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ABSTRACT 
The aim o f this thesis is to investigate the application o f biomarkers to study the provenance 

o f allochthonous organic matter deposited in the North Atlantic during the last glacial period 

mainly as ice rafted debris ( IRD) in Heinrich Layers (EŪLs). Two novel approaches are used 

in this work: 

• The biomarker composition of sedimentary organic matter is used to characterise and 

compare possible sources and sinb of IRD 

• Glacigenic debris flows (GDFs) are used as proxies for possible sources of IRD in the 

deep ocean. 

The distribution o f photosynthetic p igmฒts, ท-alkaneร, 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 o f IRD is analysed. 
Sources o f IRD are represented by GDF deposits from the Nordic Seas and the western 
Atlantic margins. Sinks are represented by deep-sea cores containmg HLs: cores รบ90-09 
and ODP 609 are from the mam area o f IRD deposition, " IRD belt", and cores MD95-2024 
and HU87-025֊07P are from Labrador Sea. 

GDF and H L sediments generally contain a very high proportion o f 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 
signatжeร o f 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 o f the organic matter in each 
GDF can be considered as combined signaณres o f a variety o f organic-rich outcrops eroded 
by a particular ice stream and therefore can be used to constrain the sources o f IRD in the 
North Atlantic. 

"Typ ica l " HLs 1, 2, 4 & 5 can be identified in the sedimentary records on the basis o f the 
biomarker composition o f sedimentary organic matter. Biomarker compositions o f sediments 
from "untypical" HLs 3 and 6 in the two cores from the " IRD belt" differ significantly from 
those of the " typ ica l " HLs Լ 2, 4 & 5 and are similar to the overlying ambient sediments. In 
contrast, all H L samples from the Labrador Sea core MD95-2024 are similar. A shift in 
oceanic Polar Front location is reflected in the biomarker composition o f ambient sediments 
deposited after HL3 in core รบ90-09. These contain highly degraded organic matter o f ice 
rafted origin whose biomarker composition differs from that o f the " iyp ica l " HLs but not 
from that o f HL3. 

The biomarker composition o f the H L sediments from core รบ90-09 varies both between 
and wi th in HLs. A l l HLs in core รบ90-09 can be distinguished from one another based on 
their biomarker composition. For the most part, the biomarker compositions o f 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 o f HLs 1 
and 2 but not HLs 4 and 5. Three steps can be distinguished in the deposition o f HLs 4 and 
5， wi th the narrow middle step different from the periods above and below it. H L l and 

possibly HL2 contain two steps. 

W i th 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 รบ90-09 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 with in HLs IS probably a result o f variabil ity in the 
relative input from different IRD sources. The biomarker composition o f the "untypical" 
HLs 3 and 6 from ODP 609 is more consistent wi th aeolian rather than IRD input. 

Biomarker analysis provides a potentially more detailed and more specific approach than 
analysis o f bulk properties of sediments to characterize sources and sinks o f IRD. 
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Oksana v K o m i l o v a PhD Thesis 

1.1 T h e H e i n r i c h Even ts 

The c l imate o f our planet is characterised b y per iods o f rap id change. Such var iab i l i t y 

is recorded, for example, i n the mar ine sediments and g lac ia l archives o f the Quaternary 

(e.g. Adams et al., 1999; A l l e y et al., 1993; Dansgaard et al., 1993; Tay lor et al., 1993). 

Understanding the causes, mechanisms and consequences o f c l imat ic changes that 

occurred i n the past is impor tant because they prov ide an analogy for possible M u r e 

envi ronmenta l change associated, for instance, w i t h the effects o f ice cap me l t i ng i n 

response to g lobal w a r m i n g . A n impor tant area o f research is focused on the past 

relat ionships between the d i f ferent ice sheets o f the Nor thern Hemisphere and thei r 

in f luence on dynamics o f the ocean and atmosphere systems and g lobal c l imate (e.g. 

Broecker, 1994; Chapman et al., 2000; Cor t i j o , 2000). 

D u r i n g the last g lacia l per iod, there have been several episodes o f quasi-per iodic 

iceberg discharge from the ice sheets into the N o r t h A t lan t i c (He in r i ch Events (HEร)) 

(e.g. Broecker et al., 1992; Grousset et al., 1993; He in r i ch , 1988). These episodes are 

recorded i n Quaternary sediments as He in r i ch layers ( H L s ) , compared w i t h ambient 

sediment, t yp ica l l y characterised b y increased levels o f ice raf ted debris ( П Ш ) , grey 

ref lectance, grain size and magnet ic suscept ib i l i ty and l o w abundance o f fo ramin i fe ra 

relat ive to I R D (Bond et al., 1992; Broecker et al., 1992; He in r i ch , 1988). Another 

feaณre are the h i gh sediment accumulat ion rates dur ing HEs , calculated using շտօ՜ւհ 
chrono logy (Francois & Bacon, 1994; M c M a n u ร et al., 1998) and ՚՚̂ շ ages ( H u o n et al., 

2002) , and estimated to be higher than 4-15 c m ká՜ ' fo r H L s l , 2， 4 & 5 (Bond et al., 

1993; B o n d et al., 1992; Cor t i jo et al., 1997; Grousset et al., 2 0 0 1 ; V i d a l et al., 1997). 

The ma in area o f the I R D deposi t ion, referred to as the " I R D be l t " , spreads for more 

than 3,000 k m across the Nor thern A t lan t i c between ~ 4 0 ° N and 5 5 ° N (F i g . 1.1) 

(Rudd iman , 1977) w i t h the thickness o f H L s increasing westwards from a few 

centimetres to a meter or more towards the Labrador Sea (e.g. B o n d et al, 1992; 

Grousset et al., 1993; He in r i ch , 1988; Rashid et al., 2003c) . Outs ide the ma in " П Ш 

be l t " , H L s have been recorded from the northwestern Labrador Sea (e.g. Andrews & 

Tedesco, 1992) to the Iber ian marg in (e.g. Lebre i ro et al., 1996). Numerous ice ra f t ing 

events have also been ident i f ied i n the No rd i c Seas (e.g. K o ç & Jansen, 1994), some o f 

w h i c h were synchronous w i t h the HEs . 

4 



Chapter 1 b i t roduc t ion 

E E s are thought to have resulted from b r i e f per iods o f massive iceberg discharge 

p r imar i l y f r o m the Laurent ide Ice Sheet approx imate ly every 7000 years (Andrews & 

Tedesco, 1992; He in r i ch , 1988; M a c A y e a l , 1993). Six such events ( H E 6 - H E 1 ) last ing 

about 495 ±25 5(one standard deviat ion) years ( H e m m i n g , 2004 and references therein) 

have been recognised in the in terva l between past 60 and 10.5 ka. Recent ly , there has 

been a c la im for an addi t ional H L , ident i f ied between H L s 5 and 6 i n the Labrador Sea 

(Rashid et al., 2003b). 

He in r i ch Events correlate w i t h shifts i n other c l imate records such as for example 

Greenland ice cores ( B o n d et al, 1993), F lo r ida vegetat ion ( G r i m m et al, 1993), 

Colorado lake sediments (Anderson et al, 2000) , corals o f Papua N e w Guinea 

(Yokoyama et al., 2001) , Lake Ba i ka l sediments (Prokopenko et al., 2001) , South-

Amer i can salar (Baker et al., 2001) , Chinese loess (Heslop et al., 1999; Porter & A n , 

1995) and South China Sea sediments (Chen ๙ al., 1999; L i n et al., 1999). Est imat ions 

o f sea surface temperatures (SST) and sea surface sa l in i ty (SSS) dur ing E E s indicate 

considerable drop i n bo th parameters (Bard et al., 2000; B o n d et al., 1992; Cayre et al, 

1999; Chapman et al., 2000; Cor t i jo et al., 1997; M a s i i n et ai, 1995; Rose l i -Me le et al., 

2002) apparent ly caused b y fresh water release from the me l t i ng icebergs. That is 

thought to have resulted in a d isrupt ion o f deep-water fo rmat ion i n the N o r t h A t lan t i c 

(Bond et al., 1992; Broecker, 1994; M a s l i n , 1995; M a s l i n et al., 1995; Pai l lard & 

Labeyr ie , 1994). Change i n thermohal ine c i rcu la t ion is l i ke l y to have affected global 

c l imate. W i t h no nor thward transportat ion o f water and thus heat f r o m the western 

t rop ica l N o r t h A t lan t ic , a w a r m i n g o f the Southern Hemisphere should have occurred. 

Th is v i ew is supported b y the mode l developed b y Pai l lard & C o ( 1 9 9 9 ) for H E 4 

and Cruc i f i x & Berger (2002) for H E I . Compar ison between mar ine and ice records i n 

bo th hemispheres, a l though i t should be considered w i t h caut ion, suggests correlat ion 

between c l imat ic changes o f the t w o hemispheres (Charles et al., 1996; Cor t i j o , 2000). 

The cause o f HEs st i l l remains a mystery. The m a i n schools o f thought argue that 

either the internal dynamics o f the Laurent ide Ice Sheet, or external ly forced c l imate 

change (e.g. rap id changes i n sea leve l ) , in f luenced the ice sheet or its env i ronment and 

gave rise to the events. K e y to the discussion is to exp la in whether and w h y the t i m i n g 

o f the iceberg discharges from the Laurent ide Ice Sheet were synchronous w i t h those 

from other ice sheets, i.e. i n Europe and Iceland. Thus, an external fo rc ing w o u l d affect 
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a l l ice sheets s imul taneously and produce their s imultaneous response, whereas internal 

fa i lure o f the Laurent ide Ice Sheet w o u l d lead any responses o f the other ice sheets. 

The proposed external causes for the HEs are insolat ion changes brought about b y 

var iat ions i n the eccentr ic i ty o f the Earth 'ร orb i t (He in r i ch , 1988; M iener t & C h i , 1995) 

or orb i ta l inc l ina t ion (Mu l l e r & M a c D o n a l d , 1995). However , the response o f 3 k m 

th ick ice sheets to external c l imate fo rc ing is l i ke l y to be very s low ( i n the order o f 

thousands o f years), w h i c h does not f i t w i t h the evidence for ve ry rap id deposi t ion o f 

H L s (Dowdeswe l l et al, 1995; McCave , 1995). I n addi t ion, no corre lat ion has been 

found between the t i m i n g o f deposi t ion o f the H L s and any component o f the 

M i l a n k o v i t c h insolat ion cycles (Broecker et a l . , 1992; B o n d et a l . , 1993). 

A n alternative cause o f HEs is internal col lapse o f the Laurent ide Ice Sheet. 

Acco rd ing to M a c A y e a l ' s 'b inge-purge ' theory (1993) , accumulat ion o f ice i n the 

Laurent ide Ice Sheet (binge phase) and discharge o f icebergs (purge) occur according to 

changes i n basal temperature. M a c A y e a l (1993) based his calculat ions on the 

assumpt ion that the release o f icebergs occurred through the Hudson Strait. However , 

I R D from Europe, f o l l owed b y that from the G u l f o f St. Lawrence, precede carbonates 

from Nor thern Canada i n H L s f r o m several cores รณdi ed b y B o n d & L o t t i (1995) and 

Grousset et al., ( 2 0 0 1 ; 2000). 

A s a th i rd possible cause o f H E s , sea level rise as a result o f me l t i ng o f European 

ice sheets i n response to g lobal temperature changes induced b y 1,500 year Dansgaard-

Oeschger cycles (Bond & L o t t i , 1995) has been suggested b y van K reve ld (2000). 

Periods o f coo l ing preceding HEs (Bond et al, 1993) and the presence o f European I R D 

in sediment records p r io r to Laurent ide mater ia l (Grousset et al., 2 0 0 1 ; Scourse et al, 

2000) support this po in t o f v iew. I f HEs are considered together w i t h frequent m ino r 

ice ra f t ing episodes between them, there is good corre lat ion between these events and 

coo l ing episodes recorded i n the Greenland ice cores (Bond & L o t t i , 1995; B o n d et al., 

1999; Thouveny et al., 2000). 

However , i t remains unclear i f this mechanism cou ld account for the รһаф onset 

o f пш from the Laurent ide Ice Sheet and the copious amounts o f icebergs necessary to 

exp la in the thickness o f H L s and the consequences on oceanic c i rcu la t ion imp l i ed from 

p roxy records and mode l l i ng . Recent ly , another hypothesis has been put fo rward , based 
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on a combina t ion o f external c l imate fo rc ing and a n e w l y observed g lac io log ica l process 
(Hu lbe et al., 2004) . Th is proposes the existence o f ice shelves a long the eastern 
Canadian seaboard that cou ld rap id ly disintegrate as a result o f c l imate-contro l led 
mel twater i n f i l l i n g o f surface crevasses. 
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1.1.1 A i m a n d ob ject ives 

The a im o f this thesis is to investigate the appl icat ion o f b iomarkers to the study o f 

provenance o f a l lochthonous organic matter deposited i n the N o r t h At lan t ic dur ing the 

last g lacial per iod. 

The object ives are: 

• T o describe the characterist ic b iomarker signaณres o f the possible sources o f I R D 

b y using Glac igenic Debr is F lows ( G D F ) as a source p r o x y o f I R D i n H L s 

• T o determine the spatial and temporal var iab i l i t y o f a l lochthonous and 

autochthonous inputs o f organic matter i n deep sea glacigenic and hemipelagic 

sediments from several cores i n the N o r t h A t lan t i c 

• T o compare the al lochthonous b iomarker signatures i n deep-sea sediments w i t h 

those described i n the possible source areas to ascertain the provenance o f I R D 

dur ing HEs. 

K e y aspects o f the research, w h i c h are considered testable hypotheses, are: 

- That the compos i t ion o f b iomarkers i n glacigenic sediments i n the N o r t h A t lan t i c can 

be used to find out the provenance o f I R D i n H L s . That imp l ies that I R D i n H L s carries 

a b iomarker signature characterist ic o f each source, and therefore that each source has a 

dist inct b iomarker signaณre or fingerprint. 

- That the organic matter i n the debris flow deposits i n the margins o f the N o r t h A t lan t i c 

has a dist inct and characteristic compos i t ion , w h i c h is analogous to that o f the I R D 

or ig inat ing from the ice sheet that gave rise to the debris flows. 

I n addi t ion, another goal w i l l be to set up the appropriate analyt ical methodo logy for the 

rapid and rout ine characterisation o f broad b iomarker f ingerpr ints i n deep-sea 

sediments. 
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1.2 C u r r e n t v iews on p rovenance o f I R D i n the g lac ia l N o r t h A t l a n t i c 

I n order to understand the causes o f H E s , i t is impor tant to determine the source regions 

o f I R D i n d i f ferent H L s , and the t i m i n g o f each deposi t ional event. Provenance รณdies 

so far have been based mos t l y on minera log ica l (e.g. B o n d & L o t t i , 1995; Grousset et 

al, 2000) , pétrographie (e.g. Piper & D e W o l f e , 2003) , isotopie (e.g. Grousset et al., 

1993; Gwiazda et al., 1996a; 1996b; H e m m i n g et al., 1998; 2000) and elemental (e.g. 

Thomson et al., 1995) compos i t ion o f the l i th ic fraction o f H L s , and compar ison o f I R D 

i n H L s w i t h mater ia l from var ious potent ia l terrestr ial sources. Other methods inc lude 

study o f magnet ic parameters (e.g. Stoner et al, 1996; 1998), micropalaeonto logica l 

compos i t ion (e.g. Rahman, 1995) and bu l k propert ies o f organic matter (e.g. H u o n et 

al., 2002). Some o f the results produced b y these methods are contradictory. One o f 

the reasons for th is may be that d i f ferent gra in size fract ions are used fo r provenance 

studies b y d i f ferent authors. A l t h o u g h the <63 μ ι η fraction is more abundant i n g lacia l 

sediments than the 〉63 μ ι η (Andrews , 2000) , i t cou ld have been transported b y means 

other than ice ra f t ing . M a n y รณdies concentrated on the >150 μ η ι fraction because o f 

its def in i te ly ice raf ted o r ig in . However , that leads to under-representat ion o f some o f 

the rock types, e.g. shale ( H e m m i n g , 2004) . 

1.2.1 O v e r v i e w o f c u r r e n t me thods used i n p rovenance studies 

1.2.1.1 M i n e r a l o g i c a l a n d p é t r o g r a p h i e analys is o f l i t h i c f r a c t i o n 

The minera log ica l compos i t ion o f terr igenous grains has been used to determine the 

sources or I R D . Three groups o f rocks are usual ly considered: ( i ) vo lcanic glass from 

Iceland, ( і і ) hemati te coated quartz and feldspar from Proterozoic and Phanerozoic red 

beds o f the G u l f o f St. Lawrence, and ( і і і ) detr i ta l carbonate m a i n l y from Palaeozoic 

deposits o f eastern and nor thern Canada (Bond & L o t t i , 1995; de A b r e u et al., 2003; 

Grousset et al., 2001) . I n addi t ion to this, Scourse (2000) proposed detr i ta i chalk as 

evidence o f the B r i t i sh Ice sheet collapse. 
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1.2.1.2 Ana lys i s o f magne t i c p a r a m e t e r s 

bicrease i n magnet ic suscept ib i l i ty ( M S ) is associated w i t h cont inental input in to the 

ocean. Magnet ic suscept ib i l i ty measurements have been used to iden t i f y H L s (Grousset 

et al., 1993). I n that w o r k , the peaks on M S records co inc ided w i t h detr i ta l carbonate 

increases and thus were interpreted as an ind icat ion o f N o r t h A m e r i c a n provenance. 

Det r i ta l layers i n the Labrador Sea are characterised b y increased magnet ic 

suscept ib i l i ty support ing this іп Їефге Їа І іоп (e.g. Stoner et al., 1996). A t the same t ime , 

the increase i n this parameter nor th o f 5 2 ° N is several t imes lower than i n the " I R D 

be l t " (Robinson et ai, 1995). 

1.2.1.3 Iso top ie analys is o f m i n e r a ! pa r t i c les 

Deta i led analysis o f var ious potent ia l source areas showed that most o f them cou ld be 

dist inguished on the basis o f their isotopie compos i t ion . The Nd-Sr -Pb isotopie 

compos i t ion o f bu l k I R D o f i nd i v idua l grains is w i d e l y used i n provenance studies i n 

order to constrain the basement terrain o f the I R D source areas (Benson et al., 2003; 

Grousset et ai, 2000; H e m m i n g et al., 1998; Innocent et al., 2000) . B road l y speaking, 

European sources are characterised b y radiogenic N d ( - 15<8Nd [0 ]< -10 ) , unradiogenic Sr 

(0.710<^^Sr/^^Sr<0.725) and young Rb-Sr mode l (<0.5 Ga) , whereas Canadian prov ince 

materials (Canadian Shie ld, B a f f i n B a y & Greenl肪 contain unradiogenic N d (-

4 5 < 8 N d [ 0 ] < - 1 7 ) , more radiogenic Sr ( 0 .72<^^ร r ^S r<0 .733 ) & o l d Rb-Sr mode l ( -2 -3 

Ga) (Grousset et al., 2000) . 

Var ia t ion i n Pb isotopes ratios were used as p roxy for d i f ferent I R D sources b y 

Gwiazda et а/.(1996a; 1996b). H e m m i n g et al. (1998; 2000; 2002) used "^^AsŕAľ ages 

o f homblende grains, Farmer et al. (2003) studied Sr-Nd-Pb compos i t ion o f fine 

sediment fraction, Fagel et al (2002) and Innocent et al., (2000; 1997) used S m - N d 

signatures. The shor tcoming o f this method lies i n the s imi lar geological histories o f the 

ma jo r landmasses surrounding N o r t h A t lan t i c w h i c h makes i t d i f f i cu l t to d is t inguish 

between d i f ferent potent ia l source areas (e.g. Farmer et al., 2003; Gwiazda et al., 

1996b). For instance, detai led analysis o f the isotopie composi t ions o f the i ce-prox ima l 

g lac imar ine sediments and I R D i n the N o r t h A t lan t i c (Farmer et al., 2003) suggest that 

h igher 8Nd[0 ] (>-15) cou ld have been del ivered to the N o r t h A t lan t i c not o n l y from the 
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Fennoscandian Ice Sheet (Grousset et al, 2000) , but from the southeastern marg in o f 

the Laurent ide Ice Sheet. 

1.2.1.4 E l e m e n t a l analys is 

Thomson et al. (1995) used increases i n M g / A l rat io as a p roxy for detr i ta l do lomi te 

from Canada. Rare-earth elemental compos i t ion was used to constrain I R D source i n 

H L 2 from the Labrador Sea (Benson et al., 2003) . Increase i n Z r / A l , S i / A l and Т і / A l 

rat ios i n H L s was іп Їефге Іе( і b y H in r i chs et а/. (2001) as a result o f aeol ian input o f 

loess. 

1.2.1.5 M i c r o p a l a e o n t o l o g i c a l analys is 

Use o f concentrat ion o f reworked nannofossi ls was proposed as a p r o x y fo r input from 

Cretaceous chalks or ig inat ing i n Nor thern Europe (Rahman, 1995). Zaragosi et al. 

(2001) recorded dynocist assemblages o f European o r ig in preceding Canadian s i gna toe 

i n H L from the B a y o f Biscay. Reworked р а І у п о т о ф Ь з were used b y Hiscot t et al. 

(2001) to determine I R D sources i n the Labrador Sea. 

1.2.1.6 B u l k p rope r t i es o f o rgan i c m a t t e r 

Concentrat ions o f organic carbon (OC) , total n i t rogen ( T N ) and stable isotope ratios 

(ô'̂ c and δ '^Ν) o f fine-sized (く50 μη ι ) organic matter i n the N o r t h A t lan t i c core ร บ 9 0 -

09 were used b y H u o n et al. (2002) to demonstrate a change i n the sources o f organic 

matter over the past 50 ka. The authors report contrasts i n sedimentary organic matter 

supply between earlier ( H E 4 & H E 5 ) and younger ( Н Е Ї & H E 2 ) HEs. 

1.2.2 I R D events i n d i f f e r e n t areas o f the N o r t h A t l a n t i c 

Based on magnetic suscept ib i l i ty records, Grousset et al. (1993) demonstrated that the 

thickness o f H L s 1, 2， 4 & 5 decreases from west to east, w i t h gradients elongated 

around - 4 5 ° N . S imi la r findings were reported b y Dowdeswe l l et al. (1995) for H L s 1 

and 2. That indicates predominant ly Hudson Strait provenance and s imi lar pathways o f 

icebergs for these events (Dowdeswe l l et al., 1995; Grousset et al., 1993). The 

d is t r ibut ion o f H L 3 shows decreasing thickness from north-west to south-east and may 

indicate change i n the source and pathways o f icebergs for this layer (Grousset et al., 

11 
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1993). Ano ther indicator o f a Hudson Strait source, the presence o f detr i ta l carbonate, 
was detected w i t h i n but not outside the " I R D b e l t " (Bond et al, 1992). Carbonates 
were present i n a l l H L s from the southwestern N o r t h A t lan t i c but absent from H L s 3 
and 6 towards the northeastern part ( B o n d et al, 1992). B o n d and L o t t i (1995) , 
however, d ist inguished a narrow carbonate peak i n H L 3 not on l y i n core O D P 609 
( 4 9 ° 5 3 ' N , 2 4 ° 1 4 ' พ ) but also i n the north-eastern core V M 2 3 - 8 1 (54° 1 5 ' N , 1 6 ° 5 0 ' พ ) . 
Absence or near absence o f carbonate i n some o f the H L s was interpreted by B o n d et al. 
(1992) as a result o f me l t i ng o f icebergs before reaching eastern locat ions. A s an 
alternative explanat ion, input from the European sources o f I R D was proposed 
(Grousset et al, 1993). A l t hough Hudson Strait appears to be the predominant source 
area, the existence o f mu l t i p le sources o f I R D , European as w e l l as Amer i can , i n the 
N o r t h A t lan t i c H L s is supported b y minera log ica l (Bond & L o t t i , 1995; de Ab reu et al, 
2003; Grousset et al., 2 0 0 1 ; Scourse et ai, 2000) , isotopie (Grousset et al, 2000; Reve l 
et al, 1996) and pa lyno log ica l data (Rahman, 1995). 

L a b r a d o r Sea 

Locat ions p rox ima l to former ice sheets, such as the Labrador Sea and Nord ic Seas, 

preserve more detai led sedimentary records o f ice sheet instabi l i ty . Det r i ta l layers i n the 

Labrador Sea are thought to have been deposited not on l y b y ice ra f t ing but also b y 

nephelo id flow and turbidi tes (Andrews & Tedesco, 1992; Hesse & Khodabakhsh, 

1998; H i l l a i re -Marce l et al., 1994; Rashid et al., 2003c) . And rews & M a c L (2003) 

suggest that mel twater discharge rather than ice ra f t i ng was the dominant process i n H L 

fo rmat ion i n the Labrador Sea. Several detr i ta l layers have been recognised based on 

magnet ic propert ies o f the sediments (H i l l a i re -Marce l et al., 1994; Stoner et al., 1996). 

H i l l a i re -Marce l et al. (1994) noted that bo th carbonate and coarse fraction are not 

consistent ly present in a l l He in r i ch layers i n the Labrador Sea, suggesting var iab i l i t y i n 

the sources o f I R D . He in r i ch layers, some w i t h h igh detr i ta l carbonate content ( D C ) 

and others w i t h l o w ( L D C ) corresponding to N o r t h A t lan t i c HEs were ident i f ied on the 

basis o f 14c A M S dates on Neogloboquadrina pachyderma (Andrews et al., 1994; 

Andrews & Tedesco, 1992) and geomagnetic palaeointensi ty (Stoner et al., 1998). A 

predominant ly N o r t h Amer i can Precambrian Shie ld source was reported for H L s i n 

several Labrador Sea cores from S m - N d isotope data (bmocent et al., 1997). 
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N o r d i c Seas 

b ipu t from European ice sheets is recorded i n the sediments o f the Nord ic Seas; increase 

i n the I R D content and other indicators o f c l imate change correlate w e l l w i t h δ ՝ ^ 0 i n 

Greenland ice cores (e.g. Andrews et al, 1998; Baumann et al., 1995; D o k k e n & H a l d , 

1996; E l l i o t et al., 1998; Fronva l et al., 1995). Baumann et al. (1995) l i nked I R D peaks 

on the V ø l i n g Plateau i n the Norweg ian Sea to H E 2 , H E 3 , H E 4 and H E 5 . Fronva l et al. 

(1995) also ident i f ied detr i ta l layers, some o f w h i c h correlate i n t ime w i t h N o r t h 

At lan t ic H E s , i n a sediment core from the No rweg ian Sea. Thei r minera log ica l 

compos i t ion suggested a Fermoscandian o r ig in . A core from the cont inental slope south 

o f the Denmark Strait s i l l , analysed b y Andrews et al. (1998) , contained t w o layers 

approx imate ly coeval w i t h H L l and H L 2 i n the N o r t h A t lan t ic . 

However , D o w d e s w e l l et al. (1999) argue that there is insuf f ic ient evidence for 

such corre lat ion since on ly a few I R D peaks i n the No rd i c Seas match H L s 

unambiguous ly and because o f age uncerta inty o f ±2，0^^ years. What is more, the 

f ind ings o f Baumann et al. (1995) contradict those o f Fronva l et al. (1995) . Lack o f 

corre lat ion between I R D layers i n the N o r t h A t lan t i c and Norwegian-Green land Sea 

was also reported b y Miener t & сы ( 1995) on the basis o f magnet ic suscept ib i l i ty and 

density analysis o f sediment cores. Based on the รณdy o f three cores from the 

cont inental slope o f the Spitsbergen marg in , L l o y d et al. (1996) main ta in that I R D 

events i n the No rd i c Seas cou ld not have correlated w i t h HEs due to the d i f ferent 

mechanisms o f thei r fo rmat ion . 

Acco rd ing to L l o y d et al. (1996) , I R D produc t ion i n the Norwegian-Green land 

Sea is mos t l y determined b y moiรณre supply that controls ice cap accumulat ion and 

thus iceberg ca lv ing. The m a i n source o f moisture i n that reg ion is evaporat ion o f sea 

surface waters. D u r i n g glacia l per iods, sea surface temperatures i n the reg ion w o u l d be 

l o w , reduc ing evaporat ion and thus g rowth o f A rc t i c ice sheets. In warmer per iods, 

when the arctic front retreats, the i n f l o w o f A t lan t i c waters in to the N o r w e g i a n -

Greenland Sea w o u l d produce moisture supply fo r expansion o f A rc t i c ice masses. The 

b u i l d up and collapse o f ice sheets i n mid- lat i tudes (e.g. the Laurent ide Ice Sheet) w o u l d 

have a s imi la r ef fect, leading to an antiphase relat ionship between ice masses i n m i d and 
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h i gh alt i tudes (Bou l ton et al., 1985). Th is v i e w is supported b y the fact that the 

Spitsbergen marg in I R D peaks occur dur ing interstadials as w e l l as g lacia l per iods. 

Four I R D events coeval w i t h H E 1-4 were recorded i n the sediments from the 

F ram Strait (Darby et al,, 2002) ind icat ing input from Arc t i c sources. 

1.2.3 V a r i a b i l i t y o f s e d i m e n t a r y charac ter is t i cs be tween H L s 

Var iab i l i t y in the propert ies o f sediments between so-called " t y p i c a l " Н Е Ї , H E 2 , H E 4 

& H E 5 and " u n t y p i c a l " HE3 and H E 6 events i n the N o r t h A t lan t i c is w e l l established. 

H L s 3 and 6 from the cores w i t h i n the " I R D b e l t " are characterised b y lower peaks i n 

magnet ic suscept ib i l i ty than H L s 1, 2, 4 & 5 (Grousset et al., 2 0 0 1 ; 1993; Rob inson et 

ai, 1995) and lower mass fluxes o f total sediment as calculated us ing บ - T h isotope data 

( M c M a n u ร et al., 1998). They d i f fe r from the " t y p i c a l " H L s also i n their isotopie 

compos i t ion (e.g. Grousset et al., 2000 ; Gwiazda et al., 1996b). O n the basis o f N d and 

Sr isotopie analysis o f sediments i n H L s 1, 2， 4 and 5, Grousset et al. (1993) named 

B a f f i n B a y as a source area o f I R D i n these layers. Lead isotope compos i t ion o f H L 2 i n 

the " I R D be l t " (Gwiazda et al., 1996b) points at Church i l l p rov ince o f the Canadian 

Shie ld (Hudson Bay, Hudson Strait and B a f f i n Is land) as a provenance area for this 

layer. S imi la r findings were reported b y รทoeckx et al. (1999) fo r H E 4 us ing Sr -Nd 

data and b y H e m m i n g et a l . (1998) on the basis o f ' '^Ar/^^Ar ages o f i nd iv idua l 

homblende grains as w e l l as Nd-Sr -Pb isotopie analysis o f H L s 1, 2, 4 & 5 i n core V 2 8 -

82 ( 4 9 ° 2 7 ' N , 2 2 ° 1 6 ' พ ) from the northeastern At lan t ic . Pb isotope compos i t ion o f 

these layers matches that o f B a f f i n Is land except fo r one isotope rat io ( H e m m i n g et al., 

2000) . I n contrast, I R D in H L 3 appears to have or ig inated p r ima r i l y from Scandinavia 

and Greenland (Gwiazda et al., 1996a). Reve l et al. (1996) reported systematic increase 

eastwards i n cont r ibu t ion from European sources i n H L s 3 & 6 based on S r -Nd isotopie 

compos i t ion . H L 3 from the Northeastern core T88-9P, also d i f fers from H L s 1, 2, 4 & 

5 i n terr igenous b iomarker characteristics (Madure i ra et al, 1997). Ab reu et al (2003) 

attr ibuted the provenance o f H L 3 I R D i n a core from the Iber ian marg in ( M D 9 5 - 2 0 4 0 ) 

to mos t l y Icelandic source as indicated b y the presence o f vo lcanic glass. H L 4 at this 

locat ion is th icker than the rest o f H L s and its I R D accumulat ion record has a double-

peaked strucณre (Thomson et al., 1999). 
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There is a poss ib i l i ty , however , that H L s 3 and 6 i n the northeastern part o f the 
N o r t h A t lan t i c do not conta in I R D and changes i n the sedimentary records associated 
w i t h these events ref lect changes i n sea surface temperatures and foramin i fera 
p roduc t i v i t y i n response to iceberg release from the Laurent ide Ice Sheet (Bond et al., 

1992) . The isotopie signature (Sr, N d & Pb) o f H L 3 sediments is s imi la r to that o f the 

background sediments (Gwiazda et al., 1996a; Reve l et al., 1996). I n the O D P 609 core 

( 4 9 ° 5 3 ' N , 2 4 ° 1 4 ' พ ) , the abundance o f l i th ic fragments per gram o f sediment i n H L 3 is 

pract ica l ly indist inguishable from the ambient sediments, i n contrast to H L s 1 , 2 , 4 & 5 

(Bond & Lott ì^ 1995; Broecker et al., 1992). 

The unusual character o f the N o r t h A t lan t i c H E 3 is recorded also i n the Labrador 

Sea. K i r b y & Andrews (1999) reported absence o f H L 3 from the northwestern 

Labrador Sea and proposed a d i f ferent source area (across rather than a long the Hudson 

Strait) fo r this event. Based on sedimentological evidence from a number o f cores, 

Rashid et al. (2003a) argue that H L 3 i n the Labrador Sea is s imi lar to the other H L s and 

was not detected prev ious ly i n some locat ions due to i ts deep bur ia l or erosion. บ / T h 

isotopie analysis o f the H L s 0-4 i n the south-eastern Labrador Sea core HU91-045 -094 

b y Veiga-Pires & H i l l a i re (1999) d id not reveal s igni f icant di f ferences i n 

sedimentat ion rates between the H L s i n that locat ion. Th is data is supported b y 

geomagnetic palaeointensi ty records (Stoner et al., 1998). These results indicate a 

Hudson Strait provenance o f I R D i n H L 3 . However , dur ing this event, icebergs 

probably d i d not reach as far east as dur ing prominent HEs 1, 2, 4 and 5 (Grousset et al., 

1993) . 

1.2.4 Source v a r i a b i l i t y w i t h i n H E s 

B o n d and L o t t i (1995) recorded var iable input f r o m di f ferent I R D sources w i t h i n H L s 1， 

2 & 4 i n cores O D P 609 ( 4 9 ° 5 3 ' N , 2 4 ° 1 4 ' พ ) and V M 2 3 - 8 1 ( 5 4 ° 1 5 ' N , 1 6 ° 5 0 ' พ ) w i t h 

detr i tal carbonate input lagg ing beh ind basalt ic glass ( Iceland (Voe lke r et al., 1998) and 

I rminger Bas in (E l l i o t et al, 1998; van K reve ld , 2000)) and hemati te-coated quartz 

(East Greenland (Bond et al., 1999; van K reve ld , 2000)) . I n a more detai led study o f 

the northeastern At lan t ic core M D 9 5 - 2 0 0 2 , Grousset et al. (2000) showed that H L s 1, 2, 

4 & 5 can be d iv ided into three parts on the basis o f their isotopie compos i t ion : the 

bo t tom and top parts d isplay European o r i g in but the midd le part is o f N o r t h Amer i can 
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der ivat ion. A s imi lar three-step structure was found i n H L 4 from the Iber ian marg in 
( ร บ 9 2 - 2 8 ) . Snoeckx et al. (1999) report a European signal at the beg inn ing o f H L 4 i n 
several N o r t h A t lan t i c cores. Scourse (2000) presents evidence o f detr i ta l chalk from 
the Cel t ic cont inental shel f preceding and co inc id ing w i t h l i th ic fragments o f Laurent ide 
or ig in in H L 2 but not Н І Л from two Northeastern A t lan t i c cores. Based on the 

minera log ica l and isotopie compos i t ion o f I R D , Grousset et al. (2001) ident i f ied three 

phases o f I R D deposi t ion i n H L s 1 and 2 i n central N o r t h A t lan t i c core ร บ 9 0 - 0 9 : a 
European precursor event recorded b y vo lcanic glass, a Laurent ide step dominated b y 
quartz, and finally detr i ta l carbonate f r o m Hudson and B a f f i n Bays. These results are 
supported b y evidence from other locat ions, e.g. O D P 609 and V M 2 3 - 8 1 (Bond et ai, 
1999). Wha t is more, source areas for precursor events to H L 2 and H L 4 from O D P 609 
appear d i f ferent from one another according to radiogenic isotope data (Vance & 
Archer , 2002). Piper & Skene (1998) report iceberg discharge from the cont inental 
marg in o f N o v a Scot ia as recorded b y b r ick - red sandy m u d deposits i n several 
southwestern Labrador Sea cores, immedia te ly preceding release o f carbonate-r ich I R D 
corresponding to Н Е Ї . Based on detai led petrograpMc analysis, Piper & D e W o l f e 
(2003) report d i l u t i on o f the Hudson Strait (carbonate) signal i n H L s 1 and 2 i n the 
southwestern Labrador Sea b y I R D f r o m numerous sources i n Newfound land and N o v a 
Scotia. 

H i g h resolut ion isotopie analysis o f l i th ic fraction and organic matter i n H L s 

from N o r t h A t lan t i c core ร บ 9 0 - 0 9 revealed that I R D deposi t ion, and therefore iceberg 

discharge from the Laurent ide Ice Sheet, took place i n a series o f pulses last ing 200-500 

years (Grousset et al, 2001) w i t h short periods o f hemipelagic sedimentat ion between 

them. S imi lar th in layers were reported i n the Bar ra Fan record ing ins tab i l i ty o f the 

Br i t i sh ice sheet (Knu tz et al., 2001) . 
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1.3 A p p l i c a t i o n o f a nove l a p p r o a c h to recons t ruc t I R D p rovenance 

1.3.1 D e b r i s flows as a source p r o x y o f I R D 

Provenance studies so far have been based on compar ison o f var ious propert ies (e.g. 

isotopie, minera log ica l etc.) o f I R D i n the H L s w i t h the characteristics o f basement or 

detr i ta l rocks exposed i n the regions surrounding N o r t h A t lan t i c (e.g. Gwiazda et al., 

1996b; H e m m i n g et al., 1998; Piper & D e W o l ^ ^ 2003) . The shor tcoming o f this 

approach is that propert ies o f i nd i v idua l outcrops i n the c i r cum-Nor th A t lan t i c area do 

no t necessari ly ref lect the nature o f the I R D actual ly transported into the ocean b y 

icebergs. I ce -p rox ima l sediment may present a more accurate p r o x y for a source o f 

I R D . For instance, on the basis o f pétrographie analysis, Scourse et al. (2000) l i nked 

g lac imar ine sediments from the I r ish Sea ice stream across the Cel t ic shel f to sediments 

preceding H L 2 i n t w o Northeast A t lan t i c cores. Farmer et al. (2003) used isotopie 

characteristics o f ice p rox ima l sediments to infer provenance o f H L sediments. W e 

propose us ing glacigenic debris flows ( G D F ) as a p roxy fo r the source o f I R D i n the 

N o r t h A t lan t i c . G D F consist o f sediments del ivered to the cont inental shel f b y ice 

streams dur ing per iods o f iceberg discharge and therefore represent an integrated input 

o f mater ials under ly ing the ice streams. 

1.3.1.1 Palaeo ice s t reams a n d sed imen ta t i on at ice s t r e a m t e r m i n i 

D u r i n g episodes o f ice sheet instabi l i ty , large masses o f icebergs were discharged into 

the ocean through a series o f ice streams (Stokes & Clark, 2001). Existence o f these 

palaeo ice streams is o f ten recorded o n the cont inental shel f as w i d e bathymétr ie 

troughs conta in ing streamlined subglacial bedforms (e.g. о Co fa igh et al, 2002) . W h e n 

over l y ing readi ly deformable sediment, ice streams eroded and del ivered to the 

shelfbreak large vo lumes o f sediments ( A l l e y et al., 1989). A large p ropor t ion o f 

sediment was deposited on the shel f break and then transported d o w n slope b y mass 

flow processes, ma in l y debris flows ( G D F ) , f o rm ing fan-shaped, d iamic t -dominated 

sediment accumulat ions, T rough M o u t h Fans ( T M F ) (e.g. Vo r ren & Laberg, 1997; 

Vo r ren et al., 1989). T M F s are recognised as usefu l indicators o f f om ie r ice streams 

(Dowdeswe l l & Siegert, 1999). A t the same t ime, some o f the sediment іпсофога їес і i n 

ice was transported into the ocean b y icebergs and precipi tated as ice raf ted debris 

f o r m i n g H L s . Compos i t ion o f the sediments i n T M F deposits ref lects that o f the 
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outcrops eroded b y ice streams and o f I R D i n the detr i ta l layers i n the deep ocean. T M F 
deposits consist o f h i g h l y m i x e d , o f ten homogenous sediments representative o f large 
source areas that fed ice streams (e.g. K i n g et al, 1998; 1996; Vo r ren & Laberg, 1997). 
That is w h y w e propose to use T M F sediments as a source p r o x y for I R D i n H L s . 

1.3.1.2 M a j o r T M F deposi ts i n the N o r t h A t l a n t i c 

N o r d i c Seas m a r g i n s T M F s . C lass ica l T M F m o d e l 

Several we l l -de f ined T M F s are situated around the margins o f the Polar N o r t h At lan t ic 

(F ig . 1.1). Based on the study o f these deposits, a classical T M F mode l was developed 

(Dowdeswe l l et al, 1996; Laberg & Vo r ren , 2000; Vo r ren & Laberg, 1997). Acco rd i ng 

to this mode l , when the ice-streams reached the shel f break, large masses o f glacigenic 

d iamic t - r i ch sediments accumulated on the upper cont inental slope at the edge o f cross-

shel f t roughs. These sediments were subsequently remobi l ised and transported 

downslope as debris flows. Th is resulted i n fan-shaped deposits dominated b y stacked 

debris flows (F i g . 1.2). E ight T M F s have been ident i f ied at the margins o f the No rd i c 

Seas (F ig . 1.1), ranging i n size from 2,700 k m 2 (Kongs f í j o rd T M F ) to 215,000 k m 2 

(Bear Is land T M F ) (Vo r ren & Laberg 1997). 

I t is impor tant to note that the size and architecture o f debris flow deposits do 

not necessari ly ref lect the intensi ty o f the ice streams. Specif ic geological condi t ions, 

such as l o w gradient (<1° ) o f cont inental slope, abundant readi ly erodib le shel f 

sediment and a w ide cont inental shel f faci l i tate T M F development (O Co fa igh et al, 

2003) . 

T M F deposi ts on the N o r t h A m e r i c a n m a r g i n 

The morpho logy and sedimentary architecture o f cont inental slope environments i n 

front o f palaeo-ice streams on the N o r t h A m e r i c a n marg in presents a more compl icated 

picture o f sedimentary deposi t ion than a classical T M F mode l suggests (O Co fa igh et 

al, 2003) . b l contrast to T M F deposits around the No rd i c Seas, where each T M F was 

fo rmed at the m o u t h o f a single large ice stream, glacigenic deposits i n the B a f f i n B a y 

and Labrador Sea basins were fed from several ice streams along the cont inental 

marg in , resu l t ing i n heterogeneity o f debris flow deposits across these basins (e.g. A k s u , 

1984; Hesse et al., 1990). A l so , i n the Labrador Sea, on l y part o f the sediment was 

deposited as debris flows. The predominant mechan ism o f sedimentat ion is thought to 
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have been suspension sett l ing from meltwater. D i rec t discharge from Hudson Strait is 
recorded as a sandy bra id-p la in i n the N o r t h A t lan t i c M i d - O c e a n Channel ( N A M O C ) 
(Hesse et al, 1997). O n the upper slope, fine muds were deposited by mel twater 
p lumes and subsequently remobi l ised b y turbidi tes (Hesse et al., 1999b). 

1.3.2 B i o m a r k e r a p p r o a c h to i n f e r o r i g i n o f I R D i n H L s 

Bio log ica l marker compounds (biomarkers) are geo log ica l ly occurr ing organic 

compounds w i t h chemica l strucณres that can be unambiguous ly l i nked to natural 

product precursors (Eg l in ton & Ca lv in , 1967). They are molecu lar fossils that preserve 

in fo rmat ion regarding the cont r ibu t ion from di f ferent sources o f biomass to sedimentary 

organic matter. Ana lys is o f the abundance and d is t r ibut ion o f b iomarkers provides 

in fo rmat ion on the operat ion o f the b iochemica l processes i n the geological past, and 

thei r response to env i ronmenta l change (Eg l in ton et al., 1992). Th is i n fo rmat ion cannot 

a lways be gained b y geo log ica l ly based measurements. 

Analys is o f autochthonous ( fonned dur ing a per iod o f deposi t ion) b iomarkers is 

used to determine var iat ions i n palaeoceanographic condi t ions. For instance, the 

relat ive abundance o f a group o f long-chain alkenones, present i n mar ine sediments, is 

used to reconstruct past var iat ions i n sea surface temperatures through the บ'^37 and 

uK '37 indexes (e.g. Brassel l et al., 1986a; Eg l in ton et al., 1992; Rüh lemann et al., 1999). 

The sedimentary abundance o f var ious phytop lankton ic b iomarkers can be related to 

changes i n p r ima ry p roduc t i v i t y (e.g. Summerhayes et al, 1995). Photosynthetic 

condi t ions can be reconstructed b y analys ing the presence o f certain 

bacter iochlorophyl ls or thei r diagenetic соип ІефаПз, >Сзз porphyr ins (e.g. Repeta et 

al., 1992). 

W i t h regards to пш sources, research has been focused on al lochthonous 

(ancient) b iomarkers. Rose l l -Me lé & K o ç (1997) and Rose l l -Me lé et al. (1997) 

reported the presence o f meta l loporphyr ins i n N o r t h A t lan t i c sediments associated w i t h 

late Quaternary déglaciat ion episodes. These compounds occur w i d e l y i n ancient 

sedimentary rocks and pet ro leum and represent products o f long- term diagenesis o f 

ch lo rophy l l (cf. Cal lo t , 1991). The exist ing data indicate that the porphyr ins were 
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transported w i t h the JRD b y w a y o f erosion and advect ion o f organic- r ich sedimentary 

mater ia l (Rose l l -Melé et al., 1997). 

I t has been hypothesised that possible source regions o f I R D possess unique 

composi t ions o f al lochthonous biomarkers (b iomarker fingerprints). S imi lar 

пп§ефгіпЇ8 should be discovered i n I R D layers or ig ina t ing from them (Rose l l -Melé et 

al., 1997). The existence o f such пп§ефгіпІ5 i n He in r i ch layers has been recorded b y 

the same authors. H L s 2 and 4 from core B O S F 5 K (50°41.3 ՛ N , 21°51.9 ' พ ) from 

East Thulean Rise and No rweg ian Sea core M 2 3 2 6 0 were characterised b y the presence 

o f an abundant homologous series o f ary l isoprenoids and t w o C40 diaromat ic 

components w i t h a caratenoid carbon skeleton. Wha t is more , the d is t r ibut ion o f 

components i n the H L s o f core B O S F 5 K compares favourab ly w i t h those reported for a 

number o f Palaeozoic N o r t h Amer i can sediments (Requejo et al, 1992). 

1.3.3 Pho tosyn the t i c p i gmen ts 

Photosynthet ic organisms, such as higher plants and algae, produce a var ie ty o f 

pigments that undergo diagenetic t ransformat ion i n the water co lumn or at the 

sediment/water interface f o rm ing green sedimentary ch lor ins and red meta l loporphyr ins 

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

The ear ly diagenetic products, chlor ins, occur ub iqu i tous ly i n recent sediments 

(Cal lo t , 1991). The stratigraphie var iat ions o f ch lo r in concentrat ion i n mar ine 

sediments have been used as a p roxy for changes i n palaeoproduct iv i ty and 

preservat ional e f f i c iency i n the h igh l y product ive upwe l l i ng areas o f the A t lan t i c Ocean 

(Brassel l & Eg l i n ton , 1986; Harr is et al, 1996; Summerhayes et al, 1995) and i n the 

N o r t h A t lan t i c and No rd i c Seas (Rose l l -Melé & K o ç , 1997; Rose l l -Me lé et al., 1997). 

Previous research shows a drop i n SST dur ing the HEs (Chapman et al., 2000; Rose l l -

M e l é et al., 1997). A t the same t ime, these events are characterised b y s ign i f icant ly 

increased concentrat ions o f chlor ins. I n v i ew o f the postulated l o w produc t i v i t y dur ing 

the HEs , h igh ch lo r in values were іпЇЄфгеЇе(і to be a result o f enhanced preservat ion 

due to a reduct ion i n the thermohal ine c i rcu la t ion dur ing the HEs . Acco rd i ng to Rosel l -

M e l é et al. (1997) , the sudden appearance and disappearance o f p igments f r o m the 
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sediment record may i l lustrate rap id change i n océanographie condi t ions tr iggered b y 

these events, and rap id sw i tch between two states (on /o f f ) o f deep water c i rcu lat ion. 

Р о ф һ у п п ร , on the other hand, are fo rmed as a result o f long- term degradat ion o f 

ch lo rophy l l (e.g. Baker & Lauda, 1986; Cal lo t et al, 1990). They are w i d e l y present i n 

ancient sedimentary rocks and pet ro leum and the most predominant species, n i cke l ( N i ) 

and vanady l ( V O ) are used as a source parameter i n oi l - to-source rock correlat ion 

(Peters & M o l d o w a n , 1993). Copper and n icke l р о ф һ у п п ร are present i n terrestr ial 

accumulat ions o f peat and coals (Sundararaman et al., 1984). The presence o f 

porphyr ins i n He in r i ch Layers sediments has been reported for N o r t h A t lan t i c core 

B O S F 5 K . The o r ig in o f these p igments was attr ibuted to ice raf ted debris f r o m 

terrestr ial sources (Rose l l -Me lé et al, 1997) since no indigenous р о ф һ у п п ร had been 

observed i n sediments younger than the Late Pl iocene ( K e d y et al, 1994). 

Sedimentary т е І а І ю р о ф Ь у г і п ร occur predominant ly as vanad ium (TV) and 

n icke l ( I I ) complexes, i.e. as vanady l (VO^^) and n icke l (Ni^՝^) species. The relat ive 

proport ions o f these species are related to specif ic deposi t ional environments. Under 

ox ic condi t ions, n icke l is favoured b y the h igher equ i l i b r ium constant for react ion w i t h 

free-base porphyr ins. However , under l o w Redox condi t ions, N i 2 + is precipi tated as 

sulphide, leav ing V 0 2 + to chelate free-base porphyr ins (Lewan , 1984). Thus h igh 

VO/(VO+Ni) reflects anoxic condi t ions and v ice versa (Peters & M o l d o w a ^ 1993). 

A l s o , h igh VO/(VO+Ni) has been associated w i t h a mar ine o r i g in o f organic matter, and 

l o w - w i t h terrestr ial or lacustr ine der ivat ion (Peters & M o l d o w a n , 1993). 

Strat igraphie var iat ions and relat ive abundances o f photosynthet ic p igments can 

be analysed using U V - v i s i b l e spectrophotomentry. W i t h a few exceptions, p igments 

conta in ing a tetrapyrrol ic ring have electronic spectra m a x i m u m i n the near U V - v i s i b l e 

range (350-850 ա ո ) . The Soret band ( ร ) is the one w i t h the highest ex t inc t ion i n the 

near uv range (350-420 ա ո ) (Do lph in , 1978). Chlor ins are characterised b y the 

addi t ional absorbance m a x i m u m at 665 ա ո ( I satell i te band) (Baker & Lauda, 1986). I n 

porphyr ins , this satell i te band shif ts to 550 n m ( N i ) and 570 n m ( V O ) . O f ten , an 

absorbance m a x i m u m at the next satell i te band is v is ib le - 510 and 530 n m respect ively 

(Eg l in ton et al, 1985). Photosynthet ic p igments can be classi f ied us ing the rat io o f 

extract absorbance at the Soret band (410 n m ) to that at a satell i te band ( I , 665 nm) . 
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Due to the shi f t i n the satell i te band, this rat io (ร/I) is h igher (>10) for porphyr ins than 
for chlor ins (1-5) (Rose l l -Melé et al., 1997). 

1.3.4 N-a lkaneร 

N o r m a l alkaneร (ท-alkaneร) are straight-chain saturated hydrocarbons. They are 

c o m m o n l y present in organic-matter-bear ing sediments and usual ly consti tute the most 

abundant compound class i n the saณrated f ract ion (M i les , 1994). N-alkaneร are 

produced b y h igher plants as w e l l as b y bacteria and algae (Tissot & Wel te , 1984). I t is 

general ly accepted that h igh molecular we igh t ท-alkaneร (ท-С27.31) or ig inate from 

epicut icular waxes o f h igher terrestr ial plants (Eg l in ton & н腿i l t^ 1967). H i g h 

abundance o f l o w molecu lar we igh t ท-alkaneร (ท-Cis-ig) is associated w i t h input from 

mar ine or lacustr ine algae (Gelp i et al., 1970; Tissot & W e l t e r 1984). Bacter ia l input 

(nC 10-29) is usual ly ins ign i f icant (Comet & E g l i n i 1987). The presence o f ท-alkaneร 

i n mar ine sediments has o f ten been associated w i t h aeolian dust inputs (S imonéi t , 

1977). Madure i ra et al. (1997) ітефге Їе< і the presence o f ท-alkaneร i n He in r i ch layers 

i n the northeast A t lan t i c core T88-9P as a result o f such input as w e l l as ice ra f t ing . 

V i l l anueva et al. (1997) , demonstrated the ice raf ted o r ig in o f ท-alkaneร i n H L s from 

t w o cores ( ร บ 9 0 - 0 8 and ร บ 9 0 - 3 9 ) . 

Long-cha in ท-alkaneร were found to be more resistant to ox ic degradat ion i n the 

water co lumn than some other b iomarkers, e.g. sterols and alkenones (Damste et al, 

2002) . That should have a l lowed ท-alkaneร from I R D to be deposited i n H L s w i t h l i t t le 

or no al terat ion. Therefore, they m a y present a valuable p roxy for I R D sources i n H L s . 

I n the w o r k o f Madure i ra et al. (1997) H L 3 d i f fe red from H L s l , 2 & 4 i n the 

concentrat ion o f ท-alkaneร and i n their re lat ive d is t r ibut ion. That cou ld ref lect a 

d i f ferent source o f I R D i n this layer. Gas cԽomatog raph i c f ingerpr ints are o f ten used 

i n the pet ro leum industry for correlat ion purposes (Peters & M o l d o w a ^ 1993; Tissot & 

Wel te , 1984). The d is t r ibut ion o f ท-alkaneร reflects bo th the deposi t ional env i ronment 

and the degree o f r ewo rk i ng o f organic matter. They are of ten present i n h igher 

abmdance than other compound classes and are easily recognised on a gas 

chromatogram, therefore they do not require any addi t ional analyt ical procedi ireร such 

as for instance mass spectrometry. I t was hypothesised that d i f ferent potent ia l sources 
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o f I R D could be dist inguished on the basis o f the absolute and relat ive abundances o f ท-
alkaneร. Be low , the parameters that can be used to d ist inguish between di f ferent ท-
alkane sources are discussed. 

1.3.4.1 Re la t i ve a b u n d a n c e o f h i g h m o l e c u l a r w e i g h t ท-a lkaneร 

The rat io o f h i g h molecu lar we igh t ท-alkaneร to l o w molecu lar we igh t ones ( T a b l e 1.1) 

can be used to estimate relat ive input from terrestr ial (higher p lant) vs. mar ine (algal) 

soiirces o f «-alkaneร i n recent sediments. I n ancient sediments, however , the abundance 

o f short chain compounds i n terrestr ial ly der ived organic matter increases w i t h 

maturat ion, and ท-alkane envelope ( i n a chromatographic trace) becomes displaced 

towards lower molecu lar we igh t homologues (Peters & M o l d o w a ^ 1993). A h igh 

concentrat ion o f the short-chain ท-alkaneร i n ancient sediments m a y be a result o f 

b iodegradat ion, e.g. diagenetic t ransformat ion o f funct ional ised al iphat ic precursors 

such as ท-carboxyl ic acids o f the sediment 'ร organic matter (Tissot & Wel^^^ 1984). 

The presence o f al lochthonous organic matter o f p redominant ly terr igenous and 

reworked (mature and biodegraded) nature i n the glacial deposits i n the Nord ic Seas has 

been reported prev ious ly (Wagner & Henrichu 1994). The rat io o f h igh molecu lar 

we igh t to l o w molecu lar we igh t ท-alkaneร can be used to d is t inguish between d i f ferent 

potent ia l sources o f I R D . I n H L s , however , the values cou ld be biased due to the 

al lochthonous input o f l o w molecular we igh t components. That input ref lects 

p roduc t i v i t y w h i c h is decoupled from glacia l - interglacia l processes (V i l l anueva et al., 

1997) and preservat ion o f organic matter that m a y be enhanced dur ing HEs (Rosel l -

M e l é & Koç , 1997). Hence this parameter m a y prove less useful when analysing H L 

sediments. 

1.3.4.2 Re la t i ve abundances o r the l ong -cha in n-a lkaneร (ท-€շ7, ท-C29 and ท-Сз і ) 

The relat ive abundance o f the long-chain ท-alkaneร (ท-Շշ7, ท-Շշ9 and ท-Сз і ) is thought to 

ref lect the source o f organic matter, Ո -Сз і o r ig inat ing from grass and П-С27, ท-C29 from 

woodlands (Cranwe l l , 1973; M c C a f f r e y et al., 1991). Brau l t et al. (1988) at tr ibuted 

predominance o f П-С29 to a mar ine background signal , and that o f ท-С31 to terr igenous. 

The relat ive abundance o f ท-C27 was shown to increase w i t h change i n the type o f the 

source vegetat ion as a result o f the c l imat ic w a r m i n g (Br incat et ai, 2000) . I n H L 

sediments, the relat ive abundance o f the long-cha in ท-alkaneร also reflects the degree o f 
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rework ing o f ice raf ted ancient organic matter (Peters & M o l d o w a n , 1993; Tissot & 
Wel te , 1984). 

1.3.4.3 C a r b o n Pre fe rence I n d e x ( C P I ) 

Carbon preference index (CPI) is a rat io o f abundances o f ท-alkaneร w i t h odd carbon 

numbers to those w i t h even carbon numbers (Bray & Evans, 1961) ( T a b l e 1.1). The 

l o w molecular we igh t ท-alkaneร o f algal o r ig in show an odd carbon number 

predominance w i t h m a x i m u m at nCi7, whereas terrestrial ท-alkaneร demonstrate no 

predominance i n that range. I n contrast, terrestr ial h i gh molecu lar we igh t ท-alkaneร are 

characterised b y h i gh C P I wh i l e those der ived from algae show no preference or a sl ight 

even-carbon predominance at h i g h molecu lar we igh t (e.g. Brassel l , 1993; Brassel l et al, 

1978). For sediments w i t h reworked organic matter, h i gh C P I values (>3) are 

associated w i t h younger organic matter (Fahl & Stein, 1999). C P I <3 is at tr ibuted to 

fossi l sources. W i t h т а ш г і ї у , C P I tends to approach 1 (Peters & M o l d o w a n , 1993). 

1.3.4.4 A v e r a g e C h a i n L e n g t h ( A C L ) 

Average chain length ( A C L ) ( T a b l e 1.1) is also thought to ref lect var iab i l i t y i n the 

source o f organic matter (Madure i ra et al., 1995) w i t h shorter values characteristic o f 

organic matter fo rmed i n cooler cl imates (Poynter et al., 1989). L o w e r A C L values are 

expected for ancient sediments as a result o f rework ing o f organic matter (Peters & 

M o l d o w a n , 1993). 

1.3.4.5 Pr i s tane to p h y t a n e a n d i sop reno id /ท -a l kane ra t ios 

Pristane (С 19) and phytane (C20) are isoprenoids der ived from phy to l , a diagenetic 

product o f ch lo rophy l l . They are easi ly recognised on the gas c toomatogram as e lu t ing 

after nCi7 and nCi8. Thei r rat io (Pr/Ph) <0.6 is thought to indicate degradat ion o f 

phy to l under anoxic condi t ions, and >3 is ind icat ive o f an ox ic deposi t ional 

env i ronment o f terrestr ial organic matter (Peters & M o l d o w a n , 1993). However , many 

other factors may affect the Pr/Ph rat io such as input from archaeal l ip ids (Goosens et 

a l . , 1984 i n Peters & M o l d o w a n , 1993), coelut ion on a chromatographic trace ( V o l k m a n 

& Maxwel lu 1986 i n Peters & M o l d o w a ^ 1993) and matur i t y o f organic matter (Ten 

Haven et a l . , 1987 i n Peters & M o l d o w m 1993). Pristane/Ci7 and phy tane /c 18 are also 

used i n corre lat ion studies. H igher values o f these ratios are associated w i t h h igher 
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degree o f b iodegradat ion and l o w matur i t y (Peters & M o l d o w a n , 1993 and references 
therein). For the purposes o f this study, the interpretat ion o f Pr/Ph and isoprenoid/ท-
alkane rat ios is less impor tant than the fact that they ref lect deposi t ional condi t ions, 
organic input and matur i ty , and therefore may be used to d is t inguish between di f ferent 
sources o f organic matter i n the ocean. 

1.3.4.6 Un reso l ved C o m p l e x M i x t u r e ( U C M ) 

Unresolved complex m ix tu re ( U C M ) appears on a gas chromatogram as a hump rising 

from the baseline, and presents a m ix tu re o f var ious branched and cyc l i c compounds 

that cou ld not be separated b y gas cfeomatography. It is a result o f b iodegradat ion o f 

the organic matter i n the or ig ina l sediment source (Peters & M o l d o w 1993). U C M 

found i n mar ine sediments is o f ten associated w i t h pet ro leum contaminat ion (e.g. 

V o l k m a n et al, 1992). I t m a y also s ign i f y the presence o f reworked terrestr ial organic 

matter such as was reported b y Wagner and Henr i ch (1994) to be present i n glacigenic 

sediments o f the No rd i c Seas. 

1.3.5 O t h e r b i o m a r k e r s 

M o r e detai led in fo rmat ion on the source o f organic matter can be der ived from the 

analysis o f other classes o f b iomarkers, e.g. terpanes, steranes, aromatic and polar 

compounds (Peters & M o l d o w a n , 1993; Peters et al, 2000) . spec i f i c b iomarkers 

diagnostic o f a part icular source and absent from other sources m a y be ident i f ied. 

These b iomarkers cannot be ident i f ied using gas c toomatography alone and gas 

chromatography-mass spectrometry ( G C - M S ) or gas chromato graphy-mass 

spectrometry - mass spectrometry G C - M S - M S is required to determine the structure o f 

i nd iv idua l compounds. 
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T a b l e 1.1 L is t o f variables used for compar ison o f b iomarker compos i t ion o f d i f ferent 
potent ia l sources and sinks or I R D i n the N o r t h A t lan t i c . 

Var iab le Descr ip t ion Reference 

ร/I 
Rat io o f absorbance i n Soret band (410 n m ) to a 
satell i te band (665 n m ) 

(Baker & 
Lauda, 1986) 

vo 
νΟ-l·Ni 

Relat ive abundance o f vanady l р о ф һ у п п ร (Lewan , 1984) 

TNA (ng/g) 

С2?/ Շշ9 

C29/Q 31 

Tota l amoimt o f η-alkaneร per gram d ry we igh t 

Relat ive abundance o f long-chain ท-alkaneร 

Rat io o f П-С27 alkane to ท-С31 alkane 

Rat io օ ք ո - Օ շ 7 alkane to ท-C29 alkane 

(Peters et al, 
2000) 

(Cranwe l l , 
1973; 
M c C a f f r e y et 
al., 1991) 

CPI17.2S 

CPI24-Ì1 

ACL25-33 

UCM/g(ng/g) 

UCM/TNA 

Pr/Ph 

Pr/C,7 

Ph/Cis 

Carbon preference index ( ท - С 17-23 and ท-С23-31) 

CPI = V 
'1 

Average chain length 

+ 2 7 C „ +29C,o + 3 1 C , , + 3 3 C , 
ACU 

니 Հ +レ" + ᄂKl +レ' + Cr 

Unreso lved complex mix tu re per g ram d ry 

we igh t 

Rat io o f U C M amount to that o f tota l ท-alkaneร 

Pristane to phytane rat io 

Pristane to nCi7 alkane rat io 

Phytane to nCi8 alkane rat io 

(B ray & 
Evans, 1961) 

(Poynter ๙ ๗ . , 
1989) (Temo iร 
e i α/., 2001) , 

(S imonéi t & 

Mazurek , 

1982; 

V o l k m a n et 

al., 1992) 

(Peters & 

M o l d o w a n , 

1993) 

( L i j m b c h , 

1975 i n Peters 

& М о М ^ 

1993) 
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Cover image: MARS 5 microwave accelerated reaction system. A method was developed for rapid 

exԾaction of sediment samples. 
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2.1 I n t r o d u c t i o n 

The overv iew o f methods used for sample preparat ion and analysis is shown i n F i g . 

2 .1 . A l l samples underwent comparable treatment. B lank analyses were rou t ine ly 

carr ied out to check for contaminat ion o f solvents, utensils or apparatus p r io r to and 

dur ing the analysis o f samples. 

I n the course o f this study, a method fo r m ic rowave assisted extract ion o f 

b iomarkers f r o m mar ine sediments was developed ( K o m i l o v a & Rose l l -Me lé , 2003) . 

I t is presented i n Sect ion 2.5. 
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2.2 W e t - c h e m i s t r y 

2.2.1 Chemica l s a n d p r e p a r a t i v e e q u i p m e n t 

G lassware 

Pr io r to the first use, disposable and reusable glassware was cleaned b y firing at 450 

°С for 12 hours. Reusable glassware was cleaned between uses b y soaking i n a 

so lu t ion o f n i t r ic acid (1%) for at least 8 hours, f o l l owed b y rinsing w i t h tap water, 

and at least 8 hour soaking i n a so lu t ion o f Decon soap (Decon Laborator ies L t d , 

H o v e , U K ) ( 5 % ) . I t was rinsed w i t h tap water and then deionised water, dr ied and 

f i red at 450 °С for 12 hours. 

Reagents a n d Solvents 

Detai ls o f general-purpose solvents and reagents used for sample preparat ion and 

analysis are listed in T a b l e 2. 1 . Anhydrous crystalline Na2S04 (drying agent), was 

extracted w i t h dichloromethane ( D C M ) i n batches (lOOg) i n a Soxhlet apparatus and 

fired at 450 "c for 12 hours. 

T a b l e 2. 1 No ta t ion , source and propert ies o f solvents and reagents used i n 

exper imental procedures. Source notes: (1) Fisher Chemicals L t d , Loughborough , 

U K ; (2) B D H Chemica l L t d , Poole, U K ; (3) S igma A l d r i c h , G i l l i ngham, U K . 

Name Abbrev ia t i on Prov ider Grade 

C e r t i f i e d ^ 

G C 

Specified® 

Distol® 

Distol® 

Cert i f ied® 

9 8 % 

Acetone 

2,2,4-tr imethylpentane 

N-hexane 

Methano l 

Methy lene chlor ide 

N N - B i s ( t r imethy ls i l y l ) 

t r i f luoracetamide 

N i t r i c ac id 

Sod ium Sulphate (anhydrous) 

Urea 

iso-Octane 

M e O H 

D C M 

B S T F A 

HNO3 

Na2S04 

2 

1 

1 

99.84 b y 

99.99 b y 

Analar® 69-70 .5% 

Cert i f ied® 99 .50% 

Cert i f ied® 99 .70% 
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Standa rds 

Compounds used as internal and recovery standards are l isted i n Table 2. 2. 

Standards were prepared as isO-Octane solut ions i n glass vo lumet r ic flasks. A 

" m i x e d sediment standard" was used for measur ing preparat ive and analyt ical 

precis ion. Th is consisted o f a homogenised m ix tu re o f oceanic sediments col lected 

from a number o f locations i n the No rd i c Seas. One sample o f this standard was 

extracted and analysed w i t h each batch o f samples i n order to mon i to r the 

reproduc ib i l i t y o f the processing o f samples and analyt ical procedures. A "sediment 

b l ank " was used to mon i to r for contaminat ion dur ing the preparative and analyt ical 

procedxireร. I t was prepared from a homogenised т і х Ш г е o f oceanic sediments b y 

combust ion i n a furnace at 800 °С to remove a l l organic matter. 

T a b l e 2. 2 No ta t i on and propert ies o f standards used i n exper imental procedures. 

Source notes: a l l standards were obtained from S igma-A ld r i ch , G i l l i ngham, U K . 

Name No ta t i on Properties 

Dotr iocontane ท-Сз2 9 7 % 

Hexatr iocontane ท-С36 9 7 % 

Cholestane ― 9 8 % 

Cholesterol ― 9 9 + % 

5a-Cholestane-3-one Cholestanone 9 7 % 

2-Octy ldodecanoic ac id — 9 6 % 
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2.2.2 Samp le w o r k u p 

L i p i d ex t rac t i on 

• The freeze-dried sediments were homogenised to a fine powder i n their glass 

storage vials w i t h a spatula and glass pestle (bo th implements were rinsed 

w i t h D C M and dr ied between samples). 

• We ighed al iquots o f the crushed samples (0.2-5g) were transferred to pre-

we ighed T e f l o n ™ mic rowave vessels. A k n o w n concentrat ion o f internal 

standard and 10 m l o f D C M / M e O H (3:1) was added. 

• Batches o f 12 vessels (10 va l idat ion samples, 1 b lank and 1 " m i x e d sediment 

standard") were loaded into the M A R S 5 m ic rowave and extracted at 70°c 

fo r 5 minutes. See A p p . l fo r a l ist o f preparat ive equipment. 

• A f te r extract ion, the solvent/sediment т і х Ш г е was transferred from the 

m ic rowave vessels to test tubes and centr i f i iged (ЗОООгрт for 5m in ) . The 

solvent supernatant conta in ing l i p i d extracts was decanted to a 15 m l Pyrex 

test-ณbe. 

• T o increase recovery, an addi t ional 3 m l o f D C M / M e O H (3:1) was added to 

the extracted sediment and the mix tu re was shaken. The solvent/sediment 

m ix tu re was again centr i fuged (ЗОООфш fo r 5m in ) and the 2nd supernatant 

product was added to the test tube conta in ing the first. 

• The combined solvent extract was concentrated to dryness i n a centr i fugal 

evaporator or w i t h n i t rogen b l o w - d o w n . 

• T o remove residual water, the dry extract was redissolved i n 300μ\ o f D C M 

and eluted through a glass pipette conta in ing extracted cot ton w o o l and 

anhydrous crysta l l ine sod ium sulphate. Th is operat ion was repeated three 

t imes. 

• The dr ied extracts were placed in a vacuum man i f o l d and the solvent was 

removed under a gentle stream o f n i t rogen and a l ight vacuum, and 

subsequently stored (sealed) at -20°c un t i l p igment analysis or f ract ionat ion. 

• The organic extracts were re-dissolved i n 500-2000//1 o f acetone. A n al iquot 

o f 30/Л from each v ia l was injected on the H P L C fo r p igment analysis, 
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col lected and combined w i t h the total sample, taken to dryness w i t h n i t rogen 

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

C o m p o u n d class f r a c t i o n a t i o n a n d sample c leanup us ing h i g h p e r f o r m a n c e 
l i q u i d c h r o m a t o g r a p h y ( H P L C ) 

Sediment extract clean-up and fractionation was necessary to remove polar 

compounds that may interfere du r ing G C analysis o f the sample and to separate the 

tota l extract in to fractions conta in ing the analytes o f interest («-alkaneร, alkenones, 

n icke l and vanady l р о ф һ у п п ร ) . Previously, asphaltenes were precip i tated w i t h 

excess ท-hexane and the remain ing fraction (maltene) was used fo r fiirther analysis. 

The latter was separated into 4 fractions using h i g h per formance l i qu id 

chromatography ( H P L C ) adapt ing the method b y Schulz et al. (2000) . The system 

used consisted o f quaternary p u m p (D ionex ) , connected to a guard c o l u m n ( 5 m m ) 

and ThermoQuest /Hypers i l c o l u n m (250X4.6 m m ) packed w i t h L iChrospher Si 100 

(5 μπι s i l ica). To ta l extracts (maltenes) were re-dissolved i n 30 μ1 o f ท-hexane and 

in jected v ia a 20 μ1 loop into the H P L C system w i t h a flow rate o f 2 m l / m i n . Four 

fractions were obtained, w h i c h were col lected us ing the F o x y Jr. f rac t ion col lector 

( ISCO, Inc.) . The details are presented i n the T a b l e 2. 3. 

The reproduc ib i l i t y o f the fractionation procedure was tested w i t h a m ix tu re 

o f standards (hexatriacontane, cholestane, 2-nonadecanone, Сз7:2 alkenone, Сз7:з 

alkenone, 5acholestan-3-one, cholesterol , 1-docosanol) at a concentrat ion o f 

~100ng/ / / l fo r a l l standards except for the alkenones, w h i c h had a combined 

concentrat ion o f ~20ng/ /^ l . Recoveries o f the fraction classes were greater than 90-

9 8 % for a l l standards w i t h a prec is ion o f ± 3 . 3 % (at 9 5 % conf idence). The บ ' ^37 ՛ 

value o f the synthetic alkenone standards ( -0 .2 ) was not s ign i f icant ly altered b y the 

procedure. The accuracy at 2σ be ing 0.008 บ ' ^ 3 7 ՛ uni ts (by G C - Ғ Ш ) , or 0.11°c us ing 

the M u l l e r et al (1998) cal ibrat ion. The system was contro l led w i t h the Chromeleon 

sof tware (D ionex) . 

T a b l e 2. 3 Solvents and e lu t ion vo lumes used to fractionate maltene extract b y H P L C . 
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Fract ion Solvent V o l u m e Compounds classes 

1 

2 

3 

ท-hexane 5.5 m l 

ท-hexane/ D C M (90:10; v /v ) 14 m l 

D C M 9 m l 

acetone 9 m l 

al iphat ic hydrocarbons 

aromatic hydrocarbons 

al iphat ic ketones (alkenones) 

and some alcohols 

"po la rs " (e.g. sterols, and 

fat ty acids) 

D e r i v a t i s a t i o n 

Fract ions conta in ing polar compounds ( total sample and fractions 3 & 4) were 

syl i lated w i t h B S T F A (NN-BİS ( t r imethy ls i l y l ) t r i f luoracetamide). D r y fract ionated 

extracts were dissolved i n 100 μΐ D C M and 40 μ1 o f B S T F A i n a G C v i a l , w h i c h was 

sealed and lef t overn ight at r o o m temperature, or al ternat ively for 1 hour at 80°c. 

The solut ion was spiked w i t h a recovery /GC standard o f a k n o w n concentrat ion, 

dr ied (vacuum man i f o l d or Cent r ivap@) and stored i n a fridge un t i l G C analysis. 

Pr ior to th is, the dry, fract ionated and si ly lated extracts were redissolved i n iso-

Oc tane(10-500 / i l ) . 
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2.3 I n s t r u m e n t a l analys is 

2.3.1 T o t a l O r g a n i c C a r b o n 

Tota l organic carbon ( T O C ) content was determined on a C H N elemental analyser 

(EA1108 , Carlo Erba Instruments). Si lver cups (4x3.2 m m ; Cat. # D 2 0 ^ were 

cleaned b y Soxhlet extract ion w i t h an acetone/hexane ш іхШге (1:1) for 8 hours, dr ied 

i n a fume cupboard and heated at 250°c for 12 hours. App rox ima te l y 1 m g o f the 

dry sediment was placed into each si lver cup. The cups were placed on a Te f l on 

plate and lef t overn ight i n a desiccator to e l iminate moiรณre. T o remove inorganic 

carbon (i .e. carbonate), samples were saturated w i t h deionised water (1-2 drops were 

added to each cup us ing a syr inge) and placed i n a 2500 m l desiccator conta in ing 

- 2 5 0 m l concentrated hydroch lor ic acid for 5 hours. The acid i n the desiccator was 

replaced w i t h each new batch o f samples ( - 80 samples i n a batch). I n some o f the 

samples, the carbonate content was very h i gh w h i c h resulted i n decarbonation 

react ion be ing too rap id risking spi l lage and cross contaminat ion. For those samples, 

the remova l o f carbonate was per formed i n the refr igerator overnight . H C l and water 

were removed b y p lac ing samples i n an oven at ~50°c for 1.5 hours. A f t e r that 

procedure, the caps were closed and lef t overn ight i n a desiccator. 

2.3.2 Pho tosyn the t i c p i gmen ts 

T o determine the tota l content o f tet rapyrro l ic photosynthet ic p igments , (i.e. chlor ins 

and porphyr ins) , sample extracts were redissolved i n 0.03-1 m l o f acetone and 

analysed b y v is ib le spectrophotometry us ing an H P L C system, consist ing o f D ionex 

P 580 series pump attached to a D ionex P D A - 1 0 0 photodiode array detector w i t h a 

20 μ1 in jec t ion loop. 30 μ1 o f extract was in jected. Acetone was used as a mob i l e 

phase. A n absorbance spectrum was generated fo r a range o f U V - v i s i b l e wavelengths 

( λ = 380-800 n m ) . Tota l photosynthet ic p igments content was est imated b y 

measur ing the absorbance o f the extracts i n the Soret band (the band w i t h the highest 

ext inc t ion coef f ic ient i n the near -UV range, i.e. 360-420 ա ո ) . Absorbance i n the 

satell i te bands was also recorded for the quant i f i ca t ion o f specif ic p igment classes, 

namely chlor ins (665 n m ) and р о ф һ у п п ร (510 & 550 n m for n icke l and 530 & 570 

ա ո for vanadyl species) (Eg l in ton et al, 1985). 
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The relat ive magniณde o f an absorbance fo r a g iven wave length (Αχ) and 

d i l u t i on fac t ion (DF) per gram dry sediment ( M ) was expressed as Ρλ, and calculated 

by : 

_ ( A . X D F ) 

^ M 

Ana ly t i ca l precis ion was determined b y t r ip l icate analysis o f most samples analysed. 

The relat ive standard deviat ion was consistent ly < 5 % . The spectrophotometer l ight 

source was a l lowed to stabil ise fo r one hour p r io r to analysis and blanks and m i x e d 

sediment standard samples were analysed w i t h each batch to account for errors from 

any systematic day-to-day shif ts i n instrumental response. The analysis o f p igments 

was a non-destruct ive procedure and the samples were retained for subsequent 

analysis. 

Abundances o f N i and vo р о ф һ у п п ร were calculated b y integrat ing 

absorbance peaks at 550 and 570 n m from U V - V I S spectra. Then , relat ive 

abundance o f vanady l porphyr ins i n each sample was calculated as a rat io o f vo 

porphyr ins to total N i and vo р о ф һ у п п ร . 

2.3.3 L i p i d h y d r o c a r b o n s 

Ident i f i ca t ion o f G C amenable compounds was made b y compar ison w i t h 

authenticated standards and relat ive retent ion t imes whenever possible. 

Quant i f i ca t ion o f l ip ids was per fo rmed on a gas Chromatograph fitted w i t h a flame 

ion isat ion detector ( Ғ Ш ) (CP-3800, Var ian L td . ) w i t h a temperature programmable 

spl i t-spl i t less injector. L·ijector t empera toe was he ld at 85°c for 0.1 minute and then 

rap id ly increased to 250°c. Separation was per fo rmed us ing a B P l fused s i l ica 

capi l la ry co lumn (50m length X 0 .32mm internal diameter, 0.25 μτη film tMckness). 

Hyd rogen was used as carrier gas (12 psi) and the oven temperature program was 

50°c to HO'-C at 10°c/min, 140°c to 310°c at 6°c/min and 310°c for 5-35 m i n . 

Data acquis i t ion and compound quant i f icat ion was per fo rmed on Chromeleon 

sof tware (D ionex ) . The internal standard used fo r the quant i f ica t ion o f the al iphat ic 

fraction was hexatriacontane (пСзб), for aromatic fraction Cholestane was used, 

Cholestanone was a standard for alkenones and other ketones, and Cholesterol and 2-
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Octy ldodecanoic ac id were used for a l l other compounds. Where an internal standard 

was not already present (i.e. added as a recovery standard before extract ion) i t was 

added p r io r to the H P L C separation step or the der ivat isat ion step. 

W h e n necessary, chemical strucmre o f the ind iv idua l compounds was 

conf i rmed b y mass spectrometry ( M S ) . Gas chromatography mass spectrometry 

( G C - M S ) was per fo rmed us ing HP6890 Gas Chromatograph coupled to MS5973 

Mass Spectrometer (HP/Ag i len t ) . In jector temperature was 3 0 0 ^ ^ (split less mode) . 

Separation was achieved w i t h an H P - 5 M S capi l lary co lumn (30 m X 0.25 m m 

internal diameter, film thickness 0.25 μ ιη ) . H e l i u m was used as a carr ier gas (10.58 

psi) and the oven- tempera toe p rogram was 80°c to 150°c at 15°c/min, 150°c to 

300°c at 6°c /mm and 300°c for 30 minutes. The mass spectrometer was operated 

i n electron impact mode ( ion is ing energy o f 70 e V ) ; i on source temperature o f 

250°C), mass range m/z 40-800. b id i v idua l compounds were ident i f ied b y 

compar ing mass spectra w i t h that i n l i terature sources. 
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2.4 D a t a Ana l ys i s 

Biomarker compos i t ion o f d i f ferent samples was compared us ing a set o f parameters 

bor rowed f r o m o i l explorat ion/geochemical research (e.g. F icken & F a m m o n d , 

1995; Peters et al, 2000) . I n order to reduce d imens iona l i ty o f the dataset, p r inc ipa l 

component analysis ( P C A (Dav is , 1986)) was used. P C A summarizes the bu l k o f the 

var iab i l i t y i n the mul t ivar ia te data set i n a smal l number o f "p r inc ipa l components" 

(PC) w h i c h are l inear combinat ions o f the or ig ina l variables (Meg len , 1992). That 

a l lows graphic display o f the data us ing 2-4 variables (PC) that represent most o f the 

var iab i l i t y f r o m the or ig ina l dataset. B iomarker compos i t ion o f d i f ferent types o f 

samples was conducted using mul t ivar ia te analysis o f variance ( M A N O V A ) w i t h 

P C I , PC2, and PC3 as dependent variables. Ana lys is o f variance ( A N O V A ) o f 

ind iv idua l variables was conducted when necessary to obta in more detai led 

in fo rmat ion . I n order to assess the cont r ibut ion o f i nd iv idua l variables i n the overa l l 

var iab i l i t y o f the b iomarker пп£ЄфгіпЇ8 o f d i f ferent samples, mu l t i nom ia l logist ic 

regression (m log i t ) was used. A l l the above-ment ioned analyses o f data were 

per formed us ing the Stata statistics package. 
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2.5 A p p l i c a t i o n o f m ic rowave-ass is ted e x t r a c t i o n to t he analys is o f b i o m a r k e r 

c l ima te p rox ies i n m a r i n e sediments 

2.5.1 I n t r o d u c t i o n 

M i c r o w a v e assisted extract ion ( M A E ) is based o n the direct appl icat ion o f 

electromagnetic radiat ion to a mater ia l (e.g. organic solvent, p lant t issue) w h i c h has 

the ab i l i t y to absorb electromagnetic energy (microwaves) and to t ransform i t into 

heat. U n l i k e convent ional heat ing b y in f rared energy or thermal conduct iv i t y , the 

increase i n tempera toe occurs s imul taneously i n the who le vo lume o f solvent, тыร 

process is caused b y the mu l t i p l e col l is ions o f the solvent molecules as they real ign in 

the osci l la t ing electromagnetic f i e ld , generat ing energy i n the f o r m o f heat (Lete l l ier 

& B u d z i n s ^ 1999). Compared w i t h convent ional methods, such as ultrasonic 

extract ion and Soxhlet extract ion, the advantages o f M A E are reported to be a h igher 

recovery o f the analyte, shorter extract ion t imes and the use o f smaller quanti t ies o f 

solvent (e.g. B lanco et al, 2000; Jayaraman et al., 2 0 0 1 ; Pastor et al, 1997; 

Toman iová et al, 1998). 

M A E can be per fo rmed i n open or closed vessels (see rev iew i n LeBlanc , 

1999). I n open systems, the extract ion occurs at atmospheric pressure and w i t h 

var iable energy input . I n closed systems, extract ion takes place at contro l led pressure 

(up to 5 atm) and a temperature that may exceed the bo i l i ng po in t o f the solvent under 

atmospheric condi t ions, to increase extract ion ef f ic iency. I n commerc ia l ly -ava i lab le 

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

Since the in t roduct ion o f M A E o f organic compounds b y Ganzler et a l . (1986) , 

the appl icat ion o f open systems has been rq îo r ted for the extract ion o f a w i d e range o f 

components, inc lud ing po lyaromat ic hydrocarbons (PAHs ) , phenols, total pet ro leum 

hydrocarbons, pesticides, po lych lor ina ted b iphenyls (PCBs) , tr iazines and fats from a 

var iety o f matr ices, e.g. soi ls, sediments and b io log ica l tissues (see Camel , 2000; 

Eski lsson & B jö^ 2000; Kau f inann & C t ó s t e ^ 2002; Lete l l ier & B u d z ๒ ^ 

1999; Lete l l ier et al, 1999 and references therein). Nonetheless, to our knowledge, 

M A E i n closed vessels has not been prev ious ly employed i n b iomarker studies. 

Here, the opt imisat ion o f M A E o f b iomarkers be long ing to two dist inct 

compound classes, namely chlor ins and long-chain C37 alkenones, used as 
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palaeocl imate proxies i n mar ine sediments, is presented and appraised. Sedimentary 
abundance o f chlor ins can be related to past changes i n p r ima ry p roduc t i v i t y i n the 
deposi t ional environments (e.g. Rose l l -Me lé , 1994, รшпегһауеร et a l . , 1995 and 
Harr is et a l . , 1996). For example, the presence o f certain bacter iochlorophyl ls or thei r 
diagenetic соип Іефа ї Їз (>C33 р о ф һ у п п ร , e.g. Repeta et a l . (1989) can be used to 
reconstruct the occurrence o f anoxygenic photosynthesis. A lkenones i n sediments are 
used to calculate the บ ' ^37 ՛ index, a p r o x y for past sea surface temperaณres (Brassel l et 
al . , 1986 and Prahl and Wakeham, 1987), w h i c h is calculated from the relat ive 
abundance o f C37:2 [heptatr iaconta-(15E,22E)-dien-2-one] and C37:3 
[heptatr iaconta-(8E, 15E,22E)- t r ien-2-one] unsaturated ketones. Reconstruct ion o f sea 
surface temperatures is based on the l inear relat ionship between บ ' ^37 ՛ and temperature 
(Prahl and Wakeham, 1987 and M ü l l e r et a l . , 1998). 

I n order to produce a detai led and mean ing fu l palaeocl imat ic record, i t is 

necessary to process a large number o f samples usual ly characterised b y smal l size 

(~1 g) and l o w organic matter content. U l t rason ic extract ion is o f ten the preferred 

method o f sample preparat ion i n palaeocl imate studies (e.g. for the alkenones, see 

Rose l l -Me lé et a l . , 2001) . I t is a re la t ive ly inexpensive procedure, a l though arguably, 

bo th t ime- and labour-consuming since repeated extract ion o f the sediment is requi red 

to extract the analytes w i t h a recovery close to 9 9 % . A fast alternative is accelerated 

solvent extract ion ( A S E ) , based on app ly ing h i gh temperamre and pressure to the 

sample i n a re la t ive ly l o w amount o f solvent. Commerc ia l systems are expensive and 

complete ly dedicated to the operat ion. A s an alternat ive, M A E , w h i c h is w i d e l y 

employed i n the acid digest ion o f sediments and minerals , was examined. The 

commerc ia l opt ions are cheaper for M A E than A S E w h i l e a l l ow ing the simultaneous 

extract ion o f mu l t i p le samples. The tests have been per fo rmed i n a commerc ia l l y 

avai lable device, and the results are compared w i t h those from the extract ion o f the 

same samples us ing an ul trasonic bath. 
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2.5.2 E x p e r i m e n t a l 
2.5.2.1 U l t r a s o n i c e x t r a c t i o n 

Approx ima te l y 1 g o f freeze-dried and homogenised sediment was extracted using 4 

m l o f d ich loromethane/methanol m ix tu re (3:1) i n an ul t rasonic bath (Decon Lab L td . ) . 

Each sample was extracted three t imes for 15 m i n . The supernatant was separated 

from the sediment b y cent r i fug ing at 3000 r p m fo r 5 m i n i n a M is t ra l 2000 centr i fuge 

( M S E ) and then decanted. The solvent from the combined supernatant was removed 

using a Cent r iVap V a c u u m Concentrator (Labconco) . 

2.5.2.2 M A E 

A s i n the ul trasonic method , ~1 g o f freeze-dried sediment was extracted w i t h 

d ichloromethane/methanol (3 :1) . The method is described i n Sect ion 2.2.2. 

2.5.2.3 Q u a n t i f i c a t i o n o f b i o m a r k e r s 

See Sections 2.3.2 and 2.3.3. 

2.5.3 Resul ts a n d d iscussion 

2.5.3.1 I n f l u e n c e o f key pa rame te r s 

Previous รณdies have established that the e f f i c iency o f the recovery o f the analyte 

depends on the extract ion condi t ions, a l though there is no complete agreement on the 

signi f icance o f the var ious potent ia l ly key factors such as temperature, vo lume o f 

solvent and extract ion t ime. M o s t รณdies show increase i n extract ion e f f ic iency w i t h 

increase i n temperature due to improved ժ շ տ օ փ է ւ օ ո o f the analytes from the mat r i x 

and higher analyte so lub i l i t y (e.g. Chee et al, 1996; L lompar t et al., 1997; Lopez-

A v i l a et al., 1995). A l so , at h igher temperatures, solvent v iscosi ty and surface tension 

decrease, fac i l i ta t ing penetrat ion o f the mat r i x (e.g. sediment). Other researchers, 

however, report no s igni f icant inf luence o f temperature on recovery (e.g. в amabas et 

al., 1995; Si lgoner et al, 1998). Reduced yields have been reported i n some cases, 

probably due to degradat ion o f thermolabi le compounds (e.g. Font et ai, 1998; 

L o p e z - A v i l a et al, 1996). M o s t researchers have found that a change i n the vo lume o f 

solvent employed does not lead to a s igni f icant var ia t ion i n the recovery o f analytes 

(e.g. В amabas et al, 1995; Hasty & Revetz, 1995). A few studies, however , d i d 
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observe that the amount o f solvent employed var ied w i t h extract ion ef f ic iency. For 
instance, (Chee et a l , 1996) reported decreased recovery o f P A H s w i t h an increase i n 
solvent vo lume. A c o m m o n observat ion, however, is that i t is necessary for the who le 
sample to be immersed i n solvent to avo id electr ical arc ing (Barnabas et a l . , 1995). 
F ina l ly , extract ion t ime ( t ime interval after the extract ion temperature is reached) o f 5 
m i n or less is o f ten reported as suf f ic ient for an extract ion e f f ic iency s imi la r to or 
higher than that achieved us ing t radi t ional methods (e.g. (e.g. Carro et al, 1999; Chee 
et al., 1996). Others, however , found i t necessary to emp loy longer extract ion t imes to 
obtain m a x i m u m recovery o f anal ytes (e.g. Font et al, 1998; M o l i n s et al, 1997; 
Si lgoner ๙ α/., 1998). 

The signi f icance o f the potent ia l ly three k e y factors ( tempera toe , vo lume o f 

solvent and extract ion t ime) ident i f ied b y previous workers and the interact ion 

between them were studied i n a screening factor ia l design. T o s i m p l i f y the procedure, 

on l y y ie lds o f chlor ins were analysed i n this part o f the study. A set o f eight 

experiments was carr ied out w i t h each factor at t w o levels, usual ly k n o w n as ' h i g h ' 

and ' l o w ' (Tab le 2.4 a n d T a b l e 2.5; ( M i l l e r & М Ш е г , 1993 p . l 8 5 ) . The condi t ions 

chosen fo r M A E were as s imi lar as possible to those for ul trasonic extract ion to 

faci l i tate compar ison between both methods. The temperatures employed were lower 

than those reported b y previous workers i n order to shorten coo l ing t imes and prevent 

possible decomposi t ion o f some o f the analytes at h igher temperatures. T o evaluate 

the prec is ion o f the method , each exper iment was pe r fo imed i n t r ip l icate. 

T a b l e 2. 4 Levels o f factors for the screening design. 

Factor L o w (-) H i g h (+) 

V o l u m e o f solvent ( V ) , m l 4 16 

Temperature ( t ๆ , °С 

Ext rac t ion t ime (て), m i n 

40 80 

5 15 
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T a b l e 2. 5 Des ign mat r i x and response values i n factor ia l design. Y i e l d o f p igments 

is normal ised to the highest value (80°c, 16 m l solvent and 5 minutes ho ld ing t ime) . 

Results for ultrasonic extract ion (US) are inc luded for compar ison 

run 

no. 

temperature уо їшпе o f extract ion relat ive y ie ld o f R S D , 

(T ) solvent (v ) t ime f t ) p igments, % % 

1 

2 

3 

4 

5 

6 

7 

8 

9 

է 

V 

t v 

т 

t T 

v T 

v t T 

U S 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

73 

74 

81 

65 

91 

89 

100 

97 

90 

4.4 

1.5 

2.4 

2.0 

4.5 

3.6 

4.0 

1.0 

3.1 

The results o f the s igni f icance study are shown i n T a b l e 2.5 and F i g . 2.2 (note 

that the that relat ive standard dev iat ion, R S D , d i d not exceed 4 .5%) . The effect o f 

each ind iv idua l factor was assessed b y calcu lat ing the average di f ference i n response 

(recovery o f chlor ins) between the experiments when the levels o f the other factors 

remained fixed. Th is and the in teract ion between each pai r o f factors (e.g. temperature 

p lus vo lume, vo lume plus t ime , etc. ― first order interact ions) and between a l l three 

factors (second order interact ion) were calculated according to the procedure out l ined 

i n ( M i l l e r and M i l l e r , 1993, p. 181). A n analysis o f variance ( A N O V A ) was carr ied 

out to test the statistical s igni f icance o f each factor and interact ion. 

I n this design, on l y the effect o f temperature appears to be s igni f icant (F i g . 

2.3). Therefore, on l y th is parameter was opt imised to max imise extract ion ef f ic iency. 

I t was also evident that M A E at 80 °С produced ch lor in recoveries comparable to 

those obtained b y u l t rasonicat ion ( T a b l e 2.5 and F i g . 2.2). I n add i t ion , w h e n using 

M A E , i t was found to be suf f ic ient to extract each sample on l y once to obta in yields 

equivalent to those obtained us ing ul t rasonicat ion w i t h three extract ions ( T a b l e 2.5 

and F i g , 2.2). I t is apparent that our results show that M A E is a faster and less labour-
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consuming method than ul t rasonicat ion. A rguab ly , the higher t e m p e r a l e used i n 
M A E may lead to al terat ion i n the or ig ina l compos i t ion o f i nd iv idua l chlor ins i n the 
sediment. However , the wavelength o f 410 n m used for measurement o f ch lo r in 
abundance here and i n other palaeocl imate invest igat ions on ly accounts for the 
presence o f the ring s t ruc toe o f the chlor ins, not the substiณents (Jef f rey et al., 1997). 
Hence, structural al terat ion o f the chlor ins w o u l d be irrelevant to these results. 

T a b l e 2. 6 Relat ive recovery o f b iomarkers us ing ultrasonic extract ion (US) and 
mic rowave assisted extract ion ( M A E ) at d i f ferent temperaณres, normal ised to M A E 
at 70°c for alkenones (Сз7:2+Сз7:з) and at 110°c fo r ch lonns. R S D - re lat ive standard 

deviat ion, S T D E V - standard deviat ion. บ '^37 ՛ is expressed as the mean and, i n 
parentheses, standard dev iat ion. 

y ie ld o f 
alkenones, % 

R S D , % 
y ie ld o f 

ch lor ins, % 
R S D , % บ ' ' 3 7 ՛ 

S T D E V 

us 60 6.0 80 3.1 0.538 0.011 

M A E 50°c 72 4.1 81 5.0 0.554 0.013 

60°c 77 0.4 78 3.3 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 3.4 97 1.4 0.523 0.015 

110°c 58 2.4 100 7.7 0.558 0.012 

2.5.3.2 O p t i m i s a t i o n o f e x t r a c t i o n t e m p e r a t u r e 

A set o f seven M A E experiments was conducted at temperatures ranging from 50 to 

110 °С using 10 m l o f solvent. Th is vo lume o f solvent is recommended b y the 

manufacturer f o r the most e f f ic ient per formance o f the temperamre probe. A n 

extract ion t ime o f 5 m i n was adopted. The inf luence o f temperature o n the yie lds o f 

total ch lor ins, d i - and tr i-unsaturated C37 alkenones and their relat ive concentrat ions 

(expressed as บ ' ^37 ՛ ; Prahl and Wakeham, 1987) was assessed. Results o f M A E were 

also compared w i t h those obtained b y ul t rasonicat ion ( T a b l e 2.6 and F i g . 2.4). 
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B i o m a r k e r y ie lds 

М А Е at temperatures from 50 to 80 °С produced recoveries o f chlor ins s imi lar to 

those obtained using ul t rasonicat ion. A further increase i n temperature resulted i n 

greater recoveries for M A E . The m a x i m u m recovery was achieved at n o °С (Tab le 

2.6 and F i g . 2.4a). For alkenones, however , m ic rowave extract ion e f f ic iency i n the 

5 0 - 8 0 °С in terva l was s ign i f icant ly h igher than that o f u l t rasonicat ion. A l so , alkenone 

yie lds rose b y 3 9 % when the t e m p e r a l e increased from 50 to 70 °С. Further increase 

i n t empera toe , however , caused alkenone yields to decrease. One explanat ion is that 

at h igher temperatures a large part o f the dichloromethane remains i n gaseous f o r m 

and does not part ic ipate i n the extract ion. A l t h o u g h gases do not absorb m ic rowave 

energy and therefore solvent vapour should qu i ck l y cool and condense, the large 

vo lume o f the extract ion vessel (100 m l ) may a l l ow a s igni f icant p ropor t ion o f the 

solvent to remain vapor ized. Th is probably has a stronger effect on dichloromethane 

than on methanol because o f the lower bo i l i ng po in t o f the former. Chlor ins are more 

soluble i n methanol than i n d ichloromethane because the po la r i t y o f methanol is 

higher. That may exp la in w h y an increase i n temperature f r o m 70 to 100 °С d id not 

cause a decrease i n extract ion e f f ic iency o f chlor ins, wh i l e impa i r i ng that o f 

alkenones. 

A temperature o f 70 °С was chosen as the op t ima l value for the j o i n t M A E o f 

chlor ins and alkenones. The rat ionale beh ind this is two - f o l d . The recovery o f 

alkenones is more sensit ive to t empera toe than that o f chlor ins and i t is a m a x i m u m 

at this temperature. 

Moreover , the abundance o f alkenones i n mar ine sediments is o f ten close to 

the detect ion l im i t because o f the smal l samples avai lable i n these studies. I n this 

w o r k , the highest y ie ld o f alkenones (315 ng/g) was reached us ing M A E at 70 °С 

compared w i t h 188 ng /g for ul trasonic extract ion, a 6 8 % increase. I n contrast, ch lo r in 

y ie lds at this temperature were as h igh as those for u l t rasonicat ion ( T a b l e 2.6 and F i g . 

2.4a). Th is re la t ive ly l o w temperature (most appl icat ions ci ted i n the l i terature use 

temperatures higher than 100 °С) also a l lows a shorter coo l ing t ime , w h i c h further 

expedites the processing o f samples. 
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Ef fec ts o f us ing M A E in the measu remen t o f บ'̂ 37՛ 

M A E has been reported prev ious ly as a method w i t h l ow select iv i ty (e.g. Camel , 2000 

and references therein). I t is not suφ r i s i ng , therefore, that a change in extract ion 

temperature d i d not inf luence s ign i f i cant ly the relat ive recovery o f C37:2 and C37:3 

alkenones. Compar ison o f between- and w i t h i n - exper iment standard deviat ions fo r 

Ս ^ 7 ՛ values gave F(1.98)<Fcr i t (2 .46) at =0.05 ( M i l l e r and M i l l e r , 1993, p. 60) . 

Compar ison between M A E and ul t rasonicat ion us ing a t-test ( M i l l e r and M i l l e r , 1993, 

p. 55) showed that both extract ion methods were stat ist ical ly s imi lar 

(F(2.25)<Fcr i t (4 .46) at =0.05 and t (0.35)<tcr i t (2.85) at =0.01) . Th is shows that M A E 

d id not introduce a bias i n US/ determinat ion compared w i t h the t radi t ional 

ul trasonic method and that M A E can be used as an alternative i n alkenone extract ion 

and analysis. 

Based on the empi r ica l relat ionship for est imat ing sea surface t empera toe 

from บ ^ 3 7 ՛ , an error o f 1 % i n the measurement o f บ ^ 3 7 ՛ translates to an error i n the 

estimate o f sea surface temperature o f 0.3 。c (Prahl and Wakeham, 1987 and M ü l l e r 

et a l . , 1998). G iven that surface ocean temperatures can vary between 1 and several 

degrees Celsius over a range o f t imescales o f hundreds to thousands o f years (e.g. 

Rose l l -Me lé et ai, 1998), an analyt ical error o f less than 0.5 。c (or l ower than 0.0165 

i n the standard dev ia t ion o f Ս ^ 3 7 ՛ ) may be considered acceptable. Th is study reports a 

standard dev ia t ion i n the mean o f al l M A E experiments o f 0.016， over the who le 

range o f temperatures, and an average standard dev ia t ion i n each exper iment o f 0 .011 , 

w h i c h impl ies that this technique is suitable for fixture บ ^ 3 7 ՛ studies. 

2.5.4 Conc lus ions 

The use o f closed-vessel, microwave-assisted extract ion has been appraised for the 

analysis o f b iomarkers i n mar ine sediments. Three parameters (temperature, уо їшпе 

o f solvent ш ฟ extract ion t ime) were invest igated w h i c h , according to previous 

research, cou ld in f luence extract ion ef f ic iency. Temperature was found to be the on l y 

parameter that had a s igni f icant in f luence on y ie lds o f the b iomarkers. Equiva lent 

values o f Ս*^37 ՛ were obtained us ing either M A E or ul t rasonicat ion. The use o f M A E 
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does not introduce any bias i n the measurement o f the alkenone pa laeotemperatoe 
proxy. M A E was found to be a faster, less labor ious and more ef f ic ient extract ion 
procedure than ul t rasonicat ion. The technique represents a v iab le alternative to 
t radi t ional ul t rasonic extract ion for the analysis o f chlor ins and long chain alkenones 
and, therefore, p robab ly other b iomarker l ip ids i n mar ine sediments. 
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Cover image: Gravity core containing glacigenic debńs flow sediments from Bear Island Fan is 

raised onboard RRS James Clark Ross. 
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3.1 I n t r o d u c t i o n 

I n this chapter, the potent ia l o f glacigenic debris flow ( G D F ) deposits on the N o r t h 

A t lan t i c cont inental marg ins as a source p r o x y fo r ice raf ted debris ( I R D ) i n the 

He in r i ch Layers ( H L s ) based on thei r b iomarker compos i t ion is invest igated. 

• The general a im o f this chapter is to test the hypothesis that G D F deposits 

associated w i t h the same T rough M o u t h Fan ( T M F ) system are homogenous i n 

their b iomarker compos i t ion and are characterised b y a unique b iomarker 

signature d i f ferent from that o f G D F from other locat ions and f r o m hemipelagic 

sediments and therefore can be used as a source p r o x y for I R D i n He in r i ch layers. 

G D F deposited around the cont inental marg ins o f the Polar N o r t h A t lan t i c and 

of ten f o rm ing t rough m o u t h fans ( T M F s ) , are recognised as usefu l indicators o f 

former ice streams (e.g. D o w d e s w e l l & Siegert, 1999). G D F deposits conta in 

terr igenous sediments or ig inated from the outcrops eroded b y ice streams. I R D i n 

the He in r i ch layers i n the deep ocean has the same or ig in . Sedimentological analysis 

reveal h i g h l y m i x e d and of ten homogenous nature o f the sediments i n G D F deposits 

(e.g. K i n g et al., 1998; 1996; Vo r ren & Laberg 1997). I n v i e w o f th is , G D F 

sediments may prove usefu l as a source p roxy to characterize I R D i n H L s . T o our 

knowledge, such approach has on l y been considered i n one ]RD-provenance รณdy: 

Farmer et ai. (2003) used isotopie analysis o f the l i th ic fraction o f ice p r o x i m a l 

sediments inc lud ing some debris flows to characterise sources o f I R D i n H L s . 

Because o f the shared geological h is tory, isotopie signatures o f the minerals 

( igneous and metamorph ic from Archaean to Palaeozoic) from di f ferent areas 

surrounding the N o r t h A t lan t i c cou ld be d i f f i cu l t to d is t inguish from one another 

(Farmer et al, 2003). B iomarke r signatures ref lect compos i t ion o f younger 

(Palaeozoic onwards) sedimentary minerals and m a y ref lect h igher var iab i l i t y 

between d i f ferent potent ia l source areas. B iomarker fingerprints m a y also prov ide a 

more detai led descr ipt ion o f the sediments. For instance, specif ic compounds, 

unique to a part icular source, m a y be ident i f ied. 
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Previous studies show that the JRD i n the H L s is ma in l y der ived from 
northern Canada (e.g. And rews & Tedesco, 1992; B o n d et ai, 1992; H e m m i n g et al., 
1998). The input o f I R D from European sources has also been reported (e.g. B o n d & 
Lo t t i , 1995; de A b r e u et al., 2003; Grousset et al., 2 0 0 1 ; Scourse et ai, 2000). For 
this study, sediment samples from several glacigenic debris flow deposits i n the 
Nord ic Seas and N o r t h A m e r i c a were used (F i g . 3.1). 

A r o u n d the marg ins o f the No rd i c Seas, several we l l -de f ined great ly va ry ing 

i n size T M F s , each fo rmed at the m o u t h o f a single large ice stream, have been 

documented (e.g. Vo r ren & Laberg , 1997 and references therein). Samples from 

four T M F s representing east Greenland (Scoresby Sund), Fennoscandian ice sheet 

(Nor th Sea Fan), Barents Sea (Bear Is land Fan) and Svalbard (Is:5orden and Be l lsund 

T M F s ) were considered. Thus, most potent ia l source areas i n th is reg ion were 

considered except for the B r i t i sh Isles and Iceland. I R D input from Iceland i n the 

H L s is usual ly ident i f ied b y the presence o f vo lcanic rock part icles. Therefore, 

Icelandic I R D is p robab ly organic poor and its b iomarker signature i n H L s m a y be 

swamped b y signals from other locat ions. However , there is a study us ing 

Cretaceous cooccol i ths from chalk deposits i n Iceland (Rahman, 1995). The M u r r e y 

fan ( o f f Iceland (Rudd iman , 1977)) and the t w o Br i t i sh Isles T M F s , Sula Sgeir 

(Stoker, 1995) and Barra (Knutz et al., 2001) fans, are s ign i f i cant ly smaller than 

most T M F s i n the No rd i c Seas (Vo r ren & Laberg, 1997) and represent re la t ive ly 

smal l potent ia l source area. Ana lys is o f these T M F s , as w e l l as Stor f jo rden T M F o f f 

east Svalbard and two m ino r western Svalbard T M F s (Vo r ren & Laberg, 1997), 

should be considered i n the future to obtain a complete b iomarker por t ra i t o f the I R D 

sources from European/Nord ic Seas margins. However , p robab ly none o f these 

deposits is l i ke l y to represent the predommant source o f I R D i n the region. 

I n contrast w i t h the No rd i c Seas, glacigenic deposits on the N o r t h Amer i can 

and West Greenland marg ins are characterised b y l ine-source sedimentat ion from a 

number o f the ice stream outlets and are thought to vary across the B a f f i n B a y and 

Labrador Sea basins (e.g. A k s u , 1984; Hesse et al., 1990). I n the Labrador Sea, i n 

addi t ion to debris flow process, suspension sett l ing from mel twater and turb id i te 

ac t iv i ty p layed an impor tant part i n glacigenic sediments deposi t ion (Hesse et al., 

1997). I n this study, N o r t h Amer i can sources were represented b y B a f f i n B a y and 
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Labrador Sea sediments since these areas were ident i f ied as ma jo r outlets for 

Laurent ide Ice sheet ice streams conta in ing Palaeozoic carbonate rich I R D . Samples 

from other possible Laurent ide Ice Sheet outlets (e.g. Newfound land slope and 

Laurent ian Fan) were not avai lable at the t ime. This may prove a shor tcoming when 

iden t i f y ing I R D inputs i n Chapter 4 because the G u l f o f St Laurence is considered a 

potent ia l source area (Bond & L o t t i , 1995; Grousset et al., 2001) . Recent ly, c i r cum-

Arc t i c areas were shown to have suppl ied icebergs from Arc t i c Laurent ide and 

I rmui t ian ice sheets in to the No rd i c Seas and possib ly N o r t h A t lan t i c v ia F ram Strait 

dur ing the last g lac iat ion (Darby et al., 2002) . Th is source area was over looked i n 

the present study and probab ly should be considered i n the future. 
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3.2 B a c k g r o u n d . D e b r i s flows cons idered i n th is s t u d y 

Know ledge o n the locat ion and nature o f G D F i n the N o r t h A t lan t i c has improved 

considerably since the start o f this thesis. The select ion o f the รณdy sites was based 

on the state-of-the-art regarding G D F at the beg inn ing o f the w o r k , and i t is 

appreciated that a more comprehensive under tak ing cou ld n o w be carr ied out to 

characterize the potent ia l sources o f I R D than as reported here. The suite o f cores 

selected represent, however , a considerable number and type o f G D F present i n the 

nor thern N o r t h A t lan t ic , deposited dur ing the last g lacial per iod , and k n o w n at the 

t ime when the รณdy was undertaken. 

Samples from Bear Is land Fan and Scoresby Sund Fan were col lected dur ing 

A R C I C E cruise on board RRS James Clark Ross (Br i t i sh Antarc t ic Survey) that took 

place i n Ju ly - Augus t 2000 (Dowdeswe l l et al, 2000). Debr is flows were ident i f ied 

us ing G L O R I A (Geolog ica l L o n g Range b i c l i ned Asd ic ) sidescan sonar and 3.5 k H z 

sub-bot tom pro f i le r data obtained dur ing the cruise. Sampl ing sites were chosen 

close to those o f the cores described i n l i terature i n order to compare b iomarker data 

w i t h other proxies records fo r the same locat ions. Sampl ing locat ions from other 

G D F deposits were chosen from publ icat ions and samples obtained through scient i f ic 

co l laborat ion. Cores JR51֊GC08, 10, 11， 12， 30， 31 and 32 were opened, described 

and sub-sampled onboard the R R S James Clark Ross. A l l organic geochemical sub-

samples were kept either refr igerated or (preferably) f rozen at - 2 0 ° c , between sub-

sampl ing and analyt ical wo rk -up . Some bu l k propert ies o f the sediment cores from 

JR51 cruise were analysed us ing spl i t core logg ing system developed i n the 

B O S C O R fac i l i t y , Southampton Oceanography Centre. Magnet ic suscept ib i l i ty , 

b u l k density (using gamma-ray attenuation) and compressional (P) wave ve loc i t y 

(500 k H z ) were measured (Gunn & Best, 1998). 

W h e n possible, each locat ion was represented b y several cores i n order to 

evaluate var iab i l i t y w i t h i n each T M F ; several G D F samples from di f ferent depths i n 

each core were compared to assess w i t h i n the core var iab i l i t y . B iomarker signatures 

o f some hemipelagic and glacimar ine sediments were compared w i t h those o f the 

G D F . Core locat ions and co l lec t ion data are presented i n T a b l e 3. 1， T a b l e 3. 2 and 

57 



Chapter З Debr is F lows as Proxy o f I R D i n N o r t h A t lan t i c 

F i g . 3 . 1 . Sediment samples in fo rmat ion is l isted i n T a b l e 3. 3, T a b l e 3. 4 and T a b l e 

3. 5. I n F i g . 3.2， stratigraphie data for the cores from Bear Is land Fan and Scoresby 

Sund Fan are shown i n order to demonstrate d is t inct ive sedimentological feaณres o f 
debris flows and to i l lustrate the sampl ing strategy. Core descript ions for the other 
G D F deposits used i n th is study can be found i n the l i terature ci ted i n the Sections 
3.2.1 and 3.2.2. 
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T a b l e 3. З L is t o f sediment samples. Nord ic Seas. C m b s f ֊ c m be low sea floor. 

Loca t ion Core Sample depth, 
c m b s f 

Sediment type 

Bear Is land Fan JR51 GC08 

Ж 5 1 G C I O 

JR51 G C l l 

JR51 GC12 

Scoresby Sund Fan JR51 GC30 

JR51 GC31 

JR51 GC32 

N o r t h Sea Fan H M 8303 

H M 8 3 0 6 

H M 7 9 0 8 

130-133 

143-146 

222-225 

300-303 

0-3 

63-65 

77-79 

130-132 

190-192 

60-62 

75-77 

150-152 

230-232 

0-2 

34-36 

48-50 

120-122 

180-182 

0-2 

18-20 

30-32 

50-52 

0-2 

40-42 

55-57 

130-132 

210-212 

0-2 

74-76 

90-92 

120-122 

140-142 

170-174 

220-224 

62-64 

72-74 

84-86 

94-96 

114-116 

124-126 

230-234 

260-264 

Hemipe lag ic 

I R D * 

Debr is F l o w 

Debr is F l o w 

Debr is F l o w 

Hemipe lag ic 

П Ш 

Debr is F l o w 

Debr is F l o w 

Debr is F l o w 

Hemipe lag ic 

I R D 

Debr is F l o w 

Debr is F l o w 

Debr is F l o w 

Hemipe lag ic 

П Ш 

Debr is F l o w 

Debr is F l o w 

Debr is F l o w 

Glac ia l T i l l 

Glac ia l T i l l 

Glac ia l T i l l 

Glac ia l T i l l 

Hemipe lag ic 

Debr is F l o w 

Debr is F l o w 

Debr is F l o w 

Debr is F l o w 

Hemipe lag ic 

Glac imarme 

Debr is F l o w 

Debr is F l o w 

Debr is F l o w 

Debr is F l o w 

Debr is F l o w 

Glac imar ine 

Debr is F l o w 

Debr is F l o w 

Debr is F l o w 

Debr is F l o w 

Debr is F l o w 

Debr is F l o w 

Debr is F l o w 

"(as interpreteá b y Laberg & V o ᅲ ฒ 1995; 2000) 
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T a b l e 3. 4 L is t o f sediment samples. Svalbard 

Loca t ion Core O D P label Sample depth, 

cmbs f 

Sediment type 

Svalbard O D P 986 A l H - 2 พ - 2 0 170-172 Debr is F l o w 
l H - 2 พ - 9 0 240-242 Debr is F l o w 

O D P 986 В l H - 2 พ - 2 0 170-172 Debr is F l o w 
l H - 2 พ - 9 0 240-242 Debr is F l o w 

O D P 986 С l H - 2 พ - 2 0 170-172 Debr is F l o w 
l H - 2 พ - 9 0 240-242 Debr is F l o w 

T a b l e 3. 5 L is t o f sediment samples Labrador Sea and B a f f i n Bay. 

Loca t ion Core Sample depth, cmbs f Sediment type 

Labrador Sea HU87-025-07P 

B a f f i n B a y 

HU88-024-02P 

HU76-029 -036 

HU77-027-002 

5-6 
15-16 
20-21 
25-26 
30-31 
50-51 
65-66 
15-16 
20-21 
30-31 
40-41 

102- 103 
103- 104 
108-109 
113-114 
118-119 
123-124 
133-134 
143-144 
152- 153 
153- 154 
154- 155 
158-159 
163-164 
168-169 
172-173 

Hemipe lag ic 
Debr is F l o w 
Debr is F l o w 
Debr is F l o w 
Debr is F l o w 
Debr is F l o w 
Debr is F l o w 
Hemipe lag ic + п ш 

Hemipe lag ic + I R D 

Hemipe lag ic + I R D 

Hemipe lag ic + I R D 

Glac imar ine 

Debr is F l o w 

Debr is F l o w 

Debr is F l o w 

Debr is F l o w 

Debr is F l o w 

Debr is F l o w 

Debr is F l o w 

Glac imar ine 

Debr is F l o w 

Debr is F l o w 

Debr is F l o w 

Debr is F l o w 

Debr is F l o w 

Debr is F l o w 
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3.2.1 N o r d i c Seas m a r g i n s 
3.2.1.1 B e a r I s l a n d Fan 

Bear Is land Fan ( B I F ) is siณated i n front o f the Bear Is land Trough. I t served as a 

ma jo r drainage pa thway for the Barents Sea Ice Sheet and occupies an area o f 

215,000 k m 2 (Laberg & V o ᅲ ฒ 2000; о Cofa igh et al., 2003; Vo r ren & Laberg 

1997). The most recent ly active (late Quaternary) nor thern part o f the B I F covers an 

area o f 125,000 k m ^ w i t h up, m idd le and lower slope gradients o f 0.8°, 0.5° and 

0.2°(Laberg & V o r r e i 1995; Tay lo r et al., 2002) . A series o f stacked debris flow 

lobes were revealed i n the northern part o f the fan using G L O R I A long-range 

sidescan sonar and 3.5 k H z sub-bot tom pro f i le r data, b id i v idua l lobes range from 30 

to 200 k m i n length, 2 to 10 k m w i d t h and 10 to 50 m i n tMckness (Dowdeswe l l et 

al., 1996). They were deposited dur ing the last g lacia l m a x i m u m (Laberg & Vo r ren , 

1995; 1996). The ma in deposi t ional processes de l iver ing the sediments i n the area 

south o f 7 2 ° N were suspension sett l ing from tu rb id mel twater p lumes and contour-

current ac t iv i ty (Tay lo r et al., 2002) 

The fan's source area i n the Barents Sea is dominated b y Ear ly Ter t ia ry and 

Cretaceous mudstone and sandstone (Laberg & Vo r ren , 1996; S igmond, 1992) 

covered b y a massive m u d d y glacigenic d iamic ton up to 300 m tMck (Vor ren et al., 

1989). Laberg and Vo r ren (1995; 2000) stodied several cores from the nor thern Ш Ғ 

(Tab le 3. 6). They described debris flow deposits as massive dark grey (5Y4 /1 on 

Munse l l co lour chart) d iamic ton conta in ing clasts o f sedimentary and crystal l ine 

rocks. Gra in size d is t r ibut ion is 1-10% gravel , 10 -30% sand, 3 0 - 5 0 % si l t and 30-

5 5 % c lay (Laberg & Vo r ren , 1995). The authors report re la t ive ly u n i f o r m physical 

propert ies and gra in size d is t r ibut ion i n debris flow sediments from di f ferent debris 

flow lobes w i t h a h igher degree o f var ia t ion i n the upper B I F . The relat ive 

un i f o rm i t y o f the midd le and lower parts is explained b y a h i gh l y m i x e d nature o f the 

G D F sediments due to remou ld ing and deformat ion dur ing the downslope flow 

(Laberg & Von՝en， 2000). Laberg and Vo r ren (1995) observed s im i la r i t y i n the gra in 

size d is t r ibut ion and water content w i t h the glacigenic t i l l described b y Saettem et al 

(1992). Physical propert ies o f the over lay ing hemipelagic m u d displayed a m u c h 

higher var iab i l i t y and d i f fe red from those o f G D F deposits (Laberg & Vo r ren , 1995). 
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For th is รณdy, samples from four cores from 3 d i f ferent debris flow lobes i n 

the lower part o f the nor thern в IF were analysed ( T a b l e 3. 3 and F igs. 3.1 a n d 3.2a). 

T w o cores, JR51-GC10 and Ж 5 1 - 0 С 1 1 , be long to the same debris flow lobe 

(Laberg & Vo r ren , 1995), close to core ֊6/1 i n Laberg & V o r r e n (Laberg & Vo r ren , 
2000) , core JR51-GC12 is from lobe 5 and JR51-GC08 is ~ l ° s o u t h from them. A l l 
four cores are dominated b y debris flows (dark grey (10YR4/1 ) d iamic ton) , 8һаф1у 

over la in b y massive or w e a k l y strat i f ied (GC08) o l ive-grey (5Y4 /2 ) s i l ty m u d / m u d d y 

d iamic t (O Co fa igh et al., 2002) . Th is facie was interpreted b y Laberg and V o r r e n 

(1995; 2000) as ice raf ted debris. I t may also be a G D F deposit g iven its sharp 

contact and massive nature. The upper parts o f the cores consist m a i n l y o f 

hemipelagic m u d . 

Wet bu l k density, water content and magnetic suscept ib i l i ty were measured 

every 2 cm . The results are presented i n T a b l e 3. 6 and A p p . 2 a-d. S imi la r water 

content o f ֊28% (土 4%) to that reported prev ious ly was m e a s ^ e d (Laberg & Voᅲen^ 

2000) , whereas values for wet bu l k density and T O C are s l igh t ly h igher ( T a b l e 3. 6). 

Magnet ic suscept ib i l i ty is l o w and averages 16 X 10՜ 5 S I . Laberg and Vo r ren (1995) 

reported sl ight decrease i n water content o f G D F downcore and increase o f shear 

strength. However , i n thei r subsequent pub l ica t ion (Laberg & Vo r ren , 2000) , the 

authors d i d not report such a trend. N o part icular t rend was observed i n the 

d is t r ibut ion o f bu l k propert ies. O n l y i n core Ж 5 1 - О С 0 8 there is a shi f t f r o m 208 to 

260 cmbs f towards dr ier sediments (16 % water) w i t h h igher densi ty (2.12 g/cm^). 

Over lay ing m u d / m u d d y d iamic t has a higher water content (33-43%) and lower 

densi ty (1.60-1.78 g / cm 3 ) w i t h a s l ight ly lower magnet ic suscept ib i l i ty (11 X l O 5 SI) . 

Postglacial hemipelagic sediments are characterised b y h i gh var iab i l i t y i n their 

physical propert ies. They are general ly wetter w i t h lower densi ty and h igher 

magnet ic suscept ib i l i ty then G D F . 

3.2.1.2 Scoresby S u n d F a n . 

The Scoresby Sund Fan (SSF) is a re la t ive ly smal l wedge-shaped T M F situated on 

the East Greenland cont inental marg in between 6 9 ° N and 71 ° N of fshore o f the 

m o u t h o f the Scoresby Sund f j o r d system. I t has a steeper (1.8-2°) cont inental slope 
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than вгғ (Dowdeswe l l et al, 1997). The drainage basin o f SSF comprises mos t l y 
igneous Neogene/Palaeogene and Precambrian т е ї а т о ф к і с rocks. There is an 

outcrop o f late Palaeozoic and Mesozoic sedimentary rocks, dominant l y mar ine i n 

o r i g in (L in thou t et al, 2000) . 

The most recent sediment de l ivery { last g lac iat ion, \Dowdeswe l l , 1997 

#171} to the southern part o f the fan was i n the f o r m o f glacigenic debris flows. 

G D F lobes 1-2 k m w i d e and 5-15 m th ick were ident i f ied us ing G L O R I A long-range 

sidescan sonar and 3.5 k H z sub-bot tom pro f i le r data. They were deposited when the 

ice sheet was at or close to the shelfbreak (Dowdeswe l l et al., 1997). The youngest 

debris flows on the nor thern part o f the fan were deposited pr io r to M I S 5 and are 

over la in b y hemipelagic and ice raf ted sediments (Dowdeswe l l et al., 1997; N a m et 

al., 1995). 

For this study, samples from three cores were รณdied, JR51-GC30 ( f r om the 

cont inental slope east o f the m o u t h o f the Scorseby Sund f j o rd ) , JR5-GC31 and 

JR51-GC32 from one o f the debris flow lobes on the southern part o f the fan. Core 

G C 3 0 contains massive dark grey d iamic ton o f g lacia l t i l l produced b y iceberg 

ra f t i ng and scour ing. Core GC31 consist o f four uni ts o f debris flow deposits, 

over la in b y postglacigenic hemipelagic sediments. I t consists o f dark grey 

(7.5ҮБиЧ4/) m u d d y d iamic ton at the bo t tom o f the core, over la in b y l igh t grey 

(10YR5 /1 -10YR6 /1 ) s i l ty m u d , dark grey ( 7 .5YRN4 / ) d iamic ton and o l i ve grey 

(5Y4 /2 ) m u d d y d iamict . These uni ts were interpreted as glacigenic debris flows on 

the basis o f thei r massive structure, poo r l y sorted nature, stacked stratigraphie 

context and geophysical s ignamre (acoust ical ly transparent elongate lenses) (O 

Cofa igh et al., 2002) . Core G C 3 2 contains one G D F uni t o f dark grey ( 7 .5YRN4 / ) 

massive d iamic ton , over la in b y a layer o f grey (2 .5Y5/2) m u d interpreted as ice 

raf ted debris m i x e d w i t h hemipelagic sediment, and postglacia l hemipelagic 

sediments interrupted b y a sandy ณrb id i te ( T a b l e 3. 3 and F igs. 3.1 a n d 3.2 b ) . 

W e t bu l k density, water content and magnet ic suscept ib i l i ty were measured 

every 2 cm . The results are presented i n T a b l e 3. 6 and A p p . 2 e-g. B u l k propert ies 

o f G D F sediments d i f fe r from those o f hemipelagic and o f g lac ia l t i l l . Water content 

o f G D F deposits averaged 1 7 % (土 3%) , w h i c h is lower then 2 4 % (土 5%) o f the 
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g lacia l t i l l (GC30) . G D F sediments were also found to have h igher densi ty (2.11 vs. 

1.96) and magnet ic suscept ib i l i ty (300 1 ๙ S I vs. 97 1๙ SI) then glacia l t i l l . 
Over lay ing hemipelagic sediments are general ly wetter, less dense and have lower 
magnet ic suscept ib i l i ty ( A p p . 2 e-g). 

3.2.1.3 N o r t h Sea F a n 

N o r t h Sea Fan (NSF) is deposited i n front o f the No rweg ian Channel and extends 

into the No rweg ian Sea. S imi la r to the BEF, i t is a large (108,000 km^) T M F w i t h a 

l o w cont inental slope gradient (0 .6° , 0.3° and 0.2° for upper, m idd le and l o w 

sections) ( K i n g et al, 1998; 1996). No rweg ian Channel served as an impor tant 

drainage path o f the Fennoscandian ice sheet, deposi t ing Late Cenozoic sediments 

from N o r w a y , Denmark and part o f the N o r t h Sea (Dowdeswe l l & Siegert, 1999; 

K i n g e ř al., 1998; 1996). 

The younger part o f the N S F , deposited since M i d d l e Pleistocene, consists 

m a i n l y o f stacked debris flows (80%) sqjarated b y th ick hemipelagic sequences. 

Ind iv idua l G D F lobes are 2-40 k m w i d e and 15-60m th ick ( K i n g et al., 1996). The 

latest G D F on the m idd le and lower fan were deposited before 16 ka ( K i n g et al, 

1998). 

K i n g et al. (1998) reported extreme homogenei ty o f G D F i n terms o f 

l i tho log ica l compos i t ion and their s t r ik ing s im i la r i t y to Weichsel ian I R D t i l l from 

Norweg ian Channel . I n contrast, over lay ing g lac imar ine sediments ( I R D m i x e d w i t h 

hemipelagic) are d is t inc t ly d i f ferent and characterised b y h igh var iab i l i t y . G D F 

sediments are compr ised o f strucณreless poor l y sorted grey (5Y4/3 to 5Y4 /1 ) 

d iamic ton . Average gra in size d is t r ibut ion is 1 % Grave l , 2 9 % sand, 3 6 % si l t and 

3 4 % clay. Water content gradual ly decreases and ranges from 32 to 2 4 % , wet bu l k 

densi ty and sheer strength increase correspondingly. T O C is l ow (0 .5%) . So is i t ' s 

magnet ic suscept ib i l i ty (34 X 10՜^) ( T a b l e 3. 6). 

For this รณdy, sediment samples from three cores described b y K i n g et al. 

(1998) : g lac imar ine and G D F sediments from H M 8306 and G D F sediments from 

H M 8303 and H M 7908 were used ( T a b l e 3 . 1 and T a b l e 3. 3) . 
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3.2.1.4 O D P site 986 : B e l l s u n d a n d I s f j o r d e n T M F s 

Bel lsund and IsĢorden are t w o T M F s along the western shel f marg in o f Spitsbergen. 

They are smal l (6000 and 3700 k m ^ respect ive ly) , w i t h a re la t ive ly steep cont inental 

slope o f 1.8° and 3.2° (Vor ren & Laberg, 1997). The younger G D F sequences are 

attr ibuted to the t ime o f L G M . They were deposited when Barents Sea ice sheet 

engul fed the entire Svalbard archipelago and glaciers reached the shelfbreak o f f the 

ma jo r f jo rds (Landv i k et al, 1998). b id i v idua l G D F lobes on the Is:5orden T M F are 

1-5 k m w ide , 20-30 m th ick and 10-30 k m long (E lverhø i et al., 1997). 

O D P site 986 is located between the Be l l sund and Is f jo rden T M F s . Bu t t et 

al. (2000) interpreted deposi t ional sequences past 1.3 M a as stacked debris flows. 

H i g h carbonate content w i t h the dominance o f do lomi te and the presence o f 

metamorph ic and crysta l l ine clasts indicates provenance o f these sediments írom the 

ma in land Svalbard (Bu t t et al, 2000) . I s f jo rden drainage area includes Late 

Palaeozoic l imestone and do lomi te , Mesozo ic-Ter t ia ry - sand- and siltstones, 

quartzi te/micashists and igneous rocks (E lverhø i et al., 1995b). Jurassic and 

Cretaceous strata conta in coal seams and b lack shales (Wagner & Hö lemann , 1995). 

For th is รณdy, sediment samples from the uppermost debris flow deposit 

from three holes ( A , в and C) were used ( T a b l e 3. 4 and T a b l e 3. 6). Sediments are 

compr ised o f ve ry dark grey (5Y3 /1 ) s i l ty c layey m u d w i t h occasional clasts o f 

p redominant ly sedimentary o r ig in . Part ic le size d is t r ibu t ion is 1 % sand, 3 7 % si l t and 

6 2 % clay (Jansen et ai, 1996). These are finer sediments than the ones i n the 

IsĢorden T M F ( 2 0 - 3 0 % sand, 3 5 - 4 0 % si l t and 3 5 - 4 0 % clay) (E lverhøi et al., 1997). 

To ta l organic carbon is 1 % and magnet ic suscept ib i l i ty is 40 X 10^ S I ( T a b l e 3. 6) . 

67 



>、 ֆ 

О 
ϋ 

Հհ 
ι 

Տի 
00 
00 

Հհ 
о 

I 

і I 
ՀՈ I 

' O 

§ I 
l ì 
о о 

？ ι 

(น LH 

ร fe 
Sb (s 

ร ^ 

€ fe 

II 
՝ ศ 
л 
Η 

' O 

о 

•ig へ 

ร) CL с/з 

<υ へ 
ร 2 

д. .й 
(Ľ Он, 

ą 叫 

I с さ 

き Я "ン 

J 
О 

и 

I 

(D 

๐ 

เ ท 

^ 1 

σ、 
σ、 

сつ 

о 

>、 

Հո 

• 00 

Os 

00 

r՝、 

r ง 
00 

^ іュ 
й い 

め 

(й 

お 

る 

О 寸 

о 

oo 
ON 
σ、 

ベ 
՝δ 
ÖX) 

ô 

CQ 

•ร O 

O 

* 

o 

to 
O 

О 
ł — ( ö 

x 
χ

ο
ο

ε
 
Χ 

СП 

Χ 
о 

о ձ 

ρ 

Já 一 
Š ' O 

5 寸 
ад 

ТЗ 

oô シ 

с/ว 

о 

СП 

卜 

?t、 ^ 

รุ oๆ 

^ tく 

iN 
СП 

4 
(N 

ς : 
g. ^ 

I I rn 

g õ .S § ё . ї ї İS g о . ร ^ 

і J 
ผ) о 

Ί ε 
I 

๓ СП 

оп у 00 

о о、 

I 
со 

；а 



Oksana v K o m i lova P h D Thesis 

3.2.2 L a b r a d o r Sea a n d B a f f í n B a y m a r g i n s 

Glacigenic debris flow deposits o f N o r t h Amer i ca present a more compl icated 

picture than those i n the No rd i c Seas. N o t one but several ice streams fed both 

B a f f i n B a y and Labrador Sea (e.g. A k s u , 1984; Hesse et al, 1990). For this reason 

and due to the topography o f these basins, there are no T M F s i n the same sense as i n 

the Nord ic Seas but rather a series o f G D F deposits, characterised b y certain 

var iab i l i t y i n their l i tho log ica l characteristics ( A k s u & H i s ^ ^ 1989; A k s u & Pip^^ 

1987; Hesse et al., 1990; W a n g & Hesse, 1996). 

3.2.2.1 L a b r a d o r Sea 

Hudson bay drainage basin (Hudson B a y and the highlands nor th and south o f 

Hudson Strait) was the largest drainage basin o f the Laurent ide Ice Sheet (1-2 X 10^ 

k m 2 ) (Hesse et al., 1999a). I t fed Hudson Strait ice stream dur ing the Quaternary and 

is thought to have been the pr inc ipa l source o f the ice-raf ted He in r i ch layers i n the 

N o r t h A t lan t i c (Andrews , 1998; And rews & Tedesca 1992; B o n d et al., 1992; 

Dowdeswe l l et al., 1995). There was also a series o f lesser ice streams through the 

deep transverse troughs on the cont inental shel f south o f Hudson Strait (Hesse et al., 

1999a). 

Nor thern part o f the Labrador Sea ( L S ) , d i rect ly of fshore from the mou th o f 

Hudson Strait is a re la t ive ly low-gradient area dominated b y debris flows and 

turbidi tes w i t h shal low (<150 m ) broad- f loored canyons. T o the south, l ies a ma jo r 

submarine channel system, N o r t h At lan t ic M i d Ocean Channel ( N A M O C ) , the area 

o f deeply incised nar row canyons (200-500 m deep) (Hesse et al., 1999a). 

Sediments o f terrestrial o r ig in , glacigenic debris from upper cont inental slope, were 

resedimented as turbidi tes and debris flows i n the central Labrador Sea (Hesse et al., 

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

There is a marked l i tho log ica l d iss imi la r i ty between the detr i ta l sediments 

suppl ied through the Hudson Strait and the smaller outlets to the south. The fonner 

contained fine-grained Palaeozoic carbonates f r o m southern B a f f i n Is land, Foxe 

Bas in , Hudson B a y and surroundings, whereas the latter brought coarser igneous and 
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metamorphic crystal l ine mater ia l der ived loca l ly (Hesse et al., 1999a; W a n g & 

Hesse, 1996). Det r i ta l carbonate from northern Greenland and nor thern Canada was 

found i n the LS I R D deposits const i tu t ing up to 3 5 % o f the coarse si l t and sand 

fractions (Wang & Hesse, 1996). up to 8 0 % o f detr i tal carbonate i n p r o x i m a l H L s 

on the Labrador slope occur i n s i l t - c lay fraction (Hesse & Khodabakhsh, 1998). 

There have been three recognised types o f debris flow deposits i n the 

Labrador Sea va ry ing i n gra in size, co lour and structure: D l - coarse-grained, th ick-

bedded clast-bearing deposits characterised b y a sharp contact w i t h adjacent facies, 

D 3 - coarse-grained tMn-bedded fades , bo th o f glacigenic o r ig in , and D 2 that fo rmed 

from hemipelagic sediments (Wang & Hesse, 1996). 

Unfor tunate ly , samples o f sediments from the G D F deposit at the Hudson 

Strait out let were not avai lable. For this study, several samples o f debris flows and 

over lay ing hemipelagic sediments from the southern part o f the debris flow deposit 

( facie D l ) west o f N A M O C (core HU87-025-007p) were analysed ( T a b l e 3. 2 and 

T a b l e 3. 5) . These G D F were deposited dur ing ear ly stages o f déglaciat ion (Hesse et 

al., 1990). G D F sediment consists o f dark grey ish-brown ext remely poo r l y sorted 

gravely m u d w i t h po lymoda l gra in size d is t r ibut ion d isp lay ing a dist inct mode i n the 

gravel f ract ion (<-1.0 ph i ) and secondary modes i n c lay and si l t fractions (8-10 ph i ) 

(Wang & Hesse, 1996). I t is appreciated that G D F sediments f r o m this core may 

on ly represent sedimentary mater ia l from secondary ice streams along the Labrador 

Sea marg in . However , igneous and metamoiph ic rocks are l o w i n organic content 

and the b iomarker signature o f the G D F sediments from this locat ion is l i ke l y to be 

der ived m a i n l y from Palaeozoic carbonates. I n fact, the carbonate content i n these 

sediments is 2 5 - 3 0 % (Wang & Hesse, 1996). 

For compar ison, samples from core HU88-024 -002 conta in ing ice raf ted 

debris w i t h some hemipelagic sediment were also inc luded (facies H I w i t h 10 -30% 

carbonate (Wang & Hesse, 1996)). They contain dark grey ish-brown grave ly-s i l ty 

c lay (1-3, 8-10 ph i ) ( T a b l e 3. 2 and T a b l e 3. 5). 
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3.2.2.2 Baf f in Bay 

Baff in 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 & Aks^^ 1994). The width o f 

the continental shelf ranges from under 35km in the west (o f f Baff in Island) to over 

150 km o f f Greenland. Continental slope steepness is 2-3°. In the northern Baff in 

Bay, a gentle slope o f 0.4° leads from the shoreline directly to the abyssal plain 

without recognisable continental shelf (Aksu & Hiscott, 1989). 

The т о ф һ о ю е у o f the continental slope o f BB is characterised by the absence 

o f 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 o f 

the shelf (Aksu & Hiscott, 1989). This is characteristic o f a line-source 

sedimentation 一 persistent high-sediment yield from the entire length o f the ice front 

without permanent loci o f sediment supply (Aksu & Hiscott, 1992); (Hiscott & Aksu, 

1994); (Aksu & Hisco^ 1989); (Aksu & Рірет 1987). That resulted in production o f 

abundant stacked lenses o f debris where sediments have not been reworked by 

powerful channelised ณrbidity currents. Morphology o f the debris flow deposits o f f 

the Home Bay has been wel l 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 & A k ณ 1994). 

Mineral composition o f the outcrops surrounding Baff in Bay varies from north 

to south (Andrews & Jemib 1987). Due to the Աո6-տօւՄՇ6 sedimentation, it is 

feasible to expect variation in sedimentological composition o f debris flows between 

different areas of Baff in Bay. For example, debris flow lenses at the ODP site 645 

are comprised o f 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 

( lOYR 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 3 1 % 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 o f the BB and 

Tertiary rocks on the continental shelf, as indicated by their mineralogical 

composition and presence o f specific palynomorphs (Ordovician-Silurian, 

Cretaceous and Eocene) (Aksu & Piper, 1987). Precambrian те ІатофЬ іс detritus 

from Baff in Island and Greenland is also present and dominates in the southern part 

o f the bay (Aksu & Pipe^ 1987; Andrews et al., 1989). 

For this รณdy, debris flow sediment from two cores, HU77-027֊002 and 

HU76-029-036 were used. The former is situated in the GDF apron o f f Lancaster 

Sound in the northern part o f Baff in Bay and its sedimentological and mineralogical 

composition has been described in literature (Aksu & Piper, 1987). The latter was 

collected from one o f 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 o f different samples (debris flow, 

glacimarine and hemipelagic) from the Nordic Seas and North American debris flow 

deposits is described. GDF consist o f sediments o f terrestrial origin delivered to the 

continental shelf by ice streams during periods of iceberg discharge. They should 

contain allochthonous biomarkers typical o f the ancient sedimentary rocks eroded by 

the ice streams. On the other hand, in the overlaying hemipelagic sediments, the 

presence o f autochthonous biomarkers was expected (see Section 1.4.2) as wel l as 

allochthonous biomarkers delivered by aeolian and/or fluvial mechanisms and sea ice 

(Wagner & H e ฟ Λ 1994). In this รณdy, photosynthetic pigments, ท-alkaneร, и с м 

(mixture o f 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 o f short-term degradation 

o f chlorophyll a, are usually thought to present an autochthonous signal, whereas red 

рофһуппร, whose formation by diagenesis o f chlorins takes mill ions o f years, are 

representative o f an allochthonous signal (e.g. Baker & Lauda, 1986; Callot et al., 

1990). The presence o f рофһуппร in Heinrich Layer sediments o f a north Atlantic 

core BOSF 5K was attributed to ice rafted input (Rosell-Melé et al., 1997). Relative 

abundance o f N i and v o porphyrins is thought to reflect oxidative conditions in the 

ancient depositional enviromnent and may be useful in distinguishing between 

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

N-alkaneร are usually the most abimdant 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 o f η-alkaneร reflects both the 
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depositional enviroranent and the degree o f reworking o f the organic matter. N֊ 
alkane distributions in the samples from glacigenic sediments should reflect the 
reworked nature o f the organic matter from ancient sedimentary rocks. 
AUochthonous ท-alkaneร are usually present in hemipelagic sediments, but their 
origin from aeolian or fluvial input, mainly from eroded soils, should be reflected in 
different ท-alkane Г і п § е ф г і п І 8 indicative o f younger organic matter sources 
(Simonéit, 1977; Tissot & Welte, 1984). They could also represent an autochthonous 
n-alkane signal because low molecular weight ท-alkaneร (ท-Cis-iç) can be produced 
by marine algae (Gelpi et al, 1970; Tissot & Welter 1984). Presence o f 
chromatographic U C M is characteristic o f reworked organic matter (Simonéit, 1977; 
Tissot & Welte, 1984).. Certain amount o f 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 3 7 - C 3 9 methyl and ethyl unsaturated ketones (alkenones) are 

almost ubiquitous in the sediments of the world'ร oceans. They are known to be 

synthesized in the water column by a limited number o f 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 o f allochthonous input o f 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 o f such input. 

A list o f variables used for comparison o f biomarker signaณres o f 

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 AUochthonous and Autochthonous signals 
3.3.1.1 Photosynthetic Pigments 

A l l samples analysed contained photosynthetic pigments. UV-VIS absorbance o f the 

blanks was below the detection l imit. ร/1 ratios for all samples were greater than 5 

suggesting the presence o f рофһуппร (Table 3. 7), which was later confirmed by-

more detailed spectrophotometric analysis. Thus, аЬзофгіоп maxima peaks 

corresponding to nickel (550 nm) and vanadyl porphyrins (570 nm) were present in 

most debris flow samples, glacial t i l l and glacimarine sediments containing IRD (e.g. 

GC32-74 cm and HU88), but not detected in the hemipelagic sediments devoid o f 

п ш . This confirms terrestrial origin o f materials in the debris flow sediments in this 

study. The values o f ร/I for hemipelagic sediments were generally lower than for 

debris flows from the same deposit suggesting the predominant presence o f chlorins 

over porphyrins. On average, the Mghest ร/1 ratios were calculated for the sediments 

from the BIF {ร/I֊29.5) and SSF {ร/I~2\). Glacial t i l l sediments from SSF are 

characterised by the similar ร/I ratio (18). The lowest ร/I values were recorded for 

debris flows from NSF (ճ'//~8) and 4 out o f 6 Svalbard samples (5/7-7-9). 

Absorbance spectra o f representative extracts o f debris flows as wel l as some 

hemipelagic and glacimarine samples are presented in Fig. 3.3. 

АЬзофї іоп 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 o f pigments in the sediment samples from three 

different cores several kilometres apart from the NSF appears very homogenous 

(relative standard deviation o f ร/I ratio is 14% compared wi th 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 o f chlorins 

relative to рофһуппร {ร/I֊15), whereas in shallower samples (986B&C-20 cm) and 

in both samples from 986A, relative abundance o f chlorins is higher {ร/1-5-9) (see 

also Fig. 3.3). Lower abundance o f рофһуппร in the two deeper samples from the 

holes В and С coincides with lower concentration o f alkenones (see Section 3.3.1.3). 

In the samples form the BIF and SSF, N i and v o porphyrins are present in 

almost equal amounts with some preference for vanadyl porphyrins in BIF 

{VO/((VO+Ni)) = 0.59土に Glacial t i l l sediments, however, contained relatively 

75 



Chapter З Debris Flows as Proxy o f IRD in North Atlantic 

higher relative abundance of v o species compared to debris flows {VO/(VO+Ni) = 
0.73±0·08 vs. 0.49±0,04 in GDF sediments). Predominantly oxic conditions were 
present at the time o f formation o f the source sediments of NSF debris flows as 
indicated by lower porphyrins ratio {VO/(VO+Ni) = 0.34±0ぶ Results for 
Svalbard samples are inconclusive because o f high degree o f variation in the relative 
abundance o f рофһуппร. Two low values (0.18 &0.20) belong to both samples from 
the hole B. In the rest o f the samples porphyrins ratios range from 0.45 to 0.70 wi th 
deeper samples showing higher preference for vanadyl рофһуппร. This may reflect 
genuine heterogeneity o f the debris flow sediments in this location. However, ท-
alkane distribution and U C M content o f five out o f 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 o f a flawed HPLC separation. Towards the time o f analysis, the 
elution times o f different fractions shifted because o f the ageing o f the column and 
vanadyl рофЬуг іпร 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 o f the Baff in Bay cores (HU77), v o 
рофЬугіпз dominate: they comprise 98% and 72% of total v o and N i species 
respectively. Absolute abundance o f рофһуппร is very low in both BB cores and N i 
species are absent or scarce in core HU76. The differences between the two cores 
can be explained by the line-source deposition o f GDF (Aksu & Hiscott, 1989). 

3·3·1·2 N-alkaneร 

Gas chromatograms o f the saturated hydrocarbon fraction o f the sediment extracts o f 

representative samples o f debris flows, glacimarine and hemipelagic sediments are 

presented in Fig. 3.4. Linear ท-alkaneร 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 o f the extraction solvent. The average 

concentrations of total ท-alkaneร (C l7-33) per gram dry sediment range from 0.03 to 

2.4 μ§/§ in hemipelagic sediments and from 0.13 to 13.1 pg/g in GDF. Long-chain 

ท-alkaneร (Cn > 24), biomarkers for epicuticular waxes o f higher terrestrial plants 

(Eglinton & HamiU^ 1967) were present in all sediment samples indicating their 

terrestrial origin. 
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N-alkane distr ibut ion in GDF 

N-alkane distributions in GDF from NSF, LS and BB show unimodal 

chromatographic envelopes wi th maxima at П-С27 or П-С29 alkane typical o f 

terrestrial organic matter (Fig. 3.4 c, e & f ) . In BIF and SSF, ท-alkaneร show bimodal 

distribution wi th maxima at ท-C25 and П-С19 or П-С22 (Fig. 3.4a & b). Displacement 

o f n-alkane envelope towards lower carbon number values is indicative o f reworked 

(mature and biodegraded) organic matter (Tissot & Welte, 1984). High relative 

abundance of the short-chain ท-alkaneร may also be indicative o f lacustrine algal and 

bacterial inputs (Peters & M o l d o w m 1993). Glacial t i l l sediments from the 

continental shelf o f f Greenland (core GC30) display similar n-alkane distribution to 

GDF deposits in the SSF (Table 3. 7 and Fig. 3.4b). Wi th one exception, ท-alkaneร 

from Svalbard are characterised by a unimodal distribution wi th т а х і т ш п at ท-C23 

alkane. One sample (ODP 986C-90cm) differs considerably, showing unimodal 

distribution wi th a maximum at ท - С 3 1 (Fig. 3.4d). Other parameters for this sample 

are markedly different from those for other samples from this location displaying a 

signature o f a less reworked organic matter (App. 3). 

Carbon preference indices were calculated for the long-chain ท-alkaneร (ท-

С 2 4 . 3 1 ) and short-chain ท-alkaneร (ท-С і7.2з) (Table 3. 7). High CPI values (>3) are 

associated with younger organic matter (Fahl & Stein, 1999). CPI <3 is attributed to 

the fossil sources. Wi th maturity, CPI tends to approach 1 (Peters & M o l d o w m 

1993). NSF ท-alkaneร 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 o f 2.0-2.5. 

Lower values were obtained for Svalbard (1.7-2.3), BEF (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) wi th standard deviations o f -0.2 (Table 3. 7). This parameter is 

determined by the depositional environment and post-depositional transformation o f 

the sedimentary organic matter o f the rocks which gave rise to the GDF (Madureira 

et al., 1995; Peters & Moldm 1993; Poynter et al., 1989). (See also Section 

1.3.4.4). 
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A l l debris flow samples contained mixtures o f 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 o f the chromatographic trace (Fig. 3.4). Such mixtures are the result o f the 
biodegradation o f organic matter in the sedimentary rocks eroded by ice streams 
(Peters & Mo ldow肌 1993). In this study, GDF sediments containing the most 
biodegraded organic matter (as exemplified by the highest U C M values) are 
characterised by the highest degree of maturation as reflected in the ท-alkane 
envelope and CPI values. The U C M values are quite low ( U C M to total ท-alkaneร 
ratio <4) for NSF, LS and BB (Table 3. 7). It has a maximum at the GC retention 
time o f the ท-С31 alkane. The highest U C M amounts (UCM/TNA range from 8 to 13) 
are calculated for SSF wi th one extreme value o f 57 (core GC32 140 cm), в IF 
samples also contains high amounts o f branched aliphatic compounds {UCM/TNA 
range from 6 t o l l ) in the wide range o f molecular weights wi th the highest 
abundance o f molecules wi th GC retention time close to ท-C29 alkane (Table 3. 7 and 
Fig. 3.4a). In the Svalbard samples, theUCM hump is higher at the retention times 
o f the short chain ท-alkaneร (ท-с 14-24) and UCM/TNA averages 〜ᄀ. There is one 
exception: sample 986C-90cm is characterised by a low degree of biodegradation 
{UCM/TNA = 0.98). 

Quantification o f pristane and phytane in most o f the samples from the LS 

and BB proved impossible due to very low abundances and coelution in the gas 

chromatogram wi th some unidentified compounds (possibly contaminants). For the 

rest o f the debris flows, the Pr/Ph ratios are low (<2) (see Table 3. 7), wi th 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 o f 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 o f organic matter in the 

sedimentary rock (Peters & Moldowa^ 1993) but can also indicate maณrity o f 

organic matter (Ten Haven et al., 1987 in Peters & Mo ldou 1993). Higher Pr/с ո 

and ratios were found in BIF and most o f the Svalbard samples. It is probably 

due to biodegradation rather than maturation because the isoprenoid/ท-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/Cn =3.9 and 

Ph/Ci8=0.b compared with 1.1 and 0.4). 

N-alkane distr ibutions in hemipelagic and glacimarine sediments 

A number o f samples of hemipelagic sediments from BIF (4)， SSF (2) and LS (1) 

were analysed. A unimodal envelope with high abundance o f the long-chain ท-

alkaneร in these samples (Fig. 3.4) indicates their terrestrial origin (Eglinton & 

Hamilton, 1967). Distribution o f ท-alkaneร in hemipelagic sediments from BIF and 

SSF is markedly different from that o f GDF sediments from the same locations. 

Their n-alkane envelope has maxima at ท-C29 or ท-С31 alkane. N-alkaneร in these 

samples are characterised by higher CPI and A C L than in GDF (Table 3. 7). Low 

abundances o f short-chain ท-alkaneร and absence o f U C M point at low maturity and 

low degree o f biodegradation in hemipelagic sediments (Peters & Moldowan, 1993 

and references therein). N-alkaneร in hemipelagic sample from LS core HU87-025-

07P show similar characteristics. 

Glacimarine sediments present a mixture o f hemipelagic and ice rafted matter. N-

alkane distribution in those samples often resembles that o f GDF from the same 

location (e.g. Fig. 3.4c,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 amoimts o f long-chain alkenones. These were absent 

from GDF samples from Bear Island Fan, Scoresby Sund Fan, Baff in 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 СОІШПП by photosynthetic algae. However, and 8ифгі8Іп£Іу, 

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 o f marine origin. Occurrence o f 

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 Ժ37 indices were calculated as (Brasseil et al., 1986b); (Prahl & 

Wakeham, 1987) 

jrK 37:2-37:4 d ι;f,- 3 フ : 2 

ひ37 = 37:2 + 37:3 + 37:4 ひも = 3 ^ į ^ , 

where 1ԲՅ7 stands for relative abundance o f msaturated ketones with 37 carbon 

atoms and 2， 3or 4 double bonds. SSTs for core top samples were calculated from 

ΪΓ37 index using equation by Rosell-Melé et ai (1995): SST={lŕ37 -0.043)/0.033. 

For the calculation o f sea surface temperature estimates based on lf՝37\ the 

calibration equation o f Prahl et ai (1988), fol lowing Rosell-Melé & Com (1999): 

SST=( г/з7'֊0.039)/0.034 were used. 

The values o f sea surface temperatoe (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 

( - - lOX) . For the core top sample from Greenland, high SST (12.1°C) was 

calculated. This may be a result o f bias due to the low concentration o f alkenones in 

this sample (53 ng/g) (Rosell-Mele & Com^ 1999). Such low concentration can be 

attributed to dilution o f autochthonous signal by input o f terrestrial organic matter o f 
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aeolian or fluvial origin. GDF alkenone signals are different from those o f 
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 Сз7:4 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 Or ig in of biomarkers signatures in GDF deposits 

The presence o f reworked allochthonous organic matter in deep sea sediments from 

Nordic Seas has been described by Hölemann & Henrich (1994), Wagner & Henrich 

(1994) and Wagner & Hölemam (1995). The authors linked its origin to the erosion 

o f continental outcrops in nearby land masses or the surrounding continental shelf. 

The authors described bulk properties o f organic matter associated wi th different 

lithofacies deposited during glacial and interglacial periods in several cores from the 

Nordic Seas. Layers o f dark diamicton which were formed under т а х і т ш п glacial 

and early deglacial conditions as a result o f iceberg transport and meltwater plumes 

were characterised by very low carbonate content (0-0.5 % ) , absence o f foraminifera, 

elevated TOC levels (0.5 - 1.5 %) and a high amount o f a coarse terrigenous fraction 

(20-40 % ) . These diamictons contained mature and overmaณre organic matter o f 

terrestrial origin characterised by low hydrogen indexes (〜50^ high 

T 腿 (420°-440°C), C / N » 10 and δ^^Corgく-24^ PDB) (Wagner & Неш і ^ ^ 1994). 

The presence o f 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 (Hölemann & Herních, 1994; Wagner & 

Hölemann, 1995). There was also evidence for inputs from the northern North Sea 

and the Baltic Sea as indicated by the presence o f Cretaceous nannofossils 

(Hölemann & Неш іс і ї , 1994). 

In addition to these layers o f diamicton, allochthonous organic matter was 

also present in sediments deposited during seasonally variable ice cover and iceberg 

drift as wel l as interglacial periods (\¥а§дег & Henrich, 1994). In some o f those 

sediments, the autochthonous signal is very weak possibly because o f the early 

degradation o f 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 & Hera id 1994). 
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Similar to IRD, composition o f different GDF deposits should reflect that o f 

the outcrops eroded by the glaciers. It was also expected to differ from that in 

overlaying hemipelagic sediments. Biomarker signatures o f organic matter from 

different sedimentary outcrops in the North Atlantic must reflect the differences in 

the depositional environments and post depositional transformation o f the organic 

matter in these outcrops. 

3.3.2.1 Description of continental outcrops 

A simplified map o f 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 o f BB comprises Lower Palaeozoic dolomite and limestone 

from Ellesmere and Devon Islands, northwest Greenland and the Brodeur and 

Borden peninsulas. There is an outcrop o f Mesozoic sediments in the north and 

Tertiary and Cretaceous sediments on the continental shelf o f Baff in Island and 

Greenland (Aksu & Рірет 1987; Andrews et al., 1989). GDF sediments in the LS 

supplied through the Hudson Strait, were derived from Palaeozoic carbonates from 

Hudson Bay, Baff in Island and Foxe Basin (Hesse & Kla^^ 1995). Secondary 

outlets along the eastern LS mostly delivered igneous and те ЇатофЬ іс material. 

BIF drainage basin in the Barents Sea is dominated by Cretaceous and Early 

Tertiary mudstone and sandstone covered wi th muddy glacigenic diamicton up to 

300 m thick (Elverhøi et al., 1995a; Laberg & νοπΌη^ 1996; Sigmond, 1992). 

Palaeozoic carbonates are present but they are largely overlaid by Mesozoic strata 

(Butt ๙ a/., 2000). 

The sedimentary succession o f Svalbard comprises carbonates o f 

Carboniferous age with a transition into silicaclasts from Permian onwards (Butt et 

al., 2000; Elverhøi et al., 1995a). Late Palaeozoic carbonate outcrops (limestone and 
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dolomite) are present in western Svalbard and northern and northeastern parts o f 

Isfjorden (Butt et al, 2000; Elverhøi et al, 1995b). Tertiary sand- and siltstones are 

found south o f Isfjorden. Jurassic and Cretaceous strata from the southeastern part 

O f Svalbard contain coal seams and black shales (Elverhøi et al., 1995b; Wagner & 

Hölemann, 1995). A contribution from these outcrops in the GDF was confirmed by 

rock fragment and palynological analyses (Butt et ai, 2000; Elverhøi et α/., 1995a). 

NSF source area contains dqDosits o f Mesozoic-Tertiary sediments (sand- and 

siltstones, chert, coal and chalk) from Norway, Denmark, Skagerrak and the North 

Sea (Dowdeswell & Sieged 1999; K ing et al., 1998; 1996). 

Sedimentary rocks from Carboniferous to early Tertiary period crop out in 

Jemesson Land north o f Scoresby Sund (Krabbe, 1996; Linthout et al. y 2000). 

Surrounding areas west and south are dominated by igneous and те1атофЫс rocks 

that are o f little interest for biomarker studies. 

3.3.3 Palaeoceanographic signifîcance of the presence of di f ferent biomarkers 

in GDF deposits 

3.3,3.1 Terrestr ia l 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 o f long-chain ท-alkaneร 

(Cn > 24). However, hemipelagic sediments contain younger, less reworked organic 

matter lacking such indicators o f таШг і ї у and biodegradation as porphyrins and 

chromatographic U C M (Peters & Moldowan, 1993 and references therein) (Figs. 

3.3a,b&f and 3.4a,b & f and Table 3. 7). Distribution o f ท-alkaneร in these 

sediments (chromatographic traces wi th unimodal envelope, maxima at ท-Շշ7,3ւ 

alkaneร and high CPI) is consistent wi th a terrestrial origin o f these components from 

higher plants (Eglinton & Harnih^ 1967). Deposition o f these sediments probably 

resulted from aeolian input o f dust (Poynter et al, 1989), fluvial contribution o f 

eroded soils (Prahl & Сафе^ 1984) or sea ice (Fahl & Ste๒ 1999). Very low 

relative abundance o f short-chain ท-alkaneร indicates microbial degradation o f 

marine organic matter (Peters & Moldowan, 1993). Low preservation o f 

autochthonous organic matter in the North Atlantic waters during Cenozoic has been 
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reported by Hölemaim & H e ฟ c h (1994). In this thesis, the presence o f an 
autochthonous signal in the hemipelagic sediments has been identified by the 
presence o f alkenones and chlorins. 

Allochthonous organic matter is also predominant in GDF sediments, 

however, its biomarker composition is different from that o f hemipelagic sediments. 

For instance, all GDF analysed contained porphyrins. These biomarkers form as a 

result o f long-term (~lo6 years) transformation of chlorophyll in sediments (e.g. 

Baker & Lauda, 1986; Callot et al., 1990). Porphyrins are commonly present in 

ancient sedimentary rocks (Eglinton et ai, 1985) and therefore their discovery in 

GDF sediments was expected. Vanadyl рофһуппร were found in HLs 2 and 4 from 

core BOSF 5K from East Thulean Rise and Norwegian Sea core M23260 (Rosell-

Melé & Koç, 1997; Rosell-Melé et aí., 1997). Absence o f nickel porphyrins from 

these cores is smprising because they were present in all GDF sediments, but this 

could be due to the detection l imit o f the methods employed to measure them. 

Another indicator o f the reworked nature o f the GDF sediments is the presence o f a 

mixture o f highly branched aliphatic compounds that appear as a U C M hump in gas 

cfeomatograms o f all GDF samples. These mixtures are not present in the 

hemipelagic sediments. 

To conclude, biomarker signaณres o f GDF indicate terrestrial origin o f 

sedimentary organic matter that resulted from glacial erosion o f 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 一 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 o f these compounds 

in the debris GDF from the North Sea Fan and Svalbard was mexpected. The 

presence o f such compounds in these sediments may be explained by admixture o f 
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the pelagic sediments to the glacigenic ones prior to GDF deposition or presence o f 

younger, less reworked, organic matter in the outcrops eroded by the ice streams. 

NSF contains relatively young (Cenozoic) sediments (Section 3.2.1.3). I t may be 

suggested that chlorins here were not formed in situ but most likely belong to the 

sedimentary rocks eroded by the ice streams. K ing et al. (1998), for instance, 

demonstrated derivation o f 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 o f the TMFs, between two fans. 

Because o f such location, GDF here may contain considerable amounts o f 

hemipelagic sediments. This view is supported by the fact that GDF sediments from 

this location are fine-grained in contrast wi th coarse-grained GDF sediments reported 

for the Isfjorden TMF (Elverhøi et al., 1995b). This may indicate incorporation o f a 

large proportion o f hemipelagic sediments into the ODP 986 debris flow (similar to 

Wang & Hesse, 1996). However, results of mineralogical and palynological 

analyses strongly suggest terrestrial origin o f these sediments (Butt et al., 2000; 

Smelror, 1999). They contain abundant detrital carbonate (>15%) from Palaeozoic 

outcrops on the mainland Svalbard, пшпегоиร clasts o f various ages and Mesozoic 

dinoflagellate cysts. Wide age distribution o f 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 

wi th рофһуппร and reworked hydrocarbons from the more mature ones as a result o f 

GDF formation. 

Rosell-Melé et al (1997) attributed elevated amounts o f chlorins in HLs to 

enhanced preservation o f organic matter during HEs. The presence o f these 

compounds in the sediments from some o f the potential sources o f IRD indicates a 

possibility o f allochthonous input o f chlorins in addition to autochthonous. The age 

of chlorins could be determined using isotopie analysis in order to confirm or reject 

the likelihood o f such input. 
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3.3,3.3 Presence of Alkenones 

The presence o f alkenones in some o f the GDF indicates that during glacial 

times, deposition o f alkenones in the deep sea could be a product o f allochthonous as 

wel l as autochthonous and input. This poses some questions for the use o f these 

biomarkers to reconstruct palaeoceanographic 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 aUcenone indices (Լք՜37 and 1ք՝37՛) for the L G M 

in the Nordic seas (Fig. 3.5). As one o f the possible explanations for the bias in SST 

estimates, the authors suggest the admixture o f allochthonous alkenones into the 

sediments as a result o f ice rafting. Input o f terrestrial sediments containing 

alkenones from wanner, pre-Quatemary, climates could bias Լք՜37 estimates towards 

warmer values. 

SST values calculated for the GDF from NSF and Svalbard (Table 3. 8) are 

significantly lower then the speculated 〜30°c for source sediments representing pre-

Quatemary environments (Rosell-Melé & Comes, 1999). They are in fact lower then 

those obtained for the L G M samples by Rosell-Melé & Comes (1999). Even an 

input o f the equivalent amount o f allochthonous alkenones with 1ք՜37՚=0.4 (〜11^^ 

(as observed for some o f the samples from Svalbard) would only increase the 

presumed 1^37՛ autochthonous signal o f ԺՅ7՚=02 (〜5°C) to 0 .3 ( 7 . 7 ° C ) , sti l l lower 

than 12.0-16.8 °С reported by Rosell-Melé & Comes (1999). Moreover, such high 

input from Svalbard seems unlikely since Bellsund and Is^orden Fans are several 

orders o f magniณde smaller then other major TMFs. Although the size o f the TMF 

is not directly proportionate to the sedimentary output o f the ice stream (O Cofaigh et 

al, 2003), such vast difference in size o f the TMFs is l ikely to reflect the difference 

in the amount o f 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 o f the Сз7:4 alkenone in some o f the debris flows (Table 3. 8 

and Fig. 3·7) suggests that Сз7:4 content of L G M sediments is also of mixed origin 

and therefore the tetraansaณrated component cannot be considered as a better 
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representative o f autochthonous signal then d i - and triunsaturated ones. High 

concentration o f Сз7:4 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 o f 

this component in L G M sediments was probably lower then calculated by Rosell-

Melé & Comes (1999). For example, to result in the mixed %Сз7:4 =5%, wi th an 

input o f equal amount of total allochthonous alkenones with %Сз7:4 =8%, 

autochthonous %Сз7:4 would have to be only 3%. That would make the suggestion 

by Rosell-Melé & Comes (1999) that SST during L G M was not higher then 6°c less 

certain. 
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3.4 Comparison of b iomarker signals in debris flow deposits f r om the Nor th 
At lant ic 

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

course necessary to prove that biomarker composition o f these sediments is 

equivalent to that of the IRD. In this Section it w i l l be shown whether the 

composition of biomarkers in GDF 

1. differs significantly from that o f overlying hemipelagic sediments 

2. is homogenous wi tMn each source area. The latter is mderstood to be the drainage 

area o f the ice-stream that gave rise to the formation o f a TMF and the associated 

GDF. 

3. is significantly different between potential source areas. 

The comparison o f the distribution o f 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 oi l exploration and geochemical research (e.g. Peters et al, 2000). 

Biomarker composition o f glacigenic and hemipelagic sediments from debris flow 

deposits from the Nordic Seas and North America was compared based on the 

distributions o f 

• photosynthetic pigments 

• saturated hydrocarbons 

• unresolved complex mixture (บCM) . 

Biomarker composition o f the sedimentary organic matter in the samples analysed 

was expressed in a number o f variables representing absolute and relative 

abundances of different components (See Sections 1.4.3 and 1.4.4). The list o f 

variables used for comparison and mean values for different sediments are presented 

in Table 3. 7. For the fu l l list o f values, see App.3. 
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3.4.1 Pr incipal component analysis 

Eleven variables were used for comparison o f GDF biomarker data. Variables used 

for principal component analysis (PCA) and their mean values are listed in Table 3. 

7. Pristane/phytane and isoprenoidร/ท-alkane ratios were not included because they 

were missing from most o f 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 % o f 

variance (Table 3. 9). 

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

represented by components PCi- PQ. 

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 o f the variables). 

Variable PCI PC2 РСЗ 

T N A 0.26550 -0.08380 0.44124 

СРІІ7-23 -0.31999 0.38144 0.24206 

СРІ24-31 -0.32618 0.00149 0.40171 

С27/ C29 0.29225 -0.19646 0.43813 

С29/ С31 0.08689 0.66417 -0.02546 

ACL25-33 -0.22169 -0.55552 -0.16552 

/ .՝^79֊2l + ノ ,ᄂп֊19 -0.45623 0.03850 0.13541 

S/I 0.28179 0.23375 -0.18357 

vo 
VO + Ni -0.05890 0.01956 -0.51678 

UCM/g 0.42935 -0.02744 0.14589 

UCM/TNA 0.32133 -0.04363 -0.15798 

Most o f the variables are strongly represented in PCI (Table 3. 9 and Table 

3.10), which accounts for 39% of variance. In this component, U C M correlates wi th 

ratio o f П-С27 to ท-C29 and abundance o f porphyrins represented by ร/I ratio. These 

variables are opposed by Carbon preference indexes and relative abundance o f long-

chain ท-alkaneร (ท-С29.31). U C M is a result o f biodegradation and amount o f U C M 

reflects the degree o f biodegradation. Predominance o f long-chained ท-alkaneร 

decreases wi th maturity and biodegradation as a result o f reworking o f the organic 

matter (e.g. Tissot & Welte, 1984). Relative abundances o f different long-chain ท-

alkaneร (e.g. ท-C27 to ท-C29) are characteristic o f specific environments in which 

organic matter was formed. Thus, in P C I , higher values are favoured by higher 

degree o f biodegradation and maturity, higher relative abundance o f porphyrins and 

predominance o f П-С27, over ท-C29 alkane. 
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The second component (Table 3. 9 and Table 3. 10) represents 19% o f 
variance. In this component, CPI o f short-chained ท-alkaneร correlates wi th ratio o f 
ท֊Շշ9 alkane to Ո-Сзі and contrasts wi th average chain length (ACL). PC2 accounts 
for specific characteristics o f each sediment source related to their depositional 
environments and degree o f maturity. 

PC3 accounts for 18% of variance (Table 3. 9). Here, CPI o f long-chained ท-

alkaneร, ratio o f П-С27 to П-С29 alkane and amount o f total ท-alkaneร are opposed to 

relative abundance o f vanadyl рофһуппร (Table 3. 10). Abundance o f vanadyl 

porphyrins indicates predominance o f anoxic conditions in the ancient depositional 

environment (Lewan, 1984). In this component, predominance o f ท-C27 alkane over 

ท-C29 is associated wi th more organic-rich younger sediments deposited in the 

environments wi th higher Redox potential.. 

To illustrate variability in biomarker composition wi th in 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 Var iab i l i ty w i th in each G D F deposit 

3.4.2.1 Homogeneity of G D F sediments w i th in each T M F 

Debris flows from the Nordic Seas show largely homogenous ท-alkane, pigment and 

alkenone distribution within each TMF. This is consistent wi th the character o f 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 wi th in 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 o f ท-alkane and pigment content is in 

agreement wi th homogeneity in other properties reported by K ing 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 o f six debris flow samples from ODP 986 (C-90cm) is markedly 
different from the rest o f the samples. It displays lower concentration of ท-alkaneร 
and рофһуппร, lower maturity and lower degree o f biodegradation and low 
abundance o f рофһуппร. There is also variation in TNA content between deeper 
(90cm) samples and the shallower ones (20 cm) wi th 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 o f scatter Fig. 3.9. Sample 

GC32-140 cm is characterised by very high U C M (UCM/TNA=57). This ехріашร its 

very high PCI score. Two samples from the upper part o f the thick debris flow in 

cores GC31 and GC32 (55 and 90 cm respectively) are characterised by higher СРІ24. 

31 and П-С29 to ท-С31 ratio (reflected in PC3 and PC2 respectively) than other samples 

from SSF. They plot closer to в IF samples. Sample GC31-55 cm cannot be 

distinguished from BEF 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 o f GDF sedimentation along the LS margin (Hesse et al, 

1990; Wang & Hesse, 1996), analysis o f samples from other locations in the LS is 

needed to present a clear picณre o f biomarker distribution in this area. 

N-alkane distributions from the two BB cores display unimodal envelope 

wi th maximum at П-С29 and low abundance o f short-chain components but differ 

from one another in some o f the parameters. HU77 samples have higher CPI, lower 

C27/C29 and higher Cig/Ca ratios (App. 3). In both cores, porphyrins are in low 

abundance but in HU76 v o species are absent or have much lower abundance than 

N i (Table 3.7). This explains high variability in PC2 and PC3. However, BB 

sediments are different from the rest o f 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 o f the line-source character o f sedimentation in this area (Aksu 

& Hisœ 1989; Aksu & Рірет^ 1987). 
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So, to conclude, GDF sediments are largely homogenous in their biomarker 
composition, which indicates a highly mixed nature o f these sediments. Therefore 
the biomarker քւո§6փոոէտ o f the organic matter in each GDF can be considered as a 
combined signaณre o f a variety o f outcrops eroded by a particular ice stream. 

3.4.2.2 Comparison of G D F and other types of sediments 

As it could be expected, biomarker composition o f debris flows differs markedly 

from those o f hemipelagic sediments (Figs. 3.3a,b&f and 3.4a,b & f and Table 3. 7). 

Hemipelagic sediments are characterised by lower abundance o f ท-alkaneร, higher 

CPI and ACL , absence o f U C M and porphyrins and well defined predominance o f 

the long-chain ท-alkaneร over the short-chain ones than GDF sediments. This 

indicates the presence o f the less reworked organic matter in hemipelagic sediments 

than in the GDF. In order to support discussion based on visual comparison o f gas 

cføomatograms and UV-VIS absorbance spectra, analysis o f variance (ANOVA) was 

used in order to consider variability in individual parameters. In Table 3. 11, the 

results o f comparison o f GDF and hemipelagic sediments from в IF are presented. 

A l l parameters show significantly higher variability between the two types o f 

sediments than within each type. Only Pr/Ph ratios are not significantly different 

due to the high variability o f this variable in hemipelagic sediments. This may be 

due to the reduced accuracy in measurement o f pristane and phytane abundances in 

the hemipelagic sediments because o f their very low concentration (く 10 ng/g dry 

sediment). 

As was mentioned above, glacial t i l l sediments from the continental shelf o f f 

Scoresby Sund show similar ท-alkane distribution to those from GDF despite the 

difference in some o f the bulk properties (see Section 3.2.1.2). This similarity is 

confirmed by the analysis o f variance (Table 3. 11). However, relative abundances 

o f N i and v o porphyrins in the two types o f sediments are significantly different, i.e. 

substantially higher for the glacial t i l l 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 รณdy o f BIF, Laberg and Vorren (1995) observed similarity in the grain size 

distribution and water content o f GDF sediments wi th those from the glacigenic t i l l . 
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K ing et al. (1998), although emphasised the similarities between the two types o f 
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 t i l l from the same location. The variability in porphyrin ratios in SSF 
sediments could be a result o f similar variability between GDF and glacial t i l l 
sediments. I f the mainland sediments from East Greenland contain lower proportion 
o f N i porphyrins than the offshore strata, this would be reflected in the рофһуппร 
ratio. However, these two types o f sediments are indistinguishable using all other 
variables and are more similar to each other than to any other GDF analysed. That 
allowed including glacial t i l l sediments in the principal components analysis together 
wi th the GDF samples. We propose that GDF may be more accurate in representing 
sources o f IRD transported by icebergs into the ocean than glacial ti l ls because they 
contain higher amounts o f the mainland derived sediments. However, not all ice 
streæns resulted in GDF formation. Development o f GDF is determined by several 
factors including steepness o f continental slope, availability o f erodible sediments 
and width o f continental shelf (O Cofaigh et al, 2003). In locations where ice 
streams did not result in GDF formation, glacial t i l l 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 o f IRD in HLs 
in core รบ90-09. 

It was initially intended to use ice rafted debris mixed wi th hemipelagic 

sediments from core HU88 (HI facies from Wang & Hesse, 1996) because o f the 

similarity in the general appearance o f their ท-alkane envelope and absorbance 

spectra (Figs. 3.3f and 3.4f). Analysis o f variance, however, shows significant 

difference in most variables between the two types o f sediment (Table 3,11). 

So, to conclude, biomarker composition o f GDF sediments is significantly 

different from that in the overlaying hemipelagic sediments that indicates different 

origin o f these two types o f sediments (glacial erosion vs. aeolia๙fluvial 

weathering). On the other hand, glacial erosion is responsible for the formation o f 

both glacial t i l l and GDF sediments and variability in their composition is probably 

due to variability in the relative representation o f the mainland and offshore outcrops. 
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Table 3. 11 Comparison of different types o f sediments within GDF deposits. 
Statistical significance (p) o f variability between glacigenic debris flows and 
hemipelagic sediments i rom Bear Island Fan, glacial t i l l (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 - variability statistically 
significant wi th 95% confidence. 

Groups compared BIF(GDF) 
vs. BIF(HP) 

SSF(GDF) 
vs. SSF(GT) 

LS(GDF) vs. 
LS(HI) 

TNA (ng/g) 0.0002 0.9255 0.6470 

CPIn.23 0.0007 0.9355 0.5693 

(֊-гІ24-Зі 0.0000 0.4728 0.0020 

С2?/ Շշ9 0.0000 0.8671 0.0384 

Շշց/ Сзі 0.0000 0.8084 0.0232 

ACL25.33 0.0000 0.9536 0.0208 

ᄂ ᄂ 29—31 

/_(ᄂ 29—31 +2^^17—19 
0.0000 0.9370 0.0021 

57/ 0.0111 0.5071 0.0000 

VO 
VO + Ni 

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/Cn 0.0000 0.9371 

Ph/C,8 0.0178 0.8354 

PCI 0.0000 0.7849 0.0181 

PC2 0.0000 0.8376 0.0385 

PCS 0.0000 0.6905 0.0063 
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3.4.3 Var iab i l i ty between GDF deposits 
3.4.3.1 Nordic seas 

GDF can be used as proxies for ГЕШ sources in the North Atlantic Heinrich Layers i f 

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 o f ท-alkaneร in the s SF GDF is ~ 4 times 

lower than in the В IF and 6 times lower than in the Svalbard GDF. This is explained 

by predominance o f organic-poor igneous and metamorpMc 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 o f 

chlorins, unimodal ท-alkane envelope wi th high CPI and low abundance o f short-

chain n-alkaneร and low chromatographic U C M (Figs. 3.3c, 3.4c, 3.10 and Table 3. 

7). Five out o f six samples from Svalbard present a mixture of thermally mature, 

biodegraded organic matter as indicated by low CPI, high relative abundance o f 

short-chain ท-alkaneร and the presence o f U C M in the chromatographic trace, as wel l 

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 o f input o f reworked ท-alkaneร (Peters & 

Moldowan, 1993). However, differences can be seen in the ท-alkaneร Гіп£ЄфгіпІ8 o f 

GDF from в ш , SSF and Svalbard (Figs. 3.4 and 3.10). The most abundant n-alkane 

in the ш ғ ， SSF and Svalbard GDF are n-Ci9, ท-C22 and ท-C23 alkaneร respectively. 

There is slight odd over even preference in the low molecular weight ท-alkaneร from 

В IF (СРІ17.23= 1.2) whereas there is no such preference in the samples from 

SSF(CPIi7.23= 1.0) and even ท-alkaneร predominate in the samples from Svalbard 

(CPI i7 .23= 0.88). Distribution o f the long-chain ท-alkaneร shows different degrees o f 

maณration which is the highest in SSF (lowest СРІ24.31 =1.4) and the lowest for 

Svalbard (СРІ24.31= 1.9). Mixtures o f the highly branched aliphatic compounds from 

SSF and В IF form similar U C M humps in the ctoomatograms. They are large and 

have maximum at the retention time o f the ท-C29 alkane, whereas U C M from 
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Svalbard is lower in high-molecular weight components and has a т а х і т ш п at the 
retention time o f the ПС20-23 ท-alkaneร. 

Nordic Seas GDF can also be distinguished from one another based on their 

Pr/Ph and isoprenoid/ท-alkane ratios (Fíg. З Л І ) . There is an overlap between SSF 

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

3.4.3.2 Labrador sea/Baffin Bay 

GDF sediments from BB and LS C( 

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 

те ЇатофЬіс sources along the LS eastern margin (Wang & Hesse, 1996). 

Concentration o f n-alkaneร in the LS GDF is an order o f 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 ท-alkaneร are characterised by lower 

maturity as exemplified by higher CPI. Relative abundance o f ท֊Сзі is substantially 

lower in BB GDF. This is reflected in lower A C L and higher С29/С31 ratio for the 

BB samples. 

3.4.3.3 Overal l comparison of the Nor th At lant ic GDF signatures 

Debris flows were compared using results o f the PCA analysis. The results are 

presented in Fig. 3.9. Debris flow sediments containing organic matter o f lower 

maturity and biodegradation (NSF, LS and BB) are separated from those wi th more 

mature, biodegraded and more porphyrin rich organic matter (BIF, SSF and most 

Svalbard) by PCI (Fig. 3.9a and Table 3. 7). PC2 separates BB GDF from the LS 

and NSF. LS samples have the lowest values because o f their lowest CPI and 

highest abundance o f ท-С31 alkane. In contrast, BB СРІ17.23 is the highest and 

abundance o f П-С29 alkane nearly twice that o f ท - С 3 1 . PC3 is the highest for NSF 

sediments wi th high abundance o f total ท-alkaneร, high СРІ24.31 and C27/C29 ratio and 

predominance o f N i porphyrins. The lowest values are obtained for LS samples 
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because o f low concentration o f total ท-alkaneร, C27/C29 ratio <1 and v o porphyrins 
predominance (Table 3. 7). 

Debris flows containing more reworked organic matter are less wel l separated 

by PC2: there is an overlap between в IF and SSF on the PC1/PC2 plot Fig. 3.9a). 

This is because sediments from these TMFs are close in degree o f maturity and 

biodegradation. There is also high deviation in С29/С31 ratio for SSF samples that 

causes high variability in PC2 for this TMF. в IF and SSF are separated on a 

PC3/PC2 plot wi th only one sample (GC31-55 cm) plotting wi th в г ғ samples (Fig. 

3.9b). NSF and LS, although slightly overlap on PC1/PC2 plot, are wel l separated 

by PC3 due to their contrast in total ท-alkane concentration, C27/C29 ratios and 

relative abundance o f 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 imique to each T M F deposit. This makes it possible in 

principle to use biomarker composition o f GDF as a proxy for the source o f IRD in 

the North Atlantic. 

3.4.4 Use of b iomarker composition of GDF to constrain sources of I R D in the 
Nor th At lant ic 

In the provenance studies to date, mostly continental outcrops are considered as 

proxies to characterise the composition o f the sources o f п ш . These studies have 

concentrated on the bulk properties o f sediments from potential sources (see Section 

1.2) and, to our knowledge, biomarker composition o f potential sources o f IRD has 

not been considered previously. Because o f 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 o f individual outcrops. For 

instance, sediments from Svalbard were shown to contain a mixture o f reworked 

organic matter wi th that from a younger source (or sources) (see Section 3.4.3.1). 

Biomarker п п £ Є ф г і п Ї і п § presents a more detailed and a more specific approach than 

analysis o f bulk properties o f the sediments from potential sources. Sediments 

characterised by similar mineralogical composition may differ in their biomarker 
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content, w h i c h preserves in fo rmat ion about deposi t ional environments and post 
deposit ional diagenesis o f organic matter. 

The results or this study show that debris flows from di f ferent locat ions i n the 

N o r t h At lan t ic can be dist inguished from one another based on b iomarker 

fingerprints us ing GC traces alone (F igs. 3.4 and 3.10 and T a b l e 3. 7) . U V - V I S 

analysis p rov ided addi t ional i n fo rmat ion (F i g . 3.3 and T a b l e 3. 7) . Use o f 

b iomarkers a l lows d is t inguishing not on l y between A m e r i c a n and European sources 

but also between d i f ferent locat ions i n the No rd i c Seas and the N o r t h Amer i ca . G C 

and U V - V I S spectrophotometry are robust and the least specif ic methods o f 

descr ib ing b iomarker compos i t ion o f potent ia l I R D soeces . Great potent ia l l ies i n 

us ing Gas Chromatography l inked to Mass spect rometry , w h i c h w i l l a l l ow 

ident i f ica t ion o f other hydrocarbons, such as for instance aromatic compounds, 

steranes and hopanes. These b iomarkers are c o m m o n l y used i n pet ro leum indust ry 

i n corre lat ion รณdies. They are more resistant to r ewo rk i ng toough geologica l t ime 

and better ref lect the deposi t ional environments o f the or ig ina l sediment sources 

(Peters & M o l d o w a n , 1993). Broaden ing the spectre o f b iomarkers used to describe 

potent ia l sources o f I R D w o u l d a l l ow clearer separation between them, especial ly 

between the G D F conta in ing h i g h l y reworked organic matter. Use o f L i q u i d 

Chromatography coupled to Mass Spectrometry w o u l d a l l ow not on ly d i f fe rent ia t ion 

between d i f ferent types o f tetrapyrrol ic p igments but also ident i f i ca t ion o f the 

molecu lar structure o f i nd iv idua l p igments. Relat ive abundances o f р о ф һ у г т ร i n 

d i f ferent G D F m a y be s imi lar re f lec t ing Redox condi t ions at the t ime o f fo rmat ion . 

However , other factors such as temperature, sa l in i ty and ava i lab i l i ty o f nutr ients m a y 

have resulted i n d i f ferent mic rob ia l assemblages and consequent ly d i f ferent 

diagenetic pathways o f ch lo rophy l l degradation. That should be ref lected i n the 

structure o f the р о ф һ у п п ร fo rmed i n d i f ferent locat ions. Potent ia l ly , compounds 

unique to a specif ic source m a y be ident i f ied. 

I t is impor tant , however , to bear i n m i n d that d i f ferent potent ia l sources o f 

I R D d i f fe r no t on l y i n their b iomarker compos i t ion but also i n b iomarker 

concentrations. For instance, G D F from B B and L S analysed here are l o w i n organic 

carbon and conta in l o w absolute abundances o f ท-alkaneร. Because sedimentary 

rocks are m u c h h igher i n T O C than igneous and metamorphic and shales are more 
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organic- r ich than carbonates, cont r ibut ion o f b iomarkers from each source is not 

proport ionate to the relat ive input o f the I R D from that source. That is w h y i t w o u l d 

be d i f f i cu l t to use b iomarker approach to quant i fy cont r ibut ion from di f ferent 

potent ia l sources since a re la t ive ly ins ign i f icant source characterised b y h i g h organic 

matter content m a y be stronger represented i n the H L sediments than a more 

impor tant but TOC-poo r source. B iomarke r analysis should be used i n combina t ion 

w i t h methods that take in to account a l l other contr ibut ions (i.e. igneous and 

metamorph ic) . 

W i t h regards to the ident i f i ca t ion o f potent ia l sources, p robab ly more samples 

need to be รณdi ed from the B a f f i n B a y and Labrador Seas because o f the 

heterogeneity o f the G D F input i n these areas. I t is possible that because o f the l ine-

source sedimentat ion i n the LS and B B , the samples analysed i n th is study may not 

be representative o f the m a i n drainage area. For instance, the presence o f 

undegraded organic matter o f l o w matur i t y i n the G D F sediments from N o r t h 

Amer i ca was unexpected. Palaeozoic carbonates from the drainage areas o f these 

G D F should contain organic matter o f mar ine o r ig in w i t h h igh relat ive abundance o f 

shorter-chain ท-alkaneร and no odd over even carbon пшпЬегร predominance (Peters 

& M o l d o w a n , 1993). G iven the o ld age o f these rocks, h i gh degree o f r ewo rk i ng o f 

organic matter was expected. However , b iomarker compos i t ion o f the sample from 

H L 2 from core HU87-025 -07P shows s imi lar organic matter compos i t ion to that 

from G D F from the same core and probab ly ref lects genuine compos i t ion o f the I R D 

input from a number o f sources i n the nor thern Canada. I n support o f this v i ew , 

G D F from bo th locat ions are h igh i n their detr i ta l carbonate content (see Section 

3.2.2). I t is possible that b iomarker signature o f the organic-poor carbonates i n G D F 

is swamped b y that o f the younger outcrops conta in ing large amounts o f ท-alkaneร 

(F i g . 3.8). 

T i m i n g o f the G D F deposi t ion is also important . The compos i t ion o f the I R D 

and G D F from the same locat ion m a y d i f fe r through t ime. Th is m a y be due to 

complete erosion o f par t icu lar geological strata or a change i n the pa thway o f the ice 

streams. For example, such change o f the ice stream tra jectory was proposed to 

exp la in the var iab i l i t y between H L 3 and H L s 2 and 4 (Andrews & MacLean , 2003; 

БСігЬу & And rews , 1999) Such occurrences m a y result i n g lacia l erosion o f d i f ferent 
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outcrops and d i f ferent compos i t ion o f I R D from the same locat ion but from di f ferent 

t ime periods. Thus var iab i l i t y i n compos i t ion o f I R D observed between and w i t h i n 

d i f ferent H L s (Grousset et al, 2 0 0 1 ; e.g. H u o n et al, 2002) m a y not o n l y be a result 

o f d i f ferent sources o f I R D but also o f the change i n compos i t ion o f I R D from the 

same source. Ana lys is o f G D F deposited dur ing d i f ferent episodes o f ice ra f t ing m a y 

prov ide more accurate i n fo rmat ion on the changes i n I R D compos i t ion th rough t ime. 

There is a poss ib i l i t y that G D F do not accurately represent compos i t ion o f 

П Ш in the deep ocean. D i f fe ren t outcrops eroded b y icebergs contr ibute to d i f ferent 

size fractions depending on the type o f rock , e.g. shale is most l i ke l y to be 

predominant i n the fine fraction. Part ic le size distr ibut ions i n the deep-ocean 

sediments m a y d i f fe r from those f o rm ing G D F . For instance, く63 μ η ι fraction i n the 

deep-ocean sediments can be transported b y means other than ice ra f t ing (e.g. 

Andrews , 2000) and contain d i f ferent b iomarker signatures than those i n G D F . I n 

add i t ion to that, scour ing b y bo t tom currents can m o d i f y the gra in size dist r ibut ions 

i n the ocean sediments b y remov ing the fine f rac t ion (e.g. M c C a v e , 1995). However , 

analysis o f the coarse fraction (>150 μ ιη ) alone w i l l result i n bias towards the rock 

types that tend to break in to larger part icles ( H e m m i n g , 2004) . Thus, d i f ferent gra in 

size fractions should probab ly be รณdied i n bo th sources and sinks o f I R D . 
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3.5 C o n d u s i o n s 

G D F deposits i n the N o r t h A t lan t i c margins are rich i n organic matter. G D F 

sediments are largely homogenous i n their b iomarker compos i t ion , and the 

b iomarker fingerprints o f the organic matter i n each G D F can be considered 

as a combined signature o f a var ie ty o f organ ic- r ich outcrops eroded b y a 

part icular ice stream. G D F contain b iomarker distr ibut ions that are 

characterist ic and un ique to each T M F deposit. 

The b iomarker compos i t ion o f G D F is thus s ign i f icant ly d i f ferent from that o f 

the over lay ing hemipelagic sediments. G D F sediments contain general ly a 

very h igh p ropor t ion o f biodegraded and thermal ly mature organic matter 

or ig inat ing from ancient outcrops eroded b y fo rmer ice streams. Hemipe lag ic 

sediments over l y ing G D F or i n deep sea cores contain a less reworked 

organic matter s i gna toe , bo th autochthonous and al lochthonous. 

I n consequence and i n pr inc ip le , b iomarker compos i t ion o f G D F cou ld be 

used to constrain the sources o f I R D i n the N o r t h A t lan t i c dur ing the last 

g lac ia l 

Because the b iomarker compos i t ion o f g lacia l t i l l dq jos i ts is s imi lar to that o f 

G D F , i t can also be used as a p r o x y to infer the organic compos i t ion o f I R D 

i n deep ocean. 

G i ven the comp lex i t y o f b iomarker d ist r ibut ions in G D F , b iomarker analyses 

o f potent ia l I R D sources presents a potent ia l ly more detai led and more 

specif ic approach than analysis o f b u l k propert ies o f the sediments to 

characterise sources o f I R D present i n deep sea sediment cores o f the g lac ia l 

N o r t h A t lan t ic . Th is w i l l be invest igated further i n Chapter 4. 

Some G D F contain b iomarkers that are also found i n "con temporary " g lacia l 

hemipelagic sediments, namely alkenones and chlor ins. I t is to be expected 

that I R D or ig ina t ing from the T M F where these deposits are located also 

contained alkenone and ch lo r in signatures that were indist inguishable from 
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autochthonous inputs i n the areas where the I R D finally sedimented i n the 
deep sea. I n consequence, іп Їефге Іа І іоп o f the dist r ibut ions o f these 

b iomarkers i n deep sea cores dur ing the last g lacial is constrained b y the 

uncertaint ies regarding the predominant ly autochthonous or a l lochthonous 

o r ig in o f such b iomarkers signaณres. I n other words , the use o f these 
b iomarkers to reconstruct palaeoceanographic condi t ions ( i .e. SST and 
p r imary p roduc t iv i t y ) dur ing glacial t imes i n the N o r t h A t lan t i c m a y be 
incorrect because o f the potent ia l bias caused b y the possible existence o f 
al lochthonous contr ibut ions o f these b iomarkerร. 
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Cover image: Deep-sea sediment core with Heinrich event I represented by the light-coloured 
sediment in the bottom half of the image. Photo: Bedford Institute of Oceanography 
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4.1 I n t r o d u c t i o n 

I n this chapter, the use o f b iomarkers to invest igate the provenance o f ice raf ted 

debris ( I R D ) i n deep-sea sediments dur ing the -60 -10 .5 k y r BP in terva l is 

invest igated. 

• The general a im o f this chapter is to test a hypothesis that the I R D deposited 

i n H L s carry b iomarker signatures analogous to those f r o m potent ia l sources, 

and therefore sources and sinks o f I R D can be correlated based on their 

b iomarker signatures or Г іп§ефг іпЇ8. 

I n order to understand the causes and mechanisms o f c l imat ic change dur ing the last 

g lacia l per iod , some questions on provenance o f ice raf ted debris i n the N o r t h 

A t lan t i c s t i l l need to be c lar i f ied. W h i l e the Hudson Strait out let o f the Laurent ide 

Ice Sheet has been established as the m a i n source o f I R D i n the N o r t h A t lan t i c 

He in r i ch layers (HLs ) 1， 2, 4 ^ (e.g. And rews & Tedes^ 1992; B o n d et al., 1992; 

Gwiazda et ai, 1996b; H e m m i n g et al., 1998), the signi f icance o f European input o f 

I R D has been quest ioned (Farmer et ai, 2003) . Acco rd ing to most รณdies, the 

sources o f sediments i n the " u n t y p i c a l " H L s 3 and 6 appear to d i f fe r from those i n 

the " t y p i c a l " H L s 1 , 2, 4 and 5 (e.g. And rews & MacLean , 2003; Grousset et ai, 

1993; Gwiazda et al., 1996a; K i r b y & And rews , 1999). However , some authors 

contest these findings (H i l l a i re -Marce l et ai, 1994; Rashid et al., 2003a; Stoner et 

al., 1996). 

I n add i t ion to the " u n t y p i c a l " character o f H L s 3 and 6, there is ind ica t ion o f 

var iab i l i t y between prominent H L s 1, 2 , 4 and 5 (e.g. de Ab reu et al., 2003; 

H e m m i n g & Ha j das, 2003; H u o n et al., 2002) that needs ñ i r ther invest igat ion. 

H igh- reso lu t ion study o f core ร บ 9 0 - 0 9 showed that deposi t ion o f each H L 

occurred i n a series o f pulses last ing 2-5 cenณries and m a y indicate intermit tent 

iceberg release from the Laurent ide or la t i tud ina l osci l lat ions i n the pathway o f the 

icebergs (Grousset et ai, 2001). 
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The m a i n focus o f provenance studies so far has been on invest igat ion o f 
minera log ica l and isotopie compos i t ion o f l i th ic f ract ion o f the H L s (e.g. B o n d & 
L o t t i , 1995; Grousset et al, 2000; H e m m i n g et al, 1998) and bu l k propert ies o f 
organic matter (Huon et al, 2002) . A s an alternative p roxy for I R D i n the N o r t h 
A t lan t ic , Rose l l -Me lé et al (1997) proposed using ancient b iomarkers. The presence 
o f porphyr ins (Rose l l -Me lé & Koç , 1997; Rose l l -Me lé et al, 1997) and reworked ท-
alkaneร (V i l l anueva et al, 1997) i n He in r i ch layers has been attr ibuted to input from 
ice ra f t ing . V i l l anueva et al. (1997) suggested that var iab i l i t y i n ท-alkane 
d i sฬbu t i ons between t w o No r th A t lan t i c cores ( ร บ 9 0 - 3 9 and ร บ 9 0 - 0 8 ) ref lects 
d i f ferent o r i g i n o f I R D i n the two locat ions. I n th is chapter, the use o f b iomarkers 
(porphyr ins and ท-alkaneร) to address some o f the questions o n provenance o f I R D i n 
H L s is invest igated. 

113 



Oksana v K o m i l o v a P h D Thesis 

4.2 B a c k g r o u n d . Cores used i n th is s tudy 

Samples from 4 locat ions i n the N o r t h A t lan t i c were analysed (F i g . 4.1). They are 

expected to represent sinks o f ice raf ted mater ia l potent ia l ly or ig inat ing from 

di f ferent areas i n the N o r t h A t lan t ic . A l l cores had been extensively studied 

prev ious ly us ing a d ivers i ty o f methods, dated b y accelerator mass spectrometry 

( A M S ) "^C dates and placed on a c o m m o n t imescale us ing their geomagnetic 

palaeointensity records (Grousset et al., 2 0 0 1 ; Stoner et al., 1996; 1998). Core 

locat ions and co l lec t ion data are presented in T a b l e 4 . 1 . 

I n order to invest igate b iomarker evidence for d o w n core var iab i l i t y i n 

compos i t ion o f organic matter i n N o r t h At lan t ic Quaternary sediments, core ร บ 9 0 - 0 9 

was chosen. Th is core had prev ious ly been exhaust ively รณdied using a пшпЬег o f 

parameters (Grousset et al., 2 0 0 1 ; H u o n et al., 2002; Tambur in i et al., 2002) (See 

Section 4.2.1). F o l l o w i n g the strategy o f Grousset et al. (2001) , ร บ 9 0 - 0 9 was 

analysed at h igh resolut ion: samples from He in r i ch layers ( H L s 1-5) and sediments 

jus t be low and above them were subsampled every 0.5-1 c m to invest igate var iab i l i t y 

w i t h i n H L s as reported b y Grousset et al. (2001) . Hemipe lag ic sediments were 

sampled every 5cm to obta in a b iomarker signature for ambient glacial sediments 

deposited between H L s . T o investigate var iab i l i t y i n H L b iomarker compos i t ion 

between di f ferent HEs and d i f ferent locat ions i n the N o r t h A t lan t i c , several samples 

from cores O D P 609 and M D 9 5 - 2 0 2 4 were analysed. F r o m one to four samples 

from each H L ( H L s 1-6) were analysed i n cores ODP609 and M D 9 5 - 2 0 2 4 . The 

number o f samples from some o f the H L s was l im i ted due to their avai lab i l i ty . 

Several samples o f ambient hemipelagic sediments from O D P 609 were obtained to 

compare H E signal to that o f ambient glacial sediments. One sample from H L 2 i n 

the western Labrador Sea (HU87-025-07P) was also inc luded for compar ison. A l ist 

o f samples except for core ร บ 9 0 - 0 9 is presented i n T a b l e 4. 2. For the l ist o f 

samples from core ร บ 9 0 - 0 9 see A p p . 3. 
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T a b l e 4. 2 L is t o f samples. D C - h igh detr i ta l carbonate layer, L D C - l o w detr i tal 
carbonate layer (Stoner et al, 1998) 

Core Sample depth, cmbs f 

ODP-609 

M D 9 5 - 2 0 2 4 

84-86 H L I 
95-97 hemipelagic 

116-118 H L 2 
137-138 hemipelagic 
144-146 ՝ 
152-156 ֊ H L 3 

159-162 –՚ 
185-187 hemipelagic 

225-228* H L 4 
277-278 

295-297* า ֊ H L 5 
304-305 J 

֊ H L 5 

350-352 
385-387 ๅ 

hemipelagic 

393-395 >• H L 6 
403-495 

>• H L 6 

415-417 」 

48ร-486 ๅ 

^ D C l ( H L I ) 
495-496 

^ D C l ( H L I ) 

51ь-5 і0 ^ 
745-746 D C 2 ( H L 2 ) 

հ-เ
 

h-
เ 

֊DC3 ( H L 3 ) 

1075-1076+1085-1086 

1285-6+1291-2+1295-6 

HU87-025-07P 

D C 4 ( H L 4 ) 

1325.1326 J - D C 5 ( H L 5 ) 

1515-1516 L D C 5 
1555-1556 L D C 6 ( H L 6 ) 

241-242 H 2 

samples from the carbonate-r ich layers (Bond et al., 1992) 
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4.2.1 ร บ 9 0 - 0 9 

Core ร บ 9 0 - 0 9 is located on the southern border o f the " I R D be l t " i n the A t lan t i c 

Ocean (Rudd iman, 1977). H igh- reso lu t ion record (1-2 centmies) o f fo ramin i fera 

abundance and δ 18(3 compos i t ion , isotopie compos i t ion o f bu l k organic matter, 

pet ro log ica i , geochemical and elemental compos i t ion o f sediments are publ ished for 

this core (Grousset et al., 2 0 0 1 ; H u o n et al., 2002; Tambur in i et al., 2002) . H L s 1-6 

were ident i f ied b y Grousset et al. (2001) b y correlat ing the reflectance (grey scale) 

record o f bu l k sediment w i t h the magnet ic suscept ib i l i ty record and compar ison w i t h 

the same records o f the wel l -s tud ied ne ighbour ing core ร บ 9 0 - 0 8 (Grousset et al., 

1993). 

H L sediments o f core ร บ 9 0 - 0 9 were shown to d i f fe r from the ambient g lacia l 

sediments i n their pet ro log ica i , geochemical and isotopie compos i t ion , re f lect ing 

enhanced detr i ta l supply from terrestrial sources and higher rates o f preservat ion o f 

organic matter dur ing HEs (Grousset et al., 2 0 0 1 ; H u o n et ai, 2002 ; Tambur in i et 

al., 2002) . I t is w e l l established that " t y p i c a l " H L s 1, 2, 4 & 5 d i f f e r from the 

" u n t y p i c a l " H L s 3 and 6 i n their sedimentary characteristics and spatial d is t r ibut ion 

i n the N o r t h A t lan t i c (e.g. Grousset et al., 1993). H L s 3 and 6 are poo r l y represented 

i n the ร บ 9 0 - 0 9 and on ly H L 3 has been รณdied i n detai l (Grousset et al., 2 0 0 1 ; H u o n 

et al, 2002) . Th is H L is hard ly dist inguishable i n the magnetic suscept ib i l i ty record 

and shows no internal strucณre i n contrast to H L l and H L 2 w h i c h d isplay a three-

step sequential deposi t ion o f I R D as ref lected i n their l i tho log ica l and isotopie 

compos i t ion (Grousset et al., 2 0 0 1 ; H u o n et al, 2002). H u o n et al. (2002) also 

reported s igni f icant di f ferences i n the δ ' ^Ν and organic carbon to total n i t rogen rat io 

compos i t ion between earl ier ( H L s 4 and 5) and later ( H L s 1 and 2) H L s trends. 

H L s 4 and 5 also d i f fe r from each other i n their detr i ta l phosphorous and carbonate 

minerals content o f the f ine-size organic matter (Tambur in i et al., 2002) . 

The age and durat ion o f HEs 1 and 2 were calculated i n core ร บ 9 0 0 9 using 

A M S " С dates. H i g h sedimentat ion rates a l lowed co l lect ion o f samples o f H L s w i t h 

very h i gh resolut ion ( H u o n et al., 2002) . For H L l , sediment accumulat ion rate 

ranges from 8.4 to 14.6 cm ká՜ ' and every 5 m m o f the core represent 27 to 75 years 

o f sediment deposi t ion. The authors assume s imi lar sampl ing resolut ion fo r the rest 

o f H L s . Sampl ing at h igh resolut ion permi t ted d is t inct ion o f f ine structure w i t h i n 
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H L s . Based on analyses o f l i t ho logy and Sr and N d isotopie compos i t ion , Grousset 

et al. (2001) d is t inguished tføee periods i n the deposi t ion o f H L s 1 and 2 at t r ibuted to 

the contr ibut ions o f d i f ferent sources o f I R D : European, Laurent ide ( G u l f o f St. 

Lawrence) and other Canadian sources (Hudson Strait & B a f f i n Bay ) . Sequential 

deposi t ion o f phosphorous is reported i n H L 4 poss ib ly representing change o f the 

fine organic matter source from European ( l ow detr i ta l P) to Canadian (h igh detr i ta l 

P) and EгՄopean again (Tambur in i et al, 2002) . 

Ab rup t osci l lat ions o f shorter periods (~ 2-5 cenณries) w i t h i n H L s l and 2 are 

ref lected i n the amount o f coarse grains, S r -Nd compos i t ion and ъ^^с and δ^^Ν 

compos i t ion o f organic matter (Grousset et al, 2001) . These pulses m a y be a result 

o f changes i n locat ion o f the " I R D b e l t " boundary or intermit tent iceberg release 

dur ing HEs. 

4.2.2 O D P 6 0 9 

N o r t h A t lan t i c core ODP609 is one o f the most analyzed cores i n H E provenance 

รณdies. It is siณated i n the northeastern part o f the " I R D be l t " . He in r i ch layers i n 

this core were ident i f ied on the basis o f increased amount o f ice raf ted l i th ic 

fragments and decreased foramin i fera shel l abundance i n compar ison w i t h ambient 

g lacia l sediments (Bond et al, 1992; Broecker et al, 1992). H L s 1-3 were dated 

us ing "c accelerator mass spectrometry ( A M S ) on foramin i fera shells and the ages 

for the rest three HEs were calculated b y extrapolat ion o f ' "C-based sedimentat ion 

rates ( B o n d e i a l . , 1992). 

H L s 3 and 6 i n this core are d i f ferent from the " t y p i c a l " H L s 1, 2, 4 and 5. 

The l i th ic compos i t ion o f H L s 3 and 6 resembles that o f the ambient g lacia l 

sediments ( B o n d et al, 1992). I n H L 3 , there is no increase i n the total abundance o f 

l i th ic grains compared w i t h ambient glacial sediments (Broecker et al., 1992). H L s 

1, 2 , 4 & 5 were found to contain deposits o f detr i ta l l imestone and do lomi te (Bond 

et al., 1992). A nar row carbonate peak was later reported fo r H L 3 ( B o n d & L o t t i , 

1995). H L 6 d i d not conta in carbonate. 
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Det r i ta l carbonate deposits range from 1 c m ( i n H L l ) to 10 c m ( i n H L s 4 and 
5) i n thickness but do not extend է Խ օ ս £ հ the entire depth o f each H L (as def ined b y 
increased amount o f I R D and drop i n fo ramin i fe ra abundance). B o n d et al. (1992) 
suggested that the carbonate-r ich layers ( 2 0 - 2 5 % o f I R D ) w i t h i n l o w foramin i fera 
zones were deposited b y icebergs or ig ina t ing i n eastern Canada. Results o f isotopie 
analysis o f the samples from the carbonate-bearing layers f r o m the nearby core 
V M 2 8 - 8 2 ( 4 9 ° 2 7 ' N , 2 2 ° 1 6 ' พ ) con f i rm that v i e w ( H e m m i n g et al., 1998). 
H e m m i n g et al. (1998) attr ibuted the source o f п ш i n the Church i l l p rov ince o f the 

N o r t h Amer i can shield (nor th o f Hudson B a y and B a f f i n Is land). Pb isotope 

compos i t ion o f feldspar grains from H L s 1, 2, 4 & 5 i n this core matched that o f the 

glacia l t i l l samples from B a f f i n Is land (Henun ing et al, 2000) . H L l i n this core 

appears d i f ferent from other " t y p i c a l " H L s in its lower carbonate content and 

younger SNd signature ( H e m m i n g et al., 1998). 

The h igh I R D to p lankton ie foramin i fera rat io above and be low carbonate-

rich layers and i n H L 3 was o r ig ina l l y thought to be a result o f reduct ion i n the 

p lankton ie foramin i fera i n response to decreased SST and sal in i ty (Bond et al, 

1992). Grousset et al. (1993; 2000) proposed mu l t i p le sources fo r I R D i n H L s w i t h 

discharge from the European ice sheets responsible for the deposi t ion o f the 

carbonate-poor parts o f H L s . Ana lys is o f isotopie compos i t ion o f H L 3 sediments o f 

core V M 2 8 - 8 2 led Gwiazda et al (1996a) to a conc lus ion that there is no evidence fo r 

ice ra f t ing o r ig in for that layer i n the North-eastern A t lan t i c since H L 3 sediments d id 

not d isplay an increase i n I R D and their isotopie signature was s imi lar to that o f 

ambient glacial sediments. The minera log ica i record o f core ODP609 , however, 

points at the ice raf ted o r i g i n o f the H L s . There is an increase i n % o f basalt ic glass 

( Icelandic or ig in ) and hemati te-coated grains ( G u l f o f St. Lawrence) preceding a 

carbonate peak i n H L 3 as w e l l as i n the other H L s ( B o n d & L o t t i , 1995) a l though the 

l i th ic grains content i n H L 3 is l o w compared w i t h other H L s . 

I n this study, b iomarker compos i t ion o f samples from bo th carbonate-r ich and 

carbonate-poor H L sediments from the " t y p i c a l " H L s 1, 2, 4 & 5 as w e l l as sediments 

from the " u n t y p i c a l " H L s 3 & 6 was analysed T a b l e 4. 2. 
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4.2.3 M D 9 5 - 2 0 2 4 

Labrador Sea core M D 9 5 - 2 0 2 4 was col lected b y the R.v. M a r i o n Dufresne I I from 

the Labrador Rise in a smal l channel east o f Orphan K n o l l from the same locat ion as 

the extensively studied core HU91-045-094P (Stoner et al., 2000) . Th is core is 

situated on the path o f the icebergs and detr i ta l carbonate mel twater pulses released 

from the Nor thern Canadian marg ins (Andrews et al, 1995; And rews et al., 1994). 

Acco rd ing to Stoner et al. (1996) spi l lover turbidi tes from the Nor thwest A t lan t i c 

M id -Ocean Channel ( N A M O C ) were the m a i n mechanism o f t ransport ing detr i ta l 

sediments from Hudson Strait, Dav is Strait and the western b m i n g e r basin. The site 

is located be low the W B U C (Western B o m d a r y Undercurrent) and therefore is not 

subjected to direct erosion b y this current but is in f luenced b y its sedimentary supply 

(Fagel et al., 1997). A s a result, the most complete record for reconstruct ion o f the 

Laurent ide ice dynamics is preserved in the cores from this locat ion (Veiga-Pires & 

H i l l a i re -Marce l , 1999). 

H L s i n M D 9 5 - 2 0 2 4 were ident i f ied b y correlat ing c o m m o n l i tho log ica l 

features and magnet ic parameters o f this core w i t h those o f core HU91-045-094P 

(Stoner et al., 2000). Several rap id l y deposited layers are recorded i n this core, at 

least 8 layers h igh in detr i ta l carbonate content ( D C ) and 6 l o w i n detr i ta l carbonate 

content ( L D C ) (H i l l a i re -Marce l et al., 1994; Stoner et ai, 1996). The D C layers are 

composed o f g ray ish-brown (2 .5Y 5/1) š i l ty m u d , some conta in ing gravel . They 

show sharp contact w i t h gray to dark gray m u d o f the ambient hemipelagic 

sediments. L D C layers were also dq jos i ted over a sharp contact bu t show no change 

i n colour. Based on " c A M S dates and geomagnetic palaeostrat igraphy record, D C 

1-5 were correlated w i t h H L s 1-5 i n the Nor thern A t lan t i c core O D P 609 and L D C 6 

w i t h H L 6 (Stoner et al., 1998). Veiga-Pires & Н Ш а к (1999) reported that 

carbonate-r ich layers D C 1-4 were deposited as subunits o f H L s as marked b y the 

increase i n the grain size f ract ion >125 μ η ι . H L I and to a lesser degree H L 4 contain 

t w o peaks o f coarse f ract ion (at the beg inn ing and at the end) i n contrast w i t h H L 2 & 

H L 3 . H L 3 is less pronounced on the magnet ic palaeointensity, % detr i ta l carbonate 

and isotopie records o f core HU91-045-094P (Stoner et al., 1998; Veiga-Pires & 

H i l l a i re -Marce l , 1999). However , its corre lat ion w i t h H L 3 i n the N o r t h At lan t ic 

( O D P 609) led Stoner et al. (1998) to assign N o r t h Amer i can o r i g i n to H L 3 i n the 
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N o r t h A t lan t ic . I n support o f this v i ew , Veiga-Pires & H i l l a k (1999) 

propose s imi lar mechanisms o f deposi t ion fo r th is layer and H L s 1， 2 and 4 based on 

บ - T h isotopie analysis. Va r iab i l i t y between H L 3 and H L s 1, 2 , 4 & 5 i n this core 
may be expla ined b y a d i f ferent Laurent ide source o f carbonate-r ich sediments - ice 
advancing across ( f r om Ungava Bay) rather than d o w n the Hudson Strait s imi la r to 
Younger Dryas episode deposi t ion proposed b y Andrews et al. (1995) . H e m m i n g et 
al. (2000) attr ibuted H L 3 o r ig in from core G G C 2 9 on Orphan K n o l l to Ungava B a y 
based on A r and Pb isotopie compos i t ion o f homblende and feldspar grains. 
D i f fe ren t m inera logy o f the H L 6 probab ly indicates another source reg ion o f iceberg 
discharge such as Dav is Strait or b m i n g e r basin (H i l l a i re -Marce l et al, 1994; Stoner 
etai., 1998). 

Stoner et al. (1996) name ณrb id i te ac t iv i ty i n the N A M O Č as the 

predominant source fo r H L fo rmat ion i n this locat ion. However , increase i n coarse 

fraction and very h igh sedimentat ion rates (Veiga-Pires & H i l l a i re 1999) 

po in t at enhanced I R D supply i n add i t ion to that. SST and records o f the 

nearby core M D 9 5 - 2 0 2 5 ( 4 9 ° 4 7 ' N , 4 6 ° 4 ľ พ ) correlate w i t h that o f ice ra f t ing for 

H E 3 - HE5 a l though w i t h leads and lags o f - 5 0 0 - 1 0 0 0 years (Hiscot t et al., 2001) . 

The authors speculate that oceanic and c l imat ic w a r m i n g that led to increased glacia l 

me l t i ng t r iggered iceberg discharge f r o m the carbonate-r ich sources i n Nor thern 

Canada. Such a course o f events is inconsistent w i t h an internal mechanism o f 

Laurent ide col lapse ( M a c A y e a l , 1993). There is a poss ib i l i ty , however , that 

mi l lennia l -scale c l imate changes m igh t in f luence hydro log ica l condi t ions at the base 

o f the ice sheet and thus tr igger the iceberg release (Marshal l & Clarke, 1997). For 

the rest o f the He in r i ch events i n this locat ion, I R D deposi t ion is decoupled from 

SST and が 8 0 changes (Hiscot t et al., 2001) . 

For this รณdy, samples from five H L s conta in ing h i gh detr i ta l carbonate 

deposits ( H L s 1-5) and 2 layers l o w i n detr i ta l carbonate ( H L 6 and L D C 5 ) were 

analysed (See T a b l e 4. 2) . 
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4.3 B i o m a r k e r ev idence f o r H e i n r i c h Even ts i n a N o r t h A t l a n t i c core ร บ 9 0 -
09 

4.3.1 B i o m a r k e r c o m p o s i t i o n o f H L s and a m b i e n t g lac ia l sediments 

4.3.1.1 Pho tosyn the t i c P igmen ts 

The relat ive abundance o f the total content o f porphyr ins was estimated using the 

rat io o f absorbance bands o f tetrapyrrol ic p igments at 406 ա ո (Soret band) and 665 

n m (satell i te band I ) (Baker & Lauda, 1986), herewi th referred to as the ร/I rat io. 

Th is measurement provides a qu ick insight into the relat ive presence o f ch lo rophy l l 

derivat ives i n a core, namely the relat ive p ropor t ion o f chlor ins vs. porphyr ins. A s 

described i n Chapter 3, when 5 / / r a t i o is greater than 5 i t is taken to indicate reduced 

concentrat ion o f ch lo r in derivat ives and enhanced presence o f porphyr ins i n 

sediments. Values o f the 57 / ra t io for a l l samples i n core ร บ 9 0 - 0 9 are greater than 5， 

be ing higher i n most o f the H L samples than i n the ambient glacial sediments. The 

increase i n the 57/ ra t io is more pronounced i n H L s 2, 4 & 5 and at the bo t tom part o f 

Н І Л and samples immed ia te l y before i t (precursor event i n Grousset et al, 2001) . 

H L 3 is pract ica l ly indist inguishable on the ร/I p lo t from the background signal ( F i g . 

4.2). Th is is interpreted that H L s , except H L 3 , are characterised b y an increased 

input o f porphyr ins . G i v e n that porphyr ins cannot be from an autochthonous source, 

their enhanced presence i n some intervals shows that transport o f organic carbon to 

the deep sea from al lochthonous sources was more intense dur ing some o f the HEs. 

The presence o f porphyr ins was also con f i rmed b y the ident i f i ca t ion o f some 

o f their absorbance spectral feaณres i n the organic extracts from samples. The 

porphyr ins ident i f ied i n the samples f o r m complexes w i t h N i and vo. These are the 

most c o m m o n chelates o f porphyr ins i n organic rich source rocks o f pre-Quatemary 

age. A p lo t showing var iat ions i n N i and vo porphyr ins largely correlates w i t h the 

ร/I rat io p lo t (F ig . 4.2). Absorp t ion m a x i m a peaks corresponding to vo porphyr ins 

(570 n m ) were present i n most samples i n H L s 2， 4 & 5 and i n a few samples from 

H L l and H L 3 (F i g . 4.2). N i р о ф һ у п п ร (550 n m ) were detected i n some o f the 

samples conta in ing vo porphyr ins but at lower concentrat ion. O n average, thei r 

abundance is 5 t imes lower than that o f the vo species. I n H L l , porphyr ins were 

detected on l y i n the bo t tom part attr ibuted b y Farmer et al. (2003) to the G u l f o f St. 

Lawrence source. They are also present i n some samples from the interval i n the 
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core іпЇефгеїе< і b y Grousset et al. (2001) as a European precursor to HEs . O n l y vo 
porphyr ins were present i n the precursor to H E 2 . The i r concentrat ion, however , is 
about an order o f magni tude lower than i n H L 2 itself. M o s t samples from H L 2 

contain bo th р о ф һ у п п species w i t h vo dominat ing (58 -90% o f the total N i and vo 

species). N i porphyr ins were not detected above 84 c m . They were also absent from 

the precursor to H L 2 . H E 3 is poor l y represented i n magnet ic suscept ib i l i ty and I R D 

records o f this core (Grousset et al., 2001). O n l y one sample i n this in terval (112 

cm) was found to contain porphyr ins ( V O ) . Four per iods m a y be dist inguished 

w i t h i n H L 4 : i ) V O species on l y (144-147 cm) , і і ) vo and N i (147.5-148 cm) , і і і ) 
l o w or absent р о ф һ у п п ร (148.5-150 cm) and i v ) ( 150 .5 -153 ) - bo th species again. 

A l l H L 5 samples conta in vo р о ф һ у п п ร . N i species are on l y present i n four samples 
from this layer. Unusua l l y , i n the sample at 189 cmbsf, N i are the dominant species 

compr is ing 9 0 % o f the tota l N i and vo р о ф һ у п п ร . 

Smal l amounts o f most ly vanadyl р о ф һ у п п ร were detected i n the ambient 

glacial sediments above and be low H L s 4 and 5. P igment concentrat ion i n these 

sediments, however , is about an order o f magniณde lower than i n the H L samples. 

H L s are also marked b y an increase i n total tet rapyrro l ic p igments concentrat ion. 

That includes chlor ins. Chlor ins are autochthonous b iomarkers but their elevated 

amounts are connected w i t h ice ra f t ing : Rose l l -Me lé et al. (1997) attr ibuted h igh 

concentrat ion o f chlor ins to enhanced preservat ion o f organic matter du r ing HEs as a 

result o f reduc ing condi t ions created b y d imin ished thermohal ine c i rcu lat ion. 

4.3.1.2 A l i p h a t i c h y d r o c a r b o n s : ท-a lkaneร 

Linear ท-alkaneร w i t h a number o f carbon atoms rang ing from 17 to 35 were the 

dominant compounds i n a l l the samples (F ig . 4.3). The average concentrations o f 

tota l ท-alkaneร (Сі7-зз) per g ram dry sediment range from 1 to 6 pg /g and are usual ly 

higher for H L sediments than for adjacent ambient g lacia l sediments T a b l e 4.3. 

L ighter compounds (Cn<16) cou ld have been lost dur ing evaporat ion o f the 

extract ion solvent. Long-cha in ท-alkaneร (Cn > 24) , b iomarkers for epicut icular 

waxes o f h igher terrestr ial plants (Eg l in ton & H a m i l t o n 1967), were present i n a l l 

sediment samples ind icat ing their terrestrial o r ig in . The absence o f alkenones i n the 
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amounts detectible b y G C - Ғ Ш further conf i rms predominance o f terrestr ial organic 

matter i n the H L samples. Madure i ra et al (1997) at tr ibuted the presence o f ท-
alkaneร i n a core T88-9P ( 4 8 ° 2 3 ' N , 2 5 ° 0 5 ' พ ) to mos t l y aeol ian dust input or 
transport o f w ind-eroded sediments b y sea ice. V i l l anueva et al. (1997) came to 
contrast ing conclusions. They studied n-alkane d is t r ibu t ion i n cores ร บ 9 0 - 0 8 
( 4 3 ° 3 0 ' N , 3 0 ° 2 4 ' พ ) and ร บ 9 0 - 3 9 ( 5 2 ° 3 4 ' N , 2 1 ° 0 6 ' พ ) . Due to the reworked nature 
o f the ท-alkaneร and corre lat ion o f ท-alkaneร concentrat ion w i t h magnet ic 
suscept ib i l i ty records, the presence o f these compounds i n the H L sediments firom 
these cores was at t r ibuted to ice-raf ted rather than aeol ian input (V i l l anueva et al., 
1997). 

M o s t o f the H L samples i n our study contained h i gh amounts o f cyc l i c and 

branched alkaneร especial ly i n the reg ion o f the short-chain ท-alkaneร (F i g . 4.3a). 

These compounds m a y be o f ice raf ted o r i g in since they were absent from the 

ambient g lac ia l sediments (F ig . 4.3a). For instance, branched ท-alkaneร were 

present i n Neoproterozoic carbonates o f Spitsbergen, East Greenland and B a f f i n 

Is land (Greenwood et al., 2004) . There is a poss ib i l i t y o f autochthonous o r i g in for 

these compounds as they can be produced b y certain algae and bacteria (e.g. Derenne 

et ai, 1996; K e n i g et al., 1995) and their absence from the ambient g lacia l sediments 

cou ld be a result o f h igher preservat ion o f organic matter dur ing HEs . The source o f 

the short-chain ท-alkaneร is probably a т і х Ш г е o f the autochthonous, i.e. produced 

b y mar ine algae (Tissot & Wel te , 1984), and al lochthonous, fo rmed at the source as a 

result o f matura t ion o f organic matter (Peters & M o l d o w a n , 1993). Short-chain ท-

alkaneร were abundant i n debris flow sediments from Svalbard, Bear Is land Fan and 

Scoresby Sund Fan (See Chapter 3) . I n add i t ion to that, the mar ine signal is l i ke l y to 

be overcome b y the terrestr ial input . H u o n et al. ( H u o n et al., 2002) at t r ibuted 80-

100% o f the fine-sized organic matter deposited dur ing HEs to terrestr ial input i n 

core ร บ 9 0 - 0 9 based on organic carbon to total n i t rogen molar rat ios, ô^^c and δ ' ^Ν 

content. A รณdy o f the n-alkane d is t r ibut ion, T O C and alkenone concentrat ion i n 

cores ร บ 9 0 - 0 8 and ร บ 9 0 - 3 9 suggested that terr igenous organic matter accounts for 

up to 9 0 % o f the organic matter i n the g lac ia l sediments (V i l lanueva et al. (1997) . 

D is t r ibu t ions o f ท-alkaneร were described us ing var ious indices that ref lect 

the relat ive abundances o f these components i n the sediments. These are the carbon 
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preference index (CPI23-31) (Bray & E v 廳 1961), the average chain length (ACL) 
(Poynter & Eg l in ton , 1990; Temo iร et al, 2001) , the relat ive propor t ions o f П-С27,ท-
Շշ9 and ท"С31 long-chain alkaneร, and the relat ive amount o f unresolved complex 
т і х ш г е {UCM) (S imonéi t & Ма2ш՝ек^ 1982; V o l k m a n et ฬ . , 1992). The 
signi f icance o f these parameters is discussed i n Chapter 1. The relat ive abundance o f 
h igh molecular we igh t ท-alkaneร (% ท֊Օշ9֊Յւ) was not used here because a s igni f icant 
part o f the short-chain ท-alkaneร (ท-Cļ7-19) ш а у be o f mar ine o r i g in (Ge lp i et al., 
1970; Tissot & Welte^ 1984). Th is chapter concentrates mos t l y on ท-alkaneร o f 
undoubtedly terrestr ial o r ig in (ПС21-33). The data is l isted i n the T a b l e 4.3 and 
A p p . 3 . 

D i s t r i b u t i o n o f ท-a lkaneร i n the H e i n r i c h L a y e r s 

I n most H L samples f r o m ร บ 9 0 - 0 9 ท-alkaneร show chain- length d ist r ibut ions w i t h 

odd-over-even predominance and m a x i m a at ท֊Շշ5, ท-Շշւ or ท-C29 (F i g . 4.3). O n 

average, the carbon preference indices (CPI ) o f most o f H L samples are m u c h lower 

than 3 (Tab le 4.3). Values close to 1 are typ ica l o f т а Ш г е , h i g h l y reworked organic 

matter. CP I values are the lowest for H L s 1 and 2 (1.59 and 1.50 respect ively) and 

highest for H L 5 (2.59). C P I for the rest o f the H L s is around 2. Precursor events 

(Grousset et ö/.， 2001) are characterised b y h igher values o f C P I (2.27 and 1.97) than 

the corresponding H L s 1 and 2. There is h igh var iab i l i t y o f this parameter w i t h i n 

H L 4 (Tab le 4.3 and A p p . 3 ) . Va r i ab i l i t y between and w i t h i n H L s is further 

discussed i n Sect ion 4.4. 

ท-C29 ท-alkane is more abundant than ท-С31 alkane i n H L l and H L 2 

(С29/Сз і=1.43) ( T a b l e 4.3). Samples corresponding to the precursor events o f 

Grousset et al. (2001) are characterised b y a lower С29/С31 rat io (1.26). Dominance 

o f the ท-C29 ท-alkane is even less pronounced i n H L s 4 and 5 (С29/С31 ratios are 1.21 

and 1.22 respect ively) . There is no clear predominance o f ท-C29 i n H L 3 (1.10 

±0.19) . ท-C27 and П-С29 alkaneร are present i n more or less equal amounts i n most 

H L samples ( T a b l e 4.3). I n the precursor to H L l and, to a lesser degree, to H L 2 , ท-

C29 Specie is more abundant than ท-C27 (C27/C29 ratios are 0.80 and 0.92 

respect ively). Average chain length ( A C L ) values range from 28.2 ( H L 2 ) to 28.6 
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( H L 3 ) , w i t h standard dev ia t ion o f - 0 . 2 ( T a b l e 4.3). Va r i ab i l i t y i n these parameters 
reflects that o f the deposi t ional environments and post-deposi t ional t ransformat ion o f 
organic matter i n the outcrops that served as sources o f sediments i n H L s analysed 
here (Madure i ra et al., 1995; Peters & M o l d o w m 1993; Poynter et al., 1989). 

M o s t o f the H L samples contained a m ix tu re o f h i g h l y branched al iphat ic 

compounds that cou ld not be separated b y gas chromatography (GC) . They appear 

i n a chromatogram as a hump o f unresolved complex mix tu re ( U C M ) . The 

chromatographic U C M i n the H L samples from core ร บ 9 0 - 0 9 is general ly h igher i n 

the l o w molecular we igh t reg ion ( m a x i m u m at the retent ion t ime o f П-С21 ท-alkane). 

Some o f the samples are characterised b y a second m a x i m u m at the retent ion t ime o f 

ท-C33 ท-alkane (F ig . 4.3). The rat io o f the U C M amount to that o f total ท-alkaneร 

( T N A ) for a l l H L s samples is greater than 4 ind ica t ing h i g h l y biodegraded character 

o f organic matter i n the H L s ( V o l k m a n , 1992). The average rat io o f U C M to T N A 

ranges from 10 ( H L 4 ) to 17 ( H L 3 ) ( T a b l e 4,3). U C M to T N A ratios are h igher for 

the precursor events than for the corresponding H L s al though there is a s igni f icant 

over lap. 

Quant i f i ca t ion o f pristane (Pr) and phytane (Ph) was on ly possible for H L 4 & 

H L 5 samples. I n most o f the other samples, l o w abundances o f these compounds 

and coelut ion i n the chromatographic trace made quant i f icat ion unrel iable. The 

values o f the rat io {Pr/Ph) o f these components for H L 4 and H L 5 are i n the range o f 

0.3-0.5. Th is may indicate anoxic condi t ions du r ing the fo rmat ion o f the I R D source 

sediment (Peters & M o l d o w a n , 1993). Th is is i n agreement w i t h the photosynthet ic 

p igments data where vo species predominance indicates anoxic deposi t ional 

condi t ions for the ancient sedimentary organic matter (e.g. Baker & Lauda, 1986). 

Pristane/C 17 and phytane/Ci8 rat ios, w h i c h are also used i n correlat ion รณdies, were 

calculated 0.3-0.9 and 0.9-1.8 for H L 4 and H L 5 respect ively. 
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T a b l e 4.3 M e a n values and standard deviat ion ( in brackets) o f total ท-alkane 
concentrat ion ( T N A ) , relat ive abundances o f long-chain ท-alkaneร, carbon preference 
index (CPI) , average chain length ( A C L ) , relat ive abundance and concentrat ion o f 
unresolved complex mix tu re ( U C M ) , relat ive abundance o f р о ф һ у п п ร {ร/І) and 
relat ive concentrat ion o f v o р о ф һ у п п ร . N - number o f observations. H P 一 

hemipelagic sediments, H L l p r and H L 2 p r - precursor events, A U 一 аЬзоф І іоп units. 

N 
TNA, 

μ ๙ g 
С29/ С31 С27/ C29 СРІ24.31 ACL25.33 

t / C M / U C M / g , 
TNA pg /g 

S/I 
V O , 

A U / g 

H P l 12 2,1 1.23 0.84 1.90 28.6 1.5 3.0 31.2 0.01 
(1.9) (0.15) (0.07) (0.30) (0.2) (2.0) (4.3) (31.5) 

H L I 23 2.6 1.43 1.01 1.59 28.4 10.9 28.2 22.2 0.01 
(1.3) (0.34) (0.24) (0.16) (0.4) (5.6) (20.3) (8.8) 

H L I pr 5 1.6 1.26 0.80 2.27 28.6 16.2 25.5 65.3 0.03 
(0.6) (0.31) (0.04) (0.45) (0.25) (4.0) (13.2) (33.8) 

HP2 7 3.8 1.28 1.29 1.66 28.1 17.6 69.7 26.2 0.01 
(1.1) (0.49) (0.52) (0.38) (0.4) (9.2) (46.9) (11.4) 

H L 2 14 3.3 1.43 1.12 1.50 28.2 15.9 51.0 37.2 0.23 
(1.5) (0.20) (0.14) (0.19) (0.2) (7.8) (35.4) (28.9) 

H L 2 pr 5 3.5 1.26 0.92 1.97 28.4 17.3 65.1 27.9 0.01 
(1.7) (0.10) (0 12) (0.54) (0.18) (3.6) (41.4) (12-1) 

HP3 8 5.9 1.19 1.04 1.69 28.4 16.6 101.9 24.7 0 
(1.6) (0.22) (0.38) (0.39) (0.4) (4.3) (48.1) (8.3) 

H L 3 5 5.9 1.10 0.97 2.28 28.6 17.4 99.5 37.4 0.00 
(1.4) (0.19) (0.11) (0.18) (0.3) (2.0) (29.9) (11.4) 

HP4 9 1.8 0.96 0.79 3.14 28.8 3.9 7.5 73.4 0.03 
(0.4) (0.16) (0.12) (0.80) (0.3) (3.7) (7.1) (37.4) 

H L 4 17 2.0 1.21 1.12 1.99 28.3 10.1 19.4 111.2 0.17 
(0.5) (0.10) (0.12) (0.39) (0.2) (2.5) (4.6) (48.1) 

HP5 11 1.6 1.07 0.79 3.13 28.7 2.9 3.9 57.2 0.02 
(0.6) (0.11) (0.05) (0.47) (0.2) (3.5) (2.9) (22.5) 

H L 5 13 1.9 1.22 1.03 2.59 28.3 11.0 21.0 81.9 0.04 
(0.7) (0.12) (0.15) (0.47) (0.2) (2.7) (6.7) (32.9) 

HP6 5 1.3 1.10 0.88 3.01 28.5 5.9 8.5 76.1 0.02 
(0.2) (0.09) (0.07) (0.22) (0.2) (5.3) (8.4) (26.2) 
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N-a lkane d i s t r i b u t i o n ín a m b i e n t g lac ia l sed iments 

The d is t r ibut ion o f ท-alkaneร i n ambient g lacia l sediments varies w i t h i n the core. 

Three per iods can be dist inguished: p r io r to H L 3 (HP4-HP6) , between H L 3 and H L l 

(HP2-HP3) and after H L l ( H P l ) . Hemipe lag ic sediments p r io r to H E 3 tend to 

contain lower amounts o f ท-alkaneร (<2μg /g ) p robab ly or ig ina t ing from sources w i t h 

younger organic matter that is characterised b y h igher C P I (>3 ) , A C L (>28.5) and 

lower U C M (<10μg /g , U C M / T N A < 6 ) . N-C29 alkane is predominant over пСз і but to 

a lesser degree than on i n H L s samples. I n contrast w i t h H L s , ท-C29 alkane shows 

strong predominance over ท-C27 specie ( T a b l e 4.3 and F i g . 4.3). Sediments 

deposited after H L l show s imi lar d ist r ibut ions. Such values are consistent w i t h 

aeolian inputs o f dust (e.g. Poynter et al., 1989; V i l l anueva et al., 1997). 

Between H L 3 and H L l , hemipelagic sediments conta in amounts o f ท-alkaneร 

comparable to those i n H L s and are characterised b y lower C P I (1·7±0.4^ and A C L 

(<28.5) , and h i gh U C M (>70μg /g , и С М / т а А ~ 1 7 ) . I n fact, n-alkane dist r ibut ions i n 

the ambient glacial sediments o f this per iod are characterist ic o f h i g h l y reworked 

organic matter s imi lar to sediments deposited dur ing He in r i ch events ( T a b l e 4.3 and 

F i g . 4.3). Ice ra f t ing must also have p layed an impor tant part i n the deposi t ion o f n-

alkaneร i n the ambient g lacia l sediments between H L 3 and H L l i n the N o r t h 

At lan t ic . 

4.3.2 C o m p a r i s o n be tween H L s a n d a m b i e n t g lac ia l sed iments 

The b iomarker compos i t ion o f H L and ambient g lacia l sediments was compared on 

the basis o f the d is t r ibut ion o f saณrated hydrocarbons and photosynthet ic p igments 

and the amount o f U C M i n the chromatographic traces. The mean values o f the 

variables are presented i n T a b l e 4.3. For the foil l ist o f values see A p p . 3 . 

4.3.2.1 P r i n c i p a l c o m p o n e n t analys is 

Var iables used for p r inc ipa l component analysis ( P C A ) are l isted i n T a b l e 4. 5. 

Eigh t p r inc ipa l components (PC) were created. The first three PCs have eigenvalues 

greater then one. They are responsible for 75 % o f variance ( T a b l e 4. 4) . 
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A l l variables that represent ท-alkane d is t r ibut ion as w e l l as U C M abundance 
are st rongly represented i n P C I ( T a b l e 4. 4 and T a b l e 4. 5) , w h i c h accounts for 3 9 % 
o f variance. I n this component, the abundance o f tota l ท-alkaneร correlates w i t h 
U C M and ratios o f ท-C27 to ท-C29 and ท-C29 to ท-С31. These variables are contrasted 

w i t h the Carbon preference index and average chain length ( A C L ) . N-alkaneร are 
the most abundant class o f compounds i n the analysed samples therefore their 
concentrat ion probably ref lects the abundance o f organic matter i n each sample. The 
amount o f U C M indicates the degree o f b iodegradat ion. The predominance o f odd-
numbered ท-alkaneร decreases w i t h mamr i t y and biodegradat ion as a result o f 
rework ing o f the organic matter (e.g. Tissot & Wel te , 1984). So does the abundance 
o f long-chain ท-alkaneร and therefore average chain length (Peters & M o l d o w m 
1993). Relat ive abundances o f d i f ferent long-cha in n-alkaneร (e.g. С27/ C29 rat ios) 

are characteristic o f specif ic environments i n w h i c h organic matter was fo rmed 

(Braul t et a l . , 1988; Br incat et al . , 2000; Cranwe l l , 1973; M c C a f f r e y et a l . , 1991). 

Thus, i n th is component , Mgher values are assigned to samples w i t h more organic-

rich, biodegraded and mature organic matter, whose n-alkane d is t r ibu t ion shows a 

predominance o f ท -C27 alkane over ท-C29 and ท - С 3 1 . 

The second component ( T a b l e 4. 4 and T a b l e 4. 5) , representing 2 0 % o f 

variance, combines p igment data and n-alkane d is t r ibut ion. Here, the relat ive 

abundance o f рофЬуг іпร {ร/I) correlates w i t h the relat ive abundance o f vanady l 

species to total N i and vo porphyr ins and the C27/C29 rat io. They are contrasted to 

A C L . Thus, PC2 values are h igher fo r porphyr in - r i ch samples, whose organic matter 

was fo rmed under predominant ly anoxic condi t ions (Lewan , 1984) w i t h the 

chromatographic n-alkane envelope displaced towards lower molecu lar we igh t ท-

alkaneร. 

PC3 accomts fo r 1 4 % o f variance ( T a b l e 4. 4) . Here, C P I o f long-chained ท-

alkaneร and amount o f U C M correlate w i t h re lat ive abundance o f р о ф һ у п п ร and are 

opposed to the rat io o f ท-C29 alkane to П-С31. I n PC3, the matur i t y o f organic matter 

(as represented b y CPI ) is contrasted to the degree o f b iodegradat ion ( U C M ) and 

abundance o f рофЬуг іпз {ร/I). The value o f th is component is h igher for samples 

w i t h less mature and more biodegraded organic matter, h igher р о ф һ у п п content and 

a predominance o f ท-C29 over ท-С31 alkane. 
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T a b l e 4. 4 Results o f p r inc ipa l component analysis o f He in r i ch layers 

sediments. Eigenvalue - p ropor t ion o f var iab i l i t y represented b y each 

component. D i f fe rence i n eigenvalues between the components PCi and 

PCi+b Propor t ion - p ropor t ion o f var iab i l i t y represented b y each 

component normal ised to 1 ; Cumula t i ve - cumula t ive propor t ion o f 

var iab i l i t y represented b y components P C i - PCi . 

Component Eigenvalue D i f fe rence Propor t ion Cumula t ive 

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 

フ 0.41237 0.28107 0.0458 0.9804 

8 0.13130 0.08583 0.0146 0.9949 

9 0.04547 0.0051 1.0000 

T a b l e 4. 5 Eigenvectors (coef f ic ients ref lect ing va ry ing 

contr ibut ions o f the var iables). 

Var iab le P C I PC2 РСЗ 

TNA 0.36675 -0.33636 0.15816 

CPI24-31 -0.36953 -0.03627 0.40216 

UCM/TNA 0.34202 -0.07218 0.45002 

UCM/g 0.41274 -0.28249 0.40019 

С29/ C3] 0.32708 0.23856 -0.42317 

С27/ Շշց 0.36760 0.35593 0.00306 

ACL -0.41517 -0.37556 0.03521 

S/I -0.10166 0.44542 0.46998 

VO 
VO + Ni -0.12961 0.52677 0.22223 
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4.3.2.2 C o m p a r i s o n between H L s a n d a m b i e n t sed iment 

I n order to use b iomarker fingerprints o f the H L sediments as a source p roxy , i t is 

impor tant to prove that they d i f f e r s ign i f i cant ly from those i n non- ice-raf ted 

sediments. Plots o f down-core var iat ions i n P C I , PC2 and PC3 for ร บ 9 0 - 0 9 are 

presented i n F i g . 4.4. 

Samples jfrom core ร บ 9 0 - 0 9 were d iv ided in to 13 groups corresponding to 

five d i f ferent H L s , two precursor events (Grousset et al, 2001) and six groups o f 

hemipelagic sediments between H L s . M A N O V A o f 13 groups conta in ing 135 

samples indicated one or more di f ferences among the two-d imens iona l mean vectors 

for the 13 groups ( A p p . 3 ) . I nd i v idua l groups were compared i n subsequent tests and 

results are presented i n T a b l e 4. 6. 

The b iomarker compos i t ion o f hemipelagic sediments deposited before H L 3 

and after H L l is s ign i f icant ly d i f ferent from that o f ad jo in ing H L s and "precursor 

events" w i t h 9 5 % or h igher conf idence in terva l (P<0.05) ( T a b l e 4. 6 and F i g . 4.4). 

M o s t H L sediments are characterised b y presence o f porphyr ins , h i g h l y degraded ท-

alkaneร and h i gh amounts o f U C M whereas hemipelagic sediments contain no or 

very l o w amounts o f porphyr ins and U C M and less mature ท-alkaneร signatures. 

D i f fe rence is less pronounced for H L 5 and hemipelagic sediments preceding i t (HP6) 

(P=0.09) . However , the n-alkane d is t r ibu t ion (as ref lected i n P C I ) is s ign i f icant ly 

d i f ferent for these two periods. Compar ison o f P C I us ing A N O V A indicates 

s igni f icant d i f ference i n n-alkane d is t r ibut ion between H L 5 and H P 6 w i t h 9 9 % 

conf idence in terval . 

D i f fe rence between H L 2 and hemipelagic sediments dq jos i ted after i t (HP2) 

is less certain (P=0.08). Va r i ab i l i t y i n n-alkane d is t r ibut ion w i t h i n the hemipelagic 

sediments in terva l is greater than between H L 2 and HP2 . However , these sediments 

can be dist inguished on the basis o f their p igment concentrat ions (F ig . 4.2). Except 

for one sample (80cm, F i g . 4.4) abundance o f porphyr ins i n the hemipelagic 

sediments (HP2) is lower than i n H L 2 . I t is ref lected i n lower values o f PC2 

calculated for H P 2 sediments. There is no s igni f icant d i f ference between H L 3 and 

HP3 sediments (P=0.3). 
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T a b l e 4. 6 Compar ison o f hemipelagic sediments (HP) w i t h H L and 
"precursor event" sediments from ร บ 9 0 - 0 9 . Results o f M A N O V A o f P C I -
PC3. p - p robab i l i t y o f one or more di f ferences between the two-d imens iona l 
mean vectors for d i f ferent groups o f sediment samples. 

Groups compared Probab i l i t y>F 

HP1-HP6 H L s 1-6 + H L l p r + H L 2 p r 0.0000 

H P l H L l 0.0165 

H P 2 H L l + H L l p r 0.0007 

H P 2 H L l p r 0.0027 

HP2 H L 2 0.0847 

HP3 H L 2 + H L 2 p r 0.0001 

HP3 H L 2 p r 0.0429 

HP3 H L 3 0.3190 

H P 4 H L 3 0.0000 

H P 4 H L 4 0.0000 

HP5 H L 4 0.0000 

HP5 H L 5 0.0000 

HP6 H L 5 0.0889 

Í ÍP2+HP3 H P 4 + H P 5 + H P 6 0.0000 

H P l H P 2 + H P 3 0.0000 

H P 2 HP3 0.0164 

H P 4 HP5 HP6 0.3339 

4,3.2.3 Sources a n d t r a n s p o r t mechan isms o f t e r r e s t r i a l o rgan i c m a t t e r i n the 
N o r t h A t l a n t i c H L s a n d a m b i e n t g lac ia l sed iments . 

The presence o f ancient photosynthet ic p igments ( р о ф һ у п п з ) , h i gh l y degraded ท-

alkaneร and h igh amounts o f U C M i n mar ine sediments deposited dur ing He in r i ch 

events i n the N o r t h A t lan t i c core ร บ 9 0 - 0 9 indicates input o f ancient sedimentary 

mater ia l o f terrestrial o r i g in . Madure i ra et al. (1997) proposed aeol ian input as a 

m a i n source o f terrestr ial organic matter i n the H L s . The core used i n that study 

(T88֊09P) is located nor th from ร บ 9 0 - 0 9 and the n-a lkane distr ibut ions in H L s 
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(expressed as A C L ) d id not d i f fe r s ign i f icant ly from those i n hemipelagic sediments. 
There was, however an increase i n concentrat ions o f ท-alkaneร and other terrestrial 
b iomarkers ( long-cha in alcohols and fat ty acids) dur ing HEs that was attr ibuted to a 
more ef f ic ient atmospheric transport (Madure i ra et al., 1997). I f this were the case, 
b iomarker compos i t ion o f the hemipelagic sediments w o u l d be s imi lar to that o f 
H L s . I n add i t ion , aeol ian input is usual ly associated w i t h younger organic matter 
w i t h higher C P I and A C L and l o w or no U C M (e.g. Poynter et al., 1989). 
Hemipe lag ic sediments deposited pr io r to H L 3 and after H L l i n core ร บ 9 0 - 0 9 show 
such signatures. Thus a predominant ly aeol ian o r i g in for the organic matter i n those 
sediments is proposed. I n contrast, the presence o f organic matter in H L sediments is 
most l i ke l y to be a result o f ice ra f t ing . Ana lys is o f ท-alkaneร i n the nearby core 
ร บ 9 0 - 0 8 led V i l l anueva et al. (1997) to the same conclus ion. N-alkane dist r ibut ions 
i n that core are characteristic o f reworked organic matter and peaks i n ท-alkaneร 
concentrat ions largely co inc ided w i t h magnet ic suscept ib i l i ty increases i n that core. 
Other indicat ions o f the refractory nature o f the organic matter i n the H L s from core 
ร บ 9 0 - 0 9 are Rock -Eva l pyro lys is indices (Tambur in i et al, 2002) . L o w e r oxygen 
and higher hydrogen indices than i n ambient g lacia l sediments characterise H L s 4 
and 5 sediments. 

Madure i ra et al. (1997) argued that the I R D (grain size 〉125 μη ι ) core record 

d i d not match that o f terr igenous b iomarker concentrat ions. The highest abundance 

o f terr igenous b iomarkers was recorded for H L 3 characterised b y o n l y a moderate 

increase i n I R D . Wha t is more, elevated b iomarker concentrations were recorded 

throughout M I S 2 to 4. Th is can be expla ined b y the pos i t ion o f the polar front. I n 

core ร บ 9 0 - 0 9 , hemipelagic sediments deposited between H L s 3 and 1 contain h i gh l y 

reworked organic matter s imi lar to that i n the H L s . Th is shi f t i n the hemipelagic 

sediment compos i t ion probably ref lects the change i n the pos i t ion o f the po lar front. 

W h e n polar waters reached the locat ion o f core ร บ 9 0 - 0 9 , the ice ra f t i ng became the 

predominant source o f organic matter i n the hemipelagic sediments. The s iณat ion 

reversed again i n the Holocene. Ca lvo et al. (2001) came to a s imi lar conc lus ion 

compar ing cores ร บ 9 0 - 0 8 and M D 9 5 - 2 0 3 7 ( 3 7 ° 0 5 ' N , 3 2 ° 0 2 ' พ ) . Concentrat ions o f 

ท-alkaneร i n core ร บ 9 0 - 0 8 dur ing M I S 2 - 3 were one or t w o orders o f magni tude 

h igher than i n M D 9 5 - 2 0 3 7 , and that co inc ided w i t h 6-7°C di f ference i n SST. 

Increased n-alkane input in ร บ 9 0 - 0 8 was therefore attr ibuted to ice ra f t ing . The 
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polar front was located south o f the core studied b y Madure i ra et al. (1997) dur ing 
M I S 2 - 4 and therefore a l l hemipelagic sediments from that per iod probab ly contain 
I R D . 

b i terest ingly, and s imi lar to Madure i ra et al. (1997) , an increase i n ท-alkaneร 

concentrations dur ing M I S 2 - 3 does not match that i n I R D . Highest amounts o f ท-

alkaneร were recorded fo r H L 3 and HP3 that are characterised b y re la t ive ly l o w I R D 

(>150 μ ιη ) concentrat ion. Terrestr ial organic matter is usual ly associated w i t h coarse 

fraction (>63 μ ιη ) and T O C i n the f ine fraction is at tr ibuted to mar ine input 

(Man ighet t i & M c C ^ ^ 1995). The amounts o f T O C associated w i t h fine part icles 

were s imi lar for g lacia l and Holocene sediments i n several northeastern A t lan t i c 

cores (50-60°N) . However , the flux o f f ine part icles i n those cores dur ing glacia l 

per iod was about an order o f magniณde h igher than dur ing the Holocene. Acco rd ing 

to H u o n et al. (2001) fíne-sized organic matter i n ambient g lacia l sediments i n ร บ 9 0 -

09 from M I S 2 contains up to 5 0 % o f terrestrial mater ia l . However , O C / T N , ô'̂ c 

and δ ' ^Ν records for ambient g lacia l sediments and H L 3 are d i f ferent from those i n 

H L l and H L 2 . Th is probab ly indicates d i f ferent source regions o f organic matter i n 

these sediments. Absence o f р о ф һ у п п ร i n hemipelagic sediments and most samples 

from H L 3 also points at a d i f ferent source at least from H L 2 . H i g h abundance o f ท-

alkaneร and U C M in these sediments is probably associated w i t h the f ract ion >63 and 

<150 μ η ι . For instance, transport b y nephelo id layer or sea ice was proposed b y 

Madure i ra et al. (1997) as an explanat ion o f discrepancy between I R D and n-alkane 

concentrat ion record i n core T88-09P. The nephelo id layer is usual ly associated w i t h 

c lay part icles (<2 μ ιη ) . A l t h o u g h i t has been named as an impor tant mechanism i n 

sediment transport i n the N o r t h A t lan t i c dur ing the Quaternary, Bout -Roumazei les et 

al. (1999) demonstrated that i t d id not reach the locat ion o f cores ร บ 9 0 - 0 8 and 

ร บ 9 0 - 3 8 (close to T88֊09P). Sedimentary strata conta in ing h igh l y degraded orgamc 

matter cou ld have been subject to w i n d erosion. Ь ісофога їес і i n sea ice, fine 

part icles conta in ing this extensively reworked organic matter w o u l d have been 

transported far south dur ing M I S 2 - 3 and deposited dur ing H E 3 and after. H i g h 

var iab i l i t y i n the b iomarker signaณres o f hemipelagic sediments from this per iod 

probably indicates a combinat ion o f sources and mechanisms o f sediment transport. 

They m a y inc lude m ino r I R D events, transport b y sea ice and w i n d . 
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4.3,3 Conc lus ions 

Sediments deposited dur ing He in r i ch events i n core ร บ 9 0 - 0 9 conta in M g h l y 

reworked organic matter characterised b y the presence o f porphyr ins (predominant ly 

vanadyl chelates), ท-alkaneร w i t h l o w C P I and A C L indices and h i gh amounts o f 

U C M in the gas ctaomatographic traces. I n contrast, hemipelagic sediments 

deposited pr io r to H L 3 and dur ing the Holocene contain younger organic matter, 

w i t h higher C P I and A C L values and lack U C M i n the chromatograms and 

р о ф һ у п п ร . 

Ice ra f t ing is thought to be the ma in source o f organic matter i n H L s , and 

aeolian transport is most l i ke l y responsible for deposi t ion o f ambient g lacia l 

sediments p r io r to H L 3 and over lay ing H L 4 and H L 5 and then dur ing Holocene. 

A southward shi f t i n the polar front locat ion dur ing M I S 3 resulted i n 

deposi t ion o f h i gh l y degraded organic matter i n the ambient g lacia l sediments i n 

M I S 2 - 3 . However , i t is p robab ly associated w i t h <150 μ ι η grain size f ract ion. 

These sediments are characterised b y h i gh var iab i l i t y i n their b iomarker compos i t ion 

and may contain mater ia l from mu l t i p le sources. 

There is s igni f icant d i f ference between b iomarker compos i t ion o f organic 

matter i n H L s 1, 2， 4 and 5 and ove r l y ing ambient g lacia l sediments. N o such 

di f ference was observed between over l y ing ambient sediments and H L 3 . That 

impl ies d i f ferent source o f organic matter i n the ambient g lacia l sediments from that 

i n H L s 1 2 , 4 and 5. 

T o conclude, p rominent He in r i ch events ( Н Е Ї , HE2， H E 4 & H E 5 ) can be 

ident i f ied on the basis o f the b iomarker compos i t ion o f thei r sedimentary organic 

matter. Ident i f ica t ion is more st ra ight forward i n locat ions where hemipelagic 

sedimentat ion was not in f luenced b y g lac ia l condi t ions. 
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4.4 H i g h - r e s o l u t i o n b i o m a r k e r r e c o r d o f H e i n r i c h Even ts i n N o r t h A t l a n t i c 
core รบ90-09ะ I m p l i c a t i o n f o r sources o f I R D 

Hein r i ch events are usual ly d iv ided into t w o groups ― " t y p i c a l " or p rominent Н Е Ї , 

H E 2 , H E 4 & H E 5 and " u n t y p i c a l " H E 3 and H E 6 . The m a i n source o f I R D i n the 

" t y p i c a l " H L s is thought to be the Northeastern Canada (e.g. B o n d et al., 1992). A 

mos t l y European o r ig in has been proposed fo r H E 3 and H E 6 (e.g. Grousset et al., 

1993). However , detai led studies o f H L s from d i f ferent areas o f the N o r t h A t lan t i c 

show var iab i l i t y w i t h i n these two groups as w e l l as w i t h i n each layer. Fo r instance, 

H L l i n core V28 -82 i n the eastern part o f the " П Ш be l t " contains sediments w i t h 

younger S r -Nd signatures then the rest o f the prominent H L s ind icat ing an addi t ional 

(younger) source o f I R D for this layer ( H e m m i n g et al, 1998). A European o r i g in 

was proposed for H L 2 i n the Eastern A t lan t i c core KS79-29 (46° 1 8 ' N , 1 5 ° 0 4 ' พ ) on 

the basis o f S r -Nd isotopie analysis (Revel et al, 1996). H L 5 i n core M D 9 5 - 2 0 4 0 

from the Iber ian M a r g i n d id not conta in carbonate (de Ab reu et al, 2003) . 

Acco rd ing to K i r k b y & Andrews (1999) , sedimentological record suggests that H E 4 

i n the Labrador Sea was more s igni f icant than H E I and H E 2 and had direct in f luence 

on H E 3 . H u o n et al. (2002) report contrast ing ъ^^с and δ ΐ 5 Ν records fo r older ( H L s 

4 and 5) and younger ( H L s 1, 2) i n core ร บ 9 0 - 0 9 . H L 3 i n the Northeastern Labrador 

Sea (HU91-045-094P) was r ich i n detr i ta l carbonate i n contrast w i t h H L 6 (Stoner et 

al., 1996). 

A t the same t ime , var iab i l i t y w i t h i n H L s has been reported. Results o f 

minera log ica l and isotopie analysis suggest sequential deposi t ion o f I R D from 

Europe, G u l f o f St. Lawrence and Northeastern Canada (Bond & L o t t i , 1995; B o n d 

et al., 1999; Grousset et ai, 2 0 0 1 ; 2000; รทoechx et al., 1999). The abundance o f 

I R D (>150 μπι ) , S r -Nd compos i t ion and б ' ^с and δ ' ^Ν compos i t ion o f organic 

matter i n core ร บ 9 0 - 0 9 also show h igh frequency osci l lat ions (~ 2-5 centuries) 

w i t h i n H L l and H L 2 (Grousset et al., 2001) . Неге, var iab i l i t y o f b iomarker 

compos i t ion between and w i t h i n d i f ferent H L s i n core ร บ 9 0 - 0 9 was invest igated. 
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4.4Л V a r i a b i l i t y be tween d i f f e r e n t H L s 

I n core ร บ 9 0 - 0 9 , there is s igni f icant var iab i l i t y between H L s . The source o f organic 

matter i n H L 3 appears to be d i f ferent from the other H L s i n this core. I R D 

concentrat ion i n this layer is close to that in ambient glacial sediments, i n contrast 

w i t h the prominent H L s (F i g . 4.2). РофЬуг іпз are absent from most o f the samples 

i n H L 3 (F i g . 4.2). A t the same t ime, the concentrat ion o f n-alkaneร i n H L 3 is about 

tw ice that o f the other H L s ( T a b l e 4.3). Th is layer contains h igh l y biodegraded 

organic matter characterised b y large amounts o f U C M : U C M content per g ram d r y 

sediment is 2-5 t imes h igher than i n the other H L s . The matu r i t y o f organic matter i n 

this layer appears to be s l igh t ly lower than i n H L s 1 and 2， comparable w i t h most 

samples from H L 4 and higher than i n HE5 as ref lected i n the C P I values ( T a b l e 4.3 

and A p p . 3) . There is no clear predominance o f ท -C27, ท-Շշ9 or ท-С31 alkaneร, 

whereas most samples from H L s 1 and 2 and to a lesser degree H L s 4 and 5 have a 

m a x i m u m at ท-C29. Wha t is more , the b iomarker compos i t ion o f H L 3 sediments 

does not appear to be s ign i f i cant ly d i f ferent from that i n the over lay ing ambient 

g lacia l sediments (see Section 4.3.2.2). Th is layer is poo r l y represented i n the 

magnet ic suscept ib i l i ty record and has l o w I R D content (Grousset et α/,, 2001) . 

However , the reworked nature o f organic matter i n H L 3 indicates a terrestr ial o r ig in 

o f i ts sediments (V i l l anueva et α/ · , 1997). S im i la r i t y w i t h the over lay ing hemipelagic 

sediments is expla ined b y the pos i t ion o f the polar front du r ing M I S 3 south o f the 

ร บ 9 0 - 0 9 locat ion (Calvo et al., 2001) . 

Younger H L s 1 and 2 d i f fe r from the older H L s 4 and 5 b y h igher n-alkane 

concentrat ions, h igher amounts o f U C M , lower C P I values ( T a b l e 4.3) and a more 

pronounced predominance o f Ո"Օշ9 alkane over ท-С31. I n add i t ion , Н І Л di f fers from 

the other prominent H L s b y its h i gh l y var iable I R D content (F i g . 4.2): the 

concentrat ion o f l i th ic f ragments > 1 5 0 μ η ι oscil lates between 1000 and 120000 per 

g ram (Huon et al, 2002) . The coarse fraction concentrat ion is i n the reg ion o f 2000-

5000 per g ram i n H L s 2 and 4， and be low 4000 i n H L 5 . M o s t samples from H L s 1 

d i d not contain рофЬуг іпร , i n contrast to H L s 2, 4 and 5. Concentrat ion o f 

photosynthet ic p igments i n H L s 2 and 4 is 〜5 t imes higher than i n H L 5 (F ig . 4.2 and 

A p p . 3 ) . H L 2 is h igher i n U C M than the other p rominent H L s . H L 5 ท-alkaneร are 

characterised b y the highest C P I ( T a b l e 4.3). 

137 



Oksana v K o m i l o v a PhD Thesis 

H L and "precursor event" samples from core ร บ 9 0 - 0 9 were first compared 
us ing the results o f P C A . The results are presented i n F i g . 4.5. A l t h o u g h there is 
considerable var iab i l i t y w i t h i n each H L , they are largely separated from one another 
o n the P C A plots except for H L 4 and H L 5 : these overlap considerably w i t h one 
another but are for the most part separated from the other H L s . Highest values o f 
P C I were calculated for H L 2 . Th is layer contains the most maณre and biodegraded 
organic matter characterised b y the lowest C P I and h igh U C M . I t also has the lowest 
A C L and a strong ท-C29 predominance ( T a b l e 4.3). P C I values are the lowest fo r 
H L 5 because i t contains less biodegraded ( l ow U C M ) and less т а Ш г е (h igh CPI ) 
organic matter. PC2 is highest for H L 4 and H L 5 due to the highest relat ive 
abundance o f р о ф һ у п п ร , a more pronounced predominance o f the vanady l species 
iVO/(VO+Ni) 〉0.8) than i n the other H L s and the lowest A C L . PC2 is the lowest for 
H L 3 sediments because they are l o w i n porphyr ins and have the Mghest A C L . 
Samples corresponding to the precursor events ( H L l p r and H L 2 p r ) do not f o r m 
dist inct groups on PC1/PC2 p lo t (F ig . 4.5) and tend to cluster w i t h H L l samples. 
They show a tendency towards separation from the other H L samples on the 
PC2/PC3 p lo t (F ig . 4.5) but cou ld not be dist inguished from one another. 

4.4.1.1 C o m p a r i s o n be tween H L s us ing M A N O V A 

Analys is o f variance conf i rms that var iab i l i t y between most H L s i n ร บ 9 0 - 0 9 is 

greater than var iab i l i t y w i t h i n each layer w i t h 9 5 % conf idence ( T a b l e 4. 7) . The 

di f ference is not s igni f icant between the t w o precursor events probab ly ind icat ing the 

same source o f I R D i n bo th layers, as suggested b y Grousset et al. (2001) . These 

precursor events were proposed to have or ig inated from Europe. There is a 

considerable body o f evidence fo r the European provenance o f H L 3 . However , the 

b iomarker compos i t ion o f the H L 3 sediments d i f fers s ign i f i cant ly from that from the 

precursor events ( T a b l e 4.3 and F i g . 4.4). The provenance o f terr igenous organic 

matter i n H L 3 is discussed i n Sect ion 4.5.2. 

Considerable overlap o f H L s 4 and 5 (F ig . 4.5 and T a b l e 4.3) suggests a 

cont r ibu t ion from a c o m m o n source o f I R D i n most o f the H L s 4 and 5 samples. 

However , b iomarker composi t ions o f the sediments i n these H L s are not ident ical . 
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For instance, there is a di f ference i n the Pr/Ph and isoprenoid ratios ( F i g . 4.6). O n 
these p lo ts , H L 4 and H L 5 are largely separated. Th is suggests at least par t ia l 
cont r ibu t ion o f organic matter from di f ferent sources. 

T a b l e 4. 7 Results o f M A N O V A o f PC1-PC3. Probab i l i t y o f one or more 
di f ferences between the two-d iment iona l mean vectors for H L and "precursor 
event" (pr) sediments from ร บ 9 0 - 0 9 . 

H L l H L l p r H L 2 H L 2 p r H L 3 H L 4 

H L l p r 0.0001 

H L 2 0.0000 0.0067 

H L 2 p r 0.0003 0.1908 0.0334 

H L 3 0.0000 0.0011 0.0000 0.0000 

H L 4 0.0000 0.0019 0.0000 0.0000 0.0000 

H L 5 0.0000 0.0000 0.0370 0.0001 0.0000 0.5361 

4.4.1.2 C o n t r i b u t i o n o f i n d i v i d u a l va r iab les 

I n order to test the cont r ibut ion o f the ind iv idua l variables towards the var iab i l i t y 

between the H L s i n ร บ 9 0 - 0 9 , mu l t i nom ia l logist ic regression was used. The results 

are presented i n T a b l e 4. 8. F ive variables were chosen that account for most o f the 

var iab i l i t y between H L sediments as was determined using A N O V A . C P I , A C L and 

С 2 9 / С 3 1 rat io representing the var iab i l i t y i n ท-alkane d is t r ibut ion, relat ive amount o f 

U C M and relat ive abundance o f porphyr ins come into p lay i n d i f ferent combinat ions 

to account for di f ferences i n the b iomarker compos i t ion o f I R D layers. 

I t is impor tant to note that p<0.05 i n this exercise does not necessari ly mean 

that a part icular var iable does vary s ign i f icant ly between t w o groups o f samples and 

vice-versa. For instance, C P I and С 2 9 / С 3 1 do not appear to be s ign i f i cant ly impor tant 

i n d is t inguish ing between H L 2 and H L 4 w h e n i n fact the t w o layers are largely 

separated b y these variables p lot ted against each other (F i g . 4.7a). H igher p values 

fo r C P I and С 2 9 / С 3 1 than for U C M / T N A and ร/I indicate that the amount o f U C M 

and po rphy r in abundance are more impor tant i n d is t inguish ing between H L 2 and 

H L 4 than is ท-alkane d is t r ibut ion. A t the same t ime, l o w probab i l i t y (P) values for 

С 2 9 / С 3 1 and A C L i n the compar ison o f the precursor events indicate that there is less 
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s imi la r i ty between H L l pr and H L 2 p r i n these t w o variables than in C P I and U C M . 

However , these two layers cou ld not be dist inguished on the С 2 9 / С 3 1 - A C L p lo t (F i g . 

4.7b). 

T a b l e 4. 8 Results o f m l o g i t analysis o f H L and "precursor event" sediments from 

core ร บ 9 0 - 0 9 . P r o b a b i l i t j ^ F values for selected variables. 

Groups compared СРІ24-31 С29/С31 ACL25-33 U C M / T N A ร/I 
H L L l H L l p r 0.111 0.099 0.056 0.082 0.002 

H L L l H L 2 0.684 0.105 0.053 0.028 0.013 

H L L l H L 2 p r 0.027 0.112 0.530 0.021 0.456 

H L L l H L 3 0.014 0.045 0.981 0.009 0.312 

H L L l H L 4 0.327 0.068 0.083 0.038 0.001 

H L L l H L 5 0.003 0.034 0.009 0.121 0.104 

H L 2 H L l p r 0.053 0.022 0.013 0.418 0.102 

H L 2 H L 2 p r 0.010 0.578 0.492 0.323 0.161 

H L 2 H L 3 0.005 0.260 0.207 0.098 0.278 

H L 2 H L 4 0.196 0.229 0.525 0.006 0.026 

H L 2 H L 5 0.001 0.136 0.067 0.016 0.411 

H L 3 H L l p r 0.278 0.009 0.052 0.633 0.02 

H L 3 H L 2 p r 0.437 0.594 0.094 0.310 0.895 

H L 3 H L 4 0.100 0.565 0.176 0.001 0.027 

H L 3 H L 5 0.434 0.399 0.018 0.004 0.605 

H L 4 H L l p r 0.475 0.018 0.010 0.008 0.938 

H L 4 H L 2 p r 0.200 0.388 0.322 0.003 0.016 

H L 4 H L 5 0.003 0.876 0.162 0.533 0.013 

H L 5 H L l p r 0.050 0.010 0.003 0.020 0.044 

H L 5 H L 2 p r 0.203 0.241 0.041 0.006 0.413 

H L l p r H L 2 p r 0.499 0.019 0.029 0.809 0.023 

C P I is impor tant i n separating HE5 from al l o f the layers w i t h 9 5 % 

conf idence w i t h the except ion o f H L 3 and H L 2 p r . I t is also s ign i f icant ly d i f ferent 
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for H L 3 compared w i t h H L l and H L 2 and separates H L 2 from its precursor event 

w i t h 9 9 % conf idence. 

С 2 9 / С 3 1 ratios come into p lay i n separating H L l p r from the rest o f the I R D 

sediments. Th is variable dist inguishes H L l from H L 3 and H L 5 . Th is rat io is also 

impor tant i n separation o f the t w o precursor events. 

A C L separates H L 5 from the rest o f the I R D layers w i t h at least 9 3 % 

conf idence. The except ion is H L 4 . H L l and H L 2 can also be better d ist inguished 

from one another b y A C L , as can thei r t w o precursor events. 

Older H L s (4 & 5) are separated from the younger I R D events b y the amount 

o f U C M . The U C M / T N A rat io plays impor tant part i n separating H L l from that o f 

a l l the other I R D layers w i t h 9 5 % conf idence except H L l precursor and H L 5 . 

The ร/I rat io separates H L 4 f r o m the other H L s w i t h 9 7 % conf idence. Th is 

var iable also varies s ign i f icant ly between H L l and H L 2 and between their precursor 

events. H L l precursor can be dist inguished from H L l , H L 3 & H L 5 . 

I t is un l i ke l y that I R D i n a l l five H L s i n this core come from d i f ferent 

sources. I t m a y be suggested that b iomarker compos i t ion o f sediments i n each H L 

reflects a combined input from several source areas but their representation varies 

between H L s . For instance, several ice streams existed on the cont inental margins o f 

B a f f i n B a y and Labrador Sea and the relat ive intensi ty o f iceberg discharge from 

these ice streams may have var ied through t ime. Th is is fur ther discussed i n Sect ion 

4.4.3 

4.4.2 V a r i a b i l i t y w i t h i n p r o m i n e n t H L s 

O n the basis o f a detai led minera log ica i รณdy o f coarse detr i ta i grains i n H L s 1 and 2 

from core ร บ 9 0 - 0 9 , Grousset et al. (2001) proposed 3 periods o f I R D deposi t ion -

precursor event or ig inat ing from Europe (sediments rich i n volcanic glass), 

Laurent ide-der ived step characterised b y elevated quartz content and the th i rd per iod 

rich i n carbonate from Nor thern Canadian provinces. I n agreement w i t h these 
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f ind ings, analysis o f the b iomarker compos i t ion also indicates var iab i l i t y w i t h i n each 

H L . Downcore var ia t ion i n the b iomarker makeup is summarised b y P C I , PC2 and 

PC3 and presented i n F i g . 4.4. O n the basis o f var ia t ion i n the pr inc ipa l components 

values, a d i v i s ion o f p rominent H L s into sublayers is proposed. The b iomarker 

compos i t ion o f the sublayers was compared us ing M A N O V A : the results are 

presented i n T a b l e 4. 9 

The H L l precursor can be dist inguished b y lower P C I and PC2 and higher 

PC3 values than the f o l l o w i n g samples o f the H L l . T w o periods def ined b y 

Grousset et al. (2001) can be recognised w i t h i n H L l - Н ІЛ—1 (56.5-61.5 cm) w i t h 

h igher P C I and PC2 and HLᄂ2 (50-56 cm) characterised b y a s l ight drop i n P C I 

and PC2. Ana lys is o f variance shows s igni f icant var iab i l i t y between these three 

sublayers ( T a b l e 4. 9). 

Simi la r p icture is observed for H L 2 一 a rise i n P C I and PC2 and a drop i n 

PC3 from precursor event (92-97cm) to HL2_1(86 .5 -91 .5 cm) . The th i rd per iod 

( H L 2 _ 2 ) is represented b y jus t 4 samples (81-84) but a drop i n P C I and a rise i n PC3 

are not iceable. However , on l y the d i f ference between H L 2 p r and H L 2 _ 1 appears to 

be stat ist ical ly s igni f icant ( T a b l e 4. 9). Th is m a y be due to the smal l number o f 

observations for H L 2 _ 2 and h igh var iab i l i t y w i t h i n i t . The var iab i l i t y between the 

two precursors is not s igni f icant ( P » 0 . 0 5 ) support ing the suggestion o f a c o m m o n 

source o f sediments in these layers. 

Three periods can be dist inguished w i t h i n H L 4 . The first and the th i rd are 

very s imi lar ( F i g . 4.4 and T a b l e 4. 9) . There is a drop i n PC2 and PC3 i n the m idd le 

o f H L 4 . Th is is due to lower C P I and U C M & and 5/7 rat io for samples 148.5 & 150 

cm. Th is m idd le per iod ( H L 4 2) d i f fers s ign i f i cant ly from the sediments above and 

be low i t . I t is not s igni f icant ly d i f ferent from the H L l sediments. A ve ry s imi lar 

t rend appears w i t h i n H L 5 : three periods are recognisable w i t h the m idd le one (189.5-

191 cm) characterised b y lower C P I , U C M and ร/I rat io than the sediments above 

and be low i t . However , th is m idd le per iod i n H L 5 is not as w e l l pronounced as the 

one i n the H L 4 (F ig . 4.4 and T a b l e 4. 9) . I t shows s im i la r i t y to H L l l . There 

appears to be no s igni f icant d i f ference between H L 4 _ 1 , H L 4 _ 3 , H L 5 _ 1 and H L 5 3 

probably ind ica t ing a shared source o f I R D . The m idd le parts o f the t w o H L s show 

signi f icant var iab i l i t y and probably cannot be at t r ibuted to the same source. 
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4.4.3 O l d e r ( H E 4 & 5 ) a n d y o u n g e r ( H E I & 2 ) events 

The prominent H L s i n core ร บ 9 0 - 0 9 d i f fe r from each other i n their b iomarker 

compos i t ion . These findings are i n agreement w i t h those o f previous workers : there 

is var iab i l i t y i n the b u l k propert ies o f fine-sized organic matter and I R D content 

( H u o n et al., 2002). H u o n et al. (2002) l i nked a change i n the isotopie signature o f 

the cont inental organic matter source o f H L 4 and especial ly H L 5 compared w i t h 

H L s l and 2 to warmer c l imat ic condi t ions and lower erosion levels dur ing HEs 4 and 

5. That may expla in lower concentrat ions o f ท-alkaneร and lower U C M / g content i n 

H L s 4 and 5 than i n H L s 1 and 2. Previous research shows that the m a i n source area 

for I R D i n the prominent H L s is i n nor thern Canada dominated b y Church i l l 

p rov ince base rocks and Palaeozoic carbonates. Several ma jo r ice streams (Hudson 

Strait, G u l f o f Boothia-Lancaster Sound, Cumber land Sound) and a number o f 

smaller ice streams along the eastern Canadian marg in have been ident i f ied (e.g. 

Andrews & MacLean , 2003; Hu lbe et al., 2004) . Sediments del ivered into the ocean 

b y these ice streams or ig inated from soils and organic-bear ing rocks o f the 

under ly ing geological basement ( H u o n et al., 2002) . 

The b iomarker compos i t ion o f sediments is l i ke l y to vary from one ice stream 

to another. Relat ive input from di f ferent source areas w i t h i n the Laurent ide Ice 

Sheet m a y have var ied dur ing d i f ferent HEs for example i n response to d i f ferent 

c l imat ic condi t ions, resul t ing i n var iab i l i t y i n the b iomarker compos i t ion o f I R D i n 

H L s . K i r b y & And rews (1999) suggested that H E 4 tr iggered s igni f icant c l imat ic 

reorganisations and m a y have in f luenced subsequent HEs . L·iput from the G u l f o f St. 

Lawrence and European sources also have to be taken into account. Younger H L s 1 

and 2 contain more reworked organic matter than the older H L s 4 and 5: they are 

characterised b y lower C P I , h igher U C M and a shi f t i n the n-a lkane envelope 

towards lower molecu lar we igh t compounds ( T a b l e 4.3). Th is m a y indicate a 

d i f ferent combinat ion o f the N o r t h Amer i can sources o f I R D . Th is m a y also be a 

result o f enhanced cont r ibu t ion o f I R D from Europe i n H L s 1 and 2 as a result o f the 

shi f t i n the pos i t ion o f the polar front. 

Internal structure o f the older H L s also appears d i f ferent from that o f younger 

ones. Precursor events ident i f ied b y Grousset et al. (2001) from isotopie and 

minera log ica l compos i t ion , d i f fe r i n their b iomarker compos i t ion from H L and H L 2 . 
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A European precursor event was reported for H L 4 from core ร บ 9 2 - 2 8 o n the 
southern Portuguese slope based on the isotopie signature o f the non-carbonate 
fraction (Grousset et al, 2000; รทoechx et al, 1999). Such precursor events have 
not been recognised i n the H E 4 and HE5 b iomarker record o f core ร บ 9 0 - 0 9 . Further 
two periods were recognised i n H L s 1 and 2, according to Grousset et al. (2001) 
ref lect ing input from the G u l f o f St. Lawrence and northeastern Canada respect ively. 
H L s 4 and 5 can be d iv ided into 3 per iods on the basis o f thei r b iomarker 
composi t ion. The first and the th i rd appear s imi lar i n bo th H L s (F ig . 4.4 and T a b l e 
4. 9 ) . D u r i n g the m idd le per iod i n H L 4 , organic matter s imi lar to that from H L l was 
deposited. The m idd le per iod i n H L 5 is less pronoxmced and is s imi lar to H L 2 . 
W h i l e H L 4 and H L 5 are largely s imi lar ; H L l is d i f ferent from H L 2 ( F i g . 4.5 and 
T a b l e 4.3). I t contains lower U C M and for the most part lacks porphyr ins. 

H i g h frequency pulses observed b y Grousset et al. (2001) i n the coarse 

fraction content, isotopie compos i t ion o f organic matter and S r -Nd isotopie 

compos i t ion o f H L s 1 and 2, are also ref lected i n thei r b iomarker compos i t ion record. 

Grousset et al. (2001) proposes two possible causes: a stepwise col lapse o f the 

Laurent ide Ice Sheet or la t i tud inal osc i l la t ion i n the " I R D be l t " as a result o f the 

changes i n the oceanic current pattern. Step b y step b reakdown o f the Labrador ice 

sheet is supported b y the ice shel f d is integrat ion hypothesis proposed b y Hu lbe et al. 

(2004). 
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4.4.4 Conc lus ions 

The b iomarker compos i t ion o f H L sediments from core ร บ 9 0 - 0 9 varies between and 

w i t h i n H L s . A l l five H L s analysed can be dist inguished from one another on the 

basis o f the b iomarker compos i t ion o f their sediments. "Eu ropean" precursor events 

are recognised i n the sedimentary record o f H L l and H L 2 but no t H L 4 and H L 5 . For 

the most part, the b iomarker compos i t ion o f the sediments i n the older H L s ( H L 4 and 

H L 5 ) is s imi lar to one another and d i f fe r from the younger H L s 1 and 2. H L l and 

H L 2 are s imi lar i n their ท-alkane d is t r ibut ion but d i f fe r i n their U C M and p ig jnent 

content. Three steps can be recognised i n H L s 4 and 5 w i t h the nar row m idd le step 

d i f ferent from the per iods above and be low i t , and t w o steps i n H L l and poss ib ly i n 

H L 2 . The var iab i l i t y between and w i t h i n H L s may be expla ined b y var iab i l i t y i n 

relat ive cont r ibut ion from several п ш sources (Amer i can or European) or d i f ferent 

ice streams w i t h i n the same source (e.g. Laurent ide Ice Sheet). 
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4.5 M u l t i p l e sources o f I R D i n the N o r t h A t l a n t i c H e i n r i c h L a y e r s 

I n this section, b iomarker compos i t ion o f H L sediments from four d i f ferent locat ions 

i n the A t lan t i c Ocean is compared: central A t lan t i c core ร บ 9 0 - 0 9 from the southern 

part o f the " I R D be l t " , O D P 609 from the northeastern part o f the " П Ш be l t " , M D 9 5 -

2024 from the southwestern Labrador Sea and HU87-025-07P from the western 

Labrador Sea. The b iomarker compos i t ion o f core ร บ 9 0 - 0 9 was described i n 

Sect ion 4 . 3 . 1 . 

4.5.1 B i o m a r k e r compos i t i on o f H L s i n cores M D 9 5 - 2 0 2 4 , O D P 6 0 9 & H U 8 7 -
025-07P 

4.5.1.1 Pho tosyn the t i c p i gmen ts 

5/7 ratios o f m o s t o f the H L samples from O D P 609, M D 9 5 - 2 0 2 4 and HU87-025-07P 

are greater than 5, and that suggests the presence o f porphyr ins (F igs. 4.8 a n d 4.9). 

Peaks corresponding to bo th N i and vo р о ф һ у п п ร are v is ib le on the absorbance 

spectra o f most H L samples, vo are predominant species i n most samples probably 

ind icat ing anoxic condi t ions at the t ime o f deposi t ion o f the al lochthonous sediment. 

V O species const i tute 9 0 % o f total N i and vo porphyr ins i n H L 2 from 

HU87-025-07P. A s imi lar VO/(VO+Ni) rat io was calculated for the uppermost 

sample o f the glacigenic debris flow ( G D F ) from the same core wh i l e the rest o f the 

G D F samples d id not contain N i р о ф һ у п п ร i n amounts detectible on the absorbance 

spectra. 

Relat ive abundances o f vo р о ф һ у п п ร i n core M D 9 5 - 2 0 2 4 show l i t t le 

var ia t ion between and w i t h i n H L s 2-6 (0.79 士 0.08). H L 3 and H L 6 i n this core 

appear very s imi lar i n their p igment concentrat ions to the rest o f the H L s i n that core. 

Relat ive abundance o f tota l porphyr ins and absolute abimdances o f N i and vo 

species tend to increase downcore i n H L 4 and H L 5 (F ig . 4.8). The exceptions are 

three samples at the top o f H L l : no peaks corresponding to porphyr ins were detected 

on the absorpt ion spectra at 495 c m , wh i l e the uppermost sample (485 cm) on l y 

contains N i , and 490 c m on ly vo but bo th i n m u c h lower concentrat ions than i n 
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other H L samples. H L l i n this core is poo r l y represented i n the magnet ic 

suscept ib i l i ty record (Stoner et al, 2000) . 

I n core O D P 609, the relat ive abundance o f vo and N i р о ф һ у п п з i n 

prominent H L s is qui te s imi lar i n a l l the samples and averages 0.87 (± 0.05). 

However , the amounts o f vo and N i porphyr ins calculated for most o f the H L 3 and 

6 samples from O D P 609 are about an order o f magniณde lower than those fo r H L s 

1, 2, 4 and 5 (F ig . 4.9) from that core. There is a downcore increase i n po rphy r in 

concentrations i n H L 5 (F i g . 4.9). One sample from H L 3 (159 cm) is characterised 

b y re la t ive ly h igh amounts o f N i р о ф к у г і п ร and absence o f vo species. I n spite o f 

the downcore increase i n bo th po rphy r in concentrat ions, the relat ive abundance o f 

V O р о ф һ у п п ร i n H L 3 and H L 6 decreases downcore, except for the 393 c m sample 

( H L 6 ) where no po rphy r in peaks were detected on absorbance spectra. Th is 

var iab i l i t y i n relat ive abmdance o f N i and vo porphyr ins i n H L 3 and H L 6 m a y 

indicate change i n the source o f the I R D w i t h N i rich sediments deposited at the 

beg inn ing o f the layer gradual ly g i v i ng w a y to vo rich mater ia l . However , sampl ing 

at h igher resolut ion is necessary to con f i rm or d isprove th is suggestion. H i g h ร/I 

rat ios at the end o f H E 6 m a y be explained b y l o w amounts o f chlor ins i n those 

samples. 

A m b i e n t glacial sediments after H L 2 (97 and 50 cmbsf) do not appear to 

contain рофЬуг іпз (5/7=3.21 and 2.45). I n contrast, these ratios for the earlier 

ambient sediments are s imi lar to those o f H L s ( F i g . 4.9 and A p p . 3) . However , the 

absorbance spectra o f those sample extracts do not show peaks corresponding to N i 

and V O po rphy r in satell i te ( I ) bands (ex t inc t ion m a x i m u m at 570 ա ո ) except for the 

samples at 137 c m (just after H L 3 ) and between H L 5 and H L 6 (350 cm) . However , 

the abundances o f vo porphyr ins i n these t w o samples are at least ten t imes lower 

than i n prominent H L s . 

4.5.1.2 N-a lkaneร 

Gas chromatograms o f the saณrated hydrocarbon fraction o f the sediment extracts o f 

representative samples o f He in r i ch Layer sediments are presented i n F i g . 4.10 and 

chain- length distr ibut ions i n F i g . 4 .11 . The average concentrat ions o f total ท-alkaneร 
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(nC 17.33) per gram dry sediment i n the H L s from cores O D P 609, M D 9 5 - 2 0 2 4 and 

HU87-025-07P range from 0.5 to 6 μg/g T a b l e 4. 10. Branched and cyc l ic 

hydrocarbons are present i n the reg ion o f the short-chain ท-alkaneร s im i la r l y to H L s 
from ร บ 9 0 - 0 9 (See Sect ion 4.3.1.2). The variables used for compar ison o f the H L 
sediments from O D P 609, M D 9 5 - 2 0 2 4 and HU87-025-07P, and thei r values are 
l isted i n the T a b l e 4 . 1 0 and A p p . 3 . 

Samples from H L s i n cores H U 8 7 , M D 9 5 - 2 0 2 4 and from the " t y p i c a l " H L s 

( H L s 1， 2， 4 & 5^ O D P site 609, show chain- length distr ibut ions o f ท-alkaneร 

s imi lar to H L s from ร บ 9 0 - 0 9 w i t h max ima at ท-C27 or ท-C29 (F ig . 4.11). Such 

s im i la r i t y i n ท-alkane d is t r ibut ion probably indicates a c o m m o n source o f the 

terr igenous organic matter (e.g. Cranwe l l , 1973; M c C a f f r e y et al., 1991). G C 

fingerprints o f H L 3 and H L 6 at O D P 609 show a m a x i m u m at пСзь w i t h a sharp 

increase i n re lat ive abundance from ท-C27 to ท-C29 to ท-С31 (F igs. 4.10 a n d 4.11) 

i nd ica t ing a d i f ferent source o f ท-alkaneร from that i n the " t y p i c a l " H L sediments 

from this and other locat ions. The abundance o f ท-C29 is s l ight ly h igher than ท-С31 i n 

H L s from M D 9 5 (1.20) and " t y p i c a l " H L s from O D P 609 (1.15). The predominance 

o f ท-C29 is more pronounced i n H L 2 from the Labrador Sea core H U 8 7 ( П - С 2 9 to ท-

Сз і rat io 1.45) ( T a b l e 4. 10). I n contrast, i n H L s 3 and 6 from O D P 609 ท-C31 

dominates (the С 2 9 / С 3 1 rat io is 0.77). ท-C27 and ท -C29 are present i n more or less 

equal amounts i n most H L samples except for the " u n t y p i c a l " H L 3 and H L 6 from the 

O D P 609 where the increase i n abundance from ท-C27 to ท-C29 is w e l l pronounced 

(C27/C29 rat io 0.68) (Tab le 4 . 1 0 ) . 

The " u n t y p i c a l " H L s 3 and 6 from O D P 609 are characterised b y h igher C P I 

values (CPI〜3) then the other H L s (CPI~2) T a b l e 4. 10. There is, however , h igh 

var iab i l i t y i n this parameter w i t h i n cores (standard deviat ion =0.57 from M D 9 5 - 2 0 2 4 

and 0.41 and 0.71 for " t y p i c a l " and " u n t y p i c a l " H L s from ODP609) . S imi lar to 

ร บ 9 0 - 0 9 , the C P I values i n the " t y p i c a l " H L s are lowest for H L s 1 and 2 (1.04-2.23) 

and highest for H L 5 (2.22-3.46) ( A p p . 3) . A C L values for the H L s from M D 9 5 -

2024 and the " t y p i c a l " H L s from ODP609 range from 28.1 ( H L s M D 9 5 - 2 0 2 4 ) to 

28.8 ( H L 5 O D P ) T a b l e 4 . 1 0 . A C L for the " u n t y p i c a l " H L 3 and 6 from ODP609 is 

m u c h higher (29.0-29.7) ( A p p . 3) and, s im i la r l y to other var iables, indicates a 
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d i f ferent source o f I R D i n these samples conta in ing younger, less reworked organic 
matter. 

A l l H L samples f r o m core M D 9 5 - 2 0 2 4 conta in a hump o f unresolved 

complex m ix tu re ( U C M ) . Th is is a fur ther ind ica t ion o f the reworked character o f 

organic matter i n H L sediments (Peters & M o l d o w a ^ 1993). U C M in that core is 

mos t l y conf ined to the range o f l o w molecular we igh t (F ig . 4.10). U C M appears i n 

the " Ізф іса і " H L samples from O D P 609 but the " h u m p " i n the l o w molecu lar we igh t 

region is less prominent and there is a secondary m a x i m u m at пСзь U C M is 

re la t ive ly l o w i n the H L 2 sample from the Labrador Sea ( H U 8 7 ) and " u n t y p i c a l " 

O D P H L s (F i g . 4.10 & T a b l e 4. 10). The rat io o f the U C M amount to that o f tota l 

ท-alkaneร for most H L samples is greater than 4 ind icat ing the h i g h l y b iodegraded 

character o f organic matter i n H L s . The amount o f U C M is lower fo r the N o r t h 

Amer i can H L s (cores H U 8 7 and M D 9 5 ) and " u n t y p i c a l " O D P H L s ( T a b l e 4. 10) 

than for the " t y p i c a l " O D P H L s . 

T a b l e 4. 10 M e a n values and standard dev ia t ion ( in brackets) o f carbon preference 
index (CPI ) , re lat ive abundance o f U C M , re lat ive abundances o f long-chain ท-
alkaneร and average chain length ( A C L ) . N - number o f observations. H P -
hemipelagic sediments. A U - absorbance uni ts. 

Var iab le N 
T N A , 

С 2 9 / С31 ๅเ Շշ9 СРІ24-31 A C L 
UCM/ U C M / g , S/I V O , 
TNA lag/g A U / g 

H U 8 7 H L 2 1 0.5 1.45 0.93 2.05 28.4 4.85 

M D 9 5 - 2 0 2 4 14 
H L s 1-6 

O D P 609 5 
H L s l , 2, 4 , 5 

O D P 609 7 
H L s 3, 6 

O D P 609 H P 6 

2.0 1.20 1.04 2.28 28.4 5.6 
(1.2) (0.17) (0.12) (0.57) (0.2) (4.4) 

2.6 1.15 0.93 1.88 28.5 7.9 
(2.3) (0.11) (0.07) (0.41) (0.2) (2.5) 

1.9 0.77 0.68 3.04 29.3 4.5 
(1.3) (ОЛО) (0.09) (0.71) (0.2) (2.2) 

1.8 0.86 0.81 2.94 29.1 7.10 

(1.3) (0.22) (0.17) (1.34) (0.44) (4.69) 

2.5 5.5 

11.7 0.85 

(3.5) 

23.7 10.2 0.78 

(27.3) (3.4) 

10.36 13.4 0.03 

(11.42) (10.6) 

16.1 

(1.4) 

10 O.Ol 

(5.9) 
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Several samples o f the ambient glacial sediments (one sample between each 
pare o f H L s ) were analysed for O D P 609. Hemipe lag ic sediments from O D P 609 
show un imoda l d istr ibut ions w i t h a m a x i m u m at ท Сз і and a sharp increase i n 
abundance from ท-C27 to ท -C29 to ท-С31 ( T a b l e 4. 10). They are characterised b y 

h igher C P I (2.4-4.9) and A C L (29.0-29.7) and lower abundance o f ท-alkaneร and 
U C M per g ram dry sediment than the adjacent H L sediments ( T a b l e 4 . 1 0 and A p p . 
3) . H i g h values o f U C M / T N A calculated for some o f the ambient g lacia l sediment 
samples indicate input o f ice raf ted organic matter i n those sediments. 

4.5.2 Is t he re a d i f f e r e n t source o f I R D i n H L 3 a n d H L 6 ? Ev idence f r o m 
d i f f e r e n t locat ions i n the N A 

A s was discussed prev ious ly (Sect ion 4.4.1), H L 3 i n core ร บ 9 0 - 0 9 d i f fers f o r m the 

prominent H L s i n b iomarker compos i t ion o f i ts sediments and is s imi la r to the 

over lay ing hemipelagic sediments (see Sections 4.3.2 and 4.4.1). Th is is i n 

agreement w i t h previous w o r k on this core: H E 3 is poor l y represented i n magnet ic 

suscept ib i l i ty record and its coarse fraction content and compos i t ion o f fine-sized 

organic matter ( O C / T N , ô'^c and δ '^Ν) is s imi lar to that o f the ambient g lacia l 

sediments (Grousset et al., 2 0 0 1 ; H u o n et al, 2002) . Re la t ive ly h igh C P I and A C L 

and lack o f N i and v o porphyr ins indicate the presence o f less reworked organic 

matter i n th is layer that m a y be associated w i t h aeolian input ( T a b l e 4.3). O n the 

other hand, H L 3 contains m u c h higher amounts o f U C M than the prominent H L s , 

and that is a feature o f heav i l y b iodegraded organic matter usual ly found i n older, ice 

raf ted sediments. B iomarker compos i t ion o f H L 3 sediments is s imi lar to that o f the 

ambient glacial sediments above and be low this layer (Sect ion 4.3.2). I t has been 

suggested that dur ing H E 3 , the icebergs from the Laurent ide Ice Sheet d i d not reach 

the eastern parts o f N o r t h A t lan t i c and H L 3 there may be a result o f l o w p roduc t i v i t y 

or d issolut ion o f fo ramin i fera (Bond et al, 1992; Gwiazda et al, 1996a). However , 

h i g h abundance o f terrestr ial organic matter and its reworked character i n H L 3 

indicates ice ra f t ing as an impor tant sediment transport mechanism. The s im i la r i t y o f 

H L 3 compos i t ion w i t h that o f ambient glacial sediments is due to the presence o f the 

reworked organic matter i n the ambient glacial sediments from M I S 2 - 3 as a result o f 

the polar waters extending south o f ร บ 9 0 - 0 9 locat ion (Sect ion 4.3.2). 
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B iomarker fingerprints o f organic matter i n H L s 3 & 6 from O D P 609 also 

appear d i f ferent from those in H L s 1， 2， 4 & 5 i n their ท-alkane d is t r ibut ion, 
p igments content and amount o f U C M . The " u n t y p i c a l " H L s 3 and 6 from this 
locat ion contain organic matter o f re la t ive ly l o w matur i t y and degree o f 
b iodegradat ion characterised b y h igh C P I and A C L , l o w abundance o f р о ф һ у п п ร 
and U C M in contrast w i t h more reworked organic matter i n the " t y p i c a l " H L s (F igs. 
4.10 a n d 4.11 and T a b l e 4. 10). These observations are con f i rmed stat ist ical ly 
(Tab le 4. 11) ind icat ing di f ference i n the sediment source fo r the t w o groups o f H L 
samples and s im i la r i t y between H L s 3 and 6. S imi lar to the l i th ic compos i t ion (Bond 
et al., 1992; Broecker et al., 1992), b iomarker signature o f H L 3 and H L 6 is closer to 
that o f the hemipelagic sediments than o f the prominent H L s (Tab le 4. 10 & T a b l e 
4 . 1 1 ) . Unusua l character o f H L 3 was reported fo r the nearby core T88-9P ( 4 8 ° 2 3 ' N , 
2 5 ° 0 5 ' พ ) (Madure i ra et al, 1997). Its sediments contained h i gh terr igenous 
b iomarker amounts compared w i t h other H L s (6 ( H L 3 ) vs. 0.95 ( H L l ) ֊3.16 ( H L 5 ) ) 
p robab ly ind icat ing a d i f ferent source o f organic matter i n that layer. H L s 3 and 6 i n 
that core also contained ท-alkaneร w i t h h igher A C L than the " t y p i c a l " H L s 
(Madure i ra ๙ a/., 1997). 

T a b l e 4 . 1 1 Compar ison o f " t y p i c a l " and " u n t y p i c a l " H L s from cores M D 9 5 and 
O D P 609. Results o f M A N O V A o f P C l - Р С З . Probab i l i t y o f one or more di f ferences 

between the two-d imens iona l mean vectors. 

Groups compared Probab i l i t y>F 

O D P 609 H L s 1,2,4,5 

O D P 609 H P 

O D P 609 H L 3 

M D 9 5 H L s 1,2,4,5 

O D P 609 H L s 3,6 0.0000 

O D P 609 H L s 3,6 0.7355 

O D P 609 H L 6 0.4884 

M D 9 5 H L 3,6 0.8559 

Simi la r i t y between H L s 3 and 6 and hemipelagic sediments from O D P 609 

m a y be considered as con f i rmat ion o f d imin ished I R D input du r ing H E 3 and H E 6 

compared w i t h the prominent HEs. Since H L s 3 and 6 from the Labrador Sea do not 

d i f fe r from the other H L s , ice ra f t ing from that locat ion took place but icebergs m a y 

have not reached the locat ion o f core ODP609 (Bond et al., 1992). Such 

іп Іефге їа Ї іоп was g iven b y Gwiazda et al. (1996a) on the basis o f the isotopie 
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analysis o f the l i th ic f ract ion o f the nearby core V28 -82 ( 4 9 ° 2 7 ' N , 2 2 ^ 1 6 ' พ ) . 
Sediments from H L s 3 and 6 are l o w i n N i and v o porphyr ins and are characterised 
b y h igh C P I and A C L values indicat ive o f a less reworked organic matter that m a y 
be associated w i t h aeol ian input rather than ice ra f t ing . However , a t h i n detr i ta l 
carbonate layer was found i n H L 3 from core O D P 609 (Bond & Lőttig 1995). The 
presence o f I R D is also conf i rmed b y an increase i n the sediments accmnulat ion rates 
albeit modest i n compar ison w i t h the " t y p i c a l " H L s i n the nearby core V 2 8 - 8 2 
( M c M a n u ร et al., 1998) and increase i n the non-carbonate f ract ion i n the glacia l 
sediments i n core T88-9P (Madure i ra et al., 1997). Because the peaks i n b iomarker 
concentrat ion i n core T88-9P d id not correlate w e l l w i t h I R D rat io record but showed 
good correlat ion w i t h the dust record o f the G R I P Տ ա ա ո ւ է ice core, the authors 
suggested aeol ian input as a preva i l ing mechanism i n terr igenous b iomarker input i n 
that core. S im i la r l y , there m a y be a substantial p ropor t ion o f the aeolian sediments 
i n the H L s 3 and 6 from O D P 609. Increased aeol ian input may ho ld an explanat ion 
fo r the l o w abundance o f the coarse fraction i n H L 3 . H i g h C P I and A C L are 
consistent w i t h b iomarker compos i t ion o f a less mature organic matter or ig inat ing 
from weathered soi ls. However , younger ท-alkane fingeφrints m a y also be 

associated w i t h I R D . For instance, debris flow sediments from the N o r t h Sea Fan are 

characterised b y h igh C P I (>3) (see Sect ion 3.3.1.2). 

S im i la r i t y o f b iomarker compos i t ion o f sediments from H L s 3 mid 6 w i t h 

those from the hemipelagic sediments can be expla ined b y the locat ion o f the polar 

front south o f the site o f the core that resulted i n ice ra f t ing dur ing the per iods 

between HEs (V i l l anueva et al., 1997). Th is v i e w is con f i rmed b y the change i n 

b iomarker compos i t ion o f the hemipelagic sediments i n core ร บ 9 0 - 0 9 w i t h the shi f t 

i n the locat ion o f the polar f ront (see Section 4.3.2) . 

I n contrast, there is no signi f icant d i f ference between H L s 1， 2，む and 

HLs3 & б samples from core M D 9 5 (Tab le 4. 11). They appear to have or ig inated 

from the same source. There is no di f ference between b iomarker compos i t ion o f 

h igh carbonate ( H L s 1-5) and l o w carbonate layers ( H L 6 and L D C 5 ) from core 

M D 9 5 - 2 0 2 4 . Th is m a y indicate that b iomarker signal o f re la t ive ly organic-poor 

carbonate rocks is overcome b y that o f other outcrops (e.g. shales) f o r m the same 

source area. The L D C layer above H L 6 is s l igh t ly h igher i n relat ive abundance o f 
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V O р о ф һ у п п ร and U C M / g . There is no evidence for d i f ferent source o f I R D i n H L 3 
suggested b y Andrews & M a c L e a n (2003). 

" T y p i c a l " and " u n t y p i c a l " He in r i ch layers and hemipelagic sediments are 

compared using the results o f the P C A i n F i g . 4.12. O n the PC1/PC2 plot , 

" u n t y p i c a l " O D P samples ( H L 3 & 6) can be c lear ly d ist inguished from the " t y p i c a l " 

H L samples but not from the hemipelagic sediments. Contrast i n the b iomarker 

compos i t ion o f the sedimentary organic matter i n the " t y p i c a l " and " u n t y p i c a l " H L s 

indicates d i f ferent sources o f sediments. 

The b iomarker compos i t ion o f the sediments i n H L s 3 and 6 from the O D P 

609 appear d i f ferent from that i n H L 3 from ร บ 9 0 - 0 9 (F i g . 4.12 and T a b l e 4. 12). 

H L s 3 & 6 from the former locat ion contain less reworked organic matter w i t h h igher 

C P I , A C L and lower U C M . The concentrat ion o f ท-alkaneร i n the " u n t y p i c a l " H L 

sediments there is lower than i n H L 3 from core ร บ 9 0 - 0 9 ( T a b l e 4.3 and T a b l e 4 . 

10). H L 3 sediments from core ร บ 9 0 - 0 9 contain some feaณres s imi lar to those i n 

prominent H L s , such as d is t r ibut ion o f U C M w i t h t w o humps i n a chromatographic 

trace (F ig . 4.10) and relat ive abundances o f the long-chain ท-alkaneร (F i g . 4.11 and 

T a b l e 4.3). I n contrast, the " u n t y p i c a l " H L s from O D P 609 are marked ly d i f ferent 

from the " t y p i c a l " ones. Th is indicates a d i f ferent source o f organic matter i n the 

" u n t y p i c a l " H L s from the t w o locat ions. Less reworked character o f organic matter 

i n the O D P 609 layers may indicate predominance o f aeol ian over the I R D input or a 

d i f ferent I R D source. I n agreement w i t h th is, V i l l anueva et al. (1997) report 

di f ferences i n ท-alkane d is t r ibut ion between cores ร บ 9 0 - 3 9 (northeast o f ODP609) 

and ร บ 9 0 - 0 8 ( just east o f ร บ 9 0 - 0 9 ) suggesting d i f ferent sediment sources. 

Probably, H L 3 sediments from the southern locat ion combine cont r ibut ion from 

several sources inc lud ing some shared w i t h the prominent H L sediments and also 

w i n d b o m e organic matter. 

4.5.3 V a r i a b i l i t y be tween p r o m i n e n t H L s f r o m d i f f e r e n t areas o f the ocean 

Ten groups o f samples were compared us ing M A N O V A o f P C I , PC2 and PC3 一 five 

H L s and 2 precursor events from ร บ 9 0 - 0 9 , samples from M D 9 5 - 2 0 2 4 , " t y p i c a l " 

( H L s 1, 2 , 4 & 5 ^ " u n t y p i c a l " ( H L 3 & 6) H L s from O D P 609. The results are 
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presented i n T a b l e 4. 12. and F i g . 4.13. The b iomarker compos i t ion o f H L s from 
core ร บ 9 0 - 0 9 seems to d i f fe r s ign i f icant ly from that o f the other t w o locat ions. For 
th is core, the on l y Р value outside 9 5 % conf idence in terva l was calculated for the 

H L l precursor event and " t y p i c a l " H L s from the O D P 609 core. Th is can be 

explained b y the h i gh var iab i l i t y w i t h i n H L l precursor. H L s from the southwestern 

Labrador Sea ( M D 9 5 - 2 0 2 4 ) appear s imi lar to the " t y p i c a l " H L s from the N o r t h 

A t lan t i c O D P 609 core. The except ion is H L 4 i n O D P 609. I t is d i f ferent from the 

rest o f the " t y p i c a l " O D P 609 samples i n its higher U C M values ( A p p . 3) . The t w o 

samples from core O D P 609 col lected from the carbonate-r ich layers (225 - H L 4 and 

295 - H L 5 ) are h igher i n their ท-alkane concentrations (>3 pg/g) then the rest o f H L 
samples f r o m this core and are characterised b y a more pronounced predominance o f 
ท - C 2 9 over П -С27 alkane. 

T a b l e 4 . 1 2 Compar ison o f H L samples from di f ferent areas o f the ocean. Results 

o f M A N O V A o f P C l , PC2 & РСЗ. Probab i l i t y o f one or more di f ferences between 

the two-d imens iona l mean vectors. 

ร บ 9 0 - 0 9 H L l 

ร บ 9 0 - 0 9 H L l p r 

ร บ 9 0 - 0 9 H L 2 

ร บ 9 0 - 0 9 H L 2 p r 

ร บ 9 0 - 0 9 H L 3 

ร บ 9 0 - 0 9 H L 4 

ร บ 9 0 - 0 9 H L 5 

O D P H L s 1,2,4,5 

O D P H L s 3,6 

M D 9 5 H L s 1-6 O D P 609 H L s 1,2,4,5 O D P 609 H L s 3,6 

0.0007 0.0184 0.0000 

0.0147 0.0976 0.0000 

0.0003 0.0019 0.0000 

0.0002 0.0051 0.0000 

0.0000 0.0000 0.0000 

0.0041 0.0018 0.0000 

0.0002 0.0007 0.0000 

0.6480 

0.0000 

M u l t i n o m i a l logist ic regression analysis o f selected variables was carr ied out 

to evaluate the cont r ibut ion o f i nd iv idua l variables to the var iab i l i t y between H L s 

from d i f ferent locat ions. The results are presented i n T a b l e 4. 13. The most 

s igni f icant d i f ference between H L s from d i f ferent locations l ie i n the amount o f 

U C M and the relat ive abundance o f porphyr ins (ร/I). These values are h igher fo r 

most o f the H L samples from ร บ 9 0 - 0 9 than for H L s from the other locat ions. C P I 
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plays an impor tant part i n d is t inguish ing between H L l and H L 2 o f SU90-09 from the 

I R D layers i n the M D 9 5 core. However , i t is impor tant to note that H L s 1 and 2 i n 

a l l the cores are characterised b y lower C P I values than H L s 4 & 5 ( A p p . з and 

T a b l e 4.3). 

T a b l e 4. 13 Compar ison o f H L samples from ร บ 9 0 - 0 9 w i t h H L samples from 
M D 9 5 - 2 0 2 4 . Results o f m l o g i t . Probab i l i t y>F values. M D 9 5 - M D 9 5 - 2 0 2 4 HLs l֊6, 
O D P typ - " t y p i c a l " H L s 1 , 2 , 4 , 5 from core ODP609 . 

Groups compared О
 

С29/С31 ACL25-33 U C M / T N A ร/1 

M D 9 5 ร บ 9 0 - 0 9 Н І Л 0.012 0.231 0.031 0.080 0.058 

M D 9 5 ร บ 9 0 - 0 9 H L l p r 0.157 0.041 0.009 0.015 0.009 

M D 9 5 ร บ 9 0 - 0 9 H L 2 0.005 0.952 0.599 0.003 0.018 

M D 9 5 ร บ 9 0 - 0 9 H L 2 p r 0.286 0.760 0.326 0.003 0.040 

M D 9 5 ร บ 9 0 - 0 9 H L 3 0.484 0.478 0.125 0.001 0.032 

M D 9 5 ร บ 9 0 - 0 9 H L 4 0.141 0.330 0.956 0.148 0.009 

M D 9 5 ร บ 9 0 - 0 9 H L 5 0.786 0.385 0.260 0.685 0.020 

O D P typ ร บ 9 0 - 0 9 H L 1 0.295 0.134 0.433 0.237 0.020 

O D P typ ร บ 9 0 - 0 9 H L l p r 0.992 0.031 0.046 0.036 0.006 

O D P typ ร บ 9 0 - 0 9 H L 2 0.165 0.452 0.698 0.029 0.009 

O D P typ ร บ 9 0 - 0 9 H L 2 p r 0.648 0.642 0.963 0.017 0.015 

O D P typ ร บ 9 0 - 0 9 H L 3 0.441 0.874 0.550 0.007 0.013 

O D P typ ร บ 9 0 - 0 9 H L 4 0.552 0.782 0.535 0.505 0.006 

O D P typ ร บ 9 0 - 0 9 H L 5 0.182 0.980 0.126 0.737 0.010 

Simi la r i t y i n the b iomarker compos i t ion o f the " t y p i c a l " H L sediments from 

cores O D P 609 and M D 9 5 - 2 0 2 4 indicates the same source o f organic matter i n the 

t w o locat ions. H L s from core M D 9 5 - 2 0 2 4 conta in sediments from the Labrador Sea 

and B a f f i n B a y basins deposited m a i n l y as spi l lover turbidi tes from the N A M O C and 

probably contain a combined b iomarker signaณre from that area (Stoner et ai, 

1996). Ice ra f t ing was also named as an impor tant mechanism o f terrestr ial sediment 

deposi t ion i n that locat ion (Veiga-Pires & Hillar 1999) N-alkane 

d is t r ibu t ion i n the H L 2 sample from the western slope o f the Labrador Sea core 

HU87-025֊07P is s imi lar to that i n M D 9 5 - 2 0 2 4 . Th is sample, however , is l o w i n 
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relat ive abundance o f porphyr ins and U C M , especial ly at l o w molecu lar we igh t 
(Fig.s 4.10 a n d 4.11). Due to i ts locat ion p r o x i m a l to one o f the secondary ice 
streams along the Labrador Sea marg in , the b iomarker content o f է Խ ร sample m a y be 
der ived mos t l y from that out let and not ref lect the combined signal o f a l l the sources 
i n the region. I t may , however , contain a true b iomarker signature o f the sediments 
i n the N A M O C . That m a y indicate an addi t ional N o r t h Amer i can source o f I R D 
( G u l f o f St. Lawrence or West Greenland?) i n core M D 9 5 - 2 0 2 4 characterised b y a 
d ist inct ive U C M hump at l o w molecular we igh t and h i gh abundance o f р о ф һ у г т ร . 

S imi la r to M D 9 5 - 2 0 2 4 , I R D from N o r t h A m e r i c a appear to be the m a i n 

source o f terr igenous organic matter i n the prominent He in r i ch layers from core O D P 

609. However , there is a d i f ference i n U C M d is t r ibut ion between the t w o cores: i n 

most samples from core M D 9 5 - 2 0 2 4 U C M contains compounds characterised b y 

l o w molecu lar we igh t , whereas the l o w molecu lar we igh t U C M hump i n the samples 

from O D P 609 is less prominent and a secondary m a x i m u m at the retent ion t ime o f 

ท-C33 alkane is v is ib le . Therefore, input from an addi t ional source conta in ing U C M 

o f h igh molecu lar we igh t (Europe?) is l i ke ly . For the H L s f r o m core ร บ 9 0 - 0 9 , a 

combinat ion o f several sources may exp la in the var iab i l i t y between and w i t h i n 

prominent H L s . A N o r t h Amer i can signal is indicated b y a U C M hump at l o w 

molecular we igh t and ท-alkane envelope (Fig.s 4.10 a n d 4.11). There is some 

var ia t ion i n the b iomarker signaณre o f H L sediments i n M D 9 5 - 2 0 2 4 , e.g. C P I is 

higher fo r the earl ier H L s 4-6 than for the younger H L s 1-3. S imi la r tendency is 

observed i n bo th O D P 609 and ร บ 9 0 - 0 9 H L s b iomarker f ingerpr ints. However , 

sediments w i t h h i gh concentrat ion o f р о ф һ у п п ร , U C M w i t h h i gh molecular we igh t , 

and l o w CPI ( i n H L s l and 2) must have or ig inated elsewhere. The G u l f o f St. 

Lawrence m a y be the source area o f the sediments w i t h l o w molecular we igh t U C M 

and h igh po rphy r in content. H i g h molecular we igh t U C M m a y have a European 

or ig in since i t is present i n the sediments from bo th ODP609 and ร บ 9 0 - 0 9 and 

absent from M D 9 5 - 2 0 2 4 . 
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4.5.4 Conc lus ions 

The " u n t y p i c a l " H L s 3 and 6 i n the t w o cores from the " I R D be l t " ( O D P 609 and 

ร บ 9 0 - 0 9 ) d i f fe r s ign i f icant ly i n the b iomarker compos i t ion o f thei r organic matter 
from the " t y p i c a l " H L s 1, 2, 4 & 5 and are s imi lar to the over lay ing hemipelagic 
sediments. A combinat ion o f aeol ian and ice raf ted or ig ins for these layers is 
proposed. I n contrast, there is no s igni f icant d i f ference between H L s 1, 2, 4 & 5 and 
H L s 3 & 6 samples from the southwestern Labrador Sea core M D 9 5 - 2 0 2 4 . 

The b iomarker compos i t ion o f sediments i n the " u n t y p i c a l " H L s from O D P 

609 appears d i f ferent to that i n H L 3 from ร บ 9 0 - 0 9 and may indicate a d imin ished 

I R D input i n the former. H L 3 sediments from core ร บ 9 0 - 0 9 probab ly combine 

contr ibut ions f r om several sources. 

The source o f I R D i n the prominent H L s from core O D P 609 is s imi lar to that 

i n M D 9 5 - 2 0 2 4 and indicates a բք6ժօւուոՅոէ1>՛ N o r t h Amer i can o r ig in . A n addi t ional 

source o f I R D characterised b y the presence o f a т і х Ш г е o f h i g h l y branched 

al iphat ic compounds o f h igh molecu lar we igh t (chromatographic U C M ) is proposed 

fo r H L s 1 ,2 , 4 , and 5 in core O D P 609. 

The b iomarker compos i t ion o f the H L s from core ร บ 9 0 - 0 9 is probably a 

result o f a combinat ion o f several sources inc lud ing source(ร) c o m m o n w i t h I R D 

layers from core M D 9 5 - 2 0 2 4 . O r i g i n o f the addi t ional sedimentary sources w i t h 

h i gh concentrat ion o f р о ф һ у п п ร , a m i x t o e o f h i gh l y branched al iphat ic compounds 

(chromatographic U C M ) o f h igh molecu lar we igh t and ท-alkane d is t r ibut ion w i t h 

l o w C P I ( i n H L s l and 2) is at least par t ia l l y d i f fe rent from that i n core O D P 609. 
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4.6 P rovenance o f I R D i n the N o r t h A t l a n t i c : C o r r e l a t i n g sources a n d s inks 

The b iomarker compos i t ion o f He in r i ch layer sediments from di f ferent locations i n 

the N o r t h A t lan t i c was compared w i t h that o f a number o f potent ia l sources as 

exempl i f i ed b y glacigenic debris flow deposits ( G D F ) (See Chapter 3) . Gas 

chromatograms o f the saturated fraction and chain- length d is t r ibut ion o f ท-alkaneร o f 

the representative samples from H L s are presented i n F igs. 4.10 a n d 4.11 and from 

debris flows i n F igs. 4.14 and 4.15. Due to the fact that the compos i t ion o f the H L 

sediments is a result o f complex input from a number o f I R D sources (Sect ion 4.ร) , 

s imp l i f i ca t ion us ing P C A analysis p roved unproduct ive w h e n at tempt ing to correlate 

sources and sinks o f I R D . That is w h y var ious b iomarker characteristics were 

considered ind iv idua l l y . 

4.6.1 A m iss ing I R D source 

The G C fingerprint o f H L 2 from the western slope o f the Labrador Sea (core H U 8 7 -

025-07P) is s imi la r to that from the debris flow i n the same locat ion. Th is may 

indicate a predominant ly local source o f I R D i n this He in r i ch layer or the genuine 

compos i t ion o f the I R D input from a number o f sources i n northern Canada. G C 

fingerprints o f H L s from the other locat ions do not match those o f any o f the 

potent ia l I R D sources analysed i n this study. I n fact, there is more s imi la r i t y 

between H L s from cores M D 9 5 - 2 0 2 4 , ร บ 9 0 - 0 9 and the " t y p i c a l " H L s from O D P 

609 than between any o f the H L s and debris flows. A un imoda l chromatographic ท -

alkane d is t r ibu t ion w i t h m a x i m u m at П -С27 or ท-C29 alkaneร matches that o f Labrador 

Sea ( L S ) , B a f f i n B a y ( B B ) and N o r t h Sea Fan (NSF) debris flows (F igs . 4.11 a n d 

4.15). A cont r ibu t ion from Europe i n H L s from core M D 9 5 - 2 0 2 4 is un l i ke ly . 

Therefore, ท-alkane d is t r ibu t ion at least for the sediments i n that core, ref lects that 

from N o r t h Amer i can sources. A m i x e d b iomarker signal from the Labrador Sea and 

B a f f i n B a y G D F is p robab ly responsible for the nature o f the cԽomatog raph i c ท-

alkane envelope for H L samples from the southwestern Labrador Sea and possib ly 

the other t w o locat ions studied here (F igs. 4.11 a n d 4.15). However , G D F sediments 

from the N o r t h Amer i can sources used i n this study contained very l o w amounts o f 
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h igh l y branched al iphat ic compounds, and those are characterised b y h igh molecular 
weight . The U C M hump at the l o w molecular we igh t reg ion, prominent i n the 
chromatographic traces o f H L sediment extracts from M D 9 5 - 2 0 2 4 , ร บ 9 0 - 0 9 and 
" t y p i c a l " H L s from O D P 609 (F ig . 4.10), was miss ing from those o f L S and B B 
G D F (F i g . 4.14). I t thus transpired that an impor tant source o f I R D conta in ing U C M 
o f l o w molecu lar we igh t had not been ident i f ied. However , chromatographic 
fìngerpmit conta in ing such characteristic U C M signature was found to be long to 

several sediment samples from core P O R I 8 (69°10 .54 'N , 51°49.3^ from Disco 

Bug t i n West Greenland ( L l o y d et al., i n press). Thus i t can be concluded that H L s 

i n core M D 9 5 - 2 0 2 4 conta in combined П Ш f r o m northern Canada and West 

Greenland. 

4.6.2 M u l t i p l e sources o f I R D i n cores ร บ 9 0 - 0 9 a n d O D P 609 

The s imi la r i t y o f ท-alkane dist r ibut ions i n prominent H L samples from cores ร บ 9 0 -

09 and O D P 609 to those o f the H L s from M D 9 5 - 2 0 2 4 indicates a shared source o f 

I R D . A cont r ibu t ion from N o r t h Amer i can sources o f I R D i n the N o r t h A t lan t i c is i n 

agreement w i t h the established v i e w on the provenance o f I R D i n H L s (e.g. And rews 

& Tedes^ 1992; B o n d et ai, 1992; Gwiazda et ai, 1996b; H e m m i n g et al., 1998). 

I n addi t ion to I R D input from West Greenland, a cont r ibu t ion o f I R D from addi t ional 

sources to H L sediments from cores ร บ 9 0 - 0 9 and O D P 609 is evident. 

O D P 609 

Chromatographic f ingerpr ints o f the " t y p i c a l " H L s from O D P 609 contain a less 

prominent hump o f l o w molecular we ight U C M but are characterised b y overa l l 

h igher U C M content w i t h a secondary hump i n the h igh molecu lar we igh t reg ion. 

The addi t ion o f the more reworked organic matter is indicated b y s l igh t ly l ower C P I 

values for the H L s from O D P 609 than f r o m M D 9 5 - 2 0 2 4 . Th is may ref lect a 

cont r ibut ion from European ice sheets: Bear Is land Fan ( B I F ) , Scoresby Sund Fan 

(SSF) and debris flows f r o m Svalbard contain h i gh l y degraded sedimentary organic 

matter w i t h l o w C P I and h i gh chromatographic U C M . The source o f organic matter 
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i n the " u n t y p i c a l " H L s from O D P 609 was not found i n any o f the potent ia l sources 
analysed i n this study. These sediments contain organic matter o f l o w matur i t y more 
consistent w i t h aeol ian deposits than w i t h I R D . Th is may indicate a d imin ished I R D 
input o f I R D dur ing H E ร 3 and 6 at this locat ion as was proposed b y Gwiazda et al. 
(1996a) and Madure i ra et al (1997) based o n the analyses o f H L sediments from the 
nearby cores V M 2 8 - 8 2 and T88-9P respectively. However , the poss ib i l i t y o f I R D 
input should not be discarded. For instance, N S F debris flows contain young 
sedimentary organic matter. Ye t , the b iomarker signature o f this source is d i f ferent 
i n relat ive abundances o f long-cha in ท-alkaneร ( m a x i m u m at 11-C27 alkane rather than 
ท - С 3 1 ) and photosynthet ic p igment content (the presence o f ch lo r in peaks on the U V -

V I S spectra o f N S F sediments) from that o f O D P 609 " u n t y p i c a l " H L sediments. 

Other possible European I R D sources are the Br i t i sh Isles and Fram Strait. There is 

evidence o f input from these locat ions i n the Sr -Nd isotopie compos i t ion o f H L 3 i n 

several N o r t h A t lan t i c cores (Snoeckx et al, 1999). These sources have not been 

analysed i n present รณdy. 

ร บ 9 0 - 0 9 

H L sediments from core ร บ 9 0 - 0 9 are characterised b y h igher re lat ive abundance o f 

р о ф һ у п п ร , h igher chromatographic U C M and lower C P I values than those i n 

M D 9 5 - 2 0 2 4 ( T a b l e 4.3 and T a b l e 4 . 10). Th is indicates input o f I R D from 

addi t ional source/sources conta in ing older, h igh l y degraded organic matter. Such 

features are consistent w i t h sedimentary organic matter from the Nord i c Seas 

margins except for the N o r t h Sea Fan. However , i f that were the case, the signature 

o f mature h igh l y degraded organic matter w o u l d be more pronounced i n the H L 

sediments from O D P 609 because o f its locat ion fiirther nor th . W h i l e C P I values for 

H L s from O D P 609 are indeed s l igh t ly lower than average for corresponding H L s 

from ร บ 9 0 - 0 9 ( A p p . 3 ) , O D P 609 H L s contain s ign i f icant ly l ower amounts o f U C M 

and photosjmthet ic p igments than H L sediments from ร บ 9 0 - 0 9 . 

I n addi t ion, sedimentary organic matter from H L s 1 and 2 precursor events 

whose enhanced European input is suggested by minera log ica i and isotopie data 

(Grousset et al, 2001) , is characteristic o f less mature sediments w i t h h igher C P I and 

161 



Oksana v K o m i l o v a P h D Thesis 

A C L than i n the corresponding H L s . That may indicate some input from the 
Fennoscandian ice sheet. A s i n the N S F debris flow sediments, ท-alkane d is t r ibu t ion 
i n the precursor events shows a m a x i m u m at ท-C27 alkane. However , the U V - V I S 
spectra o f the precursor events samples is l o w i n N i and v o porphyr ins and d id not 
conta in ch lo r in peaks at 665 ա ո , characterist ic o f the N S F sediments a l though there 
is an increase i n the relat ive abundance o f porphyr ins compared to ambient g lacia l 
sediments. A l so , h i gh amounts o f U C M i n the precursor event sediments i m p l y a 
cont r ibu t ion from an addi t ional source. 

I n core ร บ 9 0 - 0 9 , U C M input is decoupled from that o f photosynthet ic 

p igments. U C M is Mgher for the younger H L s 1, 2 and 3 than for the older H L s 4 

and 5, whereas these older layers are characterised b y the highest relat ive abmdance 

o f р о ф һ у п п ร . S imi la r to the precursor events, H L 3 and ambient glacial sediments 

from ร บ 9 0 - 0 9 are the Mghest i n U C M but l o w i n N i and v o porphyr ins. A l t h o u g h 

ร/I ratios > 1 0 for these sediments indicate presence o f porphyr ins , they are probab ly 

not N i and V O chelates. These m a y be C u р о ф һ у п п ร brought b y aeol ian transport 

or from sea ice. Var ia t ion i n the absolute abundance o f N i and v o porphyr ins i n 

core ร บ 9 0 - 0 9 does not match that o f re lat ive abundance o f porphyr ins (F i g . 4.2 and 

T a b l e 4.3), support ing the existence o f mu l t i p le sources o f photosynthet ic p igments. 

The addi t ional source o f I R D is poss ib ly the G u l f o f St. Lawrence area. 

There is, fo r instance, pétrographie evidence for ice ra f t ing from several locat ions 

around the G u l f o f St. Lawrence before and dur ing Н Е Ї and H E 2 (Piper & Skene, 

1998; Piper & D e W o l f e , 2003) . M inera log ica l and isotopie evidence for input from 

this locat ion i n H L s i n N o r t h A t lan t i c has been reported prev ious ly ( B o n d & L o t t i , 

1995; de A b r e u et al., 2003; Grousset et al, 2001). However , no s igni f icant 

cont r ibu t ion from this source to the H L s i n core M D 9 5 - 2 0 2 4 has been reported. H L s 

i n that locat ion contain carbonate-r ich sediments from Nor thern Canada and the red 

sands o f G u l f o f St. Lawrence are deposited be low H L s (Piper & Skene, 1998). 

Recent findings show that the isotopie signature t rad i t iona l ly at tr ibuted to the 

Scandinavian source area may be o f G u l f o f St. Lawrence o r ig in (Farmer et al., 

2003) . I f so, the precursor events m a y be not o f European but o f southern Laurent ide 

provenance. That may be trae also for H L 3 i n core ร บ 9 0 - 0 9 . Contrasts i n the 

b iomarker compos i t ion o f H L 3 and ambient g lacia l sediments from ร บ 9 0 - 0 9 w i t h 
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that o f H L s 3 and 6 and ambient glacial sediments from O D P 609 support mos t l y 

N o r t h Amer i can o r i g in o f I R D i n the former locat ion. 

The issue o f post-deposit ional t ransformat ion o f H L sediments has not been 

addressed i n the present wo rk . However , the b iomarker compos i t ion o f H L 

sediments should ref lect not on l y a cont r ibu t ion from di f ferent sources o f П Ш but 

also the results o f post-deposit ional t ransformat ion o f the sediments, e.g. changes i n 

the gra in size distr ibut ions due to scour ing b y bo t t om currents. For instance, H L s 

from core O D P 609 are th inner than those from the nearby V28 -82 and are 

characterised b y h igher detr i ta l carbonate content and lower magnet ic suscept ib i l i ty 

( H e m m i n g , 2004, and references therein). Th is m a y be a result o f the part ia l loss o f 

the fine gra in size f ract ion, conta in ing for example shale-derived sediments, from 

core O D P 609. These fine-grain sediments m a y have contained mature, b iodegraded 

organic matter. Ana lys is o f H L sediments from sites that have not have been 

affected b y bot tom-current processes, e.g. core V 2 8 - 8 2 ( M c M a n u ร et al, 1998), as 

w e l l as analysis o f d i f ferent size jfractions, cou ld p rov ide answer to this quest ion. 
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4.6.3 Conc lus ions 

T o conclude, the ma in source o f I R D i n the prominent H L s from the t w o N o r t h 
A t lan t i c cores, O D P 609 and ร บ 9 0 - 0 9 , is a combina t ion o f inputs from Nor thern 
Canada and West Greenland. Prominent H L s from O D P 609 contain a m ino r 
p ropor t ion o f sediments from an addi t ional source or sources. Cont r ibu t ion from 
several other sources is more pronounced i n the H L s from core ร บ 9 0 - 0 9 . These 
addi t ional sources conta in h i gh l y reworked organic matter w i t h large amounts o f 
m i x e d h i g h l y branched al iphatic compounds (chromatographic U C M ) o f h igh 
molecular we igh t , ท-alkane d is t r ibut ion w i t h l o w C P I , and h i gh relat ive abundance o f 
рофЬуг іпร . The var iab i l i t y between and w i t h i n H L s i n core ร บ 9 0 - 0 9 is p robab ly a 
result o f va r iab i l i t y i n relat ive inputs from d i f ferent I R D sources. 

N o s igni f icant input from the European ice sheets was detected i n the t w o 

cores. B iomarker compos i t ion o f the " u n t y p i c a l " H L s 3 and 6 from O D P 609 is 

more consistent w i t h aeol ian rather than I R D input . However , not a l l potent ia l 

source areas were considered and samples from addi t ional sources (i.e. B r i t i sh Isles 

and Fram Strait) need to be analysed to c o n f i r m or disprove this v iew . 

A con t r ibu t ion from some I R D sources m a y be underrepresented i n H L 

sediments from the sites affected b y bot tom-current ac t iv i ty due to w i n n o w i n g o f the 

fine grain size fraction. 
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4.7 Conc lus ions 

The b iomarker compos i t ion o f sediments deposited dur ing prominent 

He in r i ch events 1, 2 , 4 and 5 i n cores ร บ 9 0 - 0 9 and O D P 609 is s ign i f icant ly 

d i f ferent from that o f over lay ing hemipelagic sediments. Therefore 

prominent He in r i ch events can be ident i f ied on sedimentary records based on 

the compos i t ion o f the sedimentary organic matter. There is no signi f icant 

d i f ference between b iomarker composi t ions o f organic matter i n H L s 3 and 6 

and over lay ing ambient sediments. 

Sediments deposited dur ing He in r i ch events i n core ร บ 9 0 - 0 9 contain h i g h l y 

reworked organic matter consistent w i t h input from ancient sedimentary 

outcrops. Ice ra f t i ng is thought to have been the ma in process responsible for 

the fo rmat ion o f H L s i n th is core. 

Hemipe lag ic sediments i n core ร บ 9 0 - 0 9 , deposited dur ing the Holocene, 

pr io r to H L 3 and over lay ing H L s 4 and 5, conta in younger organic matter 

consistent w i t h aeol ian input . A m b i e n t sediments deposited between H L s 1 

and 3 contain h i g h l y degraded organic matter p robab ly o f m i x e d ice raf ted, 

sea ice and aeol ian o r ig in . Th is was interpreted as a result o f the shi f t i n the 

Polar Front locat ion dur ing M I S 3 . 

The b iomarker compos i t ion o f H L sediments from core ร บ 9 0 - 0 9 varies 

between and w i t h i n H L s . A l l five H L s analysed can be dist inguished from 

one another on the basis o f the b iomarker compos i t ion o f their sediments. 

Precursor events are recognised i n the sedimentary record o f H L s 1 and 2 but 

not H L s 4 and 5. Three steps can be dist inguished i n H L s 4 and 5 w i t h the 

nar row midd le step d i f ferent from the per iods above and be low i t , and t w o 

steps i n H L l and possib ly i n H L 2 . 

The " u n t y p i c a l " H L s 3 and 6 i n cores O D P 609 and ร บ 9 0 - 0 9 d i f fe r 

s ign i f icant ly i n the b iomarker compos i t ion o f their organic matter from the 

" t y p i c a l " H L s 1, 2 , 4 & 5 ind icat ing d i f ferent sources o f organic matter i n 

" t y p i c a l " and " u n t y p i c a l " H L s . I n contrast, there is no s igni f icant d i f ference 

between H L s 1, 2, 4 & 5 and HLs3 & 6 samples from the southwestern 

Labrador Sea core M D 9 5 - 2 0 2 4 . 

The " u n t y p i c a l " H L s 3 and 6 i n cores O D P 609 d i f fe r s ign i f i cant ly from H L 3 

i n ร บ 9 0 - 0 9 i n the b iomarker compos i t ion o f their organic matter. The source 
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o f organic matter i n the former is at tr ibuted to aeol ian input . A combinat ion 
o f aeol ian and ice raf ted or ig ins is proposed for the latter. 
N-alkane d is t r ibut ion i n core M D 9 5 - 2 0 2 4 was found consistent w i t h 
combined input from B a f f i n Bay, Labrador Sea and West Greenland. 
B iomarker compos i t ion o f the sediments i n the prominent H L s from cores 
O D P 609 and ร บ 9 0 - 0 9 is largely s imi lar to that from core M D 9 5 - 2 0 2 4 
i m p l y i n g cont r ibut ion from N o r t h CanadianAVest Greenland sources. 
However , b iomarker signaณre o f organic matter from several other sources is 
w e l l pronounced i n these cores. These addi t ional sources contain h i g h l y 
reworked organic matter w i t h large amounts o f branched al iphat ic molecules 
(chromatographic U C M ) o f h i g h molecu lar we igh t , n-alkane d is t r ibut ion w i t h 
l o w carbon preference index (CPI ) and h i g h relat ive abundance o f 
porphyr ins. N o s igni f icant input from the European ice sheets was detected 
i n the two cores. 

The var iab i l i t y i n the b iomarker compos i t ion between and w i t h i n H L s is 

probably a result o f va r iab i l i t y i n relat ive input from di f ferent I R D sources or 

d i f ferent ice streams w i t h i n the same source. 

Apar t from var iab i l i t y i n the cont r ibut ion from d i f ferent I R D sources, the 

d iss imi lar i t ies between H L s from di f ferent areas o f the ocean may be a result 

o f post-deposi t ional t ransformat ion o f the sediments at some locat ions, e.g. 

changes i n the grain size distr ibut ions due to scour ing b y bo t tom currents. 
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Chapter 5 Summary, Conclusions and Future Work 

5.1 Summary and conclusions 

The aim o f this project was to investigate the application o f biomarkers to the study 

o f provenance of allochthonous organic matter deposited in the North Atlantic during 

the last glacial period. In order to achieve this, the biomarker composition o f the 

possible sources and sinks o f the ice rafted debris ( IRD) was described and 

compared. As a proxy for source o f IRD, use o f glacigenic debris flows (GDF) was 

proposed. Sinks were represented by Heinrich layer (HL) sediments from several 

deep-sea cores. 

5.1.1 Use of b iomarker composition of GDF to characterise sources of I R D 

The first objective was to investigate the possibility o f using the biomarker 

signatures o f GDF as a source proxy for IRD in the North Atlantic. In order to do 

this, distribution o f photosynthetic pigments, ท-aUcaneร, highly branched aliphatic 

hydrocarbons (unresolved complex mixture (บCM) 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 (IsĘ orden and Bellsund 

TMFs) were considered. North American sources were represented by Baff in Bay 

and Labrador Sea GDF deposits. 

Using biomarker analysis, a number o f parameters were generated which 

were used to characterise and compare different types o f sediments in the GDF 

deposits. Biomarker analysis provides a more detailed and more specific approach 

than analysis of bulk properties o f the sediments. 

The biomarker composition o f GDF sediments is different from that o f 

overlying hemipelagic and glacimarine sediments, indicating different sources o f 

organic matter in the different types o f sediments (Section 3.4.2.2). GDF sediments 

contain reworked organic matter, derived mainly from ancient sedimentary rocks as 

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

Wi th very few exceptions, the GDF sediments from each TMF on the Nordic 

Seas continental margins are characterised by homogeneity o f their biomarker 

composition wi th in each core and within each TMF (Section 3.4.2.1). GDF 

sediments from North America are homogenous wi th in each core. However, some 

variability was found between the two cores from Baff in 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 o f GDF sediments analysed in this study were 

found to be unique to each GDF deposit, and represent the combined signature o f a 

variety o f outcrops eroded by each ice stream (Section 3.4.3.3). Therefore, the 

biomarker composition of GDF can be used to constrain the sources o f IRD in the 

North Atlantic. 

The biomarker composition o f a glacial t i l l deposit o f f Scoresby Sund is 

largely similar to that o f GDF sediments from that location. Hence glacial t i l l 

sediments can probably be used as proxies for sources o f 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 wi th 

autochthonous input. Discovery of alkenones and chlorins in GDF sediments means 

that the presence o f these compounds in the sediments deposited in glacial 

environments may be a result o f allochthonous as wel l as autochthonous input. 

Therefore the use o f these biomarkers to reconstruct palaeoceanographic 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 o f 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 Nor th At lant ic 

The second objective was to investigate the spatial and temporal variability o f 

autochthonous and allochthonous inputs in the deep-sea sediments from several 

North Atlantic cores. Core รบ90-09 (43°05N, 31°05พ) was analysed at high 

resolution (every 0.5-5 cm). In addition, several samples o f H L and hemipelagic 

sediments from another core in the " IRD belt", ODP 609 (49°52 N， 24° 14 พ ) , from 

southwestern Labrador Sea core MD95-2024 (50°12.26N, 45°41.14พ), and from 

one HL2 sample from Labrador Sea core HU87-025-07P (57°04.37'N 50°12.25พ) 

were analysed. 

The biomarker composition o f sediments deposited during prominent 

Heinrich events 1, 2, 4 and 5 in cores รบ90-09 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 o f their organic matter. There is no significant difference between 

biomarker composition o f organic matter in HLs 3 and 6 and overlaying ambient 

sediments. Sedimentary organic matter in both H L and hemipelagic sediments in all 

cores was found to be mostly o f allochthonous origin. Sediments deposited during 

prominent Heinrich events in cores รบ90-09 and ODP 609 contain highly reworked 

organic matter deposited as a result o f ice rafting. 

A shift in the location of the marine Polar Front during MIS3 is recorded in 

the biomarker composition o f the ambient sediments (Section 4.3.2). In core รบ90-

09， background sediments overlying HLs 4, 5 and preceding HL3, as wel l as those 

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

Core รบ90-09 was รณdied at high resolution (Section 4.4). The biomarker 

composition o f H L sediments in that core was found to vary between and within 

HLs. A l l five HLs analysed can be distinguished from one another based on the 

biomarker composition o f their sedimentary organic matter. For the most part, the 

biomarker compositions o f 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 ท-

alkane distributions but differ in other parameters. Precursor events are recognised 

in the sedimentary records o f H L l and HL2 but not HL4 and HL5. Three steps can 

be distinguished in HLs 4 and 5 wi th a narrow middle step different from the periods 

above and below it. There are two steps in H L l and possibly in HL2. 

Biomarker compositions o f the "untypical" HLs 3 and 6 in the two cores from 

the " IRD belt" (ODP 609 and รบ90-09) differ significantly from that o f the "typical" 

HLs 1, 2, 4 & 5 and are similar to the overlying ambient sediments. In contrast, there 

is 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 o f cores 

รบ90-09 and ODP 609. The "untypical" HLs 3 and 6 in core ODP 609 differ 

significantly from HL3 in รบ90-09 in the biomarker composition o f their organic 

matter. The source o f organic matter in the former is attributed to aeolian input. A 

combination o f 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 o f variability in relative input from different IRD soxirces or 

different ice streams with in the same source. However, as well as variability in the 

sources o f IRD, post-depositional transformation o f H L sediments at some locations, 
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e.g. loss o f fine grain size fraction due to scouring by bottom currents, may be 
responsible for variability in HLs from different areas o f the ocean. 

5.1.3 Correlat ion of sources and sinks of I R D in the Nor th At lant ic 

The third objective was to compare the allochthonous biomarker signaณres in deep-

sea sediments wi th those described in the possible source areas to ascertain the 

provenance o f IRD during HEs. 

Use o f objective statistical methods such as cluster analysis for correlating 

sources and sinks o f IRD in HLs proved unsuccessful due to the complex nature o f 

the input o f IRD in HLs. That is why correlation was limited to visual comparison o f 

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

The biomarker composition o f HLs was compared wi th that o f GDF 

sediments (Section 4.6). In core MD95-2024, a contribution from only North 

American sources was expected. In agreement wi th this assumption, the ท-alkane 

distribution in this core was consistent wi th combined input from Baff in Bay and 

Labrador Sea. However, a mixture o f 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 PORI8 (69°10.54'N, 51°49.38'พ) 

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 o f the sediments in the prominent HLs from 

cores ODP 609 and รบ90-09 is largely similar to that from core MD95-2024 

implying a contribution from north CanadianAVest Greenland sources. However, 

biomarker Signatores o f organic matter from several other sources is wel l pronounced 

in these cores. These additional sources contain highly reworked organic matter wi th 

large amounts o f branched aliphatic molecules (chromatographic U C M ) o f high 

molecular weight, ท-alkane distribution wi th low carbon preference index (CPI) and 
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high relative abundance o f porphyrins. No significant input was detected from the 

EгՄopean ice sheets in the two cores. 
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5.2 Future w o r k 

5.2.1 Sources and sinks of I R D 

Since the beginning o f this project, knowledge on the location and nature o f GDF 

deposits in the North Atlantic has improved considerably. Comparison of biomarker 

composition of potential sources and sinks o f IRD in the North Atlantic show that 

not all sources o f IRD were considered in this รณdy. GDF deposits from Baff in Bay 

and the Labrador Sea need to be รณdied in more detail in order to address the 

problem o f heterogeneity o f 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 o f IRD. biput o f IRD from 

circum-Arctic areas into the Nordic Seas and possibly the North Atlantic via Fram 

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

The biomarker composition o f sources o f IRD from the same location may 

have differed է Խ օ ս § հ time due to change in the pathways o f ice streams, or through 

weathering or exhaustion o f erodible strata. That may have resulted in variability 

between HLs reflecting not a change in source area o f П Ш , but a change in the 

source material from the same area. Analysis o f GDF deposited during different 

episodes o f ice rafting may provide more accurate information on the changes 

through time in the composition o f П Ш transported into the ocean. 

More HEs in different areas o f the North Atlantic including Nordic Seas need 

to be studied at a high resolution in order to fiirther elucidate the temporal and spatial 

variability o f IRD inputs. Special attention should be paid to the likelihood o f post 

depositional transformation o f the H L sediments in the analysed cores. 

ร.2.2 Biomarker analysis 

Use of even the simplest techniques (GC and UV-VIS spectrophotometry) allows 

clear distinction between the biomarker compositions o f potential IRD sources. 

However, HLs were found to contain a combination o f inputs from different sources 

o f IRD that are l ikely to vary in the concentration o f organic matter. That makes it 

diff icult to assess the contribution from each source based on the distribution o f 
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biomarkers ubiquitous in sediments from potential sources (i.e. ท-alkaneร and 
рофһуппร). Use of Mass Spectrometry w i l l broaden the spectrum o f biomarkers 
used to construct signatures o f individual sources and potentially can allow 
identification o f specific biomarker compounds unique to each source. 

Isotopie analysis of individual compounds (i.e. б'̂ с composition and 14C 

dating) w i l l prove useful in distinguishing between autochthonous and allochthonous 

inputs o f 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 o f IRD. Post depositional 

transformation o f deep-sea sediments as a result o f bottom-current activity may result 

in change of their grain size distribution (Hemming, 2004, and references therein). 

Biomarker fingerprinting o f different particle size fractions from potential sources 

and sinks o f пш may prove useful in separating signals from different sources, and 

that may facilitate correlation between sources and sinks. 
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