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a b s t r a c t

Mineral assemblage, trace element content and Nd and Pb isotope signatures were analysed on the fine
fraction (<20 mm) of sedimentary records from the Northern Mendeleev Ridge in the Central Arctic
Ocean. Our aimwas to identify the detrital particle provenance and to interpret the changes over the past
w250 ka in the relative contribution of the different source-areas in relation to paleoenvironmental
conditions. The clay mineral assemblage and the Nd and Pb isotope signatures depict systematic changes
over the Late Quaternary. The bulk mineralogy exhibits increases in the relative contribution of carbonate
minerals vs. silicates in interglacial/deglacial intervals. In glacial intervals, the mineral assemblage of the
<20 mm fraction is characterised by an enrichment in kaolinite, counterbalanced by a decrease in illite.
The Nd and Pb isotope signatures of <20 mm fraction are interpreted using a three end-member mixing
model, involving crustal supplies from North America and Canada, from the Siberian margin and some
from volcanic material. A compilation of geochemical signatures of geological terraines surrounding the
Arctic Ocean allowed each end-member to be assigned a representative signature, averaging the signal of
the eroded terraines. The Suspended Particulate Matter (SPM) of the MacKenzie River represents an
average signature of the sedimentary supplies delivered from the North American platform and Canadian
margin. The SPM of the Lena River reflects the mean sedimentary signature of the Siberian platform. The
Okhotsh-Chukotka province from the Eastern border of Siberia is identified as the most probable volcanic
source. Late Quaternary evolution of the estimated relative contribution of the three end-members
confirms that the sediment provenances in the Central Arctic Ocean remain close to the current con-
ditions during past interglacials/deglacials MIS1e3, MIS5/TII and MIS7/TIII. In contrast, glacial conditions
(MIS4 and MIS6) record minimum supplies from the American margin, associated with increased vol-
canic contribution, to the Mendeleev Ridge core location suggesting a different sea-ice circulation
associated with a low sea-level and reduced shelf area.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction

During the last decade many oceanographical cruises and
environmental studies have been performed in the Arctic (e.g.,
Darby et al., 2005; McDonald et al., 2005; Stein, 2008; Polyak et al.,
2009; Jakobsson et al., 2010a) emphasising its sensitivity to climate
.
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change but also its influence on climate regulation (e.g., Kellogg,
1995) and on global thermohaline circulation (THC, e.g., Hoffman
et al., 2013; Jang et al., 2013). Provenance studies in particular
have allowed changes in surface Arctic circulation over the late
Pleistocene to be determined. Petrography of ice-rafted detritus
(IRD) has been used to identify the main sources of Arctic sedi-
ments (Bischof and Darby, 2007). In addition, the purely detrital
origin of Arctic clays (Washner et al., 1999) allows their distribution
in surface sediments to be used as a provenance indicator (Vogt
et al., 2001; Visconsi-Shirley et al., 2003; Krylov et al., 2008; Vogt
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and Knies, 2008; Stein et al., 2010). However, Darby et al. (2011)
have suggested that sea ice clay mineral assemblages do not
match specific sources, “making it difficult to use as a provenance
tool by itself”. Such mineralogical tracers are helpful, although
sources are better constrained using additional tracers like sedi-
mentary isotope signatures.

In the Arctic Ocean a few studies on radiogenic isotopes of Sr, Nd
and Pb have been done on bulk sediments (Tütcken et al., 2002;
Haley et al., 2008a), on the authigenic fraction of sediment ob-
tained after leaching (Winter et al., 1997; Haley et al., 2008a, 2008b;
Maccali et al., 2012; Haley and Polyak, 2013; Jang et al., 2013) and
on detrital fractions (Winter et al., 1997; Asahara et al., 2012). Haley
et al. (2008b) have investigated the variability of Arctic interme-
diate circulation over late Pleistocene glacial/interglacials using
radiogenic isotope signature of leached sediments. For example,
metal-coating extracted by leaching represents an authigenic
signal; its isotope signature records a fingerprint of water. Their
Lomonosov Ridge data showed pronounced Nd isotope variability
on millennial time-scales over the past 500 ka. These variations are
interpreted as switches between an interglacial modern-like cir-
culation mode, and a glacial mode. During glacial periods, the cir-
culation of Arctic Intermediate Waters (AIW) was controlled by
enhanced input of shelf waters from brine sources (Kara Sea)
together with a restricted input from the North Atlantic.

In this study we focus on the detrital sedimentary fraction as it
brings information on particle provenance and indirect information
on circulation (see Fagel, 2007 for a review). The implication for the
Fig. 1. Map of coring site locations 11 and 12 (Darby et al., 2005) and surface current distri
surface currents e the Beaufort Gyre (BG) and the Transpolar Drift (TPD). The Arctic Ocean i
intermediate waters (250e1700 m) and the deep waters (>1700 m). The surface waters co
halocline layer (Schlosser et al., 1995; Sellen et al., 2010). At the moment, the BG mainly co
efficient in the Eurasian Basin of the Arctic Ocean. The modern front between the BG and the
its location may have changed over time, influenced in particular by the Arctic Oscillation
clockwise gyre through the basins (Rudels et al., 2012). Schematic structural map showi
Arctic Ocean (AMAP, 1998; Cocks and Torsvik, 2007; Harrison et al., 2008; Tikhomirov et al.,
blue, orogenic foldbelt in green, sedimentary platform in yellow and volcanic province in pin
are respectively from Svendsen et al. (2004) and Dyke et al. (2002), updated in accordance
transport agent will mainly concern surface circulation and sea-ice
drifting. By coupling mineralogy and geochemistry of the fine
sedimentary fraction (<20 mm) our aims are to (1) identify the
detrital particle provenance in sediments from the Central Arctic
Ocean; (2) to estimate the relative contribution of the different
sources and; (3) to interpret the changes in the relative contribu-
tion of the different source-areas in terms of paleoenvironmental
changes over the past w250 ka in the Central Arctic Ocean.

2. Methods and study area

2.1. Sediment core description

Two sediment cores were collected at w1600 m on the Men-
deleev Ridge (Fig. 1) during the HOTRAX 2005 cruise (Darby et al.,
2005). Herewe present results from themulticore HLY0503-12MC8
(12 MC, 83�17.7970 N, 171�54.9940 W, 1586 mwater depth). Note all
results from the upper part (down to 78 cm) of the trigger weight
core HLY0503-12TC (12TC, 83� 17.4650 N, 171� 57.4640 W, 1585 m
water depth) are reported as Supplementary material. The sedi-
ment consists of alternating layers of yellow-brown clayey sands
and dark brown sandy clays and clays (description from L. Polyak,
comm. pers. e Fig. SM1). Such lithology is common in Arctic Ocean
sediments: sandy layers are deposited during glacial intervals, and
clayey layers are deposited during interglacials (e.g., Jakobsson
et al., 2000; Polyak et al., 2004). Some centimetric sandy layers
attributed to IRD are scattered through the cores. In particular two
bution (Aagaard, 1989). The coring site is currently influenced by the two main Arctic
s highly stratified and consists of three water masses: the surface waters (<250 m), the
nsist of the low saline Polar Mixed Layer (PML) down to w50 m and the more saline
ntrols the oceanic and sea-ice circulation in the Amerasian Basin whereas the TPD is
TPD is close to the Lomonosov Ridge (e.g., Aagaard et al., 1985; Rudels et al., 2012) but
Index (Macdonald et al., 2005). All intermediate and deep waters flow along an anti-
ng the distribution and the main lithology of the different terraines adjacent to the
2008; http://atlas.nrcan.gc.ca). Main structural units are identified by colour: shield in
k. Maximum limit of the Eurasian and Amerasian Ice Sheet during the late Quaternary
with England et al. (2009). BG, Beaufort Gyre; TPD, Transpolar Drift.
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sandy sediment layers with pink clasts are observed at 6 cm and
58e61 cm in 12TC core (see Fig. SM1). The coring site is currently
influenced by the two main Arctic surface currents e the Beaufort
Gyre (BG) and the Transpolar Drift (TPD).
2.2. Sediment stratigraphy

The establishment of chronostratigraphies for sediment cores
from the Arctic Ocean (and especially from the Central Arctic
Ocean) is far from being straightforward (Fig. 2). For example,
during the last climatic cycle, uncertainties persist both with
determining reservoir corrections for 14C ages, and on the influence
of brine on oxygen isotope composition of foraminifera. Initially, we
attempt to establish the required chronology using 18O and 13C
isotopic composition and 14C ages on planktic foraminifera in a
closely located core, HLY0503-11MC8. However, based on these
data the chronology obtained was limited (see Not and Hillaire-
Marcel, 2010 for details). For this reason, we use non-traditional
methods including U-series isotopes and especially the particle
reactive isotope 230Th to add time constraints as described in Not
and Hillaire-Marcel (2010). The 230Th profile in core 12MC is
characterised by two distinct regimes, one with very low 230Th
values suggesting an absence of scavenging or more probably an
export of the 230Th produced in the water column, and a second
regime with higher 230Th values suggesting an efficient scavenging
of the 230Th produced in the water column. In the latter regime,
assuming no lateral input of 230Th, the decrease in excess 230Th in
the sediment is only a function of the time since the settling of
230Th in the sediment. From this hypothesis we can estimate the
time elapsed between different layers. In core 12MC w145 ka
occurred between 2 cm and 18 cm, and 52 ka between 18 cm and
28 cm (see Fig. 6 in Not and Hillaire-Marcel, 2010). In this context,
periods with higher 230Th activities suggest higher particle fluxes
linked to enhanced sea-ice circulation during warmer periods such
as an interglacial or more probably a period of deglaciation or an
interstadial in the Arctic Ocean. Given this, the first 8 cm should be
related to Marine Isotope Stage (MIS)3, as MIS1, the interglacial
sedimentation sensu-stricto is restricted to the first centimetre of
the core (see 14C of w8500 y at 0.5 cm of 11MC) (Not and Hillaire-
Marcel, 2010). The layer between 17 cm and 21 cm corresponds to
interstadials during MIS5, while the layer that starts at 26 cm
corresponds to the deglaciation of MIS8 or to the beginning of MIS7.
Periods with lower 230Th activity correspond to periods with
Fig. 2. Core description and stratigraphy. Carbonate content in fraction >20 mm, grain
size distribution, 210Pb and 230Thxs data for 12MC core are from Not and Hillaire-Marcel
(2010). The scale on the right gives the tentative positions of the Marine Isotopic Stages
(MIS), as defined by Martinson et al. (1987). Note that the carbonate content of the MC
is provided only for the first 24 cm.
limited scavenging, possibly related to an active ice margin or the
development of sea ice production during a period of extended ice
sheet presence. Full glacial conditions are most likely not recorded
in the sediment core, as shown for the Last Glacial Maximum (LGM)
inMendeleev and Lomonosov Ridge (Not and Hillaire-Marcel, 2010,
2012) due to both the almost absence of sedimentation when thick
pack-ice conditions persist and the slow sedimentation. However,
while this method allows us to broadly add time constraints, we
cannot use these constraints to determine the sedimentation rate
since it does not take into account potential changes in the sedi-
mentation rate, or even the absence of sedimentation, which are
possibly important in the Arctic Ocean (e.g. during the LGM). Thus,
it is difficult to validate a precise chronostratigraphy as most likely
the glacial periods identified correspond to non constant and scarce
sediment deposition, when ice margin or sea ice production are
active and the interglacial/deglacial periods identified correspond
to events with significant freshwater flow and sea ice circulation.
For these reasons, all the data shown in this study are shown on a
depth scale not a time scale. Also, we used MIS as benchmarks and
thus it is not possible to estimate any sedimentation rate (Fig. 2 and
Supplementary material). Details methodological information for
inorganic carbon content, 210Pb and 230Th analyses can be found in
Not and Hillaire-Marcel (2010).

2.3. Regional geology

The geology of outcropping terraines adjacent to the Arctic
Ocean is quite complex. Fig. 1 proposes a schematic structural map
showing the distribution and the main lithologies of the different
terraines. We identify 4 structural units: shield, orogenic foldbelt,
sedimentary platform and volcanic province (sources: AMAP, 1998;
Cocks et Torsvik, 2007; Harrison et al., 2008; Tikhomirov et al.,
2008; http://atlas.nrcan.gc.ca).

The older crustal terraines, mainly made by Archean or Prote-
rozoic magmatic (plutonic) and metamorphic rocks, are the
Greenland Archean Craton, the Canadian Shield, the Siberian
Craton and the Baltic Shield.

On the North American side, the main orogenic foldbelts
(mainly metamorphic terranes) are the Greenland Caledonian
crust, the North Greenland Innutian crust and the North America
Cordillera. On the Eurasian side, 4 foldbelts are recognised, i.e.,
Verkhoyansk-Chukotka province, the Kara Plate and Tamyr foldbelt,
the Ural and Novaya Zemlya foldbelt and the Scandinavian Pana-
frican crust.

The main North American sedimentary platform is carbonate-
rich (Phillips and Grantz, 2001), and mainly drained by the MacK-
enzie River. In addition, the Sverdrup Basin of the Canadian Arctic
Islands (North Greenland, Ellesmere Island and Canadian Arctic
Archipelago) constitutes the Paleozoic and Mesozoic sedimentary
cover of the Canadian Shield, made by sand and fine-grained
terrigenous material (shale or mudstone, Patchett et al., 2004).
The Siberian platform is composed by Precambrian and Cambrian
limestones, Jurassic to Cretaceous terrigenous sediments and
Quaternary alluvial material (Rachold, 1999; Stein, 2008). The West
Siberian Basin and East European platforms are mainly composed
by terrigenous sediment with some limestones.

The main regional Volcanic Provinces comprise continental
flood basalts from North Greenland Proterozoic, High Arctic-Large
Igneous Province (HALIP) (Buchan and Ernst, 2006) and the
Permian and Triassic volcanic rocks of Siberian traps, intraplate
volcanism of North American Cordillera, Bering Sea basalt province,
Okhotsk-Chukotka province, and the convergent margins of the
Pacific Aleutian and the Koryak-Kamchatka arcs. The Cretaceous
volcanic rocks, dykes and sills of HALIP are widespread on Arctic
margins, occurring on North Greenland (Cap Kane), on Ellesmere

http://atlas.nrcan.gc.ca


N. Fagel et al. / Quaternary Science Reviews 92 (2014) 140e154 143
Island and the Canadian Arctic Achipelago (Coronation Gulf), on
Victoria island (Natkusiak flood basalt), Chukchi Peninsula, Novaya
Zemylya, Svalbard and Franz Joseph islands (Fig. 1).

3. Methods

3.1. Mineral assemblage

Mineral assemblages were measured on the upper 80 cm of core
12TC (10 mme20 mm resolution) and on the upper 34 cm of 12MC
(5 mm resolution, analyses by Michel Preda, GEOTOP). Measure-
ments were performed on a Siemens D5000 apparatus with a Cu Ka
radiation, 2 mm divergence and antiscatter slits under 40 kV and
30 mA operating conditions. The XRD patterns were recorded by a
Sol-X detector (detector slit 0.2 mm) between 2� and 45� 2q using a
step scan 0.02� and a step time of 0.6 s.

Samples were sieved at 63 mm and 20 mm. The bulk mineral
assemblage of the sandy (>63 mm) and coarse silt (20e63 mm)
fractions were analysed using X-Ray Diffraction (XRD) on random
powder. Mineral abundance is based on the height of diagnostic
peaks multiplied by a corrective factor (Cook et al., 1975). The ac-
curacy was estimated �10%.

The clay mineral assemblage was identified on oriented aggre-
gates (Moore and Reynolds, 1997) on both the <20 mm and the clay
<2 mm fractions. The clay fraction was extracted from the <20 mm
fraction by sedimentation, after a settling time calculated from the
Stoke’s law. The clay fraction was treated with HCl 0.1 N to remove
the calcite. Routine XRD clay analyses included the successive
measurement of an X-ray pattern in air-dried or natural condition
(N, between 2� and 30� 2q), after solvation with ethylene glycol for
24 h (EG, between 2� and 15� 2q), and after heating to 500 �C for 4 h
(500, between 2� and 15� 2q). Semi-quantitative estimations (�5e
10%) of the main clay mineral groups (illite s.l. for true mica group,
chlorite, smectite, kaolinite s.l. for serpentine e kaolin group, ac-
cording to Martin et al., 1991) was based on the height of diagnostic
peaks measured on EG runs, i.e. at 7�A for kaolinite, 10�A for illite and
14�A for chlorite. The occurrence of kaolinite is deduced from a
double peak around 3.5�A, resulting from the partial overlapping of
the (004) chlorite reflection at 3.54 �A and the (002) kaolinite
reflection at 3.57 �A under either N or EG conditions (Elverhøi and
Rønningsland, 1978). The chlorite/kaolinite peak intensity ratio
measured at 3.54e3.57�A is then applied to the intensity of the 7�A
(EG) peak to estimate the contribution of kaolinite. The smectite
content was deduced by its collapse at 10�A after heating. Each
diagnostic peak was multiplied by a corrective factor (0.7 for
kaolinite, 1 for illite and smectite, 0. 4 for chlorite e Boski et al.,
1998) and values were summed up to 100%. More details are
given in Fagel and Boës (2008). In parallel, the clay mineral
assemblage was also determined using the Macdiff 4.2.5 software,
designed by R. Petschick, University of Frankfurt, unpublished e

(http://servermac.geologie.uni-frankfurt.de/Staff/Homepages/
Petschick/RainerE.html) (for details see Petschick et al., 1996).
Macdiff determines the clay abundance from the area of diagnostic
peaks multiplied by a corrective factor as defined by Biscaye (1965).
Note the two methods give similar mineralogical trends even
though absolute mineral abundance may be different (see
Supplementary material for a comparison).

3.2. Trace element and isotope composition

The trace element content and Nd and Pb radiogenic composi-
tion of the sediment were measured by ICP-MS and MC-ICP-MS on
the <20 mm fraction of core HLY0503-12MC. We retained the fine
fraction as it was less sensitive to winnowing than the coarser
fraction (Fagel et al., 2002). However, the selection of a specific size
fraction requires special attention for further geochemical in-
terpretations.Working on the<20 mmwill (i) underestimate the ice
streaming and glacial sediment contribution, especially silicates;
(ii) underestimate the flux of materials coming form the ice pro-
duction such as IRD; and (iii) overestimate the sedimentary pulse
signature such as meltwater events. Note that the <20 mm fraction
dominates in theMIS1e3, MIS5/TII andMIS7/TIII intervals (70e80%
of the sediment) and it represents 50% of the sediment in MIS4 and
MIS6 intervals.

For trace element content, samples prepared at ULB were first
calcinated at 550 �C to remove organic content. After calcination,
the samples were treated with HCl 0.1 N to remove any authigenic
fraction and were then digested by a classical tri-acid attack HFe
HNO3eHCl in a laminar flow hood. Thirty seven trace elements (Li,
Sc, Ti, V, Cr, Co, Ni, Cu, Zn, As, Rb, Sr, Y, Zr, Nb, Cd, Cs, Ba, Rare Earth
Element or REE, Hf, Ta, Tl, Pb, Th and U) were measured by ICP-MS
at the University Joseph Fourier of Grenoble (Table 1). Measure-
ments of 4 international geostandards BR, BHVO, JSd1, JSd2 allowed
precision estimates better than 5% at 2s level.

Nd and Pb composition of the sediment were analysed by MCe
ICP-MS on the <20 mm fraction of core HLY0503-12MC. The
analytical protocol was defined according to Weis et al. (2006). Pb
was isolated using an AG1-X8 anion exchange resin in HBr envi-
ronment. The REE were purified by using an AG50-X8 cation ex-
change resin in HCl environment. Then Nd was eluted by using
HDEHP-coated Teflon powder as the ion exchange medium also
in an HCl environment.

The Pb and Nd isotopes were measured on a Nu Plasma MC-ICP-
MS instrument (ULB, Belgium). The analyses were performed by
static multicollection in wet (Pb) or dry (Nd) mode. For Pb, mea-
surements were corrected 1) for mass fractionation by using Tl as
an internal standard then; 2) for instrumental drift by applying the
sample standard bracketing method using NBS981 standard solu-
tion. Note repeated measurements of the NBS981 standard (n¼ 41)
gave 208Pb/204Pb (36.7139 � 0.0020), 207Pb/204Pb
(15.4967 � 0.0008), and 206Pb/204Pb (16.9407 � 0.0008)values,
which are consistent with the long term laboratory values
(208Pb/204Pb 36.7156 � 89, 207Pb/204Pb 15.4970 � 26, 206Pb/204Pb
16.9405 � 37, n ¼ 1628) and with the recommended values (Galer
and Abouchami, 1998; Abouchami et al., 2000). Three replicates
and three duplicates confirm the good reproducibility values of the
measurements and the representativity of the sample sets (Table 2).
Total blanks were negligible (�10 pg). For Nd, measured
143Nd/144Nd ratios were corrected 1) for mass fractionation using
the 146Nd/144Nd values; then 2) for instrumental drift by sample
standard bracketing relative to the Rennes standard (Chauvel and
Blichert-Toft, 2001). Repeated Rennes standard measurements
(0.511952 � 0.000007, n ¼ 17) are consistent with the value ob-
tained by Chauvel and Blichert-Toft (2001). Total blank is negligible
(8 pg). One replicate attests the good reproducibility of the
measurements. The 3Nd was defined as follows:
3Nd ¼ [((143Nd/144Nd)sample � 0.512638))/0.512638] � 10,000 with
0.512638 as the CHUR composition (data from Wasserburg et al.,
1981).

4. Results

4.1. Mineral assemblage

The bulk mineral assemblage depicts pronounced changes in
the relative contribution of carbonates (2% < calcite < 60%,
2% < dolomite < 30%) with regard to silicates (see Supplementary
material for a comparison betweenMC12 and TC12). In core 12MC a
first carbonate-rich layer (0e8 cm) is observed during MIS1e3 and
a second, lessmarked, coincides withMIS5/TII (Fig. 2). In core 12MC

http://servermac.geologie.uni-frankfurt.de/Staff/Homepages/Petschick/RainerE.html
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Table 1
Trace element data of the 12MC cores measured by ICP-MS on the fine <20 mm sedimentary fraction. Data are given in ppm. D ¼ duplicate analyses, R ¼ replicate analyses. A mean value has been assigned for each lithology,
calculated from the elemental composition of the silicate-rich or the carbonate-rich samples.

Sample
interval cm

0 2 4 6 30 32 34 10 12 15 15D 17 17D 17R 18 19 22 22R 25 27 Mean
carbonate

Mean
silicate

0e0.5 2e2.5 4e4.5 6e6.5 30e30.5 32e32.5 34e34.5 10e10.5 12e12.5 15e15.5 17e17.5 18e18.5 19e19.5 22e22.5 25e25.5 27e27.5

Li 68.3 71.3 61.6 47.7 64 62.9 65.8 82.1 75.6 70 73 66 60.1 61.1 70.4 61.4 63.1 60.5 50.1 57.1 63.1 66.2
Sc 16.1 17 15.1 12.3 17.9 17.2 17.4 19.3 19.6 19 17.6 19.8 19.4 19.3 19.4 17.5 18.8 19.2 13.4 14.4 16.1 17.9
Ti 4559 4789 4385 3438 4812 4847 5006 5964 6063 5633 5854 5723 5604 5688 5462 5729 6045 6206 5763 5386 4548 5752
V 210 193 168 145 193 179 196 237 239 240 248 202 195 201 211 229 218 222 207 201 183 220
Cr 96.8 96.1 85.6 69.8 99 96.7 100 120 132 116 119 107 107 109 103 113 115 116 105 101 92.0 112
Co 172 169 105 98.8 95.8 110 130 36.1 21.9 22.9 23.5 79.7 77.4 79.4 102 30.5 29.8 29.6 19.4 68.3 126 45.6
Ni 148 137 123 143 100 125 145 68.2 67 52.5 54.3 69.8 67.6 68.9 100 63.5 52.2 52.5 45.3 68.6 132 65.2
Cu 93.6 91.5 81.4 69.4 85.4 86.5 101 54.3 43.9 85.5 49.8 68.4 66.2 68.5 76.9 56 41.8 41.9 39.6 59.4 87.0 58.4
Zn 140 152 129 108 147 136 150 142 138 157 135 144 142 147 152 136 126 128 117 125 137 137
As 50.1 49.1 45.4 38.5 40.5 40.9 46 69.1 69.7 81.4 79.2 52.8 52.4 52.6 58 66.4 62.5 61.9 58.7 55.2 44.4 63.8
Rb 127 127 112 85.1 131 116 131 108 111 115 107 116 119 120 117 110 107 106 107 112 118 111
Sr 210 191 208 281 165 158 176 171 164 179 177 201 187 196 171 174 176 176 170 178 198 176
Y 33.1 35.1 35.1 29 35.8 33.1 37.5 34.8 37 36.5 27 36.2 35.9 36.6 33 32 35.7 36 24 32.9 34.1 33.6
Zr 172 197 184 131 200 189 206 232 259 241 233 229 217 224 213 234 275 275 237 233 183 239
Nb 15.4 16.9 13.7 10.1 14.8 14.6 15.9 15.6 16.3 15.5 15 16.6 17.2 16.4 15.5 15.7 16.5 16.2 15.8 16.1 14.5 16.0
Cd 0.16 0.14 0.18 0.35 0.10 0.12 0.15 0.09 0.09 0.09 0.08 0.13 0.12 0.12 0.12 0.09 0.09 0.09 0.08 0.09 0.17 0.10
Cs 8.41 8.25 7.04 5.42 9.05 7.67 8.48 6.31 6.61 6.26 6.32 7.06 7.32 7.03 7.33 6.28 6.2 6.08 5.83 6.97 7.76 6.54
Ba 652 553 511 425 592 558 624 546 536 518 501 541 540 550 519 523 525 532 504 552 559 529
La 38 42.7 38.8 28.8 40.2 38.1 41.9 39.9 41.9 42.4 39.8 42.4 43.4 41.7 40.1 39.4 43.1 41.8 37.6 41.1 38.4 40.9
Ce 90.3 125 91.6 68.3 106 109 114 86.5 89.3 89.1 82.6 115 117 113 115 87.6 91 87.6 78.9 105 101 95
Pr 8.83 10.1 9.07 6.66 9.51 9.16 9.91 9.91 10.2 10 9.42 10.1 9.96 9.9 9.57 9.41 9.95 10.2 8.49 9.68 9.03 9.70
Nd 33.9 37.9 33 24 35.8 33.7 37.8 36.8 37.4 37.7 35.2 36.9 38 36.9 35.7 35 38.3 37.6 31.1 37.5 33.7 36.3
Sm 6.66 7.42 6.57 4.82 7.19 6.83 7.42 7.17 7.33 7.71 6.42 7.16 7.37 7.12 6.9 6.65 7 7.35 5.86 7.07 6.70 6.98
Eu 1.43 1.49 1.4 0.99 1.5 1.45 1.55 1.54 1.53 1.65 1.36 1.54 1.56 1.5 1.43 1.43 1.56 1.49 1.18 1.44 1.40 1.48
Gd 5.73 6.26 5.97 4.39 6.17 5.96 6.44 5.8 5.99 6.1 5.17 6.06 6.12 6.11 5.63 5.43 5.91 6.01 4.52 5.91 5.85 5.71
Tb 0.92 1.03 0.91 0.73 1.00 0.95 1.03 0.97 0.97 1.01 0.80 0.97 0.98 0.99 0.93 0.86 0.95 0.97 0.71 0.94 0.94 0.92
Dy 5.41 5.55 5.56 4.15 5.63 5.62 5.97 5.64 5.71 5.73 4.77 5.7 5.8 5.56 5.47 5.08 5.6 5.47 3.88 5.41 5.41 5.36
Ho 1.1 1.16 1.11 0.91 1.16 1.15 1.26 1.18 1.17 1.16 0.92 1.18 1.17 1.19 1.09 1.02 1.12 1.15 0.79 1.09 1.12 1.09
Er 3.08 3.31 3.26 2.59 3.35 3.24 3.69 3.29 3.4 3.27 2.55 3.45 3.38 3.42 3.18 2.97 3.28 3.35 2.25 3.16 3.22 3.14
Yb 2.93 3.13 3 2.49 3.11 3.12 3.47 3.2 3.22 3.09 2.4 3.19 3.16 3.18 3.03 2.82 3.16 3.17 2.09 2.96 3.04 2.97
Lu 0.46 0.47 0.45 0.39 0.49 0.48 0.52 0.48 0.50 0.48 0.37 0.49 0.50 0.50 0.46 0.43 0.48 0.49 0.32 0.46 0.46 0.46
Hf 4.45 4.96 4.31 3.26 4.89 4.67 5.2 5.57 6.12 5.61 5.63 5.59 5.58 5.57 5.35 5.67 6.39 6.46 5.68 5.81 4.53 5.75
Ta 0.94 1.0 0.71 0.46 0.97 0.91 1.0 1.03 0.93 0.85 0.97 1.04 1.07 1.1 0.97 1.0 1.03 1.05 1.01 1.01 0.85 0.99
Tl 2.09 1.22 1.15 1.31 1.3 1.25 1.63 1.38 1.57 1.1 1.11 1.43 1.4 1.41 1.33 1.19 0.95 0.95 0.93 1.28 1.42 1.24
Pb 30.2 31.3 26.1 21.7 29.1 28.7 31.7 22.1 20.3 21.3 20.3 25.7 25.6 26.5 42.4 21.2 19.1 19.5 18.3 23.8 28.4 23.8
Th 11.8 14.8 12 8.76 14.1 12.9 14 11.6 11.6 11.9 11.2 13.5 13.6 13.8 13.6 11.7 11.8 12 10.2 12.4 12.6 12.0
U 2.76 2.79 2.53 2.24 2.69 2.44 2.84 2.92 3.17 2.74 2.75 2.5 2.56 2.62 2.47 2.43 2.58 2.62 2.29 2.56 2.61 2.63
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Table 2
Nd and Pb isotope data of 12MC core measured on fine <20 mm calcite-free sedimentary fraction by MCeICP-MS. Underlined values correspond to duplicate analyses.

Sample Interval cm 143Nd/144Nd 2s 3Nd 208Pb/204Pb 2s 207Pb/204Pb 2s 206Pb/204Pb 2s 208Pb/206Pb 2s 207Pb/206Pb 2s

Carbonate-rich layers
0 0-0.5 0.512099 0.000006 �10.5 38.7584 0.0017 15.6034 0.0006 18.8033 0.0006 2.0613 0.00004 0.8298 0.00001

0-0.5D 0.512080 0.000007 �10.9
2 2-2.5 0.512009 0.000010 �12.3 39.0093 0.0019 15.6325 0.0008 18.9994 0.0009 2.0532 0.00005 0.8228 0.00001

2-2.5D 39.0300 0.0017 15.6333 0.0008 19.0107 0.0009 2.0531 0.00004 0.8223 0.00001
4 4-4,5 0.512029 0.000007 �11.9 38.9915 0.0021 15.6326 0.0009 19.0081 0.0011 2.0514 0.00005 0.8224 0.00001

4-4,5D 39.0045 0.0026 15.6372 0.0011 19.0118 0.0012 2.0516 0.00005 0.8225 0.00002
4-4.5Dbis 39.0137 0.0018 15.6357 0.0007 19.0202 0.0008 2.0512 0.00004 0.8221 0.00001

6 6-6.5 0.512083 0.000006 �10.8 38.9286 0.0021 15.6314 0.0008 18.9861 0.0007 2.0504 0.00004 0.8233 0.00001
30 30-30.5 0.512134 0.000034 �9.8 38.9149 0.0030 15.6244 0.0011 18.9440 0.0014 2.0542 0.00007 0.8248 0.00002
34 34-34.5 0.512089 0.000007 �10.7 38.8691 0.0028 15.6180 0.0009 18.8859 0.0010 2.0581 0.00007 0.8270 0.00002
Silicate-rich layers
8 8-8.5 0.512159 0.000008 �9.3 38.7838 0.0026 15.6122 0.0009 18.8476 0.0011 2.0577 0.00005 0.8283 0.00001

8-8.5D 0.512155 0.000008 �9.4
8-8.5Dbis 0.512166 0.000008 �9.2

10 10-10.5 0.512204 0.000006 �8.5 38.6224 0.0018 15.5829 0.0007 18.6991 0.0009 2.0654 0.00005 0.8333 0.00001
12 12-12.5 0.512231 0.000008 �7.9 38.6334 0.0021 15.5756 0.0007 18.7071 0.0008 2.0652 0.00005 0.8326 0.00001
12 12-12.5D 38.6426 0.0017 15.5791 0.0006 18.7109 0.0008 2.0652 0.00005 0.8326 0.00001
15 15-15.5 0.512185 0.000014 �8.8 38.6401 0.0023 15.5752 0.0008 18.6250 0.0009 2.0746 0.00004 0.8363 0.00001
16 16-16.5 0.512157 0.000105 �9.4 38.6363 0.0058 15.5722 0.0033 18.5863 0.0034 2.0790 0.00006 0.8378 0.00002
17 17-17.5 0.512108 0.000008 �10.3 38.8144 0.0028 15.6128 0.0010 18.8183 0.0010 2.0626 0.00005 0.8297 0.00002
17 17-17.5D 38.8441 0.0021 15.6144 0.0008 18.8349 0.0009 2.0623 0.00004 0.8290 0.00001
19 19-19.5 0.512122 0.000007 �10.1 38.6490 0.0016 15.5748 0.0006 18.5982 0.0008 2.0781 0.00005 0.8374 0.00001
20 20-20.5 0.512168 0.000037 �9.2 38.6248 0.0025 15.5767 0.0009 18.6283 0.0011 2.0735 0.00006 0.8362 0.00002
22 22-22.5 0.512125 0.000008 �10.0 38.5777 0.0019 15.5656 0.0007 18.4852 0.0009 2.0869 0.00005 0.8420 0.00001
25 25-25.5 0.512142 0.000007 �9.7 38.5584 0.0017 15.5602 0.0007 18.4875 0.0007 2.0856 0.00004 0.8417 0.00001
27 27-27.5 0.512122 0.000051 �10.1 38.7695 0.0026 15.5996 0.0010 18.7553 0.0013 2.0671 0.00005 0.8317 0.00001

Fig. 3. Relative abundance (%) of main minerals identified by X-ray diffraction on bulk
sediment powder on the coarse silt (20e63 mm, lower panels) and sandy (>63 mm,
upper panels) fractions in 12MC core. Data are reported versus core depth in cm. The
lower scales give the tentative position of the marine isotopic stages (MIS). Note that
the mineralogical data of the MC are provided only for the first 24 cm.
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themineral assemblage of the sands (>63 mm) and coarse silts (20e
63 mm) are composed of the same mineral assemblages (Fig. 3).
Quartz, K-feldspars and plagioclase are the main silicates, with
micas, pyroxene and amphibole as secondary minerals. In both
cores, layers with punctual enrichments in amphibole (5e10%) are
observed in the sandy fraction and/or in the coarse silty fraction
(Fig. 3 and Supplementary material).

Quartz, feldspars, calcite and dolomite are still present in the
finer sedimentary fraction (<20 mm). Due to the preferential
orientation of the clay particles on the glass slide, only clay mineral
assemblages have been estimated in the <20 mm and <2 mm frac-
tions on the 12MC core (see Supplementary material for TC12 core
data). Following the Biscaye’s method, the mean clay mineral as-
semblages in MC12 is composed of 41% � 10 of illite, 24% � 6 of
kaolinite, 22% � 2 of chlorite and 12% � 6 of smectite (Fig. 5). It is
noticable that using a Biscaye-like calculation of the clay mineral
group assemblage (Biscaye, 1965) increases the chlorite contents
over the kaolinite content (see Supplementary material for details).
Enrichments in kaolinite (�30%), mainly counterbalanced by a
decrease of illite, are observed in two intervals (10e16 cm and 23e
26 cm in 12MC). According to the stratigraphy, those intervals
correspond to glacial MIS4 and MIS6.

4.2. Trace element and isotope composition

The trace element composition of the<20 mm sediment fraction
in core 12MC is reported in Table 1. Data normalised to primitive
mantle (PM, data from Sun andMcDonough,1989) are reported as a
spidergram (Fig. 4). The enrichment relative to PM, ranges between
100 and 300 for Cs, Rb, Th, U and Pb, between 10 and 100 for Nb, Ta,
Ligth REE (LREE), Zr, Hf and Li, and between 4 and 8 for interme-
diate and heavy REE and Y. An averaged composition has been
calculated for the silicate-rich and carbonate intervals (Table 1).
Both patterns are similar. Carbonate-rich intervals are enriched in
Sr whereas silicate-rich intervals are enriched in Zr and Hf. Shale-
normalised data displays a flat REE pattern, slightly enriched (by
factor of 1.3e1.7) relative to the crustal reference (data from



Fig. 4. Trace element composition measured on the fine <20 mm sedimentary fraction of 12MC core, Mendeleev Ridge (data from Table 1). Results have been normalised to shale
values using the Upper Continental Crust data from McLennan (2001). Blue dot: silicate-rich sample; Pink dot: carbonate-rich sample. REE pattern of river suspended matter (SPM)
are reported as squares: data for Lena, Kathanga and Yana from Rachold (1999); data from MacKenzie from Millot (2002) and Millot et al. (2003). Triangle, dashed line: Mean REE
pattern of regional volcanic province are reported as triangles (data from GEOROC, 2003 database reported in Supplementary material). The upper panel presents the Primitive
mantel-normalised trace element pattern of the two MC12 lithologies. The sediment signature is compared with the pattern of two volcanic provinces (i.e., Okhotsh-Chukotka and
Siberian traps).
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McLennan, 2001), with no significant differences between the two
lithologies (Fig. 4).

The Nd and Pb isotope compositions show a large range of
variations (Fig. 5):�7.9< 3Nd<�12.3, 18.48< 206Pb/204Pb< 19.02,
15.56 < 207Pb/204Pb < 15.64, 38.56 < 208Pb/204Pb < 39.03 (Table 2).
Like the mineral assemblage of the fine fraction, the Nd and Pb
signatures show systematically changes over silicate-rich and
carbonate-rich intervals. All Pb ratios follow similar profiles with
Fig. 5. Evolution of radiogenic isotope ratios versus core depth. 143Nd/144Nd (expressed
as 3Nd ratio) and 207Pb/206Pb are measured on fine <20 mm calcite-free sedimentary
fraction of 12MC core by MCeICP-MS. Data from Table 2. Glacial/interglacial variability
is observed in both isotopic ratios. More negative 3Nd and lower 207Pb/206Pb ratios are
observed during interglacial periods MIS1e3, 5 and 7. The clay mineral assemblage of
12MC, as determined by the Biscaye’s method (1965), is plotted in regard with the
isotopic ratios. Note the enrichment in kaolinite and the relative depletion in illite in
the glacial samples. The scale on the right gives the tentative position of the marine
isotopic stages (MIS).
core depth. When 3Nd values are reported in parallel with the
207Pbe206Pb ratios (Fig. 5), as a general trend, the lower 3Nd values
coincide with the lowest 207Pb/206Pb values. The shifts to lower 3Nd
values are especially marked in the carbonate-rich intervals
attributed to MIS1e3 and MIS5/TII.
5. Discussion

The following discussion is divided into 4 sections. For identi-
fication of the sedimentary supplies to the Central Arctic Ocean we
first characterise the geochemical signatures of the regional geol-
ogy of outcropping terraines surrounding the Arctic Ocean. Second,
we compare our sedimentary data with the signatures of the
regional sources. Third, we define the regional sources and evaluate
their relative contribution over glacial/interglacial within the
sediment. Fourth, implications for the surface circulation in the
Arctic Ocean are considered.
5.1. Characterisation of potential sedimentary sources

Based on a simplified geological map (Fig. 1), we have made for
each regional source a compilation of (i) geochemical trace element
composition (selected spidergrams or REE patterns plotted on
Fig. 4; mean data listed in Supplementary material) and (ii) Nd and
Pb isotope ratios of rocks (sample location, mean 3Nd and
206Pb/204Pb values reported on Fig.6; mean and median data listed
in Table 3). The compilations are based on a literature review (all
references are reported in table captions) and from the database
GEOROC (2003). We have also taken into account the elemental and
isotope composition of the suspended particle matter (SPM) from
the main rivers draining the Arctic margins (Fig. 4). Detailed in-
formation on the characterisation of potential sedimentary sources
is available in Supplementary material.



Fig. 6. Compilation of 3Nd and Pb isotope ratios of rocks, river SPM and surface sediments from the Arctic Ocean and surrounding terraines. Data for land-based rocks from different
tectonic settings are compiled from the GEOROC database (GEOROC, 2003; and references therein) and from the literature (see references in table caption 3). Marine surface
sediment values are from published data (Winter et al., 1997; Eisenhauer et al., 1999; Tütcken et al., 2002; Haley et al., 2008a; Asahara et al., 2012). River water data for Kolyma,
Yenisey and Ob are from Zimmermann et al. (2009) and Porcelli et al. (2009). Values for the MacKenzie and Lena rivers suspended matter are from Millot et al. (2003). On the map,
the first chiffer in the box corresponds to the 3Nd value, the second one to the 206Pb/204Pb ratio. Mean values are reported and/or minimum and maximum values. The map was
drawn using the Ocean Data View.
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5.2. Identification of sedimentary supplies to the Central Arctic
basin

The Pb isotope compositions and the mineral assemblage of
12MC core (Table 2) support the sedimentary contributions from
both American/Canadian and Eurasian margins to the Mendeleev
Ridge sediment cores. In a 207Pb/206Pb vs. 208Pb/206Pb diagram, all
12MC samples define a linear trend (r2carbonate ¼ 0.99;
r2silicate ¼ 0.88), consistent with a two-end-member mixing be-
tween SPM composition of MacKenzie and Lena (Fig. 7a). On one
hand the carbonate-rich samples point towards the MacKenzie
end-member with low 207Pb/206Pb and 208Pb/206Pb ratios. The
mineral assemblages of the carbonate-rich layers highlight a
contribution from the North American and/or Canadian margins to
the Mendeleev Ridge sediment cores. Dolomite, in particular, is a
mineral proxy for the MacKenzie river (Phillips and Grantz, 2001;
Polyak et al., 2007, 2009; Stein et al., 2010) and the Canadian
Arctic Archipelago (Krylov et al., 2008). Likely a kaolinite contri-
bution �20% in 12MC core is also consistent with detrital supplies
by massive iceberg discharge from the Canadian Arctic Archipelago
(Darby, 1975; Krylov et al., 2008). Siberian shelf surface sediments
are characterised by low kaolinite content (�11%, Rossak et al.,
1999; Washner et al., 1999; Visconsi-Shirley et al., 2003). Even
observed in surface Arctic sediments from Franz Joseph Land or
Barents (see surface clay mineral distribution map in Stein, 2008)
kaolinite was only observed in significant proportion (25%) in ice
dust from some North Canadian islands (Ellef Ringnes and Axel
Heiberg islands - Darby et al., 2011).



Table 3
Characterisation of the regional sources classed by geographical sectors. Compilation of [Pb], [Nd] and Pb and Nd isotope ratios from literature and GEOROC (2003) database.
Sources: (1) Dia Hantchi, 2000; (2) Revel et al., 1996; (3) Fagel et al., 2002; (4)Winter et al., 1997; (5) Tütcken et al., 2002; (6) Dupuy et al., 1995; (7) Millot et al., 2003; (8)
Zimmermann et al., 2009; (9) Porcelli et al., 2009; (10) Tikhomirov et al., 2008; (11) Wooden et al., 1993; (12) Mühe et al., 1997; (13) Jicha et al., 2004; (14) Singer et al., 2007;
(15). Patchett et al., 2004; (16) Goldstein et al., 1984.

Area Source Lithology Variable Nb. 208/204 207/204 206/204 208/206 207/206 [Pb] [Nd] [Sm] eNd Ref.

European margin Baltic Shield Craton 15.33 17.79 0.862 �18.0 1
European margin Norway - Caledonian

Crust (SPC)
Crust 19 38.25 15.60 18.45 2.07 0.846 25.0 4.3 �9.8 1,3

European margin Svalbard Crust 58 49.0 �14.6 5
European margin Iceland Volc. 38.03 15.46 18.44 2.06 0.838 12.0 3.8 8.1 1,2
European margin Jan Mayen Seamounts Volc. 38.60 15.51 18.82 2.05 0.824 36.0 7.0 6.0 1
European margin HA LIP, Svalbard Magm. Mean 8 38.22 15.48 18.26 2.09 0.848 3.1 22.4 4.7 5.3 georoc
European margin HA LIP, Franz Josef Land Volc. Mean 37 38.72 15.58 18.97 1.88 0.821 2.3 24.2 6.2 4.4 georoc
Greenland craton Greenland Archean

Craton (GAC)
Craton 11 35.65 14.74 14.91 2.43 1.003 25.0 3.7 �38.4 2,3

Greenland margin East Greenland
PanAfrican Crust (GPC)

Crust 3 38.90 15.59 18.60 2.09 0.839 25.0 4.7 �11.6 1-3

Greenland margin N Greenl., Innutian fold
belt (Proterozoic)

Crust Mean 42 38.31 15.56 18.30 2.09 0.850 8.3 16.4 3.3 �18.3 georoc

Greenland margin N Greenl., Innutian fold
belt (Proterozoic)

Crust Median 42 37.92 15.48 17.95 �16.4 georoc

Greenland margin East Greenland Basalts 38.26 15.50 18.42 2.08 0.841 27.5 6.1 2.0 1
Greenland margin HA LIP, North

Greenland Kap Kane
Volc. Mean 17 39.13 15.53 18.55 2.11 0.837 15.4 58.3 9.1 0.1 georoc

Greenland margin HA LIP, North
Greenland Kap Kane

Volc. Median 17 39.10 15.53 18.53 2.8 georoc

American margin Brooks Range, Alaska Crust Min/max �2/-11 4
American margin Can. Cordillera,

Cenozoic intraplate
volc.

Volc. Mean 186 38.51 15.59 19.05 2.02 0.818 13.1 36.6 7.0 2.0 georoc

American margin Can. Cordillera,
Cenozoic intraplate
volc.

Volc. Median 186 38.46 15.58 19.01 3.0 georoc

American margin Can.Cordillera,
Paleozoic intraplate
volc.

Volc. Mean 88 38.25 15.59 18.78 2.04 0.831 5.0 18.0 4.2 2.0 georoc

American margin Can.Cordillera,
Paleozoic intraplate
volc.

Volc. Median 88 38.12 15.58 18.66 2.6 georoc

American margin Mackenzie River SPM Mean 39.17 15.67 19.39 0.808 28.0 �14.3 7,8,16
Canadian margin NW Canadian Shield Craton Min/max 17/19 �24/-30 4
Canadian margin Canadian Shield

Archean Slave province
Craton Mean 112 5.3 19.2 4.4 �14.0 georoc

Canadian margin Canadian Shield
Archean Slave province

Craton Median 112 �12.3 georoc

Canadian margin Canadian Archipelago
St Patrick Island

Shale Mean 24 30.5 5.7 �9.6 15

Canadian margin Canadian Archipelago
Central Ellesmere

Shale Mean 25 33.1 6.3 �10.7 15

Canadian margin Canadian Archipelago
NE Ellesmere

Shale Mean 9 30.2 5.5 �12.7 15

Canadian margin HA LIP, Natkusiak flood
basalt

magm. Mean 9 38.71 15.55 18.55 0.839 10.6 3.3 2.2 6

Canadian margin HA LIP, Natkusiak flood
basalt

magm. Median 9 38.79 15.56 18.65 0.834 10.5 3.1 2.4 6

Canadian margin HA LIP, Natkusiak flood
basalt

Magm. Min 9 38.39 15.52 17.99 0.863 �4.0 6

Canadian margin HA LIP, Natkusiak flood
basalt

Magm. Max 9 39.05 15.61 19.01 0.821 5.8 6

Canadian margin HA LIP Coronation Gulf Volc. Mean 4 11.7 3.5 5.2 georoc
Canadian margin HA LIP Coronation Gulf Volc. Median 4 3.8 georoc
Eurasian margin Siberian craton, Aldan Craton Mean 16 37.47 15.38 17.27 2.17 0.891 12.3 28.0 5.7 �16.9 georoc
Eurasian margin Siberian craton, Aldan Craton Median 16 37.47 15.38 17.27 �14.4 georoc
Eurasian margin Siberian craton, Anabar Craton Mean 4 130 22.0 �4.7 georoc
Eurasian margin Siberian craton, Anabar Craton Median 4 �4.7 georoc
Eurasian margin Lena river SPM 38.35 15.53 18.19 0.854 21.1 �13.6 7,9
Eurasian margin Kolyma river SPM �6.0 9
Eurasian margin Ob river SPM �6.1 9
Eurasian margin Yenisey river SPM �5.2 9
Eurasian margin Eurasian shelf

sediments
Crust Mean 31 21.0 �10.3 5

Eurasian margin North-Central Siberia Crust Min/max 17/17.6 �10/-20 4
Eurasian margin West Laptev Shelf Crust Mean 3 �9.4 5
Eurasian margin East Laptev Shelf Crust Mean 3 �12.2 5
Eurasian margin Novaya Zemlya - Shelf Crust Mean 6 22.0 �6.4 5
Eurasian margin North-East Siberia Crust Min/max 18.1/18.9 4
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Table 3 (continued )

Area Source Lithology Variable Nb. 208/204 207/204 206/204 208/206 207/206 [Pb] [Nd] [Sm] eNd Ref.

Eurasian margin Siberian Traps Basalt Mean 20 38.18 15.51 18.38 0.844 17.4 4.1 �3.4 11
Eurasian margin Siberian Traps Basalt Median 20 38.17 15.51 18.47 0.840 14.0 3.6 �3.1 11
Eurasian margin Siberian Traps Basalt Mean 97 38.22 15.52 18.44 2.07 0.842 3.56 23.9 5.6 �2.1 georoc
Eurasian margin Siberian Traps Basalt Median 97 38.20 15.52 18.50 �0.1 georoc
Eurasian margin Siberian Traps Volc. Mean 280 37.93 15.33 18.25 2.08 0.840 5.26 44.0 7.6 �1.4 georoc
Eurasian margin Siberian Traps Volc. Median 280 38.22 15.52 18.52 �0.7 georoc
Eurasian margin Kamchatka Volcanic

Province
Basalt Mean 172 37.97 15.48 18.29 2.08 0.847 3.83 15.5 4.1 8.2 georoc

Eurasian margin Kamchatka Volcanic
Province

Basalt Median 172 37.92 15.48 18.28 8.6 georoc

Eurasian margin Kamchatka Volcanic
Province

Volc. Mean 362 37.94 15.48 18.27 2.08 0.847 6.14 17.3 4.5 8.2 georoc

Eurasian margin Kamchatka Volcanic
Province

Volc. Median 362 37.975 15.50 18.3 8.6 georoc

Eurasian margin Okhotsk-Chukotka
volcanic belt

Basalt Min 8 38.21 15.55 18.82 0.826 31.0 6.7 �5.0 10

Eurasian margin Okhotsk-Chukotka
volcanic belt

Basalt Max 8 38.91 15.62 19.02 0.822 67.0 12.1 �3.6 10

Eurasian margin Okhotsk-Chukotka
volcanic belt

Basalt Mean 8 38.70 15.60 18.93 0.824 46.1 8.6 �4.4 10

Eurasian margin Okhotsk-Chukotka
volcanic belt

Basalt Median 8 38.78 15.61 18.95 0.824 41.0 7.8 �4.7 10

Eurasian margin Okhotsh-Chutoka
Volcanic Province

Volc. Mean 54 38.11 15.47 18.30 2.08 0.845 12.8 31.6 6.3 �1.0 georoc

Eurasian margin Okhotsh-Chutoka
Volcanic Province

Volc. Median 54 37.95 15.42 18.26 2.2 georoc

Eurasian margin LIP, Chukchi Peninsula Magm. Mean 4 6.3 15.4 3.9 1.0 georoc
Eurasian margin LIP, Chukchi Peninsula Magm. Median 4 0.9 georoc
Arctic Ocean Gakkel ridge Basalt 37.65 15.42 18.09 0.853 12.3 3.7 7 12
Pacific Ocean Aleutian Arc Basalt Min 38.12 15.51 18.62 0.833 15.4 15.5 6.0 13,14
Pacific Ocean Aleutian Arc Basalt Max 38.59 15.62 18.98 0.823 22.1 34.2 9.0 13,14
Pacific Ocean Aleutian Arc Basalt Mean 38.37 15.56 18.83 0.826 11.2 4.8 7.3 13,14
Pacific Ocean Aleutian Arc Basalt Median 38.40 15.57 18.85 0.826 9.7 3.2 7.3 13,14
Pacific Ocean Aleutian Arc Volc. 38.32 15.55 18.77 2.04 0.829 6.50 15.9 4.5 6.3 georoc
Pacific Ocean Aleutian Arc Basalt 38.41 15.57 18.85 2.04 0.826 4.8 14.5 4.7 7.2 georoc
Pacific Ocean Bering Sea basalt

province
Volc. Mean 8 38.10 15.50 18.37 1.42 0.844 12.0 3.2 7.3 georoc

Pacific Ocean Bering Sea basalt
province

Volc. Median 8 38.04 15.50 18.42 7.3 georoc
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On the other hand in the 207Pb/206Pb vs. 208Pb/206Pb diagram the
silicate-rich samples point towards the Lena end-member with
more radiogenic 207Pb/206Pb and 208Pb/206Pb values. Punctual
supplies from the Eurasian margin are consistent with spike oc-
currences of amphibole, a mineral proxy for East Siberian and
Eastern Laptev seas (Krylov et al., 2008), probably related to IRD.
Within the clay mineral assemblage the low averaged smectite
content (�12%) in 12MC core agrees with Siberian supplies and
discounts contributions from the smectite-richWestern Laptev and
the Chukchi seas (Washner et al., 1999; Schoster et al., 2000;
Visconsi-Shirley et al., 2003).

In a 3Nd-207Pb/206Pb diagram (Fig. 7b) the 12MC signatures
point towards an additional end-member characterised by less
negative 3Nd values than the Mackenzie and Lena SPM. Among the
numerous volcanic provinces surrounding the Arctic Ocean (Fig. 1)
the volcanic Okhotsh-Chukotka province is retained as the most
probable candidate since the Okhotsh-Chukotka and the Siberian
Traps are characterised by the 3Nd values closer to the isotopic
composition of MC12 sediments (Fig. 7b). In addition, the pro-
nounced LREE depletion observed for the Siberian traps and the
Khatanga river SPM suggests that the Siberian traps do not
contribute significantly to the sediment composition of the Men-
deleev Ridge in the Central Arctic Ocean (see Fig. 4, data in
Supplementary material). Eolian supply from the Kamchatka and
the Aleutian Arc is unlikely because of their strong LREE depletion
(Fig. 4). The Okhotsh-Chukotka spidergram pattern, with Ba and
NbeTa depletion and LREE, Th, U and Pb enrichments, mimics the
patterns of the MC12 sediment samples (see upper panel in Fig. 4).
Finally due to its location, the weathering of the Okhotsh-Chukotka
province delivers particle material to the East Siberian Sea through
the drainage of Siberian rivers like Kolyma, Indigirka (Fig. 6). Such
provenance is in agreement with the mineral assemblage (i.e., trace
of amphibole in sand and/or coarse silt fraction, and smectite-poor
clay fraction). It is notable that the average 3Nd signal of the Sibe-
rian river estuaries may not be used to discriminate the supplies
from the Lena and the Indigirka (Guo et al., 2004) and we do not
find any trace element composition of those rivers in literature
(only major element data in Hugh et al., 1998; trace metal elements
in Guo et al., 2004).

5.3. Evolution of sedimentary supplies over time

We interpret the changes in Nd and Pb isotope signatures (Fig. 5)
in the different MIS by changes in the relative contribution of three
main sources in the sedimentary mixing supplied to theMendeleev
Ridge. Since 3 end-members are identified (SPM MacKenzie, SPM
Lena/Siberian craton, Okhotsh-Chukotka province), we then esti-
mate their relative contributions within the sedimentary mixings.
A mixing grid was calculated based on the mean Pb and Nd con-
tents, 207Pb/206Pb and 143Nd/144Nd compositions of the end-
members (Fig. 8). For each grid point we calculate the 207Pb/206Pb
and 143Nd/144Nd of themixing for a given contribution of the 3 end-
members (Faure, 1986). In fine sediment fraction of 12MC core
(Fig. 8) the contribution from MacKenzie that represents the sup-
plies from the North American and/or the Canadian margin ranges
between 25 and 70%. The lowest contributions characterise the two



Fig. 7. aBiplot 207Pb/206Pb versus 208Pb/206Pb measured on fine <20 mm calcite-free
sedimentary fraction of 12MC core by MCeICP-MS. All samples define a linear trend
(0.88 in silicate layers < r2 < 0.99 in carbonate layers). The carbonate-rich samples
(pink dot) systematically display lower Pb ratios. The silicate-rich samples are more
scattered, they usually represent higher Pb ratios. The isotopic signature of regional
sources is also plotted (data from Table 3). The sediment composition may be
explained by a two-end-member mixing between the two Arctic margins. The
MacKenzie SPM signature represents the supplies from the American margin; they
dominate the sedimentary mixing in carbonate-rich 12MC samples. The Lena SPM
signature represents the supplies from the Siberian margin, being more important in
the silicate-rich samples. Note the representative signature of the Siberian craton also
fits with the observed mixing line. b. Biplot 3Nd versus 207Pb/206Pb ratios measured on
fine <20 mm calcite-free sedimentary fraction of 12MC core by MC-ICP-MS. The same
symbols as in Fig. 7a are used: pink dot ¼ carbonate-rich sample; blue dot ¼ silicate-
rich sample. Open red circle: interglacial samples; open blue circle: glacial samples. We
report the minimum, maximum and/or the mean values for regional sources. Data
from GEOROC (2003) database and from literature are listed in Table 3.
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glacial stages MIS4 and MIS6. The interglacial/deglacial periods
MIS1e3, 5/TII and 7/TIII are characterised by at least 50% of supplies
from MacKenzie, with the highest contribution observed during
MIS1e3 (w70%). The volcanic supplies contribute between 20 and
55% of the mixing. Its contribution remains stable (30e40%) from
MIS7/TIII to MIS5/TII, it reaches a maximum during MIS4 then
decreases towards the surface (20e30%). The Lena contribution
represents a Eurasian margin supply, mainly from the Laptev Sea. It
is low during MIS7/TIII (10e20%), reaches up to 40% during MIS6
and then decreases towards the surface.

5.4. Implication for the circulation of the Arctic Ocean

Sediment distribution from continental margins through the
Arctic Ocean is mainly due to sea-ice and icebergs, with pathways
defined by surface currents (Pfirman et al., 1997). In deep Arctic
waters, sea-ice is probably the most important sediment carrier
(Eicken et al., 2005; Schmitt, 2007), especially for clays and silts
(Wollenburg,1993; Dethleff, 2005). Stein (2008) estimated that 85%
of the sediment on the Central Arctic ridge is supplied by sea-ice.
However, glacial flour from meltwater events from ice-sheet mar-
gins can also be responsible for the transport of fine particles. Even
if Arctic rivers transport large amounts of dissolved and particulate
material onto the shelves, these materials are further transported
by sea ice, icebergs and turbidity currents towards the open ocean.
Thus, fine grain size material with a fluvial signature contributes a
major proportion to the entire Arctic Ocean sediment. Finally, fine
grained particles may be transported bywind into the Arctic Ocean,
but the proportion of the eolian derived sediment to the Central
Ocean has been shown to be very limited (Stein, 2008). In core
12MC, 60e80% of the sediment, corresponds to the size fraction
<20 mm, which suggests that sea-ice is one of the main transport
agents for the sediment at these sites. Dolomite clasts, sandy layers
and occurrence of amphibole attest that icebergs can also play a
role in sediment transport. However the fine mean grain size of
core 12MC rules out anymajor contribution. Sea ice can incorporate
sediment following two entrainment processes known as frazil ice
and anchor ice. However anchor ice entrainment can be recognized
in dirty ice by the presence of benthic shells or other particles much
larger than 30e60 mm (Darby et al., 2011). Then the mean grain size
of sediment from core 12MC suggests that frazil ice is the main
transport agent for the sediment from the Central Arctic Ocean.

Since we analysed the smallest size fraction (<20 mm), which is
mainly transported by sea-ice and wind, we can not discuss the IRD
origin and ice-sheet evolution. Using Nd and Pb isotope signatures
of the <20 mm sediment, we proposed that this fraction has three
different and well define sources that reach the Northern Mende-
leev Ridge. The three sediment sources, SPM from the MacKenzie
river, SPM from the Lena river/Siberian craton, Okhotsh-Chukotka
province, are the same during past 250 ka. Only the proportion of
each source changes over time, according to glacial/interglacial
variability. During MIS1e3/TI, MIS5/TII and MIS7/TIII the propor-
tion of each source is generally constant, however the two glacial
periods MIS4 and MIS6 present different sedimentary mixing be-
tween each other and during interglacial/deglacial periods.

MIS7/TIII and MIS5/TII sediments are characterised by similar
mixings (40e50% from American and Canadian margins, 30% from
volcanic province, 10e20% from Eurasianmargin). TheMIS5/TII and
MIS7/TIII, which mainly correspond to the deglacial periods are
characterised by dolomite-rich samples, with a geochemical
signature of the North American margin. This fine sediment supply
seems to be related to meltwater events from the North American
ice-sheet or SPM of the Mackenzie, and its dispersion occurs via the
BG. The sedimentary contribution from volcanic province and Lena
area suggest some active sea ice factory along the Eurasian margin.
During deglacial and interglacial periods, the TPD contribution is
diluted by the BG contribution. The more pronounced contribution
from American margin during MIS1e3 (Fig. 8) suggests an unusual
situation. At that time the location of the BG/TPD may be slightly
different than during previous interglacials MIS5 and MIS7 in
agreement with Stein et al.’s (2010a) reconstructions of the BG/TPD
front.



Fig. 8. Left panel. Estimated relative contribution of the three identified end-members reported versus 12MC sample depth. North American margin supplies are represented by the
MacKenzie SPM signature (data from Golstein et al., 1984; Millot, 2002; Millot et al., 2004), the crustal Eurasian margin supplies by the Lena SPM signature (data from Rachold, 1999;
Millot et al., 2003; Porcelli et al., 2009) and the volcanic province by the Okhotsh-Chutoka Arc (data from Porcelli et al., 2009). Mixing calculation is based on the mean [Nd], [Pb],
3Nd and 207Pb/206Pb ratios of the three end-members. The scale on the right gives the tentative position of the marine isotopic stages (MIS). Right panel. Ten %- increment mixing
grid (plain line) used to estimate the relative contribution of the three end-members in each MC12 samples. A mixing grid taking into account the Siberian craton (data from
GEOROC, 2003 database) rather than the Lena SPM is shown for comparison (dashed line). See text for further explanation.
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During MIS6 a significant drop in sea level (w�90 m Rabineau
et al., 2006) exposes much of the continental shelf and closes the
Bering Strait, with consequence on the surface circulation (Sellen
et al., 2010). The North American Ice Sheet is assumed to be as
extensive as the Late Weichselian one with ice sheet margins
extending as far as the Western part of the Canada Basin and in the
elevated feature of the Chuckhi Sea (Jakobsson et al., 2010b). In the
Eurasian margin, the extent of the Eurasian Ice Sheet is even much
less constrained (see discussion in Dowdeswell et al., 2010). Based
on recent studies (Colleoni et al., 2010; Stein et al., 2010a; Jakobsson
et al., 2010b; Gebhardt et al., 2011) it is accepted that the Eurasian
Ice Sheet extended onto Severnaya-Semlya islands and further east
in the Laptev Sea. However the presence of an ice sheet in the
Indigirka and its region, reaching the Arctic Ocean in the Eastern
part of the Laptev sea is much more uncertain (Stein et al., 2010,
Fig. 6.41). Based on the mineral assemblage and geochemical data
of the 12 core, we observe limited supplies (25%) from North
American margin and from the Okhotsh-Chukotka province (25%)
to the sedimentary mixings, whereas approximately 50% of sedi-
ment supply comes from the Lena/Siberian craton. Such minimal
contribution from the MacKenzie is consistent with the more
pronounced glacial conditions on the American margin during
MIS6 (Jakobsson et al., 2010b). The MacKenzie Delta is reduced or
not active anymore during glacials. At that time the presence of ice
shelves along the Amerasian margin limits the contribution of the
Beaufort Gyre. The North American supplies are only delivered to
the Central Arctic Ocean from the erosion of the Canadian Arctic
Archipelago. Such supplies, probably controlled by the ice shelf
extent, are evidenced by their kaolinite-rich mineral assemblage. In
contrast, the East Siberian margin may remain ice sheet free even
during the maximum extension of the Eurasian Ice Sheet observed
during MIS6 (Svendsen et al., 2004). Siberian shelves are the main
site of sea-ice production (Nürnberg et al., 1994; Dethleff, 2005;
Sellen et al., 2010). According to several studies (Bischof and
Darby, 1997; Krylov et al., 2008; Darby, 2008) Late Pleistocene sea
ice drifting from the Siberian margin remains similar as modern
TPD. Due to the absence of large ice shelves in East Siberia, particle
supplies from East Siberian rivers (e.g. paleo delta for LGM in
Taldenkova et al., 2010) may be incorporated in circulation,
following sea ice drift (Stein et al., 2010) and explain the contri-
bution from Okhotsh-Chukotka volcanic province.

The sediments from MIS4 are characterised by approximately
30% from the Amerasian margin, 40e55% from the Volcanic prov-
ince and 15e30% from the Eurasian margin. Then the principal
sediment source is the Okhotsh-Chukotka volcanic province, indi-
cating that a supply from East Siberian rivers are incorporated and
transported in sea ice. The higher proportion of the volcanic
province signature can be related to an increase of this sedimentary
supply or to a decrease of the two other sources in comparison to
MIS6. Less is known about the ice sheet extent during the MIS4 in
the Amerasian margin. In the Eurasian Basin, Svedsen et al. (1999)
have published a map of maximum ice sheet extent on the Siberian
shelf for MIS4. More recently the distribution of seismic units in the
late Quaternary sedimentary succession along the Western Laptev
Sea margin indicates the occurrence of an ice sheet grounding line
near the shelf break that was attributed to a maximumWeischelian
ice sheet extent during MIS4 (Kleiber et al., 2001a,b). The Eurasian
Ice Sheet reached the Severnaya-Semlya islands but no sign of a
further advance in the Laptev Sea like during MIS6 is observed
(Svendsen et al., 2004). In addition, the sea level was higher during
MIS4 (w�65 m; Kleiber et al., 2001) than during MIS6 (w�90 m;
Rabineau et al., 2006). Since this change is observed in the finer size
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fraction, we propose that the decrease of the sedimentary supply
from the Canadian margin and from the Lena area is responsible for
the change in sedimentary supply proportion between MIS6 and
MIS4. The presence of larger shelves could be responsible to a more
limited dispersion of the sediment in the Central Arctic Ocean.

6. Conclusion

Mineralogical, geochemical and Nd and Pb isotope data of the
fine sediment fraction (<20 mm) of deep cores have enabled the
identification of the main sedimentary sources delivered to the
Central Arctic Ocean during the late Quaternary period. The three
sediment sources, SPM from the MacKenzie river, SPM from the
Lena river/Siberian craton, Okhotsh-Chukotka province, are
continuously maintained during the past 250 ky. However the
relative contribution of the sedimentary supplies exhibit pro-
nounced glacial/interglacialedeglacial changes. Taking into ac-
count the actual surface current distribution, most American
margin supplies are delivered to the Central Arctic Ocean by the
Beaufort Gyre (BG). Assuming that all volcanic supplies originated
from East Siberia are mainly delivered by rivers and then sea ice,
both the volcanic and Lena contribution are delivered to the East
Siberian and Laptev seas, mainly feeding the Trans Polar Drift (TPD).
The evolution of sedimentary mixings may be interpreted by the
relative contribution of the two main surface currents to particle
delivery to the Central Arctic Ocean. Supplies from the American
margin indirectly represent the main source of particle transport by
the BG. Supplies from the Eurasian (East Siberia) margin reflect the
main source of particle transport by the TPD. During active glacial
periods, our data suggest that at least 70% of the sediment particles
delivered to the Central Arctic Ocean are driven by TPD. During
deglacial events, our data emphasise a dramatic reduction of the
TPD contribution (down to 30%) in the sediment transport to the
Northern Mendeleev Ridge.
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