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Abstract

Biomarkers in Late Pleistocene sediments collected from the Integrated Ocean Drilling
Program (IODP)-Arctic Coring Expedition (ACEX) Hole MO0004C (central Arctic
Ocean) were investigated. The major biomarkers are long-chain n-alkanes, n-fatty acids
and n-alkan-1-ols, indicating fresh organic matter (OM) derived predominantly from
higher plants. The dominance of terrestrial biomarkers is attributed to severe OM
degradation caused by slow sedimentation in oxygen-rich benthic water and/or low
primary production due to permanent sea-ice coverage. Hopanes, representing thermally

altered OM, tend to be abundant in samples with abundant ice rafted debris (IRD). An



OM-rich dark grey layer deposited during marine isotope stage (MIS) 6 contains a
significant amount of branched glycerol dialkyl glycerol tetraethers (branched GDGTSs),
suggesting ice erosion of organic-rich continental soil followed by transportation to the
central Arctic by drifting ice. The labile-refractory index (i.e., the abundance ratio of
long-chain n-alkan-1-ols to the sum of long-chain n-alkanes and long-chain
n-alkan-1-ols) decreases above the dark grey layer, indicating that the OM became more
refractory. This change suggests that coverage of the source region by OM-rich soil

decreased because of extensive glacial erosion during MIS-6.

Keywords; Arctic, biomarker, glacial, IODP, ice rafted debris, paleoenvironment.

1. Introduction

Ice export from the Arctic to the Greenland Sea and North Atlantic Ocean is a potential
factor in the formation of North Atlantic Deep Water (NADW; see Aagaard and Carmack,
1989; Darby et al., 2002). Its formation is a key process in thermohaline circulation and is
linked to global climate change (Broecker, 1991). A complete understanding of the role of
ice export from the Arctic requires records of iceberg and sea ice formation during past
periods of climate change.

Icebergs and sea ice deposit ice-rafted debris (IRD), which has been used to reconstruct
the Arctic’s iceberg and sea ice formation history (e.g., Spielhagen et al., 2004). IRD
source areas have been determined using mineral and chemical compositions (e.g., Stein
et al., 1994; Darby et al., 2002). Organic geochemistry has also been applied in such
studies; the amount and quality of bulk OM have been reported for sediment cores from

the Amundsen Basin (Schubert and Stein, 1996) and the Siberian continental margins



(Stein et al., 2001, 2004; Bouscein et al., 2002). Biomarkers are now widely used as
source-specific tracers in palaeoceanographic reconstruction, for example, in Holocene
and late Pleistocene sequences of the Laptev and Kara Seas (Fahl and Stein, 1999; Stein
etal., 2001).

Detrital matter is transported to the central Arctic Ocean by ice rafts. The Transpolar
Drift transports sediment-laden “dirty” sea ice from the Laptev Sea, and eastward
boundary currents along the northwestern Siberian margin and clockwise water
circulation in the Beaufort gyre join with the Transpolar Drift (Gordienko and
1969; see Fig. 1) to contribute to mass transportation by ice-drift streams (Nurnberg et
1994). The central Arctic is therefore a suitable site for reconstructing past changes in
transportation.

We examined late Pleistocene biomarker records collected from the Integrated Ocean
Drilling Program (IODP)-Arctic Coring Expedition (ACEX) Hole MO0004C in the
Arctic Ocean, with the goal of understanding glacial-interglacial contrasts in biomarker
composition in the Arctic Ocean and their relationship to late Pleistocene climate
The results indicate an event of massive OM transport from the continent during Marine
Isotope Stage (MIS) 6, which is discussed in relation to the expansion of the Eurasian

Sheet.

2. Materials and methods
2.1. Samples

IODP Hole MO0004C was drilled on the Lomonosov Ridge (87°52.065°N,
136°11.381°E) at a water depth of 1289 m in the central Arctic Ocean (Backman et al.,

2006; Fig. 1). Sediments from Cores 302-M0004C-1H and -2H, taken 0-8.95 m below



the sediment surface (mbsf), comprise silty clay, silty mud and sandy mud with strong
colour banding (Backman et al., 2006). Colour bands range in thickness from 2 to 50
cm and generally had sharp contacts. Bioturbation is minimal throughout the cores.
Smear slide analysis indicated minor amounts of biogenic carbonate. Isolated pebbles
(0.5-1.0 cm diam.) occur throughout the core. Cores were stored at ~5°C for two
months. Samples of ca. 20 ml in volume were taken from the core and immediately
frozen at -20°C at Bremen Core Repository. Samples were freeze-dried, mixed and split

into aliquots.

2.2. Age—depth model

O’Regan et al. (2008) recently revised the composite depth scale for ACEX holes
published by Backman et al. (2006). We used O’Regan et al.’s (2008) revised composite
depth (rmcd) scale and their age—depth model (Fig. 2). The age-depth model was
developed from three C-14 dates of planktonic foraminifera (6, 25, and 32 ka), two
magnetic excursions (for Mono Lake and Laschamp [average age 38 ka], as reported by
Lamgereis et al., 1997), a geomagnetic event (the Norwegian Greenland Sea event
[55-66 ka] described by Nowaczyk and Frederichs, 1999), and seven tie points [79-338
ka] obtained from stratigraphic correlation of bulk density with nearby 96/12-PC
(Jakobsson et al.,, 2001) and PS-2185-6 cores (Fitterer, 1992). According to this
age—depth model, the sequence of the uppermost 6 m covers the last 300 ka (MIS-1 to

MIS-8).

2.3. TOC measurement

Samples were analyzed for total organic carbon (TOC) using a LECO WR-112



carbon analyzer. The analyzer was attached to a halogen trap (antimony and potassium
iodide). To remove carbonate carbon, the sample was acidified as follows: aliquots of ca.
0.5-0.8 g were soaked in 1 M HCI in a ceramic crucible overnight and then heated at
110°C for 3 h after adding more 1 M HCI. The sample was rinsed (x 2) to remove
chlorides by adding distilled water and was again heated at 110°C for 3 h. The

measurement precision was better than 0.01 wt%.

2.4. Ice rafted debris (IRD) count and grain-size analysis
The number of IRD particles (> 1 mm) was counted using an X-ray radiograph.
The sand content (> 63 um) was measured by sieving. Further details and description of

the methods and results will be published elsewhere (Sakamoto et al., in preparation).

2.5. Low-molecular-weight lipid analysis

Lipids were extracted (x 2) from ca. 4 g of dried sediment using a DIONEX
Accelerated Solvent Extractor ASE-200 at 100°C and 1000 psi for 10 min with 11 ml of
CH.CI,—CH30H (6:4) and then concentrated. The lipid extract was separated into four
fractions using column chromatography (SiO, with 5% distilled water; i.d., 5.5 mm;
length, 45 mm): F1 (hydrocarbons), 3ml hexane; F2 (aromatic hydrocarbons), 3 ml
hexane-toluene (3:1); F3 (ketones), 4 ml toluene; F4 (polar compounds), 3 ml
toluene—CH3OH (3:1); n-C,4Dsp and n-CssH74 were added as internal standards to F1
and F3, respectively.

An aliquot of F4 was trans-esterified with 1 ml 5% HCI-CH3OH at 60°C for 12 h
under N,. The esterified lipids were supplemented with 2 ml distilled water and

extracted (x 3) with toluene. The extract was back-washed (x 3) with distilled water,



passed through a short bed of Na,SO,4, and separated into two fractions with SiO,
column chromatography: F4-1 (acids), 4 ml toluene; F4-2 (alcohols), 3 ml
toluene-CH3OH (3:1); n-Cy4Dsp was added as an internal standard to F4-1 and F4-2.
Prior to gas chromatography (GC) analysis, F4-2 was silylated with BSTFA
(N,O-bis(trimethylsilyltrifluoroacetamide—pyridine (1:1) at 70°C for 30 min.

Gas chromatography (GC) was conducted using a Hewlett Packard 5890 series Il
gas chromatograph with on-column injection and electronic pressure control systems,
and a flame ionization detector (FID). Samples were dissolved in hexane. He was the
carrier gas and the flow velocity was maintained at 30 cm/s. A Chrompack CP-Sil5CB
column was used (length, 60 m; i.d., 0.25 mm; thickness, 0.25 um). The oven
temperature was programmed to rise from 70 to 130°C at 20°C/min, from 130 to 310°C
at 4°C/min, and to hold at 310°C for > 30 min. The standard deviations of five duplicate
analyses averaged 7.5% of the concentration for each compound.

Gas chromatography-mass spectrometry (GC-MS) of F1, F3, F4-1 and F4-2 was
conducted using a Hewlett Packard 5973 GC-mass selective detector with on-column
injection and electronic pressure control systems, and a quadrupole mass spectrometer.
The GC column and oven temperature and carrier pressure programmes were as
described above. The mass spectrometer was run in full scan mode (m/z 50-650).
Electron ionization (EI) spectra were obtained at 70 eV. Compound identification was
achieved by comparing mass spectra and retention times with those of standards and

published data.

2.6. Glycerol dialkyl glycerol tetraether (GDGT) analysis

An aliquot of F4 was dissolved in hexane—2-propanol (99:1). Glycerol dialkyl



glycerol tetraethers (GDGTs) were analyzed using high performance liquid
chromatography-mass spectrometry (HPLC-MS) with an Agilent 1100 HPLC system
connected to a Bruker Daltonics micrOTOF-HS time-of-flight mass spectrometer.
Separation was conducted using a Prevail Cyano column (2.1 x 150 mm, 3um; Alltech)
and maintained at 30°C following the method of Hopmans et al. (2000) and Schouten et
al. (2007a). Conditions were: flow rate 0.2 ml/min, isocratic with 99% hexane and 1%
2-propanol for the first 5 min followed by a linear gradient to 1.8% 2-propanol over 45
min. Detection was achieved using atmospheric pressure, positive ion chemical
ionization-mass spectrometry (APCI-MS). The spectrometer was run in full scan mode
(m/z 500-1500). Compounds were identified by comparing mass spectra and retention
times with those of GDGT standards (formed from the main phospholipids of
Thermoplasma acidophilum via acid hydrolysis) and those in the literature (Hopmans et
al., 2000). Quantification was achieved by integrating the summed peak areas in the
(M+H)" and the isotopic (M+H+1)" ion traces and comparing these to an external
calibration curve prepared using known amounts of the above-mentioned GDGT

standard mixture.

3. Results
3.1. Biomarkers
Typical gas chromatograms of F1, F4-1 and F4-2 and LC/MS chromatograms of
F-4 are shown in Figs. 3 and 4, respectively.
3.1.1. F1 fraction
N-alkanes occur as a major component of the F1 (hydrocarbon) fraction and show

a unimodal distribution with a maximum at Cyg (Fig. 3A). The odd/even carbon number



preference index (CPI) values of Cy-Css homologues (Bray and Evans, 1961) vary
between 3.1 and 7.1, with an average of 4.9 (Fig. 5F). Hopanes (Cy9-C3;) in F1
comprise 170(H),21p(H)-30-norhopane, 170(H),21B(H)-hopane and
17B(H),21B(H)-homohopane (Fig. 3A). Homohopane 17a(H),21B(H), 17p(H),21a(H),
and 22S isomers are absent. Neohop-13(18)-ene is found only in the core-top sample
(0.1 rmcd). Olean-12-ene and olean-18-ene are also detected as minor compounds (Fig.
3A). Branched aliphatic alkanes with a quaternary substituted carbon atom (BAQCS)
are detected in relatively high amounts and comprised 3,3-ethylmethylalkanes,
3,3,-dimethylalkanes, 5,5-diethylalkanes, 5,5-ethylmethylalkanes and some unidentified
homologous series (Fig. 3A). The origin of BAQCs used to be unknown (Kenig et al.,
2003), but recently they have been reported as contaminants from plastic bags (Grosjean
and Logan, 2007). Because our samples were stored in plastic bags, they are likely
contaminated.
3.2.2. F3 fraction

N-alkan-2-ones are a major component of the F3 and exhibit a unimodal
distribution with a maximum at C,7. No long-chain alkenones are detected.
3.1.3. F4-1 fraction

Straight-chain fatty acids, which are detected as fatty acid-methyl esters, occur as a
major component of the F4-1 and show a bimodal distribution with maxima at C;5 and
Ca6 (Fig. 3B). The even/odd CPI values of Cy3—Cs3 homologues vary between 2.9 and
5.0, with an average of 3.7 (Fig. 5F). Anteiso-(Cy5 and Cy7) and iso-fatty acids (C14—Ci7)
are also detected as minor components (Fig. 3B). Monounsaturated n-C;¢ acids and
mono- and di-unsaturated n-Cyg acids are also detected (Fig. 3B). Di-unsaturated n-Cig

acid is much less abundant than the mono-unsaturated (Fig. 5N).



3.1.4. F4-2 fraction

N-alkan-1-ols occur as a major component of the F4-2 and have a unimodal
distribution maximizing at Cy (Fig. 3C). The even/odd CPI values of Cy3—Css
homologues vary between 2.0 and 5.8, with an average of 4.7 (Fig. 5F). Hydroxy fatty
acids with the OH group in the o, B, ® or (w—1) positions are detected, and all show a
similar homologous pattern with a maximizing at C,4 or Cy (Fig. 3C). N-alkan-2-ols are
present and show a unimodal distribution with a maximum at Cy9 (Fig. 3C). Cholesterol
and B-sitosterol are detected as minor components (Fig. 3C).
3.1.5. High-molecular-weight lipids in the F4 fraction

LC/MS revealed that GDGTSs are a major high-molecular-weight component of the
F4 and comprise both isoprenoid and branched components. The isoprenoid GDGTs
include cardarchaeol (GDGT-0), GDGT-1, GDGT-2, GDGT-3, and crenarchaeol.
Whereas caldarchaeol and crenarchaeol are relatively abundant, caldarchaeol shows
greater abundance than crenarchaeol in all but two samples (Fig. 4). Branched GDGTs
make up a homologous series with four to six methyl groups (Hopmans et al., 2004; Fig.

4).

3.2. TOC content
The TOC content varies between 0.07 and 0.86%, with an average of 0.19%. A

high content (0.43-0.86%) occur in the dark grey layer at 3.9-4.3 rmcd (Fig. 5D).

4. Discussion
4.1. Contribution of higher plant waxes

The major biomarkers in Hole M0004C are long-chain n-alkanes, n-fatty acids and



n-alkan-1-ols. The average CPI values of these compounds are generally high (3.7-4.9),
and the distribution pattern is typical of terrestrial higher plant waxes (Eglinton and
Hamilton, 1967; Kvenvolden et al., 1967). This pattern indicates that the OM was
derived mainly from fresh higher plant material. This is consistent with previously
reported results that higher plant biomarkers are dominant in central Arctic Ocean
sediments (e.g., Schubert and Stein, 1997; Belicka et al., 2002).

The other higher plant-derived biomarker is oleanene. Oleanene is an early
diagenetic product derived from B-amyrin and tarax-14-en-3p3-ol, which are specific to
angiosperms (Rullkotter et al., 1994). Because herbs are major angiosperms in polar
regions, the oleanene may have derived from herbs.

N-alkan-2-ones, n-alkan-2-ols, and the hydroxy fatty acids with the OH group in
the a, B, ® or (w-1) positions, which are common compounds in the study samples,
were presumably formed by microbial oxidation of higher plant-derived n-alkanes
(Arpino et al., 1970) and n-fatty acids (Boon et al., 1975) because they exhibit a similar
homologous pattern to that of n-alkanes and n-fatty acids. The presence of these
oxidised compounds suggests that higher plant waxes suffered microbial alteration

through transportation and/or after deposition.

4.2. Contribution of thermally altered OM

Hopanes are diagenetic products derived from biohopanoids biosynthesised by
bacteria (Ourisson et al., 1979). The presence of 17(H), 21p(H) isomers and the
absence of 17a(H),21B(H), 17p(H),21a(H), and 22S isomers of homohopane in the
study samples indicate that the thermally altered OM from sedimentary rocks is

assigned to the *“diagenesis” stage of maturity preceding the oil-generation



“catagenesis” stage (Tissot and Welte, 1984). This maturity is roughly equivalent to the
maturity of vitrinite, a coal kerogen (modal R,% ~ 0.3-0.5%) that is present in
surfacial sediments of the Laptev Shelf, supplied by the Lena River (Boucsein and Stein,
2000). Sedimentary rock on land, including coal and coaly shale, was likely eroded by
ice or water currents and transported to the study site.

Hopanes show three concentration maxima in MIS-6, MIS-4/5 boundary and
MIS-3 (Fig. 5H). All three are associated with IRD maxima (Fig. 5C). The hopane/TOC

ratio is significantly correlated (r = 0.78, p < 0.01) with the IRD (>63 um) content This

correspondence suggests that the thermally altered OM was transported together with

ice rafted debris to the study site.

4.3. Contribution of bacteria

Anteiso- and iso-fatty acids are derived from bacteria (Kaneda, 1991). The total
concentration of anteiso- and iso-fatty acids, as normalized on TOC, tends to be higher
in samples that have low IRD content (Fig. 5M), reflecting enhanced bacterial activity
in the source region during warmer periods. The availability of dissolved organic carbon
is a limiting factor for bacterial activity in the Arctic Ocean continental margins (e.g.,
Laptev Sea, Saliot et al., 1996). Enhanced fluvial discharge, as suggested for the Kara
and Laptev Seas by Boucsein et al. (2002), might have increased the bacterial activity in
the continental shelf during warmer periods. A warm climate might also have increased
bacterial activity in terrestrial soil.

Branched GDGTs are presumably derived from anaerobic bacteria and occur
widely in soils and peat bogs (Weijers et al., 2006a). Hopmans et al. (2004) defined the

Branched and Isoprenoid Tetraether (BIT) index as the ratio of branched GDGTs to the



sum of branched GDGTs and crenarchaeol as an index of terrestrial soil OM
contribution. The BIT index ranges from ~ 0.5 to 1, which is anomalously high for
pelagic marine sediments (Fig. 5J). Schouten et al. (2007b) found relatively high BIT
index values (~ 0.4-0.6) for late Pleistocene Heinrich layers from the North Atlantic
Ocean and interpreted the phenomenon to indicate the transport of soil by ice rafting.
These observations suggest that the high BIT index in the central Arctic Ocean reflects a

significant contribution of terrestrial soil OM.

4.4. Contribution of Archaea

Crenarchaeol in marine sediments is thought to be derived mainly from pelagic
crenarchaeota (Sinninghe Damste et al., 2002b). Weijers et al. (2006b) recently found
crenarchaeol in soil samples, some of which have low BIT index values of ~ 0.5.
Because the crenarchaeol found in our samples is associated with abundant branched
GDGTs, it might have mostly derived from a soil crenarchaeota origin or a mixed origin
of soil and aquatic crenarchaeota, although microbiological studies have demonstrated
the presence of marine crenarchaeota in Arctic waters (Bano et al., 2004). Caldarchaeol
(GDGT-0) is more abundant than crenarchaeol in the study samples (Fig. 4).
Caldarchaeol is often more abundant than crenarchaeol in terrestrial soils (Wijers et al.,
2006b), which thus suggests the contribution of soil Archaea to central Arctic sediments.
In most marine sediments that we have investigated (i.e., Pacific tropical to temperate
regions), caldarchaeol is generally less abundant than crenarchaeol (> 800 samples; M.
Yamamoto, unpublished data). Because caldarchaeol is a major lipid of some
euryarchaeota (Nishihara et al., 1987), some caldarchaeol likely derived from

euryarchaeota.



4.5. Contribution of eukaryotic algae

Previous studies found abundant phytoplankton-derived compounds such as
polyunsaturated fatty acids, phytol, and dinosterols in sediments from the Arctic along
the northern Eurasian and North American margins, especially in estuaries and polynyas
(e.g., Yunker et al., 1995, 2005; Peulvé et al., 1996; Zegouagh et al., 1996; Fahl and
Stein, 1997, 1999; Belicka et al., 2002, 2004). In contrast, no unambiguous evidence for
phytoplankton biomarkers is indicated at the study site. Two mechanisms could have
induced this lack of phytoplankton biomarkers. First, severe degradation might reduce
marine biomarkers preferentially. Marine biomarkers are generally more labile than
terrestrial biomarkers (e.g., Prahl et al., 1997; Sinninghe Damsté et al., 2002a). The
sedimentation rate is ~ 2-3 cm/kyr at the study site (Fig. 2). Because of such slow
sedimentation in oxygen-rich benthic water, marine biomarkers might suffer preferential
degradation, resulting in their absence. Second, low algal production might induce a
lack of marine biomarkers. In modern times, the study site in the central Arctic has been
permanently ice-covered (e.g., Colony and Thorndike, 1985). Ice algae are primary
producers in the area covered by sea ice and production is estimated at ~ 15 gC/m?/yr,
much lower than in estuaries and polynyas (Gosselin et al., 1997). Such low algal
production might also induce a lack of phytoplankton biomarkers.

Although there is no unambiguous evidence for phytoplankton biomarkers, the
presence of short-chain C;4—C;g n-fatty acids and cholesterol suggests some
contribution of aquatic organisms (Kvenvolden et al., 1967; Huang and Meinschein,
1979). The abundance ratios of B-sitosterol to cholesterol and of long-chain to

short-chain n-acids both exhibit a similar trend: relatively high values in MIS-6 (Figs.



5G and 5I), suggesting lower contributions from aquatic organisms in MIS-6.

4.6. Deposition of the dark grey layer

A distinctive dark grey layer was observed in the interval between 3.9 and 4.3 rmcd
in ACEX Holes M0O003A and M0004C (low L* and low a* in Fig. 5B; Backman et al.,
2006). Such a thick layer was not observed in nearby piston cores from the Lomonosov
Ridge (e.g., Jakobsson et al., 2001). The thickness of the dark grey layer is ~30 cm in
Hole M0OO03A and ~40 cm in Hole M0004C. The sites of M0003 and M0004 are
located at the center of a small basin on the Lomonosov Ridge (Backman et al., 2006).
These suggest that the dark grey layer has a lens shape and was thickened by sediment
focusing. According to the age—depth model by O’Regan et al. (2008), this dark grey
layer dates to early to mid-MIS-6.

Normalized on the TOC, the concentrations of long-chain n-alkanes, n-fatty acids,
and n-alkan-1-ols are higher, not only in dark grey layer, but in the whole interval of
MIS-6 than in other intervals (Fig. 5E). Other higher plant biomarkers such as
B-sitosterol and oleanene show similar trends (Fig. 5I). One of the concentration
maxima in MIS-6 is of hopanes (Fig. 5H). Concentrations of branched GDGTSs are also
higher, normalized on the TOC, in MIS-6 (Fig. 5J). These observations imply that the
terrestrial contribution was enhanced in MIS-6.

The dark grey layer is characterised by elevated TOC (0.43-0.86%; Fig. 5D). The
elevated TOC in the dark grey layer could not have been a result of better OM
preservation because labile compounds such as unsaturated fatty acids are not relatively
abundant (Fig. 5N), and phytol and poly-unsaturated fatty acids, which are more labile

compounds, are absent. The peak of the branched GDGT concentration normalized on



TOC in the dark grey layer indicates that the layer is more enriched with terrestrial soil
OM (Fig. 5J).

IRD records from Sites M0003 and M0004 in the central Arctic demonstrate that IRD
numbers are consistently low from 1.8 Ma to MIS-7 and increase after MIS-6
(Sakamoto et al., in preparation). This suggests that MIS-6 was the first period since 1.8
Ma during which the Eurasian Ice Sheet, a potential contributor of IRD to the central
Arctic, covered a large area of northern Siberia. According to a reconstruction of the
Eurasian Ice Sheet by Svendsen et al. (2004), the eastward expansion of the continental
ice sheet was greater during MIS-6 than during the last glacial. The expanded ice sheet
eroded terrestrial soil over the West Siberian Lowlands and Central Siberian Mountains.
The eroded soil was then transported to the central Arctic by ice rafting, resulting in the
deposition of a dark grey layer enriched with terrestrial soil.

Stein et al. (2001) reported the presence of an organic-rich dark grey layer in MIS-6
on the slopes of the Laptev Shelf and the Lomonosov Ridge near the edge of the Laptev
Shelf. Their Rock-Eval analysis yielded low hydrogen index (HI) values for the dark
grey layer, suggesting an enhanced contribution from terrigenous OM during MIS-6.
Although stratigraphic correlation is insufficient to determine the timing of deposition,
these observations suggest that the deposition of a dark grey layer was a common
phenomenon in MIS-6. Our results highlight a significant terrestrial contribution to this
layer in the central Arctic, suggesting that the sedimentary system associated with the
layer was not restricted to the Laptev Sea and the adjacent region, but extended to the

central Arctic Ocean.

4.7. Changes of terrigenous OM composition after MIS-6 and their relationship to the



glaciation of the Eurasian ice sheet.

The labile-refractory index is defined as the abundance ratio of C»4,—C3, n-alkan-1-ols
to the sum of Cy5—Css n-alkanes and Cy—Cs; n-alkan-1-ols, similar to the definition of
the HPA index (Westerhausen et al., 1993). The HPA index is useful for evaluating the
proportion of labile and refractory OM in Arctic sediments (Belicka et al., 2004)
because n-alkan-1-ols are more labile than n-alkanes. The labile-refractory index
decreases at the MIS-5/6 boundary and continues at lower levels (average 0.61) than
those prior to the MIS-5/6 boundary (average 0.80; Fig. 5L). This change suggests that
the bulk property of terrigenous OM changed to more refractory at M1S-5/6 boundary.

Hopanes show three concentration maxima in MIS-6, MIS-4/5, and MIS-3,
respectively (Fig. 5H). The first maximum in MIS-6 correlates with a maximum in
branched GDGT concentration; the last two maxima do not. This suggests that the
content of terrestrial soil decreased in terrigenous detrital matter supplied to the central
Acrctic after MIS-6, implying a decrease in soil cover in the source region.

During MIS-6, the expanded Eurasian Ice Sheet eroded terrestrial soil over the West
Siberian Lowlands and Central Siberian Mountains (Svendsen et al., 2004). After the
retreat of the ice sheet, soils containing fresh terrestrial OM had been depleted in the
source region, which resulted in a relative increase in the contribution of more

refractory terrestrial OM to the central Arctic Ocean.

5. Conclusions
Biomarker records from central Arctic sediments show drastic changes with
glacial-interglacial contrasts. Concentrations of higher plant-derived compounds,

thermally altered compounds, and soil-derived compounds are highly sensitive to past



changes in the environment of the source region. Because the micropaleontological
approach is limited in the Arctic Ocean, future investigation of the biomarkers in cores
from the central Arctic will help to understand better past climate changes in the polar

region.
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Figure captions

Fig. 1. Location of study site (Backman et al., 2006) and the bathymetry and surface

currents of the Arctic Ocean.

Fig. 2. Age—depth model of ACEX holes (Modified after O’Regan et al., 2008).

Fig. 3. Gas chromatograms of (A) F1, (B) F4-1, and (C) F4-2 fractions in Sample
302-M0004C-1H-1, 10-12 cm (0.10-0.12 rmcd). Numbers indicate carbon numbers. 1S

is an internal standard (n-Cy4Dsp).

Fig. 4. The HPLC/MS base peak of tetraether lipids in the F4 fraction of Sample

302-M0004C-2H-1, 76-78 cm (4.10-4.12 rmcd).

Fig. 5. Depth variations in (A) age, (B) colour reflectance (L* and a*; Backman et al.,
2006), (C) IRD content (> 1mm and > 63 um particles; Sakamoto et al., in preparation),
(D) TOC content, (E) concentrations of long-chain Cj5-Css n-alkanes, Co4-Cs, n-fatty
acids and Cy4-Cs, n-alkan-1-ols normalized on TOC, (F) carbon number preference
index (CPI), (G) ratio of long-chain Cy4-C3; to short-chain Cy4-C1g n-fatty acids, (H)
concentrations of oleanenes (A + A™) and C,-C3; hopanes, (1) concentrations of
cholesterol and B-sitosterol and their abundance ratio, (J) concentrations of branched
and isoprenoid GDGTs and the branched and isoprenoid tetraether (BIT) index, (K)
concentrations of caldarchaeol and crenarchaeol and their abundance ratio, (L)

labile—refractory index (the abundance ratio of Cx—Cs; n-alkan-1-ols to the sum of



Ca5—Css n-alkanes and C,4—C3; n-alkan-1-ols), (M) concentration of anteiso- and iso-Cjs
and C, fatty acids, and (N) ratios of n-Cig.1 acid to n- Cyg0 acid (16:1/16:0) and of
n-Cig:1 and n-Cygpacidto n- Cigpacid (18:1/16:0 and 18:2/18:0) in Hole M0004C. The

grey band indicates the dark gray layer.
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