incorporated into the climate system, their
behaviour is very predictable (Lal, 2004). For example, oxygen isotope ratios
from marine sediment records are good indicators of sea surface temperature and

salinity (Wefer et al., 1999).

The study of Quaternary environments is necessary because it can help in our
understanding of climate and improves our ability to make predictions of future
climate change (Maher et al, 1999). Given the major implications that climatic
conditions, and changes to those conditions, have on both natural and human
systems, this predictive ability is seen as of increasing importance at both

national and international levels of government.
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Table 2.1: The Quaternary Timescale (Ahnert, 1996)

Years Before  North Alps United North
Present Germany Kingdom  America
-10000 Beginning of the Holocene
Weichsel Wurm Devensian Wisconsin
-70000 (Glacial)
Eem- Riss/Wurm Ipswichian Sangamon
-120 000 {(Interglacial)
Saale Riss Wolstonian lilinotan
-180 000 {Glacial)
. Holstein Mindel/Riss Hoxnian Yarmotith
~260 000 {Interglacial)
Elster Mindel Anglian Kansan
-420 000 {Glacial}
Cromer Gunz/Mindel Cromerian Aftonian
-820000 {Interglacial)
(Glacial) Beestonian
(Interglacial) Pastonian
Menap Gunz Baventian Nebraskan
-1.2 million (Glacial)
Waal Donau/Gunz Antian Unknown
-1.4 million {Warm period)
Eburon Donau Waltonian Unknown
-1.7 million (Cold period)
Tegelen Biber/Donau Unknown
-2.2 million {Warm petiod)
Bruggen Biber Unknown

-2.4 million {Cold period)



2.1.1 Evidence used for the reconstruction of past climatic change

Lowe and Walker (1997) classify the evidence used to evaluate past climatic
changes into broadly geomorphological, lithological and biological types (although
overlap does exist between each type) and a brief introduction to the nature of
these evidence types will now be presented. Table 2.2 provides an extensive list
of the types of evidence for climate changes, some of which will be discussed

below.

One of the major influences on the geomorphology of a landscape, particularly a
non- or post-volcanic one, is the movement of ice. The growth and retreat of
continental ice sheets is a major response to climate change and may also
influence climate in a complex fashion. Therefore the presence of typical glacial
lfandform features, such as corries, U-shaped valleys and moraines are indicative of

the extent of ice coverage (Broecker, 1995; Lowe & Walker, 1997).

The ice coverage throughout the Quaternary glaciations has been mapped
principally by identifying the positions of terminal moraines, outwash deltas and
meltwater channels using remote sensing, aerial photography and satellite
imagery. Advances in dating techniques, particularly that of thermoluminescence
dating, has helped identify the chronology of these glacial - interglacial cycles
(Lowe & Walker, 1997). The systematic mapping of glacial extent in North
America began c.1860 and was mainly based on the recognition of terminal
moraines. It soon spread to Europe and Asia, and by 1894, maps had been
compiled showing the worldwide distribution of ice during the most recent glacial
stage (Table 2.2) (Lowe & Walker, 1997). Terminal moraines, outwash deltas, and
meltwater channels mark the maximum position of ice, recessional moraines
indicate periods of stability in advances and retreats, and frost shattering can

show the upper altitude limit of ice sheets and/or glaciers (Briggs et al, 1997,

Lowe & Walker, 1997).
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Certain periglacial landforms, such as rock glaciers (active, lobate accumulations
of rock debris); pingos (dome-shaped hills created by uplift from an ice body
below the ground); and protalus ramparts (a ridge of debris that has been
expelled from a snow-filled niche) have evolved in present-day arctic/alpine
regions. The identification of comparable relic features means that the climatic

conditions of that time can be approximated (Lowe & Walker, 1997).

Sea-level changes can also be suggestive of past climates (Broecker, 1995), and
are identifiable by features such as raised beaches and former coastal features
standing above present sea-level, as well as off shore submerged landforms, e.g.
caves, coral reefs and river valleys. Data from marine sediments, both lithological
and biological (e.g. microfossil abundance, type of sediment, grain size), can
provide a more detailed picture of sea-level by inferring the oceanic conditions at

various times (Lowe & Walker, 1997; Williams et a/, 1998).

Low-latitude features also provide evidence of changing climates away from the
dramatic influence of glaciation. Features such as pluvial lakes, fluvial landforms
(e.g. relic drainage channels and alluvial channels) and dunefields reflect changes
in prevailing climatic conditions. Expanded pluvial lakes and dry river channels
suggest that there were once wetter conditions than today (e.g. Ancient Lake
Bonneville, Utah; the Sahel, West Africa), whereas sand dunes standing where
they couldn’t form in today’s climate suggests former periods of aridity (e.g. the
Southern fringe of the Sahara Desert; the Northern fringe of the Kalahari
Desert)(Lowe & Walker, 1997).

Geomorphology can give an indication of large-scale environmental conditions
associated with glaciation, but the examination of sediment sequences can give
particulars about small-scale climate changes and, importantly, the chronological
order in which they occurred. This can be helpful in identifying what processes

were at work and how they affected the environment (Lowe & Walker, 1997).
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Table 2.2: Evidence for, and methods used to assess past climate change {complied from Broecker,
1995; Briggs et al., 1597; Lowe & Walker, 1997; Williams et al, 1998; Benn & Evans, 1998).

Type of Evidence

Specific tools/methods

Examples

Geomorphological

Lithological

Biological

Glacial Landforms

Periglacial Landforms

Sea Level

River Terraces

{ow Latitude Landforms

Glacial Sediments

Periglacial Sediments

Palaeosols

Loess/Windblown Deposits

Deep-Sea/Lacustrine Sediments

Cave Sediments/Speleothems

Ice Cores

Pollen Analysis

Diatoms

Fossils

Foraminifera

Extent of ice cover and ice sheets. Direction of ice
movement. Palaeotemperature estimates using compati-
sons to present-day features and climates

Palaeoclimatic inferences using comparisons to present-
day features. e.g. Rock glaciers, protalus ramparts, pingos

Relative and absolute sea level changes
Eustatic changes

Relic terraces show periods of wetter and probably warmer
climates

Pluvial lakes and Fluvial landforms show wetter periods.
Dunefields show drier periods

Rate of melting, ice thickness, glacier topography and ice
extent inferred from particle size and shape, type of
deposit, level of stratification, erratics etc.

Mean annual air temperatures are specific for some
structures e.g. lce wedges

Relic soils that have formed under different conditions to
those present today. Comparisons to present-day soils with
similar characteristics

Loess deposits occur during cold, dry phases, with warmer
periods encouraging soil formation

Wind direction reconstructed from grain size and mineral
composition of loess

Types of deposits represent types of sediment transport.
e.g. IRD = ice rafting, which can only occur during cold
periods. Foraminiferal oozes suggest warmer, higher
productivity times. The fossils themselves have information
on the prevailing conditions (see below & Section 2.2.1)

Mineral deposits of CaCO;, deposition rates slow during
cold stages and increase during warm

Annual layering of ice, contains information on atmo-
spheric dust content, chemical composition and stable
isotopes e.g. 8'80 = temperature, salinity, ice volume and
therefore sea level

Reconstruction of vegetation history and land use

Hold information on the pH, oxygen content, mineral
concentration, temperature and salinity of water

Palaeoclimatic inferences using comparisons to present-
day species e.g. Chronimids, ostracods, bivalves, plants, and
also large animal remains

Species abundance suggests general water conditions.
Isotopes (e.g. 8'%0, '3C etc) give more information on
temperature, salinity, productivity and oceanic circulation

patterns
14



Lacustrine and marine sediments are especially useful, as they are relatively
undisturbed. The evidence held within them can give details about water
temperatures and salinity which are associated with ice cover, atmospheric
conditions and ocean circulation patterns (De Dekker, 1997). Loess records
provide a means to test the reconstruction of palaeo-winds, as well as general

glacial - interglacial changes (Muhs et al., 2003).

Ice cores provide the most detailed records of atmospheric parameters at high
resolution during the Quaternary (Augustin et al, 2004). They store information
which includes local temperatures and precipitation, moisture conditions and wind
strength, as well as aerosol fluxes of marine, volcanic and terrestrial origin, solar
activity levels and changes in atmospheric gas compositions (Petit et a/, 1999;
Stauffer, 1999; Augustin et al, 2004). For example, the GRIP and GISP2 cores
have given valuable insight to the climatic conditions over Greenland by the
analysis of gases trapped within the ice layers (GRIP members, 1993). Shackleton
(1963) developed the '®0/'¢0 ratio (58'%0) as a proxy for continental ice volume,
which was subsequently used to identify glacial-interglacial cycles within the ice
cores, and marine carbonate records (Fig. 2.1). When used by Dansgaard &
Oeschger (1989) on the two Greenland Ice Cores, warm-cold cycles of 500 -
2000 years (subsequently named Dansgaard-Oeschger, or D-O cycles) were
noticed throughout the last glacial stage. These were also recognised by Johnsen
et al, (1992) in the GRIP core, and by the GRIP members (1993) in the GISP2
core. Dansgaard et a/, (1993) picked up the same signal spanning into the last

interglacial (~250 kyr BP) in the GRIP core and a core from Vostok, East

Antarctica.

A second core was taken at Vostok in 1998, and was subsequently used to
identify and analyse the past four glacial cycles in terms of temperature, dust
content, marine input (sodium concentrations), ice volume (§'°0) and the

concentration of the atmospheric gases COz and CHs4 (Stauffer, 1999; Petit et al,

1999). The results are still being interpreted.
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The D-O cycles mentioned above were also noted within the four major cycles at

Vostok (Petit et al, 1999), suggesting that these variations occurred on a global

scale. This record is currently being extended back to approximately 820 kyr BP

by the analysis of a new Antarctic core, EDC2 (Augustin et a/,, 2004).

A wide range of proxies have been used to extract environmental information

from ice cores and marine/lacustrine sediments. These methods include:

Particle size and shape analysis, which helps determine transport and
deposition mechanisms (King & Buckley, 1968).

Organic content is particularly useful in lacustrine sediment analysis where
it can indicate past productivity (Lowe & Walker, 1997)

Metallic element measurements and sediment properties are also useful in
the study of lakes and oceans. The concentration of ions such as Calcium,
Potassium, Sodium and Magnesium can be indicators of the erosional
history of a catchment area (Mackereth, 1965; 1966). Ratios of elements
such as Mg/Ca and Ca/Fe are good estimates of sea surface temperatures
and climatic variations (Wefer et al, 1999).

Clay mineralogy can provide information on the origins and chemical
changes such as erosion that have taken place. It is particularly useful in
the analysis of glacial diamicts (Willman et a/,, 1963; 1966).

Stable isotope measurements are usually used as a proxy for temperature
(Williams et al, 1998; Lal, 2004) and have been used to great effect on
the Greenland ice cores as mentioned above (Dansgaard & Oeschger,
1989; Johnsen et al., 1992; GRIP members, 1993).

Magnetic analysis identifies changes in the composition, concentration and
grain size of the magnetic minerals present in sediments. These changes
reflect lithological variations and can be interpreted as changes in the
origin, transport mechanism and pathway of the sediments, as well as post-
depositional processes which affect them. They are usually climatically
influenced (Stoner et al., 1996; Maher et al,, 1999).

Microfossil assemblages are suggestive of climatic state, as many species

are temperature and salinity specific and are unable to tolerate changes
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(Williams et al., 1998; Wefer et al, 1999), therefore the quantitative

assessment of assemblages can give general temperature estimates
(Wefer et al., 1999).

Both in a terrestrial and lacustrine/marine context, fossils and other flora and
faunal remains can suggest environmental conditions such as temperatures and
rainfall through time. In using such evidence for climatic and environmental
reconstruction, the Principle of Uniformitarism has to be applied - that is, it has to
be assumed that, if they still exist, the species of plants and animals lived in
similar conditions in the past as those in which they are found today (Lowe &
Walker, 1997).

Pollen analysis is one of the most successful and widely used biological
techniques. Individual pollen grains are selected and identified from within a
sediment sequence, and a profile of the vegetation can be built up (Williams et a/,
1998). Direct temperature estimates can also be made (mean January and July
temperatures) as well as quantitative climate estimates (Walker, 2001). Pollen
dispersal is a problem that must be taken into consideration however, as pollen
grains can travel by wind, water or animals and birds (Williams et a/., 1998), which
can make it difficult to evaluate whether the pollen assemblage represents either
a local or regional pollen source. HOwever, recent studies of current pollen
transport have helped to lessen the problem by identifying factors that are
involved in pollen transport, deposition and subsequent incarceration, and
analysing the influences on the pollen grains. It is suggested that, in general, wind
blown pollen does not travel very far in comparison to other redistribution
methods (Lowe & Walker, 1997), and pollination by animals is considered much
more efficient (Williams et al, 1998), therefore, the majority of pollen reaching a
site should be local and be dispersed by water and wind (Lowe & Walker, 1997).
Further difficulties are created by differential pollen production between plant
species (that is, proportions of pollen may not equate to proportions of plant
coverage) and this also needs to be accounted for when using pollen data to

reconstruct past vegetation communities (Lowe & Walker, 1997).
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A wide range of other biological methods are used as indicators of climatic and
environmental change. The key ones include:

e The study of diatoms. Different species of diatoms are very sensitive to
different levels of pH, oxygen content, mineral concentration, temperature
and salinity (Williams et a/, 1998). Changes in any of these will have a
major effect on the composition and structure of the diatom community,
therefore environmental changes will be recorded in diatom fossils

o Fossil remains can include a variety of biological materials (e.g. plants,
insects or molluscs). Coleopteran beetle fossils are the most widely used,
due to their abundance and robustness, ensuring that their remains are
easily identifiable (Lowe & Walker, 1997). An important factor governing
Coleopteran distribution is climate, particularly temperature, and they
respond quickly to climatic changes making them excellent proxies
(Broecker, 1995; Walker, 2001). Due to relative evolutionary stability they
are also likely to have lived in similar conditions to today (Coope, 1997).

e Chironomids (midges) are also strongly influenced by summer lake surface
temperatures in arctic and alpine environments, and they react rapidly to
changes in these environments. Studies of modern - day assemblages and
their July temperature tolerance has helped to create a “data-base” of
summer temperature estimates during the late glacial (Walker, 2001).

e Foraminiferal analysis is restricted to marine environments, but in a similar
way to diatoms, they are extremely sensitive to temperature and salinity.
They also record %0 and '®0 compositions within their skeletons (Lowe &
Walker, 1997; Williams et a/, 1998).

e Large animal remains are generally the least used, due to the infrequency
of finds. Simple identification can lead to inferences regarding climate
(Lowe & Walker, 1997).
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2.1.2 Why is it so important to reconstruct Quaternary environments?

The theory that the present is the key to the past (the Principle of
Uniformitarianism) is now generally accepted (Lowe & Walker, 1997), and it has
also been argued that the past is also the key to the future (Briggs et al., 1997;
Maher et al/, 1999). By developing our understanding of the processes and
causes of past climatic and environmental change, models of future changes can
be developed (both conceptual and mathematical). In turn, modelling various
responses of the biosphere, hydrosphere and cryosphere to climatic changes, can
not only provide information about former environments, but also help predict
what may happen if a similar climate change were to take place again. The
modelling process can also take into account the additional effect of human
activity, if such a climate flux should take place, or our probability of inducing it
(Williams et al., 1998).

Reconstructing specific Quaternary environments could provide information on
human evolution, and our effect on the success or demise of other plant and
animal species. It could also help in the structure of management strategies for
soil erosion, floods, droughts, coastal erosion and conservation etc. (Williams et

al, 1998).

Before ¢.1988, Milankovitchs Astronomical Theory was thought of as the
dominant mechanism for climate change, until evidence of shorter, less constant
changes were found (e.g. Fillon & Duplessy, 1980; Heinrich, 1988; Bond et al,
1993; GRIP members, 1993). The evidence for rapid climate change has grown
significantly during recent years, and there has been a subsequent change of
focus from orbital frequency fluctuations (20, 40 and 100 ka), to “abrupt”
frequencies i.e. <10 ka. Causal mechanisms for these abrupt changes and the
influence of the atmosphere, ice sheets, and the oceans are the subjects of most
current interest in the literature. These abrupt changes will be discussed in further

detail in Sections 2.3 and 2.4.
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2.2 Marine Sediments

Marine sediments have two main constituents; terrigenous detritus (derived from
land by erosion) and biogenic detritus (mainly skeletal remains of microfossils)
(Seibold & Berger, 1982; Dawson, 1992; Cortijo et al, 1995). The biogenic
material can be sub-divided into a series of oozes (King, 1974), and the
terrigenous section into grain sizes (Seibold & Berger, 1982). For example,
Atlantic sediments are mainly made up from Globigerina coze (a predominately
planktonic foraminifera based material) and terrigenous material deposited by

turbidity currents and ice rafting (King, 1974).

The terrigenous component of marine sediments can be deposited on the ocean
floor by a number of methods; river input redistributed by turbidity currents and
bottom currents (Seibold & Berger, 1282); wind, particularly that associated with
monsoons; and melt-out from icebergs or sea ice (Lowe & Walker, 1997). During
glacial periods, ice would have been the principal agent transporting sediment into
the main ocean basins, though the lowering of sea levels would have caused rivers
and outwash streams to run down continental shelves taking large quantities of
unconsolidated sediment with them, this would have been limited to continental
margins and not affect deep sea environments (Lowe & Walker, 1997). In water-
transported materials, assuming similar particle densities, larger grained particles
fall out of suspension first, and so tend to accumulate nearer the coast. In ice-
rafted debris (IRD), this principle does not apply and, as a consequence, IRD is
often identified within deep-sea sediment cores because of the presence of larger
particle sizes, typically coarser than the silt and/or clay dominated non-IRD
sediment found in an off-shore marine setting (Ruddiman, 1977; Seibold & Berger,
1982).

Many deep-sea cores provide long, continuous records that span much of the
Cainozoic era, and they have good global coverage (Williams et a/, 1998). They
are also a relatively undisturbed sequence as the ocean is primarily a depositional

environment with little erosion or redistribution of sediment taking place (Dawson,
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1992; Lowe & Walker, 1997). Marine sediments are, therefore, excellent
uninterrupted records of oceanic conditions during the Quaternary (Seibold &
Berger, 1982).

2.2.1 Methods of Analysis

Some of the most detailed evidence of environmental change in the oceans is
found in the chemical and isotope content of the marine organisms within the
sediments, particularly useful are the ratios of oxygen isotopes ('®0 and
'80)(Lowe & Walker, 1997). The presence of various species of foraminifera can
indicate general temperature variations (Section 2.1.1), but isotopic analyses
from their shells, particularly the O'6: Q' ratio, can be used to determine
temperature estimates (King, 1974; Wefer et al, 1999). A brief introduction to
the most significant forms of analysis is provided below as this provides an

essential context for the work presented in this thesis.

Oxygen isotopes

Oxygen exists naturally in three forms: %0, 70, and '°0. The ratio of '®0:'®0
(8'80) is used in oxygen isotope analysis because of the way the isotopes behave
within the climate system (Lowe & Walker, 1997). Water (H2'°0) molecules in
surface waters will evaporate more readily than the heavier Hz2'80 molecules,
resulting in the ocean surface becoming relatively enriched in H2'®0 i.e. it is
isotopically heavier and will yield more positive 8'20 values (Lowe & Walker, 1997;
Williams et al, 1998). As evaporation is temperature dependent and warmer
atmospheric temperatures are able to absorb heavier molecules, the relative
enrichment of Hz2'®0 can be used as a climatic indicator; the more enriched the
water, the cooler the climate (Lowe & Walker, 1997). During glacial times, large
quantities of the evaporated Hz'°0 is trapped in glaciers and ice sheets, leaving
the ice relatively depleted in, and the oceans enriched in, H2'®0 (~1.5%o is an
accepted value for glacial marine sediments)(Fig. 2.2). This is reversed during
interglacials, when glaciers and ice sheets undergo melting. Values of 0%o are

found during times of minimum global ice cover (Lowe & Walker, 1997).
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Inferences of past sea-level can also be drawn from oceanic §'%0 records; more ice

(higher 8'0) means a lower global sea-level (Shackleton, 1987).

The &'®0 composition of sea water over time can be reconstructed using the
shells of marine foraminifera from sediment cores (Wiliams et a/, 1998).
Foraminifera are typically small, unicellular organisms that build a carbonate shell
around themselves; these shells therefore record the §'®0 value of the sea water
at that time. The §'%0 record of fossilised organisms found in sediment cores can
reveal detailed information on the temperature, salinity and sea-level of the ocean
at that particular time (see above)(Dawson, 1992; Williams et a/, 1998; Wefer et
al, 1999). As described above, isotopically heavier (more positive §'80 values)
suggest colder phases and lowered sea-level, whilst isotopically lighter (less
positive, or more negative §'80 values) suggest warmer periods with higher sea-
levels. This applies to both planktonic (surface dwelling), and benthic (bottom

dwelling) organisms (Lowe & Walker, 1997; Williams et a/., 1998).

In recent years, several authors have looked closer at the oxygen isotope
technique and used it, sometimes in conjunction with other methods, to recreate
climatic and ocean conditions at various points throughout the Quaternary. Oppo
et al, (1998) used the technique to identify ocean cooling cycles of
approximately 6 kyr duration throughout Marine Isotope Stages 10-13 (500 kyr -
340 kyr BP). McManus et al, (1999) used benthic oxygen isotope values from
sub-polar marine sediments to trace climate changes over a 500 kyr period. They
determined that temperatures fluctuated both within glacials as well as between
glacials and interglacials, and that ice sheets reached a critical size and collapsed
when the benthic §'®0 value reached 3.5%o. Benthic §'°0 values are seen as
representative of global ice cover, as well as deep ocean temperature
(Shackleton, 1987), so it is therefore possible that the 3.5%o threshold indicates
a certain level of ice cover in a certain location; the advection of sea ice; or the
growth of an ice sheet to a specific height or shape. McManus et a/,, (1999) state
emphatically that whatever the extent of glaciation at this value, it constitutes a

major, and persistent, threshold. van Kreveld et a/., (2000) used oxygen isotopes
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to calculate sea temperatures in the Irminger Basin (S. Iceland) between 60 kyr -
18 kyr BP, and then combined them with estimates of global ice volume to
determine approximate ocean salinity values. They found that salinity records
varied with temperature records, indicating that an influx of cold, fresh water was
the cause of the variations. Shackleton et al, (2000) correlated the benthic
oxygen isotope record from an lberian (South of Portugal) core to the Greenland
~ice cores, and suggested that fluctuations in ice volume indicated by the marine
core were also the cause of the atmospheric temperature shifts in Greenland.
Oxygen isotope records of the GRIP and GISP2 ice cores from Greenland are so
detailed that they have also been used as a chronostratigraphical tool (Fig.
2.1)(Lal, 2004).

Carbon [sotopes

Carbon isotopes are also taken up by foraminifera, with shell '*C:'?C ratios
reflecting biological and environmental controls on isotopic fractionation (Mulitza
et al, 1999; Wefer et al, 1999). Stable carbon isotopes ratios are a good
estimate of sea surface fertility and nutrient availability, as well as temperature
indicators (Lowe & Walker, 1997; Mulitza et al, 1999). The fractionation of
carbon isotopes between the ocean and atmosphere is temperature dependent as
it is controlled by COz exchange; the utilisation and removal of carbon in solids;
and the re-supply of dissolved carbon from subsurface water, all of which in turn
are controlled by temperature. Lower temperatures mean greater fractionation,
and therefore higher 8'3C ratios (Mulitza et al, 1999; Wefer et al., 1999). Stable
carbon isotope data from planktonic species can provide information on the
productivity of an area, as it is influenced by carbon utilisation (more productivity,
increased utilisation); benthic species records also show ventilation changes (i.e.
vertical ocean circulation)(Lowe & Walker, 1997; Wiliams et al, 1998).
Ventilation is the process that takes oxygenated water to the deep ocean,

therefore during times of reduced circulation, 8'*C will also decrease (Raymo et

al, 1990; Wefer et al, 1999).
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Microfossil Assemblages

Species of marine benthic and planktonic foraminifera have proved to be
invaluable in climate reconstruction and global correlations (Lowe & Walker,
1997) because relatively few species of foraminifera exist, and it has been
possible to define their respective biogeographical boundaries (Williams et al.,
1998) with quantitative counting of species leading to temperature and salinity
estimates (Wefer et al, 1999). Reference sets have also been created to provide
a tool for comparisons to known climatic conditions (Wefer et al, 1999). Many
types of planktonic foraminifera grow their shell chambers in different directions
(called coiling), depending on the surrounding temperature. For example,
Neogloboqguadrina pachyderma coils to the left (sinistral) in temperatures below
9°C and to the right (dextral) in temperatures above 9°C (Williams et al, 1998;
Bauch et al, 2003). The coiling behaviour of foraminifera was utilised by
Ruddiman & Mcintyre (1976) and Kellogg (1976) to reconstruct the migration of
the Polar Front for the last 150 kyr. Temperature data from cores around the
Nordic Seas and the current position of the Polar Front were analysed. Four
climatic regimes with varying polar front positions were recorded, mapping its

evolution over the last glacial-interglacial cycle.

Sediment Analysis

Particle size analysis is routinely performed on marine sediments. Grain size data
is generally used for reconstructing the velocity of oceanic currents, particularly in
the 10-63 pum size range, which is also termed the sortable silt fraction (Hall &
McCave, 1998a; Hall et al, 1998). The mean particle size in this range reflects
the prevailing current regime, as size will increase with increased current strength
(Hall & McCave, 1998a; Groger et al, 2003). Cold periods in the North Atlantic
are characterised by slower currents and an increase in clay percentage (particle
size <2 um), as well as overall accumulation. Warm periods consist of faster
currents, lower deposition and silt domination (Hall & McCave, 2000; Gréger et al.,
2003). Grain alignment and the trajectory of the deposits can also be used to

reconstruct the direction of the currents (Williams et al, 1998; Hall & McCave,

1998a; Hall et al., 1998).
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Lithological and petrological analysis can help to identify the types and
provenance of material, and thereby give inferences into the transport
mechanisms and origin of the sediment (e.g. Scourse et al, 2000). See Section

2.4.3 for further discussion.

In the context of the research contained in the thesis, the presence of ice rafted
debris (IRD), which often introduces a distinct particle size assemblage to the
‘normal’, water transported sediment, is of particular interest. IRD is defined as
particles or clasts of terrigenous origin deposited in a lacustrine or glacimarine
environment by either icebergs, sea ice or lake ice (Fig. 2.3)( Section 2.3)(Wilson
& Austin, 2001; Hemming et al, 2002). While IRD can be found in low
concentrations throughout many marine sediment cores, within the North Atlantic
marine sediments, IRD is often concentrated into distinct layers, termed Heinrich
Layers (Section 2.3). The presence of IRD was first noted by Bramlette & Bradley
(1941), but there was not a full and comprehensive examination until Conolly &
Ewing (1965), who observed a distinct change in sediment composition and
concentration with geographical distribution. Unlike most marine and fluvial
environments, there is no relationship between the grain size of the IRD and
transport velocity (Lowe & Walker, 1997). Usually, the larger the grain size, the
stronger and quicker the transport mechanism, as these particles will fall out of
suspension first. IRD, however, is entrained within an iceberg, and therefore the
melting of the ice will release particles of all sizes represented within the icebergs
sediment load. Given the manner in which sediments are entrained within a glacier
(from both sub-glacial and supra-glacial sources), this may include a wide range of

particle sizes

Compositional Analysis.

A variety of techniques are now routinely available that can achieve a detailed
analysis of the mineralogical and elemental composition of marine sediments.
Optical mineralogy is the most basic of these, and involves the identification by
eye (usually via a standard petrological microscope) of the different lithologies

within a particular grain size range. This can reveal information on the types of
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minerals present (and hence their potential provenance) and their relative
abundance (e.g. Scourse et al, 2000). The percentage of certain types of lithic
grains can be used as very specific petrologic tracers, e.g. volcanic grains from
Iceland (Bond et al,, 1997).

Electron Microscopy was developed in the 1930s (Goodhew, 1975) and provides
higher magnification than a standard light microscope. Instead of shining a light
onto the object to enhance the image, directed rays of electrons are rastered
over the object. The interaction between the electrons in the beam and the
specimen (the scattering) yields information which is used to build a monograph
(or photograph) of the specimen (e.g. Fig 2.4)(Goodhew, 1975; van der Biest &
Thomas, 1976). Transmission Eleétron Microscopy (TEM) improved the resolution
of the image from ¢.300 nm in optical microscopes, to 15 nm (Heywood, 1971),
enabling quick and easy identification of minerals. Scanning Electron Microscopy
(SEM) has more recently bridged the gap between optical and TEM with an
average resolution of 50 nm. SEM uses a scanning beam of electrons to give a
life-like three-dimensional image of the specimen (Heywood, 1971; Hearle, 1972),
so despite its lower resolution it is often preferred to TEM. Due to the high
resolution nature of TEM and SEM, they are also able to provide information on
particle chemistry and fabric structures, making these methods excellent
compositional tools (e.g. Bell & Walker, 2000; Vaniman et al, 2002). TEM and
SEM have been used in a variety of studies, including the identification of minerals
(Channell & Hawthorne, 1990; Thouveny et al, 1994), grain sizes, shapes and
surface morphologies (Kirschvink & Chang, 1984; Stockhausen & Zolitschka,
1999; Snowball & Torii, 1999), the characterisation of bacterial magnetite (Vali
et al, 1987; Towe & Moench, 1981), lithogenic and petrologic identification
(Calanchi et al, 1998) and micropaleontology (Karega, 1995; Findlay &
Giraudeau, 2000).
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Fig 2.4: Examples of SEM images; a) a variety of the foraminifera N.
pachyderma (image courtesy of Dr. A. Cage); b) G. bulloides
(image courtesy of Dr. A. Cage); c) an octahedral magnetite (M)
grain with a large etched titanomagnetite (TM) grain to it's left

(taken from Horng et al., 1998); d) fine-graned greigite (G) particles
(taken from Horng et al., 1998).
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X-ray techniques, such as fluorescence (XRF) and diffraction (XRD), can identify
and quantify the minerals present in a bulk sample (XRD)(Hardy & Tucker, 1988),
and the elemental structure of that sample (XRF)(Fairchild et a/, 1988), whilst
still being relatively non-destructive (some sample preparation may be required,
depending on the environment)(Stallard et al, 1995). XRF utilises the
characteristic X-rays that are emitted by atoms when hit with an external
radiation source, such as an x-ray beam (Williams, 1987; Stallard et a/, 1995;
Jansen et al, 1998). X-ray diffraction monitors the scattering of electrons that
are hit with the beam whilst the sample is rotating at a regular speed (Hardy &
Tucker, 1988), as this is dependent on mineralogy (Norrish & Chappell, 1967;
Lowe & Walker, 1997). Many studies have taken advantage of the relatively easy
to use methods of XRD and XRF (e.g. Cranfield & Berner, 1987; Hilton, 1990; Kris
et al, 1990; Stallard et al, 1995; Roberts, 1995; Valkovic & Bogdanoic, 1996;
Kirtay et al, 1998; Jansen et al., 1998; Rendle et a/., 2002; Moros et al., 2004).

Mineral magnetic analysis provides another compositional tool and, in appropriate
circumstances, can be used as an alternative to the methods described above.
The method has received some attention from marine sedimentologists and
magnetic susceptibility is now routinely performed on marine sediment cores with
whole core traces being taken on board ship soon after recovery. The
identification of magnetic minerals, their grain size and concentration can be used
to infer terrigenious particle flux, bioproductivity, past oceanic and atmospheric
circulation patterns and climates as these processes can all be reflected in the
provenance and transport mechanisms of the sediment (Kissel et al, 1999;
Frederichs et al, 1999). The use of magnetic analysis within the marine

environment will be further discussed in Section 2.5.2.
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2.3  Heinrich Layers

In 1988, in what is now regarded as something of a milestone paper in Quaternary
Science, Heinrich reported analyses from 13 piston cores from the North Atlantic.
Within each of these cores, he observed six distinct peaks of coarse lithic grains
within the top few meters (Marine Isotope Stage 5 and upward). Planktonic
foraminifera samples from 3 representative cores (Me69-17, Me69-19 and MO1-
32, see Fig 2.5) demonstrated a match between the lithic grain and the polar
foraminifera records, and an inverse relationship between the temperate
foraminifera and lithic grain record. Heinrich interpreted these layers as evidence
of enhanced ice rafting controlled by cyclic changes in the Earths axis occurring
every 11000 + 1000 years, regardless of glacial state. He went on to suggest
that the Little Ice Age (c. 1500 - 1900 AD) was also a result of ice-rafting, but
as it occurred during an interglacial period there were insufficient icebergs to

leave a signal in the marine environment.

Bond et al, (1997) added to the above argument by identifying periods of ice
rafting on a 1470 year cycle throughout the Holocene, using the concentration of
lithic grains within sediment cores. They were supported by Bianchi & McCave
(1999) who, also using grain-size analysis, were able to determine fluctuations in
Iceland-Scotland Overflow Water (ISOW) with a periodicity of 1500 years during
the Holocene. Some of these where correlated to known climatic events, such as

the Little Ice Age.

Heinrich Events have subsequently become the focus of many researchers
attention, and are the subject of a considerable body of literature. Some aspects
of Heinrich Events are discussed in the following sections, however recent reviews
by Andrews (1 998; 2000); and an extensive publication by Hemming (2004), are

cited for more detailed information.
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2.3.1 Characteristics of Heinrich Events

The layers containing higher concentrations of coarse lithic grains have
subsequently become known as “Heinrich Layers” (Bond et al, 1992, Broecker et
al, 1992). Continued research by various workers (Bond et al., 1992; Broecker
et al, 1992; Broecker et al, 1993; Andrews et al, 1993; van Kreveld, et al,
1996; Rasmussen et al, 1997; Hemming et al, 2002; Fig. 2.5), have
demonstrated that these Heinrich Layers have very distinct characteristics (Fig.
2.6). First, they have a high lithic grain concentration, assumed to be the result of
increased ice-rafting. Second, they record a decrease in foraminiferal abundance,
indicating a drop in marine productivity, or dilution due to increased
sedimentation. Third, the foraminifera that are in evidence are dominated by M
pachyderma, suggesting a polar environment. Fourth, they show an increase in
detrital carbonate deposits which, based upon detailed provenance work by
Broecker et al, (1992) and Bond et al, (1993), have been used to indicate that
the Laurentide Ice Sheet (LIS) was the major supplier of IRD. Finally, Heinrich
Layers display light §'®0 values from planktonic foraminifera, which are interpreted

as a lowering of SSTs and SSSs due to the melting of icebergs.

The six most obvious layers first identified by Heinrich (1988) have subsequently
been observed within a large number of North Atlantic marine sediment cores
(e.g. Bond et al, 1992; Broecker et al., 1992; Broecker et al, 1993; Andrews et
al, 1993; van Kreveld et al, 1996; Rasmussen et al, 1997; Hemming et al,
2002)(Fig. 2.5), and were dated using AMS 'C dating by Bond et al,
(1993)(Table 2.3). They have an approximate duration of 1000 years, occur
every 7 - 10 kyrs (Andrews, 2000); and have an average thickness of 10-15 cm
(Dowdeswell et al, 1995). Heinrich Layers within the Hudson Strait region appear
to consist of three distinct sedimentary units, suggesting a three-step process to
their formation involving the growth of the LIS followed by massive ice rafting and
then the waning of the LIS (Rashid et al., 2003).
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Fig. 2.5: Map of the North Atlantic Ocean, showing the major ice sheets during the 32
last glacial cycle, and some of the areas and cores mentioned within this study
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Heinrich Layers (HL) became the subject of immense interest within a few years
with Bond et al, (1992; 1993) interpreting the increased IRD, low §'®0 values and
increased N. pachyderma abundance as evidence of lowered SSTs and SSSs
caused by melting ice. In turn, lowered SSTs slowed melting, ensuring that
icebergs could travel further with a possible effect on the Thermohaline
Circulation (THC)(Palliard & Labeyrie, 1994). Broecker et al, (1993) suggested
that the abundant limestone fragments and the high *°K - “°Ar ages of the clay

particles pointed towards the LIS as the major source.

The above was supported by Andrews et al, (1993) who examined two cores
from the Labrador Sea (HU75-55 and HU87-099; Fig. 2.5) and identified two ice
streams full of detrital carbonate which extended out from the Hudson Strait
dated at ~15 kyr and 20 kyr BP (coincident with H1 and H2). Andrews et 4.,
(1993) also used magnetic susceptibility as a possible indicator of HL
provenance, suggesting that another characteristic of HLs is a high bulk magnetic
susceptibility. Grousset et al, (1993) demonstrated a similar effect after
performing magnetic susceptibility measurements on approximately 20 cores
from all over the North Atlantic (Fig. 2.7). They also noticed variations in the
distribution of the HLs. H1, 2, 4 & 5 were generally found in all cores, but H3 & 6
were confined to cores from central and eastern locations. In a recent study by
Rashid et al, (2003), 24 cores from the Labrador Sea did pick up an H3 signal,
identified by a slight increase in carbonate content, coarser grains and lighter §'%0
values. Rashid et al.,, (2003) suggested a Hudson Strait origin for H3 layers in the
Labrador Sea, as the layers thinned further out to sea. However, they still agreed
with a Greenland and European Ice Sheet (GIS, EIS; Fig. 2.5) source for H3 in the
Northeast Atlantic.
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Table 2.3: AMS '#C dates for Heinrich Events. Taken from Bond et al, (1993). All dates
are uncalibrated radiocarbon dates.

HE Radiocarbon Date
(kyr BP)

H1 14.5-13.5

H2 22-19

H3 27

H4 35.5

H5 52

H6 69

2.3.2 Potential Causes of Heinrich Events

Heinrich Events are a widely accepted phenomenon with authors now debating
their cause rather than their existence. In 1993, Bond et al., correlated the
climate cycles found in the Greenland ice cores (see Section 2.1.1; Fig. 2.1) with
evidence of ice-rafting from the North Atlantic sediments (Fig. 2.8). They
noticed, after further examination of the GRIP core, that the Dansgaard-Oeschger
cycles (D-O cycles) lasting 500 - 2000 years were in fact bundled into larger
climate cycles themselves. These Bond cycles (Broecker, 1994) collected the D-O
cycles into a series of progressively cooler events, which abruptly terminated with
a dramatic shift to warmer temperatures (Alley, 1998). They span on average 10
- 15 kyrs and 8'®0 stratigraphy puts Heinrich Events as occurring immediately
prior to the rapid warming (Alley, 1998; Williams et al, 1998). This was also
observed by Maslin et al, (1995) who, using SSS and SST data, calculated the
climatic rebound as lasting for approximately 2000 years before returning to
average glacial conditions. A direct link between air temperatures above
Greenland and the Atlantic Ocean is thus indicated, though the causes of either,

or indeed both, remaines a mystery (Broecker, 1994).
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As a consequence of high-resolution foraminiferal and lithic analysis of three
marine cores, Bond & Lotti (1995) and van Kreveld et al, (1996) noted the
presence of what have now become called “IRD events”. These are small layers of
slightly increased IRD with intervals of 2 - 3 kyrs, comparable to the D-O cycles.
They suggested that these climate oscillations caused the injection of icebergs
into the Atlantic, but on a much smaller scale than the HEs. The build up of
slightly cooler D-O cycles reached a critical temperature causing the massive
collapse of ice sheet margins, resulting with a HE, and the end of a Bond cycle
(Fig. 2.8).

The D-O signals were also picked up by Cortijo et al/, (1995) with grey
reflectance analysis; by Helmke et al, (2002) in colour intensity records; and in
sedimentological, isotopic and foraminiferal variations by Rasmussen et al,
(1997). Grey reflectance obtains a colour level value for the intensity of reflected
light from a sediment. The sediment is digitised by a Tri-Charged-Coupled-Device
(TCCD) Colour camera, which consists of two neon glow lights. The intensity of
the reflection is expressed as a numerical value somewhere between 0 (black) and
255 (red, blue or green level). The green level was selected by Cortijo et al,
(1995) because it is the most responsive to the presence of CaCOs, which is
thought to reflect climatic variations. They were able to correlate the marine grey
level signature to the §'®0 record from planktonic foraminifera from the same
core, and the GRIP ice core record. The lowest grey level values correspond to

HE’s with a cyclic pattern in between (Fig. 2.9).

Variations in red-green intensity were found to be connected to the input of IRD
on millennial time-scales by changes in the concentration of iron-bearing
terrigenous material, red indicating more iron (Helmke et al, 2002). Colour is
ultimately linked to ice volume, as this controls the flux of sediment to the
oceans, therefore, as HE’s involve a rapid change in ice volume, they will also

result in rapid colour changes (Helmke et al, 2002).
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Oceanic Circulation

After Palliard & Labeyrie (1994) noted that North Atlantic Deep Water (NADW)
formation during the glacial stadials occurred in and around the IRD belt (Fig. 2.5),
the effects of the input of fresh polar water to the ocean system also became of
interest. Therefore, the impact this fresh, polar water would have on the NADW,
the THC, and associated currents was studied. Palliard & Labeyrie (1994) were
testing a theory put forward by Bond et a/, (1993) that stated the decrease in
meltwater following a HE caused the THC to strengthen, giving rise to abrupt
climate warming. Using a simple climate model, it was found that the massive ice
discharges during a HE initially stopped the THC and caused North Atlantic
cooling. The circulation was restarted shortly after, causing the abrupt warming
suggested by Bond et a/, (1993)(Fig. 2.8).

Oppo & Lehman (1995) generated a record of surface and deepwater variability
using benthic and planktonic foraminifera and found that NADW production was
reduced during times of cold or dropping temperatures and vice versa, on a time-
scale comparable to the D-O cycles. The suggestion of reduced NADW production
was supported by Vidal et a/, (1997) during a study of benthic §'®0 and §'3C
data. The time period surrounding H4 (37 kyr BP - 33 kyr BP) was analysed
specifically and it was found that NADW production was reduced at 35 kyr BP (H4
main event) though it could have continued to operate in areas less affected by
the salinity changes. Soon after H4, NADW production returned to a similar
distribution as before. Elliot et al, (2002), too, found reductions in NADW
production on millennial time-scales, with the HE’s bringing the largest reduction,
substantiating the previous work by both Oppo & Lehman (1995), and Vidal et
al, (1997). Additionally, sea ice break up has been noted in the polar North
Atlantic during Heinrich Events (Dokken & Hald, 1996), which has been
interpreted as the emergence of a vigorous surface circulation pattern caused by

meltwater influx in lower latitudes, resulting in the advection of warmer water into

the polar regions.
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Sea surface temperature and salinity oscillations on D-O timescales during the last
deglaciation was also noted by Kroon et a/, (1997) in a study of a core from the
Barra Fan (N-W Scottish margin). The authors argued that such variations were
probably a result of British Ice Sheet (BIS) fluctuations, representing a connection
between BIS instability, N-W European climates (indicated by Coleopteran
assemblages) and Atlantic circulation patterns. This was expanded by Groger et
al, (2003) who using sortable silt analysis, have established three modes of
NADW circulation that have prevailed over the last 800 kyr. Firstly, a strong
circulation, with a coarse sortable silt fraction, and strong bottom current is found
during interglacials. Secondly, a slower NADW circulation with finer sortable silts is
prominent throughout glacial periods. Finally, a third state involving the episodic
shutdown of circulation, with an extremely fine sortable silt fraction is found

during glacial to interglacial transitions.

In terms of Heinrich Events in general, Seidov & Maslin (1999) modelled the
response of the NADW to meltwater episodes caused by a variety of scenarios,
including different iceberg origins. It was found that regardless of the provenance
of the ice, there would be a complete shut down of the THC if there was enough
ice reaching pivotal areas (i.e. deep overturn regions). However, if the event was
confined to the Nordic Seas, THC production would only be weakened. This was in
support of the theory of Jansen & Veum (1990) who argued that lowered salinity

is dependent on the rate of deglaciation, not meltwater pathways.

2.4  Current Issues Surrounding Heinrich Events

As indicated above, the existence of Heinrich Events is now well-established based
upon IRD evidence within the marine sedimentary record. Within the North
Atlantic region, the spatial distribution of IRD has also been mapped in some detail
(Fig. 2.5). Perhaps the most significant ongoing debate surrounds the causes of
Heinrich Events and, in particular, the role of major iceberg discharge into the

North Atlantic within the global climate system.
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Furthering our understanding of the causes of Heinrich Events is of considerable
interest given the two, major theories currently being debated within the research
literature, namely external forcing (such as climate; Seidov & Maslin, 1999) and
internal ice sheet instability (Oerlemans, 1993; Alley, 1998). Clearly, if external
forcing is the driving force behind the occurrence of Heinrich Events, then the
Events themselves are a response to climate change. In contrast, if Heinrich
Events are triggered by the internal dynamics of major ice sheets, their
occurrence may be less intimately linked to external climatic forcing, though they
can represent the cause of the rapid climatic changes. In both cases, the fresh
water discharge into the ocean system generated during Heinrich Events may

have a major influence upon internal components of the climatic system.
2.4.1 External forcing of climate

Originally, HEs were attributed to Milankovitch style orbitally forced climate
changes (Heinrich, 1988), with the well documented changes in the Earths orbital
parameters altering the amount of energy reaching the surface, affecting surface
temperatures (Dawson, 1992; Lowe & Walker, 1997; Williams et al, 1998). The
Milankovitch cycles have periodicities of approximately 413 kyr, 123 kyr, 95 kyrs,
54 kyr, 42 kyrs, 21 kyrs and 19 kyr (Berger et al, 1989; Dawson, 1992; Briggs
et al, 1997)(Fig. 2.10). The D-O cycles, Bond cycle; and Heinrich Events,
however, all have much shorter periodicities, making it difficult to link Heinrich
Events with orbital changes, and suggesting that an alternative forcing
mechanism is required (Palliard & Labeyrie, 1994; Williams et al, 1998). Bond et
al, (1993) and Bond & Lotti, (1995) have demonstrated the link between the
atmospheric oscillations above Greenland and IRD events indicating a common

cause or trigger in the climate system (Stoker, 1998).

During the analysis of the Bond cycles (Bond et al, 1992), it was noted that each
HE appeared to have been preceded by a cooling of the ocean surface, implying
that the HEs were a response to, not a cause of, climate change. Bond et al,

(1999) also noted two petrological tracers of different origin (Icelandic glass, and
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haematite-stained grains from red-bed sedimentary rocks) throughout an entire
sediment core. As the icebergs carrying these tracers came from different
sources, the fact that there is continued mixing of the tracers throughout the
entire core suggests that icebergs from both source areas were arriving at the
site simultaneously. This was interpreted by Bond et a/,, (1999) as the influence
of climate on unstable ice, rather than internal ice sheet instability, because
internal ice sheet variability would not cause independent ice sheets to surge
simultaneously. After further analysis, Bond et a/., (1999) suggested that HEs 1,
2, 4 and 5, were caused by glaciological mechanisms triggered by the cooling D-O
cycles. H3 and H6 were also glaciogenic, but simply due to falling temperatures.
During the several thousands of years immediately after an HE, the slowly re-
growing ice in the Hudson Strait would be insensitive to the 1-2kyr cycles,

explaining the lack of a D-O cycle signal between the HEs.
2.4.2 Internal mechanisms for modification of climate

Climate can be influenced internally by a number of factors such as atmospheric
composition, changes in albedo due to ice cover, ocean temperatures and salinity
(Fig. 2.11)(Briggs et al, 1997). The oceans are a major part of the global
climate cycle, therefore any changes in conditions will be reflected in the climate
and vice versa (Ruddiman, 2003). The climate system has made vast and often
abrupt changes during the Quaternary, involving all of the components (Broecker,
2000). The two mechanisms that have been suggested and are still under debate

are atmospheric changes and reorganisations in the oceanic THC (Broecker,

2003).

The THC is the mechanism by which temperature and salinity are distributed
throughout the oceans, and is one of the chief forces behind the oceanic
circulation (Whittow, 1984; Lowe & Walker, 1997). The colder, denser waters in
the high latitudes sink, causing warmer, less dense water from the tropics to be
drawn up to replace it. In turn, the colder water is fed down to the tropics to

compensate for the removal of the warmer water. The warmer water then cools
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as it looses heat to the atmosphere and begins to sink, creating a continuous
cycle (Fig. 1.3)(Williams et al, 1998). Oceanic circulation throughout the HEs has
been discussed in an earlier section (2.3.2). Reduction in THC production will slow
down the transfer of heat northward, resulting in a cooling of SSTs, the expansion
of sea ice, and therefore a lowering of atmospheric temperatures. A major
problem with the above scenario is the initial cause of the THC shutdown. Prior to
the Younger Dryas (YD), the collapse of the proglacial Lake Agassiz through
deglaciation forced a massive input of freshwater into the North Atlantic,
weakening the THC (Broecker, 2003). Melting of the HE icebergs has been
modelled as being enough to slow down circulation, but no accurate chronology
has yet been created to determine when the climate change began in relation to

the THC reduction.

Although the exact sequence of events is still not fully understood, the concepts
discussed above have caused changes in the THC to be accepted as the main
mechanism that amplifies some initial pulse or distortion of sea surface properties
that leads to abrupt climate change (Kandiano et al, 2004; Ewen et al, 2004).
The intensity of the climate change during, and after each HE, and the length of
time the THC takes to recover are all strongly dependent on the background
climate state (Prange et al, 2004), potentially explaining the differences between

the HEs.

Several studies have revealed events throughout the globe, and throughout the
climate system, with apparent temporal correlation to the HEs and D-O cycles,
suggesting a climatic link, rather than ice sheet instability (see below and
Broecker, 1994). Table 2.4 gives a brief synopsis of some of the studies. A fuller
compilation of studies undertaken and underway can be found in Voelker (2002).
Fig. 2.12 maps a selection of the studies listed both here and in Voelker (2002),

to give an idea of the locations affected by “Heinrich-like” signals.
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Table 2.4: Some studies showing apparent correlation with the North Atlantic Heinrich Events
throughout the globe. More studies can be found in Voelker (2002).

Reference

Location of Study Description of Findings

Grimm et al., 1993

Lowell et al., 1994

Thouveny et al.,
1994

Porter & An, 1995
Behl & Kennett,
1996

Whitlock &
Bartlein, 1997

Benson et al.,
1998

Schulz et al., 1998

Allen et al., 1999

Dreger, 1999

Schmelzer, 1999

Wang et al., 1999

Behling et al.,
2000

Colmenero et al.,
2000

Kanfousch et al.,
2000

Leuschner et al.,
2000

Sagnotti et al.,
2001

Chappell, 2002

Lake Tulane, Florida

New Zealand Southern
Alps and Chilean Andes
Lac du Bouchet, France
Chinese Loess Plateau
Santa Barbara Basin
Cascade Range, NW
America

Mono Lake, California

Arabian Sea

Lago Grande di Monticchio,

ltaly

Norweigian Sea

Southern Red Sea

South China Sea

NE Brazilian Margin

Gulf of Cadiz

SE Atlantic

Arabian Sea

Western Antarctic

Huon Peninsula, Papua
New Guinea

Vegetation cycles alternating between pine and oak,
indicating changes in temperature and atmospheric
moisture. '*C dates put the pine episodes with the HEs.

Glacial advances identified by moraines have *C dates
corresponding to the HEs.

Magnetic susceptibility records and pollen traces vary on
times scales comparable to the D-O cycles.

Layers of grain size maxima caused by variations in the
strength of the Asian monsoon coincide with the HEs.

Layers of laminated clays indicating periods of
oxygenation on D-O time scales.

Alternations between steppe and forest vegetation
match the marine 8'80 stratigraphy.

Low lake levels are coincident with the HEs, indicating
enhanced dryness of America during the HEs. Suggested
as the result of the southward displacement of the polar
jet stream by the growth of the LIS.

Biological productivity oscillations caused by
fluctuations in the strength of the Asian Monsoon
correlate to the D-O cycles and HEs.

Pollen analysis, magnetic susceptibility and biogenic
silica data have revealed temperature and atmospheric
moisture cycles comparable to the D-O cycles.

IRD layers with HE dates, also planktonic foraminifera
and isotopes show sea surface temperature and salinity
variations.

Upwelling events shown by benthic foraminifera
occurred during the HEs.

Climate fluctuations on millennial time scales.
Monsoonal flooding occurred during colder periods in
time with the HEs.

Planktonic isotopes, XRF and CaCO, content reveal
increases in sedimentation during HEs and temperature
cycles similar to the D-O cycles.

Cold sea surface temperatures, input of IRD and a stable
thermohaline circulation were all coincident with the
HEs.

IRD layers occur on millennial time scales, correlating to
increases in NADW production and HEs.

Aeolian dust fluxes are compatible with D-O cycles and
the laminated clay beds in the Santa Barbara basin (Behl
& Kennett, 1996).

Finely laminated beds with '*C dates concurrent with the
HEs. They are deficient in organic matter suggesting
times of extended sea ice.

Cycles of sea level shown by coral terraces last
approximately 6-7 kyr. The cycles end with a rise of 10-
15m lasting 1-2kyr, and correspond to the HEs.
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Internal Ice Sheet Instability

Oelermans (1993) examined the possibility of HEs being caused by the response
of the Laurentide Ice Sheet (LIS) to climate cooling using an orbitally forced
model of the LIS. His results showed that H1 occurred during a relatively warm
period, before deglaciation of the LIS had started, whereas H2 and H3 occurred
during the very cold last glacial cycle when the LIS would be growing and from
which, Oelermans (1993) inferred that HEs were the result of internal LIS

variability and not climate.

The idea was developed by MacAyeal (1993) and Alley & MacAyeal (1994), who
proposed a binge/purge mechanism to the LIS as a cause of the HEs (Fig. 2.13).
This was based on the idea of the freezing and thawing of the Hudson Bay and
Hudson Strait basal sediments to provide a periodic slipway for ice. The first stage
was the binge phase, where the sediment is frozen allowing the LIS to grow
unhindered. The second stage is the purge phase, where the basal sediments
thaw, creating a lubricated pathway for the ice. The suggested cause of the
freezing and thawing could be geothermal heat or a response to pressure from
the thickness of the ice. The latter could explain the 7kyr periodicity as, with a
relatively constant accumulation rate, a critical mass-related pressure point would

be reached in a relatively constant time-scale.

Manabe & Stouffer (1995) used a coupled ocean-atmosphere model to simulate
the response of climate to freshwater inputs to the North Atlantic. They noticed a
stepped weakening and strengthening structure to the THC evolution, which was
reflected in the atmosphere by cooling-warming cycles and lends strength to the

idea that HEs caused the climate oscillations and were not a response to them.

McCabe & Clark (1998) established the involvement of the BIS in H1 however,
they also noted a “dynamic collapse” of the LIS approximately 800 years prior to
the BIS surge and attributed the BIS surge to a response to the subsequent THC

disruption.
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Hunt & Malin (1998) suggested the possibility of earthquakes at the sea-ice
margin resulting from crustal failures due to ice pressure during the binge phase
of the Alley & MacAyeal model. The 7kyr periodicity could again, be explained by a
critical pressure point for crustal failure. Evidence was taken from the NE Canadian
coast, which showed that seismic activity had taken place due to post-glacial

rebound.

Abundant, and apparently convincing evidence has been presented for both
arguments, however, the actual causal mechanism for HEs is still under immense
debate. It is imperative that the causal mechanism is established, as it holds vital
clues to the way the climate system works and changes independently of

anthropological influence.

2.4.3 IRD Provenance

A key issue in solving the internal-external debate is provenance of the IRD. If the
ice sheets involved can be identified, and the order in which they released their
icebergs determined, it may be possible to form a sequence of events leading up
to and during a HE that might, ultimately, determine the cause (Hemming et a/,
2002). Several IRD provenance studies have taken place in recent years, which
have used a variety of techniques (e.g. Revel et a/., 1996; Gwiazda et a/, 1996 a
& b; Snoeckx et al, 1999; Grousset et al., 2000).

Optical Mineralogy and Electron Microscopy

Compositional analysis involving the physical identification and counting of the
lithic grains present in a core has been extensively used in the study of IRD
provenance (e.g. Heinrich, 1988; Broecker, 1993; Andrews et al, 1993; Bond &
Lotti, 1995; Cortijo et al, 1997; Bond et a/, 1997; Scourse et al, 2000; Knutz
et al, 2001). The identification of petrologic tracers, such as Iceland volcanic ash,
and haematite stained grains from North America, have helped with this (see

Section 2.4.1).
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XRD and XRF

X-ray techniques have been used to some extent in studies of IRD provenance,
although these methods have not been as widely performed as the more
traditional methods of optical identification. Again, the identification of elemental
composition or mineral types has helped to gain information on mineral
provenance, authigenic or diagenetic alterations, and transport mechanisms (e.g.
Kirschvink & Chang, 1984; Snowball & Thompson, 1988; Roberts, 1995; Walden
et a/.,A 1996; Zahn et al., 1997; Moros et al,, 2004).

Strontium (Sr) and Neodymium (Na)

The Sr composition of seawater at any given time is determined by the isotopic
ratios of the various source materials (Faure, 1986; Capo et a/., 1998). This can
depend on their age and their origin (Elderfield, 1986), and therefore help wifh
sediment provenance identification. Each of the inputs into the oceans has an
isotopically distinct Sr signal that can be separated and identified. Changes in the
Sr composition over long periods of time are associated with tectonic uplift,
whereas shorter timescales reflect climate change. Climate change can strongly
affect the amount, and the isotopic composition of Sr entering the worlds’ oceans
through rivers by changing the intensity of weathering processes as well as the

types of rocks subject to weathering (Capo et al, 1998).

The Nd composition reflects the age of the rocks that it originates from, as it is
derived from the weathering of rocks which were created by magmas from the
mantle (Peipgras & Wasserburg, 1980), and any mixing or transportation that has
subsequently taken place (Faure, 1986; Stordal & Wasserburg, 1986). Therefore,
it is very geographically distinct (Piotrowski et al, 2004), and can again assist in
the determination of provenance. The high atomic masses of Nd isotopes, coupled
with only a single oxidation state (Nd**), means that little fractionation occurs to
Nd over time, and hence, these isotopes are free from some of the uncertainties
that other isotopes in sea-water experience (Piotrowski et al, 2004). Peipgras &
Wasserburg (1980) found significant differences in Nd concentration with water

depth, which can indicate water mixing. Nd in NADW is also isotopically distinctive
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and can therefore help identify sources of NADW, and possible circulation

pathways (Vance & Burton, 1999).

Both Strontium and Neodymium are recorded in the shells of foraminifera, and can
be separated from sediment samples by chemical procedures. Strontium is
separated by leaching the sample in 1 N HCI, and dissolving in HF and HNO3 at
220°C for 36 hours. The sample is then dried and soaked in 12 N HCI at 200°C for
12 hours before being passed through a Sr-spec resin in 3 N HNO3 (Hemming et
al, 1998). The Sr composition is measured by Inductively Coupled Plasma-Mass
Spectrometry (ICP-MS)(Snoeckx et al,, 1999).

Neodymium is separated from Samarium (Sm) by being dissolved in 1 N HCI and
spiked with a Rare Earth Element (REE) spike containing 145Nd and 149Sm. The
Nd is separated using methyliyatic acid on cation resin (Hemming et al., 1998),
and measured by a TIMS multi-collector mass spectrometer (Snoeckx et af,
1999).

In 1996, Revel et al, used combined Sr-Nd analysis on the lithic fraction of
sediments from six North Atlantic piston cores to deduce their origin and
transport pathways. Comparisons with the Sr-Nd compositions of potential source
areas revealed that the main source regions of the IRD were the Canadian Shield
(particularly the Baffin Bay area and Western Greenland), lceland, and Europe
(Britain and Scandinavia). They therefore concluded that the Heinrich layers

originated from all the circum-Atlantic ice sheets (Fig. 2.14).

Snoeckx et al., (1999) used the same methods on H3 and H4 from 17 cores from
around the North Atlantic. Their results agreed with Revel et al, (1996)
confirming a Scandinavian and European input as well as a Laurentide one for both
HEs. However, during H3, they found a dominant European signal, whereas in H4 it
was dominantly Laurentide. They also noticed a European signal early in H4, prior
to the main Laurentide H4 event in the same core SU92-28 (Fig. 2.5), which was

interpreted as the European Ice Sheets (EIS) releasing their icebergs ﬁrSt,
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indicating a hemispheric involvement in HEs. They stated that if it can be shown
that the European Ice Sheets surged first, then the behaviour of the LIS might not
be the sole influence behind HEs as is currently commonly thought. Several
possible mechanisms for this were discussed, including the release of EIS icebergs
prior to the LIS in response to some global forcing such as North Atlantic drift or
climate, and the simultaneous release by both the LIS and EIS. The location of
SU92-28 (the Portuguese coast) would simply mean that the EIS icebergs arrived
there first. Either way, an internal LIS instability cause could not explain the

findings.

A similar pattern to Snoeckx et a/, (1999) findings was noted by Auffret et al.,
(2002), who also used Sr-Nd analysis. It was found that for both H1 and H2, the
LIS icebergs were preceded by the European icebergs by 1-1.5 kyr. These findings
were also supported by Knutz et al, (2002) for H1; using multiproxy analysis, the
“precursor” as it became known, to H1 was found to be meltwater discharge from
European Ice Sheets, though whether it was a trigger for H1 or a quicker response

to common climate forcing was left undecided with possible evidence for both.

In 2000, Grousset et al., presented Sr-Nd isotope analysis of 7 cores. They also
recognised a European precursor event in H1, H2, H4 and H5. Using *C AMS
dating on H2, they were able to establish that the EIS iceberg discharge did
predate the LIS one. They did accept that it could be due to the fact that the
core they dated was from the European margin and therefore a travel time for the
LIS icebergs would have to be included. Other suggested causes were the EIS
responding to a global trigger first as it was smaller; or even triggering the LIS
response itself. They also discussed the possibility of the LIS surging due to
internal dynamics every 7 - 10 kyrs and the EIS surging as a result of the D-O
cycles every 1.5 kyrs. The shorter cyclicity of the EIS was supported by Knutz et
al, (2001), in a study of a core from the Rockall Trough (NW Scotland). Sixteen
glaciomarine events were identified by IRD abundance, with lithic petrology
attributing the material to the British Tertiary Province on the Hebridian Shelf.

Tuning the data (using IRD and planktonic foraminifera abundance) to another
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North Atlantic core, and then to the GISP2 §'%0 record, gave the glaciomarine

events a periodicity of 2-3 kyr.

In 2001, Grousset et al, used lithological analysis as well as Sr-Nd to establish
circum-Atlantic ice sheet involvement in the Heinrich Events, and that the IRD was
deposited in a particular order. This was determined as a European/icelandic
precursor followed by the LIS main event and finally Baffin Bay material. They
suggested that, as they found the 3-step structure in a core from the centre of
the Ruddiman IRD belt, it would record the order in which the ice sheets

discharged their icebergs.

Farmer et al, (2003), however, whilst recognising a three-step structure using Sr-
Nd compositions, with a low € ("**Nd/'**Nd ratio) input from the Hudson Strait

flanked above and below by higher €nd values, suggested that the final input could

either be from the EIS, like the precursor, or a different LIS ice stream

The authors above have firmly established the involvement of all circum-Atlantic
ice sheets in the Heinrich Event discharges, despite the ambiguity surrounding the

actual contributions from each ice sheet, and the sequence of their discharges.

Lead

Lead analysis of single feldspar grains can be used to identify specific continental
sources whilst multigrain composits can show the relative contributions of each
source (Vitrac et al, 1981; Gwiazda et al, 1996a). Lead exists in 4 forms: 2°*Pb,
206ppy  207ply gnd 298Ph. The isotopic composition of lead ores varies in rocks and
sediments in different regions due to geological cont}rols (Bjorlykke et al., 1993;
Renberg et al., 2002). Lead isotope ratios reflect the Uranium-Lead and Thorium-
Lead ratios of the sources (Chillrud et al, 2003). As the Uranium and Thoruim
decay, Lead isotopes are created and a ratio is left which is specific to the source
rocks. This is because the isotopic composition of Lead is dependent on the

quantity of Uranium or Thorium present at the beginning of the decay, which is
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controlled by metamorphism during the formation of the rocks (Gwiazda et al,
1996a). As with Sr and Nd, Pb is separated by chemical procedures (leaching in
HCI, dissolution in HF:HCIO4:HNOs, and separation by anion exchanges, Dixon et al.,
1990; Birkeland et al, 1993a & b; Bjorlykke et al, 1993) and is analysed for

provenance using a silica gel-phosphoric technique (Hemming et a/, 1998).

The ratio of 2°°Pb/?’Pb isotopes has become popular over recent years as a tool
able to trace the provenance of lead ores in a variety of environments, including
snow and ice (e.g. Rosman et al, 1997; Simonetti et al, 2000), peat bogs
(Mackenzie et al, 1998; Weiss et al., 1999), soils (Bindler et al, 1999; Prohaska
et al, 2000) and sediments (Brannvall et a/, 1999; 2001; Monna et a/., 1999).

Specific to the marine environment, studies by Gwiazda et a/, (1996a; 1996b)
used Pb isotope analysis on H2 and H3 from cores throughout the North Atlantic.
Their results showed that for H2, all the single grains came from the Canadian
Shield, with which the multigrains were in agreement. Gwiazda et a/, (1996a)
interpreted this as evidence supporting the pinge/burge model of MacAyeal
(1993). For H3, however, they found a definite multi source signal, which was
attributed to foraminiferal dissolution, or low productivity (Gwiazda et al,
1996b). Hemming et al., (1998) also carried out Pb analysis on all the HEs in core
V28-82 (Fig. 2.5). It was found that the IRD in H1, H2, H4 and HS was dominantly
LIS in origin, but with some additional material from the Gulf of St Lawrence,
Europe and Iceland. They suggested glacialogical mechanisms as the cause.
Benson et al,, (2003) also identified a Hudson Strait source using Pb, Nd and Rare

Earth Element (REE) analysis for samples from the Northwest Labrador Sea.

- Nannofossils

Nannofossils are the remains of calcareous nannoplankton, such as coccoliths (Fig.
5.15)(Lowe & Walker, 1997). They live in the top 200m of the water column and
thrive in areas of upwelling or pronounced mixing (Brasier, 1980). The age and
geographic distribution of reworked nannofossils can determine their origin

(Rahman, 1995). Nannoplankton live in specific geographical zones, due to their
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sensitivity to climate regimes, as well as specific stratigraphical ranges (Donally,
1989). These “zonations” have been mapped by workers such as Thierstein
(1976) and Backman (1984), thus reworked nannofossils have become a useful
tool in sourcing the surrounding sediment. Rahman (1995) conducted a study of
reworked nannofossils in the North Atlantic and found that the nannofossils with
ages synchronous with H1 and H2 originated in NW Europe, even in the core from
the Labrador Sea. The results were used as evidence that both the LIS and EIS
were involved in H1 and H2, and that a near-synchronous response to some
common mechanism was seen by the circum-Atlantic ice sheets. Climatic and

eustatic sea level changes were suggested.

Provenance sequencing

As discussed above, where IRD contributions from different sources can be shown
to be sequenced, such evidence may assist in determining the causal mechanism/
processes driving a HE. Several workers have used the various IRD provenance
methods outlined above to investigate variations in IRD provenance, both within a

single HE and between HEs.

Auffret et al, (1996) studied the bulk physical properties of H1-5 and found a
two-stage pattern to the events. The first phase is characterised by glacial
conditions and high productivity, the second by increased carbonate deposition
and reduced productivity. The second phase is also associated with a decrease in

ocean salinity caused by the sudden influx of fresh water.

In 1998, Elliot et al/.,, proposed 2 systems oscillating at different rates as a cause
for the HEs and D-O cycles. After sediment and 880 analysis, they suggested that
every 5-10 kyr, there would be massive discharges from the continental ice
sheets in response to the Bond cycles, and every 1.2-3.8 kyrs, the high latitude
coastal ice sheets would release smaller quantities of icebergs in timings
associated with the D-O cycles. This was supported by Knutz et a/, (2001), who
used lithic analysis on a European margin core. They found evidence of 16

glaciomarine events, including equivalents to H1-4. They were dated as having a

54



periodicity of 2-3 kyr, suggesting that the BIS fluctuated in time with the D-O

cycles.

Scourse et al., (2000) studied the lithological characteristics of H1 and H2, on a
core from the European margin (OMEX 2K; Fig 2.5). They found a chalk fingerprint
with a BIS signal predating the H2 Laurentide lce Sheet (LIS) signal (a carbonate
peak) by only 700 - 1000 yrs, suggesting that the European Ice Sheets (EIS)
could have played a bigger role in HEs than previously thought. The idea of the EIS
causing the LIS discharge was dismissed, as a larger lag time would be needed
between the two signals. It was therefore suggested that all the ice sheets
responded to the same external stimuli, but the proximity of the core to the BIS

ensured that the European icebergs got there prior to the LIS icebergs.

Richter et al., (2001) also found glaciomarine deposits in a core from the western
Irish margin. They noticed a series of IRD events rich in detrital carbonate and
(meta) sediment rock fragments, indicative of Irish ice and ice streams which can

be correlated to Irish terrestrial evidence of ice sheet retreats and advances.

Kirboy & Andews (1999) analysed the characteristics of H3 and H4 and their
surrounding sediments from a Labrador Sea core. They found that the ice margin
prior to H4 extended further than before either H1 of H2, and, that the collapse
associated with H4 was so massive that the Hudson Strait was completely gutted
of ice. The ice did not have time to advance to its original position before H3,

explaining the more European-like signal to H3.

2.4.3 Summary

In summary, all Heinrich Layers appear to show some degree of a multi-source
provenance signal, but in varying quantities (Rahman, 1995; Revel et al, 1996;
Gwiazda et al, 1996a & b; Snoeckx et al., 1999; Grousset et a/, 2001) H1, H2,
H4 & H5 appear to be predominantly LIS in origin (Hemming et al, 1998),

whereas H3 is dominantly European in origin (Snoeckx et a/, 1999). A three-step
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structure to the HEs has also been proposed by some workers where, firstly a
European/Icelandic precursor (Snoeckx et al, 1999; Grousset et al, 2000;
Grousset et al, 2001) is followed by a LIS main event (Snoeckx et al, 1999;
Scourse et al, 2000; Grousset et al, 2001), and finally an input of Baffin Bay
material (Revel et al,, 1996; Grousset et al,, 2001).

The reason for the more European signal in H3 has been suggested as a complete
gutting of the Hudson Strait during H4. The ice did not have sufficient time to
advance that far again and the LIS iceberg supplies were therefore depleted
during H3 (Kirby & Andrews, 1999). It has also been suggested that the HEs are a
response, primarily of the LIS to the Bond cycles, and that the smaller IRD events
identified by Bond & Lotti (1995), are the result of smaller, coastal ice sheets
(the BIS, Iceland Ice Sheet etc) responding to the D-O cycles (Elliot et a/, 1998;
Grousset et al, 2001; Knutz et al., 2001; Richter et al., 2001).

The consensus as to the sequence of events during a HE is yet to be determined,
but current evidence does tend to suggest a structure individual to each HE
(Auffret et al., 1996; Cortijo et al., 1997; Lagerklint & Wright, 1999).
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Fig. 2.15: SEM image of a nannofossil (Emiliana
huxeyl)(Findlay & Giraudeau, 2000)

Table 2.5: Common mineral magnetic parameters, and their interpretation (Thompson & Oldfield, 1986;
Maher, 1988; Oldfield, 1991; King & Channell, 1991; Verosub & Roberts, 1995; Stoner et al, 1996; Dekkers,
1997; Dunlop & Ozdemir, 1997; Lowe & Walker, 1997; Dearing, 1999; Smith, 1999; Tarling & Turner, 1999, Shu
etal, 2001; Evans & Heller, 2003).

Parameter Interpretation
Magnetic Susceptibility () A measure of how easily a material can be magnetised. This is directly proportional to the
concentration and grain size of ferro- and ferrimagnetic minerals present, it can therefore
be used to identify the types of minerals present as well as their concentrations.
Iincreases with increasing grain size. Units = 10%m3kg!
Frequency Dependence The difference between mass spedific magnetic susceptibilities measured at different of
Susceptibility (34 frequencies. An indication of the presence of superparamagnetic grains (SP) is given if values
rise above ~6%. Units =%
Anhysteretic Remanent This is the magnetisation of a sample acquired in a biasing DC field within a decreasing field.
Magnetism (ARM) it is very sensitive to variations in grain size, particularly in the single domain size. It is usually

Isothermal Remanent
Magnetism (IRM)

Saturated isothermal
Remanent Magnetisation
(SIRM)

Saturation Magnetisation
(M) or Sample
Remanence (M)

Coercive Force ((By))
and Remanent Coercivity

(Bolcs-

Viscous Remanent
Magnetisation (VRM)

Magnetisation (TRM)

expressed as yarm (i.e. normalised for the size of the biasing field) for comparative reasons. Units =
105m3kg.

A measure of the intensity of the magnetisation remaining in a sample after removal from a
magnetic field. Can be expressed as low field (e.g. 40mT field), or high field (2300 mT). Can be
indicative of mineral type as different types respond to different field sizes. Units = 105Am?kg.

The magnetisation at which the sample becomes saturated after exposure to varying IRMs
ie. it will magnetise no further. It Is primarily dependent on mineral concentration and grain size
{value increases with decreasing grain size), and is often the name given to the highest field
exposed to the sample. Units = 105Am%kg.

The saturation magnetisation of a sample is a measure of its magnetisation when It is still in the
presence of the induding field (as opposed to its remanence, once it's been removed form the
field = SIRM). The sample remanence is the measurement of a samples’ magnetization at

lower than saturation fields (IRM equivalent), Units for both = Am?kg! (mass normalised).

The coercive force Is the size of the field required to reverse the saturation magnetisation to
zero. It s not an actual “force”. The remanent coerdivity is the field needed to obtain a
remanence of zero after the removal of the field. This requires a large negative field. Units for
both =Am,

AVRM is the resulting magnetisation within a sample during exposure to a new magnetic field,
or the gradual change of the Initial magnetisation over time. it can often occur as magnetic
particles realign themselves a new field direction during storage, or due to superparamagnetic
grain relaxation (see Dunlop & Ozdemir, 1997 for further detalils).

A magnetization acquired byooonngfromahightemperanxe.miscanocmrnatwaﬂyduﬂngme57
material formation, or through laboratory inducement. Indications of the mineralogy of a sample

can be gained through Its high or low temperature behaviour. ATRM s also very stable, and so

will record the lineation of the field in which it was acquired, and be proportional to its size.



2.5  Environmental Magnetic Analysis

Introduction

Environmental magnetism involves the application of rock and mineral magnetic
techniques to situations in which the transport, deposition, or transformation of
magnetic grains is influenced by environmental processes in the atmosphere,
hydrosphere and lithosphere (Verosub and Roberts, 1995). In a pioneering early
paper, Thompson et al, (1980) introduced the idea of applying extensive
magnetic measurements to environmental studies, when they illustrated the use
of the basic parameters of magnetic susceptibility (), saturation isothermal
remanence magnetisation (SIRM) and remanent coercivity ((Bo)cr) on sediment
samples from a range of environments such as the atmosphere, lithosphere and
lacustrine settings. While Mackareth (1971) had documented the variation in
Natural Remanent Magnetisation (NRM; see Section 2.5.1 below) recorded in
lacustrine sediments on a 2700 year frequency and suggested that lake
sediments can record directional changes in the horizontal component of the
Earth’s magnetic field, it was the Thompson et al, (1980) paper that led the way
for further research and shortly after, Thompson and Oldfield (1986) published a

major review of the techniques and the potential applications.

Environmental magnetic techniques have a great many uses. The methods are
now routinely applied in a variety of research contexts, including palaeoclimate
studies (e.g. Chinese Loess Plateau analysis, Heller and Liu, 1984; Maher and
Thompson, 1992; Forster and Heller, 1997), palaeoceanographic studies (e.g.
magnetic analysis of marine sediments, Karlin et a/, 1990a, 1990b; Bloemendal
et al, 1992; Stoner et al, 1996), provenance analysis of sediments (e.g. Yu &
Oldfield, 1989), studies of anthropologically-induced pollution (e.g. Hunt, 1986)
and archaeological investigations (e.g. Sternberg, 1987; McClean and Kean, 1993;
Batt, 1999).

The speed of the techniques and the simplicity with which they can be applied are

just two of the reasons why environmental magnetism has such appeal to the
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environmental scientist (Oldfield, 1991; Dekkers 1997). Other advantages are
that the methods are inexpensive, non-destructive to the sediment or sample,
and they can be used in a range of environments, for a range of needs.
Additionally, in many circumstances, the sample preparation is simple, and the
measurements extremely sensitive, so even ultra-fine minerals with compositions
in the order of 0.5% iron can be detected (Dekkers, 1997). This makes magnetic
analysis two or three times more sensitive than routine XRD analysis. The
techniques also have the propensity to address problems currently inaccessible to
other scientific methods (e.g. chemical analysis, XRD and spectroscopy (Oldfield,
1991; Verosub and Roberts, 1995)). Magnetic measurements have also been
successful in characterising sediments for lithological correlation and provenance
indication to a comparable level as more traditional forms of analysis e.g. XRD,

XRF and heavy mineral analysis (Walden et al,, 1996).

2.5.1 Measurements used in Environmental Magnetism

Below, and in Table 2.5 is a discussion on the major parameters measured during

routine environmental magnetic analysis.

Rocks, sediments and soils often acquire a magnetic remanence through natural
processes, generally during their formation. This is known as a Natural Remanent
Magnetisation (NRM), and often reflects the Earth’s Geomagnetic Field at the time
of formation (Dekkers, 1997; Thompson & Oldfield, 1986). The NRM was the
initial focus of attention during early studies of magnetoclimatology, however it
wasn’t long before other magnetic properties began to be investigated and found

to be more useful (Thompson et al., 1980; Evans & Heller, 2003).

One of the most widely and routinely used magnetic measurements is that of
magnetic susceptibility (x or yx). Susceptibility is a measure of how easily
magnetised a material is, and is primarily dependent on magnetic concentration
(ferrimagnetic content)(Table 2.5)(Lindsley et al, 1966; Thompson & Oldfield,
1986; Verosub & Roberts, 1995). It is also influenced by both the magnetic
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assemblages present, and their grain sizes (Lindsley et al, 1966; Walden,
1999a). Ferrimagnetic minerals (such as magnetite and maghaemite) have higher
susceptibilities than antiferromagnetic minerals (e.g. haematite). However, when
ferrimagnetic minerals are scarce, other minerals (even only slightly magnetic
ones) can contribute significantly to x, though the actual value will still be
relatively low (Thompson & Oldfield, 1986).

By measuring susceptibility at different frequencies (0.46kHz and 4.6kHz - low
frequency and high frequency respectively - are used by the Bartington
equipment used in this study), it is possible to identify the presence of fine-
grained magnetic particles within a sample. High frequency susceptibility (xn) will
have a slightly lower value than the low frequency susceptibility () when fine-
grained super-paramagnetic (SP) particles are present (Dearing, 1999) Super-
paramagnetic grains (0.001-0.03 um) are ferrimagnetic or anti-ferromagnetic
grains that, due to their size, do not hold a magnetic remanence (Thompson &
Oldfield, 1986; Tarling & Turner, 1999). The difference between the two
susceptibility frequencies is called the frequency dependence of susceptibility
(xta)(Table 2.5). Materials dominated by coarse-grained minerals should display s
values of zero, whilst samples with a significant presence of ultra-fine SP grains

will show values of >6% (Dearing, 1999).

Anhysteretic Remanent Magnetisation (ARM)(Table 2.5) is another grain size
parameter, but is most useful when used in combination with other parameters,
such as x and Saturation Isothermal Remanent Magnetisation (see below). ARM is
responsive to the concentration of single domain ferrimagnetic grains (SD <
0.01um), when corrected for the influence of the field the magnetisation was
grown in (expressed as yam)(Dunlop & Ozdemir, 1997; Verosub & Roberts, 1995;
Evans & Heller, 2003). When normalised for concentration (xam/7), it becomes a
grain size indicator for ferrimagnetic minerals, which if used with care, is especially
useful if SP grains are present (Verosub & Roberts, 1995; Evans & Heller, 2003).
The ratio of ARM/SIRM is also influenced by the grain size of magnetite; samples

with a large SD fraction present will yield higher ratios (Evans & Heller, 2003).
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Isothermal Remanent Magnetisation (IRM)(Table 2.5) is the level of magnetisation
acquired by a specimen after it has been exposed to a given magnetic field
(Thompson & Oldfield, 1986; Dunlop & Ozdemir, 1997; Tarling & Turner, 1999).
The magnitude of the remanence is dependent on the strength of the magnetic
field applied, as well as the mineral types within the sample (Thompson & Oldfield,
1986). A sample will become “saturated” when the material has become as
magnetised as its mineralogy will allow, meaning that the IRM will no longer
increase even if stronger fields are used (Verosub & Roberts, 1995). The highest
IRM value is termed the Saturation Isothermal Remanent Magnetisation
(SIRM)(Table 2.5), and is a measurement of the magnetisation left in a sample
once it has been removed from the maximum inducing field (Thompson & Oldfield,
1986). It must be remembered, however, that while SIRM is the name given to
the magnetisation corresponding to the highest field used in a given study, in
some laboratories, this field may only be 1 Tesla (T). Many magnetic minerals

may not be ‘saturated’ as a result of this field strength.

Used in isolation, SIRM is mainly a measure of ferrimagnetic content, though it can
be influenced by other minerals, (a high concentration of the other grains will
lower the SIRM), and grain size (e.g. SIRM is higher for SD grains than multidomain
grains (MD = >10 um) for magnetite). When combined with ¥, it is normalised for
(ferrimagnetic) concentration and can be a good grain size indicator, varying
indirectly with size (King & Channell, 1991). An increase in SIRM/y suggests a
decrease in grain size, however, workers must be aware that as SP grains have
high x values but low SIRM/y values (<0.01 kAm™), they can become confused
with MD grains if this parameter is used alone (Thompson et al., 1980; Thompson
& Oldfield, 1986). Additionally, the ratio SIRM/ARM varies directly with grain size
(King & Channell, 1991).

Once a sample has been saturated, it can be exposed to more IRM fields in the
opposite direction to the previous fields. These are termed backfields and can be
used as a mineralogical tool (Thompson & Oldfield, 1986; Evans & Heller, 2003).

A ratio known as the 100 backfield ratio (also known in some cases as the S-
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ratio), is IRM at 100mT backfield normalised by SIRM (IRM-100/SIRM). It is used to
identify the relative importance of hard (antiferromagnetic) to soft
(ferrimagnetic) miherals, the idea being that the ferrimagnetic minerals should be
saturated by 100 mT, therefore any remanence left will be due to

antiferromagnetic grains (Thompson & Oldfield, 1986).

It must be made clear that SIRM is different to another parameter often used,
called the Saturation Magnetisation (Ms)(Table 2.5). This is a measurement of the
magnetisation of a sample whilst it is still in the presence of the saturation
magnetic field, Ms is a size independent parameter, particularly useful when
combined with SIRM or x. Values of Ms for pure magnetite are around the 480
kAm™ area, whilst values of haematite are c.2.5 kAm' (Thompson & Oldfield,
1986), and pyrrhotite are c.15 kAm™ (Rochette et a/, 1990).

There are two other parameters often used in magnetic analysis, especially in
conjunction with saturation magnetisation; the coercive force ((Bo)c) and
remanent coercivity ((Bo)cr)(Table 2.5). (Bo)c is the size of the field required to
reduce a magnetisation to zero (similar to an IRM backfield, except the
magnetisation is measured while the field is still present)(Smith, 1999), whereas
(Bo)er is the size of the field required to reduce the remanent magnetisation to
zero (i.e. once the field has been removed)(Thompson & Oldfield, 1986; Evans &
Heller, 2003). (Bo)ck usually requires a larger negative field than (Bo)c (Evans &
Heller, 2003). These two parameters are mainly influenced by ferrimagnetic grain
size (Thompson & Oldfield, 1986; Smith, 1999)

More details on these various measurements and their associated ratio can be

found in Section 4.4 and Table 4.9.
2.5.2 Environmental Magnetism in Sediments

Variations in the magnetic properties of sediments reflect changes in the

composition, concentration and grain size of magnetic minerals present in the
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material (Thompson & Oldfield, 1986; Stoner et al, 1996; Dearing, 1999). For
example, in a lake sediment sequence, down-core variations in the parameters
arise from changes in detrital input (e.g. aeolian, ice rafting etc.), provenance,
land use and erosion, biogenic dilution and post-depositional changes such as
authigenesis (the /n-situ formation of sedimentary materials) and diagenesis (the
compaction and cementation of sedimentary materials)(Karlin, 1990b; Lean &

McCave, 1998; Stockhausen & Zolitschka, 1999; Watkins & Maher, 2003).

Given its wide applicability within a variety of environmental contexts, the rapid
and inexpensive nature of the analysis, and the ubiquitous nature of iron oxides
within many environmental systems, magnetic analysis is slowly becoming a

popular tool with which to study sediments.

Lake Sediments

Lake sediments are composed of material from different origins that have arrived
by a variety of transport pathways (e.g. bedrock weathering, soil erosion, fluvial
transport, volcanic activity and wind transport), which has resulted in a range of
magnetic signatures for the lake sediments therhselves (Mackereth, 1971;
Thompson & Oldfield, 1986). Magnetic measurement have, both despite and
because of this, helped to reconstruct the erosional history of catchment areas
and from that, their vegetational, land use and climatic evolution (Thompson &

Oldfield, 1986).

The most basic mineral magnetic measurement is magnetic susceptibility (Table
2.5). Measured on either a volume or mass-specific basis (Section 2.5.1), it can
provide a quick and simple way to identify down core mineral variations. These, in
turn, can be attributed to changes in sediment source, climate variations or the
result of a change in land use (Thompson & Oldfield, 1986; Eriksson & Sandgren,
1999). It is also a useful tool for cross core correlation (Thompson et al., 1980).
It has been possible to correlate susceptibility traces with changes in pollen
records, particularly grass pollen, indicating that there is a link between magnetic

mineral concentration and vegetation (Pennington et al, 1972).
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A number of examples can be given that demonstrate the usefulness of magnetic
measurements within a lake sediment context. For instance, several studies of
Lough Neagh, Northern lIreland have taken place, (e.g. Thompson, 1973;
Thompson et al., 1975; Dearing & Flower, 1982). Thompson et al, (1975) noted
that IRM could identify the magnetic minerals present in the lake and that
susceptibility could not only correlate between cores, but is also directly related
to the rate of erosion in the basin, and therefore, the pattern of erosion could be
deduced. After comparing magnetic susceptibility to the chemical and pollen
changes within the sediments, they were able to suggest that x is directly and
positively linked to the amount of inorganic material being washed into the lake
from the surrounding catchment area, which, in turn, is an indication of changing
land use. The authors also stressed that this is only a record for Lough Neagh and
that the link may not work in all cases. Susceptibility peaks were found to
correspond to rainfall maximums and are assumed to represent hydrological and

erosional controls such as deforestation and cultivation (Dearing & Flower, 1982).

The link between erosion and yx had previously been found in a study of Loch
Lomond by Thompson & Morton (1979). They noticed that down-core
susceptibility variations were related to grain size i.e. peak susceptibilities were
recorded by fine particles (see Section 2.5.1), indicating increased erosion of fine
surface particles due to deforestation, and was validated with pollen analysis

(Thompson & Morton, 1979).

A study of Lough Fea, also in Northern Ireland (Thompson & Oldfield, 1986)
showed that SIRM measurements correlated with chemical indicators of erosion,
e.g. Potassium, Sodium and Magnesium (Mackereth, 1966), suggesting again that
magnetic minerals are linked to erosion, and therefore vegetation and land use.
The study also showed that magnetic minerals within lacustrine environments are

sensitive to climate, particularly at the Pleistocene-Holocene boundary, and

human activity.
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Several authors (Peck et al, 1994; Thouveny et al, 1994; Rosenbaum, 1996;
Vlag et al, 1996) used magnetic methods on lake sediments to try to identify
the glacial-interglacial cycles within the Pleistocene. For example, Thouveny et al,
(1994) analysed the magnetic properties of lacustrine cores from the Massif
Central, France, and compared the results with the ice core records from the GRIP
project (Fig. 2.16). The susceptibility results were plotted against the §'®0
measurements for the GRIP ice core. The correlation was very good, with climate
oscillations present that have similar wave-lengths and time-scales with the
marine isotope stages, reinforcing the idea that lake sediments can record

climatic behaviour.

Glacial Secﬂ;nents

A number of workers have attempted to use magnetic measurements, especially
magnetic susceptibility, as a provenance tool in studies of glacial sediments (e.g.
Vonder Haar & Johnson, 1973; Gravenor & Stupavsky, 1974; Chernicoff, 1983;
Walden et al, 1987; 1992; 1996). As in other sedimentary environments, the
success, or otherwise, of the method, is dependent on measurable and distinctive
lithological differences within the range of possible source areas (Oldfield, 1999).
In a series of papers, Walden et a/, (1987; 1992; 1996) undertook a study of the
glacial diamicts on the Isle of Mann using the magnetic parameters of
susceptibility, SIRM and coercivity. It was found that the characteristics of both
the clasts and matrix components within the diamict assemblage studied could be
used for both site correlation and, at a broad level, provenance indication. The
data obtained suggested sediment sources that were consistent with more
traditional field data (e;g. till fabrics) for the same sediments. The compositional
relationships between the various diamict samples suggested by their
environmental magnetic properties were also consistent with those based upon
more traditional compositional methods such as clast lithological analysis, heavy
mineral analysis, XRF and clay XRD (Walden et al, 1996). Walden & Addison,
(1995) have also used magnetics to evaluate the weathering history of glacial

sediments in North Wales successfully.
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Fig. 2.16: Susceptibility, organic carbon and pollen data for Lac du Bouchet (Central

Massif, France) against the GRIP 3180 data (re-drawn from Thouveny et al,, 1994).

Fig. 2.17: The susceptibility record of two sites in the Chinese Loess Plateau and the
SPECMAP Oxygen Isotope curve. On the right are the successive loess (L) and palaeosol {S)
sequences, on the left are the marine isotope stages (re-drawn from Verosub & Raberts,

1995).
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Walden & Ballantyne (2002) assessed the possibility of using magnetic
techniques to identify glacial trim-lines (former maximum ice-surface altitudes)
and found that the magnetic parameters show distinctive sigﬁatures between
samples above and below the trim-lines, though the difference is ultimately
dependent on lithology. For example, Walden & Ballantyne (2002) found that
concentration-dependent parameters were higher above the trim-line than below
for basalt, but lower above than below for sandstone. It was thought that the
different responses of the two lithologies to periods of long-term sub-aereal

weathering/pedogenesis was the cause.

Soils and Loess

Magnetic measurements in soils are very responsive to both the particle size of
the magnetic components (the magnetic grain size) and the overall particle size
distribution of the soil (Mullins, 1997). As described above (Section 2.5.1) a
number of magnetic parameters are sensitive to the magnetic grain size and can
be used to draw inferences as to the presence of ultra-fine magnetic particles.
However, this sensitivity also makes bulk soil measurements more difficult to
interpret than measurements made on single grain size fractions (Thompson &
Oldfield, 1986). Walden and Slattery (1993) demonstrated how variations in
particle size properties may influence bulk magnetic properties of a sample. This
issue is complicated, however, by the fact that some magnetic grains (themselves
fine grained) may be present as an inclusion within larger host grains and will not
be easily segregated by standard laboratory procedures used to achieve
separation of discrete size fractions for magnetic analysis (Walden & Slattery,
1993).

Perhaps the most significant application of magnetic measurements within the
context of soils is in analyses of loess sediment sequences. Loess is a climatically
sensitive wind blown deposit and, as with marine sediments, can form a major
archive of evidence for palaeoclimatic variation through the Quaternary (Zhu et
al., 2004). The actual character of a loess or palaeosol sequence is a direct result

of the climatic action on the dust arriving at the area. An immense amount of
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research has taken place on loess deposits during the last 20 years or so (Balsam
et al., 2004).

The identification of pedogenically produced uitra-fine grained magnetite has
proved central to the interpretation of many loess sediment sequences,
particularly the extensive loess-palaeosol sediments within China which are
thought to provide a continuous sedimentary record spanning the whole of the
Quaternary (Maher et al, 1999). Magnetic susceptibility variations in loess
sequences can be correlated to the oscillations within the deep-sea oxygen
isotope stages of the Pleistocene (Liu et al, 1995; Dunlop & Ozdemir, 1997;
Tang et al, 2003). Loess sequences in the Chinese Loess Plateau, Tajikstan and
the Czech Republic consist of alternating layers of loess, indicating cold, dry
glacials or stadials, and palaeosols, indicating warm and humid interglacials or
interstadials (Evans & Heller, 1994; Maher, 1998; Heslop et al, 2002). The
palaeosols are more magnetic than the loess, with higher susceptibilities, a higher
NRM, and a higher Viscous Remanent Magnetisation (VRM)(Table 2.5, Fig. 2.17,
Verosub &‘Roberts, 1995). While several explanations for these variations have
been proposed, Maher & Thompson (1992) identified the presence of ultra-fine
grained magnetite similar in form to that formed by pedogenesis in other soil

environments.

Examination of the magnetic properties of loess has made it possible to
reconstruct past climate records from the complete sediment sequence, including
rainfall records (Banerjee et a/, 1993). Maher & Thompson (1992; 1999) have
studied the Chinese Loess Plateau in great detail. They were able to create an
accurate chronology to the sequence using the strong correlation between the
magnetic susceptibility of the loess and the §'%0 record from a Pacific Ocean core.
This correlation suggested that both were linked to the same climatic signal.
Maher & Thompson (1992, 1999) used the magnetic parameters of susceptibility,
SIRM, IRM and ARM to calculate palaeo-rainfall and reconstruct the climate
evolution over the Quaternary. Maher et a/, (1994) noticed that the rainfall today

matches the current ferrimagnetic iron-oxide content in the soil of the Chinese
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Loess Plateau. Therefore, using susceptibility to calculate the concentration of
ferrimagnetic minerals present over time, it was possible to make assumptions
about the rainfall (Dekkers, 1997). Low temperature measurements of
susceptibility and Thermoremanent Magnetisation (TRM)(Table 2.5) can
differentiate between magnetic grain sizes of magnetite and haematite. Such
measurements have helped in the determination of weathering processes at work
in Asian Loess-Palaeosol sequences, due to the strong relationship between the
destruction of the paramagnetic signal, the enhancement of the ferrimagnetic
signal, and weathering processes such as the diagenetic formation of iron oxides
(Sartori et al,, 1999).

The Alaskan Loess record is the reverse of the Chinese record, with the less
magnetic palaeosols forming during wet and humid interglacials/interstadials,
whilst the highly magnetic loess formed in colder, drier glacials/stadials (Begét et
al, 1990; King & Channell, 1991; Maher, 1998; Muhs et a/, 2003). One of the
explanations for this is the “wind vigour” model (Evans & Heller, 2001; Liu et al,
2003a). At higher latitudes (e.g. Alaska, Siberia, and Southern Argentina), glacial
winds were stronger due to a higher temperature gradient between the poles and
the tropics (Parkin, 1974). The stronger winds are assumed to be more effective
at transporting dense iron-oxide grains, and therefore result in a higher
concentration of magnetic minerals and a higher susceptibility at the poles (Begét
& Hawkins, 1989; Begét et al, 1990; Evans & Heller, 2001). Other reasons
suggested were the gleying of the palaeosols preventing the formation of (or
leading to the destruction of) magnetic minerals (Evans & Heller, 2001); or

weathering during pedogenesis (Begét et al, 1990).

Marine Sediments.

Due to the undisturbed nature of marine sediments (Lowe & Walker, 1997), they
have the potential to provide excellent records of past environments (Seibold &
Berger, 1982). Combined with the sensitive nature of magnetic techniques, a very

accurate chronological sequence of oceanic and climatic conditions can be formed
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(Verosub & Roberts, 1995). The magnetic properties of marine sediments are
controlled by biogenic dilution, sediment source and sediment transport
mechanisms, along with possible diagenetic and authigenic alteration (Lean &
McCave, 1998; Stoner & Andrews, 1999; Frederichs et a/, 1999). As these
factors are ultimately controlled by climate, magnetic properties can be indicators

of palaeoceanographic conditions (Bloemendal et a/,, 1993).

Some workers have found that the authigenic growth and diagenetic alteration of
magnetic minerals in sediments can significantly contribute to the magnetic signal
(Hilton & Lishman, 1985; Hilton, 1986). Methods have been developed for the

identification and quantification of these minerals and will be discussed later.

As with lake sediments, susceptibility is a useful tool for cross core correlation,
particularly with the North Atlantic Heinrich Layers (Stoner & Andrews, 1999).
Stoner & Andrews (1999) also showed that Heinrich Layers can be characterised
using other magnetic parameters such as ARM, IRM and SIRM ratios, and thus the
magnetic properties of marine sediments are dependent on sediment source and

transport mechanism. This will be explored further later in the chapter.

Wollin et al., (1978) found a link between climate and the intensity of the Earths
geomagnetic field, which they suggested was the result of the Earths orbit
eccentricity causing a weakened dipole changing the Earths geomagnetic field and
somehow effecting climate. This was disproved by Kent (1982) and Bloemendal
(1983), who showed that NRM is dependent on the magnetic concentration and
composition of the sediments, and not on geomagnetic field intensity (Fig. 2.18).
Kent (1982) also proposed that the variations in composition reflect changes in
depositional conditions and therefore possibly as a result of climate changes (Fig.
2.18)(Frederichs et al,, 1999).

Robinson (1986) reinforced this idea when he compared magnetic parameters
(NRM, %, ARM and IRM, and associated ratios) with climate indicators (CaCOs

content and §'%0). He demonstrated that as x, ARM and IRM are a function of
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carbonate content they would ultimately record climate variations. The magnetic
variations themselves were an outcome of changing sediment source and fluxes,
which are controlled by climate, though it has been established that bacterially
precipitated magnetite can dominate the material in calcareous deep-sea

sediments, and be a significant source of NRM (Kirschvink & Chang, 1984).

In 1988, Bloemendal et a/., made one of the first comprehensive examinations of
marine sediments when they analysed 11 cores from the Equatorial Atlantic using
% IRM and SIRM, NRM, and Ms (see Section 2.5.1 and Table 2.5)(Fig. 2.19). The
magnetic measurements seemed well correlated and showed an inverse
relationship to the oxygen isotope record. Robinson (1990) showed whole core
magnetic susceptibility records for several cores from Leg 115 of the Ocean
Drilling Program. It was found that y is not only a good indicator of palaeoclimate,
but can also detect areas in deep—éea cores affected by drilling disturbances,

pipe-rust and loss of material between successive core sections.

In 1992, Bloemendal et al, proposed that variations in selected magnetic
parameters within marine sediments were due to a) the sediment lithology, b)
sediment provenance and c¢) diagenic, authigenic and/or biogenic alterations. This
was further substantiated by Bloemendal et al, (1993) who suggested that
variations in the magnetic properties on sub-Milankovitch timescales were a result
of fluctuations in carbonate productivity, transport pathways and mechanisms,

and cycles associated with continental aridity/humidity.
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Heinrich Events
Some previous research work has focussed on the mineral magnetic
characterisations of Heinrich Events, particularly that of high magnetic

susceptibility (Andrews et a/, 1993).

Robinson et al, (1995) focussed on magnetic susceptibility variations in a North
East Atlantic core and its ability to pick up the Heinrich Layer signal. After
comparing the x to the IRD content, with and without correction for CaCOs
content, they decided that y was actually only slightly dependent on CaCOs (that
is, dilution of the magnetic signal by organic carbonate was not a major concern in
the interpretation of the results). They suggested that susceptibility depended
much more on the concentration and grain size of the magnetic minerals present
~as a result of icebergs being able to carry larger quantities of coarser grained
material to deep-sea environments, resulting in higher susceptibilities within
Heinrich Layers. The %-IRD link was used on over 80 cores throughout the Atlantic
to reconstruct patterns of iceberg flow, and therefore, possible palaeo-surface
currents. Robinson et al, (1995) proposed that at the last glacial maximum
(LGM) there was a slow, warm current flowing northward between 47° and 62°N
which carried the icebergs during H2 to the central IRD belt (45° -52° N,
Ruddiman, 1977, Fig 2.5) where they melted.

Thouveny et al., (2000) continued the magnetic examination of Heinrich layers by
studying 2 cores (MD95-2039 and MD95-2042) from the Portuguese margin
using %, ARM, IRM, related ratios and HIRM (Fig. 5.20). Using these measurements,
they were able to detect a series of lesser IRD layers, which indicated that though
ice rafting was a frequent process in this area, it was not always to the extent
which produced a full Heinrich Layer (Fig. 5.20). it was concluded that though the
parameters showed distinct characteristics at the HLs (Higher x, higher IRMsooo
and low ARMso/ARM), provenance could not be distinguished for the IRD using
magnetic measurements alone. The first three HLs in core MD95-2042 show x
signatures of a similar order (~300 10°m’kg”, Fig. 2.20), Thouveny et al,
(2000) therefore, discount the ability of x to differentiate origin, based on the
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assumption that the LIS is responsible for the high % in HLs, thus H1 and H2

should have higher y values than H3 - a pattern that does not actually emerge.

In 1999, Kissel et al, used the magnetic measurements of %, NRM, IRM and ARM
on seven marine cores distributed across the North Atlantic and Nordic Seas. All
the cores showed short-term variations on similar levels to each other, and with
the Greenland oxygen isotope record. It was suggested that the concentration of
magnetic minerals is dependent on the existing climate, due to its interaction with
oceanic circulation. From the uniform mineralogy found, they determined that
there was only one source for the magnetic minerals within all the cores and
therefore suggested that variations in the magnetic parameters had to be due to
the efficiency, or mode of transport, namely the deep ocean currents. Low
concentrations of IRD were found in the sediments, suggesting limited ice rafting.
Wind deposition was also discounted due to the large geographical area covering
the cores, leaving oceanic currents as the only acceptable mechanism (Kissel et
al, 1999). The HEs in all seven of these cores displayed, in contrary to all other
studies, low susceptibility values. Kissel et al, (1999) attributed this to the
reduction in oceanic circulation found during stadial intervals, which would reduce
the efficiency of the transport method. Six of these cores were from the Nordic
Seas, with the seventh from the Bermuda Rise, therefore, they were not in the
direct iceberg trajectories from the LIS during the HEs (as shown by the lack of
IRD) and the magnetic material must have been transported to the sites by other
methods (i.e. oceanic currents, as discussed above). As the high magnetic
susceptibility found at the HEs has been attributed to the LIS (Andrews et al,
1993), the lack of LIS material at these locations, combined with the assumption
that oceanic currents must have been the dominant transport mechanism to

these points, could explain the drop in magnetic susceptibility.

In material from the Portuguese Margin, Moreno et al, (2002) identified discrete
layers of very fine titanomagnetite associated with Heinrich Layers, in contrast to
sediments containing higher concentrations of haematite/goethite outside the

HLs. The variations in titanomagnetite and haematite were found to be directly
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linked to cold and warm sections of climate cycles, leading to the suggestion that
the titanomagnetite was transported by winnowing bottom currents from a
remote source during cold periods, whilst haematite/goethite arrived by river and
aeolian transport from the neighbouring continents in warmer times. The specific
magnetic characteristics of HEs are similar to those expressed by Thouveny et &/,
(2000), with high % and SIRM values and low ARM values.

With the exception of the Kissel et al, (1999) paper, all studies of HEs using
magnetic measurements have come up with the same characteristics; a high
concentration of coarse-grained ferrimagnetic minerals (high x and SIRM, and low
ARM ratios).

2.5.3 Mineral Identification

The sections above discuss detrital and lithogenic magnetic minerals and their
analysis in terms of climatically induced changes to the system they are in. This is
an intrinsic part of the study contained in this thesis, and therefore any magnetic
minerals in the sediment that are not deposited through this manner, must be
accounted for. Two main magnetic minerals are discussed extensively within the
literature as forming within marine sediments after their deposition; biogenic
magnetite and digenetic greigite. The next two sections will detail the
characteristics of biogenic magnetite and greigite, their importance to the
interpretation of magnetic data, and methods for their identification. All other
minerals in the marine sediments within this research are thought to be inorganic

and detrital in origin, and therefore will not be described here.

Magnetotactic Bacteria

Iron cultivating bacteria in freshwater and marine sediments have been found to
orient themselves with, and navigate along the Earths’, or a local, geomagnetic
field (Blakemore, 1975; 1982; Frankel et al, 1979; Moskowitz et al, 1988).
These magnetotactic bacteria (MTB) have flagella (a long, whip-like appendage

used for locomotion; Sinclair, 2001) to aid movement; are aquatic (found in fresh,
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brackish and marine waters; Vali et a/, 1987); are typically microaerophilic;
inhabit the microaerobic sediment layer; and have the ability to synthesise
intracellular iron grains known as magnetosomes (Blakemore, 1982; Moskowitz et
al., 1988; Zablotskii et al, 2001).

Analysis has shown these magnetosomes to be magnetite in m?neralogy (Towe &
Moench, 1981; Kirschvink & Lowenstam, 1979; Moskowtiz et a/, 1988) and of
single domain grain size (average width-length ratio of 0.63 (Towe & Moench,
1981; Frankel et al, 1979; 1981; Vali et al, 1987; Moskowitz et al, 1988)).
They are usually found in chains with the individual magnetic moments aligned to
produce a larger net magnetic moment (Chang & Kirschvink, 1989), and have one
of three distinct particle morphologies: sub-rounded cubes and rectangles;
elongated hexagonal prisms; and teardrop or irregular shapes, such as bullets and
arrowheads (Chang & Kirschvink, 1989; Evans & Heller, 2003)(Fig. 2.21). Thus,
they can be distinguished from their inorganic counterparts, which have very
different morphologies (Towe & Moench, 1981; Chang & Kirschvink, 1989).

Magnetite, especially in the SD size range, is an important mineral in the world of
palaeo- and environmental magnetism, as it is one of the main minerals that hold
a stable remanent magnetisation in sediments (Kirschvink & Lowenstam, 1979;
Paasche et al, 2004). The potentially different sources of magnetic minerals in
sediments have an impact on reconstructing geomagnetic palaeointensities, the
appropriateness of empirically derived mixing models for sediment provenance
identification, and on the interpretation of climatically modulated magnetic
properties (Oldfield, 1992). Therefore, as a study attempting to use
environmental magnetic analysis as a means of provenance indication, it is
important to’ identify and, hopefully, quantify the contribution of biogenic
magnetite to the magnetic record within the sediments under examination
(Kirschvink & Lowenstam, 1979; Blakemore, 1982; Oldfield, 1992). The
contribution of MTB to the overall magnetic signal, in lake and marine
environments particularly, varies between sites and between cores (Oldfield,

1999; Evans & Heller, 2003). In some cases it might be minor, whilst in others it
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could contribute significantly (e.g. Maher & Taylor, 1988; Dunlop & Ozdemir,
1997).

For studies only involving pure cultures of MTB, or only looking at the MTB
themselves, methods relatively destructive to the sediment can be used.
Electron-optical methods, such as transmission and scanning electron microscopy,
electron diffraction and electron microprobe analysis have been used (Towe &
Moench, 1981; Kirschvink & Chang, 1984; Chang & Kirschvink, 1989; Snowball,
1994) to identify and characterise MTB and their magnetosomes, particularly in
deep-sea sediments (Petersen et al, 1986; Stolz et al/, 1986). These kind of
studies have revealed the characteristics discussed previously and are used, along

with sedimentation rates to calculate bacterial abundance.

Rock magnetic analysis on bulk sediments has also been used to try to ascertain
the presence of MTB, though most of this has been done using the
characterisation of MTB cultures themselves (Petersen et a/, 1986; Moskowitz et
al, 1993). Petersen et al, (1986) used the fuctional dependence of the Lowrie
Fuller test (see Lowrie & Fuller 1971; Dunlop & Ozdemir 1997) on IRM and
ARM/IRM to distinguish SD biogenic material from lithogenic material. Bacterial
magnetite has Lowrie-Fuller test statistic (ALF) values of 4-8 mT (40-80 Oe)(Fig.
2.22). Moskowitz et al, (1993) identified magnetic parameters diagnostic of
MTB, consisting of ARM/SIRM with values of 0.15-0.25; &rc/8zc (the loss of
remanence by a sample when cooled through the Verwey transition in the
presence of a 2500 mT field (), divided by the remanence lost when cooled in a
zero field (8zrc)) values of greater than 2; and Wohlforth-Cisowski test (a test of
the relationship between IRM acquisition and af demagnetisation curves for a
sample; Dunlop & Ozdemir, 1997) statistic (Rar) values of >0.5 (Fig. 2.23).
Oldfield (1994) added to this the magnetic ratios of xam/yf and xam/yw with high
values' for both indicative of magnetic bacteria (xam/xr >40 and yam/yw >1)(Fig.
2.24). Watkins & Maher (2003) agreed with Oldfield (1994) following extensive

analysis of North Atlantic surface sediments.
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a)

Fig. 2.21: Examples of magnetosome morphology; a) sub-rounded
cubes and rectangles, b) hexagonal prisms and c) teardrop shapes
(Schuler, 1999; Anon,2004 - www.mpi-bremen.de).
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The above are recent advances, and have had little testing. They therefore must
be treated with caution. Further explanation of the methods employed in this

study can be found in Section 4.4 and Table 4.9.

Grelgite

Greigite (FesSs) is a ferrimagnetic iron sulphide mineral that forms in sulphate
reducing sedimentary environments (Roberts, 1995; Sagnotti & Winkler, 1999). It
was first identified as a new mineral in 1964 by Skinner et al, until then being
known as melnikovite, a form of pyrite (FeSz) and not a mineral in its own right
(Lee & Jin, 1995; Roberts, 1995). Greigite forms by the process of diagenesis
(post depositional changes to sediments; Whittow, 1984) at the expense of
detrital iron-bearing minerals, especially magnetite in shallow burial (Roberts &
Turner, 1993; Hallam & Maher, 1994; Roberts, 1995).

Several factors are thought to control the production of greigite. Sulphate
reducing conditions are essential, and are themselves dependent on the
availability of organic matter or bacteria to produce hydrogen sulphide (HzS), and
an oxygen deficiency (Karlin et al, 1987; Kris et al, 1990; Roberts & Turner,
1993; Horng et al, 1998). Sedimentation rate also affects greigite formation:
higher sedimentation rates generally reduce the potential for greigite production
as the amount of time magnetic minerals are in contact with sulphate reducing
bacteria is reduced and sediments are buried more quickly (Cranfield & Berner,
1986).

Greigite is a chemically stable, remanence-bearing ferrimagnetic mineral (Dunlop &
Ozdemir, 1997). A magnetic remanence due to the presence of diagenetic
greigite will compete with, and pos‘sibly obscure the original detrital signal (Karlin
et al, 1987; Roberts, 1995), The production of greigite therefore has major
implications for palaeomagnetic and palaeoclimatic studies, as they are dependent
on the detrital signal. Any alteration of the mineral magnetic composition of
sediments can affect the accuracy and interpretation of palaeomagnetic records

and disrupt any mineral magnetic based provenance studies (Karlin et al, 1987;
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Snowball, 1991; Roberts, 1995). Hilton and Lishman (1985) and Hilton (1986)
have also found that magnetic minerals formed in reducing conditions and can

account for up to 70% of the magnetic signal in a sediment.

Greigite is a very distinct mineral and can be identified in a variety of ways. Firstly
it oxidises rapidly when exposed to air (Snowball & Thompson, 1988; Hilton,
1990; Snowball, 1991). This can result in a dramatic reduction in magnetic
intensity during normal sample storage, shown by losses in x and SIRM. Snowball &
Thompson (1988) measured the susceptibility of a core taken from Llyn
Geirionydd, North Wales in 1978, and then again in 1986. There had been a 90%
reduction of susceptibility over the 8 years, due to greigite oxidation. Snowball
(1991) suggested that the loss in magnetisation could be used as a diagnostic

tool for the presence of greigite.

Greigite also has very distinct IRM properties (Peters & Thompson, 1998).
Between fields of 40-200 mT, normalized IRM data rises from < 0.02 to = 0.9
(Fig. 2.25a)(Peters & Thompson, 1998), and reaches saturation by 300 mT (Fig.
2.25b)(Kris et al, 1990; Hallam & Maher, 1994). Greigite also shows a loss of
magnetisation on heating to around 200°C, which can be used as an identifying
property (Fig. 2.26)(Snowball & Thompson, 1988; Sagnotti & Winkler, 1999).

Snowball (1991) noted that values of SIRM/x =270 kAm™ were characteristic of
greigite, especially when coupled with low 100 backfield ratios (IRM-100/SIRM =
~0.8). SIRM/y values of haematite and goethite have are similar to those for
greigite (~260 kAm™ and 57 kAm' respectively, Peters & Dekkers, 2003), hence
the necessity to combine the ratio with other diagnostic parameters. Hallam &
Maher (1994) however, suggested gregite displayed SIRM/y values of 20-50 kAm
', though SIRM for their study was IRMsco, as greigite should reach saturation by
then. It has been generally accepted that values around 70 kAm™ are diagnostic
of greigite (Oldfield, 1999; Sagnotti & Winkler, 1999). ARM.«o/ARM values of
between 0.45-0.85 are also indicative of greigite when used in conjunction with
IRM-100/SIRM ratios of <-0.6 (Peters & Thompson, 1998). Maher et al, (1999)
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have suggested that ARM-4«0/ARM values of 0.3 are indicative of greigite, but only
when combined with SIRM/y values of >70 kAm™.

Roberts & Turner (1993) also used a combination of SIRM (IRMsoo mT) and ;
values of 11-12 10*Am?kg™” for SIRM and 11-12 10m3kg’ for ¥, are indicative of
greigite (Fig. 2.27). Peters & Thompson (1998) presented a comprehensive study
of the magnetic minerals magnetite, titanomagnetite, haematite, pyrrhotite and
greigite, in order to find magnetic parameters to distinguish them. Both greigite
and pyrrhotite were found to have high SIRM/y values (pyrrhotite the higher), but
as greigite has a higher ARM stability, it is possible to di'stinguish between the two
using ARM-«w0/ARM. Peters & Thompson (1998) used the above ratios and
properties of magnetic minerals to draw biplots for the identification of several
common minerals, including greigite. Fig.2.28a & b shows these biplots and
demonstrated their usefulness in assessing the presence of the various magnetic

minerals.

As with the analysis into magnetotactic bacteria, the characteristics mentioned
here are merely a synopsis of the data collected from a number of studies, and
are not necessarily conclusive. Further analysis and testing is needed but, in the
context of the current study, it is possible to use these characteristics to assess
whether the presence of greigite may have any impact upon the detrital magnetic

signal contained within the core sediments.
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2.5.4 Provenance Studies with Environmental Magnetism

Provenance studies can take many forms. They can help identify the origin of a
material in terms of its lithological structure, as well as how it was formed. In
sedimentary environments, they can determine the geographical source of the
material, and they can differentiate between transport mechanisms and pathways
(Verosub & Roberts, 1995).

In lake studies, concentration dependent magnetic parameters have been shown
to vary with changes of soil type, soil processes and land use (e.g. Pennington et
al, 1972; Thompson et al, 1975; Thompson & Oldfield, 1986; Eriksson &
Sandgren, 1999) and, therefore a link between certain magnetic signatures
contained within a lake sediment sequence and specific vegetation and soil types
within the lake catchment has been established (Verosub & Roberts, 1995). For
example, Dearing & Flower (1982) found susceptibility peaks corresponding to
rainfall maxima and after a study of the surrounding vegetation and soil,
concluded that magnetic susceptibility recorded periods of erosion due to
deforestation and/or cultivation (see Section 2.5.2). They argued that increased
run-off and stream discharge resulted in the deposition of coarser and more
magnetic sediments in the lake through channel erosion, and not the top soil

erosion that is usually cited for increased lake sediment susceptibility.

Yu & Oldfield (1989) developed a multivariate mixing model for differentiating
sediment sources in lacustrine environments, using the Rhode River as a case
study. Source areas were identified and samples collected. The sediments were
mixed in known concentrations and their magnetic properties measured. From the
results, a regression model was created using linear functions, which could help to
identify and quantify the proportion of material from each source area within a
sediment sample. This method was developed further by the same authors in
1993, using only susceptibility, ARM and IRM to model sediment sources for a
reservoir catchment in Nijar, Spain. The reservoir filled in during the 19" Century,

and whilst the model was successful in identifying all the contemporary sediment
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sources, the cause of this infill was not established. A similar study was reported
by Peters & Turner (1999), on sediments from Lake Paringa, South Island, New
Zealand. A suite of magnetic measurements were made to characterise the
magnetic minerals present within the lake sediments, and attribute them to a

source, or origin.

Magnetic measurements are particularly useful in analysing contemporary pollution
(Thompson & Oldfield, 1986) as well as in studies of palaeoclimate, especially
palaeowind intensity (Maher et al, 1999). It has been found that SIRM, ARM, x
and yxw« can distinguish between the ferrimagnetic component of atmospheric
dust, soil particles of various regions and ash from industrial sources (Verosub &
Roberts, 1995), as well as between weathering regimes for the soil contingent
(Oldfield et al, 1985). Harder IRM/SIRM values and higher SIRM/y values are
indicative of typical haematite material from arid and semi-arid regions. Dusts
from Barbados have been found to show seasonal variations, while Atlantic
sediments can be split into groups according to their SIRM values. The most
polluted materials have maximum SIRM values, the highest SIRM/ARM ratios and
the lowest yr values, which are all comparable to fossil fuel power station fly-ash
and originate from the Northwest Atlantic. The least polluted have minimum SIRM,
the lowest SIRM/ARM and highest xt values, are comparable to the Barbados
summer dusts and are North African in origin (Fig. 2.29)(Oldfield et al, 1985).
Shu et al, (2001) collected samples of atmospheric particles from 11 sites
across Shanghai, China. Sources of the particles were inferred using magnetic
analysis and a chemical mass balance model (CMB). It was ultimately concluded
that x, SIRM, Hard IRM, Soft IRM and x.m are all able to successfully estimate the

concentration of the main metal elements in atmospheric dust.
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Begét & Hawkins (1989) studied the Alaskan Loess deposits, finding that
recorded wind intensities, and therefore provenance. They suggested that high x
was characteristic of proximal deposits, because far travelled loess would be
depleted in magnetic minerals, possibly because larger particles are not carried as
far, or due to magnetite fractionation during aeolian transport (Begét et al,
1990). Despite this, consideration must be given to the fact that during glacials,
winds were stronger (Parkin, 1974) and therefore, larger particles could be
transported further. Aeolian dust in deep-sea sediments have been characterised
by high quatrz/illite ratios, high kaolinite/illite/chlorite ratios and high
antiferromagnetic content (i.e. high HIRM values)(Maher et a/,, 1999).

In marine studies, it has been shown that high susceptibility denotes the
interglacial periods in the North Atlantic and Indian Ocean (Bloemendal & de
Menocal, 1989) and vice versa in the Somali Basin (Verosub & Roberts, 1995).
Susceptibility is representative of terrigenous input, and changes are therefore
the result of the Asian monsoon on ice rafting in this area. Following the onset of
the Quaternary, changes in cyclicity in the Indian Ocean reflect the response of
the Asian Summer Monsoon to the increase of global ice cover (Bloemendal & de
Menocal, 1989). The parameters SIRM/ARM and S-ratio (the 100 backfield ratio in
this instance) reflect changes in the input of dust to the Arabian Sea, which is
also controlled by the Asian Summer Monsoon (Maher et &/, 1999). Bloemendal
et al, (1992) have also shown that specific magnetic ratios can give insights into
sediment type and number of transport pathways or source regions delivering
sediment to an area. Watkins & Maher (2003) have characterised present-day
sediments in the North Atlantic, and identified the climatic and oceanographic

controls on their magnetic signatures.

As demonstrated by the examples cited above, environmental magnetic analysis
of sediments has helped to identify provenance and transport pathways within a
variety of sedimentary environments and on a range of spatial scales, from local
to global (Liu et al, 2003b; Watkins & Maher, 2003). This thesis is going to

concentrate on the magnetic characteristics of Heinrich Layer sediments from the
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European margin, the main aim being to identify provenance for the various
sedimentary components and to determine a magnetic signature for each source
area. It may then be possible to separate the different signatures, quantify their

relative contributions and any changes in those contributions with time.
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3.0 Site Context

The work contained in this thesis is based on the analysis of two marine cores:
OMEX 2K, a 2.5 m Kasten core; and MD0O1-2461, a 22 m giant piston core. Both
of the cores were retrieved from the Celtic Margin as part of wider research
projects. OMEX 2K was retrieved in 1995 during a EU sponsored project set up to
study exchange at ocean margins (Hall & McCave, 1998a). In 2001, MD0O1-2461
was collected for a NERC funded project looking at ice-ocean-climate interaction
in the North East Atlantic, as this area is considered an optimal sentinel to record
signs of THC and ice sheet variability (NERC Research Grant Proposal, Scourse et
al., 2001).

In terms of the aims of this thesis, OMEX 2K and MD01-2461 are ideally located.
It has previously been established that the Celtic Margin was reached by Heinrich
Event icebergs of both Laurentide and European origin (e.g. Hall & McCave, 1998a
& b; Scourse et al, 2000). Therefore, these sediments not only have the ability
to characterise HEs, but also have the potential to differentiate between
provenances as different sources are already established. In addition to this, an

extensive collection of data is already available on OMEX 2K.

3.1  The Ocean Margin EXchange (OMEX) project.

The Ocean Margin EXchange project (OMEX) was set up and run by the European
Union in 1994 to measure and model exchange processes at passive ocean
margins. lts main objective was to gain a better understanding of processes at
ocean margins and how they affect, and are influenced by, the environment (Hall
& McCave, 1998a; van Weering et al, 1998a; 2001).

Ocean Margins are the regions of transition between the thick continental crust
and the thin oceanic crust (Roberts & Montadert, 1979; Seibold & Berger, 1982).
They have varying characteristics depending on their location within a tectonic

plate, but are generally made up of a coastal zone, continental shelf, continental
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slope, continental rise and abyssal plain (Fig. 3.1)(King, 1974). There are two
main types: Atlantic (or passive) and Pacific (or active). Passive margins occur
when the plate margin is in the middle of the ocean and are characterised by
rifting. They are made up of layers of increasingly younger sediment and are
slowly sinking (Seibold & Berger, 1982). Unless they are very young, they are free
from earthquakes and volcanism (Roberts & Montadert, 1979). Active margins
are associated with collision margins, folding, faulting and volcanism. They are
caused by the sinking of the oceanic crust below the continents, causing the
continental crust to fracture and uplift and are therefore classed as rising
(Roberts & Montadert, 1979; Seibold & Berger, 1982). Ocean margins contain ~
60% of the total oceanic sediments (Roberts & Montadert, 1979).

The main site chosen for study within OMEX was the Goban Spur, on the Western
edge of the Celtic Shelf (Figs. 3.2a, b, & ¢ and 3.3)(Hall & McCave, 1998a). This
area is affected by three main water masses; North Atlantic Central Water
(NACW), Mediterranean Outflow Water (MAO), and North Atlantic Deep Water
(NADW); which impose a significant influence on sediment transport (van Weering
et al, 2001; McCave et al, 2001). The Goban Spur is a gently sloping shelf to a
depth of 1400m, with a slightly steeper slope leading to the top of the Pendragon
Escarpment, which itself drops to a depth of 4500m (de Graciansky et a/, 1981;
van Weering et al, 1998b; 2001). This then levels off to the Porcupine Abyssal
Plain which covers an area of 10 000 km? to the base of the Mid-Atlantic Ridge
(49°N, 12°W and northwards, Figs. 3.2 & 3.3)(Heezon & Laughton, 1960). To the
Southeast of the Spur, a series of gullies run down the slopes, creating the Celtic
Fan while to the North is the Porcupine Seabight, a semi-enclosed depression that
corresponds to an Early Cenozoic sediment basin (Fig. 3.2b & c)(de Graciansky et
al, 1981; van Weering et al, 1998b; 2001).
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The sediments on the Goban Spur are relatively thin compared to other ocean
margins. The basement rocks are cut by Hercynian faults formed during major
earth movement in the Devonian and Carboniferous periods (408.5 - 290 ma).
They are covered with layers of sediment, the bottom most of which are syn-rift
deposits - thick layers of sediment that accumulated in the “troughs” of the
faults as they formed. They are the reason that the Goban Spur has a level

topography despite the disturbed basement blocks (de Graciansky et a/., 1981).

During the RRS Charles Darwin cruises 84 and 94 in 1994 and 1995, five Kasten
cores were taken from the Goban Spur along a rough transect running from
approximately 11°-14°W, with the fifth from within the Porcupine Sea-Bight
(50°N)(Table 3.1, Figs. 3.2b & c and 3.4)(Hall & McCave, 1998b).

A 4m long, 0.15m square corer barrel was used (Hall & McCave, 1998a & b). This
corer is a stainless steel barrel with cross section dimensions of 15 x 15 cm with
a core catcher of standard dimensions (from the Institute of Oceanographic
Sciences, 10S) and a core head (Fig. 3.5). A circular hole in the core head allows
water to escape during descent and can be closed to prevent the sediment being
washed out, and slumping once the core is on board ship and stored horizontally.
The core catcher is placed on the bottom of the core barrel. It has a shutter like
system composed of two doors held to the inside wall of the barrel by tension.
When the corer is lifted, two levers on the outside of the barrel are forced down
by the surrounding sediment, releasing the tension and shutting the doors
(Zangger & McCave, 1990). |

The Kasten corer was designed by Kuehi et al, (1985) and improved by Zangger
& McCave (1990) with a view to lessening the problems of core shortening and
re-penetration which is common in open barrel gravity cores (Zangger & McCave,
1990). Core shortening is thought to arise from friction between the wall of the
corer and the adjacent sediment (Fig. 3.6)(Emery & Hulsemann, 1964; Weaver &
Schulthesis, 1983). Shortening in gravity cores was found to be dependent on the

type of sediment and water content, but is estimated at 50% of the penetration,
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Table 3.1: The OMEX cores taken onboard the RV Charles Darwin
in 1995 (Hall & McCave1998a).

Cruise Core Date Type Length Latitude Longitude Water
(OM) (cm) (N) (W) depth (m)
CD 84 1K 23.1.94 4m Kasten 337 4858.60° 1339.83 4494
CD 84 2K 24.194 4m Kasten 254 495.29 1325.90° 3658
CD 84 3K 31.1.94 3m Kasten 265 4922.70¢ 1111.62" 806
CD 94 4K 7.6.95 4m Kasten n 4959.25' 1231.06' 2280
CD 94 5K 12.6.95 4m Kasten 391 4850.07 1239.95" 2333
BAS 1P 9.93 15mPiston 1532 4758.80 1148.50 3652
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Fig. 3.4: Location of the OMEX cores and MD01-2461 (Hall
& McCave, 1998a & b)Solid circles are kasten cores, crossed
circles are piston cores.
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with little shortening taking place above 50 cm depth, and below 50 cm,
shortening increases with depth (Emery & Hulsemann, 1964). The large cross-
sectional area of the new Kasten corer means that less shortening takes place,

however it is still susceptible to re-penetration (Weaver & Schulthesis, 1990).

Re-penetration is caused by cable recoil or slackening, often due to the corer
pulling free of the sediment when the ship is at the high point in the swell
(Weaver & Schulthesis, 1983; Zangger & McCave, 1990). The new Kasten corer
limits this re-penetration by the addition of shutter-like doors that close when
levers are pushed downwards by sediment external to the corer (Zangger &
McCave, 1990), and the addition of a sliding, 30kg weight that stabilises the core
barrel (Kuehl et a/, 1985). Kasten cores, on average, can now return intact,
undisturbed sediments down to ~3m penetration, below which shortening of a

maximum of only 20% can occur (Skinner & McCave, 2003).

Once in the lab, the core can be secured in two carpenters’ vices and the lid
removed. U-channel samples can then be taken by inserting two 6 x 6 cm pieces
of drainpipe into the sediment. An 8 cm threaded T-bar is then attached to a thin
sheet of steel on the inside of the barrel on the opposite side to the lid and
wound in, forcing the sheet up and the sediment out. The drainpipes can then be
removed using cheese-wire. Photos and X-rays can then be taken and further sub-

samples, if necessary (Fig. 3.7)(Zangger & McCave, 1990).
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Fig. 3.5: The corer designed by Zangger & McCave. a) and b)
constitute the core catcher; ¢) and d) the core head; e) and f),
the core barrel (re-drawn from Zangger & McCave, 1990).
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Fig. 3.6: The shartening of sediment cores during open barrel
gravity coring. (re-drawn from Weaver & Schulthesis, 1983)
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3.2 Core OMEX-2K

OMEX 2K was one of the cores extracted in the above fashion (Fig. 3.4) and was
recovered from 49°5.29°N, 13°25.90'W, 3658 m water depth on 24.1.1994 (Hall
& McCave, 1998a & b). The core was logged descriptively and X-radiographs
taken to help determine the sediment structure (Fig. 3.8). Water content was
determined on samples taken every 4cm. These samples were then sieved using a
63um sieve, dried and weighed to determine the coarse grain percentage.
Magnetic susceptibility measurements were made along the whole core whilst still
onboard ship, and later, on a mass specific basis with the sub samples.
Subsequently, AMS '*C dating was carried out, as was CHN analysis for organic
and inorganic carbon, and grain size distribution for both the terrigenous and
carbonate fractions (Fig. 3.9)(Hall & McCave, 1998a & b).

The magnetic susceptibility and water content profiles of the OMEX cores
detected turbidities and pulses of meltwater, both of which deliver a large
quantity of lithic particles to the sediment. Due to the presence of these higher
concentrations of lithic particles, the X-rays contain dark, opaque bands, with the

meltwater pulses containing abundant dropstones.

The AMS '“C dating provided a basis for estimating sedimentation rates within the
OMEX cores, combined with the identification of chronological markers, such as
the vedde ash layer and the ice-rafting pulses of Heinrich Events 1 and 2, and the
correlation with features in oxygen isotope profiles (Hall & McCave, 1998a).
Sedimentation rates decrease with depth along the Goban Spur, but also show a
distinct glacial-interglacial pattern with glacial rates being higher (Table 3.2)(Hall
& McCave, 1998a). The flux of non-carbonate sand (grains > 63 um; Hall &
McCave, 1998a) is used as a proxy for ice rafting (e.g. Manighetti & McCave,
1995). High fluxes record an increase in ice rafting and can therefore identify
Heinrich Layers. Variations in grain size distribution can reflect prevailing current
direction and speed, as well as pick out the HLs. Average particle size will increase

with stronger currents, as finer silts and clays are carried away (Hall & McCave,
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Fig. 3.7: The sampling techniques for the Zangger & McCave corer; a) lift
the lid; b) push in two u-channels; ¢} screw out the sediment; d) cut off the
u-channels; e) repeat the process (Zangger & McCave, 1990).

Table 3.2: The OMEX cores and their sediment accumulation rates (Hall & McCave,
1998a).

Interval Horizon Age (cal. yr BP) Sediment accumulation
rate (cm ka-1)

OM-3K (806m water depth)

Present — Vedde Ash Top-76 0-11.980 6.6
OM-5K (2333m water depth)
Present — Vedde Ash Top - 64 0-11.980 5.6
Vedde Ash - H1 65 - 152 11.980 - 18.500 15.9
H1-H2 152 - 332 17.500 - 25.150 235
OM-2K (3658m water depth)
Present - 7584 Top-36.5 0-7584 51
7584 - Vedde Ash 36.5-48 7584 - 11.980 2.6
Vedde Ash - 14846 48-73 11.980 - 14.84 8.7
14846 - H1 73-82 14.846 - 17.500 3.4
H1 - LGM 82-112 17.500 - 21.000 8.6
LGM - H2 112-178 21.000 - 25.150 15.9
OM-1K (4494m water depth)
Present — Vedde Ash Top - 42 0-11.980 3.7
Vedde Ash - H1 42-98 11.980 - 17.500 10.1
H1-LGM 98 - 132 17.500 - 21.000 9.7
LGM - H2 132 -194 21.000 - 25.15 14.9
OM-4K Porcupine Seabight (2280m water depth)
Present — 5123 Top - 36.5 0-5123 7.6
5123 - Vedde Ash 36.5-76 5123 - 11.980 58
Vedde Ash — 14462 76 -115.5 11.980 - 14.462 159
14462 — H1 115.5 - 136 14.462 - 17.500 6.8
H1-H2 136 - 308 17.500 - 25.150 22.5
OM-1P King Arthur Canyon {3652m water depth)
Present — Vedde Ash Top-170 0-11.980 6.1
Vedde Ash - H1 70-159 11.980 - 17.500 16.1
H1-H2 159 - 339 17.500 - 25.150 235
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Fig. 3.8: X-radiographs taken of OMEX 2K. The dark bands are possibly due to
distortion of the sediments during the coring process. Lithic particles are clearly
visible, especially around 114-132 cm (X-rays courtesy of Dr. L. Hall, University of
Cardiff and Lowry etal, 1997 - OMEX dataset CD-ROM).
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1998a). Silt is generally accepted as an indicator for current strength, which is
often influenced by topography and slope gradient. The particle size analysis on
the OMEX cores indicates that velocity increases with slope steepness. (Fig.
3.9)(Hall & McCave, 1998a). Shifts in the §'*C of organic carbon (Fig. 3.9) from
low values at the glacial maximum, and increasing throughout the Holocene
reflects the change in transport mechanism due to coastline retreat. As the sea-
level rose, less wind transport would take place, being replaced by current
redistribution (Hall & McCave, 1998b).

During a study by Scourse et al, (2000) the dominant lithological groupings of
OMEX 2K were determined using visual differences and X-ray analysis of elemental
content. These were quartz, volcanic glass (rhyolitic and basaltic), porphyry,
dolomite, mica and chalk (Fig. 3.10)(Scourse et al, 2000). The rhyolitic glass
peak (depth 54 cm depth) is the result of Vedde Ash being transported by ice
during the late LGM (Last Glacial Maximum) and mixed with the uppermost
sediments. As noted earlier, dolomite is thought to be typical of LIS-scoured IRD
material. Dolomite is found to be prominent during both H1 and H2 (at depths 82
cm and 180 cm respectively), and is co-incident with peaks in the whole-core
magnetic susceptibility data. In contrast, chalk peaks are found both during and
just prior to the H2 main event. Scourse et al, (2000) suggest this chalk is
characteristic of LGM sediments from the Celtic shelf (SEM observations revealed
that the chalk contained well-preserved late Cretaceous coccoliths, pithonellid
calcispheres - calcareous fossil species - and planktonic foraminifera). Detailed
analysis of individual chalk grains by light microscopy shows the presence of
diverse well-preserved nannofossil assemblages including marker species
indicative of the mid-late Campanian (in the late Cretaceous, approx 130 - 65
ma; Lowe & Walker, 1997). The chalk peak prior to H2 may indicate the
possibility of a British precursor event to H2. Similar chalk peaks were absent
from H1 and Scourse et al, (2000) argued that this was because the BIS had
retreated some 400 km north by this time (Bowen et a/, 1986).
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Scourse et al, (2000) also suggested that the mica within OMEX 2K was
characteristic of Celtic shelf material. Bowen et a/,, (1986) have reported that the
main drainage of the Irish ice was through a lobe of ice projecting out onto the
shelf just south of the Goban Spur, and this would explain the presence of BIS
material. The lithological studies provide direct evidence that the BIS was involved
in the Heinrich Events, though the LIS input was greater than the BIS (Scourse et
al., 2000).

The two chalk peaks in and around H2 suggest two pulses of BIS activity: one
precursor and one during the main event but slightly later than the LIS dolomite
peak. '*C dates indicate a lag time of 740-1360 years between the precursor and
main event, which agrees with estimates from other Northeast Atlantic cores
(e.g. Snoeckx et al, 1999). The precursor contains only non-LIS material
suggesting that the BIS responded rapidly to some external forcing which resulted
in the destabilisation of the LIS a few hundred years later. During the H2 main
event, it is thought that the lobe projecting from the Irish margin responded to
the sea level rise caused by the LIS discharge, explaining the BIS input to the main
H2 event (Scourse et al,, 2000).
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3.3 Core MD01-2461

During an IMAGES cruise aboard the RV Marion Dufresne in 2001, the Goban Spur
site was revisited and a giant piston core (MD01-2461) was taken slightly further
north from the OMEX cores in the Porcupine Seabight at 51°45°N, 12°55’W, 1153
m water depth (Figs. 3.2 & 3.7).

The Marion Dufresne hosts a g'iant piston core handling system known as
CALYPSO which can retrieve cores of up to 65 m (Fig. 3.11)(Anon, 2004), the
longest having been recorded at 64.40 m in the Gulf of California in 2002
(Beaufort et al, 2002). The system consists of a 70 m steel tube, with an 8-10
ton weight, a mechanical trigger and piston, and an aramide hoisting cable (Calais
et al, 2003; Anon, 2004). The core is slowly lowered to the sea floor, with a
preliminary weight attached. The weight hits the sea floor some metres before
the core, releasing the tube from the main cable and allowing it to fall to the
seabed. Once the tube has penetrated the sediment, the piston takes over,
holding up sediment as the core is retrieved. A core-catcher ensures that no

material escapes as the core is being brought back to the surface (Fig. 3.12).

Piston coring itself developed through the need to increase penetration and
retrieve longer cores (Weaver & Schulthesis, 1990). The corers are hollow steel
tubes with an internal sliding steel, that produces a weak vacuum, causing the
sediment to move up the tube, without disturbing the layers (Fig. 3.13). As
surface sediment is often lost during piston coring, a small gravity or box core is
often attached to the trigger weight to recover the top 1-1.5 m of sediment
(Weaver & Schulthesis, 1990; Buckley et al, 1994). Piston coring was so
successful, that the idea of giant piston coring was suggested by Wood’s Hole
Oceanographic Institution in 1967, in an attempt to retrieve up to 50m of
sediment (Weaver & Schulthesis, 1990). As this involved larger and heavier coring
equipment, stronger wires and more powerful winches were required, which meant

that few ships were capable of such operations (Hollister et al, 1973).
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Fig. 3.11: The CALYPSO giant piston coring mechanism
aboard the RV Marion Dufresne (Calais et al., 2003 0
www.univ-brest.fr/IUEM/Universite_flottante/md).

108
Fig.3.12: A schematic of a giant piston coring mechanism
(www.usgs.mil/pacarealiceops/cpmanual, 2004)
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Fig. 3.13: A giant piston corer, similar to that used on the RV Marion Dufresne.

(re-drawn from Hollister et al., 1973 and Weaver & Schulthesis, 1990).

109



Problems with the piston coring method became apparent shortly after they
became widely used, in the form of vertical disturbances (Bouma & Boerma,
1968; McCoy, 1985). These disturbances were described as “vertical line
patterns” or a “rounding of the laminae” (Fig. 3.14)(Bouma & Boerma, 1968) and
were identified as both the shrinking and stretching of the core due to missing
sediments, or sediment flow-in (McCoy, 1985; Buckley et al, 1994). Suggestions
- for the cause of these disruptions are in the coring processes themselves; the
core barrel may not penetrate vertically or may fall over on impact which will
distort the laminations in any sediment collected; friction between the sediment
and the core liner can cause bending of the laminae and in very severe cases,
shrinking of the core (Blomquist, 1985); if the core barrel does not penetrate to
its full extent, then a sucking-up of additional material may occur when the piston
begins to lift, as it is not in contact with the sediment (Fig. 3.15) - this can also
occur mid-core if the upward movement of the piston exceeds the downward
movement of the corer (McCoy, 1985); and the delayed stopping of the piston at
the sediment surface may cause the loss of the top layers (Bodma & Boerma,
1968; Winterhalter, 1970; Stow & Asku, 1978; Buckley et al., 1994).

Several improvements have been made to the system over the last 30 years,
including the changing of the “rope” used to hoist the corer (Schilling et al,
1988), the addition of an automatic release system, as seen on the Marion
Dufresne, which induces free fall to maximise the force of the impact
(Winterhalter, 1970) and the addition of a piston immobiliser to prevent the
upward movement of the piston after penetration has ceased (Bader & Paquette,
1956). Even a few millimetres of motion during sampling can cause distortion
(Richards, 1966). A second core (usually a Gravity or Kasten core) is taken at
each site to ensure retrieval of the surface sediments, and to compare with the
Piston core for core stretching. The development of a Stationary Piston Core
(STACOR) involving a system which holds the piston in the same place (and,
therefo‘re, the sediment surface), while the corer slides past has also helped with
the collection of long (over 25m) undisturbed cores (Weaver & Schulthesis,
1990; Buckley et al,, 1994).
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Fig. 3.14: The sucking-up of sediment from outside the core barrel by
suction due to the piston not being in contact with the sediment when it
begins to lift (re-drawn from Skinner & McCave, 2003).

1 [] .

75 ) i 100

9 |

Fig.3.15: A) Bending of the laminae in piston core MD01-2446, section
iib. B) Extreme suction of excess material due to "flow-in" in piston
core MDO01-2443, section XIXb (Taken from Skinner & McCave, 2003)
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The main problem caused by distortion to a sediment core is the disruption to the
stratigraphic continuity by either extending or shortening the core (McCoy, 1985;
Blomquist, 1985). The alteration of the original laminae affects the ability of the
core to produce accurate sedimentation rates or determine chronostratigraphical

sequences (McCoy, 1985; Buckley et al., 1994).

After extensive modelling of coring techniques based on soil mechanics and
testing on marine cores, Skinner & McCave (2003) determined that stretching
was likely to take place between ~5 and 15m depth in a piston core, depending
on cable length (therefore, water depth). In MD0O1-2461, it is expected that
stretching took place between 5-15m depth extending the sediment by 1.5-2.5
times (I.N. McCave, Pers Comvm, 2004).

Once onboard the ship, the core is cut into manageable 1.5m sections, labelled,
sawn in half lengthways and then opened using the cheese-wire technique
mentioned in Section 3.1 (Fig. 3.16). One half is archived whilst the other is used
for preliminary analysis, including sediment logging, spectrophotometric
measurements, photographs along with porosity, density, P-wave velocity and
amplitude and magnetic susceptibility made using a multi-sensor logging tool

(MST). The working half of the core is then packed and cold stored.

MDO01-2461 was retrieved and used as part of a NERC funded project entitled
“Sequencing Ocean-lce-Climate Interactions in the North East Atlantic.” The
project involves collaboration between the University of Wales, Bangor, the
University of Cardiff, the University of St Andrews, University of Cambridge,
University of Bordeaux, and the Natural History Museum (NHM), with much of the
work contributing to PhD theses. Work to date includes palaeoclimate analysis
using IRD, some mineralogical work and foraminifera work by Vicky Peck in Cardiff,

and examination of coccoliths by Craig Koch in the NHM.

The work in this thesis will concentrate on the environmental magnetic analysis of

both cores: OMEX 2K and MD01-2461. Access to material from both the cores
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was granted by Dr James Scourse (University of Wales, Bangor), and Dr lan Hall
(University of Cardiff). OMEX 2K was selected for a pilot study of the techniques
because of its extensive previous analysis and, following its success, the Principal
Investigators of the above NERC research project (Sequencing Ice-Ocean-Climate
Interaction in the North East Atlantic) granted access to MDO1-2461. This second
core provided the opportunity to develop the pilot. study and look at the same
events in different cores, as well as to extend the record back in time to study all

the HEs at a single location.
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4.0 Methodology

4.1  Preliminary Analysis of OMEX 2K and MD01-2461

4.1.1 Core Physiology

Two U-channels from the core OMEX 2K were made available for analysis (by Dr
lan Hall, Cardiff University and Dr James Scourse, University of Wales, Bangor),
along with the X-radiographs taken of the original Kasten core (Fig. 3.8). The X-
rays were examined and the number of visible lithic grains counted at a resolution
of 2 cm, as described in Austin & Kroon (2001) and Andrews & Barber (2002).
While a somewhat crude form of analysis, these data provide a first order, non-
destructive approximation of the variations in IRD concentrations with depth. The
U-channels were then visually described in terms of the texture, colour (using the
Munsell Soil Colour Chart, 1973) and the presence of coarse grains, visible
foraminifera and anything else of interest. Photographs were also taken for a
visual record of the core surface (Fig. 4.1). X-ray Diffraction (XRD) analysis was
provided by Angus Calder (University St Andrews), on a small number of samples
from OMEX 2K. 18 samples were selected at various depths with differing
mineralogical signatures (identified from the mineralogical data provided by Dr. M
Fruze; see below), the samples were crushed to <10 um with an agate ball mill
and dried in a drying oven at 80°C. Approximately 1 g of sediment was used for
the XRD analysis and packed into standard Philips sample holders (Fig. 4.2b) in
order to produce a random orientation. The samples were then run in a Philips
PW1050/ Hiltonbrooks DG2 instrument (Fig. 4.2a) using a Colbalt anode tube.
The data was analysed with WinXRD version 2 software using the ICDD powder
diffraction file by Angus Calder, and the percentage abundance of each mineral

present was calculated using Rietueld refinement methods.

The original plaquettes from MDO1-2461 used for taking X-rays were made
available by Dr lan Hall, Cardiff University. Photographs and core logs were taken

onboard ship and were also provided by Dr James Scourse, University of Bangor
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(Fig. 4.3). Lithic grain counts were made by Vicky Peck, Cardiff University, as part
of her PhD analysis (Peck, unpublished data). Samples were dried in a drying oven
at ¢. 30°C, following which the residues were weighed and then dry sieved at 150
um. The number of lithic grains greater than 150 um in size were counted under a
microscope at each depth (every 4 cm) and expressed as the number of grains

per gram of sediment (Fig. 4.4).

4.1.2 Volume Susceptibility

Using a MS2E1 High Resolution Susceptibility Sensor attached to a Bartington
Instruments Susceptibility Meter (Fig. 4.15a), the whole-core volume magnetic
susceptibility (k) was measured along OMEX 2K. The meter was set to Sl units
with a range of 0.1 and linked to a computer running Bartington Instruments
computer software; Multisus v.2. Susceptibility measurements were then taken at
1 cm intervals. A background reading was taken between each measurement, to
correct the results for background “noise”. Once the entire core had been
measured, the process was repeated, and an average taken for each of the U-
channels. In a number of small sections of the core measurements were not
possible as the sediment was damaged or missing, mainly because of shrinking
and drying out during storage. There were a total of 10 cm worth of sediment
missing from the core (the gaps packed with tissue), with a further 30 cm worth
of sediment fractured and disturbed, equating to 16.6% of the recovered core
material. Most of the damaged material was still able to produce a reading,
though the effect of the uneven surfaces is unknown. These sections are noted
on Fig. 4.5, along with the volume susceptibility. Fortunately, the damage only
transpired into two completely missing samples when the core was sub-sampled
(100 cm depth and 235 cm depth). The damaged sections appear to have had
little impact on the resultant magnetic susceptibility when compared to the
subsequent mass specific measurements. The missing sections have registered a
low measurement, with the exception of the gaps below 225 c¢cm, which appear to
have a volume susceptibility record similar to the mass specific susceptibility

measured later, probably due to the influence of surrounding material.
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OMEX 2K Goban Spur (2333 m) Key to structure:

i_ Dropstones/clasts
— Banding
y Foraminifera

0-245cm
Lithology Structure Colour
Oy - ;f = JA Pale clay - silt
— Dark silty layer Horizontal
; — banding
’} Dark silty layer
s Some evidence of clasts ¢
‘ Dark bands apparent for 1 cm, which produce an
almost obvious divide between silt and clay.
Foraminiferas present
Colour gets progressivley darker, no obvious seperate
layers Horizontal
banding
Almost sandy layer - with clasts in evidence
Very dark clay
100 : -
Very dark clay, with some foraminfera present
Gets gradually lighter and then darker throught profile
Horizontal banding
Uniform dark clay with very slight
differences in colour
v
Concentration of foraminiferas
Very dark clay
) 4
Light silty layer
Dark silty - clay, evidence of a few clasts
200
Dark clay
Clasts and foraminifera present
Silty clay
Colour gets lighter, evidence of possible clasts
Carbonate rich clay - silt
Colour gets insignificantly darker

End of core 245cm

Fig. 4.1: Core logs, photographs and descriptions from OMEX 2K



Fig. 4.2: Philips PW1050/Hiltonbrooks DG2 X-ray Diffractometer (a),
with a close up of a standard sample pot (b).
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In contrast, the damaged sediment below 225 cm shows a lower volume

susceptibility than the dual frequency susceptibility (Section 4.3).

To establish whether there had been any alteration in magnetic susceptibility of
OMEX 2K during the storage of the core, the volume susceptibility curve produced
above was compared to that in Scourse et al, (2000), which was recorded on
board ship after the core had been taken (Fig. 4.5). A correlation was performed
on the two datasets, which returned a relatively strong positive correlation
(0.667) (Fig. 4.6). While some variation would be expected between the two data
sets due to the different instrumentation used and the higher resolution of the
data from this thesis, this statistically significant correlation suggests that the
long-term storage of OMEX 2K has not had a major effect on its magnetic
properties, and we can be confident about the reliability of future data obtained

from this core.

Volume susceptibility was measured on the MD01-2461 plaquettes, again using
the MS2E1 High Resolution Susceptibility sensor attached to a Bartington
Instruments Susceptibility Meter (Fig. 4.15b) for comparison to the ship data.
Unfortunately, it was found that the plaquettes containing the sediment were
metallic, and therefore unsuitable for /in situ or palaeomagnetic analysis, including
volume susceptibility measurements made in this way, although sediment sub-
samples taken from the plaquettes would still be suitable for mass-specific
environmental magnetic methods. Alternative pre-sampled sub-samples were
provided by Dr James Scourse (originally taken for Dinoflagelate work, but not
intended to be processed for several more months), so it was decided to keep the
plaquettes intact and retain them for future use. As environmental magnetic
techniques are non-destructive, the samples used could be returned for
Dinoflagalate analysis at a later date. Samples had been taken at 2cm resolution

between depths of 120 -1499 cm, yielding a total of 690 samples.
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MDO01-2461 Porcupine West (1135 m).
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Core logs, photographs and description for MD01-2461. All taken onboard the

RV Marion Dufresne (Coutesy of Dr. J Scourse, 2003).
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Fig. 4.4: Lithic grain count for MD01-2461. Grain >150um per
gram of sediment (Peck, unpublished data).
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Fig. 4.5: Volume susceptibility from this study (2001) compared with that measured onboard
ship immediately after the core was retrieved (1995). Data taken from the OMEX 2K CD ROM
dataset (Lowry etal, 1997). On the left is the record of the condition of the sediment during the
susceptibility measurements made in 2001. Black squares record areas of missing sediment,
grey show areas of disturbed sediment. The damaged sediment appears to have little influence
on the susceptibility, with the exception of the two sections below 225cm depth. The missing
sediment records low, or no, susceptibility, also with the exception of the section below 225cm.
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4.2  Radiocarbon Dating and Chronology

Chronostratigraphy is the classification of a stratigraphical record in terms of time
(Whittow, 1984; Lowe & Walker, 1997). It determines the correct sequence of
events in a rock or sedimentary record and relates it to time (Lowe & Walker,
1997; Sinclair, 2001). Chronostratigraphy is necessary to improve the resolution
of stratigraphic sequences, in order to examine the temporal relationships
between various lines of proxy evidence used as indicators of events such as sea
level and climate change (Kidd & Hailwood, 1993). A variety of techniques are
available to develop a chronology, including radiocarbon dating, uranium/thorium
dating, oxygen isotope stratigraphy, lead dating, and dendrochronology. Different
techniques provide different levels of precision, and are capable of providing age
control over different timescales. Therefore, the requirements of the project must
be determined before a method is selected. A crude stratigraphy will suffice for
the analysis of long-term changes, however, a study of shorter variations, such as

the Dansgaard-Oeschger cycles, require a much higher resolution chronology.

4.2.1 Radiocarbon Dating

Radiocarbon dating is one method utilised within chronostratigraphy and works
using the principle that the decay of '“C is at a constant rate (Bowman, 1990). it
is the primary dating technique within the context of this work, due to the
abundance of foraminifera shells available, and has been used on OMEX 2K (see
below). First developed by Willard Libby in the late 1940s, radiocarbon dating has
become a successful technique taking advantage of the unstable and weakly
radioactive properties of the '‘C isotope. '“C is constantly formed in the
atmosphere and readily combines with oxygen to form carbon dioxide (Bowman,
1990; Doyle et al, 1994; ANSTO, 2003). It then rapidly cycles through the
atmosphere, hydrosphere (dissolving in the oceans) and the biosphere
(photosynthesis and incorporation into the food chain)(Fig. 4.7)(Bowman, 1990;
Doyle et al,, 1994; ANSTO, 2003). When the organisms that take up the '*C die,

the interaction with new atmospheric “C ceases and the unstable '*C begins to
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decay at a constant rate (Bowman, 1990; Lowe & Walker, 1997). Therefore, the
number of '*C atoms in an organism at its death (which is assumed to be the
same number of '*C atoms in a modern specimen of the same material), minus
the number of *C remaining in the organism at the time of measurement, can be
used to calculate the time elapsed since death (Bowman, 1990; Williams et al.,
1998). This technique however makes 5 major assumptions (Bowman, 1990;
Broecker, 1995; Lowe & Walker, 1997):

e There is a constant concentration of 'C in the atmosphere, both spatially
and temporally;

e  The biosphere has the same concentration of '*C as the atmosphere;

. The concentration of '*C is constant throughout the whole of the biosphere;

o  Exchange of '*C ceases immediately and only at death;

e  The concentration of '*C only decays after death.

Radiocarbon dating takes two forms: Radiometric (often called conventional
radiocarbon dating) and Accelerator Mass Spectrometric (AMS). Radiometric
dating detects the activity of the sample; that is, the number of electrons
emitted per unit time and weight of sample by the decay of *C (Wand et 4/,
1884; Bowman, 1990; ANSTO, 2003). It involves one of two methods: gas
proportional counting or liquid scintillation counting, both of which need large
samples and often take several days to perform (Lowe & Walker, 1997). AMS is a
more recent technique, which is more efficient than radiometric techniques, as it
is quicker and uses much smaller sample sizes (1-5 mg as opposed to 1-5 g). The
AMS method directly detects the number, or a proportion of the number of *C
atoms in a sample, relative to '3C or '?C atoms (Wand et a/, 1984; Bowman,
1990; ANSTO, 2003). It works in the same way as normal mass spectrometers
(applying a magnetic field to a moving charged particle in order to deflect it),
however, normal mass spectrometers are not sensitive enough to detect '“C as it
is often masked by other elements. AMS uses large voltage differences to speed
up the particles, enabling the differentiation between elements of similar weights
(e.g. '*C and "*N)(Lowe & Walker, 1997).
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The most common detection system used is a tandem accelerator (Fig. 4.8a & b)
(Bowman, 1990; Lowe & Walker, 1997). Samples are firstly converted to graphite
and mounted on a metal disc to create a target for the accelerator (ANSTO,
2002). The original sample (foraminifera, shell, bone, wood etc.) is sandblasted
with 30 p alumina and etched in dilute HCl to remove 10-20% of the surface
carbonate. They are then treated with 50% phosphoric acid under vacuum, the
COz recovered is dried and reacted with molten lithium metal and water to form
acetylene (Wand et al, 1984; Gillespie et al, 1986). The acetylene is then
pyrolized by a hot tantalum wire, on which graphite is deposited (Wand et al,
1984; Gillespie et al, 1986). Within the tandem accelerator, Cesium ions are fired
at the graphite sample, producing negatively ionised C atoms, which are
accelerated towards a positive terminal. '*N atoms are eliminated before they
reach the detector, as they don’t form negative ions. The ions are then sent
through a “stripper” which removes four electrons, creating C**. The C3* ions are
now repulsed from the positive terminal and are accelerated again through
focusing magnets where deflection occurs. The concentration of '*C, '*C and '*C
can be measured due to their different weights, and hence, different deflections.
Once the '*C:'2C ratio is measured, it is compared to standards which are made up
from a material of known *C activity, giving a sample/modern ratio from which a

radiocarbon age can be calculated in years Before Present (BP)(Lowe & Walker,

1997).

4.2.2 Chronology

The radiocarbon ages produced by '*C dating are not calendar ages and must be
calibrated in order to convert them to the calendar timescale (Pilcher, 1991).
Variations in the production of '*C through time have resulted in a discrepancy
betWeen calendar years and radiocarbon years (Wiliams et al, 1998).
Radiocarbon ages are quoted in years BP (before present), with present defined
at AD 1950 (Bowman, 1990; Lowe & Walker, 1997; ANSTO, 2003). AD 1950 is
used because of the industrial effect, and more importantly, the impact of

thermonuclear weapons testing on modern day atmospheric 1C levels (Williams et
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al, 1998). Nuclear bombs release '*C into the atmosphere, and testing has
almost doubled the '*C present in todays atmosphere (Fig. 4.9) (Higham, 2003;
Anon, 2003). This has rendered organisms from the past 45-50 years unnaturally
high in '*C, and hence, AD 1950 (or pre-bomb, as it is known), has become
accepted as “present” (Lowe & Walker, 1997; Higham, 2003). There is an upside
to the nuclear bomb testing, however, as the large quantities of carbon released
has been traced through the carbon cycle, improving our understanding of carbon

mixing and exchange (Higham, 2003).

Calibration curves have been created by comparing '*C dates to independently
derived dates for the same stratigraphical event, using techniques such as
dendrochronology (tree-ring sequences), varve chronologies and Th/U dating of
corals (Stuiver & Reimer, 1993; Goslar et a/, 1995; Bard et a/, 1998; ANSTO,
2003). Dendrochronology has produced accurate calibration curves back to 11.9
kyr BP (Bard et a/, 1998; Hughen et al, 1998; Geyh & Schluchter, 1998; Stuiver
et al., 1998) with corals and laminated marine sediments extending the curve to
approximately 24 kyr BP (Stuiver et al, 1998; Geyh & Schluchter, 1998) and
more recently, work on the varved sediments of Lake Suigetsu, Japan (Kitagawa
& van der Plincht 1998; 2000) and Caricao Basin (Hughen et a/, 2004) has
produced a high resolution curve back to over 45 kyr BP. An internationally
agreed calibration curve (INTCAL98, Stuiver et al, 1998) for both the
atmosphere and the marine environment provides the most reliable calibration
procedure at present. A section of this curve can be seen in Fig. 4.10. Marine
samples are subject to a marine reservoir effect, which must be taken into
account before calibration (Bowman, 1990), hence a separate calibration curve
for the marine environment is required. Unfortunately, because the mixing rates in
the ocean are significantly slower than the atmosphere, marine reservoir ages
exhibit significant geographical variations (Heier-Nielsen et a/, 1995; Stuiver et
al, 1998).
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Radiocarbon in atmospheric CO: dissolves into the oceans at the sea-air interface
and can subsequently be taken up by the marine organisms present (such as
plankton, algae, molluscs, foraminifera and fish). The organism will normally retain
the “C:'2C ratio of the water. This ratio is, however, different to that of the
contemporaneous atmosphere due to inequalities between the input of
atmospheric '*C and its removal by transport or radio-decay. This gives marine
organisms an apparent age, significantly older than their actual age, because the
14C:"2C ratio of sea water is distorted by the large “reservoir” of older water (Bard
et al, 1994; Austin et al, 1995; Waelbroeck et al, 2001). This apparent age is
called the marine reservoir age (Bowman, 1990; Heier-Nielsen et al, 1995; Lowe
& Walker, 1997). The marine reservoir age is dependent on oceanic and climatic
variables such as upwelling, mixing rate, wind speed, deep water formation and ice
cover which means it varies between oceans and regions, and has also varied over
time (Heier-Nielsen et al., 1995; Austin et al, 1995; Stuiver et al, 1998; Bard et
al.,, 1998). The modern standard reservoir age for the surface waters of the North
Atlantic region is close to 400 years (Heier-Nielsen et al, 1995; Stuiver et al,
1998; Geyh & Schluchter, 1998). Pacific Ocean reservoir ages have been
estimated between 580-788 years (Lowe & Walker, 1997; Waelbroeck et al,
2001), with Southern Ocean and other high latitude ages as large as 1200 years
(Bard et al, 1994; Austin et al, 1995; Waelbroeck et al, 2001). Reservoir ages
for the North Atlantic during the Younger Dryas have also been estimated at 700
years (Bard et al, 1994; Austin et al, 1995) with larger ages for the end of H1
(1230 + 600 to 1940 + 750 years)(Waelbroeck et al., 2001).

Radiocarbon ages determined from surface dwelling marine organisms must be
corrected for the reservoir age prior to calibration, which for North Atlantic cores

involves the subtraction of 400 years from the '*C date (Heier-Nielsen et al,

1995).
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In order to create a stratigraphic sequence for a marine core, samples of a species
of foraminifera must be picked from the sediment and sent to a radiocarbon
dating centre (further details on this procedure can be found below in Section
4.2.3, and below in Section 4.2.1). Once the '*C dates have been received, the
first step is to correct for the relevant reservoir age. In this work, the 400 year

North Atlantic standard was used.

Once this is done, the computer programme OxCal 3.8 (Bronk Ramsey, 1995) can
then be used to calibrate the ages. It utilises the 310 year moving average
INTCAL98 marine calibration curve from Stuiver et al, 1998. The OxCal 3.8
software generates a probability distribution for each '“C age (e.g. Fig. 4.11). A
series of possible ages are calculated from intercepts between the '*C age and
the calibration curve at both the 68.2% probability and 95.4% probability ranges.
One of these ages must be selected by either calculating the mean age from the
95.4% probability range, as suggested by Pilcher (1991), or by calculating a
weighted-mean from the probability distribution (Telford et a/, 2004a). Beyond
approximately 20 kyr BP, the marine calibration curve is poorly constrained, which
means samples older than this cannot be calibrated using OxCal 3.8 (OxCal,
1995). In these cases, the Bard Age Equation (Eqn. 4.1, Bard et a/,, 1998) can be
used to determine the calibrated age. This has the apparent advantage of giving a
single date, rather than a range of possible dates from which one must be
selected. However, this has the limitation that the age uncertainty is unknown and
possibly large. The equation was also developed using only a few samples from
corals (approx 50), the majority of which were younger than 25 kyr BP; with

Uranium-Thorium dates and radiocarbon dates measured in tandem (Bard et a/,

1998).

The Bard Equation is one of relatively few methods available for calibration
beyond 20 kyr BP. Alternatives include tuning proxy records to one of the
Greenland Ice Cores (e.g. Bond et al, 1993; Bond & Lotti, 1995;), or
extrapolating back using average sedimentation rates from dates younger than

20 kyr (e.g. Broecker et al, 1992; Bond et al, 1992). A recent paper by Hughen

129



et al., (2004) provides high resolution calibration data back to 50 kyr based on
the correlation of *C dates on the varved sediments of the Cariaco Basin to the
annual layers in the GISP2 record. These two proxy records have previously been
noted to be near-synchronous (Hughen et a/, 1998; 2000), and the method
appears to be a more precise one than the Bard Equation, but it has yet to be
validated and accepted by the calibration world. Therefore, in the present study,
'C ages older than 20 kyr have been corrected (see above) and calibrated using

Equation 4.1.

Bard Age Equation:

Calibrated Age (years BP) = -3.0126x10° x ('*C age BP)? + 1.2896 x ('*C age BP) - 1005

Where '*C age BP = conventional - the marine reservoir
radiocarbon age correction (Egqn 4.1)

Once the dates have been selected, the development of an age-depth model is
essential to be able to determine an age for any given depth along the core. The
usual procedure involves plotting the calendar ages against depth and fitting a
polynomial trendline (Telford et a/, 2004a). The equation of this trendline will

attribute an age to any depth along the core.

There are several issues that must be borne in mind when dealing with
radiocarbon dates. A calibrated radiocarbon date is not an “absolute” date in that
there are many sources of error that must be taken into account. Not only do
calibration issues, such as the selection of the age from the range provided by the
raw radiocarbon date, and the application of a correct reservoir age limit the
precision of the age (e.g. Heier-Nielsen et al, 1995: Austin et a/, 1995; Stuiver
et al, 1998), but the documented variation in '*C production both spatially and
temporally (e.g. Williams et a/, 1998), means that there have been different
ratios of isotopes available to organisms, and that the number of '*C atoms in an
organism at its death may be significantly different to today’s specimens (Bartlein

et al, 1995). 'C production is influenced by the Earth’s geomagnetic field
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intensity, as this controls the quantity of cosmic rays that reach our atmosphere,
creating radiogenic nuclides like *C. Fluctuations in the Earths geomagnetic field
intensities over the last 45 kyr have resulted in at least 80% of the '*C
production variation (Laj et a/, 1996). All these factors mean that care must be

taken when developing a chronology for any stratagraphical sequence.
4.2.3 'C Dating and Chronology of OMEX 2K

Previous '*C dates have been obtained and reported from the OMEX 2K core by
Hall & McCave, (1998a) and Scourse et al., (2000), mainly concentrating on the
area surrounding H2. During the course of this study, a successful application was
made to NERC for the '*C dating of 7 additional points along the core within this
project, in order to help constrain the area around H1 and the Younger Dryas.
Table 4.1 details these points and the reasons they were chosen for dating.
Sample residues (i.e. the material of various size fractions left after sieving and
drying), were provided by Dr James Scourse, who had carried out the preliminary
lithological analysis. For the cold water samples (i.e. in and around the HEs), the
polar planktonic foraminifera Neogloboquadrina pachyderma (s) (Fig. 4.1 2a) was
selected for picking, because of its overwhelming abundance (Table 4.1). For
samples representing warmer waters (between HEs), benthic Globigerina bulloides
(Fig. 4.12b) was selected again because of abundance (Table 4.1). It must be
acknowledged that the species of foraminifera picked for dating may have a slight
impact on the resulting dates (Broecker et al, 1984; 1988). Different species
may inhabit different levels in the ocean thermocline, thereby taking up carbon of
differing ages (due to the reservoir effect discussed above)(Bard et al, 1987).
The lower in the water column they live, the older the '*C they will be likely to
incorporate into their shells. These differences, however, are also important as

they help identify palaeocirculation patterns (Broecker et al., 1984; 1988).

The species used in this study have been recorded (see Tables 4.1 and 5.1),
however, it is not known which species of foraminifera were used by Hall &

McCave, (1998a), or Scourse et al., (2000). Each sample was dry sieved using a
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mesh size of >150 um and at least 1000 individual foraminifera were picked for
the dating process, typically yielding 12 mg of sample. Once the foraminifera had
been picked, they were sent to the NERC Radiocarbon Dating Laboratory at East
Kilbride for '*C AMS dating.

The dates received from East Kilbride (Table 4.2) were calibrated using OxCal 3.8
as described above. The mean date from the 95.4% probability range was
selected, as suggested by Pilcher, (1991) because the data required to calculate
the weighted-means of the distributions were not readily available. If there were
several possible solutions within the 95.4% probability range, the one with the
highest probability within the range was selected. For example, the probability
distribution from OxCal 3.8 for sample AA-53034, age 11926167 years BP is
shown in Fig. 4.13, and includes a table explaining which calibrated age was

selected and how.

The marine calibration curve at this time (11926167 years BP) is highly variable,
creating a complex probability distribution. OxCal 3.8 has generated 4 possible
intervals for this age; one at 68.2% probability and three at 95.4% probability
(12.7%, 80.3% and 2.4%) The mean for these three intervals were calculated,
and the age with the highest probability (80.3%) was selected (Fig. 4.13). The
age selected for sample AA53034 therefore was 13350+200 years BP.

Samples KIAB068-KIABO72 (Table 4.2) are older than the limits of the marine
calibration curve in OxCal 3.8, therefore the Bard age equation (Egn. 4.1) was
used to calibrate those '*C ages. Table 5.1 shows all the ages for OMEX 2K. Once
all the radiocarbon ages were calibrated, they were plotted against depth in order
to develop an age model for OMEX 2K. The age model will be further discussed in

Section 5.1.
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Table 4.1: “C dates and their justifications. Taken from the NERC
14C Dating application.

Depth (cm)  Justification
415 immediatly above the Vedde Ash fayer and coincident with a

marked transition in magnetic variables. Possible Younger
Dryas/Holocene Boundary. Species: G. bulloides

60.5 Possibly the onset of the Younger Dryas event. Marked with minima
in y and Soft IRM prior to both showing increases. Species: G.
bulliodes.

68.5 Constraint of timing marked shifts in magnetic properties. Also
confirmation of existing dates and constraint of age-depth model.
Species: G. bulloides.

88.5 Possible onset of the main H1 event. A transition in ¢ and soft IRM
from low to high values. Species: N. pachyderma.

925 Zone of any H1 precursor events. Minima in -100 backfield ratios.
Species: N. pachyderma.

108.5 As above.

138.5 Peak in soft IRM and yarm. Improvement of age-depth relations

between H1 and H2. Species: N. pachyderma.

Fig. 4.12: a) SEM images of N. pachyderma, apertural
view; b) Photograph of a G. bulloides radiocarbon dating
sample. All images courtesy of Dr. B. Austin.
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Table 4.2: 'C dates obtained for OMEX 2K.

Code Depth (cm) Conventional Radiocarbon Species of
Age (BP+1c) Foraminifera
OM-36.5 36.5 6817+47
AA-53034 60.5 11926+67 G. bulloides
AA-53035 68.5 12514+61 G. bulloides
M-73 73 13040+70
"AA-53036 88.5 14324+76 N. pachyderma
AA-53057 92.5 14721476 N. pachyderma
AA-53058 108.5 15950+99 N. pachyderma
AA-53039 138.5 18010+200 N. pachyderma
KRA-8068 166.5 20310+130
KRA-8069 170.5 20960+140
KRA-8070 174.5 20760+140
KA-8071 186.5 21790+150
KRA-8072 198.5 22530+160
2000BP _ AA-53034: 11926:67BP N
N 13440BP {68.2%) 13170BP
o 25008P £ ® aosane (2.1 136508
4 ! 13550BP (60.3%) 131508P
5  2000BP > 13100BP {2.4%) 130008P
& 15008P
10008P |

14500CalBP  14000CalBP  13500CalBP  13000CalBP  12500CalBP
Calibrated date

Mean

Code Depth 68.2% 68.2% 68.2% 95.4% Max 95.4% Min 95.4%
Max Min Mean
AA-53034  60.5 13400 13170 13305 13850 (12.7%) 3650 (12.7%) 13750

13550 (80.3% ) 13150 (80.3%) 13350
13100 (20.4%) 13000 (2.4%) 13050

Fig. 4.13: The probability distribution of the calibrated age BP of sample AA-53034,
radiocarbon age 11926+67. Produced by OxCal 3.8. The table below is the determination
of the calibrated age for this sample. The age picked was 13350 years BP (i.e. that with

the highest percentage.
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4.3  Sample Preparation and Magnetic Analysis

The processes described in the next few sections are performed using machines
that hold 10 ml plastic pots into which the material under analysis must be
immobilised. Samples are weighed, wrapped in “cling-film” and packed into the
pots. The “cling-film” is used as it has no magnetic signature and helps to
immobilise the sediment within the pots. The pots are clearly labelled, with an
arrow drawn on the bottom, to ensure constant orientation of the sample during
the measurements (Fig. 4.14). Dearing (1999) states that 5g of sediment should

be sufficient for routine magnetic analysis.

Low frequency mass specific susceptibility (x) is a measure of how magnetic a
material is (see Section 2.5.1). This was measured using a Bartington MS2
Susceptibility Meter with a Dual Frequency MS2B sensor (Fig. 4.15b) set to the
low frequency setting (Dearing, 1999). The meter was connected to a PC
running the Multisus v.2 software (Fig. 4.16). This software controls the
operation of the meter and automates elements of the measurement process.
Low frequency, mass-specific magnetic susceptibility data for each sample is

stored within a data file for later transfer to Microsoft Excel.

This procedure is then repeated for each sample with the MS2B on the high
frequency setting. The two frequencies give two susceptibility readings for the
same sample (yr and xnf), which are used to calculate the frequency dependence

of susceptibility (xqx) using the equation:

xfd% = (pf-ynf)/mMass
10 (Eqgn. 4.2)
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Fig 4.14: Photo of sample pots used for magnetic analysis,
containing samples from MDO01-2461. The pots are labeled with
the name of the core (2461), the depth (in this case, 580 cm
depth) and an arrow along the bottom to ensure constant
orientation throughout the measurements.

Fig. 4.15: Bartington Instruments MS2 Susceptibility Meters
with the a) MS2E Volume Susceptibility probe and; b) MS2B

Dual Frequency sensofr.
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xfa% detects the presence of ultra-fine superparamagnetic (SP) materials (<0.03
um) as the response of SP grains is dependent on the frequency of the applied
field (Maher, 1988; Bloemendal et a/, 1992, Verosub & Roberts, 1995), it is a
proxy for magnetic grain size. Samples with ultra-fine superparamagnetic minerals
present will record a slightly lower value when measured at the high frequency
level, while samples without fine-grained magnetic minerals should show identical

wf and xne values and an xsa% of 0% (Dearing, 1999).

After the susceptibility measurements were completed, Anhysteretic Remanent
Magnetism (ARM) was measured on each sample. This has been shown to have a
distinct relationship to magnetic grain, or domain, size (Smith, 1999), and is
measured using an a.f. demagnetiser with an ARM attachment (Fig 4.17a & b).
The sample is placed in the ARM attachment, within which a steady biasing field of
0.04 mT (31.84 Am?') is generated. The attachment is slid into the a.f.
demagnetiser which generates an alternating field of 100 mT. For full details of

the procedure, see Table 4.3.

Generally, ARM is converted into susceptibility of ARM (3=m) to allow for the size
of the biasing field. This is because the size of the ARM induced is proportional to
the size of the biasing field (Walden, 1999b). This conversion is done using the

following equation:

xam (10°m3kg?) = ARM (10-5AmZkg™) (Eqgn. 4.3)
Steady Biasing Field (Am™)

Where the:
Steady Biasing Field (Am™) = Steady Biasing Field (mT) (Eqn. 4.4)

4 x 107
yam has been shown to be highly characteristic of stable, single domain
ferrimagnetic grains, such as magnetite, in the size range 0.02 - 0.4 pym.
Ferrimagnetic grains above or below this range will have significantly lower values

of xarm (Maher, 1988; Walden, 1999b).
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Table 4.3: Procedure for using the Molespin af. demagnetiser to impart an ARM
(based on Walden, 1999b).

Step

Procedure

1

10

11

Install the ARM sample holder arm.

Connect the power supply which generatesthe steady biasing field, and set the size of the
field to 0.04mT(31.84 Am™Y),

Turn on the power supply to the main demagnetiser, the power indicator light should come
on.

Turn the variac control dial clockwise to areading of 9.5 (almost full deflection) on the VU
meter. If the value is set to high an automatic cut out may be tripped and the needle will
dowly decrease to zero. If this happens, turn the dial anticlockwise to zero and start again.

Set the size of the alternating field to its maximum 100mT (though some machines may
read zero).

Set the ra te at which the alternating field isreduced to zero. Setting Cgenerally givesa
suitable decay rate (0.016mT per cyde).

Insert the sample into the sample holder, making sure it is aligned correctly. Generally the
sample should be inserted upright into the holder with the arrow on the pot facing into the
arm. Some experimentation may be required for anew instrument to ensure the correct
orientation for both the demagnetiser and the magnetometer. Insert the arm into the main
body of the demagnetiser.

Pressthe start button. The biasing field and af. field will be generated whilst the set of
lights (Up, Down and Pause) go through their sequence. When the Ready light comes
on, the sample can be removed.

The induced ARM can then be measured on the magnetometer, asdescribed in table 4.6.
Any lengthy delay between ARM inducement and measurement should be avoided.

Repeat steps 7 -9 until all samples have been processed. The machine will heat up during
the procedure and must be turned off regularly to cool. Consult the manufacturers
handbook for advice on how often this should occur.

When the sample set is completed, tum the variac control antidockwise to zero and press
start. Let the machine go through aful! cycle like thisand then switch off both the power to
the demagnetiser and the biasing field generator.

Table 4.4: Procedure for demagnetising, both fully and partially, using the Molespin
af. demagnetisr (based on Walden, 1999b).

Step

1

?rocedure

Install the demag netiser arm, ensuring the motor which drivesthe rotation of the sample
isconnected to the main body of the demagnetiser.

Turn on the power, the power indicator light should come on.

Asfor the ARM inducement, set the VU meter to 9.5 using the variac control, the rate of
decay to G and the field size to 100mT (40mT for a partial demagnetisation).

Place the sample in the holder and switch the “Rotation” did to “on”. Side to sample
holder in to the main body of the machine with the sample roteting.

Pressthe start button. Again the set of lights will go through their sequence and the
sample can beremoved when the Ready light comes on. This processtakes about 30
seconds (15 for a partial demagnetisation) and all (or part) of the remanence

will have been destroyed.

Repeat steps4 -5 until all sample have been demagnetised. The machine will heat up
during the procedure and must be allowed to cool at regular intervals.

When all samples are demagnetised, tum the variac control antidockwise to zero and
press start. Allow the machine to run afull cyde and switch off the power to the main
body of the demagnetiser.
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Fig. 4.17: a) Molspin af. demagnetiser with demagnetisation
attachements; b) steadt biasing field generator. This has a separate
attachment not shown in picture (Molspin, date unknown -
www.molspin.com/demagx).

Fig. 4.18: Molspin Pulse Magnetiser (Molspin, date
unknown - www.molspin.com/pulsemag).

Fig.4.19: 9 Tesla Pulse Magnetiser (Shaw, date unknown -
www.magnetic-measurements.com/mmtpm).

Fig. 4.20: Molspin Minispin Magnetometer (Molspin, date
unknowr - www.molspin.com/mspintxt).
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Once the ARM measurements are complete, the ARM attachment is removed, and
the sample can be demagnetised, either fully or partially. A partial
demagnetisation of 40 mT can help to reveal information about the mineral
composition of a material (Peters & Thompson, 1998; Maher et a/, 1999). To do
this, the sample is rotated within an alternating field of 40 mT for a partial
demagnetisation and 100 mT for a full demagnetisation. Demagnetisation must
take place before the inducement of any IRMs in a field smaller than that used in
the a.f. demagnetiser to induce the ARM (generally 100mT)(Walden, 1999b). For
a full methodology see Table 4.4.

Isothermal Remanence Magnetisations (IRM) are measurements of how responsive
a sample is to different magnetic fields. They can give information on both the
concentration of magnetic minerals, but also the mineral types present in a
material. A series of IRMs may be induced into a sample, providing the fields get
progressively larger. A sample will eventually become saturated (known as the
SIRM) which means that it will no longer respond to higher magnetic fields. This is
very suggestive of mineral composition (Verosub & Roberts, 1995). Once the
SIRM has been reached, or the sample has been subjected to the highest IRM
possible, “backfields” may then be induced. These are exactly the same as IRMs
described above, however the sample is turned around in the sample holder and
the field is induced “backwards”. Negative values are generally given by
backfields, and are used in similar ways to their forward field counterparts in

assessing mineralogy.

IRMs can be induced with fields up to 9000 mT (9T) using a Molspin Pulse
Magnetiser and a PM9 (9T) Magnetiser (Figs. 4.18 and 4.19), although in this
study the maximum field used for routine measurements was 3T as this is the
largest field that can be imparted on samples in the standard 10 ml plastic pots.
Samples are placed into the magnetisers with their orientation one way for a
forward field and the opposite for a backfield. After each field (ARM or IRM) is

induced, the response is measured using the Molspin Magnetometer (Fig. 4.20).
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The detailed methods for these various steps are described in Tables 4.5, 4.6 and
4.7.

4.3.1 Sample Preparation for OMEX 2K and MD01-2461

As only a limited amount of material was available for sub-sampling for mass
specific magnetic measurements for OMEX 2K, it was decided (based on Dearing,
1999) that approximately 5g of material would be sufficient for each sample to
provide an accurate reading. Samples were taken every 1 cm. As the U-channels
were approximately 4 cm wide, a 2 c¢cm wide trench was needed to provide
adequate material. A line was scoured down the middle, and across at 1 cm
intervals using a scalpel and ruler. The trench was cut using the scalpel and a
scoop to collect the material, which was placed in “cling” film, weighed to 2
decimal places and packed into a 10 ml plastic container, immobilising the
sediment. The pots were clearly labelled with a number (corresponding to its
depth) and an arrow along the base to ensure consistent orientation of the

sample during subsequent measurements.

For the MD01-2461 core, samples were sent from Dr James Scourse in sample
bags of average size 13.5 cm by 9 cm. It was decided that the bags could be
pushed into the standard plastic containers and held in place with sellotape, thus
ensuring no loss of sediment. Twenty empty bags of the same size were weighed
and measured for susceptibility. The average weight of the bags was then
subtracted from the weight of each sample. The susceptibility measurements
were to ensure that there would be no effect on the measurements from the
bags themselves, and as these produced zero susceptibility, no adjustment of the
data obtained from the samples measured in this format was thought necessary.
The samples were then weighed and packed into the 10 ml plastic pots, making
sure that the sediment was immobilised and securing in place with sellotape. The
containers were labelled according to depth, with an arrow along the bottom to

ensure constant orientation.
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Table 4. 5: Procedure for using the Molspin pulse magnetiser to induce forward
and backward magnetic fields (based on Walden, 1999b).

Step Procedure

1 Switch on the pulse magnetiser by plugging it in and switching it on at the mains.

Hold down the “Set” button whilst rotating the black control dial. The needie on the larger
2 VU display will indicate the field set. Once the required field is reached, release the Set

button.

Press the “Start” button once. The field will be generated. For small field this will be
3 almost instantaneous, but for larger fields it could take up to 30 seconds. The needle on
the larger VU display will swing into place as the field is generated.

Where the needle of the larger VU display settles is the actual field generated. Check it
4 is correct, if not repeat step two until it Is. This field will be generated every time the
Start button is pressed until it is changed.

Place the sample in the holder with the correct orientation. For a forward field the arrow
5 should be pointing vertically downwards, for a backfield, vertically upwards. Lower the
sample into the chamber.

6 Press the Start button. Once the larger VU needle has swung into place, the field has
been gencrated and the sample can be removed.

7 Repeat steps 5- 6 until all samples have experienced the chosen field. Avoid lengthy
delays between field inducement and measurement,

8 Once all samples have been processes, switch off the pulse magnetiser to allow
coolina before another field is chosen.

Table 4. 6: Procedure for using the 9 tesla pulse magnetiser to induce IRM
field of 1000mT (1T) and above.

Step Procedure

1 Switch on the magnetiser using the power button on the front panel.
2 Press the “Set Field” button and use the black control dial to select the field.
3 Press the “Start” button. The field will be induced. Check that the field shown on the LDC

saeen is correct, if not repeat step two until it is.

4 Once the chosen field is correct, place the sample into the wooden sample holder,
ensuring correct orientation (the arrow pointing outward of the machine for a forward
field and inward for a backfield) and press start.

5 Once the field size appears on the LDC, the field has been induced and the sampie may be
be removed. The field may need re-adjusting after a few samples. Avoid lengthy delay
between inducement and measurement.

6 Switch off the magnetiser at the power button on the front panel.

Table 4. 7: Procedure for measuring the magnetisation of samples on the
MolspinMinispin Magnetometer with computer control (based on Walden, 1999b).

Step Procedure .

1 Switch on the magnetmeter, ensuring that the separate power supply is also on, and
connected. Allow 10 mins to warm up. Switch on the computer attached 1o the magnetometer.

2 Select an Attenuater setting of 10, unless it is known that the samples are only weakly
magnetic, in which case use a setting of 1.

3 Calibrate the magnetometer by placing the calibration sample into the sample holder,
ensuring that it is orientated correctly. Use the controls on the computer to run the sample.

4 Once a sample is induced with a magnetisation (IRM or ARM), place it into the sample hoider,

ensuring that the arrow is orientated correctly. Lower into the sample chamber. avoiding any
disturbance that may realign the sample within the hoider.

5 Follow the instructions on the computer to measure the sample. The sample should spin for
approximately 6 seconds.

6 Repeat steps 4 and 5, re-calibrating regularly until alit he sample are measured. Save the data
on the computer regularly. 143
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It was decided to sub-sample across H2 and H4 of MDO01-2461 for higher
resolution analysis. Using the whole core magnetic data, and IRD data supplied by
Vicky Peck at Cardiff University (Peck, unpublished), depths of 490-590 cm for
H2 and 790-920 cm for H4 were selected. H4 is estimated to cover 840-890 cm
depth, with a possible precursor event around 890-910 (Vicky Peck, Pers Comm,
2003 and magnetic data). Ash Zone |l is centered around 950 cm, so HS is placed
between 915-930 cm. The whole core xr data has the peak of H4 slowly declining
to c. 810 cm, so it was decided to sample 20cm prior to this, to ensure all of H4
was taken. This selection of samples may also have incorporated H5, as the
possible H4 precursor and HS5 are very close to each other. There were no such

problems surrounding H2.

The original plaquettes were sub-sampled at 1 cm resolution across the potential
HLs. Taking the average density of the sediment to be 1.6 gcm?3, it was
calculated that a trench 3 cm wide was needed to provide enough sediment for
the magnetic analysis. A line was scoured 3 cm wide, and at 1 cm intervals
sediment was collected using a scalpel and scoop. The sediment was weighed,
wrapped in “cling film” and packed into 10 ml plastic containers in much the same
way as the OMEX 2K samples. The pots were clearly labelled and the sediment

securely immobilised (Fig. 4.14).

4.3.2 Magnetic Analysis of OMEX 2K and MD01-2461

The mass specific magnetic susceptibility (x) was measured for each sample using
a Bartington Instruments MS2B Dual Frequency Sensor (Fig. 4.15b), which was
linked to the Bartington Multisus software (Fig. 4.16). The meter was set to Sl
units (10*m3kg™) and the 0.1 sensitivity range. Two readings were taken at both
high (yx) and low (xr) frequency settings and the average taken. These average
values of xn and yr were then used to calculate the frequency dependent
susceptibility (yf%). This was done for all OMEX 2K and MDO01-2461 samples,
including the H2 and H4 sub-sections.
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Once the susceptibility measurements were completed, the Anhysteretic
Remanence Magnetisation (ARM) and the Isothermal Remanence Magnetisation
(IRM) measurements were started, using the methods discussed above (Section
4.3), and in Walden (1999b). A Molspin a.f. demagnetiser with an ARM
attachment (Fig. 4.17) was used to induce the ARM into the sample. The
alternating field was set to the maximum, 100mT, and the VU meter to the
maximum deflection of 9.7. Each sample had an ARM induced, which was then
measured on a calibrated Magnetometer with the attenuator set to 1 (Fig. 4.20).
The magnetometer was connected to a computer with suitable software to
calibrate, measure the appropriate values, and record the results in a database

compatible with Microsoft Excel.

The ARM attachment was then removed from the demagnetiser, which was reset
to an alternating field of 40 mT, to create a partial demagnetisation (ARM.40).
Each sample was partially demagnetised, and the remaining remanence was again
measured by the magnetometer. The demagnetisation field was put back to 100
mT, and the samples completely demagnetised. The ARM results were converted
to xam (susceptibility of ARM) as discussed above (Section 4.3 and Equations 4.3
& 4.4). In this case, the steady biasing field used was 0.04 mT, which converts to
31.84 Am?, therefore:

xam (10°m3kg’) = ARM (Egn 4.5)
31.84

The IRM measurements were taken using a Molspin Pulse Magnetiser, which can
induce fields of up to 1000 mT (1T)(Fig. 4.18), and a Magnetic Measurement Ltd
Pulse Magnetiser 9 (PM9), which induces fields up to 9000 mT (9T)(Fig. 4.19).
Eleven fields were initially chosen for the OMEX 2K IRMs, as suggested by Walden
(1999b). They were: 20f (forward field), 40f, 100f, 300f, 500F, 1000f, 40b
(backfield), 100b, 300b, 2000f and 3000f. Each field was induced and the
resulting magnetisation measured by the magnetometer. Once the OMEX 2K data
analysis was completed, it was noted that the backfield data provided as much
information as the forward field data. Therefore, considering the large number of

samples for MD01-2461, it was decided to omit the time-consuming
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demagnetisation process and forward field measurements, by saturating the
MDO01-2461 samples in a forward field of 3000mT straight after the ARM-1
measurements, and inducing backfields at 40b, 100b, 300b and 1000b.

The IRM values were normalised for weight (IRM/mass) to calculate mass specific
ratios, and for concentration (IRM/SIRM) to give acquisition ratios for each field.
These were used to draw acquisition plots for each sample, which can show the
dominant magnetic behaviour present in the sample, e.g. ferrimagnetic or canted

antiferromagnetic (see Section 5.2).

4.4 Data Analysis

4,4.1 Correction for Carbonate Content

Environmental magnetic analysis measures the magnetic signal within a sediment,
which in the case of deep sea sediments is held within the inorganic fraction (with
the exception of any magnetotactic bacteria, discussed in Section 2.5.2). As the
productivity and biological activity of a body of water varies, so does the content
of carbonate, and therefore the amount of dilution of the inorganic fraction by
the organic fraction (Stoner & Andrews, 1999; Evans & Heller, 2003). This may
cause alteration in, or masking of, the magnetic signal (principally due to dilution)
that is a response to changing biological activity, not IRD deposition (Robinson et
al, 1995). Therefore, it is important to effectively normalise the magnetic data
for carbonate content, removing the influence of any organic fraction (e.g. Lean &
McCave, 1998). In this study, it is acknowledged that there is inorganic carbonate

present as IRD, but it is considered a priority to remove any biological impact.

Carbonate content data for the OMEX 2K core was retrieved from the NERC OMEX
Project Data Set CD ROM (Lowry et al, 1997). The data was based on
measurements of total inorganic carbon using CHN after thermal combustion of
the organic fraction (lan Hall, Pers Comm 2002), and is expressed as a

percentage of the total sample material. The CaCOs measurements were taken on
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samples spaced every 4cm, therefore, to match the high resolution 1 cm analysis performed
here, estimates were made using consecutive CaCQ, measurements. This was done by
taking an average of two consecutive values, (average 1), as the centre value, and then filling

in the gaps, with the mean of average 1 and the adjacent CaCO; value (average 2; see

below).

eg.
64
Average 2
Average 1 S
Average 2
67

When all the samples had CaCQO; values, the magnetic data were “corrected”, i.e. the
proportion of carbonate was subtracted from the sample mass, leaving the mass of only the
inorganic material. The NERC data expressed CaCO; as a percentage of the material in the
sample, therefore the weights of the samples used for the mass specific magnetic analysis
were divided into percentage CaCQ; and percentage inorganic material and the percentage
CaCO0; then subtracted.

eg.
Weight =6.65¢g

% Carbonate = 64%

- [ 6.65 x 64 |=4.265
100

— 6.65-4.265 =2.185

Corrected weight =2.185g
CaCO; corrected (i.e. CaCQO; free) values of each of the mass specific parameters were
calculated for each sample. Fig. 4.21 shows the percentage carbonate curve and the

parameters of susceptibility, ARM and SIRM for OMEX 2K before and after correction for

carbonate.
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The most common detection system used is a tandem accelerator (Fig. 4.8a & b)
(Bowman, 1990; Lowe & Walker, 1997). Samples are firstly converted to graphite
and mounted on a metal disc to create a target for the accelerator (ANSTO,
2002). The original sample (foraminifera, shell, bone, wood etc.) is sandblasted
with 30 p alumina and etched in dilute HCl to remove 10-20% of the surface
carbonate. They are then treated with 50% phosphoric acid under vacuum, the
COz recovered is dried and reacted with molten lithium metal and water to form
acetylene (Wand et al, 1984; Gillespie et al, 1986). The acetylene is then
pyrolized by a hot tantalum wire, on which graphite is deposited (Wand et a,
1984; Gillespie et al, 1986). Within the tandem accelerator, Cesium ions are fired
at the graphite sample, producing negatively ionised C atoms, which are
accelerated towards a positive terminal. '*N atoms are eliminated before they
reach the detector, as they don’t form negative ions. The ions are then sent
through a “stripper” which removes four electrons, creating C**. The C3* ions are
now repulsed from the positive terminal and are accelerated again through
focusing magnets where deflection occurs. The concentration of '*C, '*C and '*C
can be measured due to their different weights, and hence, different deflections.
Once the '*C:'2C ratio is measured, it is compared to standards which are made up
from a material of known *C activity, giving a sample/modern ratio from which a

radiocarbon age can be calculated in years Before Present (BP)(Lowe & Walker,

1997).

4.2.2 Chronology

The radiocarbon ages produced by '*C dating are not calendar ages and must be
calibrated in order to convert them to the calendar timescale (Pilcher, 1991).
Variations in the production of '“C through time have resulted in a discrepancy
betWeen calendar years and radiocarbon years (Wiliams et al, 1998).
Radiocarbon ages are quoted in years BP (before present), with present defined
at AD 1950 (Bowman, 1990; Lowe & Walker, 1997; ANSTO, 2003). AD 1950 is
used because of the industrial effect, and more importantly, the impact of

thermonuclear weapons testing on modern day atmospheric 1C levels (Williams et
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Extensive carbonate content data is not, as yet, available for the MDO1-
2461core, however, 19 samples from various points along the core were
measured for CaCOs content by Dr lan Hall, Cardiff University for the purpose of
subtracting inorganic carbonate influence from the magnetic results. The 19
samples were selected from the Calcium XRF trace for the core, and represented a

range of Ca count values (Table 4.8).

Once the percentage weight of CaCOs was measured for the samples, the values
were compared to their original Ca values and a regression preformed (Fig. 4.22).
A line of best fit, in this case a fourth order polynomial curve, was placed on the
graph, to give an equation that would provide a CaCOs content value for any Ca
value along the core (Eqn. 4.6, Table 4.8). Other studies have suggested that this
is a reasonably robust prediction of weight percentage CaCOs (e.g. Rohl et al,
2000). Using this equation, a percentage weight of carbonate content was
calculated for every sample along the length of the core (Fig. 4.23). The
magnetic data was then corrected for carbonate content using the methods
described above for OMEX 2K, and carbonate free mass specific parameters were

calculated (Fig. 4.23).

Carbonate Content (%) = (1.311x107"3 x Ca*) - (2.369x10?° x Ca’) + (1.400x10° x Ca?) -
(0.023 x Ca) + 26.893
(Egn 4.6)
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Table 4.8: Samples from core MD01-2461 measured for weight percentage
carbonate content by Dr. 1. Hall (Cardiff University), their corresponding Ca counts from
the XRF scan, and the predicted carbonate content calculated from equation 4.6.

Sample Depth  Weight pe rcentage = Ca XRF CaCOj; content

(cm) CaCoO3 counts prediction
19 4717 5423.8 48.61679
4 50.9 4908.5 46.89652
47 50.8 41708 42.76329
82 428 3780.4 40.02308
103 43.4 4529.3 43.66054
109 411 2790.4 29.8356
130 36.0 34831 33.6376
192 23.2 2208.7 23.62145
258 145 1440.7 18.42964
260 17.9 2788.8 25.81662
313 15.6 1609.5 16.97676
464 209 2146.6 21.36259
480 17.2 1450.9 16.43821
513 19.5 1120.1 16.40699
630 205 1949.8 22.22493
696 16.8 1494.9 17.33382
749 25.2 4055.9 3450374
774 239 2428 24.72938
846 215 2074.6 21.13183
851 31.8 3562.8 31.49228
923 348 42953 41.20632
949 19.9 1566.2 19.25601
1032 16.9 1095.9 15.61
1094 419 5287.2 48.04506
1117 58.7 8079.9 62.50472
1123 50.3 6185.9 53.23343
1153 60.5 68794 57.04582
1165 61.1 7102.3 55.28818
1197 419 6157.5 50.83132

70,
60
50
™)
3 404
3
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2 30-
20
10- y = 1.317x10"x* - 2.3693x10 %3 + 1.400x10°%
-2.303x102 + 26.892
0 R?-0909 e
0 2000 4000 6000 8000 10000
Ca

Fig. 4.22: Correlation between the Ca XRF data and Carbonate content
data for 19 samples along the MD01-2461 core. The equation of the fourth
order polynomiall trendline will give a carbonate content value for any Ca
value from the core enabling the magnetic data to be corrected for any
organic carbonate present.
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4.4.2 Magnetic Ratios

Magnetic ratios can reveal additional information about the magnetic
characteristics of a material when used to complement the individual measured
parameters. For example, the ratio of ARM with other parameters such as xr or
SIRM can be diagnostic of grain size (King & Channell, 1991), and when used with
ARM.w it is indicative of the presence of greigite (Peters & Thompson, 1998;
Maher et al, 1999). Table 4.9 details some magnetic ratios, including the ones
used in this study (highlighted in Table 4.9 in red). The ratios will also be
discussed fully in Chapter 5.

The importance of identifying the presence of magnetotactic bacteria and the
mineral greigite is discussed within Section 2.5.2. Table 4.9 includes some of the
parameters and ratios used to analyse sediments for bacterial magnetite and
greigite (e.g. Moskowitz et al, 1988; Kris et al, 1990; Snowball, 1991; Oldfield,
1992; Peters & Thompson, 1998). A number of these parameters are based upon
measurements that have routinely been performed in this study and are therefore
used here to gain a first-order insight into the likely presence of either
magnetotactic bacteria or greigite. The parameters most useful to this study are
xam/y, and xam/xta for magnetotactic bacteria, and SIRM/y, ARM-s«0/ARM and IRM.

100/ SIRM, the saturation properties and loss of magnetisation for greigite.

4.5 Statistical Analysis

4.5.1 Descriptive Statistics

Descriptive statistics were calculated, using Minitab (version 14) on the carbonate
free data of both the OMEX 2K core and the MD01-2461 core (Appendices 2bi,
2ci, 2di and 2ei). Statistics such as mean, median, standard deviation, upper and
lower quartiles and standard error of the mean were calculated both for the whole

core data and individual sections of both cores.
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Table 4.9: A series of magnetic ratios, including the ones used in this study. Taken from Bloemendal et al,,
{1988); Bloemendal et al, {1992), Bloemendal et al, (1993); Hallam & Maher, {1994}; Hilton, {1990); King &
Channell, {(1991); Kris et al., {1990); Moskowitz et al., (1988); Oldfield, (1992); Peters & Thompson (1998);
Petersen et al, {1986); Roberts & Turner, {1993); Snowball, (1991); Snowball & Thampson, {1988); Thompson &
Oldfield, (1986); Verasub & Roberts, (1995); Walden et al, (1987); Walden {199%b), Walden & Ballentyne,
{2002); Watkins & Maher, {2003); Yu & Oldfield {1989).

ARM/y and v, 7

Hard IRM

IR,
SIRM

IRM acquiisition
properties

Lowrie-Fuller
test

Lass of

magnetisation

Ryand R,

S-parameter

Ratio or Calculation and Interpretation

Parameter

ARMand 7, ARM is the magnetisation of a material acquired in a biased, decreasing DC field. }t is sensitive to changes
in grain size and usually normalised for the size of the biasing field and expressed as %, 1o
proportional ta the cancentration of ferromagnetic minerals in the 0.02-0.4 pm size range, values will drop
significantly for minerals either above or below this range. Units = 105mPkg!

ARML This is mainly a mineralogical parameter, which is used to help identify greigite {values of 0.45-0.85) and

ARR pyrrhotite (when plotted against SIRM/y, pyrrhotite is situated at the top left]. When plotted against
IRM ,/SIRM, greigite is positioned at the bottom right and influenced by size. Pseudo-single domain
{PSD) grains have the jowest ratios, and single domain {SDj grains have the highest ratios.

ARM/SIRM Ratios of ARM/SIRM for MTB are between 0.15 - 0.25 at an applied field of 0.1mT. When plotted against

the cross over point for Ryf (from the demagnetisation curves, see below) they produce a distinct group
with cross aver paints >0.5.

These parameters are used for the identification of grain sizes of ferimagnetic minerals, as it is inversely
propaortional ta magnetite grain size in the 0.1-10um range. They are essentially the same variable, but are
both used in this study for ease of comparison to data in the literature. High values of both indicate fine-
grained particles and low values indicate the presence of coarse grains. Units = kAmv?

HIRM = (SIRMHRM,. ) for forward fields, = SIRM{{IRM,,,/SIRM)+1) for bacidields

Weight 2
It measures the concentration of high coercivity minerals like haematite and goetite. Higher values indicate
hard mineral presence. Units = 10 Amzkg!

This is also a mineralogical parameter, also known as the 100 backfield ratio. Displays the proportion of
higher coercivity minerals 10 lower coercivity minerals, has values of between +tand -1, with higher values
representing ferrimagnetic behaviour and lower values, canted antiferromagnetic behaviour. No units.

Greigite plots on the far right, with ARM_,,JARM values of 0.5-0.8 and JRM_,, /SIRM values of -025-0.7.

Rapid increase in narmalised IRM from < 0.02 - 20.9 between the fields of 40 — 200mT, with complete
saturation reached by 300mT. Used for the identification of diagenetic greigite,

Functional dependence of the Lowrie- Fuller test (ALF) plotted against IRM, ARM/IRM and MDF o, Two

data sets were clearly distinguishable, one of single domain (SD) particles of biogenic origin, and the other test
of lithogenic origin, containing coarser particles. Higher values of ALF represent organic particles. Further
information and methods for this test can be found in Lowrie & Fuller {1972) and Dunlop & Ozdemir {1997).

L oss of magnetisation during storage, due to the oxidisation of greigite. Shown by a dramatic Joss in 3 over
a few years.

The WohMfarth-Cisowski test provides an R-value, in this case using DF magnetisation and AF
demagnetisation curves. Bacterial magnetite is shown by R values of » 0.5 and R  values >0.5. Further
information on this test can be found in Dunlop & Ozdemir {1997).

The S-parameter is a ratio that has become confused over the years, with different authors adapting it 10
their needs, which are dependent on the measurements they ate able to make. it is essentially accepted as
similar to the 100 hackfield ratio {see above) though sometimes utilising 300 backfield measurements, and
details the same information. However, in this study, for comparison to previous work, the S-parameter
takes on two different forms, one is 100 backfield ratic, the ather very different. 5 . .y Isused in
Snowball {1991) for the identification of greigite, and takes the same form of the 100 backfield ratio

(RM o/ SIRM). S 1 orrenciay HOWeVer is calculated by the equation:

(IRM o/ SIRM+-T
T2

and is used as a provenance indicator in terms of sediment source and transport pathways. Both ratios are
dimensionless.
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Another grain size indicator, which also displays mineralogical type. Haematite displays values of above
200kAm™, with pyrrhotite even higher (~1000kAm™'). Magnetite is shown by values of 1.5-50 kAm™,
increasing as grain size decreases. Greigne displays values of >30kAm ! High superparamagnetic {SP)
material has values of <0.01 kAm"! as the ultra-fine material only contributes to y and not SIRM and
therefore can be confused with very coarse grained magnette. Units = kAm™

These vary directly with grain size in the 0.1-100um (3D) range. Higher values show a lower concentiation
of fine-grained fertimagnetic minetals, and thetefore and increased average size, whilst low values indicate
a higher concentration of SD ferrimagnetic minerals. Again, both are used in this study for ease of
compatison to the literature. Units = kAm"™’

Greigite plots on the tight hand side, towards the top, with ARM_,/ARM values of between 0.5-1.0 and
SIRM/¢ values of 40-100.

Soft IRM = IRM,,

mass
Also a mineralogical indicator, and is proportional to the concentration of Jow coeremity, fernmagnetic
minerals such as magnetite and maghaematite. Units = 10°Amkg/

Xaw/Xeg > 1 is diagnostic of bacterial magnetite. When plotied against ¢, /c it shows distinct patterns —
bacterial magnetite plots in the top right hand corner, whilst inorganic matenial falls into the bottom lefy
carner.

& Is representative of the amount of remanence lost on warming through the Verway transition in either zero
field (ZFC) or a strong field (FC). 8,./8 5 >2 significs MTB.
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4.5.2 Normality Tests

In order to decide what types of inferential statistical analysis might be used with
the magnetic data, Normality tests were performed on each of the parameters
using Minitab. This test produces a P-value that shows if the distribution is normal
or not. Where P>0.05 the data set is normal (Hull, 1998). These were performed
on both cores, and the individual H2 and H4 sections of MD01-2461, and can be
found in Appendix 2bii, Appendix 2cii and Appendices 2dii and eii respectively.

4.5.3 Tests of Variance

The Kruskal-Wallis test was selected as a non-parametric test (i.e. it can be used
on either normally distributed or non-normally distributed data sets) to detect
any significant differences between the medians of the sample groups (Gibbons,
1993). There must be at least 3 groups, and if only 3, there must be at least 5
samples in each group (Fowler et al, 1998). Minitab version 14 gives a P value
and an H value during the test. H is the test statistic, P is the significance level
and shows whether the null hypothesis (Ho) is accepted or rejected. In the
Kruskal-Wallis test, Ho states that the samples come from identical populations
with identical medians, whereas H: states that at least one group must be

significantly different from the rest of the groups (Davis, 2002; Texasoft, 2004).

In this study, the Kruskal Wallis test was used on the whole core data from both
OMEX 2K and MD01-2461, to test for any significant difference between the
medians of the various time segments within the core (Holocene, H1, etc.). In this
case Ho is the hypothesis that there is no significant difference between the core
groups, and Hi says that there is a difference between the groups. See Appendix

2a (Pg 332) for the full procedure and P-value tables.

The Mann Whitney U test is also a non-parametric test and is used in the same
way as the Kruskal-Wallis test, but is designed for only 2 populations with as few

as 4 observations in each sample (Fowler et al, 1998; Davis, 2002). The Mann
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Whitney U test was used to test for any significant difference between the
potential LIS and European fractions within the H1 and H2 sections of OMEX 2K,
and the H2 and H4 sections of MD01-2461. As with the Kruskal-Wallis test, the
Null hypothesis (Ho) states that there is no significant difference between the
populations, whereas Hi states that there is. Minitab version 14 again produces a
P value and if P< 0.05, Ho is rejected and there is a significant difference between

the populations. See Appendix 2a (Pg 333) for a full procedure.

4.5.4 Factor Analysis

Factor analysis is a multivariate statistical technique with the primary purpose of
determining the number and nature of any underlying common factors which
affect the measurable surface attributes of a population, and if there is any

pattern to their influences (Tucker & MacCallum; 1997, Davis, 2002).

Surface attributes are the directly measurable variables used on a population, in
this case, x, ARM, IRM, and their associated ratios. The theory surrounding factor
analysis is that there exists internal attributes, i.e. unobservable characteristics,
which cannot be directly measured, but do exert some kind of influence on the
surface attributes. Internal attributes can also be called factors, and consist of
common factors, which affect more than one surface attribute; and unique
factors, which effect only one. Factor analysis attempts to quantify these
common factors and to assess the patterns of their influence on the population

(Tucker and MacCallum, 1997).

Two types of factor analysis can be used: R-mode and Q-mode. R-mode
techniques attempt to uncover the interrelations between the variables; whilst Q-
mode techniques try to find patterns or groupings of the samples within their
arrangement in “multivariate space” The two techniques can be used
simultaneously (Walden et al, 1991; Davis, 2002). The full methods for factor
analysis can be found in Appendix 2a (Pg 333), however the best way to illustrate
the uses of factor analysis is by a worked example. This can also be found in
Appendix 2a (Pg 334-337 and is based on Walden & Smith (1995). Many of the
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steps described are now automated by Minitab version 14, simply by selecting the
Factor Analysis options from the Stats menu, however a knowledge of the

processes are useful for the interpretation of the resulting data.
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5.0 Results and Discussion

This chapter will deal with the data analysis and environmental interpretation of
OMEX 2K and MD01-2461. The age model for OMEX 2K will be discussed first, and
the results in later sections will all be provided in terms of both age and depth.
The environmental magnetic analysis will then be addressed, along with
descriptions and discussions of the variety of analytical methods used. All the
data (magnetic and non-magnetic) will be discussed and interpreted in the
context of the aims set out in Section 1.3. This format will be applied to the data
for MD0O1-2461, followed by comparisons to OMEX 2K and another core (MD95-
2006) with available magnetic data.

Ultimately, a chronology for MDO1-2461 using the same methods as OMEX 2K will
be developed, and whilst a radiocarbon dating application for MD01-2461 has
been granted, the samples will not be processed during the time-scale of this
study. An approximate time-scale for MD01-2461 has been created for the
purpose of some general data analysis, and this will be discussed in Section 5.4.1.

This section, therefore, deals solely with the age-depth model for OMEX 2K.

5.1  Chronology for OMEX 2K

Using the methods described in Section 4.2.3, a calendar age was assigned to
each radiocarbon date for OMEX 2K (Table 5.1). A multiplot showing these ages is
created by OxCal, plotting the probability distribution of the dates against
calendar age (years BP)(Fig. 5.1). This is a good way to see potential calibration
problems, such as the KIA- samples here, which are just too old to be calibrated
by the marine calibration curve in OxCal; and the uncertainty surrounding the
samples in the Younger Dryas and Holocene, which have the potential to yield
multiple calibration solutions. An OxCal multiplot also provides a good visualisation
of the probability plots in comparison to each other: Fig 5.1 for example, shows
the broad probability distributions given by older samples compared to younger

ones and this is due to the limited resolution of the calibration curve for ages
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older than c. 11 kyr BP.

Once all the radiocarbon ages were calibrated, they were plotted against depth in
order to develop an age model for the core (Fig. 5.2a & b). A trendline was fitted
to the data, which gives an equation for the model. A third order polynomial
trendline and a sixth order polynomial trendline were both fitted to the data for
OMEX 2K. The third order polynomial was selected for its simplicity. The sixth
order curve intercepts the mean ages with greater precision, but it was decided
that for this study, simplicity throughout MIS 2 & 3 (Marine Isotope Stages 2 and
3, which span 12 -59 thousand radiocarbon years BP; Lowe & Walker, 1997) was
more important than precision in the Holocene. In addition, given the uncertainty
in age at any one dated point, there is a danger in over or under estimating
sedimentation rate changes with higher order curves. There was also found to be
remarkable similarity between the two models below c. 60 cm depth, which is the
area of primary concern here. It is acknowledged that the model must be treated
with caution above 60 cm depth, due to the disparity between the fitted
trendlines, and the date at 36.5 cm depth.

Using the equation for the third order polynomial curve (Fig. 5.2), any age
(calendar years BP) can be attributed to any depth (cm) along the core. The

equation is:

Age (yr BP) = (2.3969x10°% x depth®) - (1.184 x depth?) + (273.033 x depth)
(Egn 5.1)

Age models are also useful in assessing sedimentation rate changes over time (i.e.
the amount of material deposited in a certain timescale, usually centimeters per
thousand years). Sedimentation rates display the variations in sediment delivery
to a core site, which is ultimately dependent upon the transport mechanisms at
work and therefore, climate (Wilson & Austin, 2002). The sedimentation rates
within OMEX 2K will be discussed in Section 5.3.1.
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Table 5.1:

Calibrated Calendar Ages for OMEX 2K

Code Depth (cm) Conventional Radiocarbon Calibrated Age
Age (BPi1oc) (BP)
OM-36.5 36.5 681747 7335
AA -53034 60.5 11926467 13450
AA -53035 68.5 12514461 14000
OM-73 73 13040£70 14850
AA-53036 88.5 14324+76 16600
AA -53037 92.5 14721£75 17100
AA -53038 108.5 15950+99 28500
AA -53039 138.5 18010£200 21400
KIA -8068 166.5 20310:130 23476
KIA -8069 170.5 20960140 24235
KIA -8070 174.5 20760140 24002
KIA -8071 186.5 21790150 25664
KIA -8072 198.5 22530160 26058
Marine data from Stuiver et at; (1998); OxCat v3.8 Bronk Ramsey (2002); cub r:4'sd:12 prob-usp(chron]
Curve marlneQB
OM365 6817147BP l
AA53034 11926167BP 4!&
AA53035 1>2514161BP : .
OM67 1304017OBP | | b
AA53036 143241768P A
AA53037 14721¢753P | _é.
AA53038 15950+998P J;
AA53039 1801012008P _‘L -
KIA8068 203101130L
KIA8069 20960114OBP ggL
KIA8070 20760:140L
KIA807‘I 21790+1SOBP J_
KIA8072 2253011608P—L ‘
30000 25000 20000 15000 10000 5000

Calibrated date (BP)

Fig. 5.1: Multiplot showing the age distributions of all the dates for

OMEX 2K taken from OXCal.
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Fig. 5.2: a) Graph of age versus depth for OMEX 2K. The equation
of the third order polynomial curve, seen on the graph will provide a
depth (cm) for any age (years BP) along the core. b) Graph of depth
versus age for OMEX 2K. The equation of the third order polynomial
curve, seen on the graph will provide an age (years BP) for any depth

{cm) along the core.
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Calibration Issues for OMEX 2K

There are various issues surrounding the calibration of radiocarbon ages,
especially in the marine environment. These have been discussed in some detail in
Section 4.2. The factors affecting the calibration of OMEX 2K will now be

addressed.

The first issue raised in the calibration of OMEX 2K is that of a marine reservoir
correction. There is extensive discussion in the literature on the spatial and
temporal variations in marine reservoir age, and many suggestions are made as to
which should be used (see Section 4.2.2). Spatially, reservoir ages change both
between and within oceans. This creates problems for selecting a correction
relevant to a specific area. Temporally, each date potentially has its own
correction age, as they are influenced by oceanic and climatic variables, such as
mixing rate, wind speed, ice cover and up welling (Heier-Nielsen et al, 1995;
Stuiver et al, 1998). The Younger Dryas in the North East Atlantic has been
estimated as having a reservoir age of 700 years while at the end of Heinrich
Event 1, this age is suggested at 1230-1940 years (Austin et al, 1995;
Waelbroeck et al., 2001)(see Section 4.2). This makes the selection of a reservoir
age difficult, as it is impossible to apply a separate, and accurate, correction to
each date, especially to those below H1 for which no estimates have been made
as yet. As a result, and in the absence of any great confidence in an alternative
approach, the standard modern-day reservoir correction for the North Atlantic

(400 years) was applied in the construction of the OMEX-2K age model.

Once the reservoir correction had been applied (OxCal 3.8 does this automatically
during the calibration process), the next issue to be resolved was the selection of
a single age from within the intervals provided by OxCal 3.8 for each '*C sample.
Ideally, a weighted average process would have been used, which enables the
height of the probability distribution to be taken into consideration rather than
just the time span. Unfortunately, the relevant data to use this method was not
available for OMEX 2K. The next best method was used, which was to calculate

the mean age from the range with the highest probability (Pilcher, 1991).
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Fig. 6.3: a) Age model for OMEX 2K, created using Equation 5.7;
b) Sedimentation rates for OMEX 2K created using the age model.
The black line is the sedimentation rate against time; the red line is
the age model taken from 5.3a); the blue line is the average
sedimentation rate for the whole of the core.
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Five of the radiocarbon dates were obtained from Scourse et al, (2000) with
permission, but were too old for OxCal 3.8 to calibrate accurately, given the limits
of the INTCAL98 calibration curve (Stuiver et al,, 1998). This meant that the Bard
Age Equation was used (Eqn 4.1; Bard et al, 1998 - see Section 4.2.2 for a
further discussion). Despite its limitations, the Bard Equation was employed in this
study because it provides the simplest approach to radiocarbon calibration
beyond the limits of INTCAL98 (Bard et al,, 1990).

Finally, the application of the polynomial trendline has problems associated with it.
The precision of the trendline through the dates can affect the outcome, as can
the degree of the polynomial used. A higher order will intercept the mean ages
with greater precision, but will create a more complex equation, and can over or
under estimate the age model at these points (Telford et al, 2004b). This was
demonstrated in Section 4.2.2, where the sixth order polynomial used gave a
higher level of precision, but a significantly more complex equation. It also didn’t
vary significantly from the third order polynomial curve below 60 cm depth -
probably due to the number of dates below this depth. As this study is focused
on the Pleistocene, it was decided that a simpler model would be more beneficial

to a precise one in the Holocene.

With these limitations acknowledged, an age-depth model for OMEX 2K is shown
in Fig. 5.3. Having established this model for OMEX 2K, all subsequent results will

be presented on both a depth and age basis.

5.2 OMEX 2K: A pilot study

As described earlier (Section 1.3), the OMEX 2K core was chosen as the basis for
a pilot study with the main aim of evaluating the potential of high resolution
environmental magnetic methods to differentiate between and identify IRD
provenance. Mineralogical analysis performed by Scourse et al, (2000) has

demonstrated that OMEX 2K contains not only the first two Heinrich Layers, but
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also both European and Laurentide IRD (Fig. 5.4).

Seven dominant mineral types were originally counted and converted into relative
abundance by Scourse et al, (2000). Major dolomite peaks were found to
correspond with the magnetic susceptibility highs at the Heinrich Layers
(constrained by AMS '“C dating), with chalk and mica peaks just prior to the H2
dolomite maximum. Dolomite is characteristic of LIS-sourced material (Andrews et
al., 1993), suggesting that icebergs from the LIS were able to travel as far as the
Celtic margin. The chalk and mica is typical of glacial sediments from the BIS via
the Irish Sea ice stream, particularly at the LGM (21-18 kya, Lowe & Walker,
1997). Volcanic glass from Iceland is also found both after and preceding the HLs.
Given this mineralogical and chronological control, and the availability of suitable
archive core sample material, OMEX 2K was thought an ideal core to use in

evaluating environmental magnetic techniques as a provenance discriminator.

Subsequent to the start of the pilot study, a more detailed mineralogical and
lithological analysis of OMEX 2K was undertaken by Dr M. Fruze and Dr J. Scourse
(University of Wales, Bangor). These data are reproduced here (with permission;
Fig. 5.5). They confirm the general findings reported in Scourse et al, (2000)
but also reveal some interesting further features. Large quantities of rhyolitic
tephra is found at the Younger Dryas, accompanied by a peak in quartz with
biotite. Below H1 (c. 90cm) there is a steady increase in all types of quartz down
to 100 cm, where it peaks, along with basaltic tephra. The quartz and tephra
remain abundant through to a depth of 114 cm, where they are joined by peaks in
both mica (muscovite) and chalk. The ambient sediments between the Heinrich
Events appear to be characterised by various types of quartz (including clear,
rounded quartz and biotite) and mica (biotite). A chalk peak is found at c. 168
cm, just after the main H2 dolomite peak, as well as the “precursor event”
originally identified by Scourse et al, (2000). Peaks in both mica (biotite) and
quartz (with biotite) are found between the main H2 event and “precursor event”,
with a further maximum in mica at 202 cm depth. Below this, the dominant

lithologies are basaltic tephra and mica (muscovite).
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XRD analysis was performed on 18 samples from OMEX 2K (see Section 4.1.1).
These points were selected due to their interesting magnetic or IRD properties, as
shown by the preliminary magnetic data, and the data discussed above. Table 5.2
shows the depths picked for XRD analysis and gives the reason for the selection

of each sample. The results will be discussed later in the chapter (Section 5.3.1).

The environmental magnetic analysis of OMEX 2K was performed as described in
Section 4.3. From these analyses, a range of magnetic parameters and inter-
parametric ratios were calculated (Table 4.9). These data are presented as both
depth and age plots in Figs. 5.6 & 5.7.

5.2.1 Magnetic Analysis

This section will discuss the magnetic resuits for OMEX 2K, starting with the initial
results, down-core plots and acquisition data, and their basic interpretation. The
guantification of magnetotactic bacteria and greigite will follow (see Section
2.5.2), and then some more detailed analysis of the magnetic data. Section 5.3

contains the environmental interpretation of the data.

The first magnetic analysis to be performed in this study was volume magnetic
susceptibility (x). As mentioned previously (Section 2.5.1), susceptibility is a
measure of the concentration of magnetic minerals and, in particular, is sensitive
to the concentration of ferrimagnetic minerals (e.g. magnetite)(Thompson &
Oldfield, 1986; Verosub & Roberts, 1995). Fig. 5.8a shows the down-core record
of volume magnetic susceptibility for OMEX 2K taken during this analysis, along-
side the NERC susceptibility record taken on board ship (from the OMEX project
CD ROM; Lowry et al., 1997)(Fig. 5.8b).
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OMEX-2K: Ice-rafted Debris Concentrations (shards/g)

1AD Co neartna bon
fochriryg pytie & tophiog}
SEERRR

i ] i ‘ 1o

c Tme
i1 o
41 —
gi

NI

we

i iy
éi? .«v(ﬂ\‘/ \/MV\ =
'§:§ 400
>
on =
i h 2
Lo e 09
= =
m: —_— _.-M\.. MW \M Ww e 2
» 1000 =
i fam G
2* \AA\ Mﬁm 2=
< v e / N TN b= S
- g
iz M 5
5 (=]
x. P O DS NPV o N /\ A\A\_A\_—A_ N,“ U
L xw 3
us L xm O
i3 l om &
33 - e VD
s DD
— el o P N— \1\ Pt >y _ﬁ_‘ E

E
E
?

Mics:

A_ E“-

|

Quarz:
Festyiced withbiotiie Muscovs
it

NP _
0 o
_‘:’“_ — ]\ MWWM PN S| S ) Al
‘g’fém_ e\ MJH'N/\M\//\-M_ P S, Y NS S I‘PA;:;E
=+ I N Y | U G MM A o [E

T T T T r P T v T T T TV T rr ey Ty v e ey
amanauc,

3 -
4 -

9

w76 -

S35

[

TEY
Anvaany G
58833385

s <
oD
5 <
Wi
s

Uit ~
03 -
o2
ged
o8

Core Depth{cm)

Fig. 5.5: Mineralogical data from OMEX 2K carried out by Dr. M. Furze (University
of Wales, Bangor) in 2003. Many of the patterns seen in the Scourse et al, (2000)
paper are identifiable here, but the more detailed analysis also reveals some

further information surrounding the Younger Dryas, before H1, and before H2. 168



Table 5.2 : Samples from OMEX 2K selected for XRD analysis and the reasons why.

Sample Reason for Selection

13 Modern day sediments (c. 3000 years BP)

25 Modern day sediments (c. 6000 years BP)

54 Sample from the Vedde Ash layer picked out by Scourse et al.,
(2000)

83 Peak of H1

84 Peak of H1

92 IRD peak in the lithic grain count, identified as quartz by Furze
(unpublished)

108 Quartz and tephra peaks

130 Ambient glacial sediments

131 Ambient glacial sediments

167 Chalk peak identified by Furze (unpublished) above H2

168 Chalk peak identified by Furze {unpublished) above H2

180 Peak of H2

181 Peak of H2

190 Chalk peak below H2, named as a European precursor by
Scourse et al,, (2000)

191 Chalk peak below H2, named as a European precursor by
Scourse et al,, (2000)

202 Tephra and mica peaks

205 Tephra and quartz peaks

212 Tephra, quartz and mica peaks
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The original, on board trace is at 4 cm resolution, and therefore shows less detail
than the record measured here, but the general trends are still fairly obvious. The
gaps at 100 cm and 235 cm (due to lack of sample material at those depths) can
also be inferred from the original data. The two Heinrich Layers are clearly visible
on both profiles, with peaks at 84 cm (16.06 kyr BP) and 181 cm (24.88 kyr BP),
showing a dramatic increase in the concentration of magnetic minerals. When
compared with the lithic grain count data (Fig 5.8c), it is evident that peaks of
large grains (around 1 mm in size) correspond to the peaks in susceptibility (see
Fig. 5.8 legend). These results suggest that the increases in magnetic
concentration are due to large terrigenous particles (IRD). The average x value is
15.078 x10° SI, with a range of 1.7-61.9 x10° SI. As mentioned above, the
highest values are found in the HEs, the lowest values, however are found in the
Holocene (above 50cm depth)(Descriptive statistics can be found in Appendix
2bi, Pg 338)

Also noted in the susceptibility record are slight increases at 47-62 cm (10.55-
13.02 kyr BP), ¢.190 cm (25.62 kyr BP) and 200-221cm (26.47 - 28.43 kyr BP).
The first two potentially correlate with the Younger Dryas (YD) and H2 Precursor
event (suggested by Scourse et al., 2000) respectively, and are also visible in the
IRD grain count data. There were no corresponding mineralogical data beneath
200 cm from the Scourse et al, (2000) paper, however, the newer lithological
analysis by Dr. M Fruze described previously details a large input of mica (biotite)
at 202 cm and basaltic tephra at both 205 cm and 212 cm (Fig. 5.5).

The various mass-specific magnetic parameters and ratios described in Section
4.4 give a more detailed account of the variations in magnetic concentrations,
mineralogy and grain size along the whole length of the core. Figs. 5.6 & 5.7
show the down-core profiles for each of the parameters. Fig. 5.9 contains the
ratios that are commonly reported within the environmental magnetic literature.
To aid comparison, Table 5.3 contains average values of the various parameters
for the more common magnetic minerals taken from the literature (Thompson &
Oldfield, 1986; Peters & Thompson, 1998; Maher et a., 1999; Smith, 1999;
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Evans & Heller, 2003; Peters & Dekkers, 2003).

Mass specific magnetic susceptibility () was the first measurement made on the
sub-samples of OMEX 2K, at both low (yr) and high (x) frequencies. Frequency
dependence of susceptibility was calculated as in Section 4.3. Convention dictates
that low frequency susceptibility is used over the high frequency susceptibility,
therefore, y will now refer to yr. The y record (Fig 5.9) replicates that of the
volume susceptibility, with average values of 16.98 x102 Sl, and a range of 6.41
- 67.20 x10°® Sl. The highest points again occur at the HLs and the lowest in the

Holocene.

xarm is indicative of the concentration of single domain (SD) grains within the core
(Table 4.9) From the plot in Fig. 5.9, it is possible to say that there is an increase
in SD grains between 225-200 cm (28.84-26.47 kyr BP), decreases at the HLs
(perhaps due to an increase in MD grains), with a slight peak at 139 cm (21.56
kyr BP). After H1, there is an abrupt and rapid rise until ~50 cm (~11.07 kyr
BP)(possibly the termination of the YD) and the signal becomes very erratic for
the rest of the Holocene. Maximum and minimum values are 0.78 and 0.118 x
10°m3kg™ and occur at a depth of 45cm and H2 (182 cm) respectively. The
average value is 0.322 x10°m3kg™’. Pure magnetite powders have yielded yam
results of 800 x10°m3kg™ for average grain sizes of 0.05upm; and 80 x10°m3kg™
for average grain sizes of Tum (Evans & Heller, 2003). Using these data for pure
magnetite, it would suggest that concentrations of sub-micron sized magnetite
within the OMEX 2K sediments might vary between 0.00000944% and
0.0000624%. Within other marine sediments, values of yam during glacial
conditions have been suggested to be below 0.00001 x10°mdkg’ with
interglacial values increasing by an order of magnitude to 0.0001 - 0.0003 x
10°m3mkg™’ (Lean & McCave, 1998). All the OMEX 2K data fall well above the

glacial estimate of yam.
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Fig. 5.8: a) Magnetic susceptibility measured during this study, and b) onboard
ship in 1995 (taken from the NERC CD-ROM dataset; Lowry et al, 1997).
¢) Lithic grain count from X-rays of OMEX 2K and d) the percentage carbonate
content (taken from the NERC CD-ROM dataset; Lowry et al., 1997).
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Fig. 2.9: Some magnetic properties of OMEX 2K; a) Magnetic susceptibility; b)
Susceptibility of ARM; ¢) Soft IRM and; d)100 backfield ratio.
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The Soft IRM record shows variations in the concentration of low coercivity
ferrimagnetic minerals, such as magnetite. A prolonged increase in low coercivity
minerals can be seen between 225-200 cm (28.84-26.47 kyr BP), with smaller
peaks at 189 cm (25.49 kyr BP), H2 and 139 cm (21.56 kyr BP). There is a rise
at H1, but only because of the short-lived dip seen just prior to it (this could be
the interval between a H1 precursor event and H1). A large rise in the
concentration of ferrimagnetic minerals also occurs at ~75 cm (14.89 kyr BP),
followed by a smaller two-peaked increase at the YD. The Holocene becomes
more stable, and demonstrates a decrease in soft magnetic mineral
concentration. Hard IRM, by definition, is the opposite of Soft IRM and represents
the concentration of harder (high coercivity) magnetic minerals, such as
haematite, however, they do not necessarily work in direct opposition with each
other as additional factors play a part. This is demonstrated by the rise in Hard
IRM that matches the rise in Soft IRM at 225-200 cm (28.84-26.47 kyr BP)(Figs.
5.6 & 5.7). A possible cause could be that the general increase in magnetic
mineral concentration seen in the yr curve is due to a rise in both low and high
coercivity minerals, and not just an input of one. Both of the HLs are dominated
by lower coercivity minerals (a drop in Hard IRM), suggesting an increased input of
only low coercivity minerals. Between the HLs, the signal takes on a seemingly
cyclic pattern, which continues after H1 with larger, generally decreasing cycles,
followed by lowering values over the YD. The Holocene is characterised by a
consistently low hard mineral content. The average value of Soft IRM is 103.89
x10°Am?kg™, the range is 49.44 (at 121 cm) to 290.47 x10°Am3kg’ (at 76
cm). Hard IRM has an average of 37 x10°Am?kg” and a range of 14.96 (2 cm
depth) to 82.78 x10°Am’kg™ (239 cm depth).

IRM-100/SIRM (the 100 backfield ratio) is a slightly more specific mineralogical
parameter, differentiating between magnetite (lower values; nearer to -1,
reflecting its low coercivity behaviour) and haematite (higher values; nearer to 1,
reflecting its high coercivity behaviour)(Table 5.3). Note that in these data, SIRM
= IRMso00 mt, although this ratio is often referenced to an SIRM measured at 1000

mT in the literature. The response of this ratio is consistent with both the
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concentration dependent Soft and Hard IRM records in that it suggests a decrease
in haematite concentration during the HLs, and at 139 cm (21.56 kyr BP), and an
apparently constant mineralogy throughout the YD and Holocene. IRM-100/SIRM
varies between -0.27 and -0.86, with an average of -0.49. The lowest point is at
92 cm depth, though the two next are the peak HE samples (-0.761 and -
0.764). The highest point is at 239 cm. Peters & Thompson, (1998) estimated
that IRM-100/SIRM values of -0.8 corresponded to magnetite whilst values of 0.5
corresponded to haematite (Table 5.3). From this, it is possible to infer that the
sediments in OMEX 2K have a signal that is influenced more by magnetite than

haematite.

ARM/y and yam/y are essentially the same variable (as described in Table 4.9), so
will be discussed here solely as yam/y. They are both included in the plots to aid
comparison between published results. xam/y is associated with the size of
ferrimagnetic minerals (e.g. magnetite), with higher values indicating finer grains
(Table 4.9). A slight rise in yam/y is seen at 225 cm (28.84 kyr BP), gradually
declining to 200 cm (26.47 kyr BP). The record is then relatively stable, with the
l exception of the two dips at the HLs (down to values of 0.263 and 0.242), and a
very small drop at 89 cm (16.67 kyr BP)(a possible H1 precursor?). After H1,
there is a large, abrupt leap to approximately 75 cm (24.41 kyr BP), followed by
high variability with an overall decline throughout the YD. At 50 cm (11.07 kyr
BP), there is another large rise, followed by a series of cycles during the rest of
the Holocene. This can be interpreted as being dueto a predominance of coarse
grains throughout the Pleistocene, especially at the HLs, with a rapid change to
finer grains after H1. Within the finer-grained Holocene however, there is a great
deal of variability. The average value for xam/y is 2.506, with a range of 0.242 -
8.619. Lowest values occur at the HEs, with the highest points in the Holocene.
Table 5.3 records the average values of xam/y for Magnetite, Titanomagnetite,
Maghematite and Greigite. On comparison to Table 5.3, the OMEX 2K samples all

fall within the range of magnetite, agreeing with the 100 backfield ratio above.

SIRM/y can also be a magnetic grain size indicator, though it is also suggestive of
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mineralogy. Lower values (1.5-50 kAm™) represent magnetite and vary indirectly
with size, while higher values (>50 kAm™) characterise haematite. Very high
results (>70 kAm™), on the other hand, are indicative of pyrrhotite (Peters &
Thompson, 1998). The results here show that the dominant mineral is magnetite,
with increasing grain size at the HLs. Noticable decreases in size occur at 225-
200 cm (28.84-26.47 kyr BP), 139 cm (21.56 kyr BP), 115 cm (19.43 kyr BP),
and the YD. The Holocene has a very variable signature, although grain size
generally becomes finer overall. Minima in SIRM/y are at the HEs (8.25 and 8.97
kAm™), maxima during the YD and Holocene (highest point = 42.42 kAm™). The
average value is 24.42 kAm™. These all clearly fall within the magnetite range of
1.5-50 kKAm™ (Table 5.3).

SIRM/yam (or SIRM/ARM, again both plotted in order to compare with published
data) is a measure of SD (<0.1 um) grains, with lower values indicating more SD
grains. Higher values indicate a low concentration of grains in this range, and
therefore, a higher overall magnetic grain size. It has been suggested that values
falling around 1 kAm™ are consistent with single domain magnetite, while values of
~10 kAm™' are representative of multidomain magnetite (Bloemendal et al,
1993). Peaks in the OMEX 2K data occur at 189 cm (25.49 kyr BP), H2, 139 cm
(21.56 kyr BP), 89 cm (16.67 kyr BP)(a possible H1 precursor?), H1 and the YD.
All these record times of decreased SD grain presence, possibly due to increasing
presence of MD grains. The rest of the record remains consistently low,
suggesting that grain size remained relatively constant, with the occasional
increase occurring at the HLs, 200 cm (26.47 kyr BP), 139 cm (21.56 kyr BP)
and the YD. The average SIRM/y=m value is 1.494 kAm™, and the range is 0.348-
3.705 kAm™. The highest values are again found at the HEs, with the lowest

occurring during the Holocene.

Summary
At 225-200 cm (28.84-26.47 kyr BP) there is an overall increase in magnetic

concentration, with the extra input consisting of both high and low coercivity

minerals. Magnetic grain size, particularly of low coercivity minerals, also
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increases. The concentration of SD grains increases at 200 cm (26.47 kyr BP),
indicating a decrease in overall grain size. The “precursor” (as defined by Scourse
et al, 2000 at ~191 cm, 25.66 kyr BP) is characterised by a relatively low overall
magnetic concentration, with a drop in the concentration of fine grained
magnetite. The decline in fine grains is probably due to the increase in MD grains.
There is an increased concentration at H2, which seems to be caused by an input
of low coercivity minerals (e.g. magnetite) and grain size increased to the MD
range. At 139 cm (21.56 kyr BP), there is an increase in coarse-grained
magnetically soft minerals, with a significant decline in haematite. In the zone of
any H1 precursor event, there seems to be an overall increase in magnetic grain
size. H1 itself has a drop in magnetically hard minerals but also a rise in magnetic
grain size and overall concentration. The YD and Holocene signals display a
significant deviation from previous signatures, with a rapid, overall decline in
magnetic minerals, though a much finer grain size to anything seen before is
found in the minerals that are present. This grain size record is highly variable,

however, it never reaches pre YD levels.

IRM Acquisition Curves

The raw IRM data was used to draw acquisition curves that show the “rate” at
which a material becomes magnetically saturated (Walden, 1999). This can be
indicative of mineralogy. Magnetically soft minerals acquire their IRM remenance
easily and therefore become saturated at lower field strengths, whereas
magnetically hard minerals saturate at higher field strengths (Walden, 1999). For
example, magnetite, a ferrimagnetic mineral (i.e. a low coercivity mineral) will
have all but reached saturation by 200mT, but haematite, a canted anti-
ferromagnetic mineral (i.e. a higher coercivity mineral), will only reach saturation
in fields of 1000mT or more. This is ultimately due to the crystal lattice structure
of the mineral, and dependent on the number of paired electrons and their

lineation (Smith, 1999).

The raw IRM data are converted into acquisition ratios by normalising for

concentration (IRM/SIRM - in this case SIRM = IRMsoco mT). It is then plotted
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against field strength, which is expressed as a logarithmic scale for forward fields
and a linear scale for backfields. Fig. 5.10 shows the acquisition plots for all of the
OMEX 2K samples, with standard acquisition curves from Peters and Thompson,
(1998) and Walden, (1999) super-imposed. The standards were created by
measuring natural samples of single mineralogy, normalising for concentration and
plotting as above. Although the interpretation of these plots is relatively simple,
caution must be practiced, as natural samples are very rarely made up from one
type of mineral, and curves may be composites based upon the mixture of

minerals present, and their relative proportions (Walden, 1999).

The plots for OMEX 2K (Fig. 5.10) show an abundance of softer magnetic
minerals, as the majority of samples reach saturation by c. 800 mT. There is
clearly a mixture of minerals involved however, which is evident from comparison
with the standard ratios, and also from the samples that reach saturation at
higher fields. There are two samples that clearly reach saturation before any of
the others, particularly in the forward fields. These samples are the “peak”
Heinrich Event samples at 84 cm depth and 181 cm depth. The three other
samples seen in the backfield plot are also Heinrich Event samples. These
distinctive samples appear to consist of a markedly different mixture of minerals
to the ambient glacial sediments, dominated by a ferrimagnetic composition. The
short-lived nature of the Laurentide input to the Heinrich Layers is supported by

this data.

Magnetotactic Bacteria

As discussed in Sections 2.5.3 and 4.4.3, various magnetic parameters can be
used to potentially quantify the concentration of magnetotactic bacteria (MTB) in
deep-sea sediments. If the magnetic data are to offer insights into the
provenance of the inorganic IRD sediment fraction of marine cores such as OMEX
2K, it is important that the influence of non-detrital (post depositional) magnetic
components can be shown to be absent or of minimal importance to the overall

magnetic composition.
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Fig. 5.10: IRM Acquisition curve for both (a) forward and (b) backfield IRM acquisitions for the
whole of OMEX 2K. Superimposed are standard curves for magnetite from Walden, 1999
{backhelds) and Peters & Thompson, 1998 (forward fields). The peak Heinrich Event samples
are relatively easily distinguished from the rest of the core; they are the two that saturate first
in {a) and are among the samples seen at the base of the backfield acquisition curve {red fines
correspond to H1 samples; blue to H2). The five samples that are separate from the main
group in {b) are all from either the H1 or the H2 sections of OMEX 2K, as identified by the
down-core magnetic susceptiblity. This fends evidence to the suggestion that the mineral
characteristics associated with the HEs are short-lived. These curves show that the OMEX 2K
sediments have a low coercivity minerals abundance, particularly that of magnetite {evident

from the backfield acquisition plot).
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In this study, the most appropriate parameters to assess the contribution of
magnetotactic bacteria are xam/y, xam/yta and ARM/SIRM, as they are measured in
the routine magnetic analysis preformed. Oldfield, (1992) suggests that values of
xam/y, >40 and yam/yt¢ >1 are representative of bacterial magnetite. ARM/SIRM
ratios between 0.15-0.25 are also suggestive of MTB (Moskowitz et al., 1986).

Figs. 5.11 & 5.12 show the graphs of yam/y V. yam/yta and ARM/SIRM v. depth for
OMEX 2K. Fig 5.11 clearly shows the OMEX 2K samples falling well below the
range of yam/yf that Oldfield, (1992) suggested for magnetotactic bacteria. Fig.
5.12 agrees with this, showing ARM/SIRM ratios that never reach above 0.1
kAm™. Given this spatial distribution, it can be inferred that organic magnetic

minerals contribute minimally to the sediments in OMEX 2K.

Greigite

For similar reasons as above, it is important to assess the contribution of greigite
to the magnetic signature of the sediments in OMEX 2K. As discussed in Section
4.4, the magnetic ratios of SIRM/yx, ARM-«0/ARM and S (S=IRM.100/SIRM); the
saturation properties; and any loss of magnetisation during storage can be used
to indicate the influence of greigite on the magnetic signature of the sediments.
In all cases, SIRM = |IRMioco. The S-ratio here (S=IRM-100/SIRM) is taken from
Snowball (1991) and is different to a ratio used by Bloemendal et al,
(1992)(S=[(-IRM-300/SIRM)+1]/2) which is also called S and will be discussed later
in the chapter. Hence, the denotations Ssioemendal) and Sisnowbay will be used to

differentiate between the two.

Any loss of magnetisation can be identified by comparing the volume magnetic
susceptibility of the core taken onboard ship in 1995, with the volume
susceptibility measured during this study in 2001 (Fig. 5.13). Fig. 5.13 shows
that there has been no reduction in susceptibility, rather that there appears to
have been an increase (approx 3% increase on average). This is suggested to be
due to increased sensitivity of the measurements taken in 2001, and a more

stable environment, or simply a difference in equipment.
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During the routine magnetic analysis of the OMEX 2K core, IRM acquisition was
measured to a maximum field of 3000 mT. Acquisition curves of up to 300 mT
are shown in Fig. 5.14. If greigite has a significant influence upon these materials,
it would be expected that they would reach saturation prior to 300mT (Kris et al.,
1990; Hallam & Maher, 1994). This is clearly not the case, suggesting minimal

presence of greigite.

The ratios of SIRM/y, ARM-10/ARM and Senowbany are indicative of greigite. SIRM/y
ratios of 70 kAm' and above, combined with Scsnowbany values of -0.8; or ARM.
40/ ARM values between 0.45-0.85, for example. However, ARM-«0/ARM values of
0.3 are also suggestive of greigite when coupled with SIRM/y values of >70 kAm’
'. The results of these ratios must be looked at in tandem, as singly they can be
confused with other minerals. For example, magnetite has Snowsany values of
between -0.9 to -0.4, however it has much lower ARM-:«0/ARM values than
greigite (Snowball, 1991). Fig. 5.15 shows downcore plots of these ratios. The
SIRM/y record for OMEX 2K appears to vary around approximately 35 kAm™, with
this decreasing to c. 20 kAm"' between the two Heinrich Events and then
increasing back to 35 kAm™. The highest value is 42.42 kAm™. For the majority of
the ARM-40/ARM record, values fall around the lower limit of greigite (0.45), with
slight increases at the Heinrich Events (0.67 and 0.64) and 121 cm (0.99). These
plots also suggest a limited influence of greigite, with few samples falling within
the necessary ranges. This can be analysed further using the biplots discussed

below.

Previous workers (particularly Peters & Thompson, 1998) have used biplots to
identify greigite, specifically those of ARM-1.0/ARM versus SIRM/y and ARM-s0/ARM
versus Sesnowsal). Again, in these studies, SIRM = IRMioco. Peters & Thompson,
(1998) collated their mineralogical data onto biplots, in order to provide a single
method with which to distinguish between various magnetic minerals. These
biplots have been reproduced for this study, with the original ones from Peters &
Thompson, (1998) overlain for comparison (Figs. 5.16a & b). Fig. 5.16a shows
the graph of ARM-w0/ARM v. SIRM/y, the results for OMEX 2K plot within the
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Table 5.4: Group sections for biplots.

Group name Depth Age (years BP)
Holocene 0-50 cm 271-1099
Younger Dryas 54-63 cm 1167-1310

H1 73-91 cm 1483-1685

Pre H1 95-140 cm 1731-2160
Post H2 143-170cm 2184-2397

H2 175-184 cm 2437-2508
Precursor 188-197 cm 2541-2616

Pre H2 200-245 cm 2642-3107
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ranges for magnetite, titanomagnetite and greigite, as interpreted by Peters and
Thompson, (1998). Fig. 5.16b, however, shows ARM-10/ARM v. Ssnowbany, which is a
useful plot that can distinguish greigite from the other main magnetic minerals in
a sediment, unlike Fig. 5.16a. Here, it places three samples within the greigite
range. As these are individual samples (from 64cm depth, 121cm depth and
122cm depth), and because the majority of OMEX 2K values fall clumped within
the magnetite range, it can be said that greigite does not significantly influence
the magnetic characteristics of the sediments in OMEX 2K and will not obscure

the climatic signal (C. Peters, Pers. Comm. 2004).

Using the analysis shown here, it is possible to suggest that there is little greigite
in the OMEX samples, and certainly not enough to influence the environmental

interpretation of the magnetic data.

Biplots

In order to examine the temporal changes in sediment properties in greater detail,
the data was split into sections, according to age. Table 5.4 details these groups,
and their corresponding depths and ages. These groups were used to draw biplots
for the magnetic data showing the different characteristics within the sections.
The biplots (Fig. 5.17 and Appendix 1a) quite clearly demonstrate the differences
of the magnetic characteristics between, and within the sections (for example,
H2), that cannot be seen as clearly in the down-core records. Kruskal-Wallis tests
(Section 4.5) were also performed on each of the temporal groups in Table 5.4
for each of the magnetic parameters to test if there is any statistically significant
difference between the magnetic characteristics of the separate groups. For each
of the parameters discussed in Section 5.2.1, the Kruskal-Wallis tests returned a
P-value of 0.000, which means that the null hypothesis of no significant
difference must be rejected. Therefore, statistically speaking, there are
differences in the magnetic characteristics between the temporal groups shown in
Table 5.4. The Kruskal-Wallis tests can be found in Appendix 2biii (Pg 342-343).

Fig. 5.17a shows the biplot of yr v. xam. It is evident that the HLs have low yam
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and high yr, suggesting a larger magnetic grain size and concentration than the
ambient glacial sediments and vice-versa. Six HL samples have a very high
concentration of magnetic minerals compared to the other HL samples, three
come from H1 and the other three from H2, indicating a variation in magnetic
signature within the HLs, possibly suggesting provenance variations. “Precursor”
samples have signatures which vary between the Pre H2 and HE sample groups,
suggesting a provenance similar to the ambient sediments and part of the HLs. In
the case of OMEX 2K, the ambient sediments will be dominated with European
material, hinting that this may also be the case for the precursor event, and
hence, the samples from within the HLs that display magnetic signatures similar
to the precursor may also be European in origin. The Holocene displays the lowest
y¢ and the highest yam values, with the ambient glacial sediment showing low

values of both parameters.

Soft IRM v. SIRM/y (Fig. 5.17b) also reveals a set of HL samples with different
characteristics to both the ambient glacial sediments, and the other samples
within the HLs. These six samples have much lower SIRM/y values (larger grains of
magnetite) and are the same six samples as identified in Fig. 5.17a. Precursor
samples are characteristically similar to the remainder of the HL samples, and the
Pre H2 samples as before. The rest of the samples have similar SIRM/y ratios, with
the exception of the Holocene, and are only really distinguishable by their Soft IRM
ratios. A single sample from H1 (from the end of H1 at a depth of 76 ¢cm) has a
very distinct signature on this plot, with an exceptionally high Soft IRM value and a
relatively high SIRM/y ratio. This corresponds to the secondary dolomite peak
found in Fig. 5.5 just above the main H1 peak.

Fig. 5.17c shows the graph of yr v. IRM.100/SIRM (100 backfield ratio), six HL
samples are again obviously different, with significantly lower IRM-100/SIRM values
(low coercivity behaviour) and higher yr (higher concentration) than the rest of
the HLs. They are the same six samples as mentioned above. An additional sample
is also identifiable by this plot with its very low IRM-100/SIRM ratio from within the
Pre H1 samples (108cm depth). When compared with the IRD data discussed at
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the beginning of this section, this samples appears to contain large quantities of
quartz, basaltic tephra and mica (muscovite). The rest of the groups are bunched
together relative to the HL samples, however, there is still distinct clustering

apparent.

The plot of yam/y v. Hard IRM (Fig. 5.17d) reveals a group of nine samples which
have very low yam/y values (larger grain size) and low Hard IRM values (lower
coercivity behaviour) which are comparable to the Holocene values. Five of these
nine samples have been previously identified, whilst the others are one additional
H2 sample and three H1 samples. The sixth sample noted in the previous plots is
identifiable by it’s low xarm/y value, but has a significantly higher Hard IRM value
than the other nine; similar to the other HL samples. The Holocene and YD also
have low Hard IRM, though have progressively higher y=m/7y ratios, suggesting
increasing grain size. The other ambient sediments, plus the precursor and Pre H2
samples have higher Hard IRM and relatively low yam/y values, i.e. a higher

coercivity mineralogy and larger magnetic grain size.

Summary
The biplots display some of the very obvious differences between the magnetic

characteristics of the groups, which were hinted at in the depth profiles, such as
the HLs having a higher magnetic concentration and grain size, and being
magnetically softer. They also show differences in characteristics within the
groups as well. Six samples from H1 and H2 have particularly high concentrations
and larger magnetic grain sizes; they also appear to have a lower coercivity
signature and higher magnetite content. All this suggests that there is variation in
magnetic signature within the HLs themselves, as well as between the temporal
sections of the core. It is possible that these variations are associated with
provenance. The precursor samples have a similar signature to the remaining HL
samples and the Pre H2 samples, indicating a provenance similar to these. In the
case of the OMEX 2K core, its location dictates that the ambient sediments (Pre
H2, Post H2 and Pre H1) will be dominated by European material. This suggests

that Europe is also the source for the precursor samples. The samples from the
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HLs with similar characteristics to the precursor material may also, therefore, be

European in origin.

From this reasoning, it is possible to suggest that the HL samples with signatures

differing from the precursor material are Laurentide in origin.

Comparison to published data

In 1992, Bloemendal et al, published results from a study of the magnetic
characteristics of various marine sediments. They included material from the
North Atlantic, Labrador Sea and Arctic Ocean, as well as the W North Pacific,
Central Pacific and the Sierra Leone Rise. These existing data for marine
sediments are being used here as a comparison for OMEX 2K to aid the

interpretation in terms of more specific sediment type and provenance.

Bloemendal et al, (1992) suggested that plots of x versus xam and xam/x versus
S-300 were diagnostic of sediment types and provenance/transport pathways (S-300
is different to the S-ratio used earlier in the identification of greigite, and is
referred to in this thesis as Seaoemendad). Sediments that plotted in the top right
corner of x v. xam (€.g. Fig. 5.18a; x>100, xam>1000; x and xam = Sl units) are
characteristic of glacio-marine sediments and material transported by bottom
currents and wind. Sediments that plot in the mid ranges (e.g. Fig. 5.18b; x = 10-
1000, xam = 100-10000 SI units) are generally foraminiferal oozes with wind-
blown silts and clays occurring during glacials. Finally sediments that sit in the
bottom left section (e.g. Fig. 5.18c; k<200, xam<1000 Sl units) are characteristic
of carbonate rich sediments. A wide distribution of samples in this area is
suggestive of an intermittent flux (or transport) of terrigenous magnetic material, '
with lowest values occurring when the flux is weak. A narrow cluster of samples
indicates a continuous deposition of carbonates, or the effect of reduction

diagenesis on magnetic minerals.

The graph of xam/x V. Sioemendan, Where S = [(-IRM-300/SIRM)+1]/2 is indicative of

provenance in terms of the number of sources/transport pathways (Bloemendal
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Fig. 5.18: a)-c) Plots taken from Bloemendal et al., (1992) showing the k versus k., values for a
range of marine sediments. a) shows sediments falling in the top right corners, and are
examples of glacio-marine sediments and material blown by wind or transported by bottom
currents (x>100; k,,>1000). b) shows samples falling in the mid-ranges, which are
representative of foraminiferal oozes with wind blown silts and clays occurring during glacial
periods (x=10-1000; km,=100-10000). c) shows sediments in the bottom left corner, and is
characteristic of carbonate rich sediments (k<200; K;;m,<1000). d) & e) kam/k versus S values
for a range of marine sediments. d) shows a tightly grouped distribution which is linked to only
one source or transport pathway. e) shows a broadly spread distribution, which is interpreted
as several sources or transport pathways.
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the text.

195



et al, 1992). A tightly grouped distribution (e.g. Fig. 5.18d) is suggestive of one
source/pathway, whereas a broadly spread group (e.g. Fig. 5.18e) is
representative of two or more sources/pathways. The placing of the values along

the xam/x axis can also be diagnostic of origin: xkam/x >10 is detritus or aeolian

material, kam/x <10 is glacio-marine material.

Fig. 5.19a shows the biplot of « v. xarm for OMEX 2K. The data is grouped along
the xam = 1 gridline, with x values of between 1-100. Using the interpretation of
Bloemendal et al., (1992), it can be inferred that the material within OMEX 2K is
dominated by carbonate rich sediments. While the data fall into one group, they
are widely distributed and does show clustering of the various core sections. After
comparison with Fig. 5.18, taken from the Bloemendal et al., (1992) paper, which
shows the distributions of two sites constituting carbonate rich sediments, it can
be suggested that there appears to be intermittent transportation of carbonate
rich sediments to the site of OMEX 2K. It may be possible to ascertain the times
that the transport of sediments broke down by looking at graphs of xam v x for
the separate temporal groups. While not directly related to provenance or
transport, the fact that there is known to be different climatic states, effecting
ice cover, oceanic circulation and transport mechanisms between the Holocene
and pre YD times could be reflected in these graphs. Volume susceptibility
measurements are not corrected for carbonate content, which could be the
reason behind the carbonate rich nature of the OMEX 2K sediments in this
interpretation. All other magnetic data has been corrected for carbonate content
(see Section 4.4.1), and therefore the characteristics discussed in previous
sections should not be due to carbonate variations, as suggested by the volume

measurements.

Fig. 5.20a shows the biplot of x v. xam for the temporal groups for OMEX 2K. As
expected, all the sections fall into the carbonate rich area, however the
distributions of the samples within the groups vary quite significantly. The
Holocene, H1 and H2 appear to have quite widely distributed samples, while the

others (YD, Pre H1, Post H2, the Precursor and Pre H2) have quite tightly grouped
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samples. On comparison with the whole-core plot, it is evident that the long “tail”
of samples to the left hand side is composed almost entirely of Holocene samples.
This suggests that the flux of material to OMEX 2K varied significantly throughout
the Holocene, and was also at its lowest. Looking back at the original magnetic
data, these lowest points fall towards the top of the core, implying that the flux
of sediment has got weaker as the Holocene has progressed. As mentioned
previously, H1 and H2 also have relatively widely distributed samples, suggesting

that the flux of sediment during these times was also interrupted.

Fig 5.19b shows the plot of kam/x V. S@wemendal) for OMEX 2K. A variety of sources
and transport pathways is expected for OMEX 2K, due to the known variations in
climate during its time-span, and this is evident from the broadly distributed
samples shown on Fig 5.19b. The results actually appear to form three clusters
with varying xam/x values, which would imply three possible source areas or
transport mechanisms. To examine the sources and pathways within these
results, and on smaller time-scales, Fig. 5.19b has been re-drawn showing the
data for the different temporal groups (Fig. 5.20b). Using the interpretation of
the graphs provided by Bloemendal et a/, (1992), and comparing with the graphs
from that paper (Figs. 5.18a & b), it is apparent that the distribution of samples
varies within some of the temporal groups as well as between them. The YD and
the Precursor appear to have very tightly clustered samples, suggesting one
source, whereas the Holocene, H1 and H2 have relatively broadly distributed
results, suggesting two or more. The ambient glacial sediments (Pre H1, Post H2
and Pre H2) are not as tightly clustered as the YD but also do not appear to have
distinctly separate groups as does the Holocene. The ambient sediments cover a
larger time span than either the YD or the Precursor, which could account for
these differences. One source for the material however is still implied for the
ambient sediments. When looking back at the whole-core plot (Fig 5.19b), the
three separate clusters appear related to different temporal groups. The largest
group with the highest xam/x values is made up of Holocene samples, a second
group, with the lowest xam/x values is caused by five H2 samples and one H1

sample, while a third, and largest group, contains samples from all of the temporal
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groups, including the Holocene, H1 and H2. From these patterns it is be
suggested that a single source could account for the ambient glacial sediment,
which also contributes to part of the HEs and the Holocene; a second source
involved in other parts of the HEs; with a third source, which becoming available
during the Holocene. Bearing in mind that the Bloemendal et al, (1992)
interpretation of these plots argues that they are also influenced by transport
mechanisms, the sources referred to here could in fact be methods of sediment

delivery rather than actual source areas, or a combination of both.

Overview of Magnetic Results

The magnetic results discussed above reveal relatively detailed information
regarding the minerals present in OMEX 2K and how their signature changes over
time. Overall, there seems to be a dominant low coercivity signal, specifically
magnetite, throughout the core, with no influential presence of magnetotactic

bacteria or greigite.

Starting at the base of the core, the Pre H2 section (see Table 5.4) shows a
slight increase in magnetic concentration, grain size and both types of magnetic
minerals (high and low coercivity). It is dominated by a relatively consistent input
of carbonate rich material from one source or transport mechanism. The precursor
event has a similar signature to the Pre H2 samples in terms of its sediment type
and provenance. Its magnetic characteristics show a lower overall concentration
of minerals than Pre H2, but an increase in coarse-grained ferrimagnets. The
Heinrich Events display a dramatic increase in multi-domain low coercivity
magnetic minerals. Three samples from each HE contain significantly coarser
magnetic minerals and are higher in magnetic concentration than the rest of the
HE material. This is apparent on the Bloemendal Plots as an intermittent flux of
carbonate rich sediments from more than one source area/delivery method. Some
of the other HL samples appear to have a signal more clbsely related to the

precursor, this is particularly evident from the biplots in Fig. 5.17.

The ambient glacial sediments (Pre H1 and Post H2) are comprised of low

magnetic mineral concentration and fine grains, with the exception of sample 139
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(higher concentration of coarse-grained ferrimagnetic minerals and an obvious
decline in haematite). Following Bloemendal et al, (1992), it is inferred that they
have a carbonate rich sediment type which appears to have an intermittent flux of
material, i.e. the transport of these carbonate rich sediments was not constant,
though not as disrupted as during the HEs. They also appear to have the same

provenance signature as the Pre H2 and precursor samples.

The Younger Dryas shows a drop in magnetic concentration, accompanying an
increase in the relative abundance of magnetite, and a decrease in mineral size.
These sediments display a tightly grouped distribution of carbonate rich material,

with a similar provenance to the ambient, pre H2 and precursor sediments.

Finally, the Holocene possess a different signal altogether. There is a steady
magnetic concentration decrease and a reduction in grain size to the lowest seen
in the whole core. The sediment type is an intermittent carbonate rich material,
with a different provenance to any of the other groups. It is suggested that, due
to the changing climate over the Holocene, this alteration in magnetic signature is
a reflection in transport mechanism, rather than sediment source. For example,
the effect could be modelled as a shift from ice rafting and wind transport to
increased distribution by turbidities and bottom currents. Sediment source is likely
to be similar to the ambient sediments, and European in origin. The different
provenance signature seen within the HEs, however, is probably more to do with
source area than delivery method, as the sediment was deposited over a short

time period, with both signals showing simultaneously.

5.3  Environmental Interpretation of OMEX 2K

The main aims behind this study (Section 1.3) are to assess the ability of
environmental magnetic methods to identify the North Atlantic Heinrich Events,
characterise them, and, ultimately, determine the sources of the IRD contained
within them. The discussion in Section 5.2 reveals unique magnetic properties

occurring within the HLs of OMEX 2K, effectively answering the first two issues
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above. The final question, namely whether environmental magnetism can
determine HE IRD provenance will be addressed here. Firstly, the non-magnetic
data available for HEs in OMEX 2K, described during previous chapters (Section
3.2, 4.1, & 5.2) is summarised, followed by a comparison with the magnetic data
from Section 5.2.1. This section concludes with an evaluation of the technique

along with its ability to meet the aims set out in Section 1.3.

5.3.1 The Heinrich Events

Non-magnetic data

The bulk of the non-magnetic data consists of the extensive petrological and
mineralogical analysis undertaken at the University of Wales, Bangor reported by
Scourse et al, (2000) and Furze (unpublished)(Figs. 5.4 & 5.5). These data
create a very detailed picture of the types of material brought to the Celtic

Margin throughout the last 30 kyr and are described fully in Section 5.2.

Throughout the Heinrich Events represented in this core, sequencing of both
provenance signals (LIS and EIS) can be seen, for example, during the onset to H2
(25.16 - 25.00 kyr BP) when there was an increase in IRD input, the signal was
dominated by European material. At 24.92 kyr BP, this signal became obscured by
an abundance of Laurentide sediment (primarily Dolomite), however, this only
lasted for ~240 years, at which point (24.68 kyr BP) European material re-
appears and dominates until the IRD concentration decreases and the HE ends (c.
24.37 kyr BP). A similar pattern is seen for H1, with European material being
prevalent during the onset of the HE (16.61 - 16.25 kyr BP), and replaced or
diluted by Laurentide material at 16.13 kyr BP before returning for the final stage
of the HE at 15.75 kyr BP. The Laurentide input during H1 lasted approximately
380 years. It must be acknowledged here that a constant sedimentation rate has
been assumed to exist throughout the HEs in order to give specific ages to the
various events. In reality, this is unlikely to be the case, and errors will be present

within the stated ages.

Fig. 5.21 shows the varying concentrations of the main minerals within the 18
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samples selected for XRD analysis on a percentage abundance scale. They are not
absolute values. During the Holocene, there is a dominance of calcite, with under
20% of the material consisting of other minerals. At 54 cm depth, the position of
the Vedde Ash (Scourse et al, 2000), there is an increase in both the total clay
content and quartz. At the peaks of both HEs, there is a drop in clay content and
an increase in plagioclase and dolomite. H1 also shows an increase in calcite in the
lower sample (82 cm), which is replaced by K-feldspar in the second (83 cm)
sample. H2, however, displays a massive increase in quartz in the peak (181 cm)
sample with all other minerals remaining low. The second H2 sample (180 cm)
shows quartz returning to ambient levels and plagioclase and dolomite peaking.
The quartz and sodium chloride content stays approximately constant throughout
the core. The minerals of the ambient glacial samples (92 cm - 168 cm), are
dominated by clay. The remaining minerals are approximately the same as at the
end of H2. Pre H2, the XRD data suggests that the mineral concentration was

returning to ambient glacial levels, with high clay content.

OMEX 2K has an average sedimentation rate of 0.18mka™. There appears to be a
lower sedimentation rate during the Holocene than during the Pleistocene,
however problems arise at around 21 ka where there is a negative calculated
sedimentation rate (Fig. 5.3). This can be explained by problems with the dating
of OMEX 2K, as there is an apparent age reversal at 24 ka (Fig. 5.2). The age
model itself is not affected by this issue as it utilises the error ranges of the
dates, which in the case of the two dates involved in the reversal, overlap. The
variations in sedimentation rate represent changes in the transport of material
reaching the core site and generally, there appears to be greater sediment supply
during colder climates. When there is a higher rate, transport mechanisms such as
ice rafting and cross shelf currents are represented as they are able to move
larger quantities of material out beyond the continental shelf. Lower rates
suggest mechanisms such as ocean bottom currents, which are less efficient at
delivering sediment to the core site, or which may act to prevent the deposition
of fine grained material (Hall & McCave, 2000). Overall, this is supported by the
sedimentation rates within OMEX 2K.

201



Percentage Abundance

-~ —-Quanz
901 ——Calcite
80 —— Plagioclase
— —-Sodium Chloride
70 4 ——-Dolomite
——K-Feldspar
601 Total Clay
50 -
40 - ,-.,
\\ Pad T~
30 1 /.\/ ~ .
20 v
10
0 P

14 25 54 83 8 92 108 130 131 167 169 180 181 190 191 202 205 21;
Sample Number

Fig 6.21: XRD mineral abundances for the 18 selected samples from OMEX 2K.

Table 5.5: The magnetic and non-magnetic characteristics of the HEs, and their potential source areas.

HL Sample Age Magnetic Non -magnetic Potential
(by depth) (kyr BP) Characteristics Characteristics Provenance
H1-77 cm 15.10 Low concentration (y,), low grain  Low point in IRD presence, European
size {gam ARM/ x), harder end of H1 dolomite peak
magnetic mineralogy (IRMq/
SIRM).
-78cm 15.23 Low concentration (x,), low grain  As above
size ffam, ARM/ %, SIRMK), European

harder magnetic mineralogy (IRM
-100/SIRM) with increase in softer
minerals (Soft IRM).

-19cm 15.36 Low concentration f,),increasing  As above European
grain size (gam ARM/ ), harder
magnetic mineralogy ({RMod/
SIRM).

-80cm 15.49 Low concentration {x,),increasing  High dolomite content European

grain size (all parameters)
increasingly softer mineralogy

(Hard IRM, IRMoo/SIRM).

-81cm 15.62 Increasing concentration (), High dolomite content European
higher grain size (all parameters),
increasmgl% softer mineralogy (all

parameters
-82cm 15.75 Almost identical to sample 81 inall Peak in dolomite content European
parameters
-83em 15.88 High concentration ), large grain  Peak in dolomite content. Laurentide
size (all parameters), soft magnetic Decrease in calcite and
mineralogy (all parameters). clay content, increase in
dolomite, K-feldspars and
plagiocfase
-84 cm 16.00 Very high concentration f;), very ~ Onset of dolomite peak, Laurentide
large grain size (all parameters), ~ slight increase in mica
soft magnetic mineralogy (all (biotite) and quatz (biotite)
parameters). concentraion. Dop in cly

content, inaease in dolomnte
and plagioclase

-85cm 16.13 High concentration {y,), very large  Low in all mineralogies Laurentide
grain size (all parame{ers), soft
magnetic mineralogy (all
parameters).

-86 cm 16.25 Decreasing concentration {x,). Low in all mineralogies European

lower grain size (all parameters),
harder magnetic mineralogy (Hard
IRM, IRM/SIRM).

202



Table 5.5 {cont)

HL Sample Age Magnetic Non -magnetic Potential
(by depth) (kyr BP) Characteristics Characteristics Provenance
-87cm 16.37 Low concentration {).falling grain  Increasing quartz content European
size (all parameters), harder
magnetic mineralogy (all
parameters).
-88 cm 16.49 Low concentration (x,.), low grain Increasing quartz content European
size (larm ARM/ X), harder
magnetic mineralogy (IRMgo/
SIRM).
-89 cm 16.61 Low concentration (y, ), low grain  Abundance in quartz European
size (all parameters}fl harder lithologies
magnetic mineralogy (all
parameters).
H2-175cm 24.37 Low concentration (), low grain ~ End of large dolomite peak European
size (SIRMj, SIRM/ARM,
SIRMAam), hard ma&netic
mineralogy (Hard IRM).
-176 cm 24.45 Low concentration (x ), low grain  End of dolomite peak, European
size (SIRMf, SIRM/ARM, onset of quartz dominated
SIRM# 4y, hard magnetic material
mineralogy (all parameters).
-177cm 24.53 Low concentration (x,),increasing  Slight second peak in European
grain size (SIRM/ARM, SIRMAarm  dolomite
parameters), harder magnetic
mineralogy (Hard IRM).
-178 cm 24.60 Low concentration (XNA) increasing  Dolomite abundance European
grain size (SIRM/ARM,
IRMf,, ), increasin Iﬁ’ softer
magnetic mineralogy (a
parameters).
-179cm 24.68 Low concentration (), relatively ~ High dolomite presence European
large grain size (ARNY SIRME).
softer magnetic mineralogy
(IRM109/SIRM).
-180cm 24.76 Very high concentration (y,), Main dolomite peak, slight peak  Laurentide
large grain size (ARNY SIRM(. n lcr_lalkéoo. Sllg{]t increase in
SIRM/ARM), soft magnetic calcite, drop in ciay content,
mineralogy (all parameters). g‘&genﬁﬁg in plagioclase and
-181cm 24.84 Very high concentration (). High dolomite concentration.
flarge grain size (ARNY SIRMt. Drop in dolomite, plagioclase and Laurentide
SIRM/ARM), soft magnetic clay content, increase in quartz.
mineralogy (all parameters).
-182cm  24.92 High concentration ), large grain  Onset of dolomite peak, end of  Laurentide
size (ARMk, SIRM¥, SIRM/ARM),  Mice (biotite), quartz and tephra
soft magnetic mineralogyall peaks
parameters).
-183 cm 25.00 Low concentration (y), low grain  Onset of dolomitepeak, end of European
size (SIRMf, SIRM/ARM, mice (biotite), quartz and tephra
SIRMAarm), hard magnetic peaks
mineralogy (all parameters).
-184cm 25.08 Low concentration {x, ), low grain  Large quantities of quartz and European

size (SIRMK, SIRM/ARM,

SIRMAarm), hard magnetic
mineralogy (all parameters).

tephra, peaks in mice (btite)
and phyjiitic grains
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Comparison of magnetic and non-magnetic data

This section compares the various compositional datasets from OMEX 2K, mainly
concentrating on the sections containing the two HEs, but also refering to the
other temporal groups of the core. As noted in section 5.2, there are distinctive
magnetic properties found in the peak HE samples, which are a very high
concentration of coarse-grained ferrimagnets, though there also appears to be a
definite structure to the whole HE, from onset to finale. During the onset and end
phase of the HEs, the magnetic characteristics build up to, and diminish from,
these peak properties. During the first stage of the HEs, higher than ambient
concentration of magnetic minerals, which appear slightly higher in coercivity than
the peak samples, coincide with inputs of tephra, quartz, mica (biotite) and
phylitic grains for H2, and a dominant quartz lithology for H1. The main HE peaks
(81-84 cm and 180-181 cm), with very high concentrations of MD ferrimagnetic
grains, correspond to large dolomite peaks in the IRD. H2 does see a slight
increase in chalk at this point too, but all other signals are absent, or diluted by
the abundance of dolomite. XRD data for the HE peaks indicate large increases in
the percentage abundance of both dolomite and plagioclase minerals. They are
exceeded by the amount of calcite and quartz in these samples, although the
calcite record does fall at these points. H1 shows an increase in the relative
abundance of K-feldspars, whilst H2 has an increase in quartz at the onset of the
main peak (181 cm). Both HEs, however, display a drop in the total clay
percentage of the sediments. As the magnetic characteristics of the HEs decline
to ambient levels, so does the input of dolomite, which is replaced by a low IRD
content dominated by various quartz lithologies. These data are summarised in

Fig. 5.22.

Table 5.5 contains descriptions of the magnetic characteristics and non-magnetic
properties for all of the Heinrich Layer samples, along with a proposal of their
provenance based on the descriptions. Samples labelled as Laurentide are not
likely to be “pure” Laurentide material. Mixing with other material (European,
Icelandic, Greenland etc) is typical, but these samples will contain significantly

more Laurentide material those samples labelled as European, and are therefore
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more representative of that ice sheet.

In order to ascertain the appropriateness of assigning different provenances to
the two sets of samples, Mann Whitney U tests were performed on the magnetic
data for the HL subsets identified in Table 5.5. The Mann Whitney U tests for all
the parameters except yam, SIRM and Soft IRM returned a P-value of < 0.05,
therefore the null hypothesis of no difference between the HL subsets can be
rejected, confirming that they are statistically different populations. For yam, SIRM
and Soft IRM, however, this null hypothesis cannot be rejected, and it must be
said that there is no statistical difference between the two subsets for these
particular parameters. The Mann Whitney U tests can be found in Appendix 2biv
(Pg 343).

Based on the information in Section 5.3.1, and Table 5.5 basic environmental
magnetic methods do not distinguish between specific lithological or mineral
types, although they do differentiate between materials from different
provenance areas with confidence. Environmental magnetism has several
advantages over the more traditional techniques currently employed to analyse
IRD provenance, being highly sensitive, quick, cheap and non-destructive.
Additionally, they characterise differences in the composition of IRD within the
HLs. Also, magnetic measurements are performed on the bulk sediments, they are
perhaps reflect all the components of the IRD, as fine grained sediments are
transported by ice rafting along with the coarse grains. As mentioned above,
however, environmental magnetic techniques do not identify specific mineralogies,
or necessarily quantify the contributions of each mineral to a mixture.
Environmental magnetic analysis is useful at the beginning of a project to help
select areas of interest where more time consuming, traditional methods can be

concentrated.
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5.3.2 Other aspects of OMEX 2K

In addition to the information provided by the magnetic analysis on the
provenance of Heinrich Event IRD, several other points of interest have been

recognised in the data obtained for OMEX 2K.

The tephra identified during the lithological analysis performed at the University of
Wales, Bangor, displays distinct magnetic signatures. This is part of the reason
that the Pre H2 group in the biplots (Fig. 5.17) has a different, less clustered,
signal to the other ambient sediments. There is a slight increase in magnetic
concentration in comparison to the ambient sediments when tephra are present,
along with a very fine magnetic grain size and an increase in both mineral types.
This could be due to the specific magnetic characteristics of the tephra, or a
response to the origin of the material, which is likely to be Icelandic, a source that

has not yet been discussed in this thesis.

The Younger Dryas also has a distinctive signature, which appears to be
somewhere between the HL characteristics and those of the Holocene. The
magnetic concentration appears to increase slightly, corresponding to an input of
tephra. It is known that the BIS during the Younger Dryas did not terminate in a
marine environment, and that no rafting of ice into the North Atlantic occurred
from the BIS (Lambeck, 1995). Whether this increase in magnetic concentration
is a result of the tephra, or a representation of a return to glacial conditions is, as
yet, unconstrained. The magnetic grain size decreases dramatically throughout
the YD and into the Holocene, with the magnetic mineralogy appearing to exhibit
lower coercivity behaviour. The biplots show clustering of the YD samples, usually

falling between the ambient glacial sediments and the Holocene samples.

The Holocene has a very low magnetic concentration; a very fine magnetic grain
size; and a slightly higher coercivity magnetic mineralogy than is seen in the HLs,
which is comparable to the ambient sediments. All this is indicative of delivery

mechanisms that are unable to transport material of large grain sizes, such as
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ocean currents. Austin & Kroon, (2001) have also suggested that bottom
currents are stronger during the Holocene than the YD and glacial stadials, and
therefore are able to transport significant amounts of material without deposition.
This would account for the low sedimentation rate and the low concentration of

magnetic minerals throughout the Holocene.

Factor Analysis

As described in Section 4.5.4, factor analysis is a statistical tool which determines
underlying factors within a data set and identify any pattern to their influences.
Factor analysis techniques (both R and Q mode) were applied to the OMEX 2K

dataset to assess statistically the interpretations presented above (Section 5.3).

Factor analysis was preformed on OMEX 2K using Minitab version 14. The plot
(Fig. 5.23) uses the same key as used in previous graphs. Six HE samples plot to
the far top right corner of the graph, (along the xr and x/y=m axes), showing a
strong relationship with the concentration dependent parameters, but a weak
relationship with yam. The mineralogical parameters have little influence on the
factor analysis, and this is probably due to the very small changes in magnetite
mineralogy that are evident in the routine magnetic data but are disguised by

concentration differences.

The other temporal groups plot together in distinct clusters, though some
overlapping does occur, possibly due to the relatively low sedimentation rate in
OMEX 2K. The Holocene plots at the bottom left corner with very low loadings on
factor 1, with a low yr and a high xam relationship; the ambient sediments plot
towards the centre of the graph with low loadings on both factor 1 and 2 and no
apparent connection to the Holocene, HEs or Pre H2 samples; Pre H2, some H1
and H2 samples, and the Precursor appear to have both quite high loadings on
factor 1 but low loadings on factor 2, they display a hard and soft IRM influence,

and again cluster in a separate portion of the graph.
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Factor 2

300mT backfield ratio

40 mT
backfield

ratio SIRM/y

100mT backfield r'

Fig 5.23: Factor analysis results for OMEX 2K.
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As the HL IRD that is not attributed to the LIS in Table 5.5 plots with the other
glacial material (Precursor, Pre H2 etc), it is therefore presumed to be composed
of material from the same source. The slight differences observed between some
of the temporal groups could be dependent on climatic conditions and transport
mechanisms, as discussed in the Bloemendal plots in Section 5.2.1, though the

larger differences are likely to be due to differences in provenance.

Overall, the factor analysis for OMEX 2K appears to support the initial

interpretation of the data set using the graphical methods.

5.4 MDO01-2461

The success of the analysis on OMEX 2K led to the opportunity to perform further
analysis on a longer core. MD01-2461 is a 25.3m long core retrieved in 2001 on
which little work has been done to date. The top 15 m were made available for

magnetic analysis using the methods discussed in Section 4.3.

5.4.1 Chronology

As MD01-2461 is a relatively new core, no radiocarbon age model exists as yet,
and so, an alternative method was used to establish a basic chronology for MDO1-
2461 to enable the same graphs as in Section 5.2.1 to be drawn. Initially a
combination of the IRD counts and magnetic susceptibility data was used to
constrain the location of the HEs, which was successful in determining depths for
each HE peak, with the exception of H1. North Atlantic Ash Zone Il was also
located during IRD analysis by Vicky Peck (V. Peck, Pers. Comm. 2003 ).
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Calcium/Iron XRF line intensity scans were provided by Dr B. Austin and Dr N.
Norgaard-Pedersen (St Andrews) for the top 1300 cm of the core. The Ca/Fe
content of marine sediments is taken to show the stadial-interstadial cycles seen
in the 8'®0 GRIP and GISP2 ice core records, as they represent the dilution of
CaCOs by inorganic material (Stoner & Andrews, 1999; Evans & Heller, 2003).
Hence, during cold stadials, dips in the Ca record correlate with peaks in Fe, as the
amount of biological productivity decreases, and vice versa in the interstadials.
Therefore, by determining “markers” of known ages in the core (e.g. tephra
layers, HEs etc), the interstadials in the GISP2 records before and after these
markers may be identifed. Once depths for each of the interstadials in the core
have been selected, these depths can be assigned an age from the ice core §'%0

chronology, by looking up the age for the corresponding interstadial (Fig. 5.24).

In a similar way to the age-model construction in Section 5.1, once the
interstadial depths were assigned ages, they were plotted onto an age-depth
graph and an equation provides an age (kyr BP) for any depth (cm) along the
core, using a 5" order trendline (Fig. 5.25). The 5% order polynomial was selected
for this model as it matched all the “known” ages with more consistency than any
others, which were wrong by up to 5000 years at the older and younger parts of
the core. The equation provided by the 5" order trendline is still very
approximate, and still presents some problems around H2. The age suggested by
the model is c. 2000 years older than the GISP2 age given for H2, however, after
comparison with the IRD trace, and confirmation that the IRD peak at 517 cm
depth was dolomite in composition (V. Peck, Pers. Comm. 2003), it was decided

to assign H2 the age suggested by the model, despite the disparity from GISP2.

Other problems with this method arise during the selection of the tie points (i.e.
in this case, the depths of the interstadials in the core and the corresponding
ages in GISP2). It is possible that not all the interstadials are represented in the
core, or that stretching during core retrieval (Section 3.3) has distorted the age-
depth relationship. Additionally, as each interstadial spans millennial timescales,

there is room for error when selecting the ages from the GISP2 record.
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Fig. 5.25: Age model for MD01-2461. The equation of the fifth order
polynomial trendline will give an age for any depth along the core.
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Depths and corresponding ages were selected from the onset of each interstadial,

however there is still likely to be some discrepancy between the two.

In addition to this issue, there is also concern about the precision of the GISP2
record, particularly at depth (Shackleton et al, 2004). Up to 40 ka BP, GISP2 is
thought to have errors of + 2%, beyond which the error increases to + 5-10%
(Meese et al, 1997). Shackleton et al, (2004) have also estimated that below
31 ka BP, the GISP2 record is around 1000 years too young, even with these

errors taken into account.

Despite these areas of concern the above method was deemed suitable for the
needs of this project, namely to devise a way to split MD0O1-2461 into temporal
groups, until a more detailed radiocarbon chronology becomes available. This
approach is thought adequate within the context of this work as most of the
errors occur below 40 ka BP, and MD01-2461 has the added constraint of Ash
Zone Il (55 ka) to improve the precision at depth.

5.4.2 Magnetic Ahalysis

The routine magnetic analysis for MD01-2461 differed slightly from that for OMEX
2K. The measurement of volume susceptibility was unavailable due to the
problems mentioned in Section 4.3, therefore, mass susceptibility (x) at high and
low frequencies were the first measurements to be made, including the calculation
of frequency dependence of susceptibility (xf%). The low frequency susceptibility
(xr) is shown in Fig. 5.26, along with the susceptibility taken onboard ship shortly
after the retrieval of the core, the initial IRD counts undertaken by Vicky Peck at
Cardiff University (Peck, unpublished data), and the CaCOs record modelled from
the measurements by Dr lan Hall (Cardiff University)(See Section 4.4.1).
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Fig. 5.27: Correlation betwen the susceptibility measured during
this study (2002) and that taken onboard ship. The result of 0.523
suggests an adequate correlation.
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The general trends within the two susceptibility records follow the same patterns.
However, there are some specific differences, for example, the 2002 record
(measured during this study) seems to be more sensitive to small variations in
susceptibility. Most of these differences can be attributed to the differences in
measurement type, equipment and the environment of measurement. Some,
however, such as the lack of a double susceptibility peak at 505 - 530 cm (H2) in
the 2002 data, cannot be explained by this. The two main IRD peaks at 500-550
cm and 850-900 cm, and their corresponding susceptibility peaks have been
labelled as Heinrich 2 and Heinrich 4 respectively (Peck, unpublished). The smaller
susceptibility peak below H4 has been called H5, due to the proximity of Ash Zone
Il (950 cm depth) found by Vicky Peck during the separation of the IRD (Peck,
Pers. Comm. 2003). In general the IRD trace appears to match the susceptibility
records well, with the exception of the missing H2 peak in the 2002 record. The
Pearsons product moment coefficient correlation between the two records is 0.52

(Fig. 5.27), which is statistically significant.

The other measurements made were ARM, ARM.40, followed by SIRM (IRMsooo) and
the backfields of 40, 100, 300 and 1000 mT (See Section 4.3). The magnetic
ratios found in Table 4.9 were calculated in a broadly similar way as for OMEX 2K.
Fig. 5.28 shows the down-core profiles for each of the magnetic parameters
against depth. These parameters have been defined previously (Section 5.2), so

discussion here focuses on their interpretation.

The magnetic data obtained during analysis of MDO1-2461 show remarkable
similarity to the trends and patterns seen in OMEX 2K. However, the absolute
values of the data are different, with MD01-2461 yielding higher results. This is
thought to be due to the distance between the two cores; close enough to be
influenced by the same factors delivering the magnetic material, but far enough
apart to be affected by different levels of biologic productivity and sediment

focussing.
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xam is very large below c. 1059 cm depth, indicating the presence of fine grained
ferrimagnetic minerals, this is supported by the massive increase in yam/y below
1100 ecm. xam/y, itself displays several peaks between 1000 and 750 cm depth,
but remains fairly constant between 750 and 300 cm depth, suggesting that the
size of the ferrimagnetic minerals varied significantly during the early part of the
glacial cycles, but then became relatively constant. This pattern is also in
agreement with the yam record. A large increase in both variables begins at 300
cm and continues through to the top of the core, similar to the signal seen by
these records in OMEX 2K.

The Soft IRM record displays slightly lower values between 1100 and 1300 cm
depth, implying a decrease in the concentration of ferrimagnetic minerals. As this
also occurs in the Hard IRM record, which suggests a decrease in the
concentration of harder magnetic minerals. An overall decrease in the presence of
magnetic minerals as a whole is indicated, in agreement with yr. Peaks in
ferrimagnetic minerals are found at 843-879 cm (H4) and 489-587 c¢cm (H2), with
smaller rises at 920 cm, 670-740 cm and from 400 cm upwards. The Hard IRM
trace also shows a sharp increase in higher coercivity minerals at 857-875 cm
(H4). The general rise in magnetic concentration (seen by yr) is responsible for
this rise in both Soft and Hard IRM. Hard IRM then rises to around 670-700 cm
and slowly declines before rising again at 350-400 cm and tailing off towards the

top of the core.

The third mineralogical parameter used, IRM-100/SIRM (100 backfield ratio) seems
to alternate between high values of near zero and low values of around -0.6.
There is a large decrease in the ratio between 1350 and ~1050 cm and then
again between 1050 and 750cm, 750 and 450 cm and finally from 450 cm to the
top of the core. This suggests the alternation between a higher coercivity signal
(the highest points, ~1350, ~1050, ~750 and ~450) and a lower coercivity
signal (the lowest points, ~1200, ~900, ~500 and ~150). However, values never

rise above 0, and a more magnetite-like signal is implied throughout.
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The parameter of SIRM/y suggests there is a dominant magnetite signature with
grain size variations at 1059 - 1331 cm (smaller), 815-929 cm (larger) and
617cm (smaller). The large peak in SIRM/y at 490-590 cm does potentially creep
into the range for haematite. The grain size parameters of SIRM/ARM and
SIRM/yam show a large decrease over 1339 - 1059 cm indicating finer magnetic
grains and peaks at 900-933 cm, 841-877 cm, 670-747 cm and 493-580 cm
demonstrating coarser grains. Three peaks of larger grains are also found above
400 cm depth, at 363 cm, 285 cm, and 183 cm.

Summary
The base of the core shows some very interesting magnetic characteristics, which

are only matched by a few results occurring at the top of the core. Between
1321 - 1059 cm there are significant declines in both grain size and
concentration, which are similar characteristics to those found during the
Holocene in OMEX 2K. This, therefore, is proposed to represent the last
interglacial, Marine Isotope Stage 5e. There appears to be larger drops in
magnetic concentration and grain size below 1321 cm depth than above 280 cm
(the Holocene in MD01-2461). Kandiano et al., (2004) state that during MIS 5e,
sea surface temperatures were up to 2°C warmer than during the Holocene, and
had a significant impact on the oceanography of the North Atlantic by influencing
the THC. It is suggested that this temperature difference is the cause of the

differing interglacial magnetic signals between the Holocene and MIS 5e.

At ~950 cm there are increases in concentration, grain size and the presence of
high coercivity minerals (such as haematite). IRD analysis by V. Peck shows this to
be Ash Zone Il (Peck, unpublished).

Between 900-940 cm depth, there is a small increase in magnetic concentration,
along with rises in grain size and the concentration of low coercivity minerals.
These characteristics are consistent with those of Heinrich Events (see discussion
for OMEX 2K), and using the placing of AZIl and H4, it is possible to label this
feature as Heinrich Layer 5. H4 (840-880 cm) has a peak in magnetic
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concentration and grain size, and there are increases in both hard and soft
magnetic minerals due to the sharp overall increase of minerals, although the low
coercivity mineral increase is prolonged relative to the high coercivity increase,

spanning a further 18 cm.

At 670-740 cm there are smaller increases in all the same characteristics, namely
concentration, grain size, soft and hard minerals. These are not of the same
magnitude as those seen in H2 or H4, but are clearly present. This is potentially
Heinrich Layer 3. H3 is documented as displaying a number of different

characteristics relative to the other HLs (Grousset et al,, 1993).

H2 spans the depths 490-580 cm. It has a small yr peak at 575 cm, but two in
SIRM at 575 cm and 499-533 cm suggesting an overall double peak in
concentration, similar to that found in the onboard susceptibility measurements.
There are also two significant increases in grain size at corresponding depths and
two peaks in ferrimagnetic mineral concentration. There is also a decrease in high
coercivity magnetic minerals, which rise slowly towards the end of the HL and
peak at 475 cm. In contrast to this, the SIRM/y record has values over 50 at H2,

possibly suggesting the presence of haematite.

Above 400cm, there is quite a detailed record, involving a general decrease in
magnetic grain size, with peaks occurring at 363 cm, 285 cm, and 183 cm and a
decline at 339cm. Overall, there is a constant background concentration of
magnetic minerals, with peaks again occurring at 363 cm, 339 cm, and 285 cm.
There are increases in ferrimagnetic minerals at 363 c¢cm, 285 cm, and 229 cm
with peaks of canted antiferromagnetic minerals at 377 cm and 339 cm. It is
suggested that 363 cm corresponds to H1, and 285cm as the YD, with sediments

above this representing the Holocene.

At the base of the core the magnetic data begin during glacial conditions prior to
the onset of MIS 5e. It is therefore suggested that the analysed section of MDO1-
2461 dates back to MIS 6, a glacial stadial. The chronology discussed in Section
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5.4.1 does not maintain its precision at this depth, so this conclusion is

speculative.

IRM Acquisition Curves

IRM acquisition curves for the backfield measurements were drawn and compared
to the “standard” curves from Walden, 1999 (Fig. 5.28), as well as the
acquisition curves for OMEX 2K. It appears that MD01-2461 is dominated by low
coercivity mineral behaviour. As with the OMEX 2K curves, the sample that

saturates the earliest is a peak HE sample, in this case H4.

Magnetotactic Bacteria

As discussed earlier (Section 5.2), it is essential to eliminate, or account for the
presence of magnetotactic bacteria within a sediment. Again, the most
appropriate parameters for MD0O1-2461 are ARM/SIRM, yam/y and yam/7td, as they
are measured during routine magnetic analysis. Oldfield, (1994) suggests that
values of yam/y >40 and yam/yta >1 are representative of bacterial magnetite.
ARM/SIRM values of between 0.15 - 0.25 kAm™ are indicative of MTB (Moskowitz
et al., 1993).

Figs. 5.30a & b show the graphs of yam/y versus yam/y and ARM/SIRM against
depth, respectively. Both graphs clearly show the MDO1-2461 material falling
below the area attributed to MTB, with the exception of a few interglacial samples
on the ARM/SIRM plot. On the basis of Fig. 5.30, it can be inferred that organic
magnetic minerals contribute minimally to the sediments on the Celtic Margin,

particularly during the glacial cycles.

Greigite

As discussed in the Section 4.5, for this study, the parameters appropriate to
assessing the contribution of greigite to the sediments in MD01-2461 are the
magnetic ratios of SIRM/y, ARM-0o/ARM and IRM-100/SIRM, all of which were
measured during the routine magnetic analysis of the samples. For MD01-2461,

the analysis of the loss of susceptibility is not likely to be diagnostic, as only 1
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Fig. 5.29: Acquisition curve for MDO1-2461. Only backfields were
used during this analysis, and so only the one "standard" example
can be used. However, it still suggests that MD01-2461 is
dominated by ferrimagnetic material. The purple line is an H4
sample.
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Flg. 5.30: a) graph of yarm/Xx Versus xarmfxtd used for the identification of magnetotactic
bacteria. Oldfield (1992) states that any bacterial magnetic material should plot with yarm/x
values of >40 and xam/xiq values of > 1 (dashed lines). This is not the case for the MDO1-
2461 sediments. b) graph of ARM/SIRM for MD01-2461, used as an indication for the
presence of magnetotactic bacteria. Values for MD01-2461 only appear to reach the levels
for magnetotactic bacteria during the last interglacial, MIS 5e.

223



IRM.100/SIRM

a) SIRM/y, b) ARM_40/ARM

0 50 100 O 0.5 1
0 . : — )
1
!

—3

200

400+

600

800

Depth (cm)

1000+
1200

14004

e

}
1
0.45

1600°

Fig. 5.31: a) Down-core plot of SIRM/y, for MD01-2461 used for the
assessment for the presence of gregite. Values should fall >70
kAmZ2. b) Down-core plot of ARM_40/ARM. Values of greigite fall
within the range 0.45-0.85.
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Fig. 5.32: a) Plot of ARM_4,.ARM versus IRM.;q0/IRM1g00. used by Peters &
Thompson, 1998) for the differentiation of magnetic minerals. b) Plot of ARM,
40/ARM versus IRM;q00/x also used by Peters & Thompson (1998) for the
idenfication of greigite.
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year had elapsed between the separate susceptibility measurements. This makes
the likelihood of any obvious changes very low. In addition, the saturation
properties are unavailable for analysis, as only backfield measurements were made
with MD01-2461.

SIRM/y ratios above 70 kAm™ coupled with ARM-«o/ARM values between 0.45-
0.85 are indicative of the presence of greigite. Fig. 5.31a & b shows down-core
plots of these two ratios. The ratio of SIRM/y suggests only a limited presence of
greigite, as the only samples to fall within the appropriate values are at the H2
area. As discussed earlier, H2 has significantly lower yr values than expected when
compared to the onboard trace, which will disproportionally increase SIRM/y
ratios. As the ratios in this section of the core are so much larger than elsewhere,
it is suggested that yr measurements are the cause, rather than presence of
greigite. The plot of ARM-s0/ARM, however, shows several areas within appropriate
ranges for greigite, such as the Holocene, the last interglacial (MIS 5e) and
occasional samples within MIS 6. Although, as these are not coupled with SIRM/y
ratios of >70 kAm™' a minimal presence of greigite within MD0O1-2451 is implied.
Additionally, as these samples are outwith the main areas of interest to this
study, which are the HLs and the last glacial stage, they will not be included in

further analysis and discussion.

Biplots used by Peters & Thompson, (1998) to provide a single method with
which to distinguish between various magnetic minerals were also generated for
MDO01-2461 (Fig. 5.32a & b). The plot of ARM-s0/ARM versus SIRM/y shows the
MDO01-2461 material falling within the magnetite, titanomagnetite and greigite
region, as expected. The plot of ARM-«0/ARM versus IRM-100/SIRM, however, does
show a few samples that fall within the envelope of likely gregite behaviour. These
samples are from below 1100 cm depth, and therefore fall into the last
interglacial cycle (MIS 5e). Based on this analysis greigite has little influence in
MDO1-2461 sediments. Any greigite that may be present is found below 1100

cm, (MIS 5e), and therefore not of any great concern in this study.
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Biplots

Fig. 5.33 and Appendix 1b shows the biplots for MDO1-2461. The same graphs
proved helpful in diagnosing potential LIS samples within OMEX 2K. In the case of
MDO01-2461, some of the finer details are not as obvious as in OMEX 2K, due to
the larger quantity of samples used, and the slightly lower resolution analysis
(ever 2 cm as opposed to every 1 cm). However, similar patterns are found. The
temporal units selected for MDO1-2461 are presented in Table 5.6, and are based

on the chronology discussed in Section 5.4.1.

Kruskal-Wallis tests were also performed on each of the temporal groups in Table
5.6 for each of the magnetic parameters, to test if there is any statistically
significant difference between the magnetic characteristics of the separate
groups. For each of the parameters discussed in Section 5.2.1, the Kruskal-Wallis
tests returned a P-value of 0.000, which means that the null hypothesis of no
significant difference must be rejected. Therefore, statistically speaking, there are
differences in the magnetic characteristics between all the temporal groups
shown in Table 5.6. The Kruskal-Wallis tests can be found in Appendix 2ciii (Pg-
348-349).

Several samples, mainly from H4 and HS, display particularly large concentrations
of magnetic minerals and larger grains sizes (Fig. 5.33). They also have higher
magnetite contents, compared with other samples within H4 and H5. These are
similar to the potential LIS samples found in OMEX 2K (Table 5.5), and therefore
these samples are probably also LIS in origin. Samples from the H2 section of the
core also display some distinctive characteristics, especially in the grain size ratios
of SIRM/yx and SIRM/y=m and very low IRM-100/SIRM values. As discussed earlier in
this section, the low yr values measured in this study have an impact on ratios
involving the H2 samples and result in some of these characteristics. The causes
of these features, are as yet not understood, however, more detailed analysis of
the H2 section of MD01-2461 discussed later in the chapter may resolve some of

the issues.
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Table 5.6: The Division of MD01-2461 into temporal units.

Group Depth (cm) Age (kyr BP)
Holocene 121 -185 39 -84
Younger Dryas 186 - 227 8.45 - 11.5
H1 243 - 27 12.7 - 147
H2 487 - 555

H2 (PE) 565 - 597 271.7 - 28.4
H3 673 - 739 30.3 - 327
H4 837 - 87 38.6 - 41.7

H4 (PE) 873 - 899 419 - 446
H5 901 - 919 448 - 47.0
Ash Zone Il 945 - 955 50.4 - 51.8
MIS 5e 1097 -
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Fig. 5.34: Whole-core plots of: a) k¥ versus karm and b) xamm/x versus Sgloemendal) for
MD01-2461. In comparison to the discussion in Bloemendal et al, 1992 and the diagrams
taken from that paper (Fig. 5.18), these data suggests a relatively intermittent flux of
carbonate-rich sediments from more than one source, or by more than one transport
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As with the OMEX 2K data, graphs of kx versus kam and kam/x VErsus Sicemendal)
were used to assess the material type within MDO1-2461 and to attempt to
determine variation in provenance mechanisms (Figs. 5.34a & b and 5.35a & b).
Fig. 5.34a shows the plot of x versus kam for the whole core, and indicates that
the sediments in MD0O1-2461 are comprised of carbonate rich material. This is

expected given its proximity to OMEX 2K.

Using the temporal units identified for MD01-2461 (Table 5.6), similar patterns
are found to those for OMEX 2K (Fig. 5.35a). The Holocene and MIS 5e have
widely disfributed groups with the lowest « values, suggesting that carbonate flux
to the Celtic margin was sporadic during interglacial periods, when using the
interpretation form Bloemendal et al, (1992; Section 5.2.1). All the other core
sections appear to be tightly grouped not only within the sections, but also with
each other. The exceptions are H4 and H5. The samples with the highest « values,

plotting away from the main cluster, are from H4.

Fig. 5.34b and Fig. 5.35b show the graphs of xam/x versus Siemenday for the
whole-core MD01-2461, and the temporal groups. As with OMEX 2K, there is a
broad distribution of samples, though the Saemenday Values are significantly lower
for MDO1-2461 (see discussion at the beginning of Section 5.4.2). The Holocene
and MIS 5e form one end of the distribution, with H2 and H4 samples making up
the other end. The rest of the material is grouped in the centre, with higher
Seicemendaty Values. Despite very different Seiemenda) values, based upon the ideas of
Bloemendal et al, (1992), the interpretation of the graphs is the same as in
Section 5.2, i.e. the interglacial material has one transport mechanism, whereas
the ambient sediments, along with some of the HE material, have another. The

remaining HE samples belonging to a third provenance area or transport pathway.
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5.4.3 Environmental Interpretation of MD01-2461

As with the pilot study on OMEX 2K, the main purpose of the research described
above is to assess the ability of environmental magnetic measurements to
identify and characterise the sediment contained within Heinrich Layers, to build
on the information revealed by OMEX 2K, and to extend it into HEs not found in
OMEX 2K. The interpretation of MD01-2461 will follow the same format as that
for OMEX 2K, discussing any non-magnetic data available and comparing it to the
magnetic data, before proposing provenance for the material, and sequencing of

the events.

The Heinrich Events

The only non-magnetic data currently available are the IRD counts of grains >150
um per gram of sediment calculated by Vicky Peck (see Section 4.1 & Fig. 4.4).
Whilst this does not provide the detailed information on specific grain types as
available in Section 5.2 and 5.3 it does provide a detailed picture of periods of

increased ice-rafting.

As yet, the IRD counts have only been performed down to 10 m depth (Fig. 4.4 &
5.28), however, as this depth encompasses all the HEs known to be present in
MDO01-2461 it is sufficient for the present analysis. Large pulses of IRD can been
seen at 946-954 cm, 852 cm, 570 ¢cm, and 517 cm. Smaller, but still prominent
peaks are found at 908 cm, 864-880 cm, 690 cm, 436 cm, 304 cm, 236 cm and
196 cm. The chronology for MD0O1-2461 indicates the large peaks at 946-954
cm and 852 cm to be Ash Zone 2 (AZIl) and H4 respecitvely, with a possible H4
precursor event at 864-880 cm. The smaller peaks in IRD at 908 cm and 690cm
are likely to be H5 and H3, with the larger peaks at 570 cm and 517 c¢m being H2
and its possible precursor. The intermediate peaks at 436 cm, 604 cm, 236 cm
and 196 cm are un-identified as yet although it is probable that one of them is

H1, and another, the YD.
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Comparison of magnetic and non-magnetic data

During the onset to H4, there is an increase in IRD at ¢. 880cm depth, though no
rise is seen in yr until 859 cm, which is accompanied by a further rise in IRD
concentration. This applies to all the magnetic properties, suggesting that the
initial input of IRD is somewhat different in composition to the material deposited
from 859 cm upwards. The HE magnetic characteristics tail off after the peak at
853 cm, however the IRD concentration appears to drop much more rapidly. A
summary diagram for this, plus the data for H2, H3 and H5 can be found on Fig.
5.36.

The IRD and magnetic parameters seem to operate in tandem during H5, with the
build up to, and reduction from peak HE characteristics and IRD concentratnio
occurring simultaneously. This is also the case during H3, however the magnetic
characteristics and actual IRD concentration during this HE is different from the
others. The IRD concentration is approximately one third of that during H4,
though spread over a similar interval (the chronology suggests a larger timespan
for H3), the susceptibility is also much lower, but still above ambient levels.
Increases in both low and high coercivity minerals are seen on comparable levels,
suggesting that the IRD is not dominated by a single mineral type. A slight

coarsening of the magnetic grain size is also present.

In contrast, H2 follows that same pattern as H4, with a build up of IRD prior to the
magnetic parameters that characterise HEs, recording peak conditions at 517 cm
depth and then tailing off of ambient levels. The major difference with H2,
however, is the lack of any y peak coinciding with the IRD maxima and other HE
magnetic characteristics, although the increase in other concentration dependent
parameters (e.g. SIRM) does indicate a rise in magnetic concentration. This low in
x could be due to sampling or measurement errors, and will be examined further

later during more detailed analysis of H2.

This, along with the slightly lower resolution of the data for MD01-2461

compared with OMEX 2K and the coarse chronology, makes it difficult to discuss
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the exact phasing of events within the MD01-2461 HEs. However, it does appear
possible to that during H2, H4 and H5 a similar sequence of events to those in
OMEX 2K occurs, and that a dominant EIS IRD signal is obscured or diluted by an
input of LIS material during peak HE conditions, and then a reduction of LIS input
and renewed dominance of to EIS material. H3, however, does not appear to
contain LIS material, and there is not an obvious peak event. It is, therefore,
suggested that H3 is characteristic of a prolonged input of EIS IRD. Table 5.7
attempts to separate the HEs within MD01-2461 into LIS and EIS dominated
samples, analoguous to Table 5.5 for OMEX 2K.

As with OMEX 2K, Mann Whitney U tests were also performed on the separate LIS
and EIS samples in Table 5.7, to test for any statistical difference between the
two populations. For the H2 subsets, the Mann Whitney U tests for all the
parameters except SIRM, SIRM/y, Soft IRM, SIRM/ARM and SIRM/yam returned a P-
value of > 0.05, therefore the null hypothesis of no difference between the HL
subsets cannot be rejected, and there is no statistical difference between the two
subsets for these particular parameters. For SIRM, SIRM/yx, SIRM/ARM and
SIRM/yam, however, this null hypothesis can be rejected, confirming that they are
statistically different populations. The Mann Whitney U tests can be found in
Appendix 2civ (Pg 350). It is suggested that the acknowledged issues
surrounding H2 discussed in the sections above, along with the indecision of

provenance in Table 5.7, will have contributed something to these results.

For H4, the tests for all the parameters except yam, Hard IRM, SIRM/x and IRM-
100/SIRM returned a P-value of <0.05, therefore the null hypothesis of no
difference between the HL subsets can be rejected, confirming that they are
statistically different populations. For yam, Hard IRM, SIRM/y and IRM-100/SIRM,
however, this null hypothesis cannot be rejected, and it must be said that there is
no statistical difference between the two subsets for these particular parameters.

The tests can be found in Appendix 2civ (Pg 351).

Mann Whitney U tests have not been performed for H5, as there should be at
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least 4 observations in each population. Two samples have a possible LIS

provenance (Table 5.7).

Factor Analysis

Fig. 5.37 shows the results of the factor analysis for MD01-2461, the key is the
sane as the previous MD01-2461 plots to make sample identification easier. Two
H4 samples plot on their own on the bottom of the graph, with four more lying
between them and the remaining samples, which are identified as the potential LIS
samples discussed in Section 5.4.3 and Table 5.7. The rest of the core also shows
some interesting clustering within the large group towards the top left of the
plot. The ambient glacial sediments and Stage 6, with higher loadings on factor 2
lie towards the top, whereas the Holocene and Stage Se plot towards the right,
with higher factor 1 loadings. H1 and H3 cluster tightly near the ambient
sediments, with high factor loadings of almost 0. H1 and H3, as noted in previous
discussions, do not appear to show any extreme LIS-type characteristics which
possibly results in this tight clustering. The remaining HE samples from H2, H5
and some H2 and H4 precursor samples plot on the left with low loadings on
factor 1, and are more widely distributed than either H1 or H3. The LIS samples
are the only samples to show any significant change with the two factors, and as
with OMEX 2K, are positioned close to the concentration-dependent parameters
such as yr but away from xam, confirming their high concentrations of magnetic

minerals but suggesting they are dominated by coarser magnetic grain sizes.
The factor analysis for MDO1-2461 appears to support the earlier interpretation

of a separate LIS input during the peak HE events which contributes to the very

high magnetic concentrations and large magnetic grain size.
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Table 5.7: The magnetic characteristics of the MD01-2461 HEs and their
probable source areas.

HL sample Magnetic Characteristics Potential
(by depth) Provenance
H2 — 48710499 Low concentration (SIRM), high coercivity mineralogy European
(Hard IRM, Soft IRM)
50110 513 Increasing concentration (SIRM), increasing in low coercivity European
minerals (Soft IRM, Hard IRM)
51310 517 Higher concentration (SIRM), softer mineralogy (Soft IRM) Laurentide
51710 519 Peak HE conditions; high concentration (SIRM), coarser Laurentide
grain size (x,,/x, SIRM/ARM) and lower coercivity
mineralogy (Soft IRM)
521 & 523 Slight decrease in concentration (SIRM) and softer minerals
(Soft IRM)
52510 529 Return to peak conditions; high concentration (SIRM), Laurentide
finer grain size (SIRM/ARM, xarm/x) and lower coercivity
mineralogy (Soft IRM)
53110 547 Decreasing concentraion (SIRM) and lower coercivity European
minerals (Soft IRM)
549 to 555 Low concentration (SIRM), higher coervicity mineralogy European
(Soft IRM, Hard IRM)
H4 - 837 to 845 Low concentration (¥, SIRM), finer grain size (  %am/X European
SIRM/%.arm). hard mineralogy (100 backfield ratio)
847 to 851 Higher concentration (X, SIRM), coarsening grain size Laurentide
Xarm/X> SIRM/ARM, SIRM/%,r, ). SOfter mineralogy
(100 backfield ratio)
853 Peak conditions; very high concentration{ %, SIRM), coarse Laurentide
grain size (/. SIRM/ARM, SIRM/%,m,)
855 to 857 Higher concentration ( X, SIRM), coarsening grain size Laurentide
(Larm/ X SIRM/ARM, SIRM/7(, ), lower coercivity mineralogy
(Hard IRM, Soft IRM)
85910 871 Low concentration (y, SIRM), finer grain size ( %, /1 European
SIRM/%arm, SIRM/ARM), harder mineralogy (100 backfield ratio)
H5 - 901 & 903 Low concentration (y, SIRM), slightly finer grainsize (  x,,n/x European
SIRMAtarm. SIRM/ARM)
905 to 907 Increasing concentration { x, SIRM), coarsening grain size European
(arm/Xs SIRM/ARM, SIRM/ ), rise in low coercivity
minerals {Soft IRM)
909 & 911 Peak conditions; high concentration { y, SIRM), coarse grain size Laurentide
(arm/ X SIRM/ARM, SIRM/%3r), soft mineralogy (Soft IRM)
91310 915 Decreasing ¢ oncentration (x, SIRM), decreasing grain size European
(Xam/ % SIRM/ARM, SIRM/X,,), higher coercivity mineralogy
(Soft IRM)
91710 919 Low concentration (y, SIRM), finer grain size (Xam/x . SIRM/ARM, European

SIRM/%arm )
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Fig. 5.36: Synophsis of data from H2, H3, H4 and H5 from MD01-2461.
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Other aspects of MDO1-2461

Ash Zone Il was identified by V. Peck during the initial IRD analysis at 950 cm
depth and is represented in the lithic grain count by a large peak comparable in
size to H4. The magnetic characteristics at this point of the core display a slight
increase in magnetic concentration of both high and low coercivity minerals and
an increase in magnetic grain size. This signal is different to the tephra signature
noted in OMEX 2K, which has a very low magnetic grain size. There could be
several reasons for this, including different concentrations and types of tephra,

and a different background matrix of sediment.

The Younger Dryas within MD01-2461 (285 cm depth) demonstrates a slight
increase in magnetic concentration and grain size. The dominant minerals present
appear to be of higher coercivity mineraolgy. The biplots place the YD signature
between the interglacial sediments and the Heinrich Event material, and are
supported by the graphs taken from Bloemendal et al, (1992)(Figs. 5.34 &
5.35).

The Holocene is characterised by an overall decrease in magnetic concentration,
though the minerals present seem to be dominated by ferrimagnets. Magnetic
grain size also decreases through the Holocene, though there are two abrupt and
rapid pulses of coarser-grained material at 141 ¢cm and 183 cm depth. The biplots
show the Holocene to have a totally different signature to the glacial component
of MD01-2461, and appears to operate a much less efficient transport system to
those during the glacial stadial. The section of the core thought to span MIS Se
shows similar characteristic to the Holocene, though the increases and decreases
are much bigger. Kandiano et al, (2004) have established that temperatures in
MIS 5e were up to 2°C warmer than during the Holocene. These differences would
have had an effect on ocean circulation and the THC, which could be a cause for
the enhanced Holocene-like magnetic signal. While this is interesting in its own
right, the cause for these differences are not central to the aims of this thesis

and will, therefore, not be considered further.
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5.4.4 Comparison to OMEX 2K

Comparisons between the magnetic results and environmental interpretation of
OMEX 2K and MD01-2461 can be made to help assess how successful the method
has been in addressing the aims set out in Section 1.3. The provenance of the
various sections of the cores are compared, as are the sequencing of the different

inputs of material.

The Heinrich Events

OMEX 2K detailed a magnetic signature of a high concentration, large magnetic
grain size and dominant ferrimagnetic minerals for the Heinrich Events. This is
supported by the magnetic results from MD01-2461, though there is some
disparity surrounding H2 when using y. Statistically different groupings were also
found within the HE sediments of both OMEX 2K and MDO1-2461, suggesting
more than one sediment source has contributed to the HL material. When
examined with petrological data, these groupings were found to represent
different pulses of sediment to those from the Celtic margin, creating a three-
stepped structure to the HLs. An increase in European-sourced material was
found at the onset of the HEs, which was either diluted, or completely replaced by
Laurentide sediments before a second European input of material was discussed
towards the end of the events. These patterns were also found during H2, H4,
H5, and to some extent in H3 in MD01-2461, however because of the lack of
detailed mineralogical data for MDO1-2461, there is no non-magnetic confirmation
that the steps are due to different lithologies, as was demonstrated for OMEX 2K.
Acknowledging that fact, it does seem possible to identify sediments of different

provenance within the HLs using magnetic methods alone.

Non-Heinrich Event ambient marine glacial sediments also appear to have a
diagnostic signature. Both OMEX 2K and MDO1-2461 display parameters of similar
magnitudes, showing constantly low magnetic concentrations, a higher coercivity
mineralogy and a grain size that is neither particularly fine nor coarse. It must be

noted, following the discussion on the differing absolute values between OMEX 2K
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and MDO1-2461 (Section 5.4.2), that the similarity mentioned here is only seen
within the ambient glacial sediments themselves and does not apply to the HEs or
the interglacial/Holocene samples. The ambient glacial signal is not only shown
between the two cores, but also within a core; the lowest section of MD01-2461
shows a return to the kinds of values discussed above suggesting that the record
spans back to MIS 6.

The Younger Dryas and the Holocene can alse be compared between the cores.
The YD appears less consistent in magnitude between the cores in some
parameters (IRM-100/SIRM, Soft IRM, for example), however the values still fall
between the HE and Holocene sediments. The Holocene itself displays a contrast
to the sediments previously discussed, as there is a significant decrease in the
size of magnetic minerals along with an overall decrease in concentration and the
reemergence of dominant low coercivity minerals. This pattern is also seen during
what is thought to be MIS 5e in MD01-2461. The changes are greater (i.e. there
is an even smaller concentration and a finer grain-size) than in the Holocene,

which could be a reflection of a slightly warmer climate.

5.5 Zooming in on the Heinrich Events: H2 and H4

In order to provide a more detailed examination of possible IRD provenance
variation, it was decided to focus on H2 and H4 (as ‘typical’ HEs) from MDO1-
2461 and study them at 1 cm resolution. These HLs were selected as they were
easily identifiable in the core, and because detailed work had been done on HZ
and H4 in other cores by various workers (e.g. Gwiazda et al, 1996a; Cortijo et
al, 1997; Vidal et al, 1997; Hemming et al, 1998; Benson et al., 2003). Also,
due to the discrepancy in yr at H2 between the onboard data and the measured
data from this study, it was thought that a closer examination of H2 was required.
The previously employed methods were performed (Section 5.4.2), though much
of the data analysis was refined to reproduce, using the same approach as
successfully applied in studying OMEX 2K and MD01-2461 (Sections 5.2 & 5.4.2).
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5.5.1 H2 Magnetic Analysis

Down-core profiles

The close-up magnetic picture of H2 is more complex than the original whole-core
analysis would suggest (Fig. 5.38). The susceptibility trace shows a larger peak at
520 - 530 cm depth than the one at 576 cm, whereas in the whole MD01-2461
record, no peak is present at 520-530 cm. The >150 pym IRD plot (Fig. 4.4 &
5.38; picked at a 2 cm resolution) has peaks corresponding to both the 520-530
cm and 570 cm susceptibility maxima. SIRM is also indicative of concentration,
and demonstrates peaks at 522 cm, 528 cm, 530 cm, 576-577 cm and 588 cm.

The rest of the magnetic data also show some interesting results. xam displays
several peaks, demonstrating an increase in smaller ferrimagnetic grain sizes.
These are found at 522 cm, 528 cm, 530 cm and 576-577 cm. Minima in yam are
found at 506 cm and 541 cm, possibly indicating the presence of larger
ferrimagnetic grains. The xam minima previously discussed in the chapter, have
been associated with susceptibility peaks. In H2 however, this does not seem to
be the case. Soft IRM also increases dramatically at 522 cm, 528-530 cm and
576-577 cm, as well as at 588 cm; there are smaller rises at 508 cm, 542 cm

and 557 cm.

Hard IRM decreases at several of the points at which Soft IRM increases: notably
at 508 cm, 527-532 cm and 541 cm. However, it also increases at 540 cm and
576-577 cm, suggesting an overall increase in magnetic grains, not just of a
single mineral. This is supported by the overall increase found in the xr record.
The IRM-100/SIRM ratio is sensitive to the changes in relative concentrations in
haematite and magnetite. There are significant declines in the ratio at 513 cm,
522 cm, 526-533 cm and 588 cm, along with smaller ones at 558 cm and 277

cm. This is indicative of decreasing haematite presence and increasing magnetite.
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The grain size parameters of SIRM/y, yam/y, and SIRM/3am however, are not in such
agreement. SIRM/y displays generally low values (i.e. <40), suggesting the
dominance of softer magnetic minerals, however there is a substantial drop at
526-533 cm, a small one at 522 cm (increases in grain size) and two peaks at
577 cm and 588 cm (decreases in grain size). SIRM/yam shows very little variation
except for three peaks at 577 cm, 588 cm and 522 cm. These ratios suggest an
increase in grain size at these depths. yam/y displays two peaks at 493 cm and
549-553 cm, with a series of somewhat higher values at 518 cm, 525 cm, 540
cm, 563 cm, 571 cm and 585 cm, which are representative of fine ferrimagnetic
grains. There are also decreases in yam/y at 522 cm, 526-533 cm, 567 cm, and
576 cm, which are indicative of coarser ferrimagnetic grains, and in agreement
with the SIRM/y record. All three of the above ratios show a coarsening of
magnetic grain size around the main H2 peak, as with OMEX 2K, even if xam does

not.

Summary
There are three major increases in magnetic concentration, at 576-577 cm, 526-

533 cm and 522 cm and smaller rises at 588 cm, 567 cm and 557 cm.
Mineralogically, these appear to be consistent with an increase in lower coercivity,
softer magnetic minerals like magnetite, and a decrease in harder minerals such as
haematite. The sole exception to this is at 576-577 cm depths, where an increase
in both mineralogy types is seen. In terms of magnetic grain size, the pattern is a
little more complicated. The parameters SIRM/y and yam/7y agree that 522 cm and
526-533 cm have an increased grain size, whilst yam suggests a higher
concentration of SD grains, therefore a smaller overall size. xam/y also indicates -
that the high concentration peaks at 588 cm, 576-577 cm, and 567 cm have
larger grain sizes, which is supported at 588 cm, 576-577 cm and 522 cm by
SIRM/yam. Again, xam is not consistant. Overall, the grain size parameters suggest

a coarse grain size at 522 cm, 526-533 c¢cm, and 588 cm.
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Magnetotactic Bacteria and Greigite

The plots in Figs. 5.30, 5.31 & 5.32 for the analysis of magnetotactic bacteria
and diagenetic greigite in core MD01-2461 have shown that there is little
influential presence of either. Therefore, it was decided unnecessary to repeat the
procedures for H2 and H4. However, given the very different yr measurements
obtained on the discrete H2 samples compared with the whole-core data, the
most diagnostic graphs were re-drawn for H2 to check the robustness of the
previous interpretations. The graphs were yam/y versus yamv/yt from Oldfield,
(1992) for the detection of MTB, and the two graphs from Peters & Thompson,
(1998) (ARM-s0/ARM versus SIRM/y and ARM-10/ARM versus IRM-100/SIRM), for the
detection of greigite (Figs. 5.39 & 5.40). No differences were seen in the new
greigite plots, but as they are not affected by susceptibility, this was to be
expected. The MTB graph, however, plots at significantly lower values than the
whole-core data, but as this does not put the sediment into the range of MTB,

any effect can safely be discounted.

Therefore, based on the information above, and that discussed in Section 5.4.2, it
can be assumed that MTB and digenetic greigite do not influence the magnetic

characteristics of the H2 and H4 material from MD0O1-2461.

Biplots
Fig. 5.41 shows the biplots drawn for the H2 section of MD01-2461. They

replicate the plots in Fig. 5.17 for OMEX 2K and Fig. 5.33 for MD01-2461, as

these have proven to be most diagnostic of provenance in this study.

The plots display significant variations in sediment characteristics within H2. Five
specific samples (527-530 cm) show a much higher concentration than the rest,
along with a large grain size and dominant low coercivity mineralogy. Other
samples also show distinctive behaviour: 508 cm displays a significantly low
coercivity mineralogy but no increase in general concentration, 522 cm has a high
concentration of magnetite-type material without the increased grain size seen at

527-530 cm, 588 cm displays coarse grains of low coercivity mineralogy but no
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overall increase in concentration, and 576-577 cm shows an increase in
concentration with no other obvious magnetic traits. Using the interpretation
discussed in Sections 5.2 and 5.4.2, it is suggested that the material at 527-530
cm originates from North America, whilst the rest of H2 is European-sourced
sediment. Within this European material however, further variations are seen in
the magnetic data, such as the high concentration at 576-577 cm and 522 cm.
Without access to petrological data or an accurate age chronology, as yet, it is
difficult to assess whether these differences are due to sediment type, or simply
inputs from varying sections of the European Ice Sheets or ice streams. However,
following suggestions by Scourse et al., (2000), and the extent of the BIS during
the LGM described by Hall & McCave, (1998b), it is speculated that the first pulse
of material (576-577 cm) is what has been called the H2 “precursor” in OMEX 2K,
whilst the second input (522 cm) corresponds to the post H2 chalk deposition
noted during the OMEX 2K detailed mineralogical analysis (Furze. Pers. Comm.
2003)(Fig. 5.5). The differences are possibly due to deposition by different ice
streams or outwash channels flowing from the BIS as depicted by Hall & McCave,
(1998b) and Scourse et al, (2000). It is reiterated that, without further

petrological data these are tentative speculations.

5.5.2 Environmental Interpretation

The higher resolution magnetic analysis of the H2 subset from MD01-2461
appears to resolve some of the issues raised during the whole-core work. Firstly, a
susceptibility trace more comparable to the onboard data is seen with a double
peak at c. 530 cm depth. This means that some of the inter-parametric ratios,
such as yam/y and SIRM/y, are also brought into line with values seen in the other
HEs and OMEX 2K. In addition, this more detailed analysis has enabled a more
confident identification of the possible provenance of selected samples through
H2 and, in particular, the identification of samples displaying magnetic properties

characteristic of an LIS source.
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Table 5.8: The magnetic characteristics of the H2 section of core MD01-2461 and its probable source

areas.

HL sample Magnetic Characteristics Potential

{by depth) Provenance

490 to 521 Low concentration (x. SIRM), varying grain size, however remains relatively European
fine in comparison to peak HE grain size (x,. /2. SIRM/y), higher coercivity
mineratogy (Hard {RM, Soft IRM)

522 Relatively high concentration (¢, SIRM), slight coarsening of grain size Other source?
{X a2 low coercivity mineralogy {Soft IRM, 100 backfield ratic)

52310526 Low concentration {y, SIRM), fine grain size (SIRM/y, x,,../x), relatively hard European
mineralogy {Hard IRM, Soft IRM, 100 backfield ratio)

527 Higher concentration {y, SIRM), coarser grain size (SIRM/x, %,,../x). softer Laurentide
mineralogy {Soft IRM, Hard 1RM, 100 backield ratio)

52810530 Peak HE conditions; high concentration {y, SIRM), coarser grain size Laurentide
(o’ 2 SIRMA2) and fower coercivity mineralogy (Hard IRM, Soft IRM,
100 backfield ratio)

531 Higher concentration (y, SIRM), coarser grain size (SIRM/1. %,,,./%), Laurentide
softer mineralogy {Soft IRM, Hard IRM, 100 backield ratio)

53210575 Low concentration (y, SIRM), varying grain size, however remains relatively European
fine in comparison to peak HE grain size {x,,../x, SIRM/), higher coercivity
mineralogy (Hard IRM, Soft IRM)

576 &577 Relatively high concentration (3, SIRM), coarsening of grain size (all Other source?
parameters), increase in high and low coercivity minerals (Soft IRM,
Hard IRM)

57910587 Low concentration (i, SIRM), finer grain size (¢, /¢, SIRM/y), high European

coerdivity mineralogy (all parameters)
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Table 5.9: The magnetic characteristics of the H4 section of core MD01-2461 and its probable source

areas.
HL sample Magnetic Characteristics Potential
{by depth) Provenance
83710 845 Low concentration (y, SIRM), finer grain size (x,,,,/x, SIRM/x, ). hard European
mineralogy (100 backfield ratio)
846 to 848 Slightly higher concentration (x), fine grain size (x,, .. SIRM/ARM), relatively European with the
hard minetalogy (100 backfield ration, Hard IRM) imroduction of
Laurentide matenial
849 to 851 Higher concentration (y, SIRM), coarsening grain size (y,/x. SIRM/ARM, Laurentide
SIRM/x,,...), softer mineralogy (100 backfield ratio}
852 & 853 Peak conditions; very high concentration [y, SIRM), coarse grain size Laurentide
/%o SIRM/ARM, SIRMY,.,.)
854 & 855 Higher concentration {x, SIRM), coarsening grain size (y_, /1, SIRM/ARM, Laurentide
SIRM/y,,..), lower coercivity mineralogy (Hard IRM, Soft IRM)
856 to 858 Lower concentration (x, SIRM), still a relatively caorse grain size (1., Laurentide with a
Laer/ 1 relatively soft mineralogy (Soft IRM, Hard IRM, 100 backfield ratio) re-emergence of
European material
85910 871 Low concentration (x, SIRM), finer grain size (x,,./x. SIRM/y, .., SIRM/ARM], European

harder mineralogy (100 backfield ratio)
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Table 5.8 contains a revised list of potential LIS and EIS samples from H2. Table
5.8 has helped to constrain the sequence of events during H2 within MD01-2461,
though some of the samples still have a question mark over their provenance.
This can be resolved with further petrological and detailed geochemical analysis.
Table 5.8 reveals a similar three-step structure to H2 in MDO1-2461 as the HEs in
OMEX 2K, with an initial input of European material, followed by the main
Laurentide HE peak, and then a re-emergence of European material towards the
end of the HE. Timescales can not be discussed for this sequencing due to the

lack of a detailed age model (see Section 5.4.1).

Mann Whitney U tests were performed on the subset of H2, using the sample
identified in Table 5.8 to try to constrain the earlier data (Section 5.4.3) further.
The tests can be found in Appendix 2diii (Pg 356) and return P-values of <0.05
for all parameters except Hard IRM, SIRM/ARM and SIRM/y.m (the latter two
parameters are essentially the same, see Section 5.2.1 and Table 4.9). Therefore,
there is a significant difference between the LIS and EIS fractions of the H2

subset for all parameters except Hard IRM, SIRM/ARM and SIRM/yam.

5.5.3 Comparison with H2 from other cores

MD95-2006 is a 30 m long giant piston core (see Section 3.3) originating from
the Barra Fan (North West Scotland, 57°01.82N, 10°03.48W). Extensive work has
been carried out on this core (e.g. Kroon et al, 2000; Knutz et al, 2001), with
H2 and H4 being well constrained and subjected to much analysis. Access to
samples from H2 and H4 was provided by Dr B. Austin and Miss S. Leigh (St
Andrews), and the same magnetic analysis was performed as for MD01-2461,
enabling a comparison between the same HEs in cores from different areas around

the BIS.

H2 spans 70 cm between the depths 1600 - 1670cm, with material available at
a 1 cm resolution. The sediment was collected and prepared following the

methods described in Section 4.3. Carbonate content had been measured
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previously and the data made available to this study. The MD95-2006 samples
were corrected using the methods outlined in Section 4.4.1 for OMEX 2K. Fig.
5.42 shows the down-core magnetic results and IRD concentration for MD95-
2006 H2.

The susceptibility trace shows two large, and two smaller peaks at 1617 cm,
1645 cm, 1651 cm and 1661 cm respectively, all of which also display peaks in
IRD. The first, and largest peak coincides with maxima in yam, SIRM, Soft IRM,
SIRM/ARM and SIRM/xam and minima in Hard IRM, xam/y, SIRM/y and IRM-100/SIRM.
This indicates an abundance of coarse-grained ferrimagnetic minerals. The second
y increase (1645 cm depth), has been confirmed as a dolomitic carbonate peak
(S. Leigh, Pers. Comm. 2004), and corresponds to a decrease in yam, a slight
increase in SIRM and Soft IRM, a larger declines in Hard IRM, yam/y and [IRM.
100/SIRM than the first x peak, and larger increases in SIRM/ARM and SIRM/yarm.
This, too, is indicative of coarse-grained ferrimagnets, however the larger
increases in SIRM/ARM and SIRM/yam, along with the decline in xam and the bigger
drops in Hard IRM and IRM.100/SIRM, suggest coarser grains of much lower
coercivity. The two smaller x peak samples show increases in SIRM, Soft IRM,
SIRM/ARM and SIRM/yam and slight drops in xam/y% and IRM-100/SIRM.

Figs. 5.43, 5.44 and 5.45 show the graphs that are thought to be diagnostic of
magnetotactic bacteria and greigite, in order to assess the sediments of MD95-
2006 for the presence of either of these minerals. None of the plots identify MTB
or greigite within the H2 section of MD95-2006.

The biplots seen in Figs. 5.17, 5.33 and 5.41 are proven to differentiate between
potential LIS and EIS samples, therefore they are re-drawn here (Fig. 5.44). Four
very distinct samples are identifiable on all four biplots; 1617 c¢cm, 1644 cm,
1645 cm and 1661 cm, with the obvious LIS-type signal described in Table 5.5
and 5.8.
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Fig. 5.43: Plots used for the identification of magnetotactic bacteria
in the H2 section of MD95-2006.

ARM.40/ARM SIRM/y, (kam-1)
0 0.2 0.4 06 O 10 20 30 40

1600 - g - ’

1610 -

1620

1630 -

1640 -

1650 -

1660 -

1670

Fig. 5.44: Plots used for the identification of the minerals greigite in the
H2 section of MD95-2006.

255



1000 4

100 A
£
X 10
X
=
Y
» 1
0.1 -
0.01 U \
0.01 0.1 1
ARM. 40/ARM

IRM_100/SIRM (S1)

6 0‘.2 01.4 06 0;8 1
ARM.40/ARM

Fig. 5.45: Biplots for the analysis for the presence of greigite in the H2
section of MD95-2006.

256



Increasing concentration
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Fig. 5.46: Biplots for the H2 section of MD95-2006.
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Comparison of HZ between MDO1-2461, OMEX 2K and MD95-2006

In MD0O1-2461 and OMEX 2K, H2 displays a three-stepped structure, which has
been identified using petrological analysis on OMEX 2K as an input of European
material, followed by Laurentide sediment and then European material again.
However, this pattern is less clear in MD95-2006. In MD95-2006, there appear to
be four pulses of material over the H2 interval here, in addition to the
background sediments; the third of which has been confirmed as dolomitic
carbonate by mineralogy (S. Leigh Pers. Comm. 2004). Two pulses occur prior to
this LIS input, one of which is represented by a much smaller y increase
suggesting a European origin, and one with a y peak of similar magnitude as the
LIS sample. The mineralogy of the peaks suggests low coercivity. After the main
LIS peak, there is another high y peak which is larger than the LIS peak and
displays similar characteristics to the lower peak, with the exception of the

parameter yam.

In Section 5.5.1 the possibility of different ice streams causing slight differences
in European magnetic characteristics was introduced, following a suggestion by
Scourse et al., (2000). It is known that during H2 the location of the BIS was
very close to the site of MD95-2006, and that large quantities of material were
being released into the area (Wilson et al., 2002). Therefore, it is suggested that
the peak found at 1645 cm is the main LIS HE peak and the others are various
inputs of European material. This discussion has revealed, however, that the
structure of H2 in MD95-2006 is actually similar to that found in both MDO1-
2461 and OMEX 2K even if the quantities of material are different. There appear
to be several different inputs of European material during the first section of H2,
followed by a pulse of Laurentide material, which in turn is replaced by European

material. Hence, the European-Laurentide-European sequence is still observed.
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5.5.4 H4 Magnetic Analysis

Down-core profiles

The H4 data is slightly more straight-forward to interpret than the H2 results (Fig.
5.47). The IRD plot is much clearer, with a significant peak at 849-857 cm and
smaller ones at 863 cm, 871 cm and 879 cm. There is also a rise below 900 cm,
which could be attributed to H5. The susceptibility record displays a very large
peak, similar to the ones seen in OMEX 2K at 857-849 cm. There are also smaller
peaks at 842 cm, 872 cm and 913-906 cm (H5). The rises in concentration are
supported by SIRM data at 842 cm, 850-856 cm and 906-913 cm.

yam decreases in size (increases in value) at 830-833 cm and 888-897 cm, and
increases in size (decreases in value) at 811 cm, 858 cm, 886 cm and 906 cm.
Soft IRM demonstrates significant increases in ferrimagnetic minerals at 842cm,
850-856 cm and 906-913 cm and a less significant rise at 859 cm. There is a
slight drop in Soft IRM for one sample, 811 c¢m, which consists of a large clast
(2.5 cm diameter) with little surrounding sediment. This sample displays a very
large peak in Hard IRM, suggesting that the pebble contains haematite, and is
supported by another very large peak seen in the IRM-100/SIRM ratio record. There
are also maxima in the Hard IRM record at 842 cm, and 852-856 cm and a slight
rise at 830-839 cm. The IRM-100/SIRM backfield ratio falls significantly at 795 cm
and 840 cm and smaller dips at 850-855 cm, 865 cm and 897-922 cm.

SIRM/y, shows one sample with a very high value, sample 811 cm, suggesting that
it has a higher coercivity signal than the rest of H4. The individuality of the clast
found at 811 cm depth can account for the distinct magnetic properties
displayed at this depth, but without further investigation using more advanced
techniques cannot be described in more detail. The other samples in H4 have a
softer signature, with increases in grain size at 848-855 cm, 872 cm and 906-
913 cm, and decreases in size at 842 cm and 855 cm. SIRM/yam has large peaks

at 811 cm, 841-843 cm, 850-856 cm, 905-911 cm, with a smaller peak at 864
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cm, all suggesting grain size rises. Finally, yam/y displays the presence of fine
grained ferrimagnetic minerals with maxima at 790-830 cm and 887-898 cm.
Minima occur at 840-858 cm and 903-912 cm, representing coarser grained

ferrimagnetic minerals.

Summary
Significant increases in magnetic concentration occur at 849-857 cm depth, with

smaller rises at 842 cm and 906-913 cm. The area between 906 cm and 915 cm
probably corresponds to H5 on the basis of both the provisional chronology and
magnetic data. Rises in both hard and soft minerals also occur at 850-856 cm
and 842 cm. Soft minerals appear to increase at H5, whereas hard minerals do
not. There is also a slight rise in hard minerals between 830-839 cm. At 811 cm,
soft minerals decrease slightly while hard minerals show a very significant peak.
Sample 811 cm consists of one large pebble, with very little surrounding
sediment, which seems to be composed of largely high coercivity material. The
size parameters dependent on ferrimagnetic minerals (yam and yam/y) show
sample 811 as a decrease in size. As sample 811 cm is high coercivity in type,
other grain size parameters not so dependent on ferrimagnetic minerals must be
examined (e.g. SIRM/y and SIRM/ARM). These display an increase in size. Increases
in magnetic grain size are also shown by all parameters at 903-913 cm and 840-

858 cm. Decreases in size are found at 887-900 cm and 830-833 cm.

Biplots .

Again, biplots were drawn for the H4 subsection of MD01-2461, and differences
in magnetic characteristics were observed (Fig. 5.48). As with OMEX 2K, and the
whole-core measurements of MD01-2461, including H2, some samples have a
high concentration of large-grained ferrimagnetic minerals, most notably between
850-854 cm. Samples 907-910 cm also display most of these characteristics, but
to a lesser degree, xam/y, sSeeming most able to discriminate this behaviour. These
are potentially H5 samples, as it is possible that H5 was sub-sampled along with
H4 (see Section 4.3). Other samples from H4 also have distinctive magnetic

signals, such as sample 811 c¢cm, which demonstrated a marked rise in Hard IRM

261



Increasing grain size

Xarm (10-5m3kg-7)

Increase in grain size of magnetite

“ % (10-8 S1)
g 0 20 40 60
0.4 2 o8 — - - SR
. £ o
>
0.351 % o :—.-'é 04
0.3 X4 g
} 0.':' . § @ 0.2 !
0.25 o, s o
o * sk
0.2 e S . 32 02
$ & o
0.151 x\ ¢ g E -0.4
T=
0.1 * g 0.6
. .
0.051 -08, .
i L 4
4] T 1 i
0 20 40 60 80
X (108 S1)
-8
i (108 SI) -
7
45 160 -
. ! .
40
. _ 140 N
= ) * 3 :,? 1200 ¢
E 30; eE.
ES100: g
£ 2 < 80
E 20 | ‘Qr * 82 ~0. *
o4 . MR ST g MR IR
@ 15 A A S 50 | . "
£ =5 ;
10 4 ¢ AR s £ 40 PR AT
] o o 4° 00.0
5 2 20 “‘”. vwte e
g !
0 ' E 5 SO
0 50 100 150 200 250 300 350 0 0.01 0.02 0.03 0.04
Soft IRM (10-5Am3kg-1) XarmfY (S)
. P . \
Increase in low coercivity minerals > <

Increasing concentration

Fig. 5.48: Biplots for the H4 section of MD01-2461

262

A/

*

80

0.05

Increasing grain size




picked up in the down-core profiles. Here, it shows a massive IRM-100/SIRM value of
+0.5, one of the smallest Soft IRM values and a large SIRM/y value, all of which
suggest a dominant high coercivity mineralogy, for example, haematite. Sample
842 cm also demonstrates an intriguing magnetic signature, with either a fine-
grained ferrimagnetic content, as suggested by the Soft IRM v. SIRM/y plot, or a
coarse-grained high coercivity mineral content (xam/y v. Hard IRM). SIRM/y is,
however, dependent on mineralogy, with higher values indicative of haematite,

supporting the latter proposal of a coarse-grained antiferromagnetic input.

Again, the results of Sections 5.2 and 5.4.2, indicate the material in samples 850-
854 cm should be attributed to the LIS, with the remaining sediment being
predominantly European. The magnetic characteristics at 811 cm depth are
associated with the large pebble sampled, the mineralogy of which is as yet,
unknown. Sample 842 cm also displays some interesting magnetic data, but as
with H2 and sample 811 cm, without any petrological data, interpretation of

these variations in terms of lithology and provenance is hampered.

2.5.5 Environmental Interpretation

The analysis of the H4 subsection of MD01-2461 serves to reinforce the
sinterpretation of the whole-core analysis, with large increases in concentration,
grain size and both low and high coercivity minerals. The higher resolution analysis
performed over the H4 interval has also allowed some additional information to be
gleaned regarding the depositional sequence of H4. The main H4 peak appears to
be positioned at 850-854 cm depth, with some sort of magnetic “post-cursor” at
842 cm that is not particularly prominant in the IRD data. There is also a higher
concentration of IRD input between the depths of 863-885 cm, however, very

little else is noted throughout the other magnetic records at this depth.

The biplots from the H4 subsection of MDO1-2461 highlights the same “peak HE”
samples as the whole-core analysis, including the extra samples created by the 1

cm resolution. Table 5.9 expands the list of potential sources for the samples
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found in Table 5.7 for the H4 subsection.

Mann Whitney U tests for the samples in Table 5.9 (Appendix 5Seiii, Pg 361) return
P-values of <0.05 for all parameters except yam. Therefore, there is a significant
difference between the potential LIS and EIS fractions of H4 for all parameters,

with the exception of yam.

2.5.6 Comparison to H4 in other cores (MD95-2006)

Fig. 5.49 shows the down-core magnetic results and IRD concentrations for H4
from MD95-2006. H4 in this core, spanned a total of 60 cm, however, it has been
extensively sampled during previous analysis and therefore material was only

available from every second centimeter for magnetic measurements.

The susceptibility trace for H4 shows a large peak at 2481 cm depth, which
coincides with the largest IRD peak and declines in yam, Hard IRM, ARM/y, SIRM/4,
xam/y, and IRM-100/SIRM with increases in Soft IRM, SIRM/yam and SIRM/ARM. These
results suggest an increase in concentration and grain size of magnetic minerals
of a lower coercivity signature. Further up the H4 section there are three more
susceptibility peaks in close succession to each other, all much smaller than the
first peak. The IRD trace here shows several inputs of lithic material. The first of
these three y peaks is found at 2461 cm depth and is associated with a large
peak in xam, and increases in Soft IRM and Hard IRM (a greater increase in Hard IRM
than Soft IRM is seen). The grain size parameters are very varied over this period,
however, there does appear to be a slight increase in SIRM/ARM and a small
decrease in yam/y. This is indicative of a slight increase in coarser minerals of both
high and low coercivity, though the IRM.100/SIRM ratio (and larger increase in Hard
IRM) suggests an overall, higher coercivity mineralogy. The second susceptibility
peak (2457 cm) also displays a slight increase in both Hard and Soft IRM, as well
as in SIRM/ARM and SIRM/y.m and decreases in yam/y and SIRM/y, which are all
suggestive of coarser grained minerals. A slight dip in the IRM.100/SIRM ratio

suggests a softer than ambient mineralogy, however there is still an increase in
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both mineral types. The third, and final, susceptibility peak (2449 cm) also shows
increases in Hard and Soft IRM (a larger increase in Soft IRM than Hard IRM) and a
slightly lower coercivity signal in the IRM-100/SIRM, as well as rises in SIRM/ARM and
SIRM/xam and drops in yam/y, and xam. This signature is also characteristic of
coarser grained minerals, and again, despite an increase in low and high coercivity

minerals, the dominant signal is a low coercivity one.

Figs. 5.50, 5.51 and 5.52 show the plots used previously for the identification of
magnetotactic bacteria and the mineral greigite, re-drawn for the H4 section of
MD95-2006. No samples plot in the necessary regions on any of the graphs,
therefore it is concluded that diagenetic and authigenic processes contribute

minimally to the magnetic characteristics of MD95-2006 H4.

The biplots also drawn previously to help identify different signatures within the
HEs have also been re-drawn here (Fig. 5.53). One sample is picked out by all of
the plots in Fig. 5.53 as having LIS-style characteristics; sample 2481 cm. Other
samples are also picked out, but for different reasons. The samples mentioned
above as having susceptibility peaks are noted in Fig. 5.53a and c. Sample 2499
cm is noted in 5.53a and d, for its very large yam value, Samples immediately

above and below 2481 cm (2477 cm, 2479 ¢cm and 2483 cm) are also evident in
5.53b.

Comparison between MDO1-2461 and MD95-2006.

As with H2, MDO1-2461 displays a three-stepped structure to H4 indicative of
European-Laurentide-European inputs. However, as with H2, MD95-2006 is
slightly different. The first 3 peak in MD95-2006 (2481 cm) also shows the other
LIS characteristics identified previously, and has been confirmed as dolomitic
carbonate in mineralogy (S. Leigh, Pers. Comm. 2004). This would suggest that
the first pulse of HE material comes from the LIS, contrary to all other findings for
MDO01-2461, MD95-2006, and OMEX 2K. The following peaks in y show values
that correspond to the EIS in other HEs and cores, however, only one (2461 cm)

has the dominant high coercivity mineralogy also associated with EIS material. The
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top two have a ferrimagnetic-type signal. The location of the BIS during H4 is not
very well documented, however it is thought to have been much smaller than
during H2 (which falls near the LGM), and therefore ice rafting from the BIS may
have been a relatively insignificant process compared to during H2. Sediments of
slightly different composition from various ice streams could have been
transported to the site of MD95-2006 during H4 by alternative methods, such as
glacial outwash streams and surface run off from the continental shelf which

could contribute to the variation in magnetic signature.

The sequence of events during H4 in MD95-2006 suggests an initial input of
Laurentide material before the arrival of any European sediment. There are then
three pulses of European material probably from at least two different ice streams
before a return to ambient glacial conditions. This is a very different sequence to
anything depicted in the other HEs examined in any of the cores. This could be
due to the exceptionally high resolution of MD95-2006 compared to the other
cores, or the location of the core relative to the BIS, or the data here could be
picking out a D-O cycle signal predating H4 which due to the lower temporal

resolution in MD01-2461 is difficult to make out in that core.

Factor Analysis

Fig 5.54 shows the factor analysis for the H2 and H4 subsections of MD95-2006.
Each HE appears to sit in its own area of multivariate space, though looking
closely at the individual HEs in isolation also produces some interesting clusters
which appear to be grouped by depth, suggesting distinct inputs over time. The
main yr peak within H4 is found on its own on the far right of the graph. The peak
H2 samples also plot in the right hand side, but at the bottom. This indicates
that, whilst HEs show generally the same characteristics, there are differences
between them, even in the same core. Again these samples are found around the
concentration axes and at opposite ends to the yam axis, indicating a dominance
of coarser magnetic grain sizes. This supports the previous interpretation that LIS
samples are distinct from the rest of the core, but the HEs in MD95-2006 are
more diverse than in OMEX 2K or MDO1-2461, possibly due to the location
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of the core and the influence of the BIS.

5.6  Overall Summary

The magnetic results discussed in the above sections have revealed some
important insights into the North Atlantic Heinrich Events, in terms of their
provenance and structure. In all HEs examined, the contribution of Laurentide
material displays a very distinct set of magnetic characteristics, which can be
identified from a series of biplots and multivariate statistical analysis. Within cores
OMEX 2K and MD01-2461, these characteristics can be given specific values that
are representative of LIS material. These specific values include yr of >35 (108
Sl); xem of 0.12-0.25 10°m3kg?; IRM-100/SIRM of -0.6; Soft IRM of >100 10"
SAm2kg’; Hard IRM of <25 10°Am?kg1; SIRM/y ratios of <15 kAm™; and yam/Y
ratios of <1. Within MD95-2006, however, whilst the general descriptive
characteristics can identify the HEs, the specific values do not. The similarity of
the values between OMEX 2K and MD01-2461 is probably due to the proximity of
the core locations, and a similar history of IRD delivery from the Celtic Sea ice-
stream draining the southern margin of the BIS. This also explains the difference
between both OMEX 2K and MD01-2461, and MD95-2006 - with the latter being
fed from a northern ice-stream of the BIS. These results confirm the usefulness of
environmental magnetic techniques in the identification and characterisation of
IRD sediments, and indicate that the Heinrich Events within North Atlantic
sediments are identifiable by magnetic methods alone. This highlights the
potential for environmental magnetic techniques to be used as a screening tool,
possibly immediately after core capture onboard ship, to identify areas of interest
that more time consuming, palaeoceanographic techniques such as isotope
analysis, foraminiferal analysis and mineralogical analysis, should concentrate on

initially.

Additionally, with the exception of H4 in MD95-2006, each HE examined has
demonstrated the same three-stepped structure of IRD provenance consisting of

initial European material, followed by probable dilution by Laurentide sediments
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and than a return to European dominated material (Fig. 5.55). In H4 from MD95-
2006, there appears to be an initial input of Laurentide material before three
separate pulses of European sediments. The location and size of the BIS at this
time may play a significant part in the lack of initial delivery of European material.
The identification of this kind of structure, which has been suggested by authors
using other techniques (e.g. Snoeckx et al, 1999; Grousset et al., 2000; Grousset
et al, 2001), lends credibility to the use of environmental magnetic methods for
the determination of sediment provenance and the sequencing of IRD events

throughout the Heinrich Events.

In terms of provenance, all the core sections appear to show groupings that can
be interpreted in terms of sediment source through the dependence of transport
mechanisms on climate. The Holocene shows a low sedimentation rate, with a
reduction in magnetic minerals, suggesting a warmer climate bringing material
from proximal sources via bottom current and turbidities, and an increase in
biogenic dilution due to a rise in ocean productivity. Suggested parameter ranges
for Holocene sediments are yr of ~10 (10® SI); yam values of >0.6 10°mkg";
yam/y values of >5; and SIRM/yam values of <500 kAm?', It must be
acknowledged, however, that due to the preliminary nature of the MD01-2461
chronology (Section 5.4.1) and definition of the Holocene interval, these specific

values are only speculative.

The Younger Dryas has characteristics that fall between the full HE and Holocene
signals, with a slight increase in the concentration of higher coercivity minerals,
alluding to a shift towards glacial conditions, halting the EIS retreat and re-
introducing ice rafting. Conditions, however, were not cold enough to bring
icebergs from North America to the Celtic margin. The Younger Dryas shows i
values of ~20-25 (108 SI); Soft IRM values of >125 105Am%kg'; and x.m/y, values
of 2-3.5. Again, the MD01-2461 chronology must be acknowledged as a possible
problem when attributing these characteristics. Additionally the presence of
tephra in OMEX 2K around this depth could confuse the signal slightly (see
Section 5.3.2).
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The ambient glacial sediments display similar patterns to the Holocene, however
their actual values are higher. This is indicative of a relatively stable cold climatic
state delivering material of a European origin to the area. yr values for the
ambient sediments are around 12-15 (10® SI), with Soft IRM values ~50 10
*Am?kg™; Hard IRM values of 30-36 10°Am?kg'; and SIRM/y values of 22 kAm'.
As with the YD, the presence of tephra within the ambient sediments, particularly

below H2 in OMEX 2K, could have an influence on the overall magnetic signal seen.

The interpretations discussed above have wider reaching implications for the use
of environmental magnetism in the study of Heinrich Events than just the
provision of a useful early diagnostic tool. The identification of parameter ranges
associated with different time periods throughout the cores suggests that
environmental magnetic signatures vary, quite specifically, with climate, and it
may be possible, after further analysis to make assumptions on past climatic

conditions based on the magnetic information provided by routine measurements.

The interpretation of the magnetic data contained in this thesis has been
constrained by the limits of the traditional techniques currently employed by the
majority of HE researchers. As these provide the only universally accepted data
on Heinrich Events, they are therefore the only scientifically robust methods to
compare with any new data. However, the results of this study suggests that
environmental magnetic methods could have a significant impact on the source
apportionment of the HE sediments, especially if work on samples from the
potential source areas is carried out. This is important to the study of Heinrich
Events, as more information regarding ice sheet dynamics and their response to
climate forcing and internal variations is vital to the identification of an ultimate

causal mechanism for HEs.
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6.0

Conclusions and Further Work

When addressing the original aims of the project, set out in Section 1.3, it would

appear that environmental magnetic techniques have considerable potential in

studying marine sediments. The following specific conclusions can be drawn.

Environmental magnetic analyses can successfully identify down-core
changes in magnetic properties that may represent a response to

changing climate and sediment transport mechanisms.

As well as other areas of interest within a core, environmental magnetic
analyses are able to identify and characterise the Heinrich Events and
could prove a valuable tool for initial analysis to select areas for more

detailed examination.

Environmental magnetic analyses are able to distinguish between possible
provenances of IRD within HEs, with the LIS component of the HEs having

a particularly distinct magnetic character.

Several other conclusions can be drawn from the work involved in this thesis:

Heinrich Events on the Celtic margin seem to have a three-stepped
structure to them, starting with an input of European material, followed
by the appearance of the Laurentide sediment, and ending with a
disappearance of the Laurentide material, leaving the European signal.
This suggests, for this area, at least, the European icebergs were the first
to arrive. This is most likely to be a result of the proximal location of the
cores to the BIS, reducing the lag time, but may also indicate a more rapid

response time of the European ice sheets to an external climatic control.
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e Changes within the magnetic signatures of the sediments on the Celtic
margin are a response to climatic shifts and the accompanying changes

transport mechanism and provenance.

The conclusions above, however, have been drawn from relatively basic
measurements on two cores, with some comparison work done on sections of a
third. Therefore, further work can be done to test and analyse the ideas begun

in this thesis. Suggestions for further work are:

e More detailed magnetic measurements on OMEX 2K, MD01-2461 and
MD95-2006, such as temperature dependent magnetic analysis and
hysteresis loops, particularly to try to identify further differences

between the various inputs of European material in MD95-2006.

e The measurement of the same parameters used here on cores from a
more central location in the North Atlantic. This could help determine a
sequence of events unaffected by individual ice streams and the varying

location of the European Ice Sheets.
e Examination of a core with a large sedimentation rate at a higher

resolution to look for any influence of the D-O cycles. This could reinforce

the idea that magnetic measurements can identify climatic variations.
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Appendix 1a) Biplots for OMEX 2K

900
<
800 - N Key:
< Holocene (0-50cm)
700 N = Younger Dryas (54-63cm)
0] wad A A H1(73-91cm)
‘é ., Pre H1 (95-140cm)
2 500- I * Post H2 (143-170cm)
brd Nige o o H2 (175-184cm)
i A
400 -} . & Precursor (188-197cm)
200 6"? & Pre H2 (200-245cm)

200
100
0 1 T T 1
0 20 40 60 80
X¥
900 - 45 1
P -
800 - s 40 -
| 35
700 N 3 6”‘
4 30 |
600 & A [ ] "‘ = -
. xR i A >
s el B . g oal B el
x 3 ¢ " x 5 "..'."
) 400 Ag s s 2] L
sd 7" A
300 - £ . ‘./ . .A
200 e B
100 - 1]
0 T T 1 0 '
0 10 20 30 00 05
ARM Xarm
80 4000 7
[ )
70 . 3500
* 3000 - s ®
60 - . A" »
2 50 - ‘. .. 2500 Aq. 4
14 - 5 é‘ A
$of AL f w| i
na
_ 1500 -
30 ol s 4 )’
20 A 4 1000 i
r.
10 500 - 4
V] T 1 [} Y r T 3[27
0 500 1000 0 20 40 60 80



S-parameter

Xarm/X

1.0 - 80
% 707 *
A
': :: 60 ¢
4, L 2
* ‘ﬁ.“‘?“ 50 A .’ .’ L J
& w a . = oo .t“
09 - M e » X 40- *aet 41 4
’ t ) > A% 3 A
: T . J‘A‘
201 8";' o
10 1
08 T T T 1 0 T T T T il
0 20 40 60 80 0 50 100 150 200 250
Hard IRM Soft IRM
0.08 - 50}
L
0.07 - .
3 .
0.06 - 401
L
005 . o) o t.: A
0.04 - ] E— .05L ;‘,‘é
f - ‘:’—) Pol e S5 .‘
0.03 - - 20 e "% e a2
.' »
0.02 - . WA
408 - 10 Ag
001 wit, .
e 4 ac
[s] T T T T d 0 r- d
0 0.2 04 0.6 0.8 1 0.8 0.9 1
IRM.100/SIRM S-parameter
Key:
+ Holocene (0-50cm)
= Younger Dryas (54-63cm)
A H1(73-91cm)
~ Pre H1 (95-140cm)
s Post H2 (143-170cm)
e H2 (175-184cm)
4 Precursor (188-197cm) 328
& Pre H2 (200-245¢m)




Appendix 1b) Biplots for MD01-2461
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Appendix 2: Statistics

Appendix 2a) General methods and procedure tables.

Kruskal Wallis test formula and procedure

H = 12 Zi(Ri-R)?] (Gibbons, 1993)

N(N+1)

Where: nj = number of observations in group i.

N = total sample size.
Ri= average rank of group i.
R = average of all the ranks, which is also equal to (N+1)/2

Step

Procedure (based on Fowler et al,, 1998 and Minitab help.)

Assemble all njmeasurements in all k samples into a single set, N.
Organise all measurements into rank order from the lowest to the highest

Return the resulting ranks to the original samples, substituting them for the raw
values.

Cal culate the average rank for each of the k samples (Rj), and the average rank for
the set N (R).

Subtract each Rj value from R, and square each separate result. Multiply each
separate result by the corresponding n;j value to give (nj(RR) 2,

Add together and multiply by 12. Divide by N(N+1).

The resultant value is the test statistic H. Using a x2 table, look up the value for the
appropriate degrees of freedom (k -1) and significance level (P -value). if the H value
is above the xZvalue, then there is a significant difference between the medians of
the groups.

332



+ distribution table, to be used with the Kruskal Wallis tests (from Gibbons, 1993).
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Mann Whitney U test procedure

Step Procedure (based on Fowler et al., 1998; Davis 2002).
1 Combine the two populations (n' and n2)
2 Organise all measurements into rank order from the lowest to the highest
3 Retumn the resulting ranks to the original samples, substituting them for the raw values.
4 Sum the ranks of the two populations (R'and R?).
5 Calculate the test statistic U' and U2
U' =n'n2+n?(n?+1) - R?
2

U2=n'n?+ n'(n'+1) - R!
2

6 Select the smaller of the two U values. This is the test statistic and should be compared with
Mann Whitney table using appropriate n' and n? values. If U is smaller than the critical value
provided by the table, the null hypothesis is rejected and there is a significant difference
between the populations.

Facter Analysis procedure

Step Procedure (from Walden & Smith, 1995).

1 Compile a raw data matrix of n samples (rows) by m variables (columns) denoted by [X}, as
in conventional matrix algebra.

2 Standardise [X] to give [W]. Each element of [X] has its column (variable) mean subtracted
from it. It is then divided by the product of the column (variable) standard deviation, and
the square root of n.

3 [W] is then transposed to give [W]'. This involves turning the rows of [W] into the columns
of [W]’ and the columns into rows.

4 {R] is created by matrix multiplication of (W}’ . [W]. The matrix [R] represents a correlation
matrix between the variables.

5 Eigenvectors and eigenvalues are extracted from [R]. The eigenvectors are used to form a
" matrix [U]. The eigenvalues can be used to compute the percentage of the total variation
in the original data set explained by the new “underlying” factors.

6 The square roots of the eigenvalues are placed in the top left to bottom right diagonal
elements of matrix [A ]. All other elements are set to zero.

7 {AR] is computed by matrix muttiplication of [U] . [A]. The matrix [A®] contains the R- mode
(variable) factor loadings. Each column represents the loadings of the original variables on
an individual factor (column 1 on factor 1, etc). These are the values used when plotting
the variables in “factor space” in the form of scatter diagrams.

8 [A?] is computed by matrix multiplication of [W] . [U). The matrix [A%] contains the Q-
mode (sample) factor loadings. Each column represents the loadings of the origina334
variables on an individual factor (column 1 on factor 1, etc). These are the values used
when plotting the variables in “factor space” in the form of scatter diagrams.



The hypothetical data set below consists of 16 samples, upon which 6 variables were measured.
The samples fall into 2 clear groups, and factor analysis is used to see if the groups can be
differentiated by these variables alone. The measurements, along with the sample numbers and
group numbers form the original matrix [X] that is fed into Minitab. [X] must firstly be standardised,
to eliminate any influence of measurement scale differences between the variables ([X] becomes
[W). This done using a short macro:

let ck2=(ck1-mean(ck1))

let k3= sqri(ssq(ck2)/n(ck2))
let ck2=ck2/(k3*(sqrt(n(ck2))))
let k1=k1+1

let k2=k2+1

This macro should be created before the factor analysis commences and saved as a text file with
a .MTB extension (e.g. stand.mtb). Now the factor analysis can start:

MTB > print c1-¢7
ROW sample varA varB varC varD varE  varF

P1 34 122 0.76 253 46.9 3.63986
P2 37 143 072 396 61.2 4.15790
P3 32 165 075 224 41.9 3.44037
P4 3.4 129 0.78 559 77.5 4.67896
.0 150 0.79 43.9 65.5 4.30149

P6 3.8 137 0.75 228 44.4 3.54152

P7 36 143 0.71 37.1 58.7 4.07209

Q1 39 130 0.69 39.0 60.6 4.13747

Q2 38 143 0.69 25.6 47.2 3.65148
10 Q3 38 132 0.70 29.8 43.9 3.52152
11 Q4 3.7 154 0.71 43.0 64.6 4.27184
12 Q5 38 163 0.69 47.3 68.9 4.41172
13 Q6 39 132 0.72 37.3 58.9 4.07902
14 Q7 40 147 0.73 50.3 68.3 4.39247
15 Q8 4.1 142 072 226 44.2 3.53354
16 Q9 3.9 143 0.70 229 445 3.54551

QO~NONA~WN
v
(4]
R
(=]

This is the measured data that form [X]. This must be standardised into {W}:

MTB> let k1=2
MTB> let k2=21

MTB> execute ‘stand’ 6

MTB> copy ¢21-c26 m1
Here, the first column of raw data is specified, along with the empty column in which the
standardised data can be placed. ‘stand’ is the name of the file containing the macro for
standardization, it has been executed six times, once for each variable. The final command
places the standardised data into matrix format.

MTB > print m1

MATRIX M1

-0.368932 -0.435939 0.278875 -0.233885 -0.209418 -0.206982
-0.052705 0.017546 -0.045634 0.100571 0.116977 0.126858

0.158114 0.017546 -0.207889 -0.230017 -0.264197 -0.267786
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Next, [W] must be transposed to give [W]':

MTB > transpose m1 m2
MTB > print m2

MATRIX M2

-0.368932 -0.052705 ..... 0.158114
-0.435939 0.017546 ..... 0.017546

0.278875 -0.045634 ..... -0.207889
-0.233885 0.100571 ..... -0.290017
-0.209418 0.116977 ..... -0.264197
-0.206982 0.126858 ..... -0.267786

[W] and [WT are then multiplied to give [R]:

MTB > multiply m2 m1 m3
MTB > print m3

MATRIX M3

1.00000 -0.03301 -0.33779 0.05375 0.04956 0.06436

0.06436 0.08306 0.17526 0.98119 0.99927 1.00000

Eigenvectors and eigenvalues are extracted from [R]. The eigenvectors are stored in [U]. The
eigenvalues are stored in an empty column in the MINITAB worksheet:

MTB > eigen m3 c30 m4
MTB > print m4

MATRIX M4

-0.022119 -0.686603 0.364600 0.628536 0.007152 0.006703

-0.570807 -0.048584 0.024104 -0.074759 -0.451345 -0.679659
MTB > print c30

ROW  C30
3.03245
1.34041
1.01803
0.58545
0.02321
0.00046

DG WN -

The square roots of these eigenvalues are then placed in the top left to bottom right diagonal
elements of a new matrix [*], with the remaining elements set to 0:

MTB > sqrt ¢30 ¢31
MTB > diagonal ¢31 m5
MTB > print m5

MATRIX M5

1.7413932 0.0000000 0.0000000 0.0000000 0.0000000 0.0000000

0.0000000 1.1577595 0.0000000 0.0000000 0.0000000 0.0000000 336

0.0000000 0.0000000 0.0000000 0.0000000 0.0000000 0.0213351



[U] and [7] are multiplied to create [AR], the R-mode (i.e. variable) factor loadings:

MTB > multiply m4 m5 mé
MTB > print m6

MATRIX M6

-0.038518 -0.794921 0.367872 0.480923 0.001090 0.000143
-0.105970 -0.245420 -0.935130 0.232533 0.000551 -0.000052

-0.993999 -0.056248 0.024320 -0.057201 -0.068765 -0.014501

[W] and [U] are multiplied to create [A9], the Q-mode (i.e. sample) factor loadings:

MTB > multiply m1 m4 m7
MTB > print m7

MATRIX M7

0.365215 0.565793 0.278449 -0.117268 -0.022620 -0.004835
-0.189730 -0.013519 -0.031824 -0.086567 -0.018426 -0.005710
0.502200 0.470582 -0.672335 -0.000897 0.022392 -0.000337

0.493928 -0.221619 0.006793 0.023075 -0.021020 0.006683

The contents of [AR] and [A9] are then copied into empty column is the worksheet, so they may
be plotted. Each matrix should have a column of “labels” before it (the original variables and
samples), so that they can be distinguished in the plots:

MTB > copy m6 c41-c46

MTB > copy m7 c51-c56

MTB > set c40

DATA>123456

DATA> end

MTB > set ¢50
DATA>1111111222222222
DATA> end

The MINITAB LPLOT command is used to produce scatter plots with labels of both the
variables and the samples on factor 1 versus factor 2. The last of the three columns specified
in the LPLOT command contains numerical values, which are transferred into their equivalent
letters of the alphabet within the plot itself. The same axis is used in both plots to allow the
relationship between the samples and the variables in factor space to be judged more clearly.

MTB > Iplot c42 c41 ¢40;
SUBC> ystart -1 1;
SUBC> xstart -1 1.

c42 -
- c
0.70+
0.00+ EFD
- B
-0.70+
R A
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MTB > Iplot ¢52 ¢51 ¢50;
SUBC> ystart -1 1;
SUBC> xstart -1 1.

C52
0.70+
- P P
- P
- P P
0.00+ PP
- QQ Q
- Q Q QQQ
- Q
-0.70+

+ + + C51
-0.60 0.00 0.60

The final stage of the analysis involves the production of scatter graphs showing the positions of
both the original variables and the samples in the new 'factor space’. This is achieved by
plotting the factor loadings for either the variables or samples for any two of the factors. Two
such plots are shown at the end of Appendix 1 for factors 1 and 2. It can be seen, that with
respect to the origin of the graph (0,0), the two sample sets (P and Q) both show a spread of
values on factor 1 but have distinctly different factor loadings on factor 2. It would appear then,
that factor 2 provides a useful way of distinguishing between the two sample sets, suggesting
that the sample sets can be distinguished on the basis of some or all of the 6 original variables.

It is also possible to distinguish a small group of 4 samples from set Q, with relatively high
loadings on factor 1. This sort of separation on the factor diagram can be used in an exploratory
way, encouraging the original data and context of the samples to be re-examined to seek a
possible explanation for such pattems.

Variables A and C appear to be most strongly related to factor 2. It could therefore be
suggested that it is these variables that are providing the distinction between the two sample
sets. Variables D, E and F appear closely related to factor 1. They also plot in close proximity
to one another, suggesting the samples are responding to these variables in a similar manner
(i.e. these variables are strongly positively correlated). Variable C plots almost directly opposite
variable A with respect to the origin. This suggests that variable C is negatively correlated with
variable A.

Variable B does not appear to be strongly related to either factor 1 or factor 2. It may be related
to other factors, or it may simply be a redundant measurement, offering no explanation of
pattemn, either between or within sample sets.

The insights gained from such factor plots, may help direct future work. For example, if all that is
required is to separate unknown samples into either groups P or Q, then analysis could
concentrate on variables A and B. Detection of variables that appear to offer duplicate
information (such as D, E and F) or seem redundant altogether, can also help reduce the
number of variables assessed in future analyses, especially if this offers important savings in
time or cost.

338



Appendix 2: Statistics

Appendix 2b) OMEX 2K.

2bi) Descriptive Statistics

008¥¥'0-
2’1802
85°¢
0
§¢'98
2C0E00
66'L2
960
ocgel
wo
2'ie

ojiuend
Jaddn

00E15°0-
02'564
o't
Sv'0
60°ce
651100
€9°02
€0
ov'9L
o
eLzeL

ejiuend
JamoT

00vLe0-
ol'soze
o'y
8y'0
OLELY
619800
arer
vLle
02'99¢
8L0
8116

WNWIXBy WNWUW 8y} jo 103

00¥98°0-
or'stt
61°L
ev'o
09t
2¥2000
A
800
ov'ev
vvo
9

605000
05’6y
$0°0
000
T4
8£100°0
9t0
00
682
10’0
690
uesiy

pJepuels

0v620'0 2558v°0-
oceLL 09'63¥!
€L'0 e
100 9r0
vL0S ¥9'29
S1200 SEE20'0
85's Yl 4
890 vL0
90'Sy £6'G04
S0 0
$L°01 9,91

uopejAeq ueap
piepuels pejeounsl

0094y 0~
o1'8L€4
9e'e
o
88've
5100
9i'cZ
6v'0
0E'v6
ETAY
9L'S1

uejpoly

9¥06y'0-
0 vevL
ele
1 4]
10’89
205200
erve
080
S¥'601
€0
vigl

ueon

339

ovz WHIS/ gl
oz WIS
€2 WHYMWHIS

ere XIS
eve XnNyy
D14 Apiwy
£ve WHI pieH
eve nHl Yyos
eve WHIS
eve uuey,
£ 11 4

N o|qeliBA



2bii) Normailty tests
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2biii) Kruskal Wallis tests

Kruskal Wallis test on

Group Code N
1 - Holocene 50
2-YD 10
3-H1 17
4 - Pre H1 45
5 - Post H2 28
6-H2 10
7 - Precursor 10
8- Pre H2 45
Overall 215

Median
8.54
15.47
26.9
13.65
186.75
21.65
17.15
21.01

H=178.42 DF =7 P =0.000

H = 178.42 DF =7 P = 0.000(adjusted for ties)

Kruskal Wallis test on ARM_;o/ARM

Group Code N

50
10
17
45
28
10
10
45

215

ONOG A WN =

Overall

Median
0.381
0.4925
0.319
0.35
0.3675
0.407
0.462
0.327

H=52.06 DF =7 P =0.000
H=52.07 DF =7 P = 0.000 (adjusted for ties)

Ave Rank Z
29.6 -10.18
109.2 0.06
193.1 5.87
779 -3.66
115.3 0.67
175.8 3.53
127 0.99
169.1 7.41

108

Ave Rank
126

181.1
74.5

89.9

98.9
136.2
1871
84.3

108

Kruskal Wallis test on Soft IRM

Group Code N
50
10
17
45
28
10
10
45

215

ONOOOG A WN -

Overall

Median
79.5
1119
142.4
68
91.25
129.8
113.5
139.9

H=151.99 DF=7 P =0.000
H=151.99 DF =7 P = 0.000 (adjusted for ties)

Ave Rank
69.1
145.6
174.9
41.9

99.6

160

124.9
173.6
108

Kruskal Wallis test on ARM/y,

Group Code N
50
10
17
45
28
10
10
45

215

O NOOOTA WN =

Qverall

Median
2.095
0.95
0.31
0.51
0.48
0.255
0.3
0.39

H=179.09 DF =7 P =0.000 .
H=179.21 DF =7 P =0.000 (adjusted for ties)

Ave Rank
190.3
161.4
36.4
116.9
101.5
17.5

23.1

65.9

108

4
234
3.8
2.31
2.19
.83
1.47
412
2.87

Z
-5.04
1.95
4.62
-8.02
0.77
27
0.88
7.96

z
10.68
2.78
4.94
1.08
.59
-4.71
-4.42
5.11

Kruskal Wallis test on yarm

Group Code N
50
10
17
45
28
10
10
45

215

O~N®OE WN -

Overall

Median
0.565
0.4935
0.245
0.212
0.24
0.1775
0.1695
0.281

H=165.26 DF =7 P =0.000
H=165.27 DF =7 P =0.000 (adjusted for ties)

Ave Rank Z
188.3 10.42
170.4 3.25
96.1 -0.82
59.7 -5.86
93.2 -1.35
19.9 4.59
14.9 4.85
107.2 0.1
108

Kruskal Wallis test on SIRM

GroupCode N
50
10
17
45
28
10
10
45

215

O~NOON K WLN -

Overall

Median
275.8
388.9
602.6
2705
324.3
459.3
440.8
535.2

H=157.33 DF=7 P =0.000

H =157.33 DF =7 P = 0.000 (adjusted for ties)

Ave Rank Z
50.1 -7.51
139.3 1.63
184.4 5.27
588 -5.96
102 -0.55
152.1 23
132.3 1.27
174.2 8.03
108

Kruskal Wallis test on Hard IRM

Group Code N

1 50
10
17
45
28
10
10
45

215

a~NOO BN

Overall

Median
206
303
38.9
373
40.85
34.15
42,15
523

H=165.33 DF =7 P =0.000

H=165.40 DF =7 P = 0.000 (adjusted for ties)

Ave Rank Z
28.8 -10.27
68 2.08
112.8 0.33
108 0
1345 2.42
79.8 -1.47
139.5 1.64
185.8 9.44
108

Kruskal Wallis test on SIRM/ARM

Group Code N
50
10
17
45
28
10
10
45
215

WMNON b WN =

Overall

Mdian
15.07
26.14
77.24
39.61
42.68
82.84
79.9
62.76

H=188.97 DF7 P =0.000

H=188.98 DF =7 P =0.000 (adjusted for ties)

Ave Rank Z

25.6 -10.69
574 -2.63
182 5.11
93.3 -1.78
107.4 -0.06
190.3 4.28
190 4.27
161.4 6.48
108 343



Kruskal Wallis test on SIRM/y

Kruskal Wallis test on IRM 4,,/SIRM

Group Code N Median Ave Rank Z

1 50 31.29 172.7 8.39
2 10 26.32 135.2 1.42
3 17 20.44 83.5 -1.69
4 45 19.96 56.1 -6.29
5 28 20.94 63.9 4.8
6 10 19.69 52.4 -2.89
7 10 25.04 111.8 02

8 45 24.32 130.2 2.69
Overall 215 108

H=117.72 DF=7 P =0.000
H=117.72 DF =7 P =0.000 (adjusted for ties)

Group Code N Median AveRank Z

1 50 146.5 143.58 4.07
2 10 2195 2134  -0.062
3 17 159 153.88  -1.997
4 45 134 12456  4.875
5 28 132 12546  -3.781
6 10 207.5 1822 -0.815
7 10 77 75.3  -3.393
8 45 37 4393 9.174
Overall 215 108

H=162.482 DF =7 P = 0.000
H = 162.482 DF = 7 P = 0.000 (adjusted for ties)

2biv) Mann Whitney U tests on the separate fractions of H1 and H2

Xif N= 6 Median=  43.65

b N=13 Median=  22.60

Point estimate for ETA1-ETA2 is 21.85

95.2 Percent Cl for ETA1-ETA2is (11.10,33.81)
W =955

Test of ETA1

The test is significant at 0.0021 (adjusted for ties)

SIRM N= 6 Median=  506.7

SIRMb N= 13 Median=  521.2

Point estimate for ETA1-ETA2 is 5.6

95.2 Percent Cl for ETA1-ETA2 is (-120.6,114.9)
W =60.0

Test of ETA1 = ETA2 vs ETA1 not= ETA2
is significant at 1.0000
Cannot reject at alpha = 0.05

HardIRM N= 6 Median=  22.35
HardIRM N= 13 Median=  36.00

Point estimate for ETA1-ETA2is -14.50

95.2 Percent Ci for ETA1-ETA2 is (-20.10,-5.80)
W=31.0

Test of ETA1 = ETA2 vs ETA1 not = ETA2
is significant at 0.0124

SIRM/y N= 6 Median= 11.265

SIRM/xb N= 13 Median= 21590

Point estimate for ETA1-ETA2is -10.280

95.2 Percent Cl for ETA1-ETA2 is (-16.400,-6.467)
W=240

Test of ETA1 = ETA2 vs ETA1 not= ETA2
is significant at 0.0018
The test is significant at 0.0018 (adjusted for ties)

Yam N= 6 Median= 0.17000

Yarmb N= 13 Median= 0.20500

Point estimate for ETA1-ETA2is -0.03850

95.2 Percent Cl for ETA1-ETA2 is (-0.09303,0.00601)

W =40.5

Testof ETA1 = ETA2 vs ETA1 not = ETA2 is significant at 0.0956

The test is significant at 0.0955 (adjusted for ties)
Cannot reject at alpha = 0.05

SoftIRM N= 6 Median=  146.80

SoftiRM N= 13 Median=  130.40

Point estimate for ETA1-ETA2is  12.75

95.2 Percent Cl for ETA1-ETA2 is (-16.19,41.81)

W =70.0

Test of ETA1 = ETA2 vs ETA1 not = ETA2 is significant at 0.4047
Cannot reject at alpha = 0.05

ARM/y N= 6 Median= 0.1250

ARM/xb N= 13 Median= 0.3200

Point estimate for ETA1-ETA2is -0.1850

95.2 Percent Cl for ETA1-ETA2 is (-0.2400,-0.0900)

W =270
Test of ETA1 = ETA2 vs ETA1 not = ETA2 is significant at 0.0044
The test is significant at 0.0043 (adjusted for ties)

SIRMARM N= 6 Median= 93.85
SIRMWARM N= 13 Median = 75.90
Point estimate for ETA1-ETA2 is 19.29

95.2 Percent Cl for ETA1-ETA2 is (6.09,33.38)
W =87.0
Test of ETA1 = ETA2 vs ETA1 not = ETA2 is significant at 0.0201

100mT N= 6 Median= -0.6950

100mTb N= 13 Median= -0.5050

Point estimate for ETA1-ETA2is -0.1535

95.2 Percent Cl for ETA1-ETA2 is (-0.2640,-0.05434 4

W =236.0

Test of ETA1 = ETA2 vs ETA1 not = ETA2 is significant at 0.0393
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2ci) Descriptive Statistics
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2cii) Normailty test
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2ciii) Kruskal-Wallis

tests

Kruskal-Wallis test of y¢

Group Code N

1 = Holocene 33
2=YD 21
3=H1 14
4=H2 32
5=H2PE 17
6=H3 33
7=H4 18

8 =H4 PE 14
9=HS5 10
10=MIS 5e/6 197
11 = Ambient 271
Overall 660
H=221.68DF=10P
H=221.68DF =10P

Median
11.16
15.53
13.18
10.3
10.98
15.67
24.97
15.13
24.27
11.45
13.66

=0

AveRank Z
210.2 -3.72
439 2.65
349.7 0.38
164.2 -5.06
230.3 -2.19
497 5.15
606.6 6.23
519.1 3.74
625.6 4.93
228.6 -8.95
376.5 5.17
330.5

0 (adjusted for ties)

Kruskal-Wallis test on SIRM

Group Code N
1 33

21
14
32
17
33
18
14
10
10 197
11 271
Overall 660

CONOONHLWN

H=126.91DF =10P

Kruskal-Wallis test on Hard IRM

Group Code N
1 33
2 21
3 14
4 32
5 17
6 33
7 18
8 14
9 10
10 197
1 271
Overall 660

H=25571DF=10P

Median
327.7
340
253.7
385.4
231.2
335.5
318.4
246.1
3414
2245
232.2

=0

Median
25.13
32.33
25.52
245
36.73
47.63
35.28
25.84
26.98
22.09
35.21

=0

Ave Rank
406
521.2
340.3
504.2
3229
498
473.3
321.1
510.3
270.8
293.4
330.5

Ave Rank
253.9
356.4
236.3
216.3
458.4
558.6
410.7
258.4
267.9
188.8
4241
330.5

Zz
2.33
4.66
0.19
5.28
-0.17
5.18
3.22
-0.19

3
-5.25
-4.17

-2.37
0.63
-1.87
-3.47
2.8
7.05
1.81
-1.43
-1.05
-12.45
10.52

Kruskal-Wallis test on SIRM/ARM

Group Code N
1 33

21
14
32
17
33
18
14
10
10 197
11 271
Overall 660

Co~NOBLWLN

H=396.52DF =10P

Median
2.843
3.468
7.696
11.317
9.708
7.367
4.011
3.071
3.791
1.952
4.862

=0

Ave Rank
2523
301.5
531.4
610.9
602.3
541.6
376.9
246.7
3184
140.7
395.7
330.5

Z
-2.42
-0.71
3.98
8.53
5.95
6.53
1.05
-1.66
-0.2
-16.68
7.33

Kruskal-Wallis test on xarm

Group Code N
33

21
14
32
17
33
18
14
10
10 197
1 271
Overall 660

CONOINLWN—

Median
0.6029
0.5577
0.2497
0.1514
0.1426
0.2135
0.3046
0.3768
0.3683
0.4713
0.2147

H=21391DF=10P=0

Ave Rank Z
524 5.98
510 4.39
349.5 0.38
69.3 -7.95
56.8 -6
262.8 -2.09
406.5 1.71
456.9 251
4529 2.05
403.7 6.43
279 -5.79
330.5

Kruskal-Wallis test on Soft IRM

Group Code N
33

21
14
32
17
33
18
14
10
10 197
11 271
Qverall 660

CoNOMAWLN =

Median
75.6
76.65
78.64
92.24
68.89
105.03
92.02
71.04
98.75
53.43
63.55

H=120.24DF=10P =0

Ave Rank
388.5
426.1
419.2
464.1
309.1
527.2
489.8
379.3
541.9
260.8
302.9
330.5

Kruskal-Wallis test on SIRM/y

Group Code N
1 33

21
14
32
17
33
18
14
10
10 197
1 271
Overall 660

CoOoONOOAWN

Median
26.88
22.61
19.06
37.34
21.83
20.99
13.77
15.48
13.73
20.38
17.39

H=26237DF=10P =0

Ave Rank
582
496
3424
600.8
439.6
409.5
84.8
129.6
98
362.1
250.4
330.5

Kruskal-Wallis test on ARM/y

Group Code N

OCONOUNHEWN =

10
10 197
11 271
OQverall 660

Median
9.881
6.52
2.676
3.485
2.258
2.632
3.526
4.979
3.225
9.651
3.392

H=398.09DF=10P =0

Ave Rank
503.7
443
124
2232
60.6
127.7
184.7
361.8
233.1
518.6
240.6
330.5

7.77
4.04
0.24

2.39
2.44
-5.54
-3.99
-3.89
2.77
-9.01

z
5.35
2.75
-4.1
-3.26
-5.91
-6.27
-3.29
0.62
-1.63
16.53
-10.1349



Kruskal-Wallis test on SIRM/yarm

Group Code N Median Ave Rank Z

1 33 4128 145.8 -5.7

2 21 633 211.2 2.9

3 14 10155 3538 0.46

4 32 24912 6303 9.12

5 17 17348 593.7 5.77

6 33 1609.3 555.9 6.97

7 18 935.1 379.8 1.11

8 14 596.1 2021 -2.55
9 10 8849 299.8 -0.51
10 197 4844 200.7 -11.41
11 271 11082 380.6 5.63

Overall 660 330.5

H=3148DF=10P=0

Kruskal-Wallis test on yarm/x

Group Code N  Median AveRank Z

1 33 0.0658 5404 6.49
2 21 0.0356 499 4.12
3 14 0.0183 351.6 0.42
4 32 0.0147 179.7 -4.59
5 17 0.0123 883 -5.31
6 33 0.0131 131 -6.17
7 18 0.0149 1871 -3.24
8 14 0.02565 433 2.03
9 10 0.01455 235.6 -1.59
10 197 0.0363  453.1 10.77
1 271 0.0158  266.7 -7.17
Overall 660 330.5

H=26856 DF=10P =0
H = 268.56 DF = 10 P = O(adjusted for ties)

Kruskal-Wallis on IRM_19¢/SIRM

Group Code N  Median
1 33 -0.2803
2 21 -0.301
3 14 -0.4234
4 32 -04634
5 17  -0.3912
6 33 -0.1973
7 18 -0.355
8 14 -0.4921
9 10 -0.5028
10 197 -0.3355
1 271 -0.2432
Overall 660

H=68.49 DF = 10 P =0

H = 68.49 DF = 10 P =0 (adjusted for ties)

Ave Rank Z
3213 -0.28
3273 -0.08
238 -1.83
185.6 -4.41
309.8 -0.45
422.4 2.84
2421 -1.99
232.2 -1.95
107.6 -3.73
3122 -1.61
376.4 5.16
330.5
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2cvi) Mann Whitney U tests for H2. a is the material suggested to be European, b is the Laurentide material.

Al a N= 32 Median= 10.299

i b N= 9 Median=  11.027

Point estimate for ETA1-ETA2is  -0.707

95.1 Percent Cl for ETA1-ETA2 is (-2.609,1.034)
W =640.5

Test of ETA1 = ETA2 vs ETA1 not=ETA2is
significant at 0.3289

The test is significant at 0.3287 (adjusted for ties)
Cannot reject at alpha = 0.05

SIRMa N= 32 Median= 3854
SIRM b N= 9 Median= 5717

Point estimate for ETA1-ETA2is  -195.5

95.1 Percent Cl for ETA1-ETA2 is (-347.5,-64.7)
W =587.5

Test of ETA1 = ETA2 vs ETA1 not=ETA2is
significant at 0.0082

The test is significant at 0.0081 (adjusted for ties)

HardIRMa N= 32 Median= 24.499
Hard IRM b N= 9 Median= 21.326
Point estimate for ETA1-ETA2 is 1.822

95.1 Percent Cl for ETA1-ETA2 is (-2.198,6.049)
W =705.5

Testof ETA1 = ETA2 vs ETA1 not=ETA2is
significant at 0.2986
The test is significant at 0.2984 (adjusted for ties)

Cannot reject at alpha = 0.05

SIRM/ARMa N= 32 Median= 11.317
SIRM/ARM b = 9 Median= 14.575
Point estimate for ETA1-ETA2is -3.178

95.1 Percent Cl for ETA1-ETA2 is (-5.651,-0.002)
W =606.5

Test of ETA1 = ETA2 vs ETA1 not=ETA2is
significant at 0.0406
The test is significant at 0.0405 (adjusted for ties)

SIRM/yarma N= 32 Median= 2491.2
SIRM/yarm b N= 9 Median= 3786.7
Point estimate for ETA1-ETA2is  -996.9

95.1 Percent Cl for ETA1-ETA2 is (-1752.8,-274.4)
W =590.5

Test of ETA1 = ETA2 vs ETA1 not=ETA2is
significant at 0.0107
The test is significant at 0.0107 (adjusted for ties)

xarm/xa N= 32 Median= 0.01470

yam/y b N= 9 Median= 0.01470

Point estimate for ETA1-ETA2is  0.00000

95.1 Percent Cl for ETA1-ETA2 is (-0.00290,0.00210)

W =669.5

Test of ETA1 = ETA2 vs ETA1 not = ETA2 is significant at 0.9498
The test is significant at 0.9497 (adjusted for ties)

Cannot reject at alpha = 0.05

yarma N= 32 Median= 0.15142
xarmb N= 9 Median= 0.16079
Point estimate for ETA1-ETA2is -0.00838

95.1 Percent Cl for ETA1-ETA2 is (-0.03079,0.00144)

W =623.5

Test of ETA1 = ETA2 vs ETA1 not=ETA2Is
significant at 0.1306

The test is significant at 0.1304 (adjusted for ties)
Cannot reject at alpha = 0.05

SoftiRMa N= 32 Median= 92,2

Soft IRM b N= 9 Median= 189.3
Point estimate for ETA1-ETA2is  -83.8

95.1 Percent Cl for ETA1-ETA2 is (-136.0,-0.0)
W =608.5

Test of ETA1 = ETA2 vs ETAl not=ETA2is
significant at 0.0472
The test is significant at 0.0471 (adjusted for ties)

SIRM/xa N= 32 Median= 37.34
SIRMxb N= 9 Medan= 56.75
Point estimate for ETA1-ETA2is  -16.57

95.1 Percent Cl for ETA1-ETA2 is (-28.87,-2.22)
W =594.5

Testof ETA1=ETA2 vs ETA1 not=ETA2Is
significant at 0.0153

The test is significant at 0.0153 (adjusted for ties)

ARM/ya N= 32 Median= 34852
ARM/xb N= 9 Median= 3.9488
Point estimate for ETA1-ETA2is -0.2785

95.1 Percent Cl for ETA1-ETA2 is (-0.6771,0.0138)
W =618.5

Test of ETA1 = ETA2 vs ETA1 not=ETA2Is
significant at 0.0950
The test is significant at 0.0949 (adjusted for ties)

Cannot reject at alpha = 0.05
100 bacfielda N= 32 Median= -0.4634
100 backfield b N= 8 Median= -04415

Point estimate for ETA1-ETA2is -0.0387
95.1 Percent Cl for ETA1-ETA2 is (-0.1691,0.0306)
W = 640.5

Testof ETA1 = ETA2 v8 ETA1 not=ETA2is
significant at 0.3289

The test is significant at 0.3287 (adjusted for ties)
Cannot reject at alpha = 0.05
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2cvi) Mann Whitney U tests for H4. a is the material suggested to be European, b is the Laurentide material.

A b N= 6 Median=  36.65

Point estimate for ETA1-ETA2is  -18.08

95.6 Percent Cl for ETA1-ETA2 is (-35.58,-8.97)
W =80.0

Test of ETA1 =ETA2 vs ETA1 not=ETA2is
significant at 0.0017

SIRMa N= 12 Median=  302.9
SIRM b N= 6 Median= 3847

Point estimate for ETA1-ETA2is  -110.3

95.6 Percent Cl for ETA1-ETA2 is (-268.7,-25.3)
W =87.0

Test of ETA1 = ETA2 vs ETA1 not=ETA2is
significant at 0.0131

HardIRMa N= 12 Median= 35.3
Hard IRM b N= 6 Median= 32.0
95.6 Percent Cl for ETA1-ETA2 s (-23.2,14.4)
Point estimate for ETA1-ETA2 is 0.6

W =116.0

Test of ETA1 = ETA2 vs ETA1 not=ETA2is
significant at 0.8883

Cannot reject at alpha = 0.05

SIRM/ARMa N= 12 Median=  3.815
SIRM/ARM b N= 6 Median=  6.367
95.6 Percent Cl for ETA1-ETA2 is (-3.791,-0.256)
Point estimate for ETA1-ETA2is -2.544

W =920

Test of ETA1 = ETA2 vs ETA1 not=ETA2is
significant at 0.0440

SIRM/yarma N= 12 Median=  809.9
SIRM/qarm b N= 6 Median= 1323.2
95.6 Percent Cl for ETA1-ETA2 is (-682.2,-185.9)
Point estimate for ETA1-ETA2is  -476.8

W =820

Test of ETA1 = ETA2 vs ETA1 not=ETA2is
significant at 0.0032

xarm/ya N= 12 Medan= 0.01680
xam/y b N= 6 Median= 0.00750
Point estimate for ETA1-ETA2is  0.00830

95.6 Percent Cl for ETA1-ETAZ2 is (0.00440,0.01240)

W =148.0

xarm  N= 12 Median=  0.3046

xarm N= 6 Median=  0.3327

Point estimate for ETA1-ETA2is  0.0058

95.6 Percent Cl for ETA1-ETA2 is (-0.1429,0.0655)
W=117.0

Testof ETA1 =ETA2 vs ETA1 not=ETA2is
significant at 0.8149

Cannot reject at alpha = 0.05

SoftIRMa N= 12 Median= 83.9
Soft IRM b N= 6 Median= 1294
Point estimate for ETA1-ETA2is  -47.5
95.6 Percent Cl for ETA1-ETA2 s (-95.5,-21.0)

W =84.0
Test of ETA1 = ETA2 vs ETA1 not=ETA2is
significant at 0.0057

SIRM/ya N= 12 Median= 14.248

SIRM/y b N= 6 Median= 10.453
95.6 Percent Cl for ETA1-ETA2 is (-1.131,5.199)
Point estimate for ETA1-ETA2 is 2.923
W=134.0

Testof ETA1 =ETA2 vs ETA1 not=ETA2is
significant at 0.0678

Cannot reject at alpha = 0.05

ARM/ya N=12 Median=  3.847
ARM/Y, b N= 6 Median=  1.596
95.6 Percent Cl for ETA1-ETA2 is (0.484,2.946)
Point estimate for ETA1-ETA2is  2.134

W =1420

Test of ETA1 = ETA2 vs ETA1 not=ETA2is
significant at 0.0100

100 backfielda N= 12 Median= -0.3451
100 backfield b N= 6 Median= -0.4785

95.6 Percent Cl for ETA1-ETA2 is (-0.1619,0.3211)
Point estimate for ETA1-ETA2is  0.0951
W =127.0

Testof ETA1 = ETA2 vs ETA1 not=ETA2is
significant at 0.2417

Cannot reject at alpha = 0.05

Test of ETA1 = ETA2 vs ETA1 not = ETA2 is significant at 0.0017
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Appendix 2d) MD01-2461 H2

2di) Descriptive Statistics
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2dii) Normailty tests
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2diii) Mann Whitney U tests - sample set a) are the European samples, b) are the Laurentide

samples

xfa N=92 Median= 12.80

Xif b = 5§ Median=  35.39

Point estimate for ETA1-ETA2is -21.99

95.1 Percent Cl for ETA1-ETAZ2 is (-26.92,-17.43)
W =4278.0

Test of ETA1 = ETA2 vs ETA1 not = ETA2is
significant at 0.0002

SIRMa N= 92 Median= 2828
SIRMb N= 5 Median=  405.4

Point estimate for ETA1-ETA2is -126.8

95.1 Percent Cl for ETA1-ETA2 is (-206.6,-72.0)
W =4299.0

Test of ETA1 = ETA2 vs ETA1 not=ETA2is
significant at 0.0007

HardIRMa N= 92 Median= 29.770
HardIRMb N= 5 Median= 25.962
Point estimate for ETA1-ETA2 is 3.554

95.1 Percent Cl for ETA1-ETA2 is (-0.679,7.978)
W =4612.0

Test of ETA1 = ETA2 vs ETA1 not=ETA2is
significant at 0.0913

Cannot reject at alpha = 0.05

SIRM/ARMa N= 92 Median= 18.848
SIRM/ARMb N= 5 Median= 22.342
Point estimate for ETA1-ETA2is  -2.907

95.1 Percent Cl for ETA1-ETA2 is (-5.764,0.511)
W =4398.0

Test of ETA1 = ETA2 vs ETA1 not=ETA2is
significant at 0.0740

Cannot reject at alpha = 0.05

ARM/ya N=92 Median= 1.1288
ARM/Yb N= 5 Median= 0.5064

Point estimate for ETA1-ETA2is  0.5922

95.1 Percent Cl for ETA1-ETA2 is (0.4372,0.7555)
W =4738.0

Testof ETA1 = ETA2 vs ETA1 not=ETA2is
significant at 0.0002

IRM.100/SIRMa N= 92 Median= -0.44395
IRM.100/SIRMb N= 5 Median= -0.63118
Point estimate for ETA1-ETA2is 0.19438

95.1 Percent C! for ETA1-ETA2 is (0.14784,0.23714)

W =4736.0

Testof ETA1 = ETA2 vs ETA1 not=ETA2is
significant at 0.0002

The test is significant at 0.0002 (adjusted for ties)

Xarma N=92 Median= 0.09479

Xarmb N= 5§ Median= 0.11809

Point estimate for ETA1-ETA2is -0.02374

95.1 Percent Cl for ETA1-ETA2 is (-0.03576,-0.00930)
W =4334.0

Test of ETA1 = ETA2 vs ETA1 not=ETA2is
significant at 0.0046

SoftIRMa N= 92 Median=  85.61
SoftIRMb N= 5 Median= 176.18

Point estimate for ETA1-ETA2is  -80.56

95.1 Percent Cl for ETA1-ETA2 is (-109.96,-50.11)
W =4291.0

Test of ETA1 = ETA2 vs ETA1 not=ETA2is
significant at 0.0004

SIRM/xa N= 92 Median= 21.680
SIRM/(b N= 5 Median= 11.203

Point estimate for ETA1-ETA2is  10.156

95.1 Percent Cl for ETA1-ETA2 is (7.941,12.386)
W =4738.0 :

Test of ETA1 = ETA2 vs ETA1 not=ETA2is
significant at 0.0002

SIRM/{agma N= 92 Median= 2270.4
SIRM/Yarmb N= 5 Median=  2524.7
Point estimate for ETA1-ETA2is  -292.7

95.1 Percent Cl for ETA1-ETA2 is (-568.2,150.0)
W =4409.0

Test of ETA1 = ETA2 vs ETA1 not=ETA2is
significant at 0.1080

Cannot reject at alpha = 0.05

Xarm/Xa N=92 Median= 0.00931
Xarm/Xb N= 5§ Median= 0.00418

Point estimate for ETA1-ETA2is 0.00488

95.1 Percent Cl for ETA1-ETA2 is (0.00344,0.00610)
W =4738.0

Test of ETA1 = ETA2 vs ETA1 not=ETA2is
significant at 0.0002
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Appendix 2e) MD01-2461 H4

2e1) Descriptive Statistics
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2eii) Normailty tests
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2eiii) Mann Whitney U tests - a is the sample set using the European material, b is the sample set using
Laurentide material.

Xifa N=28 Median= 17.21 Xarma N=28 Median= 0.26215

b N= 7 Median=  51.36 Xarmb N= 7 Median= 0.24286

Point estimate for ETA1-ETA2is  -33.47 Point estimate for ETA1-ETA2is  0.01274

95.5 Percent Cl for ETA1-ETA2 is (-64.87,-22.12) 95.5 Percent Cl for ETA1-ETA2 is (-0.03182,0.06729)
W =406.0 W =518.0

Test of ETA1 = ETA2 vs ETA1 not=ETA2is Testof ETA1 = ETA2 vs ETA1 not=ETA2Is
significant at 0.0001 significant at 0.5777

The test is significant at 0.0001 (adjusted for ties) Cannot reject at alpha = 0.05

SIRMa N= 28 Median=  388.3 SoftiRMa N= 28 Median= 120.3
SIRMb N= 7 Median=  741.0 SoftIRMb N= 7 Median=  273.2

Point estimate for ETA1-ETA2is  -437.1 Point estimate for ETA1-ETA2is  -180.3

95.5 Percent Cl for ETA1-ETA2 is (-671.0,-278.5) 95.5 Percent Cl for ETA1-ETA2 is (-251.4,-130.4)
W=4120 W =410.0

Test of ETA1 = ETA2 vs ETA1 not=ETA2is Testof ETA1 = ETA2 vs ETA1not=ETA2is
significant at 0.0002 significant at 0.0001

HardIRMa N= 28 Median=  40.80 SIRM/ya N=28 Median=  21.06
HardIRMb N= 7 Median= 132.27 SIRM/xb N= 7 Median= 14.13

Point estimate for ETA1-ETA2is  -60.03 Point estimate for ETA1-ETA2 is 7.13

95.5 Percent Cl for ETA1-ETA2 is (-98.31,-26.12) 95.5 Percent Cl for ETA1-ETA2 is (1.94,10.29)
W =438.0 W =567.0

Test of ETA1 = ETA2 vs ETA1 not=ETA2is Test of ETA1 = ETA2 vs ETA1 not=ETA2is
significant at 0.0069 significant at 0.0100

SIRM/ARMa N= 28 Median= 12.371 SIRM{arma N= 28 Median= 13235
SIRM/ARMb N= 7 Median= 28.836 SIRMYXarmb N= 7 Median= 32200
Point estimate for ETA1-ETA2is -15.979 Point estimate for ETA1-ETA2is -1919.7

95.5 Percent Cl for ETA1-ETAZ2 is (-20.148,-11.509) 95.5 Percent Cl for ETA1-ETAZ2 is (-2746.6,-1336.6)
W =410.0 W =408.0

Test of ETA1 = ETA2 vs ETA1 not=ETA2is Test of ETA1 = ETA2 vs ETA1 not=ETA2is
significant at 0.0001 significant at 0.0001

ARM/xa N=28 Median= 1.5850 YarmXa N=28 Median= 0.01480
ARM/Xb N= 7 Median= 0.5721 Xarm/Xb N= 7 Median= 0.00530

Point estimate for ETA1-ETA2is  1.0330 Point estimate for ETA1-ETA2is  0.01024

95.5 Percent Cl for ETA1-ETAZ2 is (0.7321,1.3334) 95.5 Percent Cl for ETA1-ETA2 is (0.00731,0.01339)
W =602.0 W =602.0

Test of ETA1 = ETA2 vs ETA1 not=ETA2is Testof ETA1 =ETA2 vs ETA1 not=ETA2is
significant at 0.0001 significant at 0.0001

IRM_190/SIRMa N= 28 Median= -0.5059
IRM_19¢/SIRMb N= 7 Median= -0.6114
Point estimate for ETA1-ETA2is 0.1114

95.5 Percent Cl for ETA1-ETA2 is (0.0419,0.1709)

W =583.0
Test of ETA1 = ETA2 vs ETA1 not=ETA2is
significant at 0.0012
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