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ABSTRACT

The aim of this thesis is to investigate the application of biomarkers to study the provenance
of allochthonous organic matter deposited in the North Atlantic during the last glacial period
mainly as ice rafted debris (IRD) in Heinrich Layers (HLs). Two novel approaches are used
in this work:
e The biomarker composition of sedimentary organic matter is used to characterise and
compare possible sources and sinks of IRD
o Glacigenic debris flows (GDFs) are used as proxies for possible sources of IRD in the
deep ocean.

The distribution of photosynthetic pigments, n-alkanes, highly branched aliphatic
hydrocarbons (unresolved complex mixture (UCM) in the gas chromatogram) and long-
chain alkenones in the sediments from the possible sources and sinks of IRD is analysed.
Sources of IRD are represented by GDF deposits from the Nordic Seas and the western
Atlantic margins. Sinks are represented by deep-sea cores containing HLs: cores SU90-09
and ODP 609 are from the main area of IRD deposition, “IRD belt”, and cores MD95-2024
and HU87-025-07P are from Labrador Sea.

GDF and HL sediments generally contain a very high proportion of biodegraded and
thermally mature organic matter originating from ancient outcrops eroded by former ice
streams. Most hemipelagic sediments overlying GDFs or HLs in the deep-sea cores contain
signatures of less reworked organic matter.

GDF sediments at the North Atlantic margins are largely homogenous in their biomarker
composition; they contain biomarker distributions that are characteristic and unique to each
GDF deposit and thus significantly different from those of the overlying hemipelagic
sediments. It was concluded that the biomarker fingerprints of the organic matter in each
GDF can be considered as combined signatures of a variety of organic-rich outcrops eroded
by a particular ice stream and therefore can be used to constrain the sources of IRD in the
North Atlantic.

“Typical” HLs 1, 2, 4 & 5 can be identified in the sedimentary records on the basis of the
biomarker composition of sedimentary organic matter. Biomarker compositions of sediments
from “untypical” HLs 3 and 6 in the two cores from the “IRD belt” differ significantly from
those of the “typical” HLs 1, 2, 4 & 5 and are similar to the overlying ambient sediments. In
contrast, all HL. samples from the Labrador Sea core MD95-2024 are similar. A shift in
oceanic Polar Front location is reflected in the biomarker composition of ambient sediments
deposited after HL3 in core SU90-09. These contain highly degraded organic matter of ice
rafted origin whose biomarker composition differs from that of the “typical” HLs but not
from that of HL3.

The biomarker composition of the HL sediments from core SU90-09 varies both between
and within HLs. All HLs in core SU90-09 can be distinguished from one another based on
their biomarker composition. For the most part, the biomarker compositions of the
sediments in the older HLs 4 and 5 are more similar to one another than to those in the
younger HLs 1 and 2. Precursor events are recognised in the sedimentary record of HLs 1
and 2 but not HLs 4 and 5. Three steps can be distinguished in the deposition of HLs 4 and
5, with the narrow middle step different from the periods above and below it. HL1 and
possibly HL2 contain two steps.

With regard to source-sink correlation, IRD in the HLs in core MD95-2024 contains a
combined signal from North American and West Greenland sources. Similar signatures are
present in the “typical” HLs from cores SU90-09 and ODP 609. A contribution from an
additional unidentified source or sources is present in both cores, substantial in the former
and minor in the latter. However, no significant input from the European ice sheets was
detected. The variability between and within HLs is probably a result of variability in the
relative input from different IRD sources. The biomarker composition of the “untypical”
HLs 3 and 6 from ODP 609 is more consistent with aeolian rather than IRD input.

Biomarker analysis provides a potentially more detailed and more specific approach than
analysis of bulk properties of sediments to characterize sources and sinks of IRD.
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Cover image: Terrestrial sediments frozen into ice are transported into the ocean. Photo: J. Dowdeswell.
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1.1 The Heinrich Events

The climate of our planet is characterised by periods of rapid change. Such variability
is recorded, for example, in the marine sediments and glacial archives of the Quaternary
(e.g. Adams et al., 1999; Alley et al., 1993; Dansgaard et al., 1993; Taylor et al., 1993).
Understanding the causes, mechanisms and consequences of climatic changes that
occurred in the past is important because they provide an analogy for possible future
environmental change associated, for instance, with the effects of ice cap melting in
response to global warming. An important area of research is focused on the past
relationships between the different ice sheets of the Northern Hemisphere and their
influence on dynamics of the ocean and atmosphere systems and global climate (e.g.

Broecker, 1994; Chapman et al., 2000; Cortijo, 2000).

During the last glacial period, there have been several episodes of quasi-periodic
iceberg discharge from the ice sheets into the North Atlantic (Heinrich Events (HEs))
(e.g. Broecker et al., 1992; Grousset et al., 1993; Heinrich, 1988). These episodes are
recorded in Quaternary sediments as Heinrich layers (HLs), compared with ambient
sediment, typically characterised by increased levels of ice rafted debris (IRD), grey
reflectance, grain size and magnetic susceptibility and low abundance of foraminifera
relative to IRD (Bond et al., 1992; Broecker et al., 1992; Heinrich, 1988). Another
feature are the high sediment accumulation rates during HEs, calculated using 20T
chronology (Francois & Bacon, 1994; McManus et al., 1998) and c ages (Huon et al.,
2002), and estimated to be higher than 4-15 cm ka'! for HLsl, 2, 4 & 5 (Bond et al.,
1993; Bond et al., 1992; Cortijo et al., 1997, Grousset et al., 2001; Vidal et al., 1997).
The main area of the IRD deposition, referred to as the “IRD belt”, spreads for more
than 3,000 km across the Northern Atlantic between ~40°N and 55°N (Fig. 1.1)
(Ruddiman, 1977) with the thickness of HLs increasing westwards from a few
centimetres to a meter or more towards the Labrador Sea (e.g. Bond et al, 1992;
Grousset et al., 1993; Heinrich, 1988; Rashid et al., 2003c). Outside the main “IRD
belt”, HLs have been recorded from the northwestern Labrador Sea (e.g. Andrews &
Tedesco, 1992) to the Iberian margin (e.g. Lebreiro et al., 1996). Numerous ice rafting
events have also been identified in the Nordic Seas (e.g. Kog¢ & Jansen, 1994), some of

which were synchronous with the HEs.
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HEs are thought to have resulted from brief periods of massive iceberg discharge
primarily from the Laurentide Ice Sheet approximately every 7000 years (Andrews &
Tedesco, 1992; Heinrich, 1988; MacAyeal, 1993). Six such events (HE6-HE1) lasting
about 495 +255(one standard deviation) years (Hemming, 2004 and references therein)
have been recognised in the interval between past 60 and 10.5 ka. Recently, there has
been a claim for an additional HL, identified between HLs 5 and 6 in the Labrador Sea
(Rashid et al., 2003b).

Heinrich Events correlate with shifts in other climate records such as for example
Greenland ice cores (Bond et al, 1993), Florida vegetation (Grimm et al., 1993),
Colorado lake sediments (Anderson et al., 2000), corals of Papua New Guinea
(Yokoyama et al., 2001), Lake Baikal sediments (Prokopenko et al., 2001), South-
American salar (Baker et al., 2001), Chinese loess (Heslop ef al., 1999; Porter & An,
1995) and South China Sea sediments (Chen et al., 1999; Lin et al., 1999). Estimations
of sea surface temperatures (SST) and sea surface salinity (SSS) during HEs indicate
considerable drop in both parameters (Bard et al., 2000; Bond et al., 1992; Cayre et al.,
1999; Chapman et al., 2000; Cortijo et al., 1997; Maslin et al., 1995; Rosell-Mele et al.,
2002) apparently caused by fresh water release from the melting icebergs. That is
thought to have resulted in a disruption of deep-water formation in the North Atlantic
(Bond et al., 1992; Broecker, 1994; Maslin, 1995; Maslin et al., 1995; Paillard &
Labeyrie, 1994). Change in thermohaline circulation is likely to have affected global
climate. With no northward transportation of water and thus heat from the western
tropical North Atlantic, a warming of the Southern Hemisphere should have occurred.
This view is supported by the model developed by Paillard & Cortijo (1999) for HE4
and Crucifix & Berger (2002) for HE1. Comparison between marine and ice records in
both hemispheres, although it should be considered with caution, suggests correlation

between climatic changes of the two hemispheres (Charles et al., 1996; Cortijo, 2000).

The cause of HEs still remains a mystery. The main schools of thought argue that
either the internal dynamics of the Laurentide Ice Sheet, or externally forced climate
change (e.g. rapid changes in sea level), influenced the ice sheet or its environment and
gave rise to the events. Key to the discussion is to explain whether and why the timing
of the iceberg discharges from the Laurentide Ice Sheet were synchronous with those

from other ice sheets, i.e. in Europe and Iceland. Thus, an external forcing would affect
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all ice sheets simultaneously and produce their simultaneous response, whereas internal

failure of the Laurentide Ice Sheet would lead any responses of the other ice sheets.

The proposed external causes for the HEs are insolation changes brought about by
variations in the eccentricity of the Earth’s orbit (Heinrich, 1988; Mienert & Chi, 1995)
or orbital inclination (Muller & MacDonald, 1995). However, the response of 3km
thick ice sheets to external climate forcing is likely to be very slow (in the order of
thousands of years), which does not fit with the evidence for very rapid deposition of
HLs (Dowdeswell et al., 1995; McCave, 1995). In addition, no correlation has been
found between the timing of deposition of the HLs and any component of the

Milankovitch insolation cycles (Broecker et al., 1992; Bond et al., 1993).

An alternative cause of HEs is internal collapse of the Laurentide Ice Sheet.
According to MacAyeal’s ‘binge-purge’ theory (1993), accumulation of ice in the
Laurentide Ice Sheet (binge phase) and discharge of icebergs (purge) occur according to
changes in basal temperature. MacAyeal (1993) based his calculations on the
assumption that the release of icebergs occurred through the Hudson Strait. However,
IRD from Europe, followed by that from the Gulf of St. Lawrence, precede carbonates
from Northern Canada in HLs from several cores studied by Bond & Lotti (1995) and
Grousset et al., (2001; 2000).

As a third possible cause of HEs, sea level rise as a result of melting of European
ice sheets in response to global temperature changes induced by 1,500 year Dansgaard-
Oeschger cycles (Bond & Lotti, 1995) has been suggested by van Kreveld (2000).
Periods of cooling preceding HEs (Bond et al., 1993) and the presence of European IRD
in sediment records prior to Laurentide material (Grousset et al., 2001; Scourse et al.,
2000) support this point of view. If HEs are considered together with frequent minor
ice rafting episodes between them, there is good correlation between these events and
cooling episodes recorded in the Greenland ice cores (Bond & Lotti, 1995; Bond et al.,
1999; Thouveny et al., 2000).

However, it remains unclear if this mechanism could account for the sharp onset
of IRD from the Laurentide Ice Sheet and the copious amounts of icebergs necessary to
explain the thickness of HLs and the consequences on oceanic circulation implied from

proxy records and modelling. Recently, another hypothesis has been put forward, based
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on a combination of external climate forcing and a newly observed glaciological process
(Hulbe et al., 2004). This proposes the existence of ice shelves along the eastern
Canadian seaboard that could rapidly disintegrate as a result of climate-controlled

meltwater infilling of surface crevasses.
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1.1.1 Aim and objectives

The aim of this thesis is to investigate the application of biomarkers to the study of
provenance of allochthonous organic matter deposited in the North Atlantic during the

last glacial period.
The objectives are:

e To describe the characteristic biomarker signatures of the possible sources of IRD
by using Glacigenic Debris Flows (GDF) as a source proxy of IRD in HLs

e To determine the spatial and temporal variability of allochthonous and
autochthonous inputs of organic matter in deep sea glacigenic and hemipelagic
sediments from several cores in the North Atlantic

e To compare the allochthonous biomarker signatures in deep-sea sediments with
those described in the possible source areas to ascertain the provenance of IRD

during HEs.
Key aspects of the research, which are considered testable hypotheses, are:

- That the composition of biomarkers in glacigenic sediments in the North Atlantic can
be used to find out the provenance of IRD in HLs. That implies that IRD in HLs carries
a biomarker signature characteristic of each source, and therefore that each source has a

distinct biomarker signature or fingerprint.

- That the organic matter in the debris flow deposits in the margins of the North Atlantic
has a distinct and characteristic composition, which is analogous to that of the IRD

originating from the ice sheet that gave rise to the debris flows.

In addition, another goal will be to set up the appropriate analytical methodology for the
rapid and routine characterisation of broad biomarker fingerprints in deep-sea

sediments.
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1.2 Current views on provenance of IRD in the glacial North Atlantic

In order to understand the causes of HEs, it is important to determine the source regions
of IRD in different HLs, and the timing of each depositional event. Provenance studies
so far have been based mostly on mineralogical (e.g. Bond & Lotti, 1995; Grousset et
al., 2000), petrographic (e.g. Piper & DeWolfe, 2003), isotopic (e.g. Grousset et al.,
1993; Gwiazda et al., 1996a; 1996b; Hemming et al., 1998; 2000) and elemental (e.g.
Thomson et al., 1995) composition of the lithic fraction of HLs, and comparison of IRD
in HLs with material from various potential terrestrial sources. Other methods include
study of magnetic parameters (e.g. Stoner et al., 1996; 1998), micropalacontological
composition (e.g. Rahman, 1995) and bulk properties of organic matter (e.g. Huon et
al., 2002). Some of the results produced by these methods are contradictory. One of
the reasons for this may be that different grain size fractions are used for provenance
studies by different authors. Although the <63 um fraction is more abundant in glacial
sediments than the >63 um (Andrews, 2000), it could have been transported by means
other than ice rafting. Many studies concentrated on the >150 um fraction because of
its definitely ice rafted origin. However, that leads to under-representation of some of

the rock types, e.g. shale (Hemming, 2004).

1.2.1 Overview of current methods used in provenance studies

1.2.1.1 Mineralogical and petrographic analysis of lithic fraction

The mineralogical composition of terrigenous grains has been used to determine the
sources or IRD. Three groups of rocks are usually considered: (i) volcanic glass from
Iceland, (ii) hematite coated quartz and feldspar from Proterozoic and Phanerozoic red
beds of the Gulf of St. Lawrence, and (iii) detrital carbonate mainly from Palaeozoic
deposits of eastern and northern Canada (Bond & Lotti, 1995; de Abreu et al., 2003;
Grousset et al., 2001). In addition to this, Scourse (2000) proposed detrital chalk as

evidence of the British Ice sheet collapse.
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1.2.1.2 Analysis of magnetic parameters

Increase in magnetic susceptibility (MS) is associated with continental input into the
ocean. Magnetic susceptibility measurements have been used to identify HLs (Grousset
et al., 1993). In that work, the peaks on MS records coincided with detrital carbonate
increases and thus were interpreted as an indication of North American provenance.
Detrital layers in the Labrador Sea are characterised by increased magnetic
susceptibility supporting this interpretation (e.g. Stoner ef al., 1996). At the same time,
the increase in this parameter north of 52°N is several times lower than in the “IRD

belt” (Robinson et al., 1995).

1.2.1.3 Isotopic analysis of mineral particles

Detailed analysis of various potential source areas showed that most of them could be
distinguished on the basis of their isotopic composition. The Nd-Sr-Pb isotopic
composition of bulk IRD of individual grains is widely used in provenance studies in
order to constrain the basement terrain of the IRD source areas (Benson et al., 2003;
Grousset et al., 2000; Hemming et al., 1998; Innocent et al., 2000). Broadly speaking,
European sources are characterised by radiogenic Nd (-15<gng[0]<-10), unradiogenic Sr
(0.710<¥Sr/*®Sr<0.725) and young Rb-Sr model (<0.5 Ga), whereas Canadian province
materials (Canadian Shield, Baffin Bay & Greenland) contain unradiogenic Nd (-
45<gng[0]<-17), more radiogenic Sr (0.72<¥Sr/*®Sr<0.733) & old Rb-Sr model (~2-3
Ga) (Grousset et al., 2000).

Variation in Pb isotopes ratios were used as proxy for different IRD sources by
Gwiazda et al.(1996a; 1996b). Hemming er al. (1998; 2000; 2002) used “’Ar/*°Ar ages
of hornblende grains, Farmer et al. (2003) studied Sr-Nd-Pb composition of fine
sediment fraction, Fagel et a/ (2002) and Innocent et al., (2000; 1997) used Sm-Nd
signatures. The shortcoming of this method lies in the similar geological histories of the
major landmasses surrounding North Atlantic which makes it difficult to distinguish
between different potential source areas (e.g. Farmer er al., 2003; Gwiazda et al.,
1996b). For instance, detailed analysis of the isotopic compositions of the ice-proximal
glacimarine sediments and IRD in the North Atlantic (Farmer et al., 2003) suggest that
higher eng[0] (>-15) could have been delivered to the North Atlantic not only from the

10



Chapter 1 Introduction

Fennoscandian Ice Sheet (Grousset et al., 2000), but from the southeastern margin of

the Laurentide Ice Sheet.

1.2.1.4 Elemental analysis

Thomson et al. (1995) used increases in Mg/Al ratio as a proxy for detrital dolomite
from Canada. Rare-earth elemental composition was used to constrain IRD source in
HL2 from the Labrador Sea (Benson et al., 2003). Increase in Zr/Al, Si/Al and Ti/Al
ratios in HLs was interpreted by Hinrichs et al.(2001) as a result of aeolian input of

loess.

1.2.1.5 Micropalaeontological analysis

Use of concentration of reworked nannofossils was proposed as a proxy for input from
Cretaceous chalks originating in Northern Europe (Rahman, 1995). Zaragosi et al.
(2001) recorded dynocist assemblages of European origin preceding Canadian signature
in HL from the Bay of Biscay. Reworked palynomorphs were used by Hiscott ef al.
(2001) to determine IRD sources in the Labrador Sea.

1.2.1.6 Bulk properties of organic matter

Concentrations of organic carbon (OC), total nitrogen (TN) and stable isotope ratios
(6"C and 3'°N) of fine-sized (<50 pm) organic matter in the North Atlantic core SU90-
09 were used by Huon et al. (2002) to demonstrate a change in the sources of organic
matter over the past 50 ka. The authors report contrasts in sedimentary organic matter

supply between earlier (HE4 & HES) and younger (HE1 & HE2) HEs.

1.2.2 IRD events in different areas of the North Atlantic

Based on magnetic susceptibility records, Grousset ef al. (1993) demonstrated that the
thickness of HLs 1, 2, 4 & 5 decreases from west to east, with gradients elongated
around ~45°N. Similar findings were reported by Dowdeswell et al. (1995) for HLs 1
and 2. That indicates predominantly Hudson Strait provenance and similar pathways of
icebergs for these events (Dowdeswell er al., 1995; Grousset et al., 1993). The
distribution of HL3 shows decreasing thickness from north-west to south-east and may

indicate change in the source and pathways of icebergs for this layer (Grousset ef al.,
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1993). Another indicator of a Hudson Strait source, the presence of detrital carbonate,
was detected within but not outside the “IRD belt” (Bond et al., 1992). Carbonates
were present in all HLs from the southwestern North Atlantic but absent from HLs 3
and 6 towards the northeastern part (Bond er al, 1992). Bond and Lotti (1995),
however, distinguished a narrow carbonate peak in HL3 not only in core ODP 609
(49°53°N, 24°14’W) but also in the north-eastern core VM23-81 (54°15°N, 16°50’W).
Absence or near absence of carbonate in some of the HLs was interpreted by Bond ef al.
(1992) as a result of melting of icebergs before reaching eastern locations. As an
alternative explanation, input from the European sources of IRD was proposed
(Grousset et al., 1993). Although Hudson Strait appears to be the predominant source
area, the existence of multiple sources of IRD, European as well as American, in the
North Atlantic HLs is supported by mineralogical (Bond & Lotti, 1995; de Abreu et al.,
2003; Grousset et al., 2001; Scourse et al., 2000), isotopic (Grousset et al., 2000; Revel
et al., 1996) and palynological data (Rahman, 1995).

Labrador Sea

Locations proximal to former ice sheets, such as the Labrador Sea and Nordic Seas,
preserve more detailed sedimentary records of ice sheet instability. Detrital layers in the
Labrador Sea are thought to have been deposited not only by ice rafting but also by
nepheloid flow and turbidites (Andrews & Tedesco, 1992; Hesse & Khodabakhsh,
1998; Hillaire-Marcel et al., 1994; Rashid et al., 2003c). Andrews & MacLean (2003)
suggest that meltwater discharge rather than ice rafting was the dominant process in HL
formation in the Labrador Sea. Several detrital layers have been recognised based on
magnetic properties of the sediments (Hillaire-Marcel et al., 1994; Stoner et al., 1996).
Hillaire-Marcel et al. (1994) noted that both carbonate and coarse fraction are not
consistently present in all Heinrich layers in the Labrador Sea, suggesting variability in
the sources of IRD. Heinrich layers, some with high detrital carbonate content (DC)
and others with low (LDC) corresponding to North Atlantic HEs were identified on the
basis of "“C AMS dates on Neoglobogquadrina pachyderma (Andrews et al., 1994;
Andrews & Tedesco, 1992) and geomagnetic palacointensity (Stoner et al., 1998). A
predominantly North American Precambrian Shield source was reported for HLs in

several Labrador Sea cores from Sm-Nd isotope data (Innocent et al., 1997).
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Nordic Seas

Input from European ice sheets is recorded in the sediments of the Nordic Seas; increase
in the IRD content and other indicators of climate change correlate well with 3'%0 in
Greenland ice cores (e.g. Andrews et al., 1998; Baumann et al., 1995; Dokken & Hald,
1996; Elliot et al., 1998; Fronval et al., 1995). Baumann et al. (1995) linked IRD peaks
on the Vering Plateau in the Norwegian Sea to HE2, HE3, HE4 and HES. Fronval et al.
(1995) also identified detrital layers, some of which correlate in time with North
Atlantic HEs, in a sediment core from the Norwegian Sea. Their mineralogical
composition suggested a Fennoscandian origin. A core from the continental slope south
of the Denmark Strait sill, analysed by Andrews et al. (1998), contained two layers
approximately coeval with HL1 and HL2 in the North Atlantic.

However, Dowdeswell et al. (1999) argue that there is insufficient evidence for
such correlation since only a few IRD peaks in the Nordic Seas match HLs
unambiguously and because of age uncertainty of +2,000 years. What is more, the
findings of Baumann et al. (1995) contradict those of Fronval ef al. (1995). Lack of
correlation between IRD layers in the North Atlantic and Norwegian-Greenland Sea
was also reported by Mienert & Chi ( 1995) on the basis of magnetic susceptibility and
density analysis of sediment cores. Based on the study of three cores from the
continental slope of the Spitsbergen margin, Lloyd et al. (1996) maintain that IRD
events in the Nordic Seas could not have correlated with HEs due to the different

mechanisms of their formation.

According to Lloyd et al. (1996), IRD production in the Norwegian-Greenland
Sea is mostly determined by moisture supply that controls ice cap accumulation and
thus iceberg calving. The main source of moisture in that region is evaporation of sea
surface waters. During glacial periods, sea surface temperatures in the region would be
low, reducing evaporation and thus growth of Arctic ice sheets. In warmer periods,
when the arctic front retreats, the inflow of Atlantic waters into the Norwegian-
Greenland Sea would produce moisture supply for expansion of Arctic ice masses. The
build up and collapse of ice sheets in mid-latitudes (e.g. the Laurentide Ice Sheet) would

have a similar effect, leading to an antiphase relationship between ice masses in mid and
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high altitudes (Boulton et al., 1985). This view is supported by the fact that the

Spitsbergen margin IRD peaks occur during interstadials as well as glacial periods.

Four IRD events coeval with HE1-4 were recorded in the sediments from the

Fram Strait (Darby et al., 2002) indicating input from Arctic sources.

1.2.3 Variability of sedimentary characteristics between HLs

Variability in the properties of sediments between so-called “typical” HE1, HE2, HE4
& HES5 and “untypical” HE3 and HE6 events in the North Atlantic is well established.
HLs 3 and 6 from the cores within the “IRD belt” are characterised by lower peaks in
magnetic susceptibility than HLs 1, 2, 4 & 5 (Grousset et al., 2001; 1993; Robinson et
al., 1995) and lower mass fluxes of total sediment as calculated using U-Th isotope data
(McManus et al., 1998). They differ from the “typical” HLs also in their isotopic
composition (e.g. Grousset et al., 2000; Gwiazda et al., 1996b). On the basis of Nd and
Sr isotopic analysis of sediments in HLs 1, 2, 4 and 5, Grousset et al. (1993) named
Baffin Bay as a source area of IRD in these layers. Lead isotope composition of HL2 in
the “IRD belt” (Gwiazda et al., 1996b) points at Churchill province of the Canadian
Shield (Hudson Bay, Hudson Strait and Baffin Island) as a provenance area for this
layer. Similar findings were reported by Snoeckx et al. (1999) for HE4 using Sr-Nd
data and by Hemming et al. (1998) on the basis of ©Ar/PAr ages of individual
hornblende grains as well as Nd-Sr-Pb isotopic analysis of HLs1, 2, 4 & 5 in core V28-
82 (49°27°N, 22°16’W) from the northeastern Atlantic. Pb isotope composition of
these layers matches that of Baffin Island except for one isotope ratio (Hemming et al.,
2000). In contrast, IRD in HL3 appears to have originated primarily from Scandinavia
and Greenland (Gwiazda ef al., 1996a). Revel et al. (1996) reported systematic increase
eastwards in contribution from European sources in HLs 3 & 6 based on Sr-Nd isotopic
composition. HL3 from the Northeastern core T88-9P, also differs from HLs 1, 2,4 &
5 in terrigenous biomarker characteristics (Madureira et al., 1997). Abreu et al (2003)
attributed the provenance of HL3 IRD in a core from the Iberian margin (MD95-2040)
to mostly Icelandic source as indicated by the presence of volcanic glass. HL4 at this
location is thicker than the rest of HLs and its IRD accumulation record has a double-

peaked structure (Thomson et al., 1999).
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There is a possibility, however, that HLs 3 and 6 in the northeastern part of the
North Atlantic do not contain IRD and changes in the sedimentary records associated
with these events reflect changes in sea surface temperatures and foraminifera
productivity in response to iceberg release from the Laurentide Ice Sheet (Bond et al.,
1992). The isotopic signature (Sr, Nd & Pb) of HL3 sediments is similar to that of the
background sediments (Gwiazda et al., 1996a; Revel et al., 1996). In the ODP 609 core
(49°53°N, 24°14°W), the abundance of lithic fragments per gram of sediment in HL3 is
practically indistinguishable from the ambient sediments, in contrast to HLs 1,2,4 & 5
(Bond & Lotti, 1995; Broecker et al., 1992).

The unusual character of the North Atlantic HE3 is recorded also in the Labrador
Sea. Kirby & Andrews (1999) reported absence of HL3 from the northwestern
Labrador Sea and proposed a different source area (across rather than along the Hudson
Strait) for this event. Based on sedimentological evidence from a number of cores,
Rashid et al. (2003a) argue that HL3 in the Labrador Sea is similar to the other HLs and
was not detected previously in some locations due to its deep burial or erosion. U/Th
isotopic analysis of the HLs 0-4 in the south-eastern Labrador Sea core HU91-045-094
by Veiga-Pires & Hillaire-Marcel (1999) did not reveal significant differences in
sedimentation rates between the HLs in that location. This data is supported by
geomagnetic palaeointensity records (Stoner et al, 1998). These results indicate a
Hudson Strait provenance of IRD in HL3. However, during this event, icebergs
probably did not reach as far east as during prominent HEs 1, 2, 4 and 5 (Grousset et al.,

1993).

1.2.4 Source variability within HEs

Bond and Lotti (1995) recorded variable input from different IRD sources within HLs 1,
2 & 4 in cores ODP 609 (49°53°N, 24°14°W) and VM23-81 (54°15°N, 16°50°W) with
detrital carbonate input lagging behind basaltic glass (Iceland (Voelker et al., 1998) and
Irminger Basin (Elliot ez al.,, 1998; van Kreveld, 2000)) and hematite-coated quartz
(East Greenland (Bond et al., 1999; van Kreveld, 2000)). In a more detailed study of
the northeastern Atlantic core MD95-2002, Grousset et al. (2000) showed that HLs 1, 2,
4 & 5 can be divided into three parts on the basis of their isotopic composition: the

bottom and top parts display European origin but the middle part is of North American
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derivation. A similar three-step structure was found in HL4 from the Iberian margin
(SU92-28). Snoeckx et al. (1999) report a European signal at the beginning of HL4 in
several North Atlantic cores. Scourse (2000) presents evidence of detrital chalk from
the Celtic continental shelf preceding and coinciding with lithic fragments of Laurentide
origin in HL2 but not HL1 from two Northeastern Atlantic cores. Based on the
mineralogical and isotopic composition of IRD, Grousset et al. (2001) identified three
phases of IRD deposition in HLs 1 and 2 in central North Atlantic core SU90-09: a
European precursor event recorded by volcanic glass, a Laurentide step dominated by
quartz, and finally detrital carbonate from Hudson and Baffin Bays. These results are
supported by evidence from other locations, e.g. ODP 609 and VM23-81 (Bond et al.,
1999). What is more, source areas for precursor events to HL2 and HL4 from ODP 609
appear different from one another according to radiogenic isotope data (Vance &
Archer, 2002). Piper & Skene (1998) report iceberg discharge from the continental
margin of Nova Scotia as recorded by brick-red sandy mud deposits in several
southwestern Labrador Sea cores, immediately preceding release of carbonate-rich IRD
corresponding to HE1. Based on detailed petrographic analysis, Piper & DeWolfe
(2003) report dilution of the Hudson Strait (carbonate) signal in HLs 1 and 2 in the
southwestern Labrador Sea by IRD from numerous sources in Newfoundland and Nova

Scotia.

High resolution isotopic analysis of lithic fraction and organic matter in HLs
from North Atlantic core SU90-09 revealed that IRD deposition, and therefore iceberg
discharge from the Laurentide Ice Sheet, took place in a series of pulses lasting 200-500
years (Grousset et al., 2001) with short periods of hemipelagic sedimentation between
them. Similar thin layers were reported in the Barra Fan recording instability of the

British ice sheet (Knutz et al., 2001).
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1.3 Application of a novel approach to reconstruct IRD provenance

1.3.1 Debris flows as a source proxy of IRD

Provenance studies so far have been based on comparison of various properties (e.g.
isotopic, mineralogical etc.) of IRD in the HLs with the characteristics of basement or
detrital rocks exposed in the regions surrounding North Atlantic (e.g. Gwiazda et al.,
1996b; Hemming et al., 1998; Piper & DeWolfe, 2003). The shortcoming of this
approach is that properties of individual outcrops in the circum-North Atlantic area do
not necessarily reflect the nature of the IRD actually transported into the ocean by
icebergs. Ice-proximal sediment may present a more accurate proxy for a source of
IRD. For instance, on the basis of petrographic analysis, Scourse et al. (2000) linked
glacimarine sediments from the Irish Sea ice stream across the Celtic shelf to sediments
preceding HL2 in two Northeast Atlantic cores. Farmer et al. (2003) used isotopic
characteristics of ice proximal sediments to infer provenance of HL sediments. We
propose using glacigenic debris flows (GDF) as a proxy for the source of IRD in the
North Atlantic. GDF consist of sediments delivered to the continental shelf by ice
streams during periods of iceberg discharge and therefore represent an integrated input

of materials underlying the ice streams.

1.3.1.1 Palaeo ice streams and sedimentation at ice stream termini

During episodes of ice sheet instability, large masses of icebergs were discharged into
the ocean through a series of ice streams (Stokes & Clark, 2001). Existence of these
palaeo ice streams is often recorded on the continental shelf as wide bathymetric
troughs containing streamlined subglacial bedforms (e.g. O Cofaigh et al., 2002). When
overlying readily deformable sediment, ice streams eroded and delivered to the
shelfbreak large volumes of sediments (Alley et al, 1989). A large proportion of
sediment was deposited on the shelf break and then transported down slope by mass
flow processes, mainly debris flows (GDF), forming fan-shaped, diamict-dominated
sediment accumulations, Trough Mouth Fans (TMF) (e.g. Vorren & Laberg, 1997;
Vorren et al., 1989). TMFs are recognised as useful indicators of former ice streams
(Dowdeswell & Siegert, 1999). At the same time, some of the sediment incorporated in
ice was transported into the ocean by icebergs and precipitated as ice rafted debris

forming HLs. Composition of the sediments in TMF deposits reflects that of the
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outcrops eroded by ice streams and of IRD in the detrital layers in the deep ocean. TMF
deposits consist of highly mixed, often homogenous sediments representative of large
source areas that fed ice streams (e.g. King et al., 1998; 1996; Vorren & Laberg, 1997).

That is why we propose to use TMF sediments as a source proxy for IRD in HLs.

1.3.1.2 Major TMF deposits in the North Atlantic

Nordic Seas margins TMFs. Classical TMF model

Several well-defined TMFs are situated around the margins of the Polar North Atlantic
(Fig. 1.1). Based on the study of these deposits, a classical TMF model was developed
(Dowdeswell et al., 1996; Laberg & Vorren, 2000; Vorren & Laberg, 1997). According
to this model, when the ice-streams reached the shelf break, large masses of glacigenic
diamict-rich sediments accumulated on the upper continental slope at the edge of cross-
shelf troughs. These sediments were subsequently remobilised and transported
downslope as debris flows. This resulted in fan-shaped deposits dominated by stacked
debris flows (Fig. 1.2). Eight TMFs have been identified at the margins of the Nordic
Seas (Fig. 1.1), ranging in size from 2,700 km? (Kongsfijord TMF) to 215,000 km®
(Bear Island TMF) (Vorren & Laberg, 1997).

It is important to note that the size and architecture of debris flow deposits do
not necessarily reflect the intensity of the ice streams. Specific geological conditions,
such as low gradient (<1°) of continental slope, abundant readily erodible shelf
sediment and a wide continental shelf facilitate TMF development (O Cofaigh et al.,
2003).

TMF deposits on the North American margin

The morphology and sedimentary architecture of continental slope environments in
front of palaeo-ice streams on the North American margin presents a more complicated
picture of sedimentary deposition than a classical TMF model suggests (O Cofaigh et
al., 2003). In contrast to TMF deposits around the Nordic Seas, where each TMF was
formed at the mouth of a single large ice stream, glacigenic deposits in the Baffin Bay
and Labrador Sea basins were fed from several ice streams along the continental
margin, resulting in heterogeneity of debris flow deposits across these basins (e.g. Aksu,
1984; Hesse et al., 1990). Also, in the Labrador Sea, only part of the sediment was

deposited as debris flows. The predominant mechanism of sedimentation is thought to
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have been suspension settling from meltwater. Direct discharge from Hudson Strait is
recorded as a sandy braid-plain in the North Atlantic Mid-Ocean Channel (NAMOC)
(Hesse et al., 1997). On the upper slope, fine muds were deposited by meltwater
plumes and subsequently remobilised by turbidites (Hesse et al., 1999b).

1.3.2 Biomarker approach to infer origin of IRD in HLs

Biological marker compounds (biomarkers) are geologically occurring organic
compounds with chemical structures that can be unambiguously linked to natural
product precursors (Eglinton & Calvin, 1967). They are molecular fossils that preserve
information regarding the contribution from different sources of biomass to sedimentary
organic matter. Analysis of the abundance and distribution of biomarkers provides
information on the operation of the biochemical processes in the geological past, and
their response to environmental change (Eglinton et al., 1992). This information cannot

always be gained by geologically based measurements.

Analysis of autochthonous (formed during a period of deposition) biomarkers is
used to determine variations in palacoceanographic conditions. For instance, the
relative abundance of a group of long-chain alkenones, present in marine sediments, is
used to reconstruct past variations in sea surface temperatures through the U%;; and
UK’37 indexes (e.g. Brassell et al., 1986a; Eglinton et al., 1992; Rithlemann et al., 1999).
The sedimentary abundance of various phytoplanktonic biomarkers can be related to
changes in primary productivity (e.g. Summerhayes et al., 1995). Photosynthetic
conditions can be reconstructed by analysing the presence of certain
bacteriochlorophylls or their diagenetic counterparts, >Cs3 porphyrins (e.g. Repeta et
al., 1992).

With regards to IRD sources, research has been focused on allochthonous
(ancient) biomarkers. Rosell-Melé & Kog¢ (1997) and Rosell-Mele et al. (1997)
reported the presence of metalloporphyrins in North Atlantic sediments associated with
late Quaternary deglaciation episodes. These compounds occur widely in ancient
sedimentary rocks and petroleum and represent products of long-term diagenesis of

chlorophyll (cf. Callot, 1991). The existing data indicate that the porphyrins were
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transported with the IRD by way of erosion and advection of organic-rich sedimentary
material (Rosell-Melé et al., 1997).

It has been hypothesised that possible source regions of IRD possess unique
compositions of allochthonous biomarkers (biomarker fingerprints). Similar
fingerprints should be discovered in IRD layers originating from them (Rosell-Melé¢ et
al., 1997). The existence of such fingerprints in Heinrich layers has been recorded by
the same authors. HLs 2 and 4 from core BOSF 5K (50°41.3” N, 21°51.9’ W) from
East Thulean Rise and Norwegian Sea core M23260 were characterised by the presence
of an abundant homologous series of aryl isoprenoids and two C4 diaromatic
components with a caratenoid carbon skeleton. What is more, the distribution of
components in the HLs of core BOSF 5K compares favourably with those reported for a

number of Palacozoic North American sediments (Requejo et al., 1992).

1.3.3 Photosynthetic pigments

Photosynthetic organisms, such as higher plants and algae, produce a variety of
pigments that undergo diagenetic transformation in the water column or at the
sediment/water interface forming green sedimentary chlorins and red metalloporphyrins

(e.g. Baker & Lauda, 1986; Baker & Palmer, 1979).

The early diagenetic products, chlorins, occur ubiquitously in recent sediments
(Callot, 1991). The stratigraphic variations of chlorin concentration in marine
sediments have been used as a proxy for changes in palaecoproductivity and
preservational efficiency in the highly productive upwelling areas of the Atlantic Ocean
(Brassell & Eglinton, 1986; Harris et al., 1996; Summerhayes et al., 1995) and in the
North Atlantic and Nordic Seas (Rosell-Melé & Kog, 1997; Rosell-Mel¢ et al., 1997).
Previous research shows a drop in SST during the HEs (Chapman et al., 2000; Rosell-
Melé et al., 1997). At the same time, these events are characterised by significantly
increased concentrations of chlorins. In view of the postulated low productivity during
the HEs, high chlorin values were interpreted to be a result of enhanced preservation
due to a reduction in the thermohaline circulation during the HEs. According to Rosell-

Melé et al. (1997), the sudden appearance and disappearance of pigments from the
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sediment record may illustrate rapid change in oceanographic conditions triggered by

these events, and rapid switch between two states (on/off) of deep water circulation.

Porphyrins, on the other hand, are formed as a result of long-term degradation of
chlorophyll (e.g. Baker & Lauda, 1986; Callot et al., 1990). They are widely present in
ancient sedimentary rocks and petroleum and the most predominant species, nickel (Ni)
and vanadyl (VO) are used as a source parameter in oil-to-source rock correlation
(Peters & Moldowan, 1993). Copper and nickel porphyrins are present in terrestrial
accumulations of peat and coals (Sundararaman et al., 1984). The presence of
porphyrins in Heinrich Layers sediments has been reported for North Atlantic core
BOSF 5K. The origin of these pigments was attributed to ice rafted debris from
terrestrial sources (Rosell-Melé et al., 1997) since no indigenous porphyrins had been

observed in sediments younger than the Late Pliocene (Keely ef al., 1994).

Sedimentary metalloporphyrins occur predominantly as vanadium (IV) and
nickel (II) complexes, i.e. as vanadyl (VO*) and nickel (Ni*h species. The relative
proportions of these species are related to specific depositional environments. Under
oxic conditions, nickel is favoured by the higher equilibrium constant for reaction with
free-base porphyrins. However, under low Redox conditions, Ni** is precipitated as
sulphide, leaving VO** to chelate free-base porphyrins (Lewan, 1984). Thus high
VO/(VO+Ni) reflects anoxic conditions and vice versa (Peters & Moldowan, 1993).
Also, high VO/(VO+Ni) has been associated with a marine origin of organic matter, and

low — with terrestrial or lacustrine derivation (Peters & Moldowan, 1993).

Stratigraphic variations and relative abundances of photosynthetic pigments can
be analysed using UV-visible spectrophotomentry. With a few exceptions, pigments
containing a tetrapyrrolic ring have electronic spectra maximum in the near UV-visible
range (350-850 nm). The Soret band (S) is the one with the highest extinction in the
near UV range (350-420 nm) (Dolphin, 1978). Chlorins are characterised by the
additional absorbance maximum at 665 nm (I satellite band) (Baker & Lauda, 1986). In
porphyrins, this satellite band shifts to 550 nm (Ni) and 570 nm (VO). Often, an
absorbance maximum at the next satellite band is visible — 510 and 530 nm respectively
(Eglinton ez al., 1985). Photosynthetic pigments can be classified using the ratio of
extract absorbance at the Soret band (410 nm) to that at a satellite band (I, 665 nm).
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Due to the shift in the satellite band, this ratio (S/7) is higher (>10) for porphyrins than
for chiorins (1-5) (Rosell-Melé¢ et al., 1997).

1.3.4 N-alkanes

Normal alkanes (n-alkanes) are straight-chain saturated hydrocarbons. They are
commonly present in organic-matter-bearing sediments and usually constitute the most
abundant compound class in the saturated fraction (Miles, 1994). N-alkanes are
produced by higher plants as well as by bacteria and algae (Tissot & Welte, 1984). It is
generally accepted that high molecular weight n-alkanes (n-Cj7.31) originate from
epicuticular waxes of higher terrestrial plants (Eglinton & Hamilton, 1967). High
abundance of low molecular weight n-alkanes (n-C;s.19) is associated with input from
marine or lacustrine algae (Gelpi ef al., 1970; Tissot & Welte, 1984). Bacterial input
(nCjo-29) is usually insignificant (Comet & Eglinton, 1987). The presence of n-alkanes
in marine sediments has often been associated with aeolian dust inputs (Simoneit,
1977). Madureira et al. (1997) interpreted the presence of n-alkanes in Heinrich layers
in the northeast Atlantic core T88-9P as a result of such input as well as ice rafting.
Villanueva et al. (1997), demonstrated the ice rafted origin of n-alkanes in HLs from
two cores (SU90-08 and SU90-39).

Long-chain n-alkanes were found to be more resistant to oxic degradation in the
water column than some other biomarkers, e.g. sterols and alkenones (Damste et al.,
2002). That should have allowed n-alkanes from IRD to be deposited in HLs with little
or no alteration. Therefore, they may present a valuable proxy for IRD sources in HLs.
In the work of Madureira et al. (1997) HL3 differed from HLsl, 2 & 4 in the
concentration of n-alkanes and in their relative distribution. That could reflect a
different source of IRD in this layer. Gas chromatographic fingerprints are often used
in the petroleum industry for correlation purposes (Peters & Moldowan, 1993; Tissot &
Welte, 1984). The distribution of n-alkanes reflects both the depositional environment
and the degree of reworking of organic matter. They are often present in higher
abundance than other compound classes and are easily recognised on a gas
chromatogram, therefore they do not require any additional analytical procedures such

as for instance mass spectrometry. It was hypothesised that different potential sources
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of IRD could be distinguished on the basis of the absolute and relative abundances of n-
alkanes. Below, the parameters that can be used to distinguish between different n-

alkane sources are discussed.

1.3.4.1 Relative abundance of high molecular weight n-alkanes

The ratio of high molecular weight n-alkanes to low molecular weight ones (Table 1.1)
can be used to estimate relative input from terrestrial (higher plant) vs. marine (algal)
sources of n-alkanes in recent sediments. In ancient sediments, however, the abundance
of short chain compounds in terrestrially derived organic matter increases with
maturation, and n-alkane envelope (in a chromatographic trace) becomes displaced
towards lower molecular weight homologues (Peters & Moldowan, 1993). A high
concentration of the short-chain n-alkanes in ancient sediments may be a result of
biodegradation, e.g. diagenetic transformation of functionalised aliphatic precursors
such as n-carboxylic acids of the sediment’s organic matter (Tissot & Welte, 1984).
The presence of allochthonous organic matter of predominantly terrigenous and
reworked (mature and biodegraded) nature in the glacial deposits in the Nordic Seas has
been reported previously (Wagner & Henrich, 1994). The ratio of high molecular
weight to low molecular weight n-alkanes can be used to distinguish between different
potential sources of IRD. In HLs, however, the values could be biased due to the
allochthonous input of low molecular weight components. That input reflects
productivity which is decoupled from glacial-interglacial processes (Villanueva et al.,
1997) and preservation of organic matter that may be enhanced during HEs (Rosell-
Melé & Kog, 1997). Hence this parameter may prove less useful when analysing HL

sediments.

1.3.4.2 Relative abundances or the long-chain n-alkanes (n-Cj7, n-Cy9 and n-Cjy)

The relative abundance of the long-chain n-alkanes (n-C;7, n-Cyg and n-Cs;) is thought to
reflect the source of organic matter, n-C;; originating from grass and n-Cj7, n-Cy9 from
woodlands (Cranwell, 1973; McCaffrey et al., 1991). Brault er al. (1988) attributed
predominance of n-Cyy to a marine background signal, and that of n-Cs; to terrigenous.
The relative abundance of n-C,; was shown to increase with change in the type of the
source vegetation as a result of the climatic warming (Brincat et al,, 2000). In HL

sediments, the relative abundance of the long-chain n-alkanes also reflects the degree of
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reworking of ice rafted ancient organic matter (Peters & Moldowan, 1993; Tissot &

Welte, 1984).

1.3.4.3 Carbon Preference Index (CPI)

Carbon preference index (CPI) is a ratio of abundances of n-alkanes with odd carbon
numbers to those with even carbon numbers (Bray & Evans, 1961) (Table 1.1). The
low molecular weight n-alkanes of algal origin show an odd carbon number
predominance with maximum at nC,;, whereas terrestrial n-alkanes demonstrate no
predominance in that range. In contrast, terrestrial high molecular weight n-alkanes are
characterised by high CPI while those derived from algae show no preference or a slight
even-carbon predominance at high molecular weight (e.g. Brassell, 1993; Brassell et al.,
1978). For sediments with reworked organic matter, high CPI values (>3) are
associated with younger organic matter (Fahl & Stein, 1999). CPI <3 is attributed to
fossil sources. With maturity, CPI tends to approach 1 (Peters & Moldowan, 1993).

1.3.4.4 Average Chain Length (ACL)

Average chain length (ACL) (Table 1.1) is also thought to reflect variability in the
source of organic matter (Madureira et al., 1995) with shorter values characteristic of
organic matter formed in cooler climates (Poynter ez al., 1989). Lower ACL values are

expected for ancient sediments as a result of reworking of organic matter (Peters &

Moldowan, 1993).

1.3.4.5 Pristane to phytane and isoprenoid/n-alkane ratios

Pristane (C)9) and phytane (Cy) are isoprenoids derived from phytol, a diagenetic
product of chlorophyll. They are easily recognised on the gas chromatogram as eluting
after nCy7 and nC;s. Their ratio (Pr/Ph) <0.6 is thought to indicate degradation of
phytol under anoxic conditions, and >3 is indicative of an oxic depositional
environment of terrestrial organic matter (Peters & Moldowan, 1993). However, many
other factors may affect the Pr/Ph ratio such as input from archaeal lipids (Goosens et
al., 1984 in Peters & Moldowan, 1993), coelution on a chromatographic trace (Volkman
& Maxwell, 1986 in Peters & Moldowan, 1993) and maturity of organic matter (Ten
Haven et al., 1987 in Peters & Moldowan, 1993). Pristane/C,7 and phytane/C 3 are also

used in correlation studies. Higher values of these ratios are associated with higher
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degree of biodegradation and low maturity (Peters & Moldowan, 1993 and references
therein). For the purposes of this study, the interpretation of Pr/Ph and isoprenoid/n-
alkane ratios is less important than the fact that they reflect depositional conditions,
organic input and maturity, and therefore may be used to distinguish between different

sources of organic matter in the ocean.

1.3.4.6 Unresolved Complex Mixture (UCM)

Unresolved complex mixture (UCM) appears on a gas chromatogram as a hump rising
from the baseline, and presents a mixture of various branched and cyclic compounds
that could not be separated by gas chromatography. It is a result of biodegradation of
the organic matter in the original sediment source (Peters & Moldowan, 1993). UCM
found in marine sediments is often associated with petroleum contamination (e.g.
Volkman et al., 1992). It may also signify the presence of reworked terrestrial organic
matter such as was reported by Wagner and Henrich (1994) to be present in glacigenic

sediments of the Nordic Seas.

1.3.5 Other biomarkers

More detailed information on the source of organic matter can be derived from the
analysis of other classes of biomarkers, e.g. terpanes, steranes, aromatic and polar
compounds (Peters & Moldowan, 1993; Peters et al.,, 2000). Specific biomarkers
diagnostic of a particular source and absent from other sources may be identified.
These biomarkers cannot be identified using gas chromatography alone and gas
chromatography-mass spectrometry (GC-MS) or gas chromatography-mass
spectrometry - mass spectrometry GC-MS-MS is required to determine the structure of

individual compounds.
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Table 1.1 List of variables used for comparison of biomarker composition of different
potential sources and sinks or IRD in the North Atlantic.

Variable Description Reference
/7 Ratio of absorbance in Soret band (410 nm)toa  (Baker &
satellite band (665 nm) Lauda, 1986)
ro . Relative abundance of vanadyl porphyrins (Lewan, 1984)
VO + Ni
TNA (ng/g) Total amount of n-alkanes per gram dry weight
2l . . (Peters et al.,
)RS Youm Relative abundance of long-chain n-alkanes 2000)
Cs7/ Cag Ratio of n-C,7 alkane to n-Cs; alkane (Cranwell,
1973;
McCaffrey et
Cy/ C3 Ratio of n-C57 alkane to n-C,o alkane al., 1991)
CPI;7.53 Carbon preference index (n-Cy7-23 and n-Cj3-31)
CPI,. (Bray &
! CPI=y( 26 , 26 Evans, 1961)
2 Z Cn—l Z Cn+1
ACLjs.33 Average chain length (Poynter et al.,
25C,, +27C,, +29C,, +31C,, +33C,, 1989) (Ternois
ACLys 3 = t al., 2001)
Cys +Cy +Cy +Cy + Gy et at., i
Unresolved complex mixture per gram dry (Simoneit &
UCMg (ng/g) weight Mazurek,
1982;
UCM/TNA Ratio of UCM amount to that of total n-alkanes ~ Yolkman ez
al., 1992)
(Peters &
Pr/Ph Pristane to phytane ratio Moldowan,
1993)
Pr/Cy; Pristane to nC,7 alkane ratio (Lijmbch,
1975 in Peters
Ph/Cis Phytane to nC,g alkane ratio fi) g/:I;;)ldowan,
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Cover image: MARS 5 microwave accelerated reaction system. A method was developed for rapid

extraction of sediment samples.
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2.1 Introduction

The overview of methods used for sample preparation and analysis is shown in Fig.
2.1. All samples underwent comparable treatment. Blank analyses were routinely
carried out to check for contamination of solvents, utensils or apparatus prior to and

during the analysis of samples.

In the course of this study, a method for microwave assisted extraction of
biomarkers from marine sediments was developed (Kornilova & Rosell-Melg, 2003).

It is presented in Section 2.5.
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2.2 Wet-chemistry

2.2.1 Chemicals and preparative equipment

Glassware

Prior to the first use, disposable and reusable glassware was cleaned by firing at 450
°C for 12 hours. Reusable glassware was cleaned between uses by soaking in a
solution of nitric acid (1%) for at least 8 hours, followed by rinsing with tap water,
and at least 8 hour soaking in a solution of Decon soap (Decon Laboratories Ltd,
Hove, UK) (5%). It was rinsed with tap water and then deionised water, dried and
fired at 450 °C for 12 hours.

Reagents and Solvents

Details of general-purpose solvents and reagents used for sample preparation and
analysis are listed in Table 2. 1. Anhydrous crystalline Na,SO, (drying agent), was
extracted with dichloromethane (DCM) in batches (100g) in a Soxhlet apparatus and
fired at 450 °C for 12 hours.

Table 2. 1 Notation, source and properties of solvents and reagents used in
experimental procedures. Source notes: (1) Fisher Chemicals Ltd, Loughborough,
UK; (2) BDH Chemical Ltd, Poole, UK; (3) Sigma Aldrich, Gillingham, UK.

Name Abbreviation Provider Grade .

Certified™ 99.84 by
Acetone - 1 GC .
2,2 4-trimethylpentane i1so-Octane 1 Z}:gmﬁed 99.99 by
N-hexane - 1 Distol®
Methanol MeOH 1 Distol®
Methylene chloride DCM 1 Certified®
NN-BlS (tnme‘thylsﬂyl) BSTFA 3 98%
trifluoracetamide
Nitric acid HNO; 2 Analar® 69-70.5%
Sodium Sulphate (anhydrous)  Na,SOy4 1 Certified® 99.50%
Urea 1 Certified® 99.70%
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Standards

Compounds used as internal and recovery standards are listed in Table 2. 2.
Standards were prepared as iso-Octane solutions in glass volumetric flasks. A
“mixed sediment standard” was used for measuring preparative and analytical
precision. This consisted of a homogenised mixture of oceanic sediments collected
from a number of locations in the Nordic Seas. One sample of this standard was
extracted and analysed with each batch of samples in order to monitor the
reproducibility of the processing of samples and analytical procedures. A “sediment
blank” was used to monitor for contamination during the preparative and analytical
procedures. It was prepared from a homogenised mixture of oceanic sediments by

combustion in a furnace at 800 °C to remove all organic matter.

Table 2. 2 Notation and properties of standards used in experimental procedures.
Source notes: all standards were obtained from Sigma-Aldrich, Gillingham, UK.

Name Notation Properties
Dotriocontane n-Cs; 97%
Hexatriocontane n-Csg 97%
Cholestane --- 98%
Cholesterol -—- 99+%
S5a-Cholestane-3-one Cholestanone 97%
2-Octyldodecanoic acid -—- 96%
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2.2.2 Sample workup

Lipid extraction

e The freeze-dried sediments were homogenised to a fine powder in their glass
storage vials with a spatula and glass pestle (both implements were rinsed
with DCM and dried between samples).

e Weighed aliquots of the crushed samples (0.2-5g) were transferred to pre-
weighed Teflon™ microwave vessels. A known concentration of internal
standard and 10 ml of DCM/MeOH (3:1) was added.

e Batches of 12 vessels (10 validation samples, 1 blank and 1 “mixed sediment
standard™) were loaded into the MARS 5 microwave and extracted at 70°C
for 5 minutes. See App.1 for a list of preparative equipment.

e After extraction, the solvent/sediment mixture was transferred from the
microwave vessels to test tubes and centrifuged (3000rpm for Smin). The
solvent supernatant containing lipid extracts was decanted to a 15 ml Pyrex
test-tube.

e To increase recovery, an additional 3ml of DCM/MeOH (3:1) was added to
the extracted sediment and the mixture was shaken. The solvent/sediment
mixture was again centrifuged (3000rpm for 5min) and the 2nd supernatant
product was added to the test tube containing the first.

e The combined solvent extract was concentrated to dryness in a centrifugal
evaporator or with nitrogen blow-down.

e To remove residual water, the dry extract was redissolved in 3004 of DCM
and eluted through a glass pipette containing extracted cotton wool and
anhydrous crystalline sodium sulphate. This operation was repeated three
times.

e The dried extracts were placed in a vacuum manifold and the solvent was
removed under a gentle stream of nitrogen and a light vacuum, and
subsequently stored (sealed) at -20°C until pigment analysis or fractionation.

e The organic extracts were re-dissolved in 500-2000ul of acetone. An aliquot

of 3041 from each vial was injected on the HPLC for pigment analysis,
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collected and combined with the total sample, taken to dryness with nitrogen

and stored (sealed) at -20°C ready for fractionation.

Compound class fractionation and sample cleanup using high performance
liquid chromatography (HPLC)

Sediment extract clean-up and fractionation was necessary to remove polar
compounds that may interfere during GC analysis of the sample and to separate the
total extract into fractions containing the analytes of interest (n-alkanes, alkenones,
nickel and vanadyl porphyrins). Previously, asphaltenes were precipitated with
excess n-hexane and the remaining fraction (maltene) was used for further analysis.
The latter was separated into 4 fractions using high performance liquid
chromatography (HPLC) adapting the method by Schulz et al. (2000). The system
used consisted of quaternary pump (Dionex), connected to a guard column (5Smm)
and ThermoQuest/Hypersil column (250X4.6 mm) packed with LiChrospher Si 100
(5 pm silica). Total extracts (maltenes) were re-dissolved in 30 pl of n-hexane and
injected via a 20 ul loop into the HPLC system with a flow rate of 2 ml/min. Four
fractions were obtained, which were collected using the Foxy Jr. fraction collector

(ISCO, Inc.). The details are presented in the Table 2. 3.

The reproducibility of the fractionation procedure was tested with a mixture
of standards (hexatriacontane, cholestane, 2-nonadecanone, Cs7, alkenone, Csi73
alkenone, Sacholestan-3-one, cholesterol, 1-docosanol) at a concentration of
~100ng/ul for all standards except for the alkenones, which had a combined
concentration of ~20ng/zd. Recoveries of the fraction classes were greater than 90-
98% for all standards with a precision of +3.3% (at 95% confidence). The UK37'
value of the synthetic alkenone standards (~0.2) was not significantly altered by the
procedure. The accuracy at 2c¢ being 0.008 UX;7” units (by GC-FID), or 0.11°C using
the Muller ef al (1998) calibration. The system was controlled with the Chromeleon

software (Dionex).

Table 2. 3 Solvents and elution volumes used to fractionate maltene extract by HPLC.
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Fraction  Solvent Volume Compounds classes

1 n-hexane 5.5ml aliphatic hydrocarbons

2 n-hexane/ DCM (90:10; v/v) 14 ml aromatic hydrocarbons

3 DCM 9 ml aliphatic ketones (alkenones)
and some alcohols

4 acetone 9 ml “polars” (e.g. sterols, and
fatty acids)

Derivatisation

Fractions containing polar compounds (total sample and fractions 3 & 4) were
sylilated with BSTFA (NN-Bis (trimethylsilyl) trifluoracetamide). Dry fractionated
extracts were dissolved in 100 41 DCM and 40 pl of BSTFA in a GC vial, which was
sealed and left overnight at room temperature, or alternatively for 1 hour at 80°C.
The solution was spiked with a recovery/GC standard of a known concentration,
dried (vacuum manifold or Centrivap@) and stored in a fridge until GC analysis.
Prior to this, the dry, fractionated and silylated extracts were redissolved in iso-

Octane (10-500.4).
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23 Instrumental analysis

2.3.1 Total Organic Carbon

Total organic carbon (TOC) content was determined on a CHN elemental analyser
(EA1108, Carlo Erba Instruments). Silver cups (4x3.2 mm; Cat. #D2000) were
cleaned by Soxhlet extraction with an acetone/hexane mixture (1:1) for 8 hours, dried
in a fume cupboard and heated at 250°C for 12 hours. Approximately 1 mg of the
dry sediment was placed into each silver cup. The cups were placed on a Teflon
plate and left overnight in a desiccator to eliminate moisture. To remove inorganic
carbon (i.e. carbonate), samples were saturated with deionised water (1-2 drops were
added to each cup using a syringe) and placed in a 2500 ml desiccator containing
~250 ml concentrated hydrochloric acid for 5 hours. The acid in the desiccator was
replaced with each new batch of samples (~ 80 samples in a batch). In some of the
samples, the carbonate content was very high which resulted in decarbonation
reaction being too rapid risking spillage and cross contamination. For those samples,
the removal of carbonate was performed in the refrigerator overnight. HCl and water
were removed by placing samples in an oven at ~50°C for 1.5 hours. After that

procedure, the caps were closed and left overnight in a desiccator.

2.3.2 Photosynthetic pigments

To determine the total content of tetrapyrrolic photosynthetic pigments, (i.e. chlorins
and porphyrins), sample extracts were redissolved in 0.03-1 ml of acetone and
analysed by visible spectrophotometry using an HPLC system, consisting of Dionex
P 580 series pump attached to a Dionex PDA-100 photodiode array detector with a
20 ul injection loop. 30 pl of extract was injected. Acetone was used as a mobile
phase. An absorbance spectrum was generated for a range of UV-visible wavelengths
(A = 380-800 nm). Total photosynthetic pigments content was estimated by
measuring the absorbance of the extracts in the Soret band (the band with the highest
extinction coefficient in the near-UV range, i.e. 360-420 nm). Absorbance in the
satellite bands was also recorded for the quantification of specific pigment classes,
namely chlorins (665 nm) and porphyrins (510 & 550 nm for nickel and 530 & 570
nm for vanadyl species) (Eglinton et al., 1985).
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The relative magnitude of an absorbance for a given wavelength (A,) and
dilution faction (DF) per gram dry sediment (M) was expressed as P; and calculated
by:

_ (A, xDF)
M
Analytical precision was determined by triplicate analysis of most samples analysed.
The relative standard deviation was consistently <5%. The spectrophotometer light
source was allowed to stabilise for one hour prior to analysis and blanks and mixed
sediment standard samples were analysed with each batch to account for errors from
any systematic day-to-day shifts in instrumental response. The analysis of pigments
was a non-destructive procedure and the samples were retained for subsequent

analysis.

Abundances of Ni and VO porphyrins were calculated by integrating
absorbance peaks at 550 and 570 nm from UV-VIS spectra. Then, relative
abundance of vanadyl porphyrins in each sample was calculated as a ratio of VO

porphyrins to total Ni and VO porphyrins.

2.3.3 Lipid hydrocarbons

Identification of GC amenable compounds was made by comparison with
authenticated standards and relative retention times whenever possible.
Quantification of lipids was performed on a gas chromatograph fitted with a flame
ionisation detector (FID) (CP-3800, Varian Ltd.) with a temperature programmable
split-splitless injector. Injector temperature was held at 85°C for 0.1 minute and then
rapidly increased to 250°C. Separation was performed using a BP1 fused silica
capillary column (50m length x 0.32mm internal diameter, 0.25 pm film thickness).
Hydrogen was used as carrier gas (12 psi) and the oven temperature program was
50°C to 140°C at 10°C/min, 140°C to 310°C at 6°C/min and 310°C for 5-35 min.

Data acquisition and compound quantification was performed on Chromeleon
software (Dionex). The internal standard used for the quantification of the aliphatic
fraction was hexatriacontane (nCsg), for aromatic fraction Cholestane was used,

Cholestanone was a standard for alkenones and other ketones, and Cholesterol and 2-
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Octyldodecanoic acid were used for all other compounds. Where an internal standard
was not already present (i.e. added as a recovery standard before extraction) it was

added prior to the HPLC separation step or the derivatisation step.

When necessary, chemical structure of the individual compounds was
confirmed by mass spectrometry (MS). Gas chromatography mass spectrometry
(GC-MS) was performed using HP6890 Gas Chromatograph coupled to MS5973
Mass Spectrometer (HP/Agilent). Injector temperature was 300°C (splitless mode).
Separation was achieved with an HP-SMS capillary column (30 m x 0.25 mm
internal diameter, film thickness 0.25 pm). Helium was used as a carrier gas (10.58
psi) and the oven-temperature program was 80°C to 150°C at 15°C/min, 150°C to
300°C at 6°C/min and 300°C for 30 minutes. The mass spectrometer was operated
in electron impact mode (ionising energy of 70 eV); ion source temperature of
250°C), mass range m/z 40-800. Individual compounds were identified by

comparing mass spectra with that in literature sources.
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24 Data Analysis

Biomarker composition of different samples was compared using a set of parameters
borrowed from oil exploration/geochemical research (e.g. Ficken & Farrimond,
1995; Peters et al., 2000). In order to reduce dimensionality of the dataset, principal
component analysis (PCA (Davis, 1986)) was used. PCA summarizes the bulk of the
variability in the multivariate data set in a small number of “principal components™
(PC) which are linear combinations of the original variables (Meglen, 1992). That
allows graphic display of the data using 2-4 variables (PC) that represent most of the
variability from the original dataset. Biomarker composition of different types of
samples was conducted using multivariate analysis of variance (MANOVA) with
PC1, PC2, and PC3 as dependent variables. Analysis of variance (ANOVA) of
individual variables was conducted when necessary to obtain more detailed
information. In order to assess the contribution of individual variables in the overall
variability of the biomarker fingerprints of different samples, multinomial logistic
regression (mlogit) was used. All the above-mentioned analyses of data were

performed using the Stata statistics package.
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25 Application of microwave-assisted extraction to the analysis of biomarker
climate proxies in marine sediments

2.5.1 Introduction

Microwave assisted extraction (MAE) is based on the direct application of
electromagnetic radiation to a material (e.g. organic solvent, plant tissue) which has
the ability to absorb electromagnetic energy (microwaves) and to transform it into
heat. Unlike conventional heating by infrared energy or thermal conductivity, the
increase in temperature occurs simultaneously in the whole volume of solvent. This
process is caused by the multiple collisions of the solvent molecules as they realign in
the oscillating electromagnetic field, generating energy in the form of heat (Letellier
& Budzinski, 1999). Compared with conventional methods, such as ultrasonic
extraction and Soxhlet extraction, the advantages of MAE are reported to be a higher
recovery of the analyte, shorter extraction times and the use of smaller quantities of
solvent (e.g. Blanco et al, 2000; Jayaraman et al., 2001; Pastor et al, 1997;

Tomaniova et al., 1998).

MAE can be performed in open or closed vessels (see review in LeBlanc,
1999). In open systems, the extraction occurs at atmospheric pressure and with
variable energy input. In closed systems, extraction takes place at controlled pressure
(up to 5 atm) and a temperature that may exceed the boiling point of the solvent under
atmospheric conditions, to increase extraction efficiency. In commercially-available

closed systems, a large number of samples can be processed simultaneously.

Since the introduction of MAE of organic compounds by Ganzler et al. (1986),
the application of open systems has been reported for the extraction of a wide range of
components, including polyaromatic hydrocarbons (PAHs), phenols, total petroleum
hydrocarbons, pesticides, polychlorinated biphenyls (PCBs), triazines and fats from a
variety of matrices, e.g. soils, sediments and biological tissues (see Camel, 2000;
Eskilsson & Bjoérklund, 2000; Kaufmann & Christen, 2002; Letellier & Budzinski,
1999; Letellier et al., 1999 and references therein). Nonetheless, to our knowledge,

MAE in closed vessels has not been previously employed in biomarker studies.

Here, the optimisation of MAE of biomarkers belonging to two distinct

compound classes, namely chlorins and long-chain C37 alkenones, used as
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palaeoclimate proxies in marine sediments, is presented and appraised. Sedimentary
abundance of chlorins can be related to past changes in primary productivity in the
depositional environments (e.g. Rosell-Melé, 1994, Sumerhayes et al., 1995 and
Harris et al., 1996). For example, the presence of certain bacteriochlorophylls or their
diagenetic counterparts (>C33 porphyrins, e.g. Repeta et al. (1989) can be used to
reconstruct the occurrence of anoxygenic photosynthesis. Alkenones in sediments are
used to calculate the U3 index, a proxy for past sea surface temperatures (Brassell et
al.,, 1986 and Prahl and Wakeham, 1987), which is calculated from the relative
abundance of (C37:2 [heptatriaconta-(15E,22E)-dien-2-one] and C37:3
[heptatriaconta-(8E,15E,22E)-trien-2-one| unsaturated ketones. Reconstruction of sea
surface temperatures is based on the linear relationship between U*3;’ and temperature

(Prahl and Wakeham, 1987 and Miiller et al., 1998).

In order to produce a detailed and meaningful palaeoclimatic record, it is
necessary to process a large number of samples usually characterised by small size
(~1 g) and low organic matter content. Ultrasonic extraction is often the preferred
method of sample preparation in palaeoclimate studies (e.g. for the alkenones, see
Rosell-Melé et al., 2001). It is a relatively inexpensive procedure, although arguably,
both time- and labour-consuming since repeated extraction of the sediment is required
to extract the analytes with a recovery close to 99%. A fast alternative is accelerated
solvent extraction (ASE), based on applying high temperature and pressure to the
sample in a relatively low amount of solvent. Commercial systems are expensive and
completely dedicated to the operation. As an alternative, MAE, which is widely
employed in the acid digestion of sediments and minerals, was examined. The
commercial options are cheaper for MAE than ASE while allowing the simultaneous
extraction of multiple samples. The tests have been performed in a commercially
available device, and the results are compared with those from the extraction of the

same samples using an ultrasonic bath.
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2.5.2 Experimental

2.5.2.1 Ultrasonic extraction

Approximately 1 g of freeze-dried and homogenised sediment was extracted using 4
ml of dichloromethane/methanol mixture (3:1) in an ultrasonic bath (Decon Lab Ltd.).
Each sample was extracted three times for 15 min. The supernatant was separated
from the sediment by centrifuging at 3000 rpm for 5 min in a Mistral 2000 centrifuge
(MSE) and then decanted. The solvent from the combined supernatant was removed

using a CentriVap Vacuum Concentrator (Labconco).

2.5.2.2 MAE

As in the ultrasonic method, ~1 g of freeze-dried sediment was extracted with

dichloromethane/methanol (3:1). The method is described in Section 2.2.2.

2.5.2.3 Quantification of biomarkers
See Sections 2.3.2 and 2.3.3.

2.5.3 Results and discussion

2.5.3.1 Influence of key parameters

Previous studies have established that the efficiency of the recovery of the analyte
depends on the extraction conditions, although there is no complete agreement on the
significance of the various potentially key factors such as temperature, volume of
solvent and extraction time. Most studies show increase in extraction efficiency with
increase in temperature due to improved desorption of the analytes from the matrix
and higher analyte solubility (e.g. Chee et al., 1996; Llompart et al., 1997; Lopez-
Avila et al., 1995). Also, at higher temperatures, solvent viscosity and surface tension
decrease, facilitating penetration of the matrix (e.g. sediment). Other researchers,
however, report no significant influence of temperature on recovery (e.g. Barmabas et
al., 1995; Silgoner et al., 1998). Reduced yields have been reported in some cases,
probably due to degradation of thermolabile compounds (e.g. Font et al., 1998;
Lopez-Avila et al., 1996). Most researchers have found that a change in the volume of
solvent employed does not lead to a significant variation in the recovery of analytes

(e.g. Barnabas et al., 1995; Hasty & Revetz, 1995). A few studies, however, did
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observe that the amount of solvent employed varied with extraction efficiency. For
instance, (Chee et al., 1996) reported decreased recovery of PAHs with an increase in
solvent volume. A common observation, however, is that it is necessary for the whole
sample to be immersed in solvent to avoid electrical arcing (Barnabas et al., 1995).
Finally, extraction time (time interval after the extraction temperature is reached) of 5
min or less is often reported as sufficient for an extraction efficiency similar to or
higher than that achieved using traditional methods (e.g. (e.g. Carro et al., 1999; Chee
et al., 1996). Others, however, found it necessary to employ longer extraction times to
obtain maximum recovery of analytes (e.g. Font er al., 1998; Molins et al., 1997,
Silgoner et al., 1998).

The significance of the potentially three key factors (temperature, volume of
solvent and extraction time) identified by previous workers and the interaction
between them were studied in a screening factorial design. To simplify the procedure,
only yields of chlorins were analysed in this part of the study. A set of eight
experiments was carried out with each factor at two levels, usually known as ‘high’
and ‘low’ (Table 2.4 and Table 2.5; (Miller & Miller, 1993 p.185). The conditions
chosen for MAE were as similar as possible to those for ultrasonic extraction to
facilitate comparison between both methods. The temperatures employed were lower
than those reported by previous workers in order to shorten cooling times and prevent
possible decomposition of some of the analytes at higher temperatures. To evaluate

the precision of the method, each experiment was performed in triplicate.

Table 2. 4 Levels of factors for the screening design.

Factor Low (-) High(+)
Volume of solvent (V), ml 4 16
Temperature (t°), °C 40 80
Extraction time (1), min 5 15

44



Oksana V Kornilova PhD Thesis

Table 2. 5 Design matrix and response values in factorial design. Yield of pigments
is normalised to the highest value (80°C, 16 ml solvent and 5 minutes holding time).
Results for ultrasonic extraction (US) are included for comparison

run temperature  volume of extraction relative yield of RSD,
no (T) solvent (v) time (t) pigments, % %
1 - - - - 73 4.4
2 t - - + 74 1.5
3 \% - + - 81 24
4 tv - + + 65 2.0
5 T + - - 91 4.5
6 tT + - + 89 3.6
7 vT + + - 100 4.0
8 vtT + + + 97 1.0
9 us 90 3.1

The results of the significance study are shown in Table 2.5 and Fig. 2.2 (note
that the that relative standard deviation, RSD, did not exceed 4.5%). The effect of
each individual factor was assessed by calculating the average difference in response
(recovery of chlorins) between the experiments when the levels of the other factors
remained fixed. This and the interaction between each pair of factors (e.g. temperature
plus volume, volume plus time, etc. — first order interactions) and between all three
factors (second order interaction) were calculated according to the procedure outlined
in (Miller and Miller, 1993, p. 181). An analysis of variance (ANOVA) was carried

out to test the statistical significance of each factor and interaction.

In this design, only the effect of temperature appears to be significant (Fig.
2.3). Therefore, only this parameter was optimised to maximise extraction efficiency.
It was also evident that MAE at 80 °C produced chlorin recoveries comparable to
those obtained by ultrasonication (Table 2.5 and Fig. 2.2). In addition, when using
MAE, it was found to be sufficient to extract each sample only once to obtain yields
equivalent to those obtained using ultrasonication with three extractions (Table 2.5

and Fig. 2.2). It is apparent that our results show that MAE is a faster and less labour-
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consuming method than ultrasonication. Arguably, the higher temperature used in
MAE may lead to alteration in the original composition of individual chlorins in the
sediment. However, the wavelength of 410 nm used for measurement of chlorin
abundance here and in other palaeoclimate investigations only accounts for the
presence of the ring structure of the chlorins, not the substituents (Jeffrey et al., 1997).

Hence, structural alteration of the chlorins would be irrelevant to these results.

Table 2. 6 Relative recovery of biomarkers using ultrasonic extraction (US) and
microwave assisted extraction (MAE) at different temperatures, normalised to MAE
at 70°C for alkenones (C37.+Cs7:3) and at 110°C for chlorins. RSD - relative standard
deviation, STDEV - standard deviation. UXy, s expressed as the mean and, in
parentheses, standard deviation.

UsS 60 6.0 80 3.1 0.538 0.011
MAE 50°C 72 4.1 81 5.0 0.554 0.013
60°C 77 0.4 78 33 0.525 0.014
70°C 100 3.1 83 5.2 0.539 0.012
80°C 91 4.5 81 4.2 0.529 0.011
90°C 69 2.0 93 6.8 0.562 0.005
100°C 71 34 97 1.4 0.523 0.015
110°C 58 2.4 100 7.7 0.558 0.012

2.5.3.2 Optimisation of extraction temperature

A set of seven MAE experiments was conducted at temperatures ranging from 50 to
110 °C using 10 ml of solvent. This volume of solvent is recommended by the
manufacturer for the most efficient performance of the temperature probe. An
extraction time of 5 min was adopted. The influence of temperature on the yields of
total chlorins, di- and tri-unsaturated C37 alkenones and their relative concentrations
(expressed as UK37’; Prahl and Wakeham, 1987) was assessed. Results of MAE were
also compared with those obtained by ultrasonication (Table 2.6 and Fig. 2.4).
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Biomarker yields

MAE at temperatures from 50 to 80 °C produced recoveries of chlorins similar to
those obtained using ultrasonication. A further increase in temperature resulted in
greater recoveries for MAE. The maximum recovery was achieved at 110 °C (Table
2.6 and Fig. 2.4a). For alkenones, however, microwave extraction efficiency in the
50-80 °C interval was significantly higher than that of ultrasonication. Also, alkenone
yields rose by 39% when the temperature increased from 50 to 70 °C. Further increase
in temperature, however, caused alkenone yields to decrease. One explanation is that
at higher temperatures a large part of the dichloromethane remains in gaseous form
and does not participate in the extraction. Although gases do not absorb microwave
energy and therefore solvent vapour should quickly cool and condense, the large
volume of the extraction vessel (100 ml) may allow a significant proportion of the
solvent to remain vaporized. This probably has a stronger effect on dichloromethane
than on methanol because of the lower boiling point of the former. Chlorins are more
soluble in methanol than in dichloromethane because the polarity of methanol is
higher. That may explain why an increase in temperature from 70 to 100 °C did not
cause a decrease in extraction efficiency of chlorins, while impairing that of

alkenones.

A temperature of 70 °C was chosen as the optimal value for the joint MAE of
chlorins and alkenones. The rationale behind this is two-fold. The recovery of
alkenones is more sensitive to temperature than that of chlorins and it is a maximum

at this temperature.

Moreover, the abundance of alkenones in marine sediments is often close to
the detection limit because of the small samples available in these studies. In this
work, the highest yield of alkenones (315 ng/g) was reached using MAE at 70 °C
compared with 188 ng/g for ultrasonic extraction, a 68% increase. In contrast, chlorin
yields at this temperature were as high as those for ultrasonication (Table 2.6 and Fig.
2.4a). This relatively low temperature (most applications cited in the literature use
temperatures higher than 100 °C) also allows a shorter cooling time, which further

expedites the processing of samples.
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Effects of using MAE in the measurement of UK37'

MAE has been reported previously as a method with low selectivity (e.g. Camel, 2000
and references therein). It is not surprising, therefore, that a change in extraction
temperature did not influence significantly the relative recovery of C37:2 and C37:3
alkenones. Comparison of between- and within- experiment standard deviations for
UX;7' values gave F(1.98)<Fcrit(2.46) at =0.05 (Miller and Miller, 1993, p. 60).
Comparison between MAE and ultrasonication using a t-test (Miller and Miller, 1993,
p. 55) showed that both extraction methods were statistically similar
(F(2.25)<Fcrit(4.46) at =0.05 and t(0.35)<tcrit(2.85) at =0.01). This shows that MAE
did not introduce a bias in UYX;;' determination compared with the traditional
ultrasonic method and that MAE can be used as an alternative in alkenone extraction

and analysis.

Based on the empirical relationship for estimating sea surface temperature
from UX;7', an error of 1% in the measurement of UX,, translates to an error in the
estimate of sea surface temperature of 0.3 °C (Prahl and Wakeham, 1987 and Miiller
et al.,, 1998). Given that surface ocean temperatures can vary between 1 and several
degrees Celsius over a range of timescales of hundreds to thousands of years (e.g.
Rosell-Melé et al., 1998), an analytical error of less than 0.5 °C (or lower than 0.0165
in the standard deviation of U*3;") may be considered acceptable. This study reports a
standard deviation in the mean of all MAE experiments of 0.016, over the whole
range of temperatures, and an average standard deviation in each experiment of 0.011,

which implies that this technique is suitable for future UK37’ studies.

2.5.4 Conclusions

The use of closed-vessel, microwave-assisted extraction has been appraised for the
analysis of biomarkers in marine sediments. Three parameters (temperature, volume
of solvent and extraction time) were investigated which, according to previous
research, could influence extraction efficiency. Temperature was found to be the only
parameter that had a significant influence on yields of the biomarkers. Equivalent

values of UX;;’ were obtained using either MAE or ultrasonication. The use of MAE
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does not introduce any bias in the measurement of the alkenone palacotemperature
proxy. MAE was found to be a faster, less laborious and more efficient extraction
procedure than ultrasonication. The technique represents a viable alternative to
traditional ultrasonic extraction for the analysis of chlorins and long chain alkenones

and, therefore, probably other biomarker lipids in marine sediments.
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Cover image: Gravity core containing glacigenic debris flow sediments from Bear Island Fan is

raised onboard RRS James Clark Ross.
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3.1 Introduction

In this chapter, the potential of glacigenic debris flow (GDF) deposits on the North
Atlantic continental margins as a source proxy for ice rafted debris (IRD) in the

Heinrich Layers (HLs) based on their biomarker composition is investigated.

e The general aim of this chapter is to test the hypothesis that GDF deposits
associated with the same Trough Mouth Fan (TMF) system are homogenous in
their biomarker composition and are characterised by a unique biomarker
signature different from that of GDF from other locations and from hemipelagic

sediments and therefore can be used as a source proxy for IRD in Heinrich layers.

GDF deposited around the continental margins of the Polar North Atlantic and
often forming trough mouth fans (TMFs), are recognised as useful indicators of
former ice streams (e.g. Dowdeswell & Siegert, 1999). GDF deposits contain
terrigenous sediments originated from the outcrops eroded by ice streams. IRD in
the Heinrich layers in the deep ocean has the same origin. Sedimentological analysis
reveal highly mixed and often homogenous nature of the sediments in GDF deposits
(e.g. King et al, 1998; 1996; Vorren & Laberg, 1997). In view of this, GDF
sediments may prove useful as a source proxy to characterize IRD in HLs. To our
knowledge, such approach has only been considered in one IRD-provenance study:
Farmer et al. (2003) used isotopic analysis of the lithic fraction of ice proximal

sediments including some debris flows to characterise sources of IRD in HLs.

Because of the shared geological history, isotopic signatures of the minerals
(igneous and metamorphic from Archaean to Palacozoic) from different areas
surrounding the North Atlantic could be difficult to distinguish from one another
(Farmer et al, 2003). Biomarker signatures reflect composition of younger
(Palaeozoic onwards) sedimentary minerals and may reflect higher variability
between different potential source areas. Biomarker fingerprints may also provide a
more detailed description of the sediments. For instance, specific compounds,

unique to a particular source, may be identified.

54



Oksana V Kornilova PhD Thesis

Previous studies show that the IRD in the HLs is mainly derived from
northern Canada (e.g. Andrews & Tedesco, 1992; Bond et al., 1992; Hemming et al.,
1998). The input of IRD from European sources has also been reported (e.g. Bond &
Lotti, 1995; de Abreu et al., 2003; Grousset et al., 2001; Scourse et al., 2000). For
this study, sediment samples from several glacigenic debris flow deposits in the

Nordic Seas and North America were used (Fig. 3.1).

Around the margins of the Nordic Seas, several well-defined greatly varying
in size TMFs, each formed at the mouth of a single large ice stream, have been
documented (e.g. Vorren & Laberg, 1997 and references therein). Samples from
four TMFs representing east Greenland (Scoresby Sund), Fennoscandian ice sheet
(North Sea Fan), Barents Sea (Bear Island Fan) and Svalbard (Isfjorden and Bellsund
TMFs) were considered. Thus, most potential source areas in this region were
considered except for the British Isles and Iceland. IRD input from Iceland in the
HLs is usually identified by the presence of volcanic rock particles. Therefore,
Icelandic IRD is probably organic poor and its biomarker signature in HLs may be
swamped by signals from other locations. However, there is a study using
Cretaceous cooccoliths from chalk deposits in Iceland (Rahman, 1995). The Murrey
fan (off Iceland (Ruddiman, 1977)) and the two British Isles TMFs, Sula Sgeir
(Stoker, 1995) and Barra (Knutz et al., 2001) fans, are significantly smaller than
most TMFs in the Nordic Seas (Vorren & Laberg, 1997) and represent relatively
small potential source area. Analysis of these TMFs, as well as Storfjorden TMF off
east Svalbard and two minor western Svalbard TMFs (Vorren & Laberg, 1997),
should be considered in the future to obtain a complete biomarker portrait of the IRD
sources from European/Nordic Seas margins. However, probably none of these

deposits is likely to represent the predominant source of IRD in the region.

In contrast with the Nordic Seas, glacigenic deposits on the North American
and West Greenland margins are characterised by line-source sedimentation from a
number of the ice stream outlets and are thought to vary across the Baffin Bay and
Labrador Sea basins (e.g. Aksu, 1984; Hesse et al., 1990). In the Labrador Sea, in
addition to debris flow process, suspension settling from meltwater and turbidite
activity played an important part in glacigenic sediments deposition (Hesse et al,

1997). In this study, North American sources were represented by Baffin Bay and
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Labrador Sea sediments since these areas were identified as major outlets for
Laurentide Ice sheet ice streams containing Palaeozoic carbonate rich IRD. Samples
from other possible Laurentide Ice Sheet outlets (e.g. Newfoundland slope and
Laurentian Fan) were not available at the time. This may prove a shortcoming when
identifying IRD inputs in Chapter 4 because the Gulf of St Laurence is considered a
potential source area (Bond & Lotti, 1995; Grousset et al., 2001). Recently, circum-
Arctic areas were shown to have supplied icebergs from Arctic Laurentide and
Innuitian ice sheets into the Nordic Seas and possibly North Atlantic via Fram Strait
during the last glaciation (Darby er al., 2002). This source area was overlooked in

the present study and probably should be considered in the future.
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3.2 Background. Debris flows considered in this study

Knowledge on the location and nature of GDF in the North Atlantic has improved
considerably since the start of this thesis. The selection of the study sites was based
on the state-of-the-art regarding GDF at the beginning of the work, and it is
appreciated that a more comprehensive undertaking could now be carried out to
characterize the potential sources of IRD than as reported here. The suite of cores
selected represent, however, a considerable number and type of GDF present in the
northern North Atlantic, deposited during the last glacial period, and known at the

time when the study was undertaken.

Samples from Bear Island Fan and Scoresby Sund Fan were collected during
ARCICE cruise on board RRS James Clark Ross (British Antarctic Survey) that took
place in July - August 2000 (Dowdeswell et al., 2000). Debris flows were identified
using GLORIA (Geological Long Range Inclined Asdic) sidescan sonar and 3.5 kHz
sub-bottom profiler data obtained during the cruise. Sampling sites were chosen
close to those of the cores described in literature in order to compare biomarker data
with other proxies records for the same locations. Sampling locations from other
GDF deposits were chosen from publications and samples obtained through scientific
collaboration. Cores JR51-GCO08, 10, 11, 12, 30, 31 and 32 were opened, described
and sub-sampled onboard the RRS James Clark Ross. All organic geochemical sub-
samples were kept either refrigerated or (preferably) frozen at -20°C, between sub-
sampling and analytical work-up. Some bulk properties of the sediment cores from
JRS51 cruise were analysed using split core logging system developed in the
BOSCOR facility, Southampton Oceanography Centre. Magnetic susceptibility,
bulk density (using gamma-ray attenuation) and compressional (P) wave velocity

(500 kHz) were measured (Gunn & Best, 1998).

When possible, each location was represented by several cores in order to
evaluate variability within each TMF; several GDF samples from different depths in
each core were compared to assess within the core variability. Biomarker signatures
of some hemipelagic and glacimarine sediments were compared with those of the

GDF. Core locations and collection data are presented in Table 3. 1, Table 3. 2 and
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Fig. 3.1. Sediment samples information is listed in Table 3. 3, Table 3. 4 and Table
3. 5. In Fig. 3.2, stratigraphic data for the cores from Bear Island Fan and Scoresby
Sund Fan are shown in order to demonstrate distinctive sedimentological features of
debris flows and to illustrate the sampling strategy. Core descriptions for the other
GDF deposits used in this study can be found in the literature cited in the Sections
3.2.1 and 3.2.2.

58



6S

8L'6TC 150T 79970660 ‘N ISV 0TLL O 986 O
01°S1 £50T A599'70060 ‘N.IEV0TLL € 986 dAO
9661 “[v 12 USSUE[ 0€'181 8977 q.199'70660 ‘N.8EV'0ToLL V986 dO  PIeqIeAs
0L'T LTE M.8'10600 N.F"TSoT9 806L NH
0C'E 200€ M.80%620 ‘N.89Lb9 90£8 NH we
8661 “ 70 12 Sury| 00°€ SI91 M.08Y600 N9 55079 €OE8INH oS YUON
4! 0zel MOOESHT ‘NOOET69  ZEDD 1SS
v1'T 2LOT MO69E6T ‘NLY'TT69  1€ID 1SS
ue,{ pung
09°0 09 MIEP06T ‘NIOTLOL  gen0 [uf  AQseioos
96'1 0TET q.60'7ro01 ‘N860lobL  TIOD 1SS
8T 607C .00 7ro01 ‘NOL'STHL 110D 1S
91°C 60vC 4.00°7So01 ‘NOE6TvL 010D 1SS
ue, pue[s]
000T 17 12 [[Pmsapmoq 0T’ 68¢ 9.00°0v06 ‘NOOOTEL 800D 1SS 1eog
0UBIJY Jsqu nbo\rOoom w ﬂﬂwgoﬁ I1e M\ uonisoqd 210D uoled07]

*J0O[] BOS MO[oq SISOW — JSQJAl 'SBIS JIPION Y} Ul SMO[J SLIGIP WOIJ PIASLIIAL S2I00 JO SUONBO0T] [ °€ d[qeL



09

(0007) uoneoUNUIWOD [euosiad
‘epeur)) Jo Aeming [e2130[030)

(L861) todid 29 nsyy
(0661) 7v 12 9ssoH
(0661) Iv 12 3ssoH

90URIRJOY

BU
ors
SEL
0’8

W ‘AI9A009Y

BU
991

0cce
65¢

w ‘ypdap 1018

4d5
puUnos I9)Sedue T JO YInos

M8 SY669 N0V 0oL
M9 L0oSS NOV TYo8S
MSTT108 NeLEV0.LS

uonisod

9€0-6C0-9L1H
¢00-L20-LLINH
d¢0-v20-88(1H
d.0-ST0-L8NH

010D

Aeg
ugyed

8OS
Iopeiqe|

uoneds07]

"9[qe[TeA® J0U — ‘BN ‘Aeg uljjeq pue BaS JOPeIqET Y} Ul SMO[J SLIQOP WL PIAILIAI S3I0J JO SUOIIBOOT T °€ dqE.L



Oksana V Kormilova PhD Thesis

Table 3. 3 List of sediment samples. Nordic Seas. Cmbsf— cm below sea floor.

Location Core Sample depth, Sediment type
cmbsf
Bear Island Fan JR51 GCO08 0-3 Hemipelagic
130-133 IRD*
143-146 Debris Flow
222-225 Debris Flow
300-303 Debris Flow
JR51 GC10 0-3 Hemipelagic
63-65 IRD
77-79 Debris Flow
130-132 Debris Flow
190-192 Debris Flow
JR51 GC11 0-2 Hemipelagic
60-62 IRD
75-77 Debris Flow
150-152 Debris Flow
230-232 Debris Flow
JR51 GC12 0-2 Hemipelagic
34-36 IRD
48-50 Debris Flow
120-122 Debris Flow
180-182 Debris Flow
Scoresby Sund Fan JRS51 GC30 0-2 Glacial Till
18-20 Glacial Till
30-32 Glacial Till
50-52 Glacial Till
JR51 GC31 0-2 Hemipelagic
40-42 Debris Flow
55-57 Debris Flow
130-132 Debris Flow
210-212 Debris Flow
JR51 GC32 0-2 Hemipelagic
74-76 Glacimarine
90-92 Debris Flow
120-122 Debris Flow
140-142 Debris Flow
North Sea Fan HM 8303 170-174 Debris Flow
220-224 Debris Flow
HM 8306 62-64 Glacimarine
72-74 Debris Flow
84-86 Debris Flow
94-96 Debris Flow
114-116 Debris Flow
124-126 Debris Flow
HM 7908 230-234 Debris Flow
260-264 Debris Flow

*(as interpreted by Laberg & Vorren, 1995; 2000)
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Table 3. 4 List of sediment samples. Svalbard

Location Core ODP label Sample depth, Sediment type
cmbsf

Svalbard ODP 986 A 1H-2W-20 170-172 Debris Flow
1H-2W-90 240-242 Debris Flow

ODP986B 1H-2W-20 170-172 Debris Flow

1H-2W-90 240-242 Debris Flow

ODP 986 C 1H-2W-20 170-172 Debris Flow

1H-2W-90 240-242 Debris Flow

Table 3. 5 List of sediment samples Labrador Sea and Baffin Bay.

Location Core Sample depth, cmbsf Sediment type
Labrador Sea HU87-025-07P 5-6 Hemipelagic
15-16 Debris Flow
20-21 Debris Flow
25-26 Debris Flow
30-31 Debris Flow
50-51 Debris Flow
65-66 Debris Flow
HU88-024-02P 15-16 Hemipelagic +IRD
20-21 Hemipelagic +IRD
30-31 Hemipelagic +IRD
40-41 Hemipelagic +IRD
Baffin Bay HU76-029-036 102-103 Glacimarine
103-104 Debris Flow
108-109 Debris Flow
113-114 Debris Flow
118-119 Debris Flow
123-124 Debris Flow
133-134 Debris Flow
143-144 Debris Flow
HU77-027-002 152-153 Glacimarine
153-154 Debris Flow
154-155 Debris Flow
158-159 Debris Flow
163-164 Debris Flow
168-169 Debris Flow
172-173 Debris Flow
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3.2.1 Nordic Seas margins

3.2.1.1 Bear Island Fan

Bear Island Fan (BIF) is situated in front of the Bear Island Trough. It served as a
major drainage pathway for the Barents Sea Ice Sheet and occupies an area of
215,000 km? (Laberg & Vorren, 2000; O Cofaigh et al., 2003; Vorren & Laberg,
1997). The most recently active (late Quaternary) northern part of the BIF covers an
area of 125,000 km? with up, middle and lower slope gradients of 0.8°, 0.5° and
0.2°(Laberg & Vorren, 1995; Taylor et al., 2002). A series of stacked debris flow
lobes were revealed in the northern part of the fan using GLORIA long-range
sidescan sonar and 3.5 kHz sub-bottom profiler data. Individual lobes range from 30
to 200 km in length, 2 to 10 km width and 10 to 50 m in thickness (Dowdeswell et
al., 1996). They were deposited during the last glacial maximum (Laberg & Vorren,
1995; 1996). The main depositional processes delivering the sediments in the area
south of 72°N were suspension settling from turbid meltwater plumes and contour-

current activity (Taylor et al., 2002)

The fan’s source area in the Barents Sea is dominated by Early Tertiary and
Cretaceous mudstone and sandstone (Laberg & Vorren, 1996; Sigmond, 1992)
covered by a massive muddy glacigenic diamicton up to 300 m thick (Vorren et al.,
1989). Laberg and Vorren (1995; 2000) studied several cores from the northern BIF
(Table 3. 6). They described debris flow deposits as massive dark grey (5Y4/1 on
Munsell colour chart) diamicton containing clasts of sedimentary and crystalline
rocks. Grain size distribution is 1-10% gravel, 10-30% sand, 30-50% silt and 30-
55% clay (Laberg & Vorren, 1995). The authors report relatively uniform physical
properties and grain size distribution in debris flow sediments from different debris
flow lobes with a higher degree of variation in the upper BIF. The relative
uniformity of the middle and lower parts is explained by a highly mixed nature of the
GDF sediments due to remoulding and deformation during the downslope flow
(Laberg & Vorren, 2000). Laberg and Vorren (1995) observed similarity in the grain
size distribution and water content with the glacigenic till described by Saettem et al
(1992). Physical properties of the overlaying hemipelagic mud displayed a much
higher variability and differed from those of GDF deposits (Laberg & Vorren, 1995).
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For this study, samples from four cores from 3 different debris flow lobes in
the lower part of the northern BIF were analysed (Table 3. 3 and Figs. 3.1 and 3.2a).
Two cores, JR51-GC10 and JR51-GCl11, belong to the same debris flow lobe
(Laberg & Vorren, 1995), close to core —6/1 in Laberg & Vorren (Laberg & Vorren,
2000), core JR51-GC12 is from lobe S and JR51-GCO8 is ~1°south from them. All
four cores are dominated by debris flows (dark grey (10YR4/1) diamicton), sharply
overlain by massive or weakly stratified (GCO8) olive-grey (5Y4/2) silty mud/muddy
diamict (O Cofaigh et al., 2002). This facie was interpreted by Laberg and Vorren
(1995; 2000) as ice rafted debris. It may also be a GDF deposit given its sharp
contact and massive nature. The upper parts of the cores consist mainly of

hemipelagic mud.

Wet bulk density, water content and magnetic susceptibility were measured
every 2 cm. The results are presented in Table 3. 6 and App. 2 a-d. Similar water
content of ~28% (* 4%) to that reported previously was measured (Laberg & Vorren,
2000), whereas values for wet bulk density and TOC are slightly higher (Table 3. 6).
Magnetic susceptibility is low and averages 16 X 10 SI. Laberg and Vorren (1995)
reported slight decrease in water content of GDF downcore and increase of shear
strength. However, in their subsequent publication (Laberg & Vorren, 2000), the
authors did not report such a trend. No particular trend was observed in the
distribution of bulk properties. Only in core JR51-GCO8 there is a shift from 208 to
260 cmbsf towards drier sediments (16 % water) with higher density (2.12 g/cm®).
Overlaying mud/muddy diamict has a higher water content (33-43%) and lower
density (1.60-1.78 g/cm®) with a slightly lower magnetic susceptibility (11 X 10° SI).
Postglacial hemipelagic sediments are characterised by high variability in their
physical properties. They are generally wetter with lower density and higher
magnetic susceptibility then GDF.

3.2.1.2 Scoresby Sund Fan.

The Scoresby Sund Fan (SSF) is a relatively small wedge-shaped TMF situated on
the East Greenland continental margin between 69°N and 71°N offshore of the

mouth of the Scoresby Sund fjord system. It has a steeper (1.8-2°) continental slope
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than BIF (Dowdeswell et al., 1997). The drainage basin of SSF comprises mostly
igneous Neogene/Palacogene and Precambrian metamorphic rocks. There is an
outcrop of late Palacozoic and Mesozoic sedimentary rocks, dominantly marine in

origin (Linthout ef al., 2000).

The most recent sediment delivery {last glaciation, \Dowdeswell, 1997
#171} to the southern part of the fan was in the form of glacigenic debris flows.
GDF lobes 1-2 km wide and 5-15 m thick were identified using GLORIA long-range
sidescan sonar and 3.5 kHz sub-bottom profiler data. They were deposited when the
ice sheet was at or close to the shelfbreak (Dowdeswell et al., 1997). The youngest
debris flows on the northern part of the fan were deposited prior to MIS 5 and are
overlain by hemipelagic and ice rafted sediments (Dowdeswell et al., 1997; Nam et
al., 1995).

For this study, samples from three cores were studied, JR51-GC30 (from the
continental slope east of the mouth of the Scorseby Sund fjord), JR5-GC31 and
JR51-GC32 from one of the debris flow lobes on the southern part of the fan. Core
GC30 contains massive dark grey diamicton of glacial till produced by iceberg
rafting and scouring. Core GC31 consist of four units of debris flow deposits,
overlain by postglacigenic hemipelagic sediments. It consists of dark grey
(7.5YRN4/) muddy diamicton at the bottom of the core, overlain by light grey
(10YRS5/1-10YR6/1) silty mud, dark grey (7.5YRN4/) diamicton and olive grey
(5Y4/2) muddy diamict. These units were interpreted as glacigenic debris flows on
the basis of their massive structure, poorly sorted nature, stacked stratigraphic
context and geophysical signature (acoustically transparent elongate lenses) (O
Cofaigh et al., 2002). Core GC32 contains one GDF unit of dark grey (7.5YRN4/)
massive diamicton, overlain by a layer of grey (2.5Y5/2) mud interpreted as ice
rafted debris mixed with hemipelagic sediment, and postglacial hemipelagic

sediments interrupted by a sandy turbidite (Table 3. 3 and Figs. 3.1 and 3.2 b).

Wet bulk density, water content and magnetic susceptibility were measured
every 2 cm. The results are presented in Table 3. 6 and App. 2 e-g. Bulk properties
of GDF sediments differ from those of hemipelagic and of glacial till. Water content
of GDF deposits averaged 17% (x 3%), which is lower then 24% (£ 5%) of the
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glacial till (GC30). GDF sediments were also found to have higher density (2.11 vs.
1.96) and magnetic susceptibility (300 10° SI vs. 97 10°> SI) then glacial till.
Overlaying hemipelagic sediments are generally wetter, less dense and have lower

magnetic susceptibility (App. 2 e-g).

3.2.1.3 North Sea Fan

North Sea Fan (NSF) is deposited in front of the Norwegian Channel and extends
into the Norwegian Sea. Similar to the BIF, it is a large (108,000 km*) TMF with a
low continental slope gradient (0.6°, 0.3° and 0.2° for upper, middle and low
sections) (King et al., 1998; 1996). Norwegian Channel served as an important
drainage path of the Fennoscandian ice sheet, depositing Late Cenozoic sediments
from Norway, Denmark and part of the North Sea (Dowdeswell & Siegert, 1999;
King et al., 1998; 1996).

The younger part of the NSF, deposited since Middle Pleistocene, consists
mainly of stacked debris flows (80%) separated by thick hemipelagic sequences.
Individual GDF lobes are 2-40 km wide and 15-60m thick (King et al., 1996). The
latest GDF on the middle and lower fan were deposited before 16 ka (King et al.,
1998).

King et al. (1998) reported extreme homogeneity of GDF in terms of
lithological composition and their striking similarity to Weichselian IRD till from
Norwegian Channel. In contrast, overlaying glacimarine sediments (IRD mixed with
hemipelagic) are distinctly different and characterised by high variability. GDF
sediments are comprised of structureless poorly sorted grey (5Y4/3 to 5Y4/1)
diamicton. Average grain size distribution is 1% Gravel, 29% sand, 36% silt and
34% clay. Water content gradually decreases and ranges from 32 to 24%, wet bulk
density and sheer strength increase correspondingly. TOC is low (0.5%). So is it’s

magnetic susceptibility (34 X 10”) (Table 3. 6).

For this study, sediment samples from three cores described by King et al.
(1998): glacimarine and GDF sediments from HM 8306 and GDF sediments from
HM 8303 and HM 7908 were used (Table 3. 1 and Table 3. 3).
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3.2.1.4 ODP site 986: Bellsund and Isfjorden TMFs

Bellsund and Isfjorden are two TMFs along the western shelf margin of Spitsbergen.
They are small (6000 and 3700 km? respectively), with a relatively steep continental
slope of 1.8° and 3.2° (Vorren & Laberg, 1997). The younger GDF sequences are
attributed to the time of LGM. They were deposited when Barents Sea ice sheet
engulfed the entire Svalbard archipelago and glaciers reached the shelfbreak off the
major fjords (Landvik ez al., 1998). Individual GDF lobes on the Isfjorden TMF are
1-5 km wide, 20-30 m thick and 10-30 km long (Elverhei et al., 1997).

ODP site 986 is located between the Bellsund and Isfjorden TMFs. Butt et
al. (2000) interpreted depositional sequences past 1.3 Ma as stacked debris flows.
High carbonate content with the dominance of dolomite and the presence of
metamorphic and crystalline clasts indicates provenance of these sediments from the
mainland Svalbard (Butt er al, 2000). Isfjorden drainage area includes Late
Palaeozoic limestone and dolomite, Mesozoic-Tertiary- sand- and siltstones,
quartzite/micashists and igneous rocks (Elverhei et al, 1995b). Jurassic and

Cretaceous strata contain coal seams and black shales (Wagner & Hélemann, 1995).

For this study, sediment samples from the uppermost debris flow deposit
from three holes (A, B and C) were used (Table 3. 4 and Table 3. 6). Sediments are
comprised of very dark grey (5Y3/1) silty clayey mud with occasional clasts of
predominantly sedimentary origin. Particle size distribution is 1% sand, 37% silt and
62% clay (Jansen et al., 1996). These are finer sediments than the ones in the
Isfjorden TMF (20-30% sand, 35-40% silt and 35-40% clay) (Elverhei et al., 1997).
Total organic carbon is 1% and magnetic susceptibility is 40 X 10> SI (Table 3. 6).
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3.2.2 Labrador Sea and Baffin Bay margins

Glacigenic debris flow deposits of North America present a more complicated
picture than those in the Nordic Seas. Not one but several ice streams fed both
Baffin Bay and Labrador Sea (e.g. Aksu, 1984; Hesse ef al., 1990). For this reason
and due to the topography of these basins, there are no TMFs in the same sense as in
the Nordic Seas but rather a series of GDF deposits, characterised by certain
variability in their lithological characteristics (Aksu & Hiscott, 1989; Aksu & Piper,
1987; Hesse et al., 1990; Wang & Hesse, 1996).

3.2.2.1 Labrador Sea

Hudson bay drainage basin (Hudson Bay and the highlands north and south of
Hudson Strait) was the largest drainage basin of the Laurentide Ice Sheet (1-2 x 10
km?) (Hesse et al., 1999a). It fed Hudson Strait ice stream during the Quaternary and
is thought to have been the principal source of the ice-rafted Heinrich layers in the
North Atlantic (Andrews, 1998; Andrews & Tedesco, 1992; Bond et al., 1992;
Dowdeswell et al., 1995). There was also a series of lesser ice streams through the
deep transverse troughs on the continental shelf south of Hudson Strait (Hesse ef al.,
1999a).

Northern part of the Labrador Sea (LS), directly offshore from the mouth of
Hudson Strait is a relatively low-gradient area dominated by debris flows and
turbidites with shallow (<150 m) broad-floored canyons. To the south, lies a major
submarine channel system, North Atlantic Mid Ocean Channel (NAMOC), the area
of deeply incised narrow canyons (200-500 m deep) (Hesse et al, 1999a).
Sediments of terrestrial origin, glacigenic debris from upper continental slope, were
resedimented as turbidites and debris flows in the central Labrador Sea (Hesse et al.,

1997, Hesse et al., 1999a; Hesse et al., 1990).

There is a marked lithological dissimilarity between the detrital sediments
supplied through the Hudson Strait and the smaller outlets to the south. The former
contained fine-grained Palaeozoic carbonates from southern Baffin Island, Foxe

Basin, Hudson Bay and surroundings, whereas the latter brought coarser igneous and
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metamorphic crystalline material derived locally (Hesse et al., 1999a; Wang &
Hesse, 1996). Detrital carbonate from northern Greenland and northern Canada was
found in the LS IRD deposits constituting up to 35% of the coarse silt and sand
fractions (Wang & Hesse, 1996). Up to 80% of detrital carbonate in proximal HLs
on the Labrador slope occur in silt- clay fraction (Hesse & Khodabakhsh, 1998).

There have been three recognised types of debris flow deposits in the
Labrador Sea varying in grain size, colour and structure: D1 — coarse-grained, thick-
bedded clast-bearing deposits characterised by a sharp contact with adjacent facies,
D3- coarse-grained thin-bedded facies, both of glacigenic origin, and D2 that formed
from hemipelagic sediments (Wang & Hesse, 1996).

Unfortunately, samples of sediments from the GDF deposit at the Hudson
Strait outlet were not available. For this study, several samples of debris flows and
overlaying hemipelagic sediments from the southern part of the debris flow deposit
(facie D1) west of NAMOC (core HU87-025-007p) were analysed (Table 3. 2 and
Table 3. 5). These GDF were deposited during early stages of deglaciation (Hesse et
al., 1990). GDF sediment consists of dark greyish-brown extremely poorly sorted
gravely mud with polymodal grain size distribution displaying a distinct mode in the
gravel fraction (<-1.0 phi) and secondary modes in clay and silt fractions (8-10 phi)
(Wang & Hesse, 1996). It is appreciated that GDF sediments from this core may
only represent sedimentary material from secondary ice streams along the Labrador
Sea margin. However, igneous and metamorphic rocks are low in organic content
and the biomarker signature of the GDF sediments from this location is likely to be
derived mainly from Palacozoic carbonates. In fact, the carbonate content in these

sediments is 25-30% (Wang & Hesse, 1996).

For comparison, samples from core HU88-024-002 containing ice rafied
debris with some hemipelagic sediment were also included (facies HI with 10-30%
carbonate (Wang & Hesse, 1996)). They contain dark greyish-brown gravely-silty
clay (1-3, 8-10 phi) (Table 3. 2 and Table 3. 5).
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3.2.2.2 Baffin Bay

Baffin Bay (BB) is a small ocean basin, ~ 1350 km long and from 110 to 650 km
wide with 2300-m-deep central abyssal plain (Hiscott & Aksu, 1994). The width of
the continental shelf ranges from under 35km in the west (off Baffin Island) to over
150 km off Greenland. Continental slope steepness is 2-3°. In the northern Baffin
Bay, a gentle slope of 0.4° leads from the shoreline directly to the abyssal plain
without recognisable continental shelf (Aksu & Hiscott, 1989).

The morphology of the continental slope of BB is characterised by the absence
of submarine channel- fan systems except for a large sediment apron in the north
(Aksu & Piper, 1987). U-shaped transverse troughs extend across the total width of
the shelf (Aksu & Hiscott, 1989). This is characteristic of a line-source
sedimentation — persistent high-sediment yield from the entire length of the ice front
without permanent loci of sediment supply (Aksu & Hiscott, 1992); (Hiscott & Aksu,
1994); (Aksu & Hiscott, 1989); (Aksu & Piper, 1987). That resulted in production of
abundant stacked lenses of debris where sediments have not been reworked by
powerful channelised turbidity currents. Morphology of the debris flow deposits off
the Home Bay has been well documented. Younger debris flows (since 0.4 Ma)
reach 180m in thickness on the upper slope and are very thin, ~15m on the lower
slope. Larger debris flows occupy areas from 50 to over 1000 km? and have volumes

from 0.4 to over 7.7 km’ (Hiscott & Aksu, 1994).

Mineral composition of the outcrops surrounding Baffin Bay varies from north
to south (Andrews & Jennings, 1987). Due to the line-source sedimentation, it is
feasible to expect variation in sedimentological composition of debris flows between
different areas of Baffin Bay. For example, debris flow lenses at the ODP site 645
are comprised of structureless grey (5Y4/1) pebble-bearing silty mud (Aksu &
Hiscott, 1989). Sediments from debris flow apron in the north (facies from core
HU77-029-002 (Aksu & Piper, 1987)) are massive or graded dark reddish-brown
(10YR 3/2) gravely-sandy mud. Particle size distribution in the graded mud is 2-
20% gravel, 18-30% sand, 25-30% silt and 25-50% clay. They contain 19% detrital
carbonate in sand-clay fraction and 31% in gravel fraction (Aksu & Piper, 1987).
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Debris flow sediments in the BB were derived from Lower Palaeozoic
carbonates and Cretaceous red sandstones from the areas northwest of the BB and
Tertiary rocks on the continental shelf, as indicated by their mineralogical
composition and presence of specific palynomorphs (Ordovician-Silurian,
Cretaceous and Eocene) (Aksu & Piper, 1987). Precambrian metamorphic detritus
from Baffin Island and Greenland is also present and dominates in the southern part
of the bay (Aksu & Piper, 1987; Andrews et al., 1989).

For this study, debris flow sediment from two cores, HU77-027-002 and
HU76-029-036 were used. The former is situated in the GDF apron off Lancaster
Sound in the northern part of Baffin Bay and its sedimentological and mineralogical
composition has been described in literature (Aksu & Piper, 1987). The latter was
collected from one of the GDF deposits further south and represents a different
source area (Rashid, H., personal communication) (Fig. 3.1 and Table 3. 2 and

Table 3. 5).
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3.3 Biomarker composition of Debris Flow cores

In this section, the biomarker composition of different samples (debris flow,
glacimarine and hemipelagic) from the Nordic Seas and North American debris flow
deposits is described. GDF consist of sediments of terrestrial origin delivered to the
continental shelf by ice streams during periods of iceberg discharge. They should
contain allochthonous biomarkers typical of the ancient sedimentary rocks eroded by
the ice streams. On the other hand, in the overlaying hemipelagic sediments, the
presence of autochthonous biomarkers was expected (see Section 1.4.2) as well as
allochthonous biomarkers delivered by aeolian and/or fluvial mechanisms and sea ice
(Wagner & Henrich, 1994). In this study, photosynthetic pigments, n-alkanes, UCM
(mixture of highly branched aliphatic compounds unresolved by gas
chromatography) and long-chain alkenones were used to identify and characterize
the allochthonous and autochthonous signal in different sediments on the Polar North

Atlantic continental margins.

Chlorophyll-derived, photosynthetic pigments can be detected and classified
using a relatively simple technique such as UV-visible spectrophotometry (Rosell-
Melé et al., 1997). Green sedimentary chlorins, products of short-term degradation
of chlorophyll a, are usually thought to present an autochthonous signal, whereas red
porphyrins, whose formation by diagenesis of chlorins takes millions of years, are
representative of an allochthonous signal (e.g. Baker & Lauda, 1986; Callot et al.,
1990). The presence of porphyrins in Heinrich Layer sediments of a north Atlantic
core BOSF 5K was attributed to ice rafted input (Rosell-Melé et al., 1997). Relative
abundance of Ni and VO porphyrins is thought to reflect oxidative conditions in the
ancient depositional environment and may be useful in distinguishing between

different sediments sources (Lewan, 1984). See also Section 1.4.3.

N-alkanes are usually the most abundant compound class in the sedimentary
organic matter and are easily recognised on a gas chromatogram. Here, gas
chromatographic fingerprints are used to characterise and compare sediments in GDF
deposits in the same way as they are used in petroleum industry (Peters &

Moldowan, 1993; Tissot & Welte, 1984). Distribution of n-alkanes reflects both the
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depositional environment and the degree of reworking of the organic matter. N-
alkane distributions in the samples from glacigenic sediments should reflect the
reworked nature of the organic matter from ancient sedimentary rocks.
Allochthonous n-alkanes are usually present in hemipelagic sediments, but their
origin from aeolian or fluvial input, mainly from eroded soils, should be reflected in
different n-alkane fingerprints indicative of younger organic matter sources
(Simoneit, 1977; Tissot & Welte, 1984). They could also represent an autochthonous
n-alkane signal because low molecular weight n-alkanes (n-C;s.j9) can be produced
by marine algae (Gelpi et al, 1970; Tissot & Welte, 1984). Presence of
chromatographic UCM is characteristic of reworked organic matter (Simoneit, 1977,
Tissot & Welte, 1984).. Certain amount of reworked terrigenous organic matter is
expected in the background sediments from glacial periods due to input from

icebergs and sea ice (Wagner & Henrich, 1994). See also Section 1.4.4.

The long-chain C;37-C39 methyl and ethyl unsaturated ketones (alkenones) are
almost ubiquitous in the sediments of the world’s oceans. They are known to be
synthesized in the water column by a limited number of haptophyte microalgae (the
order Isochrysidales) and therefore reflect an autochthonous biomarker signal (e.g.
Conte et al., 1994; de Leeuw et al., 1980; Marlowe et al., 1984). However, there is a
possibility of allochthonous input of alkenones from ancient sediments: they were
identified in Eocene sediments (~45 Ma BP) (de Leeuw et al., 1980; Marlowe, 1984,
Volkman et al., 1980) and in two Cretaceous black shales dated at 100 Ma BP
(Farrimond et al., 1986). Unusually high SST estimates from alkenone unsaturation
indices reported by Rosell-Mele & Comes (1999) for Last glacial maximum in the

Nordic Seas may be a result of such input.

A list of variables used for comparison of biomarker signatures of
sedimentary organic matter is presented in Table 1.1 (Section 1.4). The results of
biomarker analysis are presented in Table 3. 7. Data for individual samples are

presented in App. 3.
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3.3.1 Description of Allochthonous and Autochthonous signals

3.3.1.1 Photosynthetic Pigments

All samples analysed contained photosynthetic pigments. UV-VIS absorbance of the
blanks was below the detection limit. S/7 ratios for all samples were greater than 5
suggesting the presence of porphyrins (Table 3. 7), which was later confirmed by
more detailed spectrophotometric analysis.  Thus, absorption maxima peaks
corresponding to nickel (550 nm) and vanadyl porphyrins (570 nm) were present in
most debris flow samples, glacial till and glacimarine sediments containing IRD (e.g.
GC32-74 cm and HUS88), but not detected in the hemipelagic sediments devoid of
IRD. This confirms terrestrial origin of materials in the debris flow sediments in this
study. The values of S// for hemipelagic sediments were generally lower than for
debris flows from the same deposit suggesting the predominant presence of chlorins
over porphyrins. On average, the highest S// ratios were calculated for the sediments
from the BIF (8//~29.5) and SSF (§/7~21). Glacial till sediments from SSF are
characterised by the similar §/7 ratio (18). The lowest S// values were recorded for
debris flows from NSF ($//~8) and 4 out of 6 Svalbard samples (S//~7-9).
Absorbance spectra of representative extracts of debris flows as well as some

hemipelagic and glacimarine samples are presented in Fig. 3.3.

Absorption maxima peaks corresponding to chlorins (665 nm) were detected
in debris flow samples the North Sea Fan and Svalbard and absent from all other
GDF sediments. Distribution of pigments in the sediment samples from three
different cores several kilometres apart from the NSF appears very homogenous
(relative standard deviation of S// ratio is 14% compared with 30-50% for other
TMFs). Sediments from Svalbard can be divided into two groups. Deeper samples
(986B-90 cm and 986C-90 cm) are characterised by low abundance of chlorins
relative to porphyrins (S//~25), whereas in shallower samples (986B&C-20 cm) and
in both samples from 986A, relative abundance of chlorins is higher (S/~5-9) (see
also Fig. 3.3). Lower abundance of porphyrins in the two deeper samples from the

holes B and C coincides with lower concentration of alkenones (see Section 3.3.1.3).

In the samples form the BIF and SSF, Ni and VO porphyrins are present in
almost equal amounts with some preference for vanadyl porphyrins in BIF

(VO/((VO+Ni)) = 0.59+0.17). Glacial till sediments, however, contained relatively
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higher relative abundance of VO species compared to debris flows (VO/(VO+Ni) =
0.7310.08 vs. 0.491+0.04 in GDF sediments). Predominantly oxic conditions were
present at the time of formation of the source sediments of NSF debris flows as
indicated by lower porphyrins ratio (VO/VO+Ni) = 0.3410.09). Results for
Svalbard samples are inconclusive because of high degree of variation in the relative
abundance of porphyrins. Two low values (0.18 &0.20) belong to both samples from
the hole B. In the rest of the samples porphyrins ratios range from 0.45 to 0.70 with
deeper samples showing higher preference for vanadyl porphyrins. This may reflect
genuine heterogeneity of the debris flow sediments in this location. However, n-
alkane distribution and UCM content of five out of six ODP 986 samples are very
similar (See Section 3.3.1.2 and Table 3. 7). There is also a possibility that high
variation is a result of a flawed HPLC separation. Towards the time of analysis, the
elution times of different fractions shifted because of the ageing of the column and
vanadyl porphyrins in some samples were partially eluted into the fourth fraction.
This complicated quantification and may have resulted in a bias in the results. In the
Labrador Sea debris flow sediments and one of the Baffin Bay cores (HU77), VO
porphyrins dominate: they comprise 98% and 72% of total VO and Ni species
respectively. Absolute abundance of porphyrins is very low in both BB cores and Ni
species are absent or scarce in core HU76. The differences between the two cores

can be explained by the line-source deposition of GDF (Aksu & Hiscott, 1989).

3.3.1.2 N-alkanes

Gas chromatograms of the saturated hydrocarbon fraction of the sediment extracts of
representative samples of debris flows, glacimarine and hemipelagic sediments are
presented in Fig. 3.4. Linear n-alkanes ranging from 16 to 35 carbon atoms were the
dominant compounds in all the samples (>50%). Lighter compounds (Cn<16) could
have been lost during evaporation of the extraction solvent. The average
concentrations of total n-alkanes (Ci7.33) per gram dry sediment range from 0.03 to
2.4 pg/g in hemipelagic sediments and from 0.13 to 13.1 ug/g in GDF. Long-chain
n-alkanes (Cn > 24), biomarkers for epicuticular waxes of higher terrestrial plants
(Eglinton & Hamilton, 1967) were present in all sediment samples indicating their

terrestrial origin.
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N-alkane distribution in GDF

N-alkane distributions in GDF from NSF, LS and BB show unimodal
chromatographic envelopes with maxima at n-C;; or n-Cy¢ alkane typical of
terrestrial organic matter (Fig. 3.4 ¢, e &f). In BIF and SSF, n-alkanes show bimodal
distribution with maxima at n-C,s and n-C,9 or n-C»; (Fig. 3.4a & b). Displacement
of n-alkane envelope towards lower carbon number values is indicative of reworked
(mature and biodegraded) organic matter (Tissot & Welte, 1984). High relative
abundance of the short-chain n-alkanes may also be indicative of lacustrine algal and
bacterial inputs (Peters & Moldowan, 1993). Glacial till sediments from the
continental shelf off Greenland (core GC30) display similar n-alkane distribution to
GDF deposits in the SSF (Table 3. 7 and Fig. 3.4b). With one exception, n-alkanes
from Svalbard are characterised by a unimodal distribution with maximum at n-Cs;
alkane. One sample (ODP 986C-90cm) differs considerably, showing unimodal
distribution with a maximum at n-Cs; (Fig. 3.4d). Other parameters for this sample
are markedly different from those for other samples from this location displaying a

signature of a less reworked organic matter (App. 3).

Carbon preference indices were calculated for the long-chain n-alkanes (n-
C2a.31) and short-chain n-alkanes (n-C;7.23) (Table 3. 7). High CPI values (>3) are
associated with younger organic matter (Fahl & Stein, 1999). CPI <3 is attributed to
the fossil sources. With maturity, CPI tends to approach 1 (Peters & Moldowan,
1993). NSF n-alkanes display the highest CPI that ranges from 3.8 to 4.1. Samples
from core HU77 in the BB are characterised by higher CPI values than those from
HU76 (2.7-4.0 vs. 1.9-2.4). CPI for the LS samples was in the range of 2.0-2.5.
Lower values were obtained for Svalbard (1.7-2.3), BIF (1.5-2.0) and SSF (1.3-1.6).

Average chain length (ACL) values for the GDF range from 27.9 (Svalbard)
to 28.8 (LS) with standard deviations of ~0.2 (Table 3. 7). This parameter is
determined by the depositional environment and post-depositional transformation of
the sedimentary organic matter of the rocks which gave rise to the GDF (Madureira
et al., 1995; Peters & Moldowan, 1993; Poynter et al., 1989). (See also Section
1.3.4.4).
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All debris flow samples contained mixtures of highly branched aliphatic
molecules which are not resolved by gas chromatography and can be seen in the gas
chromatogram as unresolved complex mixture (UCM) that rises as a hump above the
baseline of the chromatographic trace (Fig. 3.4). Such mixtures are the result of the
biodegradation of organic matter in the sedimentary rocks eroded by ice streams
(Peters & Moldowan, 1993). In this study, GDF sediments containing the most
biodegraded organic matter (as exemplified by the highest UCM values) are
characterised by the highest degree of maturation as reflected in the n-alkane
envelope and CPI values. The UCM values are quite low (UCM to total n-alkanes
ratio <4) for NSF, LS and BB (Table 3. 7). It has a maximum at the GC retention
time of the n-Cs; alkane. The highest UCM amounts (UCM/TNA range from 8 to 13)
are calculated for SSF with one extreme value of 57 (core GC32 140 c¢cm). BIF
samples also contains high amounts of branched aliphatic compounds (UCM/TNA
range from 6toll) in the wide range of molecular weights with the highest
abundance of molecules with GC retention time close to n-C,g alkane (Table 3. 7 and
Fig. 3.4a). In the Svalbard samples, theUCM hump is higher at the retention times
of the short chain n-alkanes (n-Cy4.24) and UCM/TNA averages ~7. There is one
exception: sample 986C-90cm is characterised by a low degree of biodegradation
(UCM/TNA = 0.98).

Quantification of pristane and phytane in most of the samples from the LS
and BB proved impossible due to very low abundances and coelution in the gas
chromatogram with some unidentified compounds (possibly contaminants). For the
rest of the debris flows, the Pr/Ph ratios are low (<2) (see Table 3. 7), with higher
values for BIF (1.6 — 2.0) and Svalbard (1.3 - 2.0). One sample, 986C-90 cm, is
characterised by a lower Pr/Ph ratio (0.6). Pr/Ph ratios of SSF debris flows,
however, are close to those of NSF (0.71 and 0.73) (Table 3. 7). Pr/Ph ratio is
thought to reflect Redox conditions during the deposition of organic matter in the
sedimentary rock (Peters & Moldowan, 1993) but can also indicate maturity of
organic matter (Ten Haven et al., 1987 in Peters & Moldowan, 1993). Higher Pr/C,;
and Ph/C,gratios were found in BIF and most of the Svalbard samples. It is probably
due to biodegradation rather than maturation because the isoprenoid/n-alkane ratios

are substantially higher for the 986C-90 cm sample containing less mature organic
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matter (see this Section) than other samples from this location (Pr/C;; =3.9 and

Ph/C15=0.6 compared with 1.1 and 0.4).

N-alkane distributions in hemipelagic and glacimarine sediments

A number of samples of hemipelagic sediments from BIF (4), SSF (2) and LS (1)
were analysed. A unimodal envelope with high abundance of the long-chain n-
alkanes in these samples (Fig. 3.4) indicates their terrestrial origin (Eglinton &
Hamilton, 1967). Distribution of n-alkanes in hemipelagic sediments from BIF and
SSF is markedly different from that of GDF sediments from the same locations.
Their n-alkane envelope has maxima at n-Cyo or n-Csz; alkane. N-alkanes in these
samples are characterised by higher CPI and ACL than in GDF (Table 3. 7). Low
abundances of short-chain n-alkanes and absence of UCM point at low maturity and
low degree of biodegradation in hemipelagic sediments (Peters & Moldowan, 1993
and references therein). N-alkanes in hemipelagic sample from LS core HU87-025-

07P show similar characteristics.

Glacimarine sediments present a mixture of hemipelagic and ice rafted matter. N-
alkane distribution in those samples often resembles that of GDF from the same
location (e.g. Fig. 3.4¢,f) and often shows similar characteristics presumably when
IRD content is high (e.g. glacimarine samples above BB debris flows Table 3. 7).
However, higher inputs from hemipelagic sediments result in higher variability

between GDF and glacimarine deposits (e.g. SSF and LS Table 3. 7).
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3.3.1.3 Long-chain alkenones

Hemipelagic and glacimarine samples from the considered locations typically
contained traces or significant amounts of long-chain alkenones. These were absent
from GDF samples from Bear Island Fan, Scoresby Sund Fan, Baffin Bay and
Labrador Sea (HU87-025). This was expected because GDF contain ancient
terrestrial sedimentary material not known to contain alkenones, biomarkers
produced in the water column by photosynthetic algae. However, and surprisingly,
alkenones were found in debris flows from North Sea Fan and Svalbard margin
(Bellsund/Isfjorden Fans (ODP 986)) (Figs. 3.5 and 3.6 and Table 3. 8). This
indicates a possible input from the ancient outcrops of marine origin. Occurrence of
alkenones in Eocene and Cretaceous sedimentary rocks has been reported previously
(de Leeuw et al, 1980; Farrimond et al., 1986; Marlowe, 1984; Volkman et al.,
1980).

The U*;; indices were calculated as (Brassell er al, 1986b); (Prahl &
Wakeham, 1987)

37:2-374
37:2+373+374

372
37:2+37:3°

Us = and U=
where U*3; stands for relative abundance of unsaturated ketones with 37 carbon
atoms and 2, 3or 4 double bonds. SSTs for core top samples were calculated from
U*;; index using equation by Rosell-Melé et al. (1995): SST=(U*;; -0.043)/0.033.
For the calculation of sea surface temperature estimates based on U%;,", the
calibration equation of Prahl et al. (1988), following Rosell-Melé & Comes (1999):
SST=( U*3,°-0.039)/0.034 were used.

The values of sea surface temperature (SST) in hemipelagic sediments from
the BIF are consistent with those reported for core tops in the Nordic Seas by Rosell-
Melé & Comes (1999). Relatively high SSTs were calculated for the Labrador Sea
(~10°C). For the core top sample from Greenland, high SST (12.1°C) was
calculated. This may be a result of bias due to the low concentration of alkenones in
this sample (53 ng/g) (Rosell-Mele & Comes, 1999). Such low concentration can be

attributed to dilution of autochthonous signal by input of terrestrial organic matter of
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acolian or fluvial origin. GDF alkenone signals are different from those of
hemipelagic and glacimarine. SST values for debris flows from NSF are ~ 9°C, and
those from Svalbard range from 8.4 to 11.2°C (Figs. 3.5 & 3.6 and Table 3. 8).
Most samples contained Cs74 alkenone. Its concentration is relatively high in the

debris flows (7-11% in NSF and up to 24 % on the Svalbard margin).
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3.3.2 Origin of biomarkers signatures in GDF deposits

The presence of reworked allochthonous organic matter in deep sea sediments from
Nordic Seas has been described by Hélemann & Henrich (1994), Wagner & Henrich
(1994) and Wagner & Hélemann (1995). The authors linked its origin to the erosion
of continental outcrops in nearby land masses or the surrounding continental shelf.
The authors described bulk properties of organic matter associated with different
lithofacies deposited during glacial and interglacial periods in several cores from the
Nordic Seas. Layers of dark diamicton which were formed under maximum glacial
and early deglacial conditions as a result of iceberg transport and meltwater plumes
were characterised by very low carbonate content (0-0.5 %), absence of foraminifera,
elevated TOC levels (0.5 — 1.5 %) and a high amount of a coarse terrigenous fraction
(20-40 %). These diamictons contained mature and overmature organic matter of
terrestrial origin characterised by low hydrogen indexes (~50mgHC/gTOC), high
Tomax (420°-440°C), C/N >> 10 and 8'°Cqrg <-24%0 PDB) (Wagner & Henrich, 1994).
The presence of fossil phytoclasts (coal, black shale and organic-rich siltstone clasts)
and detrital vitrinites pointed at Mesozoic sediments from Scandinavian and Western
Barents Sea shelves as a source area (Ho6lemann & Henrich, 1994; Wagner &
Hélemann, 1995). There was also evidence for inputs from the northern North Sea
and the Baltic Sea as indicated by the presence of Cretaceous nannofossils

(Hélemann & Henrich, 1994).

In addition to these layers of diamicton, allochthonous organic matter was
also present in sediments deposited during seasonally variable ice cover and iceberg
drift as well as interglacial periods (Wagner & Henrich, 1994). In some of those
sediments, the autochthonous signal is very weak possibly because of the early
degradation of labile (marine) organic matter and dilution by allochthonous inputs.
Unlike coarse-grained, mature and overmature organic matter in the diamictons,
most organic matter in interglacial and glacial background deposits is finer-grained
(10-20 % terrigenous coarse fraction), has lower TOC content (0.4 — 0.2 %) and
shows lower thermal maturity (Tmax <400°C) (Wagner & Henrich, 1994).
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Similar to IRD, composition of different GDF deposits should reflect that of
the outcrops eroded by the glaciers. It was also expected to differ from that in
overlaying hemipelagic sediments. Biomarker signatures of organic matter from
different sedimentary outcrops in the North Atlantic must reflect the differences in
the depositional environments and post depositional transformation of the organic

matter in these outcrops.

3.3.2.1 Description of continental outcrops

A simplified map of the main sedimentary outcrops along the North Atlantic margin
is presented in Fig. 3.8. North American source areas are dominated by Palaeozoic
carbonates. In addition to that, there are some Mesozoic sedimentary strata
(Choubert et al., 1987). Source areas along the Nordic Seas margin are characterised
by high variability containing sedimentary rocks from Lower Palaeozoic to Late

Cenozoic.

The drainage area of BB comprises Lower Palacozoic dolomite and limestone
from Ellesmere and Devon Islands, northwest Greenland and the Brodeur and
Borden peninsulas. There is an outcrop of Mesozoic sediments in the north and
Tertiary and Cretaceous sediments on the continental shelf of Baffin Island and
Greenland (Aksu & Piper, 1987; Andrews et al., 1989). GDF sediments in the LS
supplied through the Hudson Strait, were derived from Palacozoic carbonates from
Hudson Bay, Baffin Island and Foxe Basin (Hesse & Klaucke, 1995). Secondary

outlets along the eastern LS mostly delivered igneous and metamorphic material.

BIF drainage basin in the Barents Sea is dominated by Cretaceous and Early
Tertiary mudstone and sandstone covered with muddy glacigenic diamicton up to
300 m thick (Elverhei et al., 1995a; Laberg & Vorren, 1996; Sigmond, 1992).
Palaeozoic carbonates are present but they are largely overlaid by Mesozoic strata

(Butt et al., 2000).

The sedimentary succession of Svalbard comprises carbonates of
Carboniferous age with a transition into silicaclasts from Permian onwards (Butt et

al., 2000; Elverhoi et al., 1995a). Late Palaeozoic carbonate outcrops (limestone and
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dolomite) are present in western Svalbard and northern and northeastern parts of
Isfjorden (Butt et al., 2000; Elverhei et al., 1995b). Tertiary sand- and siltstones are
found south of Isfjorden. Jurassic and Cretaceous strata from the southeastern part
Of Svalbard contain coal seams and black shales (Elverhei ef al., 1995b; Wagner &
Hoélemann, 1995). A contribution from these outcrops in the GDF was confirmed by

rock fragment and palynological analyses (Butt ez al., 2000; Elverhei et al., 1995a).

NSF source area contains deposits of Mesozoic-Tertiary sediments (sand- and
siltstones, chert, coal and chalk) from Norway, Denmark, Skagerrak and the North
Sea (Dowdeswell & Siegert, 1999; King et al., 1998; 1996).

Sedimentary rocks from Carboniferous to early Tertiary period crop out in
Jemesson Land north of Scoresby Sund (Krabbe, 1996; Linthout et al., 2000).
Surrounding areas west and south are dominated by igneous and metamorphic rocks

that are of little interest for biomarker studies.

3.3.3 Palaeoceanographic significance of the presence of different biomarkers
in GDF deposits

3.3.3.1 Terrestrial carbon in GDF and hemipelagic sediments

Terrestrial organic matter was present in all the sediment samples analysed, GDF,
glacimarine and hemipelagic as indicated by high abundance of long-chain n-alkanes
(Cn > 24). However, hemipelagic sediments contain younger, less reworked organic
matter lacking such indicators of maturity and biodegradation as porphyrins and
chromatographic UCM (Peters & Moldowan, 1993 and references therein) (Figs.
3.3a,b&f and 3.4a,b &f and Table 3. 7). Distribution of n-alkanes in these
sediments (chromatographic traces with unimodal envelope, maxima at n-Cj7.3
alkanes and high CPI) is consistent with a terrestrial origin of these components from
higher plants (Eglinton & Hamilton, 1967). Deposition of these sediments probably
resulted from aeolian input of dust (Poynter et al, 1989), fluvial contribution of
eroded soils (Prahl & Carpenter, 1984) or sea ice (Fahl & Stein, 1999). Very low
relative abundance of short-chain n-alkanes indicates microbial degradation of
marine organic matter (Peters & Moldowan, 1993). Low preservation of

autochthonous organic matter in the North Atlantic waters during Cenozoic has been
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reported by Holemann & Henrich (1994). In this thesis, the presence of an
autochthonous signal in the hemipelagic sediments has been identified by the

presence of alkenones and chlorins.

Allochthonous organic matter is also predominant in GDF sediments,
however, its biomarker composition is different from that of hemipelagic sediments.
For instance, all GDF analysed contained porphyrins. These biomarkers form as a
result of long-term (~10° years) transformation of chlorophyll in sediments (e.g.
Baker & Lauda, 1986; Callot ef al., 1990). Porphyrins are commonly present in
ancient sedimentary rocks (Eglinton et al., 1985) and therefore their discovery in
GDF sediments was expected. Vanadyl porphyrins were found in HLs 2 and 4 from
core BOSF SK from East Thulean Rise and Norwegian Sea core M23260 (Rosell-
Mele & Kog, 1997; Rosell-Melé et al., 1997). Absence of nickel porphyrins from
these cores is surprising because they were present in all GDF sediments, but this
could be due to the detection limit of the methods employed to measure them.
Another indicator of the reworked nature of the GDF sediments is the presence of a
mixture of highly branched aliphatic compounds that appear as a UCM hump in gas
chromatograms of all GDF samples. These mixtures are not present in the

hemipelagic sediments.

To conclude, biomarker signatures of GDF indicate terrestrial origin of
sedimentary organic matter that resulted from glacial erosion of ancient sedimentary
rocks. These biomarker signatures are sufficiently distinct from autochthonous
signals and other allochthonous inputs during glacial stages. Allochthonous input in
hemipelagic sediments was from younger, less reworked sedimentary organic matter

and can clearly be distinguished from that in GDF.

3.3.3.2 Chlorins — autochthonous or allochthonous signal?

The presence of chlorins and alkenones in deep-sea sediments is usually attributed to
autochthonous inputs, i.e. is thought to have been produced by photosynthetic
microorganisms in the water column. Therefore, the discovery of these compounds
in the debris GDF from the North Sea Fan and Svalbard was unexpected. The

presence of such compounds in these sediments may be explained by admixture of
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the pelagic sediments to the glacigenic ones prior to GDF deposition or presence of
younger, less reworked, organic matter in the outcrops eroded by the ice streams.
NSF contains relatively young (Cenozoic) sediments (Section 3.2.1.3). It may be
suggested that chlorins here were not formed in situ but most likely belong to the
sedimentary rocks eroded by the ice streams. King et al. (1998), for instance,
demonstrated derivation of GDF sediments in the NSF from the mainland and

offshore outcrops from Norway, Denmark, Skagerrak and the North Sea..

GDF sediments from Svalbard, on the other hand, differ from the other GDF
analysed here in that they were collected outside any of the TMFs, between two fans.
Because of such location, GDF here may contain considerable amounts of
hemipelagic sediments. This view is supported by the fact that GDF sediments from
this location are fine-grained in contrast with coarse-grained GDF sediments reported
for the Isfjorden TMF (Elverhai et al., 1995b). This may indicate incorporation of a
large proportion of hemipelagic sediments into the ODP 986 debris flow (similar to
Wang & Hesse, 1996). However, results of mineralogical and palynological
analyses strongly suggest terrestrial origin of these sediments (Butt et al., 2000;
Smelror, 1999). They contain abundant detrital carbonate (>15%) from Palaeozoic
outcrops on the mainland Svalbard, numerous clasts of various ages and Mesozoic
dinoflagellate cysts. Wide age distribution of the sedimentary sources contributing
to the GDF sediments from the ODP986 (from Permian onward, Section 3.2.1.4)
may explain the presence of chlorins from younger sedimentary sources together
with porphyrins and reworked hydrocarbons from the more mature ones as a result of

GDF formation.

Rosell-Melé et al (1997) attributed elevated amounts of chlorins in HLs to
enhanced preservation of organic matter during HEs. The presence of these
compounds in the sediments from some of the potential sources of IRD indicates a
possibility of allochthonous input of chlorins in addition to autochthonous. The age
of chlorins could be determined using isotopic analysis in order to confirm or reject

the likelihood of such input.
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3.3.3.3 Presence of Alkenones

The presence of alkenones in some of the GDF indicates that during glacial
times, deposition of alkenones in the deep sea could be a product of allochthonous as
well as autochthonous and input. This poses some questions for the use of these
biomarkers to reconstruct palacoceanographic conditions (e.g. SST) in the
environments where IRD inputs were significant. For instance, Rosell-Melé &
Comes (1999) reported unusually high (warmer than at present) sea surface
temperature estimates derived from alkenone indices (UK 37 and UX 37" for the LGM
in the Nordic seas (Fig. 3.5). As one of the possible explanations for the bias in SST
estimates, the authors suggest the admixture of allochthonous alkenones into the
sediments as a result of ice rafting. Input of terrestrial sediments containing
alkenones from warmer, pre-Quaternary, climates could bias U3, estimates towards

warmer values.

SST wvalues calculated for the GDF from NSF and Svalbard (Table 3. 8) are
significantly lower then the speculated ~30°C for source sediments representing pre-
Quaternary environments (Rosell-Mel¢ & Comes, 1999). They are in fact lower then
those obtained for the LGM samples by Rosell-Melé & Comes (1999). Even an
input of the equivalent amount of allochthonous alkenones with UX;,°=0.4 (~11°C)
(as observed for some of the samples from Svalbard) would only increase the
presumed UX;7* autochthonous signal of U*3,=0.2 (~5°C) to 0.3 (7.7°C), still lower
than 12.0-16.8 °C reported by Rosell-Melé & Comes (1999). Moreover, such high
input from Svalbard seems unlikely since Bellsund and Isfjorden Fans are several
orders of magnitude smaller then other major TMFs. Although the size of the TMF
is not directly proportionate to the sedimentary output of the ice stream (O Cofaigh et
al., 2003), such vast difference in size of the TMFs is likely to reflect the difference
in the amount of sediments passed through each glacier outlet. Therefore, the
alkenone signal from Svalbard would probably be diluted to a large extent by that
from other source areas and could not be responsible for such elevated values for

SST.

The presence of the Cj74 alkenone in some of the debris flows (Table 3. 8
and Fig. 3.7) suggests that Cj7.4 content of LGM sediments is also of mixed origin

and therefore the tetraunsaturated component cannot be considered as a better
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representative of autochthonous signal then di- and triunsaturated ones. High
concentration of C;7.4 alkenone in the debris flows (7-11% in NSF and up to 24 % on
the Svalbard margin) allows us to speculate that the autochthonous concentration of
this component in LGM sediments was probably lower then calculated by Rosell-
Melé & Comes (1999). For example, to result in the mixed %Cs7.4 =5%, with an
input of equal amount of total allochthonous alkenones with %Cs37.4 =8%,
autochthonous %C37.4 would have to be only 3%. That would make the suggestion
by Rosell-Melé & Comes (1999) that SST during LGM was not higher then 6°C less

certain.
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34 Comparison of biomarker signals in debris flow deposits from the North
Atlantic

In order to use GDF sediments as a source proxy for IRD in the deep ocean, it is of

course necessary to prove that biomarker composition of these sediments is

equivalent to that of the IRD. In this Section it will be shown whether the

composition of biomarkers in GDF
1. differs significantly from that of overlying hemipelagic sediments

2. is homogenous within each source area. The latter is understood to be the drainage
area of the ice-stream that gave rise to the formation of a TMF and the associated
GDF.

3. is significantly different between potential source areas.

The comparison of the distribution of biomarkers from different locations is
based on visual and statistical comparison of gas chromatograms and UV-VIS
absorbance spectra results. The statistical methods employed are based on a similar
approach used in oil exploration and geochemical research (e.g. Peters et al., 2000).
Biomarker composition of glacigenic and hemipelagic sediments from debris flow
deposits from the Nordic Seas and North America was compared based on the

distributions of

e photosynthetic pigments
e saturated hydrocarbons

e unresolved complex mixture (UCM).

Biomarker composition of the sedimentary organic matter in the samples analysed
was expressed in a number of variables representing absolute and relative
abundances of different components (See Sections 1.4.3 and 1.4.4). The list of
variables used for comparison and mean values for different sediments are presented

in Table 3. 7. For the full list of values, see App.3.
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3.4.1 Principal component analysis

Eleven variables were used for comparison of GDF biomarker data. Variables used
for principal component analysis (PCA) and their mean values are listed in Table 3.
7. Pristane/phytane and isoprenoids/n-alkane ratios were not included because they
were missing from most of the North American samples due to low abundances and
coelution (see Section 3.3.1.2). Eleven principal components (PC) were created.
First three PCs have eigenvalues greater then one. They are responsible for 76 % of
variance (Table 3. 9).

Table 3. 9 Results of principal component analysis of debris flow
sediments. Eigenvalue — proportion of variability represented by each
component. Difference in eigenvalues between the components PC; and
PCi.;; Proportion - proportion of variability represented by each component
normalised to 1; Cumulative — cumulative proportion of variability
represented by components PC;- PC,.

Component  Eigenvalue Difference Proportion Cumulative

1 4.29098 2.20993 0.3901 0.3901
2 2.08105 0.12191 0.1892 0.5793
3 1.95914 1.05856 0.1781 0.7574
4 0.90058 0.16924 0.0819 0.8393
5 0.73134 0.19770 0.0665 0.9057
6 0.53363 0.28841 0.0485 0.9542
7 0.24523 0.10692 0.0223 0.9765
8 0.13831 0.08263 0.0126 0.9891
9 0.05568 0.01502 0.0051 0.9942
10 0.04066 0.01726 0.0037 0.9979
11 0.02340 0.0021 1.0000
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Table 3. 10 Eigenvectors (coefficients reflecting varying
contributions of the variables).

Variable PC1 PC2 PC3
TNA 0.26550  -0.08380  0.44124
CPLi7.2 -0.31999  0.38144  0.24206
CPla3 -0.32618  0.00149  0.40171
Ca1/ Cyo 0.29225  -0.19646  0.43813
Cao/ Cs1 0.08689  0.66417  -0.02546
ACLys.33 -0.22169  -0.55552  -0.16552
> Cors
SContSCon 045623 003850  0.13541
SA 028179 023375  -0.18357
140
7O+ N -0.05890  0.01956  -0.51678
UCM/g 0.42935  -0.02744  0.14589

UCM/TNA 0.32133  -0.04363  -0.15798

Most of the variables are strongly represented in PC1 (Table 3. 9 and Table
3. 10), which accounts for 39% of variance. In this component, UCM correlates with
ratio of n-Cy7 to n-Cy9 and abundance of porphyrins represented by S// ratio. These
variables are opposed by Carbon preference indexes and relative abundance of long-
chain n-alkanes (n-Cyo.3;). UCM is a result of biodegradation and amount of UCM
reflects the degree of biodegradation. Predominance of long-chained n-alkanes
decreases with maturity and biodegradation as a result of reworking of the organic
matter (e.g. Tissot & Welte, 1984). Relative abundances of different long-chain n-
alkanes (e.g. n-Cy7 to n-Cy9) are characteristic of specific environments in which
organic matter was formed. Thus, in PC1, higher values are favoured by higher
degree of biodegradation and maturity, higher relative abundance of porphyrins and

predominance of n-C,7, over n-Cyo alkane.
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The second component (Table 3. 9 and Table 3. 10) represents 19% of
variance. In this component, CPI of short-chained n-alkanes correlates with ratio of
n-Cyg alkane to n-C;; and contrasts with average chain length (ACL). PC2 accounts
for specific characteristics of each sediment source related to their depositional

environments and degree of maturity.

PC3 accounts for 18% of variance (Table 3. 9). Here, CPI of long-chained n-
alkanes, ratio of n-C,7 to n-Cy¢ alkane and amount of total n-alkanes are opposed to
relative abundance of vanadyl porphyrins (Table 3. 10). Abundance of vanadyl
porphyrins indicates predominance of anoxic conditions in the ancient depositional
environment (Lewan, 1984). In this component, predominance of n-C,; alkane over
n-Cyy is associated with more organic-rich younger sediments deposited in the

environments with higher Redox potential..

To illustrate variability in biomarker composition within and between GDF
sediments from different locations, principal components 1, 2 and 3 are plotted
against each other (Fig. 3.9). Pristane/phytane and isoprenoid ratios for GDF from
the Nordic Seas are plotted in Fig. 3.11.

3.4.2 Variability within each GDF deposit

3.4.2.1 Homogeneity of GDF sediments within each TMF

Debris flows from the Nordic Seas show largely homogenous n-alkane, pigment and
alkenone distribution within each TMF. This is consistent with the character of GDF
formation in this area: each TMF formed at the mouth of a single large ice stream

(e.g. Vorren & Laberg, 1997 and references therein).

Sediment samples from NSF show little variability within this TMF. They
form a tight group on PCA plots (Fig. 3.9). NSF samples belong to three cores from
different debris flow lobes. The homogeneity of n-alkane and pigment content is in
agreement with homogeneity in other properties reported by King et al., (1998). It
may be concluded that sediments from the NSF are highly homogenous in their

biomarker composition.
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One out of six debris flow samples from ODP 986 (C-90cm) is markedly
different from the rest of the samples. It displays lower concentration of n-alkanes
and porphyrins, lower maturity and lower degree of biodegradation and low
abundance of porphyrins. There is also variation in 7NA content between deeper
(90cm) samples and the shallower ones (20 cm) with shallower samples being more
TNA rich. However, the variability between the five typical samples from Svalbard
(excluding C-90) is lower than that between Svalbard and other GDF deposits (Figs
3.9 and 3.10).

Most samples from SSF display low degree of scatter Fig. 3.9. Sample
GC32-140 cm is characterised by very high UCM (UCM/TNA=57). This explains its
very high PC1 score. Two samples from the upper part of the thick debris flow in
cores GC31 and GC32 (55 and 90 cm respectively) are characterised by higher CPL,.
31 and n-Cyg to n-Cj, ratio (reflected in PC3 and PC2 respectively) than other samples
from SSF. They plot closer to BIF samples. Sample GC31-55 cm cannot be
distinguished from BIF sediments. There is higher variability in GC32 debris flow

sediments.

Only one core containing GDF from LS was analysed, and the samples from
that core show high homogeneity in their biomarker composition. Due to the
existence of several sources of GDF sedimentation along the LS margin (Hesse et al.,
1990; Wang & Hesse, 1996), analysis of samples from other locations in the LS is

needed to present a clear picture of biomarker distribution in this area.

N-alkane distributions from the two BB cores display unimodal envelope
with maximum at n-Cy9 and low abundance of short-chain components but differ
from one another in some of the parameters. HU77 samples have higher CPI, lower
C27#/C,9 and higher C;¢o/C;; ratios (App. 3). In both cores, porphyrins are in low
abundance but in HU76 VO species are absent or have much lower abundance than
Ni (Table 3.7). This explains high variability in PC2 and PC3. However, BB
sediments are different from the rest of the samples in this study and form a group,
albeit a loose one. Difference between the two cores from different locations in BB
is expected because of the line-source character of sedimentation in this area (Aksu

& Hiscott, 1989; Aksu & Piper, 1987).
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So, to conclude, GDF sediments are largely homogenous in their biomarker
composition, which indicates a highly mixed nature of these sediments. Therefore
the biomarker fingerprints of the organic matter in each GDF can be considered as a

combined signature of a variety of outcrops eroded by a particular ice stream.

3.4.2.2 Comparison of GDF and other types of sediments

As it could be expected, biomarker composition of debris flows differs markedly
from those of hemipelagic sediments (Figs. 3.3a,b&f and 3.4a,b &f and Table 3. 7).
Hemipelagic sediments are characterised by lower abundance of n-alkanes, higher
CPI and ACL, absence of UCM and porphyrins and well defined predominance of
the long-chain n-alkanes over the short-chain ones than GDF sediments. This
indicates the presence of the less reworked organic matter in hemipelagic sediments
than in the GDF. In order to support discussion based on visual comparison of gas
chromatograms and UV-VIS absorbance spectra, analysis of variance (ANOVA) was
used in order to consider variability in individual parameters. In Table 3. 11, the
results of comparison of GDF and hemipelagic sediments from BIF are presented.
All parameters show significantly higher variability between the two types of
sediments than within each type. Only Pr/Ph ratios are not significantly different
due to the high variability of this variable in hemipelagic sediments. This may be
due to the reduced accuracy in measurement of pristane and phytane abundances in
the hemipelagic sediments because of their very low concentration (<10 ng/g dry

sediment).

As was mentioned above, glacial till sediments from the continental shelf off
Scoresby Sund show similar n-alkane distribution to those from GDF despite the
difference in some of the bulk properties (see Section 3.2.1.2). This similarity is
confirmed by the analysis of variance (Table 3. 11). However, relative abundances
of Ni and VO porphyrins in the two types of sediments are significantly different, i.e.
substantially higher for the glacial till sediments (VO/(VO+Ni) = 0.72 vs. 0.49). This
may indicate variability in the sedimentary input between the two types of sediments.
In the study of BIF, Laberg and Vorren (1995) observed similarity in the grain size

distribution and water content of GDF sediments with those from the glacigenic till.
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King et al. (1998), although emphasised the similarities between the two types of
sediments from NSF, report gradual increase in mainland-derived rock fragments
relative to offshore Mesozoic-Tertiary strata in sediments in NSF GDF compared to
Glacial till from the same location. The variability in porphyrin ratios in SSF
sediments could be a result of similar variability between GDF and glacial till
sediments. If the mainland sediments from East Greenland contain lower proportion
of Ni porphyrins than the offshore strata, this would be reflected in the porphyrins
ratio. However, these two types of sediments are indistinguishable using all other
variables and are more similar to each other than to any other GDF analysed. That
allowed including glacial till sediments in the principal components analysis together
with the GDF samples. We propose that GDF may be more accurate in representing
sources of IRD transported by icebergs into the ocean than glacial tills because they
contain higher amounts of the mainland derived sediments. However, not all ice
streams resulted in GDF formation. Development of GDF is determined by several
factors including steepness of continental slope, availability of erodible sediments
and width of continental shelf (O Cofaigh ef al, 2003). In locations where ice
streams did not result in GDF formation, glacial till sediments from continental shelf
can probably be used as a source proxies largely to the same effect. Continental
shelf sediments were used by Grousset et al. (2001) as source proxies of IRD in HLs

in core SU90-09.

It was initially intended to use ice rafted debris mixed with hemipelagic
sediments from core HU88 (HI facies from Wang & Hesse, 1996) because of the
similarity in the general appearance of their n-alkane envelope and absorbance
spectra (Figs. 3.3f and 3.4f). Analysis of variance, however, shows significant
difference in most variables between the two types of sediment (Table 3. 11).

So, to conclude, biomarker composition of GDF sediments is significantly
different from that in the overlaying hemipelagic sediments that indicates different
origin of these two types of sediments (glacial erosion vs. aeolian/fluvial
weathering). On the other hand, glacial erosion is responsible for the formation of
both glacial till and GDF sediments and variability in their composition is probably

due to variability in the relative representation of the mainland and offshore outcrops.
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Table 3. 11 Comparison of different types of sediments within GDF deposits.
Statistical significance (p) of variability between glacigenic debris flows and
hemipelagic sediments from Bear Island Fan, glacial till (GC30) and GDF sediments
(GC31,32) from Scoresby Sund Fan and glacimarine (HI) (HU88) and GDF
sediments (HU87) from the Labrador Sea. P<0.05 - wvariability statistically
significant with 95% confidence.

BIF(GDF)  SSF(GDF) LS(GDF) vs.

Groups compared o ‘BIRHP)  vs. SSFGT)  LS(HI)

TNA (ngle) 0.0002 0.9255 0.6470
CPly72; 0.0007 0.9355 0.5693
CPLsi 0.0000 0.4728 0.0020
Car/ Cag 0.0000 0.8671 0.0384
Cao/ C31 0.0000 0.8084 0.0232

ACL)s.33 0.0000 0.9536 0.0208
2.Con 0.0000 0.9370 0.0021
Z Crgg + Z Ciro
S/ 0.0111 0.5071 0.0000
VOVfNi 0.0000 0.0002 0.8611
UCM/g 0.0000 0.7959 0.0217
UCM/TNA 0.0000 0.7578 0.0048
Pr/Ph 0.9436 0.8507
Pr/Ciy 0.0000 0.9371
Ph/Cis 0.0178 0.8354
PCI 0.0000 0.7849 0.0181
PC2 0.0000 0.8376 0.0385
PC3 0.0000 0.6905 0.0063
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3.4.3 Variability between GDF deposits

3.4.3.1 Nordic seas

GDF can be used as proxies for IRD sources in the North Atlantic Heinrich Layers if
their biomarker signatures are different from one another. In the Nordic Seas, four
GDF deposits analysed show such dissimilarities in their biomarker content and
composition. For example, concentration of n-alkanes in the SSF GDF is ~ 4 times
lower than in the BIF and 6 times lower than in the Svalbard GDF. This is explained
by predominance of organic-poor igneous and metamorphic outcrops in the SSF
drainage basin. NSF sediments differ from those in the other TMFs from this area in
that they contain less reworked organic matter as indicated by the presence of
chlorins, unimodal n-alkane envelope with high CPI and low abundance of short-
chain n-alkanes and low chromatographic UCM (Figs. 3.3¢, 3.4¢, 3.10 and Table 3.
7). Five out of six samples from Svalbard present a mixture of thermally mature,
biodegraded organic matter as indicated by low CPIL, high relative abundance of
short-chain n-alkanes and the presence of UCM in the chromatographic trace, as well
as relatively young, unoxidised organic matter represented by chlorins and alkenones

(Figs. 3.3d, 3.4d and Table 3. 7).

With maturation, original n-alkane distributions from different sources
become more and more similar as a result of input of reworked n-alkanes (Peters &
Moldowan, 1993). However, differences can be seen in the n-alkanes fingerprints of
GDF from BIF, SSF and Svalbard (Figs. 3.4 and 3.10). The most abundant n-alkane
in the BIF, SSF and Svalbard GDF are n-C;o, n-C», and n-C,; alkanes respectively.
There is slight odd over even preference in the low molecular weight n-alkanes from
BIF (CPI;7.,3= 1.2) whereas there is no such preference in the samples from
SSF(CPI,7.23= 1.0) and even n-alkanes predominate in the samples from Svalbard
(CPI,7.23= 0.88). Distribution of the long-chain n-alkanes shows different degrees of
maturation which is the highest in SSF (lowest CPly4.3; =1.4) and the lowest for
Svalbard (CPI4.3;= 1.9). Mixtures of the highly branched aliphatic compounds from
SSF and BIF form similar UCM humps in the chromatograms. They are large and

have maximum at the retention time of the n-C,¢ alkane, wherecas UCM from
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Svalbard is lower in high-molecular weight components and has a maximum at the

retention time of the nCy¢.23 n-alkanes.

Nordic Seas GDF can also be distinguished from one another based on their
Pr/Ph and isoprenoid/n-alkane ratios (Fig. 3.11). There is an overlap between SSF

and NSF samples. These TMFs, however, are well separated by other variables.

3.4.3.2 Labrador sea/Baffin Bay

GDF sediments from BB and LS contain lower amounts of n-alkanes than the Nordic
Seas sediments. This can be explained by lower organic content in the ancient
carbonates compared to shale and also an admixture of sediments from igneous and
metamorphic sources along the LS eastern margin (Wang & Hesse, 1996).
Concentration of n-alkanes in the LS GDF is an order of magnitude lower than in the
BB GDF. GDF from the two locations differ from each other in their n-alkane
distributions (Figs. 3.4e, f and 3.10). BB n-alkanes are characterised by lower
maturity as exemplified by higher CPI. Relative abundance of n-Cj; is substantially
lower in BB GDF. This is reflected in lower ACL and higher C,y/Cs; ratio for the
BB samples.

3.4.3.3 Overall comparison of the North Atlantic GDF signatures

Debris flows were compared using results of the PCA analysis. The results are
presented in Fig. 3.9. Debris flow sediments containing organic matter of lower
maturity and biodegradation (NSF, LS and BB) are separated from those with more
mature, biodegraded and more porphyrin rich organic matter (BIF, SSF and most
Svalbard) by PC1 (Fig. 3.9a and Table 3. 7). PC2 separates BB GDF from the LS
and NSF. LS samples have the lowest values because of their lowest CPI and
highest abundance of n-C;; alkane. In contrast, BB CPI;7.5; is the highest and
abundance of n-C,¢ alkane nearly twice that of n-C3;. PC3 is the highest for NSF
sediments with high abundance of total n-alkanes, high CPIl;4.3; and C,7/Cy9 ratio and

predominance of Ni porphyrins. The lowest values are obtained for LS samples
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because of low concentration of total n-alkanes, C;7/Cy9 ratio <1 and VO porphyrins

predominance (Table 3. 7).

Debris flows containing more reworked organic matter are less well separated
by PC2: there is an overlap between BIF and SSF on the PC1/PC2 plot Fig. 3.9a).
This is because sediments from these TMFs are close in degree of maturity and
biodegradation. There is also high deviation in C,¢/Cs; ratio for SSF samples that
causes high variability in PC2 for this TMF. BIF and SSF are separated on a
PC3/PC2 plot with only one sample (GC31-55 cm) plotting with BIF samples (Fig.
3.9b). NSF and LS, although slightly overlap on PC1/PC2 plot, are well separated
by PC3 due to their contrast in total n-alkane concentration, C,7/C,¢ ratios and
relative abundance of porphyrins (Table 3. 7). Svalbard debris flows form a discrete
group on PC1/PC2 plot except for one outlier (ODP 986C-90cm).

To conclude, GDF sediments analysed in this study are characterised by
specific biomarker signatures unique to each TMF deposit. This makes it possible in
principle to use biomarker composition of GDF as a proxy for the source of IRD in

the North Atlantic.

3.4.4 Use of biomarker composition of GDF to constrain sources of IRD in the
North Atlantic
In the provenance studies to date, mostly continental outcrops are considered as
proxies to characterise the composition of the sources of IRD. These studies have
concentrated on the bulk properties of sediments from potential sources (see Section
1.2) and, to our knowledge, biomarker composition of potential sources of IRD has
not been considered previously. Because of the heterogeneity of the continental
outcrops eroded by glaciers (see Section 3.3.2), GDF composition is more likely to
represent that of IRD in the deep ocean than composition of individual outcrops. For
instance, sediments from Svalbard were shown to contain a mixture of reworked
organic matter with that from a younger source (or sources) (see Section 3.4.3.1).
Biomarker fingerprinting presents a more detailed and a more specific approach than
analysis of bulk properties of the sediments from potential sources. Sediments

characterised by similar mineralogical composition may differ in their biomarker
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content, which preserves information about depositional environments and post

depositional diagenesis of organic matter.

The results or this study show that debris flows from different locations in the
North Atlantic can be distinguished from one another based on biomarker
fingerprints using GC traces alone (Figs. 3.4 and 3.10 and Table 3. 7). UV-VIS
analysis provided additional information (Fig. 3.3 and Table 3. 7). Use of
biomarkers allows distinguishing not only between American and European sources
but also between different locations in the Nordic Seas and the North America. GC
and UV-VIS spectrophotometry are robust and the least specific methods of
describing biomarker composition of potential IRD sources. Great potential lies in
using Gas Chromatography linked to Mass Spectrometry, which will allow
identification of other hydrocarbons, such as for instance aromatic compounds,
steranes and hopanes. These biomarkers are commonly used in petroleum industry
in correlation studies. They are more resistant to reworking through geological time
and better reflect the depositional environments of the original sediment sources
(Peters & Moldowan, 1993). Broadening the spectre of biomarkers used to describe
potential sources of IRD would allow clearer separation between them, especially
between the GDF containing highly reworked organic matter. Use of Liquid
Chromatography coupled to Mass Spectrometry would allow not only differentiation
between different types of tetrapyrrolic pigments but also identification of the
molecular structure of individual pigments. Relative abundances of porphyrins in
different GDF may be similar reflecting Redox conditions at the time of formation.
However, other factors such as temperature, salinity and availability of nutrients may
have resulted in different microbial assemblages and consequently different
diagenetic pathways of chlorophyll degradation. That should be reflected in the
structure of the porphyrins formed in different locations. Potentially, compounds

unique to a specific source may be identified.

It is important, however, to bear in mind that different potential sources of
IRD differ not only in their biomarker composition but also in biomarker
concentrations. For instance, GDF from BB and LS analysed here are low in organic
carbon and contain low absolute abundances of n-alkanes. Because sedimentary

rocks are much higher in TOC than igneous and metamorphic and shales are more
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organic-rich than carbonates, contribution of biomarkers from each source is not
proportionate to the relative input of the IRD from that source. That is why it would
be difficult to use biomarker approach to quantify contribution from different
potential sources since a relatively insignificant source characterised by high organic
matter content may be stronger represented in the HL sediments than a more
important but TOC-poor source. Biomarker analysis should be used in combination
with methods that take into account all other contributions (i.e. igneous and

metamorphic).

With regards to the identification of potential sources, probably more samples
need to be studied from the Baffin Bay and Labrador Seas because of the
heterogeneity of the GDF input in these areas. It is possible that because of the line-
source sedimentation in the LS and BB, the samples analysed in this study may not
be representative of the main drainage area. For instance, the presence of
undegraded organic matter of low maturity in the GDF sediments from North
America was unexpected. Palacozoic carbonates from the drainage areas of these
GDF should contain organic matter of marine origin with high relative abundance of
shorter-chain n-alkanes and no odd over even carbon numbers predominance (Peters
& Moldowan, 1993). Given the old age of these rocks, high degree of reworking of
organic matter was expected. However, biomarker composition of the sample from
HL2 from core HU87-025-07P shows similar organic matter composition to that
from GDF from the same core and probably reflects genuine composition of the IRD
input from a number of sources in the northern Canada. In support of this view,
GDF from both locations are high in their detrital carbonate content (see Section
3.2.2). It is possible that biomarker signature of the organic-poor carbonates in GDF
is swamped by that of the younger outcrops containing large amounts of n-alkanes

(Fig. 3.8).

Timing of the GDF deposition is also important. The composition of the IRD
and GDF from the same location may differ through time. This may be due to
complete erosion of particular geological strata or a change in the pathway of the ice
streams. For example, such change of the ice stream trajectory was proposed to
explain the variability between HL3 and HLs 2 and 4 (Andrews & MacLean, 2003;

Kirby & Andrews, 1999) Such occurrences may result in glacial erosion of different
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outcrops and different composition of IRD from the same location but from different
time periods. Thus variability in composition of IRD observed between and within
different HLs (Grousset ef al., 2001; e.g. Huon ef al., 2002) may not only be a result
of different sources of IRD but also of the change in composition of IRD from the
same source. Analysis of GDF deposited during different episodes of ice rafting may

provide more accurate information on the changes in IRD composition through time.

There is a possibility that GDF do not accurately represent composition of
IRD in the deep ocean. Different outcrops eroded by icebergs contribute to different
size fractions depending on the type of rock, e.g. shale is most likely to be
predominant in the fine fraction. Particle size distributions in the deep-ocean
sediments may differ from those forming GDF. For instance, <63 um fraction in the
deep-ocean sediments can be transported by means other than ice rafting (e.g.
Andrews, 2000) and contain different biomarker signatures than those in GDF. In
addition to that, scouring by bottom currents can modify the grain size distributions
in the ocean sediments by removing the fine fraction (e.g. McCave, 1995). However,
analysis of the coarse fraction (>150 um) alone will result in bias towards the rock
types that tend to break into larger particles (Hemming, 2004). Thus, different grain
size fractions should probably be studied in both sources and sinks of IRD.
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Conclusions

GDF deposits in the North Atlantic margins are rich in organic matter. GDF
sediments are largely homogenous in their biomarker composition, and the
biomarker fingerprints of the organic matter in each GDF can be considered
as a combined signature of a variety of organic-rich outcrops eroded by a
particular ice stream. GDF contain biomarker distributions that are

characteristic and unique to each TMF deposit.

The biomarker composition of GDF is thus significantly different from that of
the overlaying hemipelagic sediments. GDF sediments contain generally a
very high proportion of biodegraded and thermally mature organic matter
originating from ancient outcrops eroded by former ice streams. Hemipelagic
sediments overlying GDF or in deep sea cores contain a less reworked

organic matter signature, both autochthonous and allochthonous.

In consequence and in principle, biomarker composition of GDF could be
used to constrain the sources of IRD in the North Atlantic during the last

glacial

Because the biomarker composition of glacial till deposits is similar to that of
GDF, it can also be used as a proxy to infer the organic composition of IRD

in deep ocean.

Given the complexity of biomarker distributions in GDF, biomarker analyses
of potential IRD sources presents a potentially more detailed and more
specific approach than analysis of bulk properties of the sediments to
characterise sources of IRD present in deep sea sediment cores of the glacial

North Atlantic. This will be investigated further in Chapter 4.

Some GDF contain biomarkers that are also found in “contemporary” glacial
hemipelagic sediments, namely alkenones and chlorins. It is to be expected
that IRD originating from the TMF where these deposits are located also

contained alkenone and chlorin signatures that were indistinguishable from
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autochthonous inputs in the areas where the IRD finally sedimented in the
deep sea. In consequence, interpretation of the distributions of these
biomarkers in deep sea cores during the last glacial is constrained by the
uncertainties regarding the predominantly autochthonous or allochthonous
origin of such biomarkers signatures. In other words, the use of these
biomarkers to reconstruct palacoceanographic conditions (i.e. SST and
primary productivity) during glacial times in the North Atlantic may be
incorrect because of the potential bias caused by the possible existence of

allochthonous contributions of these biomarkers.
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Cover image: Deep-sea sediment core with Heinrich event | represented by the light-coloured
sediment in the bottom half of the image. Photo. Bedford Institute of Oceanography
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4.1 Introduction

In this chapter, the use of biomarkers to investigate the provenance of ice rafted
debris (IRD) in deep-sea sediments during the ~60-10.5 kyr BP interval is

investigated.

e The general aim of this chapter is to test a hypothesis that the IRD deposited
in HLs carry biomarker signatures analogous to those from potential sources,
and therefore sources and sinks of IRD can be correlated based on their

biomarker signatures or fingerprints.

In order to understand the causes and mechanisms of climatic change during the last
glacial period, some questions on provenance of ice rafted debris in the North
Atlantic still need to be clarified. While the Hudson Strait outlet of the Laurentide
Ice Sheet has been established as the main source of IRD in the North Atlantic
Heinrich layers (HLs) 1, 2, 4 & 5 (e.g. Andrews & Tedesco, 1992; Bond et al., 1992;
Gwiazda et al., 1996b, Hemming et al., 1998), the significance of European input of
IRD has been questioned (Farmer et al., 2003). According to most studies, the
sources of sediments in the “untypical” HLs 3 and 6 appear to differ from those in
the “typical” HLs 1, 2, 4 and 5 (e.g. Andrews & MacLean, 2003; Grousset et al.,
1993; Gwiazda et al., 1996a; Kirby & Andrews, 1999). However, some authors
contest these findings (Hillaire-Marcel et al., 1994; Rashid et al., 2003a; Stoner et
al., 1996).

In addition to the “untypical” character of HLs 3 and 6, there is indication of
variability between prominent HLs 1, 2, 4 and 5 (e.g. de Abreu er al., 2003,
Hemming & Hajdas, 2003; Huon et al., 2002) that needs further investigation.

High-resolution study of core SU90-09 showed that deposition of each HL
occurred in a series of pulses lasting 2-5 centuries and may indicate intermittent
iceberg release from the Laurentide or latitudinal oscillations in the pathway of the

icebergs (Grousset et al., 2001).
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The main focus of provenance studies so far has been on investigation of
mineralogical and isotopic composition of lithic fraction of the HLs (e.g. Bond &
Lotti, 1995; Grousset et al., 2000; Hemming et al., 1998) and bulk properties of
organic matter (Huon et al., 2002). As an alternative proxy for IRD in the North
Atlantic, Rosell-Melé et a/ (1997) proposed using ancient biomarkers. The presence
of porphyrins (Rosell-Melé & Kog, 1997; Rosell-Melé et al., 1997) and reworked n-
alkanes (Villanueva et al., 1997) in Heinrich layers has been attributed to input from
ice rafting. Villanueva et al. (1997) suggested that variability in n-alkane
distributions between two North Atlantic cores (SU90-39 and SU90-08) reflects
different origin of IRD in the two locations. In this chapter, the use of biomarkers
(porphyrins and n-alkanes) to address some of the questions on provenance of IRD in

HLs is investigated.
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4.2 Background. Cores used in this study

Samples from 4 locations in the North Atlantic were analysed (Fig. 4.1). They are
expected to represent sinks of ice rafted material potentially originating from
different areas in the North Atlantic. All cores had been extensively studied
previously using a diversity of methods, dated by accelerator mass spectrometry
(AMS) 'C dates and placed on a common timescale using their geomagnetic
palaeointensity records (Grousset et al., 2001; Stoner et al., 1996; 1998). Core

locations and collection data are presented in Table 4. 1.

In order to investigate biomarker evidence for down core variability in
composition of organic matter in North Atlantic Quaternary sediments, core SU90-09
was chosen. This core had previously been exhaustively studied using a number of
parameters (Grousset et al., 2001; Huon ef al., 2002; Tamburini et al., 2002) (See
Section 4.2.1). Following the strategy of Grousset er al. (2001), SU90-09 was
analysed at high resolution: samples from Heinrich layers (HLs 1-5) and sediments
just below and above them were subsampled every 0.5-1 cm to investigate variability
within HLs as reported by Grousset et al. (2001). Hemipelagic sediments were
sampled every Scm to obtain a biomarker signature for ambient glacial sediments
deposited between HLs. To investigate variability in HL biomarker composition
between different HEs and different locations in the North Atlantic, several samples
from cores ODP 609 and MD95-2024 were analysed. From one to four samples
from each HL (HLs 1-6) were analysed in cores ODP609 and MD95-2024. The
number of samples from some of the HLs was limited due to their availability.
Several samples of ambient hemipelagic sediments from ODP 609 were obtained to
compare HE signal to that of ambient glacial sediments. One sample from HL2 in
the western Labrador Sea (HU87-025-07P) was also included for comparison. A list
of samples except for core SU90-09 is presented in Table 4. 2. For the list of
samples from core SU90-09 see App. 3.
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Table 4. 2 List of samples. DC- high detrital carbonate layer, LDC — low detrital
carbonate layer (Stoner et al., 1998)

Core Sample depth, cmbsf
ODP-609 84-86 HL1
95-97 hemipelagic
116-118 HL2

137-138 hemipelagic
144-146
152-156 } HL3
159-162
185-187 hemipelagic
225-228% HLA4
277-278
295-297*
304-305 } HL>
350-352 hemipelagic
385-387
393-395
403-495
415-417 ~
MD95-2024 485-486
490-491
495-496
515-516
745-746 DC2 (HL2)
910-911
920-921 } DC3 (HL3)
1075-1076+1085-1086
1105-1106 } DC4 (HL4)
1285-6+1291-2+1295-6
1305-1306
13251326 JPCS (LS)
1515-1516 LDCS5
1555-1556 LDC6 (HL6)
HU87-025-07P 241-242 H2

> HL6

>DC1 (HL1)

* samples from the carbonate-rich layers (Bond et al., 1992)
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4.2.1 SU90-09

Core SU90-09 is located on the southern border of the “IRD belt” in the Atlantic
Ocean (Ruddiman, 1977). High-resolution record (1-2 centuries) of foraminifera
abundance and 8'®0 composition, isotopic composition of bulk organic matter,
petrological, geochemical and elemental composition of sediments are published for
this core (Grousset ef al., 2001; Huon et al., 2002; Tamburint et al., 2002). HLs 1-6
were identified by Grousset er al. (2001) by correlating the reflectance (grey scale)
record of bulk sediment with the magnetic susceptibility record and comparison with
the same records of the well-studied neighbouring core SU90-08 (Grousset et al.,
1993).

HL sediments of core SU90-09 were shown to differ from the ambient glacial
sediments in their petrological, geochemical and isotopic composition, reflecting
enhanced detrital supply from terrestrial sources and higher rates of preservation of
organic matter during HEs (Grousset et al., 2001; Huon ef al., 2002; Tamburini et
al., 2002). It is well established that “typical” HLs 1, 2, 4 & 5 differ from the
“untypical” HLs 3 and 6 in their sedimentary characteristics and spatial distribution
in the North Atlantic (e.g. Grousset ef al., 1993). HLs 3 and 6 are poorly represented
in the SU90-09 and only HL3 has been studied in detail (Grousset et al., 2001; Huon
et al., 2002). This HL is hardly distinguishable in the magnetic susceptibility record
and shows no internal structure in contrast to HL1 and HL2 which display a three-
step sequential deposition of IRD as reflected in their lithological and isotopic
composition (Grousset et al., 2001; Huon et al, 2002). Huon e al. (2002) also
reported significant differences in the '°N and organic carbon to total nitrogen ratio
composition between earlier (HLs 4 and 5) and later (HLs 1 and 2) HLs trends.
HLs4 and 5 also differ from each other in their detrital phosphorous and carbonate

minerals content of the fine-size organic matter (Tamburini ef al., 2002).

The age and duration of HEs 1 and 2 were calculated in core SU9009 using
AMS 'C dates. High sedimentation rates allowed collection of samples of HLs with
very high resolution (Huon et al, 2002). For HL1, sediment accumulation rate
ranges from 8.4 to 14.6 cm ka™' and every 5 mm of the core represent 27 to 75 years
of sediment deposition. The authors assume similar sampling resolution for the rest

of HLs. Sampling at high resolution permitted distinction of fine structure within
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HLs. Based on analyses of lithology and Sr and Nd isotopic composition, Grousset
et al. (2001) distinguished three periods in the deposition of HLs 1 and 2 attributed to
the contributions of different sources of IRD: European, Laurentide (Gulf of St.
Lawrence) and other Canadian sources (Hudson Strait & Baffin Bay). Sequential
deposition of phosphorous is reported in HL4 possibly representing change of the
fine organic matter source from European (low detrital P) to Canadian (high detrital

P) and European again (Tamburini et al., 2002).

Abrupt oscillations of shorter periods (~ 2-5 centuries) within HLs1 and 2 are
reflected in the amount of coarse grains, Sr-Nd composition and §"°C and 8"°N
composition of organic matter (Grousset et al., 2001). These pulses may be a result
of changes in location of the “IRD belt” boundary or intermittent iceberg release

during HEs.

4.2.2 ODP609

North Atlantic core ODP609 is one of the most analyzed cores in HE provenance
studies. It is situated in the northeastern part of the “IRD belt”. Heinrich layers in
this core were identified on the basis of increased amount of ice rafted lithic
fragments and decreased foraminifera shell abundance in comparison with ambient
glacial sediments (Bond er al., 1992; Broecker et al., 1992). HLs 1-3 were dated
using '*C accelerator mass spectrometry (AMS) on foraminifera shells and the ages
for the rest three HEs were calculated by extrapolation of '*C-based sedimentation

rates (Bond et al., 1992).

HLs 3 and 6 in this core are different from the “typical” HLs 1, 2, 4 and 5.
The lithic composition of HLs 3 and 6 resembles that of the ambient glacial
sediments (Bond et al., 1992). In HL3, there is no increase in the total abundance of
lithic grains compared with ambient glacial sediments (Broecker et al., 1992). HLs
1,2, 4 & 5 were found to contain deposits of detrital limestone and dolomite (Bond
et al., 1992). A narrow carbonate peak was later reported for HL3 (Bond & Lotti,
1995). HL6 did not contain carbonate.
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Detrital carbonate deposits range from 1 cm (in HL1) to 10 cm (in HLs 4 and
5) in thickness but do not extend through the entire depth of each HL (as defined by
increased amount of IRD and drop in foraminifera abundance). Bond ef al. (1992)
suggested that the carbonate-rich layers (20-25% of IRD) within low foraminifera
zones were deposited by icebergs originating in eastern Canada. Results of isotopic
analysis of the samples from the carbonate-bearing layers from the nearby core
VM28-82 (49°27°N, 22°16°’W) confirm that view (Hemming et al, 1998).
Hemming et al. (1998) attributed the source of IRD in the Churchill province of the
North American shield (north of Hudson Bay and Baffin Island). Pb isotope
composition of feldspar grains from HLs 1, 2, 4 & S in this core matched that of the
glacial till samples from Baffin Island (Hemming et al., 2000). HL1 in this core
appears different from other “typical” HLs in its lower carbonate content and

younger eng signature (Hemming et al., 1998).

The high IRD to planktonic foraminifera ratio above and below carbonate-
rich layers and in HL3 was originally thought to be a result of reduction in the
planktonic foraminifera in response to decreased SST and salinity (Bond et al,
1992). Grousset et al. (1993; 2000) proposed multiple sources for IRD in HLs with
discharge from the Furopean ice sheets responsible for the deposition of the
carbonate-poor parts of HLs. Analysis of isotopic composition of HL3 sediments of
core VM28-82 led Gwiazda et al (1996a) to a conclusion that there is no evidence for
ice rafting origin for that layer in the North-eastern Atlantic since HL3 sediments did
not display an increase in IRD and their isotopic signature was similar to that of
ambient glacial sediments. The mineralogical record of core ODP609, however,
points at the ice rafted origin of the HLs. There is an increase in % of basaltic glass
(Icelandic origin) and hematite-coated grains (Gulf of St. Lawrence) preceding a
carbonate peak in HL3 as well as in the other HLs (Bond & Lotti, 1995) although the

lithic grains content in HL3 is low compared with other HLs.

In this study, biomarker composition of samples from both carbonate-rich and
carbonate-poor HL sediments from the “typical” HLs 1, 2, 4 &5 as well as sediments

from the “untypical” HLs 3 & 6 was analysed Table 4. 2.
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4.2.3 MD95-2024

Labrador Sea core MD95-2024 was collected by the R.V. Marion Dufresne II from
the Labrador Rise in a small channel east of Orphan Knoll from the same location as
the extensively studied core HU91-045-094P (Stoner et al., 2000). This core is
situated on the path of the icebergs and detrital carbonate meltwater pulses released
from the Northern Canadian margins (Andrews et al., 1995; Andrews et al., 1994).
According to Stoner et al. (1996) spillover turbidites from the Northwest Atlantic
Mid-Ocean Channel (NAMOC) were the main mechanism of transporting detrital
sediments from Hudson Strait, Davis Strait and the western Irminger basin. The site
is located below the WBUC (Western Boundary Undercurrent) and therefore is not
subjected to direct erosion by this current but is influenced by its sedimentary supply
(Fagel et al., 1997). As a result, the most complete record for reconstruction of the
Laurentide ice dynamics is preserved in the cores from this location (Veiga-Pires &

Hillaire-Marcel, 1999).

HLs in MD95-2024 were identified by correlating common lithological
features and magnetic parameters of this core with those of core HU91-045-094P
(Stoner et al., 2000). Several rapidly deposited layers are recorded in this core, at
least 8 layers high in detrital carbonate content (DC) and 6 low in detrital carbonate
content (LDC) (Hillaire-Marcel et al., 1994; Stoner et al., 1996). The DC layers are
composed of grayish-brown (2.5Y 5/1) silty mud, some containing gravel. They
show sharp contact with gray to dark gray mud of the ambient hemipelagic
sediments. LDC layers were also deposited over a sharp contact but show no change
in colour. Based on *C AMS dates and geomagnetic palaeostratigraphy record, DC
1-5 were correlated with HLs 1-5 in the Northern Atlantic core ODP 609 and LDC6
with HL6 (Stoner et al., 1998). Veiga-Pires & Hillaire-Marcel (1999) reported that
carbonate-rich layers DC1-4 were deposited as subunits of HLs as marked by the
increase in the grain size fraction >125 um. HL1 and to a lesser degree HL4 contain
two peaks of coarse fraction (at the beginning and at the end) in contrast with HL2 &
HL3. HLS3 is less pronounced on the magnetic palaeointensity, % detrital carbonate
and isotopic records of core HU91-045-094P (Stoner et al., 1998; Veiga-Pires &
Hillaire-Marcel, 1999). However, its correlation with HL3 in the North Atlantic
(ODP 609) led Stoner et al. (1998) to assign North American origin to HL3 in the
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North Atlantic. In support of this view, Veiga-Pires & Hillaire-Marcel (1999)
propose similar mechanisms of deposition for this layer and HLs 1, 2 and 4 based on
U-Th isotopic analysis. Variability between HL3 and HLs 1, 2, 4 & S in this core
may be explained by a different Laurentide source of carbonate-rich sediments — ice
advancing across (from Ungava Bay) rather than down the Hudson Strait similar to
Younger Dryas episode deposition proposed by Andrews et al. (1995). Hemming ez
al. (2000) attributed HL3 origin from core GGC29 on Orphan Knoll to Ungava Bay
based on Ar and Pb isotopic composition of hornblende and feldspar grains.
Different mineralogy of the HL6 probably indicates another source region of iceberg
discharge such as Davis Strait or Irminger basin (Hillaire-Marcel et al., 1994; Stoner
et al., 1998).

Stoner et al. (1996) name turbidite activity in the NAMOC as the
predominant source for HL formation in this location. However, increase in coarse
fraction and very high sedimentation rates (Veiga-Pires & Hillaire-Marcel, 1999)
point at enhanced IRD supply in addition to that. SST and 6'®0 records of the
nearby core MD95-2025 (49°47°N, 46°41°W) correlate with that of ice rafting for
HE3 - HES5 although with leads and lags of ~500-1000 years (Hiscott et al., 2001).
The authors speculate that oceanic and climatic warming that led to increased glacial
melting triggered iceberg discharge from the carbonate-rich sources in Northern
Canada. Such a course of events is inconsistent with an internal mechanism of
Laurentide collapse (MacAyeal,' 1993). There is a possibility, however, that
millennial-scale climate changes might influence hydrological conditions at the base
of the ice sheet and thus trigger the iceberg release (Marshall & Clarke, 1997). For
the rest of the Heinrich events in this location, IRD deposition is decoupled from

SST and 8'®0 changes (Hiscott et al., 2001).

For this study, samples from five HLs containing high detrital carbonate
deposits (HLs 1-5) and 2 layers low in detrital carbonate (HL6 and LDC5) were
analysed (See Table 4. 2).
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4.3 Biomarker evidence for Heinrich Events in a North Atlantic core SU90-
09

4.3.1 Biomarker composition of HLs and ambient glacial sediments

4.3.1.1 Photosynthetic Pigments

The relative abundance of the total content of porphyrins was estimated using the
ratio of absorbance bands of tetrapyrrolic pigments at 406 nm (Soret band) and 665
nm (satellite band I) (Baker & Lauda, 1986), herewith referred to as the S/7 ratio.
This measurement provides a quick insight into the relative presence of chlorophyll
derivatives in a core, namely the relative proportion of chlorins vs. porphyrins. As
described in Chapter 3, when S/7 ratio is greater than 5 it is taken to indicate reduced
concentration of chlorin derivatives and enhanced presence of porphyrins in
sediments. Values of the §/7 ratio for all samples in core SU90-09 are greater than 5,
being higher in most of the HL samples than in the ambient glacial sediments. The
increase in the S/7 ratio is more pronounced in HLs 2, 4 & 5 and at the bottom part of
HL1 and samples immediately before it (precursor event in Grousset et al., 2001).
HL3 is practically indistinguishable on the S/7 plot from the background signal (Fig.
4.2). This is interpreted that HLs, except HL3, are characterised by an increased
input of porphyrins. Given that porphyrins cannot be from an autochthonous source,
their enhanced presence in some intervals shows that transport of organic carbon to

the deep sea from allochthonous sources was more intense during some of the HEs.

The presence of porphyrins was also confirmed by the identification of some
of their absorbance spectral features in the organic extracts from samples. The
porphyrins identified in the samples form complexes with Ni and VO. These are the
most common chelates of porphyrins in organic rich source rocks of pre-Quaternary
age. A plot showing variations in Ni and VO porphyrins largely correlates with the
S/1 ratio plot (Fig. 4.2). Absorption maxima peaks corresponding to VO porphyrins
(570 nm) were present in most samples in HLs 2, 4 & 5 and in a few samples from
HL1 and HL3 (Fig. 4.2). Ni porphyrins (550 nm) were detected in some of the
samples containing VO porphyrins but at lower concentration. On average, their
abundance is 5 times lower than that of the VO species. In HL1, porphyrins were
detected only in the bottom part attributed by Farmer et al. (2003) to the Gulf of St.

Lawrence source. They are also present in some samples from the interval in the
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core interpreted by Grousset et al. (2001) as a European precursor to HEs. Only VO
porphyrins were present in the precursor to HE2. Their concentration, however, is
about an order of magnitude lower than in HL2 itself. Most samples from HL2
contain both porphyrin species with VO dominating (58-90% of the total Ni and VO
species). Ni porphyrins were not detected above 84 cm. They were also absent from
the precursor to HL2. HES3 is poorly represented in magnetic susceptibility and IRD
records of this core (Grousset ef al., 2001). Only one sample in this interval (112
cm) was found to contain porphyrins (VO). Four periods may be distinguished
within HL4: i) VO species only (144-147 cm), ii) VO and Ni (147.5-148 cm), iii)
low or absent porphyrins (148.5-150 cm) and iv) (150.5-153)- both species again.
All HLS samples contain VO porphyrins. Ni species are only present in four samples
from this layer. Unusually, in the sample at 189 cmbsf, Ni are the dominant species

comprising 90% of the total Ni and VO porphyrins.

Small amounts of mostly vanadyl porphyrins were detected in the ambient
glacial sediments above and below HLs 4 and 5. Pigment concentration in these
sediments, however, is about an order of magnitude lower than in the HL samples.
HLs are also marked by an increase in total tetrapyrrolic pigments concentration.
That includes chlorins. Chlorins are autochthonous biomarkers but their elevated
amounts are connected with ice rafting: Rosell-Melé et al. (1997) attributed high
concentration of chlorins to enhanced preservation of organic matter during HEs as a

result of reducing conditions created by diminished thermohaline circulation.

4.3.1.2 Aliphatic hydrocarbons: n-alkanes

Linear n-alkanes with a number of carbon atoms ranging from 17 to 35 were the
dominant compounds in all the samples (Fig. 4.3). The average concentrations of
total n-alkanes (Cj7.33) per gram dry sediment range from 1 to 6 pug/g and are usually
higher for HL sediments than for adjacent ambient glacial sediments Table 4.3.
Lighter compounds (C,<16) could have been lost during evaporation of the
extraction solvent. Long-chain n-alkanes (C, > 24), biomarkers for epicuticular
waxes of higher terrestrial plants (Eglinton & Hamilton, 1967), were present in all

sediment samples indicating their terrestrial origin. The absence of alkenones in the
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amounts detectible by GC-FID further confirms predominance of terrestrial organic
matter in the HL samples. Madureira et a/ (1997) attributed the presence of n-
alkanes in a core T88-9P (48°23’N, 25°05’W) to mostly aeolian dust input or
transport of wind-eroded sediments by sea ice. Villanueva et al. (1997) came to
contrasting conclusions. They studied n-alkane distribution in cores SU90-08
(43°30°N, 30°24°W) and SU90-39 (52°34°N, 21°06’W). Due to the reworked nature
of the n-alkanes and correlation of n-alkanes concentration with magnetic
susceptibility records, the presence of these compounds in the HL sediments from
these cores was attributed to ice-rafted rather than aeolian input (Villanueva et al.,

1997).

Most of the HL. samples in our study contained high amounts of cyclic and
branched alkanes especially in the region of the short-chain n-alkanes (Fig. 4.3a).
These compounds may be of ice rafted origin since they were absent from the
ambient glacial sediments (Fig. 4.3a). For instance, branched n-alkanes were
present in Neoproterozoic carbonates of Spitsbergen, East Greenland and Baffin
Island (Greenwood et al., 2004). There is a possibility of autochthonous origin for
these compounds as they can be produced by certain algae and bacteria (e.g. Derenne
et al., 1996; Kenig et al., 1995) and their absence from the ambient glacial sediments
could be a result of higher preservation of organic matter during HEs. The source of
the short-chain n-alkanes is probably a mixture of the autochthonous, i.e. produced
by marine algae (Tissot & Welte, 1984), and allochthonous, formed at the source as a
result of maturation of organic matter (Peters & Moldowan, 1993). Short-chain n-
alkanes were abundant in debris flow sediments from Svalbard, Bear Island Fan and
Scoresby Sund Fan (See Chapter 3). In addition to that, the marine signal is likely to
be overcome by the terrestrial input. Huon ef al. (Huon et al., 2002) attributed 80-
100% of the fine-sized organic matter deposited during HEs to terrestrial input in
core SU90-09 based on organic carbon to total nitrogen molar ratios, §'°C and 8'°N
content. A study of the n-alkane distribution, TOC and alkenone concentration in
cores SU90-08 and SU90-39 suggested that terrigenous organic matter accounts for

up to 90% of the organic matter in the glacial sediments (Villanueva et al. (1997).

Distributions of n-alkanes were described using various indices that reflect

the relative abundances of these components in the sediments. These are the carbon
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preference index (CPl;.3;) (Bray & Evans, 1961), the average chain length (4CL)
(Poynter & Eglinton, 1990; Ternois et al., 2001), the relative proportions of n-C,7, n-
Cy and n-Cj; long-chain alkanes, and the relative amount of unresolved complex
mixture (UCM) (Simoneit & Mazurek, 1982; Volkman et al., 1992). The
significance of these parameters is discussed in Chapter 1. The relative abundance of
high molecular weight n-alkanes (% n-Cjo.3;) was not used here because a significant
part of the short-chain n-alkanes (n-Ci7.;9) may be of marine origin (Gelpi et al.,
1970; Tissot & Welte, 1984). This chapter concentrates mostly on n-alkanes of
undoubtedly terrestrial origin (nC;;.33). The data is listed in the Table 4.3 and
App.3.

Distribution of n-alkanes in the Heinrich Layers

In most HL samples from SU90-09 n-alkanes show chain-length distributions with
odd-over-even predominance and maxima at n-C,s, n-Cy; or n-Cy (Fig. 4.3). On
average, the carbon preference indices (CPI) of most of HL. samples are much lower
than 3 (Table 4.3). Values close to 1 are typical of mature, highly reworked organic
matter. CPI values are the lowest for HLs 1 and 2 (1.59 and 1.50 respectively) and
highest for HLS (2.59). CPI for the rest of the HLs is around 2. Precursor events
(Grousset et al., 2001) are characterised by higher values of CPI (2.27 and 1.97) than
the corresponding HLs 1 and 2. There is high variability of this parameter within
HL4 (Table 4.3 and App.3). Variability between and within HLs is further

discussed in Section 4.4.

n-Cy9 n-alkane is more abundant than n-C;; alkane in HL1 and HL2
(C29/C3=1.43) (Table 4.3). Samples corresponding to the precursor events of
Grousset ef al. (2001) are characterised by a lower C,9/Cs; ratio (1.26). Dominance
of the n-C,9 n-alkane is even less pronounced in HLs 4 and 5 (C,¢/Cs, ratios are 1.21
and 1.22 respectively). There is no clear predominance of n-Cyg in HL3 (1.10
+0.19). n-Cp7 and n-Cy9 alkanes are present in more or less equal amounts in most
HL samples (Table 4.3). In the precursor to HL1 and, to a lesser degree, to HL2, n-
Cy specie is more abundant than n-C,; (C;7/Cy9 ratios are 0.80 and 0.92

respectively). Average chain length (ACL) values range from 28.2 (HL2) to 28.6
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(HL3), with standard deviation of ~0.2 (Table 4.3). Variability in these parameters
reflects that of the depositional environments and post-depositional transformation of

organic matter in the outcrops that served as sources of sediments in HLs analysed

here (Madureira et al., 1995; Peters & Moldowan, 1993; Poynter et al., 1989).

Most of the HL samples contained a mixture of highly branched aliphatic
compounds that could not be separated by gas chromatography (GC). They appear
in a chromatogram as a hump of unresolved complex mixture (UCM). The
chromatographic UCM in the HL samples from core SU90-09 is generally higher in
the low molecular weight region (maximum at the retention time of n-C,; n-alkane).
Some of the samples are characterised by a second maximum at the retention time of
n-Cs3 n-alkane (Fig. 4.3). The ratio of the UCM amount to that of total n-alkanes
(TNA) for all HLs samples is greater than 4 indicating highly biodegraded character
of organic matter in the HLs (Volkman, 1992). The average ratio of UCM to TNA
ranges from 10 (HL4) to 17 (HL3) (Table 4.3). UCM to TNA ratios are higher for
the precursor events than for the corresponding HLs although there is a significant

overlap.

Quantification of pristane (Pr) and phytane (Ph) was only possible for HL4 &
HLS5 samples. In most of the other samples, low abundances of these compounds
and coelution in the chromatographic trace made quantification unreliable. The
values of the ratio (Pr/Ph) of these components for HL4 and HLS are in the range of
0.3-0.5. This may indicate anoxic conditions during the formation of the IRD source
sediment (Peters & Moldowan, 1993). This is in agreement with the photosynthetic
pigments data where VO species predominance indicates anoxic depositional
conditions for the ancient sedimentary organic matter (e.g. Baker & Lauda, 1986).
Pristane/C,7 and phytane/C;g ratios, which are also used in correlation studies, were

calculated 0.3-0.9 and 0.9-1.8 for HL4 and HLS respectively.
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N-alkane distribution in ambient glacial sediments

The distribution of n-alkanes in ambient glacial sediments varies within the core.
Three periods can be distinguished: prior to HL3 (HP4-HP6), between HL3 and HL.1
(HP2-HP3) and after HL1 (HP1). Hemipelagic sediments prior to HE3 tend to
contain lower amounts of n-alkanes (<2pg/g) probably originating from sources with
younger organic matter that is characterised by higher CPI (>3), ACL (>28.5) and
lower UCM (<10pg/g, UCM/TNA<6). N-Cy9 alkane is predominant over nCj; but to
a lesser degree than on in HLs samples. In contrast with HLs, n-Cy¢ alkane shows
strong predominance over n-C,; specie (Table 4.3 and Fig. 4.3). Sediments
deposited after HL1 show similar distributions. Such values are consistent with

aeolian inputs of dust (e.g. Poynter et al., 1989; Villanueva et al., 1997).

Between HL3 and HL1, hemipelagic sediments contain amounts of n-alkanes
comparable to those in HLs and are characterised by lower CPI (1.7£0.4) and ACL
(<28.5), and high UCM (>70ug/g, UCM/TNA~17). In fact, n-alkane distributions in
the ambient glacial sediments of this period are characteristic of highly reworked
organic matter similar to sediments deposited during Heinrich events (Table 4.3 and
Fig. 4.3). Ice rafting must also have played an important part in the deposition of n-
alkanes in the ambient glacial sediments between HL3 and HL1 in the North
Atlantic.

4.3.2 Comparison between HLs and ambient glacial sediments

The biomarker composition of HL and ambient glacial sediments was compared on
the basis of the distribution of saturated hydrocarbons and photosynthetic pigments
and the amount of UCM in the chromatographic traces. The mean values of the

variables are presented in Table 4.3. For the full list of values see App.3.

4.3.2.1 Principal component analysis

Variables used for principal component analysis (PCA) are listed in Table 4. 5.
Eight principal components (PC) were created. The first three PCs have eigenvalues

greater then one. They are responsible for 75 % of variance (Table 4. 4).
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All variables that represent n-alkane distribution as well as UCM abundance
are strongly represented in PC1 (Table 4. 4 and Table 4. 5), which accounts for 39%
of variance. In this component, the abundance of total n-alkanes correlates with
UCM and ratios of n-C,7 to n-Cy9 and n-Cyg to n-C3;. These variables are contrasted
with the Carbon preference index and average chain length (ACL). N-alkanes are
the most abundant class of compounds in the analysed samples therefore their
concentration probably reflects the abundance of organic matter in each sample. The
amount of UCM indicates the degree of biodegradation. The predominance of odd-
numbered n-alkanes decreases with maturity and biodegradation as a result of
reworking of the organic matter (e.g. Tissot & Welte, 1984). So does the abundance
of long-chain n-alkanes and therefore average chain length (Peters & Moldowan,
1993). Relative abundances of different long-chain n-alkanes (e.g. Cy7/ Cyo ratios)
are characteristic of specific environments in which organic matter was formed
(Brault et al., 1988; Brincat et al., 2000; Cranwell, 1973; McCaffrey et al., 1991).
Thus, in this component, higher values are assigned to samples with more organic-
rich, biodegraded and mature organic matter, whose n-alkane distribution shows a

predominance of n-C,; alkane over n-Cy9 and n-Cs;.

The second component (Table 4. 4 and Table 4. 5), representing 20% of
variance, combines pigment data and n-alkane distribution. Here, the relative
abundance of porphyrins (S/]) correlates with the relative abundance of vanadyl
species to total Ni and VO porphyrins and the C,7/Cyo ratio. They are contrasted to
ACL. Thus, PC2 values are higher for porphyrin-rich samples, whose organic matter
was formed under predominantly anoxic conditions (Lewan, 1984) with the
chromatographic n-alkane envelope displaced towards lower molecular weight n-

alkanes.

PC3 accounts for 14% of variance (Table 4. 4). Here, CPI of long-chained n-
alkanes and amount of UCM correlate with relative abundance of porphyrins and are
opposed to the ratio of n-Cy9 alkane to n-Cs;. In PC3, the maturity of organic matter
(as represented by CPI) is contrasted to the degree of biodegradation (UCM) and
abundance of porphyrins (§/7). The value of this component is higher for samples
with less mature and more biodegraded organic matter, higher porphyrin content and

a predominance of n-C,9 over n-Cs; alkane.
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Table 4. 4 Results of principal component analysis of Heinrich layers
sediments. Eigenvalue — proportion of variability represented by each
component. Difference in eigenvalues between the components PC; and
PC;i:1; Proportion - proportion of variability represented by each
component normalised to 1; Cumulative — cumulative proportion of
variability represented by components PC;- PC;.

Component Eigenvalue Difference Proportion Cumulative

1 3.50830 1.52565 0.3898 0.3898
2 1.98265 0.71074 0.2203 0.6101
3 1.27191 0.56382 0.1413 0.7514
4 0.70809 0.21883 0.0787 0.8301
5 0.48926 0.03859 0.0544 0.8845
6 0.45067 0.03830 0.0501 0.9345
7 0.41237 0.28107 0.0458 0.9804
8 0.13130 0.08583 0.0146 0.9949
9 0.04547 ~ 0.0051 1.0000

Table 4. 5 Eigenvectors (coefficients reflecting varying
contributions of the variables).

Variable PC1 PC2 PC3
TNA 0.36675  -0.33636  0.15816
CPlr4.31 -0.36953  -0.03627  0.40216

UCM/TNA 0.34202  -0.07218  0.45002

UCM/g 0.41274  -0.28249  0.40019
Ca2o/ Cs1 0.32708  0.23856  -0.42317
Cor/ Cag 0.36760  0.35593  0.00306
ACL -0.41517  -0.37556  0.03521
S -0.10166  0.44542  0.46998
140
7O NI -0.12961  0.52677  0.22223
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4.3.2.2 Comparison between HLs and ambient sediment

In order to use biomarker fingerprints of the HL sediments as a source proxy, it is
important to prove that they differ significantly from those in non-ice-rafted
sediments. Plots of down-core variations in PC1, PC2 and PC3 for SU90-09 are
presented in Fig. 4.4.

Samples from core SU90-09 were divided into 13 groups corresponding to
five different HLs, two precursor events (Grousset et al., 2001) and six groups of
hemipelagic sediments between HLs. MANOVA of 13 groups containing 135
samples indicated one or more differences among the two-dimensional mean vectors
for the 13 groups (App.3). Individual groups were compared in subsequent tests and

results are presented in Table 4. 6.

The biomarker composition of hemipelagic sediments deposited before HL3
and after HL1 is significantly different from that of adjoining HLs and “precursor
events” with 95% or higher confidence interval (P<0.05) (Table 4. 6 and Fig. 4.4).
Most HL sediments are characterised by presence of porphyrins, highly degraded n-
alkanes and high amounts of UCM whereas hemipelagic sediments contain no or
very low amounts of porphyrins and UCM and less mature n-alkanes signatures.
Difference is less pronounced for HLS and hemipelagic sediments preceding it (HP6)
(P=0.09). However, the n-alkane distribution (as reflected in PC1) is significantly
different for these two periods. Comparison of PCl using ANOVA indicates
significant difference in n-alkane distribution between HLS5 and HP6 with 99%

confidence interval.

Difference between HL2 and hemipelagic sediments deposited after it (HP2)
is less certain (P=0.08). Variability in n-alkane distribution within the hemipelagic
sediments interval is greater than between HL2 and HP2. However, these sediments
can be distinguished on the basis of their pigment concentrations (Fig. 4.2). Except
for one sample (80cm, Fig. 4.4) abundance of porphyrins in the hemipelagic
sediments (HP2) is lower than in HL2. It is reflected in lower values of PC2
calculated for HP2 sediments. There is no significant difference between HL3 and
HP3 sediments (P=0.3).
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Table 4. 6 Comparison of hemipelagic sediments (HP) with HL and
“precursor event” sediments from SU90-09. Results of MANOVA of PCl1-
PC3. P - probability of one or more differences between the two-dimensional
mean vectors for different groups of sediment samples.

Groups compared Probability>F

HP1-HP6 HLs1-6 +HL1pr+HL2pr 0.0000
HP1 HL1 0.0165
HP2 HL1+HLI1pr 0.0007
HP2 HLI1pr 0.0027
HP2 HL2 0.0847
HP3 HL2+HL2pr 0.0001
HP3 HL2pr 0.0429
HP3 HL3 0.3190
HP4 HL3 0.0000
HP4 HL4 0.0000
HP5 HLA4 0.0000
HP5 HL5 0.0000
HP6 HLS 0.0889
HP2+HP3 HP4+HPS5+HP6 0.0000
HP1 HP2+HP3 0.0000
HP2 HP3 0.0164
HP4 HP5 HP6 0.3339

4.3.2.3 Sources and transport mechanisms of terrestrial organic matter in the
North Atlantic HLs and ambient glacial sediments.

The presence of ancient photosynthetic pigments (porphyrins), highly degraded n-
alkanes and high amounts of UCM in marine sediments deposited during Heinrich
events in the North Atlantic core SU90-09 indicates input of ancient sedimentary
material of terrestrial origin. Madureira et al. (1997) proposed aeolian input as a
main source of terrestrial organic matter in the HLs. The core used in that study
(T88-09P) is located north from SU90-09 and the n-alkane distributions in HLs
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(expressed as ACL) did not differ significantly from those in hemipelagic sediments.
There was, however an increase in concentrations of n-alkanes and other terrestrial
biomarkers (long-chain alcohols and fatty acids) during HEs that was attributed to a
more efficient atmospheric transport (Madureira et al., 1997). If this were the case,
biomarker composition of the hemipelagic sediments would be similar to that of
HLs. In addition, aeolian input is usually associated with younger organic matter
with higher CPI and ACL and low or no UCM (e.g. Poynter et al, 1989).
Hemipelagic sediments deposited prior to HL3 and after HL1 in core SU90-09 show
such signatures. Thus a predominantly aeolian origin for the organic matter in those
sediments is proposed. In contrast, the presence of organic matter in HL sediments is
most likely to be a result of ice rafting. Analysis of n-alkanes in the nearby core
SU90-08 led Villanueva et al. (1997) to the same conclusion. N-alkane distributions
in that core are characteristic of reworked organic matter and peaks in n-alkanes
concentrations largely coincided with magnetic susceptibility increases in that core.
Other indications of the refractory nature of the organic matter in the HLs from core
SU90-09 are Rock-Eval pyrolysis indices (Tamburini ez al., 2002). Lower oxygen
and higher hydrogen indices than in ambient glacial sediments characterise HLs 4

and 5 sediments.

Madureira et al. (1997) argued that the IRD (grain size >125 um) core record
did not match that of terrigenous biomarker concentrations. The highest abundance
of terrigenous biomarkers was recorded for HL3 characterised by only a moderate
increase in IRD. What is more, elevated biomarker concentrations were recorded
throughout MIS 2 to 4. This can be explained by the position of the polar front. In
core SU90-09, hemipelagic sediments deposited between HLs 3 and 1 contain highly
reworked organic matter similar to that in the HLs. This shift in the hemipelagic
sediment composition probably reflects the change in the position of the polar front.
When polar waters reached the location of core SU90-09, the ice rafting became the
predominant source of organic matter in the hemipelagic sediments. The situation
reversed again in the Holocene. Calvo er al. (2001) came to a similar conclusion
comparing cores SU90-08 and MD95-2037 (37°05°N, 32°02°’W). Concentrations of
n-alkanes in core SU90-08 during MIS2-3 were one or two orders of magnitude
higher than in MD95-2037, and that coincided with 6-7°C difference in SST.
Increased n-alkane input in SU90-08 was therefore attributed to ice rafting. The
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polar front was located south of the core studied by Madureira et al. (1997) during
MIS2-4 and therefore all hemipelagic sediments from that period probably contain
IRD.

Interestingly, and similar to Madureira ez al. (1997), an increase in n-alkanes
concentrations during MIS2-3 does not match that in IRD. Highest amounts of n-
alkanes were recorded for HL3 and HP3 that are characterised by relatively low IRD
(>150 pum) concentration. Terrestrial organic matter is usually associated with coarse
fraction (>63 um) and TOC in the fine fraction is attributed to marine input
(Manighetti & McCave, 1995). The amounts of TOC associated with fine particles
were similar for glacial and Holocene sediments in several northeastern Atlantic
cores (50-60°N). However, the flux of fine particles in those cores during glacial
period was about an order of magnitude higher than during the Holocene. According
to Huon et al. (2001) fine-sized organic matter in ambient glacial sediments in SU90-
09 from MIS2 contains up to 50% of terrestrial material. However, OC/TN, s"*C
and 8"°N records for ambient glacial sediments and HL3 are different from those in
HL1 and HL2. This probably indicates different source regions of organic matter in
these sediments. Absence of porphyrins in hemipelagic sediments and most samples
from HL3 also points at a different source at least from HL2. High abundance of n-
alkanes and UCM in these sediments is probably associated with the fraction >63 and
<150 pum. For instance, transport by nepheloid layer or sea ice was proposed by
Madureira ef al. (1997) as an explanation of discrepancy between IRD and n-alkane
concentration record in core T88-09P. The nepheloid layer is usually associated with
clay particles (<2 um). Although it has been named as an important mechanism in
sediment transport in the North Atlantic during the Quaternary, Bout-Roumazeiles et
al. (1999) demonstrated that it did not reach the location of cores SU90-08 and
SU90-38 (close to T88-09P). Sedimentary strata containing highly degraded organic
matter could have been subject to wind erosion. Incorporated in sea ice, fine
particles containing this extensively reworked organic matter would have been
transported far south during MIS2-3 and deposited during HE3 and after. High
variability in the biomarker signatures of hemipelagic sediments from this period
probably indicates a combination of sources and mechanisms of sediment transport.

They may include minor IRD events, transport by sea ice and wind.
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4.3.3 Conclusions

Sediments deposited during Heinrich events in core SU90-09 contain highly
reworked organic matter characterised by the presence of porphyrins (predominantly
vanadyl chelates), n-alkanes with low CPI and ACL indices and high amounts of
UCM in the gas chromatographic traces. In contrast, hemipelagic sediments
deposited prior to HL3 and during the Holocene contain younger organic matter,
with higher CPI and ACL values and lack UCM in the chromatograms and

porphyrins.

Ice rafting is thought to be the main source of organic matter in HLs, and
aeolian transport is most likely responsible for deposition of ambient glacial

sediments prior to HL3 and overlaying HL.4 and HLS5 and then during Holocene.

A southward shift in the polar front location during MIS3 resulted in
deposition of highly degraded organic matter in the ambient glacial sediments in
MIS2-3. However, it is probably associated with <150 pum grain size fraction.
These sediments are characterised by high variability in their biomarker composition

and may contain material from multiple sources.

There is significant difference between biomarker composition of organic
matter in HLs 1, 2, 4 and 5 and overlying ambient glacial sediments. No such
difference was observed between overlying ambient sediments and HL3. That
implies different source of organic matter in the ambient glacial sediments from that

mHLs12,4andS5.

To conclude, prominent Heinrich events (HE1, HE2, HE4 & HES) can be
identified on the basis of the biomarker composition of their sedimentary organic
matter. Identification is more straightforward in locations where hemipelagic

sedimentation was not influenced by glacial conditions.
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4.4 High-resolution biomarker record of Heinrich Events in North Atlantic

core SU90-09: Implication for sources of IRD
Heinrich events are usually divided into two groups — “typical” or prominent HE1,
HE2, HE4 & HES and “untypical” HE3 and HE6. The main source of IRD in the
“typical” HLs is thought to be the Northeastern Canada (e.g. Bond et al., 1992). A
mostly European origin has been proposed for HE3 and HE6 (e.g. Grousset et al.,
1993). However, detailed studies of HLs from different areas of the North Atlantic
show variability within these two groups as well as within each layer. For instance,
HL1 in core V28-82 in the eastern part of the “IRD belt” contains sediments with
younger Sr-Nd signatures then the rest of the prominent HLs indicating an additional
(younger) source of IRD for this layer (Hemming et al., 1998). A European origin
was proposed for HL2 in the Eastern Atlantic core KS79-29 (46°18°N, 15°04’W) on
the basis of Sr-Nd isotopic analysis (Revel et al., 1996). HLS in core MD95-2040
from the Iberian Margin did not contain carbonate (de Abreu et al, 2003).
According to Kirkby & Andrews (1999), sedimentological record suggests that HE4
in the Labrador Sea was more significant than HE1 and HE2 and had direct influence
on HE3. Huon e al. (2002) report contrasting 8>C and 8'°N records for older (HLs
4 and 5) and younger (HLs 1, 2) in core SU90-09. HL3 in the Northeastern Labrador
Sea (HU91-045-094P) was rich in detrital carbonate in contrast with HL6 (Stoner et
al., 1996).

At the same time, variability within HLs has been reported. Results of
mineralogical and isotopic analysis suggest sequential deposition of IRD from
Europe, Gulf of St. Lawrence and Northeastern Canada (Bond & Lotti, 1995; Bond
et al., 1999; Grousset et al., 2001; 2000; Snoechx et al., 1999). The abundance of
IRD (>150 pum), Sr-Nd composition and §°C and 8'°N composition of organic
matter in core SU90-09 also show high frequency oscillations (~ 2-5 centuries)
within HL1 and HL2 (Grousset et al, 2001). Here, variability of biomarker

composition between and within different HLs in core SU90-09 was investigated.
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4.4.1 Variability between different HLs

In core SU90-09, there is significant variability between HLs. The source of organic
matter in HL3 appears to be different from the other HLs in this core. IRD
concentration in this layer is close to that in ambient glacial sediments, in contrast
with the prominent HLs (Fig. 4.2). Porphyrins are absent from most of the samples
in HL3 (Fig. 4.2). At the same time, the concentration of n-alkanes in HL3 is about
twice that of the other HLs (Table 4.3). This layer contains highly biodegraded
organic matter characterised by large amounts of UCM: UCM content per gram dry
sediment is 2-5 times higher than in the other HLs. The maturity of organic matter in
this layer appears to be slightly lower than in HLs 1 and 2, comparable with most
samples from HL4 and higher than in HES as reflected in the CPI values (Table 4.3
and App. 3). There is no clear predominance of n-C,;, n-Cy9 or n-Cs; alkanes,
whereas most samples from HLs 1 and 2 and to a lesser degree HLs 4 and 5 have a
maximum at n-Cy. What is more, the biomarker composition of HL3 sediments
does not appear to be significantly different from that in the overlaying ambient
glacial sediments (see Section 4.3.2.2). This layer is poorly represented in the
magnetic susceptibility record and has low IRD content (Grousset et al., 2001).
However, the reworked nature of organic matter in HL3 indicates a terrestrial origin
of its sediments (Villanueva et al., 1997). Similarity with the overlaying hemipelagic
sediments is explained by the position of the polar front during MIS3 south of the
SU90-09 location (Calvo et al., 2001).

Younger HLs 1 and 2 differ from the older HLs 4 and 5 by higher n-alkane
concentrations, higher amounts of UCM, lower CPI values (Table 4.3) and a more
pronounced predominance of n-Cy¢ alkane over n-Cs;. In addition, HL1 differs from
the other prominent HLs by its highly variable IRD content (Fig. 4.2): the
concentration of lithic fragments >150um oscillates between 1000 and 120000 per
gram (Huon et al., 2002). The coarse fraction concentration is in the region of 2000-
5000 per gram in HLs 2 and 4, and below 4000 in HL5. Most samples from HLs 1
did not contain porphyrins, in contrast to HLs 2, 4 and 5. Concentration of
photosynthetic pigments in HLs 2 and 4 is ~5 times higher than in HL 5 (Fig. 4.2 and
App.3). HL 2 is higher in UCM than the other prominent HLs. HLS n-alkanes are
characterised by the highest CPI (Table 4.3).
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HL and “precursor event” samples from core SU90-09 were first compared
using the results of PCA. The results are presented in Fig. 4.5. Although there is
considerable variability within each HL, they are largely separated from one another
on the PCA plots except for HL4 and HLS: these overlap considerably with one
another but are for the most part separated from the other HLs. Highest values of
PC1 were calculated for HL2. This layer contains the most mature and biodegraded
organic matter characterised by the lowest CPI and high UCM. It also has the lowest
ACL and a strong n-C,g predominance (Table 4.3). PCI1 values are the lowest for
HLS5 because it contains less biodegraded (low UCM) and less mature (high CPI)
organic matter. PC2 is highest for HL4 and HLS due to the highest relative
abundance of porphyrins, a more pronounced predominance of the vanadyl species
(YO/(VO+Ni) >0.8) than in the other HLs and the lowest ACL. PC2 is the lowest for
HL3 sediments because they are low in porphyrins and have the highest ACL.
Samples corresponding to the precursor events (HL1pr and HL2pr) do not form
distinct groups on PC1/PC2 plot (Fig. 4.5) and tend to cluster with HL1 samples.
They show a tendency towards separation from the other HL samples on the

PC2/PC3 plot (Fig. 4.5) but could not be distinguished from one another.

4.4.1.1 Comparison between HLs using MANOVA

Analysis of variance confirms that variability between most HLs in SU90-09 is
greater than variability within each layer with 95% confidence (Table 4. 7). The
difference is not significant between the two precursor events probably indicating the
same source of IRD in both layers, as suggested by Grousset et al. (2001). These
precursor events were proposed to have originated from Europe. There is a
considerable body of evidence for the European provenance of HL3. However, the
biomarker composition of the HL.3 sediments differs significantly from that from the
precursor events (Table 4.3 and Fig. 4.4). The provenance of terrigenous organic

matter in HL3 is discussed in Section 4.5.2.

Considerable overlap of HLs 4 and 5 (Fig. 4.5 and Table 4.3) suggests a
contribution from a common source of IRD in most of the HLs 4 and 5 samples.

However, biomarker compositions of the sediments in these HLs are not identical.
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For instance, there is a difference in the Pr/Ph and isoprenoid ratios (Fig. 4.6). On
these plots, HL4 and HLS are largely separated. This suggests at least partial

contribution of organic matter from different sources.

Table 4. 7 Results of MANOVA of PC1-PC3. Probability of one or more
differences between the two-dimentional mean vectors for HL and “precursor
event”(pr) sediments from SU90-09.

HL1 HL1pr HL2 HL2pr HL3 HL4

HLlpr 0.0001

HL2  0.0000 0.0067

HL2pr 0.0003 0.1908 0.0334

HL3  0.0000 0.0011 0.0000 0.0000

HL4  0.0000 0.0019 0.0000 0.0000 0.0000

HL5 0.0000 0.0000 0.0370 0.0001 0.0000 0.5361

4.4.1.2 Contribution of individual variables

In order to test the contribution of the individual variables towards the variability
between the HLs in SU90-09, multinomial logistic regression was used. The results
are presented in Table 4. 8. Five variables were chosen that account for most of the
variability between HL sediments as was determined using ANOVA. CPI, ACL and
C9/C3 ratio representing the variability in n-alkane distribution, relative amount of
UCM and relative abundance of porphyrins come into play in different combinations

to account for differences in the biomarker composition of IRD layers.

It is important to note that P<0.05 in this exercise does not necessarily mean
that a particular variable does vary significantly between two groups of samples and
vice-versa. For instance, CPI and C,9/Cs; do not appear to be significantly important
in distinguishing between HL2 and HL4 when in fact the two layers are largely
separated by these variables plotted against each other (Fig. 4.7a). Higher p values
for CPI and C,¢/Cs5; than for UCM/TNA and S/I indicate that the amount of UCM
and porphyrin abundance are more important in distinguishing between HL2 and
HL4 than is n-alkane distribution. At the same time, low probability (P) values for

C2/Cs31 and ACL in the comparison of the precursor events indicate that there is less
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similarity between HL1pr and HL.2pr in these two variables than in CPI and UCM.
However, these two layers could not be distinguished on the Cy4/C3; - ACL plot (Fig.
4.7b).

Table 4. 8 Results of mlogit analysis of HL and “precursor event” sediments from
core SU90-09. Probability>F values for selected variables.

Groups compared CPLys Cy/C31  ACL,s33 UCM/TNA SA

HLL1 HLI1pr 0.111 0.099 0.056 0.082 0.002
HLL1 HL2 0.684 0.105 0.053 0.028 0.013
HLL1  HL2pr 0.027 0.112 0.530 0.021 0.456
HLL1 HL3 0.014 0.045 0.981 0.009 0.312
HLL1 HIL4 0.327 0.068 0.083 0.038 0.001
HLL1 HLS 0.003 0.034 0.009 0.121 0.104
HL2 HLIlpr 0.053 0.022 0.013 0.418 0.102
HL2 HL2pr 0.010 0.578 0.492 0.323 0.161
HL2 HL3 0.005 0.260 0.207 0.098 0.278
HL2 HL4 0.196 0.229 0.525 0.006 0.026
HL2 HLS 0.001 0.136 0.067 0.016 0.411
HL3 HL1pr 0.278 0.009 0.052 0.633 0.02
HL3 HL2pr 0.437 0.594 0.094 0.310 0.895
HL3 HL4 0.100 0.565 0.176 0.001 0.027
HL3 HLS 0.434 0.399 0.018 0.004 0.605
HLA4 HL1pr 0.475 0.018 0.010 0.008 0.938
HL4 HL2pr 0.200 0.388 0.322 0.003 0.016
HLA4 HLS 0.003 0.876 0.162 0.533 0.013
HLS HLI1pr 0.050 0.010 0.003 0.020 0.044
HLS HL2pr 0.203 0.241 0.041 0.006 0.413
HLl1pr HL2pr 0.499 0.019 0.029 0.809 0.023
CPI is important in separating HES5 from all of the layers with 95%

confidence with the exception of HL3 and HL2pr. It is also significantly different
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for HL3 compared with HL.1 and HL2 and separates HL2 from its precursor event

with 99% confidence.

Cy/C3, ratios come into play in separating HL1pr from the rest of the IRD
sediments. This variable distinguishes HL1 from HL3 and HL5. This ratio is also

important in separation of the two precursor events.

ACL separates HLS5 from the rest of the IRD layers with at least 93%
confidence. The exception is HL4. HL1 and HL2 can also be better distinguished

from one another by ACL, as can their two precursor events.

Older HLs (4 & 5) are separated from the younger IRD events by the amount
of UCM. The UCM/TNA ratio plays important part in separating HL.1 from that of
all the other IRD layers with 95% confidence except HL1 precursor and HLS.

The /I ratio separates HL4 from the other HLs with 97% confidence. This
variable also varies significantly between HL1 and HL2 and between their precursor

events. HL1 precursor can be distinguished from HL1, HL3 & HLS.

It is unlikely that IRD in all five HLs in this core come from different
sources. It may be suggested that biomarker composition of sediments in each HL
reflects a combined input from several source areas but their representation varies
between HLs. For instance, several ice streams existed on the continental margins of
Baffin Bay and Labrador Sea and the relative intensity of iceberg discharge from
these ice streams may have varied through time. This is further discussed in Section

443

4.4.2 Variability within prominent HLs

On the basis of a detailed mineralogical study of coarse detrital grains in HLs 1 and 2
from core SU90-09, Grousset et al. (2001) proposed 3 periods of IRD deposition —
precursor event originating from Europe (sediments rich in volcanic glass),
Laurentide-derived step characterised by elevated quartz content and the third period

rich in carbonate from Northern Canadian provinces. In agreement with these
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findings, analysis of the biomarker composition also indicates variability within each
HL. Downcore variation in the biomarker makeup is summarised by PC1, PC2 and
PC3 and presented in Fig. 4.4. On the basis of variation in the principal components
values, a division of prominent HLs into sublayers is proposed. The biomarker
composition of the sublayers was compared using MANOVA: the results are

presented in Table 4. 9

The HL1 precursor can be distinguished by lower PC1 and PC2 and higher
PC3 values than the following samples of the HL1. Two periods defined by
Grousset et al. (2001) can be recognised within HL1 — HL1 1 (56.5-61.5 ¢cm) with
higher PC1 and PC2 and HL1 2 (50-56 cm) characterised by a slight drop in PC1
and PC2. Analysis of variance shows significant variability between these three
sublayers (Table 4. 9).

Similar picture is observed for HL2 — a rise in PC1 and PC2 and a drop in
PC3 from precursor event (92-97cm) to HL2 1(86.5-91.5 c¢cm). The third period
(HL2_2) is represented by just 4 samples (81-84) but a drop in PC1 and a rise in PC3
are noticeable. However, only the difference between HL2pr and HL2 1 appears to
be statistically significant (Table 4. 9). This may be due to the small number of
observations for HL2 2 and high variability within it. The variability between the
two precursors is not significant (P>>0.05) supporting the suggestion of a common

source of sediments in these layers.

Three periods can be distinguished within HL4. The first and the third are
very similar (Fig. 4.4 and Table 4. 9). There is a drop in PC2 and PC3 in the middle
of HL4. This is due to lower CPI and UCM & and S/7 ratio for samples 148.5 & 150
cm. This middle period (HL4 2) differs significantly from the sediments above and
below it. It is not significantly different from the HL1 sediments. A very similar
trend appears within HLS: three periods are recognisable with the middle one (189.5-
191 cm) characterised by lower CPI, UCM and S// ratio than the sediments above
and below it. However, this middle period in HLS5 is not as well pronounced as the
one in the HL4 (Fig. 4.4 and Table 4. 9). It shows similarity to HL1 1. There
appears to be no significant difference between HL4 1, HL4 3, HL5 1 and HL5 3
probably indicating a shared source of IRD. The middle parts of the two HLs show

significant variability and probably cannot be attributed to the same source.
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4.4.3 Older (HE4 &S5) and younger (HE1 &2) events

The prominent HLs in core SU90-09 differ from each other in their biomarker
composition. These findings are in agreement with those of previous workers: there
is variability in the bulk properties of fine-sized organic matter and IRD content
(Huon et al., 2002). Huon et al. (2002) linked a change in the isotopic signature of
the continental organic matter source of HL4 and especially HL5 compared with
HLs1 and 2 to warmer climatic conditions and lower erosion levels during HEs 4 and
5. That may explain lower concentrations of n-alkanes and lower UCM/g content in
HLs 4 and 5 than in HLs 1 and 2. Previous research shows that the main source area
for IRD in the prominent HLs is in northern Canada dominated by Churchill
province base rocks and Palaeozoic carbonates. Several major ice streams (Hudson
Strait, Gulf of Boothia-Lancaster Sound, Cumberland Sound) and a number of
smaller ice streams along the eastern Canadian margin have been identified (e.g.
Andrews & MacLean, 2003; Hulbe et al., 2004). Sediments delivered into the ocean
by these ice streams originated from soils and organic-bearing rocks of the

underlying geological basement (Huon et al., 2002).

The biomarker composition of sediments is likely to vary from one ice stream
to another. Relative input from different source areas within the Laurentide Ice
Sheet may have varied during different HEs for example in response to different
climatic conditions, resulting in variability in the biomarker composition of IRD in
HLs. Kirby & Andrews (1999) suggested that HE4 triggered significant climatic
reorganisations and may have influenced subsequent HEs. Input from the Gulf of St.
Lawrence and European sources also have to be taken into account. Younger HLs 1
and 2 contain more reworked organic matter than the older HLs 4 and 5: they are
characterised by lower CPI, higher UCM and a shift in the n-alkane envelope
towards lower molecular weight compounds (Table 4.3). This may indicate a
different combination of the North American sources of IRD. This may also be a
result of enhanced contribution of IRD from Europe in HLs 1 and 2 as a result of the
shift in the position of the polar front.

Internal structure of the older HLs also appears different from that of younger
ones. Precursor events identified by Grousset et al. (2001) from isotopic and

mineralogical composition, differ in their biomarker composition from HL and HL2.
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A European precursor event was reported for HL4 from core SU92-28 on the
southern Portuguese slope based on the isotopic signature of the non-carbonate
fraction (Grousset et al., 2000; Snoechx et al., 1999). Such precursor events have
not been recognised in the HE4 and HES biomarker record of core SU90-09. Further
two periods were recognised in HLs 1 and 2, according to Grousset et al. (2001)
reflecting input from the Gulf of St. Lawrence and northeastern Canada respectively.
HLs 4 and 5 can be divided into 3 periods on the basis of their biomarker
composition. The first and the third appear similar in both HLs (Fig. 4.4 and Table
4.9). During the middle period in HL4, organic matter similar to that from HL1 was
deposited. The middle period in HLS is less pronounced and is similar to HL2.
While HL4 and HLS are largely similar; HL1 is different from HL2 (Fig. 4.5 and
Table 4.3). It contains lower UCM and for the most part lacks porphyrins.

High frequency pulses observed by Grousset et al. (2001) in the coarse
fraction content, isotopic composition of organic matter and Sr-Nd isotopic
composition of HLs 1 and 2, are also reflected in their biomarker composition record.
Grousset et al. (2001) proposes two possible causes: a stepwise collapse of the .
Laurentide Ice Sheet or latitudinal oscillation in the “IRD belt” as a result of the
changes in the oceanic current pattern. Step by step breakdown of the Labrador ice
sheet is supported by the ice shelf disintegration hypothesis proposed by Hulbe et al.
(2004).
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4.4.4 Conclusions

The biomarker composition of HL sediments from core SU90-09 varies between and
within HLs. All five HLs analysed can be distinguished from one another on the
basis of the biomarker composition of their sediments. “European” precursor events
are recognised in the sedimentary record of HL1 and HL2 but not HL4 and HLS. For
the most part, the biomarker composition of the sediments in the older HLs (HL4 and
HLS) is similar to one another and differ from the younger HLs 1 and 2. HL1 and
HL2 are similar in their n-alkane distribution but differ in their UCM and pigment
content. Three steps can be recognised in HLs 4 and 5 with the narrow middle step
different from the periods above and below it, and two steps in HL1 and possibly in
HL2. The variability between and within HLs may be explained by variability in
relative contribution from several IRD sources (American or European) or different

ice streams within the same source (e.g. Laurentide Ice Sheet).
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4.5 Multiple sources of IRD in the North Atlantic Heinrich Layers

In this section, biomarker composition of HL sediments from four different locations
in the Atlantic Ocean is compared: central Atlantic core SU90-09 from the southern
part of the “IRD belt”, ODP 609 from the northeastern part of the “IRD belt”, MD95-
2024 from the southwestern Labrador Sea and HU87-025-07P from the western
Labrador Sea. The biomarker composition of core SU90-09 was described in

Section 4.3.1.

4.5.1 Biomarker composition of HLs in cores MD95-2024, ODP609 & HU87-
025-07P

4.5.1.1 Photosynthetic pigments

S/1 ratios of most of the HL samples from ODP 609, MD95-2024 and HU87-025-07P
are greater than 5, and that suggests the presence of porphyrins (Figs. 4.8 and 4.9).
Peaks corresponding to both Ni and VO porphyrins are visible on the absorbance
spectra of most HL. samples. VO are predominant species in most samples probably

indicating anoxic conditions at the time of deposition of the allochthonous sediment.

VO species constitute 90% of total Ni and VO porphyrins in HL2 from
HUS87-025-07P. A similar VO/(VO+Ni) ratio was calculated for the uppermost
sample of the glacigenic debris flow (GDF) from the same core while the rest of the
GDF samples did not contain Ni porphyrins in amounts detectible on the absorbance

spectra.

Relative abundances of VO porphyrins in core MD95-2024 show little
variation between and within HLs 2-6 (0.79 + 0.08). HL3 and HL6 in this core
appear very similar in their pigment concentrations to the rest of the HLs in that core.
Relative abundance of total porphyrins and absolute abundances of Ni and VO
species tend to increase downcore in HL4 and HLS (Fig. 4.8). The exceptions are
three samples at the top of HL1: no peaks corresponding to porphyrins were detected
on the absorption spectra at 495 c¢cm, while the uppermost sample (485 cm) only

contains Ni, and 490 cm only VO but both in much lower concentrations than in
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other HL samples. HL1 in this core is poorly represented in the magnetic

susceptibility record (Stoner et al., 2000).

In core ODP 609, the relative abundance of VO and Ni porphyrins in
prominent HLs is quite similar in all the samples and averages 0.87 (+ 0.05).
However, the amounts of VO and Ni porphyrins calculated for most of the HL3 and
6 samples from ODP 609 are about an order of magnitude lower than those for HLs
1,2, 4 and 5 (Fig. 4.9) from that core. There is a downcore increase in porphyrin
concentrations in HLS (Fig. 4.9). One sample from HL3 (159 cm) is characterised
by relatively high amounts of Ni porphyrins and absence of VO species. In spite of
the downcore increase in both porphyrin concentrations, the relative abundance of
VO porphyrins in HL3 and HL6 decreases downcore, except for the 393 cm sample
(HL6) where no porphyrin peaks were detected on absorbance spectra. This
variability in relative abundance of Ni and VO porphyrins in HL3 and HL6 may
indicate change in the source of the IRD with Ni rich sediments deposited at the
beginning of the layer gradually giving way to VO rich material. However, sampling
at higher resolution is necessary to confirm or disprove this suggestion. High S/7
ratios at the end of HE6 may be explained by low amounts of chlorins in those

samples.

Ambient glacial sediments after HL2 (97 and 50 cmbsf) do not appear to
contain porphyrins ($//=3.21 and 2.45). In contrast, these ratios for the earlier
ambient sediments are similar to those of HLs (Fig. 4.9 and App. 3). However, the
absorbance spectra of those sample extracts do not show peaks corresponding to Ni
and VO porphyrin satellite (I) bands (extinction maximum at 570 nm) except for the
samples at 137 cm (just after HL.3) and between HL5 and HL6 (350 cm). However,
the abundances of VO porphyrins in these two samples are at least ten times lower

than in prominent HLs.

4.5.1.2 N-alkanes

Gas chromatograms of the saturated hydrocarbon fraction of the sediment extracts of
representative samples of Heinrich Layer sediments are presented in Fig. 4.10 and

chain-length distributions in Fig. 4.11. The average concentrations of total n-alkanes
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(nCy7.33) per gram dry sediment in the HLs from cores ODP 609, MD95-2024 and
HU87-025-07P range from 0.5 to 6 pg/g Table 4. 10. Branched and cyclic
hydrocarbons are present in the region of the short-chain n-alkanes similarly to HLs
from SU90-09 (See Section 4.3.1.2). The variables used for comparison of the HL
sediments from ODP 609, MD95-2024 and HU87-025-07P, and their values are
listed in the Table 4. 10 and App.3.

Samples from HLs in cores HU87, MD95-2024 and from the “typical” HLs
(HLs 1, 2, 4 & 5) at ODP site 609, show chain-length distributions of n-alkanes
similar to HLs from SU90-09 with maxima at n-Cy; or n-Cy9 (Fig. 4.11). Such
similarity in n-alkane distribution probably indicates a common source of the
terrigenous organic matter (e.g. Cranwell, 1973; McCaffrey et al., 1991). GC
fingerprints of HL3 and HL6 at ODP 609 show a maximum at nCs;, with a sharp
increase in relative abundance from n-Cj; to n-Cy to n-Cs; (Figs. 4.10 and 4.11)
indicating a different source of n-alkanes from that in the “typical” HL sediments
from this and other locations. The abundance of n-Cyy is slightly higher than n-Cj; in
HLs from MD95 (1.20) and “typical” HLs from ODP 609 (1.15). The predominance
of n-Cy9 is more pronounced in HL2 from the Labrador Sea core HU87 (n-Cy to n-
Cs; ratio 1.45) (Table 4. 10). In contrast, in HLs 3 and 6 from ODP 609 n-C31
dominates (the C,9/Cs; ratio is 0.77). n-C,; and n-Cyg are present in more or less
equal amounts in most HL. samples except for the “untypical” HL.3 and HL6 from the
ODP 609 where the increase in abundance from n-C,; to n-Cyg is well pronounced

(C37/Cy9 ratio 0.68) (Table 4. 10).

The “untypical” HLs 3 and 6 from ODP 609 are characterised by higher CPI
values (CPI~3) then the other HLs (CPI~2) Table 4. 10. There is, however, high
variability in this parameter within cores (standard deviation =0.57 from MD95-2024
and 0.41 and 0.71 for “typical” and “untypical” HLs from ODP609). Similar to
SU90-09, the CPI values in the “typical” HLs are lowest for HLs 1 and 2 (1.04-2.23)
and highest for HL5 (2.22-3.46) (App. 3). ACL values for the HLs from MD95-
2024 and the “typical” HLs from ODP609 range from 28.1 (HLs MD95-2024) to
28.8 (HLS5 ODP) Table 4. 10. ACL for the “untypical” HL3 and 6 from ODP609 is
much higher (29.0-29.7) (App. 3) and, similarly to other variables, indicates a
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Several samples of the ambient glacial sediments (one sample between each
pare of HLs) were analysed for ODP 609. Hemipelagic sediments from ODP 609
show unimodal distributions with a maximum at n C3; and a sharp increase in
abundance from n-Cj; to n-Cyg to n-Cs; (Table 4. 10). They are characterised by
higher CPI (2.4-4.9) and ACL (29.0-29.7) and lower abundance of n-alkanes and
UCM per gram dry sediment than the adjacent HL sediments (Table 4. 10 and App.
3). High values of UCM/TNA calculated for some of the ambient glacial sediment

samples indicate input of ice rafted organic matter in those sediments.

4.5.2 Is there a different source of IRD in HL3 and HL.6? Evidence from
different locations in the NA

As was discussed previously (Section 4.4.1), HL3 in core SU90-09 differs form the
prominent HLs in biomarker composition of its sediments and is similar to the
overlaying hemipelagic sediments (see Sections 4.3.2 and 4.4.1). This is in
agreement with previous work on this core: HE3 is poorly represented in magnetic
susceptibility record and its coarse fraction content and composition of fine-sized
organic matter (OC/TN, 8"°C and 8'°N) is similar to that of the ambient glacial
sediments (Grousset et al., 2001; Huon et al., 2002). Relatively high CPI and ACL
and lack of Ni and VO porphyrins indicate the presence of less reworked organic
matter in this layer that may be associated with acolian input (Table 4.3). On the
other hand, HL3 contains much higher amounts of UCM than the prominent HLs,
and that 1s a feature of heavily biodegraded organic matter usually found in older, ice
rafted sediments. Biomarker composition of HL.3 sediments is similar to that of the
ambient glacial sediments above and below this layer (Section 4.3.2). It has been
suggested that during HE3, the icebergs from the Laurentide Ice Sheet did not reach
the eastern parts of North Atlantic and HL3 there may be a result of low productivity
or dissolution of foraminifera (Bond et al., 1992; Gwiazda et al., 1996a). However,
high abundance of terrestrial organic matter and its reworked character in HL3
indicates ice rafting as an important sediment transport mechanism. The similarity of
HL3 composition with that of ambient glacial sediments is due to the presence of the
reworked organic matter in the ambient glacial sediments from MIS2-3 as a result of

the polar waters extending south of SU90-09 location (Section 4.3.2).
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Biomarker fingerprints of organic matter in HLs 3 & 6 from ODP 609 also
appear different from those in HLs 1, 2, 4 & 5 in their n-alkane distribution,
pigments content and amount of UCM. The “untypical” HLs 3 and 6 from this
location contain organic matter of relatively low maturity and degree of
biodegradation characterised by high CPI and ACL, low abundance of porphyrins
and UCM in contrast with more reworked organic matter in the “typical” HLs (Figs.
4.10 and 4.11 and Table 4. 10). These observations are confirmed statistically
(Table 4. 11) indicating difference in the sediment source for the two groups of HL
samples and similarity between HLs 3 and 6. Similar to the lithic composition (Bond
et al., 1992; Broecker et al., 1992), biomarker signature of HL3 and HL6 is closer to
that of the hemipelagic sediments than of the prominent HLs (Table 4. 10 & Table
4. 11). Unusual character of HL3 was reported for the nearby core T88-9P (48°23°N,
25°05°W) (Madureira et al., 1997). Its sediments contained high terrigenous
biomarker amounts compared with other HLs (6 (HL3) vs. 0.95 (HL1) — 3.16 (HL5))
probably indicating a different source of organic matter in that layer. HLs 3 and 6 in
that core also contained n-alkanes with higher ACL than the “typical” HLs
(Madureira et al., 1997).

Table 4. 11 Comparison of “typical” and “untypical” HLs from cores MD95 and
ODP 609. Results of MANOVA of PC1-PC3. Probability of one or more differences
between the two-dimensional mean vectors.

Groups compared Probability>F
ODP 609 HLs 1,2,4,5 ODP 609 HLs 3,6 0.0000
ODP 609 HP ODP 609 HLs 3,6 0.7355
ODP 609 HL3 ODP 609 HL6 0.4884
MD95 HLs 1,2,4,5 MD95 HL 3,6 0.8559

Similarity between HLs 3 and 6 and hemipelagic sediments from ODP 609
may be considered as confirmation of diminished IRD input during HE3 and HE6
compared with the prominent HEs. Since HLs 3 and 6 from the Labrador Sea do not
differ from the other HLs, ice rafting from that location took place but icebergs may
have not reached the location of core ODP609 (Bond et al., 1992). Such

interpretation was given by Gwiazda et al. (19962) on the basis of the isotopic
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analysis of the lithic fraction of the nearby core V28-82 (49°27°N, 22°16’W).
Sediments from HLs 3 and 6 are low in Ni and VO porphyrins and are characterised
by high CPI and ACL values indicative of a less reworked organic matter that may
be associated with aeolian input rather than ice rafting. However, a thin detrital
carbonate layer was found in HL3 from core ODP 609 (Bond & Lotti, 1995). The
presence of IRD is also confirmed by an increase in the sediments accumulation rates
albeit modest in comparison with the “typical” HLs in the nearby core V28-82
(McManus et al., 1998) and increase in the non-carbonate fraction in the glacial
sediments in core T88-9P (Madureira ef al., 1997). Because the peaks in biomarker
concentration in core T88-9P did not correlate well with IRD ratio record but showed
good correlation with the dust record of the GRIP Summit ice core, the authors
suggested aeolian input as a prevailing mechanism in terrigenous biomarker input in
that core. Similarly, there may be a substantial proportion of the aeolian sediments
in the HLs 3 and 6 from ODP 609. Increased aeolian input may hold an explanation
for the low abundance of the coarse fraction in HL3. High CPI and ACL are
consistent with biomarker composition of a less mature organic matter originating
from weathered soils. However, younger n-alkane fingerprints may also be
associated with IRD. For instance, debris flow sediments from the North Sea Fan are
characterised by high CPI (>3) (see Section 3.3.1.2).

Similarity of biomarker composition of sediments from HLs3 and 6 with
those from the hemipelagic sediments can be explained by the location of the polar
front south of the site of the core that resulted in ice rafting during the periods
between HEs (Villanueva et al., 1997). This view is confirmed by the change in
biomarker composition of the hemipelagic sediments in core SU90-09 with the shift

in the location of the polar front (see Section 4.3.2).

In contrast, there is no significant difference between HLs 1, 2, 4 &5 and
HLs3 & 6 samples from core MD95 (Table 4. 11). They appear to have originated
from the same source. There is no difference between biomarker composition of
high carbonate (HLs 1-5) and low carbonate layers (HL6 and LDCS) from core
MD95-2024. This may indicate that biomarker signal of relatively organic-poor
carbonate rocks is overcome by that of other outcrops (e.g. shales) form the same

source area. The LDC layer above HL6 is slightly higher in relative abundance of
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VO porphyrins and UCM/g. There is no evidence for different source of IRD in HL3
suggested by Andrews & MacLean (2003).

“Typical” and “untypical” Heinrich layers and hemipelagic sediments are
compared using the results of the PCA in Fig. 4.12. On the PC1/PC2 plot,
“untypical” ODP samples (HL3 & 6) can be clearly distinguished from the “typical”
HL samples but not from the hemipelagic sediments. Contrast in the biomarker
composition of the sedimentary organic matter in the “typical” and “untypical” HLs

indicates different sources of sediments.

The biomarker composition of the sediments in HLs 3 and 6 from the ODP
609 appear different from that in HL3 from SU90-09 (Fig. 4.12 and Table 4. 12).
HLs 3 & 6 from the former location contain less reworked organic matter with higher
CPL, ACL and lower UCM. The concentration of n-alkanes in the “untypical” HL
sediments there is lower than in HL3 from core SU90-09 (Table 4.3 and Table 4.
10). HL3 sediments from core SU90-09 contain some features similar to those in
prominent HLs, such as distribution of UCM with two humps in a chromatographic
trace (Fig. 4.10) and relative abundances of the long-chain n-alkanes (Fig. 4.11 and
Table 4.3). In contrast, the “untypical” HLs from ODP 609 are markedly different
from the “typical” ones. This indicates a different source of organic matter in the
“untypical” HLs from the two locations. Less reworked character of organic matter
in the ODP 609 layers may indicate predominance of aeolian over the IRD input or a
different IRD source. In agreement with this, Villanueva et al. (1997) report
differences in n-alkane distribution between cores SU90-39 (northeast of ODP609)
and SU90-08 (just east of SU90-09) suggesting different sediment sources.
Probably, HL3 sediments from the southern location combine contribution from
several sources including some shared with the prominent HL. sediments and also

windborne organic matter.

4.5.3 Variability between prominent HLs from different areas of the ocean

Ten groups of samples were compared using MANOVA of PC1, PC2 and PC3 — five
HLs and 2 precursor events from SU90-09, samples from MD95-2024, “typical”
(HLs 1, 2, 4 & 5) and “untypical” (HL3 & 6) HLs from ODP 609. The results are
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presented in Table 4. 12. and Fig. 4.13. The biomarker composition of HLs from
core SU90-09 seems to differ significantly from that of the other two locations. For
this core, the only P value outside 95% confidence interval was calculated for the
HL1 precursor event and “typical” HLs from the ODP 609 core. This can be
explained by the high variability within HL1 precursor. HLs from the southwestern
Labrador Sea (MD95-2024) appear similar to the “typical” HLs from the North
Atlantic ODP 609 core. The exception is HL4 in ODP 609. It is different from the
rest of the “typical” ODP 609 samples in its higher UCM values (App. 3). The two
samples from core ODP 609 collected from the carbonate-rich layers (225 - HL4 and
295 - HLS) are higher in their n-alkane concentrations (>3 ug/g) then the rest of HL
samples from this core and are characterised by a more pronounced predominance of

n-Csg over n-C,7 alkane.

Table 4. 12 Comparison of HL samples from different areas of the ocean. Results
of MANOVA of PC1, PC2 & PC3. Probability of one or more differences between
the two-dimensional mean vectors.

MD9S5 HLs1-6 ODP 609 HLs 1,2,4,5 ODP 609 HLs 3,6

SU90-09 HL1 0.0007 0.0184 0.0000
SU90-09 HL1pr 0.0147 0.0976 0.0000

SU90-09 HL2 0.0003 0.0019 0.0000
SU90-09 HL2pr 0.0002 0.0051 0.0000

SU90-09 HL3 0.0000 0.0000 0.0000

SU90-09 HLA 0.0041 0.0018 0.0000

SU90-09 HLS 0.0002 0.0007 0.0000
ODP HLs 1,2,4,5 0.6480

ODP HLs 3,6 0.0000

Multinomial logistic regression analysis of selected variables was carried out
to evaluate the contribution of individual variables to the variability between HLs
from different locations. The results are presented in Table 4. 13. The most
significant difference between HLs from different locations lie in the amount of
UCM and the relative abundance of porphyrins ($77). These values are higher for
most of the HL samples from SU90-09 than for HLs from the other locations. CPI
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plays an important part in distinguishing between HLL1 and HL2 of SU90-09 from the
IRD layers in the MD95 core. However, it is important to note that HLs 1 and 2 in
all the cores are characterised by lower CPI values than HLs 4 & 5 (App. 3 and
Table 4.3).

Table 4. 13 Comparison of HL samples from SU90-09 with HL samples from
MD95-2024. Results of mlogit. Probability>F values. MD95- MD95-2024 HLs1-6,
ODP typ — “typical” HLs 1, 2, 4, 5 from core ODP609.

Groups compared CPlrs31  C/Cs;  ACLys33  UCM/TNA S/1

MD95 SU90-09 HL1 0.012 0.231 0.031 0.080 0.058
MD95 SU90-09 HL1pr  0.157 0.041 0.009 0.015 0.009
MD95 SU90-09 HL2 0.005 0.952 0.599 0.003 0.018
MD95 SU90-09 HL2pr  0.286 0.760 0.326 0.003 0.040
MD95 SU90-09 HL3 0.484 0.478 0.125 0.001 0.032
MD95 SU90-09 HL4 0.141 0.330 0.956 0.148 0.009
MD95 SU90-09 HLS 0.786 0.385 0.260 0.685 0.020
ODPtyp  SU90-09 HL1 0.295 0.134 0.433 0.237 0.020
ODPtyp SU90-09 HL1pr 0.992 0.031 0.046 0.036 0.006
ODPtyp  SU90-09 HL2 0.165 0.452 0.698 0.029 0.009
ODP typ SU90-09 HL2pr  0.648 0.642 0.963 0.017 0.015
ODPtyp  SU90-09 HL3 0.441 0.874 0.550 0.007 0.013
ODPtyp  SU90-09 HL4 0.552 0.782 0.535 0.505 0.006
ODPtyp  SU90-09 HLS 0.182 0.980 0.126 0.737 0.010

Similarity in the biomarker composition of the “typical” HL sediments from
cores ODP 609 and MD95-2024 indicates the same source of organic matter in the
two locations. HLs from core MD95-2024 contain sediments from the Labrador Sea
and Baffin Bay basins deposited mainly as spillover turbidites from the NAMOC and
probably contain a combined biomarker signature from that area (Stoner et al.,
1996). Ice rafting was also named as an important mechanism of terrestrial sediment
deposition in that location (Veiga-Pires & Hillaire-Marcel, 1999) N-alkane
distribution in the HL2 sample from the western slope of the Labrador Sea core

HU87-025-07P is similar to that in MD95-2024. This sample, however, is low in
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relative abundance of porphyrins and UCM, especially at low molecular weight
(Fig.s 4.10 and 4.11). Due to its location proximal to one of the secondary ice
streams along the Labrador Sea margin, the biomarker content of this sample may be
derived mostly from that outlet and not reflect the combined signal of all the sources
in the region. It may, however, contain a true biomarker signature of the sediments
in the NAMOC. That may indicate an additional North American source of IRD
(Gulf of St. Lawrence or West Greenland?) in core MD95-2024 characterised by a
distinctive UCM hump at low molecular weight and high abundance of porphyrins.

Similar to MD95-2024, IRD from North America appear to be the main
source of terrigenous organic matter in the prominent Heinrich layers from core ODP
609. However, there is a difference in UCM distribution between the two cores: in
most samples from core MD95-2024 UCM contains compounds characterised by
low molecular weight, whereas the low molecular weight UCM hump in the samples
from ODP 609 is less prominent and a secondary maximum at the retention time of
n-Cs; alkane is visible. Therefore, input from an additional source containing UCM
of high molecular weight (Europe?) is likely. For the HLs from core SU90-09, a
combination of several sources may explain the variability between and within
prominent HLs. A North American signal is indicated by a UCM hump at low
molecular weight and n-alkane envelope (Fig.s 4.10 and 4.11). There is some
variation in the biomarker signature of HL sediments in MD95-2024, e.g. CPI is
higher for the earlier HLs 4-6 than for the younger HLs 1-3. Similar tendency is
observed in both ODP 609 and SU90-09 HLs biomarker fingerprints. However,
sediments with high concentration of porphyrins, UCM with high molecular weight,
and low CPI (in HLsl and 2) must have originated elsewhere. The Gulf of St.
Lawrence may be the source area of the sediments with low molecular weight UCM
and high porphyrin content. High molecular weight UCM may have a European
origin since it is present in the sediments from both ODP609 and SU90-09 and
absent from MD95-2024.
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4.5.4 Conclusions

The “untypical” HLs 3 and 6 in the two cores from the “IRD belt” (ODP 609 and
SU90-09) differ significantly in the biomarker composition of their organic matter
from the “typical” HLs 1, 2, 4 & 5 and are similar to the overlaying hemipelagic
sediments. A combination of aeolian and ice rafted origins for these layers is
proposed. In contrast, there is no significant difference between HLs 1, 2, 4 &5 and
HLs3 & 6 samples from the southwestern Labrador Sea core MD95-2024.

The biomarker composition of sediments in the “untypical” HLs from ODP
609 appears different to that in HL3 from SU90-09 and may indicate a diminished
IRD input in the former. HL3 sediments from core SU90-09 probably combine

contributions from several sources.

The source of IRD in the prominent HLs from core ODP 609 is similar to that
in MD95-2024 and indicates a predominantly North American origin. An additional
source of IRD characterised by the presence of a mixture of highly branched
aliphatic compounds of high molecular weight (chromatographic UCM) is proposed
for HLs 1, 2, 4, and 5 in core ODP 609.

The biomarker composition of the HLs from core SU90-09 is probably a
result of a combination of several sources including source(s) common with IRD
layers from core MD95-2024. Origin of the additional sedimentary sources with
high concentration of porphyrins, a mixture of highly branched aliphatic compounds
(chromatographic UCM) of high molecular weight and n-alkane distribution with
low CPI (in HLs1 and 2) is at least partially different from that in core ODP 609.
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4.6 Provenance of IRD in the North Atlantic: Correlating sources and sinks

The biomarker composition of Heinrich layer sediments from different locations in
the North Atlantic was compared with that of a number of potential sources as
exemplified by glacigenic debris flow deposits (GDF) (See Chapter 3). Gas
chromatograms of the saturated fraction and chain-length distribution of n-alkanes of
the representative samples from HLs are presented in Figs. 4.10 and 4.11 and from
debris flows in Figs. 4.14 and 4.15. Due to the fact that the composition of the HL
sediments is a result of complex input from a number of IRD sources (Section 4.5),
simplification using PCA analysis proved unproductive when attempting to correlate
sources and sinks of IRD. That is why various biomarker characteristics were

considered individually.

4.6.1 A missing IRD source

The GC fingerprint of HL2 from the western slope of the Labrador Sea (core HU87-
025-07P) is similar to that from the debris flow in the same location. This may
indicate a predominantly local source of IRD in this Heinrich layer or the genuine
composition of the IRD input from a number of sources in northern Canada. GC
fingerprints of HLs from the other locations do not match those of any of the
potential IRD sources analysed in this study. In fact, there is more similarity
between HLs from cores MD95-2024, SU90-09 and the “typical” HLs from ODP
609 than between any of the HLs and debris flows. A unimodal chromatographic n-
alkane distribution with maximum at n-C,; or n-C,g alkanes matches that of Labrador
Sea (LS), Baffin Bay (BB) and North Sea Fan (NSF) debris flows (Figs. 4.11 and
4.15). A contribution from Europe in HLs from core MD95-2024 is unlikely.
Therefore, n-alkane distribution at least for the sediments in that core, reflects that
from North American sources. A mixed biomarker signal from the Labrador Sea and
Baffin Bay GDF is probably responsible for the nature of the chromatographic n-
alkane envelope for HL samples from the southwestern Labrador Sea and possibly
the other two locations studied here (Figs. 4.11 and 4.15). However, GDF sediments

from the North American sources used in this study contained very low amounts of
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highly branched aliphatic compounds, and those are characterised by high molecular
weight. The UCM hump at the low molecular weight region, prominent in the
chromatographic traces of HL sediment extracts from MD95-2024, SU90-09 and
“typical” HLs from ODP 609 (Fig. 4.10), was missing from those of LS and BB
GDF (Fig. 4.14). It thus transpired that an important source of IRD containing UCM
of low molecular weight had not been identified. However, chromatographic
fingerprint containing such characteristic UCM signature was found to belong to
several sediment samples from core POR18 (69°10.54°N, 51°49.38°W) from Disco
Bugt in West Greenland (Lloyd et al., in press). Thus it can be concluded that HLs
in core MD95-2024 contain combined IRD from northern Canada and West

Greenland.

4.6.2 Multiple sources of IRD in cores SU90-09 and ODP 609

The similarity of n-alkane distributions in prominent HL samples from cores SU90-
09 and ODP 609 to those of the HLs from MD95-2024 indicates a shared source of
IRD. A-contribution from North American sources of IRD in the North Atlantic is in
agreement with the established view on the provenance of IRD in HLs (e.g. Andrews
& Tedesco, 1992; Bond et al., 1992; Gwiazda ef al., 1996b; Hemming et al., 1998).
In addition to IRD input from West Greenland, a contribution of IRD from additional
sources to HL sediments from cores SU90-09 and ODP 609 is evident.

ODP 609

Chromatographic fingerprints of the “typical” HLs from ODP 609 contain a less
prominent hump of low molecular weight UCM but are characterised by overall
higher UCM content with a secondary hump in the high molecular weight region.
The addition of the more reworked organic matter is indicated by slightly lower CPI
values for the HLs from ODP 609 than from MD95-2024. This may reflect a
contribution from European ice sheets: Bear Island Fan (BIF), Scoresby Sund Fan
(SSF) and debris flows from Svalbard contain highly degraded sedimentary organic
matter with low CPI and high chromatographic UCM. The source of organic matter
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in the “untypical” HLs from ODP 609 was not found in any of the potential sources
analysed in this study. These sediments contain organic matter of low maturity more
consistent with aeolian deposits than with IRD. This may indicate a diminished IRD
input of IRD during HEs 3 and 6 at this location as was proposed by Gwiazda et al.
(1996a) and Madureira et al (1997) based on the analyses of HL sediments from the
nearby cores VM28-82 and T88-9P respectively. However, the possibility of IRD
input should not be discarded. For instance, NSF debris flows contain young
sedimentary organic matter. Yet, the biomarker signature of this source is different
in relative abundances of long-chain n-alkanes (maximum at n-C,; alkane rather than
n-Cs;) and photosynthetic pigment content (the presence of chlorin peaks on the UV-
VIS spectra of NSF sediments) from that of ODP 609 “untypical” HL sediments.
Other possible European IRD sources are the British Isles and Fram Strait. There is
evidence of input from these locations in the Sr-Nd isotopic composition of HL3 in
several North Atlantic cores (Snoeckx et al., 1999). These sources have not been

analysed in present study.

SU90-09

HL sediments from core SU90-09 are characterised by higher relative abundance of
porphyrins, higher chromatographic UCM and lower CPI values than those in
MD95-2024 (Table 4.3 and Table 4. 10). This indicates input of IRD from
additional source/sources containing older, highly degraded organic matter. Such
features are consistent with sedimentary organic matter from the Nordic Seas
margins except for the North Sea Fan. However, if that were the case, the signature
of mature highly degraded organic matter would be more pronounced in the HL
sediments from ODP 609 because of its location further north. While CPI values for
HLs from ODP 609 are indeed slightly lower than average for corresponding HLs
from SU90-09 (App. 3), ODP 609 HLs contain significantly lower amounts of UCM
and photosynthetic pigments than HL sediments from SU90-09.

In addition, sedimentary organic matter from HLs 1 and 2 precursor events
whose enhanced European input is suggested by mineralogical and isotopic data

(Grousset et al., 2001), is characteristic of less mature sediments with higher CPI and
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ACL than in the corresponding HLs. That may indicate some input from the
Fennoscandian ice sheet. As in the NSF debris flow sediments, n-alkane distribution
in the precursor events shows a maximum at n-C,; alkane. However, the UV-VIS
spectra of the precursor events samples is low in Ni and VO porphyrins and did not
contain chlorin peaks at 665 nm, characteristic of the NSF sediments although there
is an increase in the relative abundance of porphyrins compared to ambient glacial
sediments. Also, high amounts of UCM in the precursor event sediments imply a

contribution from an additional source.

In core SU90-09, UCM input is decoupled from that of photosynthetic
pigments. UCM is higher for the younger HLs 1, 2 and 3 than for the older HLs4
and 5, whereas these older layers are characterised by the highest relative abundance
of porphyrins. Similar to the precursor events, HL3 and ambient glacial sediments
from SU90-09 are the highest in UCM but low in Ni and VO porphyrins. Although
S/1 ratios >10 for these sediments indicate presence of porphyrins, they are probably
not Ni and VO chelates. These may be Cu porphyrins brought by aeolian transport
or from sea ice. Variation in the absolute abundance of Ni and VO porphyrins in
core SU90-09 does not match that of relative abundance of porphyrins (Fig. 4.2 and
Table 4.3), supporting the existence of multiple sources of photosynthetic pigments.

The additional source of IRD is possibly the Gulf of St. Lawrence area.
There is, for instance, petrographic evidence for ice rafting from several locations
around the Gulf of St. Lawrence before and during HE1 and HE2 (Piper & Skene,
1998; Piper & DeWolfe, 2003). Mineralogical and isotopic evidence for input from
this location in HLs in North Atlantic has been reported previously (Bond & Lotti,
1995; de Abreu et al., 2003; Grousset et al., 2001). However, no significant
contribution from this source to the HLs in core MD95-2024 has been reported. HLs
in that location contain carbonate-rich sediments from Northern Canada and the red

sands of Gulf of St. Lawrence are deposited below HLs (Piper & Skene, 1998).

Recent findings show that the isotopic signature traditionally attributed to the
Scandinavian source area may be of Gulf of St. Lawrence origin (Farmer et al.,
2003). If so, the precursor events may be not of European but of southern Laurentide
provenance. That may be true also for HL3 in core SU90-09. Contrasts in the

biomarker composition of HL3 and ambient glacial sediments from SU90-09 with
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that of HLs 3 and 6 and ambient glacial sediments from ODP 609 support mostly
North American origin of IRD in the former location.

The issue of post-depositional transformation of HL sediments has not been
addressed in the present work. However, the biomarker composition of HL
sediments should reflect not only a contribution from different sources of IRD but
also the results of post-depositional transformation of the sediments, e.g. changes in
the grain size distributions due to scouring by bottom currents. For instance, HLs
from core ODP 609 are thinner than those from the nearby V28-82 and are
characterised by higher detrital carbonate content and lower magnetic susceptibility
(Hemming, 2004, and references therein). This may be a result of the partial loss of
the fine grain size fraction, containing for example shale-derived sediments, from
core ODP 609. These fine-grain sediments may have contained mature, biodegraded
organic matter. Analysis of HL sediments from sites that have not have been
affected by bottom-current processes, e.g. core V28-82 (McManus et al., 1998), as

well as analysis of different size fractions, could provide answer to this question.
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4.6.3 Conclusions

To conclude, the main source of IRD in the prominent HLs from the two North
Atlantic cores, ODP 609 and SU90-09, is a combination of inputs from Northern
Canada and West Greenland. Prominent HLs from ODP 609 contain a minor
proportion of sediments from an additional source or sources. Contribution from
several other sources is more pronounced in the HLs from core SU90-09. These
additional sources contain highly reworked organic matter with large amounts of
mixed highly branched aliphatic compounds (chromatographic UCM) of high
molecular weight, n-alkane distribution with low CPI, and high relative abundance of
porphyrins. The variability between and within HLs in core SU90-09 is probably a

result of variability in relative inputs from different IRD sources.

No significant input from the European ice sheets was detected in the two
cores. Biomarker composition of the “untypical” HLs 3 and 6 from ODP 609 is
more consistent with aeolian rather than IRD input. However, not all potential
source areas were considered and samples from additional sources (i.e. British Isles

and Fram Strait) need to be analysed to confirm or disprove this view.

A contribution from some IRD sources may be underrepresented in HL
sediments from the sites affected by bottom-current activity due to winnowing of the

fine grain size fraction.
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Conclusions

The biomarker composition of sediments deposited during prominent
Heinrich events 1, 2, 4 and 5 in cores SU90-09 and ODP 609 is significantly
different from that of overlaying hemipelagic sediments. Therefore
prominent Heinrich events can be identified on sedimentary records based on
the composition of the sedimentary organic matter. There is no significant
difference between biomarker compositions of organic matter in HLs 3 and 6
and overlaying ambient sediments.

Sediments deposited during Heinrich events in core SU90-09 contain highly
reworked organic matter consistent with input from ancient sedimentary
outcrops. Ice rafting is thought to have been the main process responsible for
the formation of HLs in this core.

Hemipelagic sediments in core SU90-09, deposited during the Holocene,
prior to HL3 and overlaying HLs 4 and 5, contain younger organic matter
consistent with aeolian input. Ambient sediments deposited between HLs 1
and 3 contain highly degraded organic matter probably of mixed ice rafted,
sea ice and aeolian origin. This was interpreted as a result of the shift in the
Polar Front location during MIS3.

The biomarker composition of HL sediments from core SU90-09 varies
between and within HLs. All five HLs analysed can be distinguished from
one another on the basis of the biomarker composition of their sediments.
Precursor events are recognised in the sedimentary record of HLs 1 and 2 but
not HLs 4 and 5. Three steps can be distinguished in HLs 4 and 5 with the
narrow middle step different from the periods above and below it, and two
steps in HL1 and possibly in HL2.

The ‘“untypical” HLs 3 and 6 in cores ODP 609 and SU90-09 differ
significantly in the biomarker composition of their organic matter from the
“typical” HLs 1, 2, 4 & 5 indicating different sources of organic matter in
“typical” and “untypical” HLs. In contrast, there is no significant difference
between HLs 1, 2, 4 &5 and HLs3 & 6 samples from the southwestern
Labrador Sea core MD95-2024.

The “untypical” HLs 3 and 6 in cores ODP 609 differ significantly from HL3

in SU90-09 in the biomarker composition of their organic matter. The source
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of organic matter in the former is attributed to aeolian input. A combination
of aeolian and ice rafted origins is proposed for the latter.

N-alkane distribution in core MD95-2024 was found consistent with
combined input from Baffin Bay, Labrador Sea and West Greenland.
Biomarker composition of the sediments in the prominent HLs from cores
ODP 609 and SU90-09 is largely similar to that from core MD95-2024
implying contribution from North Canadian/West Greenland sources.
However, biomarker signature of organic matter from several other sources is
well pronounced in these cores. These additional sources contain highly
reworked organic matter with large amounts of branched aliphatic molecules
(chromatographic UCM) of high molecular weight, n-alkane distribution with
low carbon preference index (CPI) and high relative abundance of
porphyrins. No significant input from the European ice sheets was detected
in the two cores.

The variability in the biomarker composition between and within HLs is
probably a result of variability in relative input from different IRD sources or
different ice streams within the same source.

Apart from variability in the contribution from different IRD sources, the
dissimilarities between HLs from different areas of the ocean may be a result
of post-depositional transformation of the sediments at some locations, e.g.

changes in the grain size distributions due to scouring by bottom currents.
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5.1 Summary and conclusions

The aim of this project was to investigate the application of biomarkers to the study
of provenance of allochthonous organic matter deposited in the North Atlantic during
the last glacial period. In order to achieve this, the biomarker composition of the
possible sources and sinks of the ice rafted debris (IRD) was described and
compared. As a proxy for source of IRD, use of glacigenic debris flows (GDF) was
proposed. Sinks were represented by Heinrich layer (HL) sediments from several

deep-sea cores.

5.1.1 Use of biomarker composition of GDF to characterise sources of IRD

The first objective was to investigate the possibility of using the biomarker
signatures of GDF as a source proxy for IRD in the North Atlantic. In order to do
this, distribution of photosynthetic pigments, n-alkanes, highly branched aliphatic
hydrocarbons (unresolved complex mixture (UCM) in the gas chromatogram) and
long-chain alkenones in the GDF and overlying glacimarine and hemipelagic
sediments from several locations on the North Atlantic continental margins was
described and compared. Samples from four Trough Mouth Fans (TMFs)
representing east Greenland (Scoresby Sund), the Fennoscandian Ice Sheet (North
Sea Fan), the Barents Sea (Bear Island Fan) and Svalbard (Isfjorden and Bellsund
TMFs) were considered. North American sources were represented by Baffin Bay

and Labrador Sea GDF deposits.

Using biomarker analysis, a number of parameters were generated which
were used to characterise and compare different types of sediments in the GDF
deposits. Biomarker analysis provides a more detailed and more specific approach

than analysis of bulk properties of the sediments.

The biomarker composition of GDF sediments is different from that of
overlying hemipelagic and glacimarine sediments, indicating different sources of
organic matter in the different types of sediments (Section 3.4.2.2). GDF sediments
contain reworked organic matter, derived mainly from ancient sedimentary rocks as

exemplified by the presence of metalloporphyrins (nickel and vanadyl chelates) and
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mixtures of highly branched aliphatic molecules which are not resolved by gas
chromatography and can be recognised on a chromatogram as a hump of unresolved
complex mixture (UCM). On the other hand, organic matter in hemipelagic
sediments is of much younger nature, mostly deposited as a result of aeolian and
fluvial weathering of contemporary soils. Glacimarine sediments resulted from a

mixed input of ice rafted and hemipelagic organic matter.

With very few exceptions, the GDF sediments from each TMF on the Nordic
Seas continental margins are characterised by homogeneity of their biomarker
composition within each core and within each TMF (Section 3.4.2.1). GDF
sediments from North America are homogenous within each core. However, some
variability was found between the two cores from Baffin Bay. For the most part,
however, sediments from these two cores are more similar to each other in their
biomarker composition than to any other GDF analysed. Only one core containing

GDF from Labrador Sea was analysed.

The biomarker signatures of GDF sediments analysed in this study were
found to be unique to each GDF deposit, and represent the combined signature of a
variety of outcrops eroded by each ice stream (Section 3.4.3.3). Therefore, the
biomarker composition of GDF can be used to constrain the sources of IRD in the

North Atlantic.

The biomarker composition of a glacial till deposit off Scoresby Sund is
largely similar to that of GDF sediments from that location. Hence glacial till
sediments can probably be used as proxies for sources of IRD in areas where GDF

did not form.

Other implications

GDF from NSF and Svalbard were found to contain long-chain alkenones and
chlorins (Section 3.3.3.3). These compounds are usually associated with
autochthonous input. Discovery of alkenones and chlorins in GDF sediments means
that the presence of these compounds in the sediments deposited in glacial
environments may be a result of allochthonous as well as autochthonous input.
Therefore the use of these biomarkers to reconstruct palacoceanographic conditions

during glacial periods may result in incorrect estimations due to the allochthonous
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contribution. However, a contribution of alkenones from NSF and Svalbard alone
does not account for the unusually high sea surface temperatures calculated for the
last glacial maximum in the Nordic Seas (Rosell-Mele & Comes, 1999). This
probably indicates the existence of an additional source of allochthonous alkenones
in the Nordic Seas. Circum-Arctic areas (Darby et al., 2002) may present such

source.

5.1.2 Sources of allochthonous organic matter in the North Atlantic

The second objective was to investigate the spatial and temporal variability of
autochthonous and allochthonous inputs in the deep-sea sediments from several
North Atlantic cores. Core SU90-09 (43°05N, 31°05W) was analysed at high
resolution (every 0.5-5 cm). In addition, several samples of HL and hemipelagic
sediments from another core in the “IRD belt”, ODP 609 (49°52 N, 24°14 W), from
southwestern Labrador Sea core MD95-2024 (50°12.26N, 45°41.14W), and from
one HL2 sample from Labrador Sea core HU87-025-07P (57°04.37°N 50°12.25W)

were analysed.

The biomarker composition of sediments deposited during prominent
Heinrich events 1, 2, 4 and 5 in cores SU90-09 and ODP 609 is significantly
different from that of overlaying hemipelagic sediments (Section 4.3.2). Therefore
prominent Heinrich events can be identified on sedimentary records based on the
composition of their organic matter. There is no significant difference between
biomarker composition of organic matter in HLs 3 and 6 and overlaying ambient
sediments. Sedimentary organic matter in both HL and hemipelagic sediments in all
cores was found to be mostly of allochthonous origin. Sediments deposited during
prominent Heinrich events in cores SU90-09 and ODP 609 contain highly reworked

organic matter deposited as a result of ice rafting.

A shift in the location of the marine Polar Front during MIS3 is recorded in
the biomarker composition of the ambient sediments (Section 4.3.2). In core SU90-
09, background sediments overlying HLs 4, 5 and preceding HL3, as well as those

deposited during the Holocene, contain younger organic matter as a result of acolian
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input from contemporary environments. Deposition of highly degraded organic
matter probably of mixed ice rafted, sea ice and aeolian origin, is recorded in the
biomarker composition of the ambient sediments overlaying HLs 1, 2 and 3. Their
biomarker composition, however, is different from that of the “typical” HLs but not
from that of HL3.

Core SU90-09 was studied at high resolution (Section 4.4). The biomarker
composition of HL sediments in that core was found to vary between and within
HLs. All five HLs analysed can be distinguished from one another based on the
biomarker composition of their sedimentary organic matter. For the most part, the
biomarker compositions of sediments in the older HLs 4 and 5 are more similar to
one another than to the younger HLs 1 and 2. HLs 1 and 2 are similar in their n-
alkane distributions but differ in other parameters. Precursor events are recognised
in the sedimentary records of HL1 and HL2 but not HL4 and HLS. Three steps can
be distinguished in HLs 4 and 5 with a narrow middle step different from the periods
above and below it. There are two steps in HL1 and possibly in HL2.

Biomarker compositions of the “untypical” HLs 3 and 6 in the two cores from
the “IRD belt” (ODP 609 and SU90-09) differ significantly from that of the “typical”
HLs 1, 2, 4 & 5 and are similar to the overlying ambient sediments. In contrast, there
1s no significant difference between HLs 1, 2, 4 & 5 and HLs 3 & 6 in samples from
the southwestern Labrador Sea core MD95-2024. It was concluded that an IRD
contribution from North American sources did exist during HEs 3 and 6 but on a
smaller scale, and icebergs from these sources did not reach the locations of cores
SU90-09 and ODP 609. The “untypical” HLs 3 and 6 in core ODP 609 differ
significantly from HL3 in SU90-09 in the biomarker composition of their organic
matter. The source of organic matter in the former is attributed to aeolian input. A
combination of aeolian, sea ice and ice rafted origins is proposed for the latter

(Section 4.5.2).

The variability in the biomarker composition between and within HLs is
probably a result of variability in relative input from different IRD sources or
different ice streams within the same source. However, as well as variability in the

sources of IRD, post-depositional transformation of HL sediments at some locations,
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e.g. loss of fine grain size fraction due to scouring by bottom currents, may be

responsible for variability in HLs from different areas of the ocean.

5.1.3 Correlation of sources and sinks of IRD in the North Atlantic

The third objective was to compare the allochthonous biomarker signatures in deep-
sea sediments with those described in the possible source areas to ascertain the

provenance of IRD during HEs.

Use of objective statistical methods such as cluster analysis for correlating
sources and sinks of IRD in HLs proved unsuccessful due to the complex nature of
the input of IRD in HLs. That is why correlation was limited to visual comparison of

gas chromatographs, n-alkane distributions and values for individual variables.

The biomarker composition of HLs was compared with that of GDF
sediments (Section 4.6). In core MD95-2024, a contribution from only North
American sources was expected. In agreement with this assumption, the n-alkane
distribution in this core was consistent with combined input from Baffin Bay and
Labrador Sea. However, a mixture of highly branched aliphatic compounds (UCM
on the chromatogram) of low molecular weight present in the sediments from core
MD95-2024 was absent from the North American GDF analysed indicating input
from an additional source. A similar chromatographic fingerprint was found to
belong to several sediment samples from core POR18 (69°10.54’N, 51°49.38°W)
from Disco Bugt in West Greenland (Lloyd et al., in press). Thus it was concluded
that HLs in core MD95-2024 contain combined IRD from North Canada and from
West Greenland.

The biomarker composition of the sediments in the prominent HLs from
cores ODP 609 and SU90-09 is largely similar to that from core MD95-2024
implying a contribution from north Canadian/West Greenland sources. However,
biomarker signatures of organic matter from several other sources is well pronounced
in these cores. These additional sources contain highly reworked organic matter with
large amounts of branched aliphatic molecules (chromatographic UCM) of high

molecular weight, n-alkane distribution with low carbon preference index (CPI) and
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high relative abundance of porphyrins. No significant input was detected from the

European ice sheets in the two cores.
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5.2 Future work

5.2.1 Sources and sinks of IRD

Since the beginning of this project, knowledge on the location and nature of GDF
deposits in the North Atlantic has improved considerably. Comparison of biomarker
composition of potential sources and sinks of IRD in the North Atlantic show that
not all sources of IRD were considered in this study. GDF deposits from Baffin Bay
and the Labrador Sea need to be studied in more detail in order to address the
problem of heterogeneity of GDF deposits in these areas. Sediments from other
possible Laurentide Ice Sheet outlets (e.g. the Newfoundland slope and Laurentian
Fan) may contain information on the “missing” sources of IRD. Input of IRD from
circum-Arctic areas into the Nordic Seas and possibly the North Atlantic via Fram

Strait has been reported (Darby ef al., 2002) and needs to be investigated.

The biomarker composition of sources of IRD from the same location may
have differed through time due to change in the pathways of ice streams, or through
weathering or exhaustion of erodible strata. That may have resulted in variability
between HLs reflecting not a change in source area of IRD, but a change in the
source material from the same area. Analysis of GDF deposited during different
episodes of ice rafting may provide more accurate information on the changes

through time in the composition of IRD transported into the ocean.

More HEs in different areas of the North Atlantic including Nordic Seas need
to be studied at a high resolution in order to further elucidate the temporal and spatial
variability of IRD inputs. Special attention should be paid to the likelihood of post

depositional transformation of the HL sediments in the analysed cores.

5.2.2 Biomarker analysis

Use of even the simplest techniques (GC and UV-VIS spectrophotometry) allows
clear distinction between the biomarker compositions of potential IRD sources.
However, HLs were found to contain a combination of inputs from different sources
of IRD that are likely to vary in the concentration of organic matter. That makes it

difficult to assess the contribution from each source based on the distribution of
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biomarkers ubiquitous in sediments from potential sources (i.c. n-alkanes and
porphyrins). Use of Mass Spectrometry will broaden the spectrum of biomarkers
used to construct signatures of individual sources and potentially can allow

identification of specific biomarker compounds unique to each source.

Isotopic analysis of individual compounds (i.e. 8"°C composition and '“C
dating) will prove useful in distinguishing between autochthonous and allochthonous
inputs of organic matter (e.g. alkenones and chlorins) in the deep-sea and GDF

sediments.

Different rock types and therefore different outcrops eroded by ice streams
are unevenly represented in different size fractions of IRD. Post depositional
transformation of deep-sea sediments as a result of bottom-current activity may result
in change of their grain size distribution (Hemming, 2004, and references therein).
Biomarker fingerprinting of different particle size fractions from potential sources
and sinks of IRD may prove useful in separating signals from different sources, and

that may facilitate correlation between sources and sinks.
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