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AVANT-PROPOS

La recherche présentée dans ce mémoire porte sur I'étude de six
carottes sédimentaires (PS87/023-2, PS87/030-3, PS87/055-1,
PS87/070-3, PS87/079-3, PS87/099-4), prélevées lors de
I'expédition PS87 a bord du navire de recherche allemand RV
Polarstern a I'été 2014. Les détails de I'expédition se trouvent dans
le rapport d’expédition (Stein, 2015). Dans le cadre de cette étude,
le contenu sédimentaire et biogénique de ces carottes a fait |'objet
d’analyses minéralogiques, sédimentologiques, palynologiques
micropaléontologiques, et géochimiques, conduites a I'UQAM, et de
datations au radiocarbone, conduite au laboratoire A.E. Lalonde de
I'Université d’Ottawa. L'analyse minéralogique par diffraction aux
rayons X a été menée par Michel Preda, I'analyse palynologique des
carottes a été réalisée par Anne de Vernal, les analyses
géochimiques ont été conduites par Agnieszka Adamowicz avec
I'aide de Jean-Francois Hélie, les datations au radiocarbone, sur
I'accélérateur de particules, a été dirigée par le Dr. Xiaolei Zhao et

les analyses ?°Ra et *°Th ont été faites par Bassam Ghalem.

Le mémoire a été construit autour d’un article scientifique qui sera
soumis a la revue Marine Geology au courant de I'année 2019. Le
contenu de l'article, rédigé en langue originale anglaise suivant les

directives de la revue, est présenté dans le Chapitre 1.
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RESUME

Au cceur de l'océan Arctique se dresse une dorsale sous-marine
parcourant plus de 1800 kilomeétres depuis les mers de Laptev et de
Sibérie orientale jusqu’au nord du Groenland et de lI‘archipel
arctique canadien: la ride de Lomonosov. Située a la confluence des
courants de la dérive transpolaire (TPD) et de la gyre de Beaufort,
la région se caractérise par une couverture de glace de mer
pluriannuelle. L'analyse a haute résolution de 6 carottes prélevées
en 2014 lors de |'expédition PS87 du RV Polarstern a été entreprise
dans le but de caractériser et quantifier la composition ainsi que les
flux sédimentaires le long de la ride de Lomonosov a la fin du
Quaternaire. Les mesures effectuées incluent des datations au
radiocarbone par spectrométrie de masse (AMS) de carbonates
biogéniques, une analyse de l'activité des isotopes des séries de
I'uranium (Pb-Ra-Th) par comptage alpha (*'°Pb) et gamma (**°Ra)
et par MC-ICPMS (#°Th), des analyses granulométriques au
granulométre laser, minéralogiques par diffraction au rayons X
(XRD), et géochimiques (C, N, d'3Corg) sur analyseur élémentaire
et spectrométrie de masse.

Les résultats d’analyse mettent en relief des régimes sédimentaires
fortement contrastés permettant d’identifier deux zones distinctes:
I'une marquée par des apports dolomitiques et de tres faibles flux
sédimentaires a l'ouest de la ride de Lomonosov et I'autre marquée
par des flux sédimentaires plus élevés au sud-est de la ride de
Lomonosov. L'étude révele également des bioturbations et une
diffusion du 2*Ra dans les sédiments de surface, rendant
impossible le calcul des flux sédimentaires récents par le biais de la
séquence de décroissance radioactive 2*®Ra-?!°Pb. L’analyse au
radiocarbone fournit ici une estimation des Vvitesses de
sédimentation au cours des derniers ~40 ka, allant de >30 mm.103
an’! dans le secteur sud-est & ~5.3 mm.10° an® & l'ouest. Issus
principalement du dépot de débris de délestage transportés par la
glace de mer, les sédiments ont enregistré |'histoire glaciaire
récente de l'océan Arctique et rendent compte du réle majeur de la
dynamique de glace de mer le long de la ride de Lomonosov.
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MOTS-CLES: océan Arctique, Lomonosov, Quaternaire, glace de
mer



INTRODUCTION

Dans un contexte de réchauffement climatique, affectant I'Arctique plus
rapidement et séverement que les autres régions de la planete (A.C.I.,
2004), le role que peut avoir I'océan Arctique dans la régulation du climat
global (CliC/AMAP/IASC, 2016), notamment via le couvert de glace et les
bilans d’eau douce et donc la circulation thermohaline, revét une importance
considérable. L'un des facteurs déterminant des bilans de chaleur terrestre
est |I'’étendue du couvert de glace de mer. La diminution de I'’étendue de
glace de mer en Arctique influe sur l'albédo et serait a l'origine de
rétroactions positives responsables de |I'amplification arctique (Screen and
Francis, 2016; Kumar et al., 2010). Bien que |'étendue de glace de mer
arctique fasse aujourd’hui l'objet d’un suivi régulier, ses variations avant la
période d'observations par satellites restent incertaines. Or, il est possible de
retracer I'histoire du transport des sédiments via la dérive des radeaux de
glace par |'étude des enregistrements sédimentaires, soit des vitesses de
sédimentation et de la provenance des matériaux détritiques, sur le plancher

océanique.

Dans cette optique, des études assez récentes portant sur la sédimentation
récente au centre de la ride de Lomonosov ont mené a des estimations des
vitesses de sédimentation de I‘ordre de 1 & 3 cm.103 an™ par le biais de
différentes techniques de datation géochronologiques, telles que I'analyse
des propriétés physiques des sédiments (Sellén et al., 2010; Jakobsson et
al., 2000; O'Regan et al., 2008), la luminescence optique (Jakobsson et al.,

2003), l'usage de marqueurs biostratigraphiques (Backman et al., 2004) et



de mesures °Be/°Be (Backman et al., 2008; Frank et al., 2008). Des études
antérieures, dans des régions voisines, ont livré des estimations plus faibles
de 0,2 a 0,3 mm.103 an! sur la base de mesures du thorium-230 (Cranston,
1997; Huh et al., 1997) variant de 1.5 & 3 mm.103 sur la ride de
Mendéléiev (Figure 1.1) a partir de l'analyse de radionucléides naturels
(%1%Pb, *?°Ra et 23°Th; Not et al., 2008; 2010). Bien que ces études révélent
d'importantes disparités, selon les approches méthodologiques utilisées, il
est important de s’attarder aux différences régionales liées a I’'hydrographie
et aux trajectoires des radeaux de glace via les courants, lesquels pourraient

étre a l'origine des écarts observés.

Située au centre de l'océan Arctique et soumise a l'action d’importants
courants de surface, tels que la dérive transpolaire (TPD) et la gyre de
Beaufort, la ride de Lomonosov occupe une situation stratégique pour I'étude
de la dynamique de la glace de mer. Afin de mesurer les flux sédimentaires
récents le long de la ride de Lomonosov et ainsi de retracer I'étendue du
couvert de glace, I'étude détaillée de six carottes sédimentaires prélevées au
cours de I'expédition PS87 a bord du RV Polarstern (Stein et al., 2015) a été
entreprise. Les sites d'étude (Tableau 1.1) sont situés le long d’un transect
allant de l'ouest (Nord du Groenland) vers l'est (Mer de Laptev) sous une
couverture de glace de mer pérenne, selon le recensement sur I'étendue
médiane de septembre de 1979-2000 (NSIDC, 2012a). Cependant, le
secteur est de la zone d’étude a été marquée, de fagon exceptionnelle, par
des conditions océaniques libres de glace en septembre, en 2007 et 2012
(NSIDC, 2012b).

Dans le cadre de mon travail de maitrise, des analyses granulométriques,
minéralogiques, sédimentaires et géochimiques (C, N, 3!3C) ont été menées

afin d'évaluer la nature et l'origine des sédiments et d’améliorer les



connaissances en ce qui a trait a la dynamique de la glace de mer dans
I‘'océan Arctique au cours des derniers milliers d’années. De plus, des profils
210pp et 14C ont été dressés afin d’estimer les flux sédimentaires. L'article qui
suit présente les résultats d’'analyses ainsi que les conclusions obtenues au

terme de cette recherche.
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ABSTRACT

We report here on sedimentary and geochemical properties of six short
sequences collected during the 2014 RV Polarstern expedition PS87 along
the Lomonosov Ridge with the objective to characterize and quantify
sediment composition and accumulation rates within the *C-dating range of
the late Quaternary. Centimeter-thick samples were collected continuously
for the measurement of **C in biogenic carbonates, wherever available, #°Pb
in bulk sediment, as well as grain size, organic vs inorganic carbon and
nitrogen contents, and mineralogy. Occurrences of detrital dolomite from the
Canadian Arctic Archipelago and Beaufort Sea area characterize low
sedimentation rate sequences of the westernmost section of the Ridge,
whereas order(s) of magnitude higher deposition rates of siliciclastic
sediments are observed in its eastern sector. In the lowest sedimentation
rate core from the western sector, the distribution of downcore 21°Pb is
tightly controlled by bioturbation processes down to ~ 2 cm, then by 2*°Ra
diffusion down to ~ 8 cm downcore, hampering the use of the %?°Ra-?!°Pb
radioactive system for the calculation of recent sedimentation rates. AMS-14C
provide reliable radiometric ages below the mixed layer. First order
estimates of sedimentation rates during the last ~ 40 kyr, range from > 30
mm.kyr? in the easternmost sector, to ~ 5.3 mm.kyr! westward, hence
illustrating more than one order of magnitude difference in accumulation
rates, mostly linked to ice-rafting deposition by the Trans-Polar Drift, along
the Ridge. Cores spanning the Last Glacial Maximum depict a sedimentary
gap during this interval, as generally observed in low sedimentation rate

sites of the central Arctic Ocean. Combining sedimentological and



geochemical features, one may infer a major role of sea ice dynamics over
the Ridge.

Keywords: Arctic Ocean, Lomonosov Ridge, Quaternary, Sea-Ice



1.1. Introduction

Located in the middle of the Arctic Ocean, the Lomonosov Ridge
represents one of the sites where complex sea-ice dynamics and
deep-water exchanges affect the global oceanic circulation (McPhee
et al., 2009; Bjork et al., 2007). The analysis of sedimentary
sequences from the Lomonosov Ridge may thus help assessing
sediment transport and sea-ice regime changes through time, and
documenting their linkage with the Earth’s climate and polar

amplification (Screen and Francis, 2016; Kumar et al., 2010).

Recent studies of Quaternary sediments from the central part of the
Lomonosov Ridge provided estimate of sedimentation rates in the
order of 1-3 cm.kyr? using different geochronological approaches
such as the analysis of sediment physical properties (Sellén et al.,
2010; Jakobsson et al., 2000; O'Regan et al., 2008), luminescence
(Jakobsson et al., 2003), biostratigraphic markers (Backman et al.,
2004), and '°Be/°Be age models (Backman et al., 2008; Frank et
al., 2008). Other studies in nearby regions estimated rates ranging
from 0.2-0.3 mm.kyr! in the Amerasian Basin (Figure 1.1) based
on thorium-230 and pore water chemistry methods (Cranston,
1997; Huh et al., 1997), 1.5-3 mm.kyr! on the Mendeleev Ridge
(Not et al., 2008, 2010), and ~ 4.3 mm.kyr! on the central
Lomonosov Ridge (Hillaire-Marcel et al., 2018) (Figure 1.1) using
age models based on the decay of excesses in natural radionuclides
(?1%pb,20Th). Although these studies disagree on depositional rates,

regional differences linked to hydrographic setting could also play



some role on such discrepancies, thus requiring more exhaustive

investigations.

In the aim of documenting the recent sedimentary fluxes along the
Lomonosov Ridge, we undertook the study of a series of six cores
collected during expedition PS87 of the RV Polarstern (Stein et al.,
2015). The study sites (Table 1.1) are located along a transect from
West, off Greenland, to East in the Laptev Sea. They are mostly
located under perennial sea ice according to the September median
extent of 1979-2000 (cf. National Snow and Ice Data Center)
although the southeasternmost sites of the Laptev Sea have
experienced exceptional sea ice-free conditions in 2007 and 2012
(Figure 1.1). Sedimentary analyses along with geochemical
analyses were carried out to assess the nature, origin and
depositional rates of sediments to better understand the sea ice

dynamics in the area during the late Quaternary.

1.2. Oceanographic setting of the Lomonosov Ridge

The Lomonosov Ridge is an underwater ridge of continental crust
that stretches East-West at 500 m to >2000 m water depth over
1800 km in the center of the Arctic Ocean (Jakobsson et al., 2012),
from the Laptev and East Siberian seas to the Canadian Arctic
Archipelago and Northern Greenland (Figure 1.1). It separates the
Eurasian basin, connected to the North Atlantic, from the
Amerasian basin, where surface waters circulate along the Beaufort
Gyre (Figure 1.1). Over the Lomonosov Ridge, the Transpolar Drift

(here-after TPD) carries Eurasian detrital material via sea-ice export



from the continental shelf of Russia through the eastern Arctic and
Fram Strait (e.g., Maccali et al., 2018; Hillaire-Marcel et al., 2017;
Not & Hillaire-Marcel, 2011). In this large region, the atmospheric
circulation patterns, which drive surface ocean currents and sea-ice
motion in the Arctic Ocean, are controlled by variations in the
strength of the polar vortex and gradients in sea-level pressures.
Various modes of atmospheric variability have been described in
the Arctic: the Arctic Oscillation (AO; Rigor et al., 2002; Thomas
and Wallace, 1998), the more polar-centric Arctic Ocean Oscillation
(AOO; Proshutinsky and Johnson, 1997) and the dipole anomaly
characterized the development of high and low pressure centers
over the Arctic (Wu et al., 2006). The interplay between AO, AOO
and dipole anomaly is complex, but these modes of variability are
translated into variations in cyclonic and anticyclonic circulation
over the Arctic, thus regulating strength and trajectories of the
Beaufort Gyre and TPD, which respectively recirculate sea ice in the
Arctic and export sea ice to the North Atlantic. In the scheme
proposed by Proshutinsky et al. (2002), cold Arctic conditions
correspond to a strong anticyclonic circulation (positive AOO) over
the Arctic, thus resulting in enhanced size and strength of the
Beaufort Gyre, which then reaches the Lomonosov Ridge. In
contrast, the cyclonic circulation regime (negative AOO), fostered
by low sea-level pressure in the Arctic, is characterized by inflow of
warm air from the North Atlantic and accompanied by dominant
TPD and southward sea ice export through Fram Strait. Hence, the
Lomonosov Ridge is located in a critical center of action for what

concerns the Arctic Ocean cyclonic/anticyclonic circulation and sea
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ice drift pattern, which in turn play a role on the freshwater budget
in the Nordic Seas and North Atlantic thermohaline circulation (e.qg.,
Dickson, 1999).

1.3 Material and methods

1.3.1 Study sites

Box cores and multicores used in the present study are localised in
Figure 1.1 and Table 1.1. Box cores were sliced at 1 cm intervals
and multicores were sampled by extrusion at 1 cm intervals. All

samples were stored in a cold room before being processed.

1.3.2 Radiocarbon analysis

Planktic foraminifer tests of Neogloboquadrina pachyderma (Np)
were hand-picked in the 150-250 pm fraction for radiocarbon
dating at the Accelerator Mass Spectrometry (AMS) facility of the
A.E. Lalonde Laboratory at the University of Ottawa. The detection
limit of radiocarbon at the A.E. Lalonde AMS laboratory during
measurements corresponded to ~ 46 kyr ago. Measurements were
made on subsamples containing >10 mg of biogenic carbonate.
Results were normalized with respect to the reference material
Oxalic II (F14C=1.34) and the ages were calculated using the Libby
14C half-life of 5568 years. The errors quoted for 1*C ages represent
one standard deviation (£1 sigma). A delta R (AR) of 440 + 138
years was applied using reference data from the Canadian Arctic as
reported in the marinel3 reservoir database (Reimer et al., 2013).
Such a AR is compatible with the highest values reported by

Coulthard et al. (2010) from measurements of recent shells
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collected in the Canadian Arctic, but it is lower than what proposed
Hanslik et al. (2010) based on correlations in Arctic cores. The
calibration to calendar ages was performed using the OxCal v4.2.4
software (Ramsey, 2009). The results are reported in Figure 1.2
and Table 1.2 with a 95% confidence interval (2 sigma). Mean
sedimentation rate estimates were obtained using linear

interpolation between calibrated '*C ages.

1.3.3 Carbon and nitrogen analyses

The carbon (organic and inorganic) and nitrogen contents were
measured on dried bulk sediments at 1 ¢cm intervals in the upper 12
cm of all study cores to document recent changes in biogenic
fluxes. The total carbon and total nitrogen concentrations were
measured on untreated samples with a Carlo Erba™ NC 2500
elemental analyzer. Results for total carbon (Ci:), total nitrogen
(N¢ot), carbonates (CaCOs3), total inorganic carbon (TIC), and total
organic carbon (TOC), are expressed in dry weight percent (dw%)
of the total sediment. Organic carbon concentrations were obtained
using High Temperature Catalytic Combustion analysis (Hélie,
2009). Inorganic carbon was removed through a decarbonation
process using two methods: by acidification through fumigation (for
all samples), and by acidification in solution (for samples of cores
PS87/023-2, PS87/030-3, and PS87/055-1; see Appendix B and C).
5'3Corg measurements were obtained by analyzing the acidified
samples on a Vario MICRO cube™ elemental analyser coupled with
an Isoprime™ 100 mass spectrometer. 5!3Corg values are
expressed in %o vs VPDB (Appendix A; Table A4, cf. Figure 1.3).
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The overall reproducibility is £ 0,1%o0 or better (1 sigma), based on

replicate measurements of carbonate reference materials.

1.3.4 Sedimentological analysis

Grain size analysis was performed on 1 cm-thick samples in the
upper 12 cm of all study cores as a first assessment of detrital
supply sources and depositional mechanisms (see appendix B for
detailed laboratory procedures). Results for mean grain size, clay
and sand percentages are shown in Appendix A (Table Al) and
Figure 1.3. Moreover, in the aim of characterizing the nature of
detrital inputs and identifying their source, the mineralogical
composition was determined by x-ray diffraction from bulk ground
dried sediments of samples from the upper 12 cm of all cores.
Proportions of the main constituents (clinochlore, kaolinite,
muscovite, quartz, calcite, Mg-Ca, dolomite and halite) were
obtained using softwares Eva and Topas following the Rietveld
method (Rietveld, 1969). Results are shown in Appendix A (Table
A3).

1.3.5 U-series isotope analysis

For an evaluation of the depth of the biological mixing layer and to
help characterizing sedimentation rates, lead-210 activities were
measured in samples from the upper 12 cm of all study cores. This
was done by alpha counting based on activities of the 2!°Pb-
daughter isotope, 2!°Po. Complementary measurements were also
made in the upper 12 cm of core PS87/030-3 (cf. also Hillaire-

Marcel et al., 2017). They include Radium-226 activities, measured
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in aliquot samples by gamma spectroscopy, and Thorium-230
excess measurements, as described in Hillaire-Marcel et al. (2017).
Analytic reproducibility for all U-series analyses was ~ 2% based on
replicate measurements of the standard. All results are shown in
Appendix A (Table A2).

1.4. Results

1.4.1 Radiocarbon analysis

Radiocarbon analyses were performed every 1-2 cm when enough
dating material was available (see figure 1.2; table 1.2). Cores
PS87/030-3, PS87/079-3 and PS87/099-4 showed disappearance of
foraminifers at 16 cm, 17 cm, and 13 cm respectively, below which
no biogenic carbonate was available for dating. Core PS87/070-3
exhibited a progressive decrease in concentrations of foraminifers
below 20 cm. Overall, the *C age of surface sediments ranges from
1421 £+ 66 years BP in core PS87/099-4 on the southeastern
Lomonosov Ridge to 7792 + 59 years BP in core PS87/030-3 on the
western Lomonosov Ridge, thus providing a first estimate for the
age of the mixed layer and relative sedimentation rates. In cores
PS87/030-3, PS87/055-1, and PS87/070-3, there are some
reversals from surface to sub-subsurface, a feature not unusual

with biological mixing (e.g., Srdoc et al., 1986).

In core PS87/023-2, the oldest dates of ~ 36.5 kyr BP between 10
and 17 cm may point towards high accumulation rates, but they

should be interpreted with caution as they are close to the reliability
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limit of 1*C ages on marine biogenic carbonates, due to possible
secondary calcite precipitation (e.g., Silverberg et al., 2000).
Between 16.5 and 8.5 cm, dates of 36.5 to 26.5 kyr BP indicate
sedimentation rates averaging 8 mm.kyrl. Above, at 8.5 and 7.5
cm, ages of 26.5 and 16.5 kyr BP respectively suggest very low
sedimentation rates during the marine isotope stage (MIS) 2 dated
of 29-14 ka BP (Lisiecki and Raymo, 2005). It could also be a
sedimentary hiatus as documented by Not and Hillaire-Marcel
(2010) in a core from the Mendeleev Ridge. Finally, from 7.5 cm to
the top of the core, the *C ages led to calculate a sedimentation
rate of ~6 mm.kyr (Figure 1.2; Table 1.2).

In cores PS87/030-3 and PS87/055-1, the ages suggest low
sedimentation rate throughout the sequence, averaging ~ 6
mm.kyr! and ~ 5.3 mm.kyr! respectively. In core PS87/055-1, an
age reversal at 12.5 cm seems to be an anomaly, possibly due to
some "non-local mixing" (e.g., Smith et al., 1986). In core
PS87/030-3, an age reversal at 12.5 cm with a date of about 25 kyr
BP suggests variations in the sedimentary regime from MIS 3 to
MIS 2.

On the southeastern side of the Ridge, radiocarbon data in cores
PS87/070-3, PS87/079-3 and PS87/099-4 shows much higher
sedimentation rates. At the base of core PS87/070-3, from 32 to 26
cm, ages around 12 kyr BP are recorded, which can suggest high
accumulation rates during an interval corresponding with the end of

the Younger Dryas or vertical mixing of foraminifers over a few
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centimeters. Above 13 c¢cm, an average sedimentation rate of 28
mm.kyr! can be calculated. The ages in core PS87/079-3 also
indicate high sedimentation rates averaging 34.6 mm.kyr. Finally,
the ages obtained in the upper part of the easternmost core
PS87/099-4 show sedimentation rates of the order of 5-10 cm.kyr’
!, The apparent increase of sedimentation rates towards the surface
can be related to biological mixing (see also 2°Pb data in section
1.4.4).

1.4.2 Carbon and nitrogen analyses

The results from the first decarbonation method of acidification by
fumigation performed on bulk sediments show &!3Corg values
ranging from -23.55%o0 to as high as -2.86%o in the westernmost
cores (PS87/023-2; PS87/030-3; PS87/055-1). The unusually high
values for this region are likely due to the presence of dolomite-rich
carbonates, which are more resistant to acidification, as shown by
the mineralogical analysis (Appendix A; Table A3). A second
decarbonation method, using acidification in solution, was thus
used to measure the 5'3Corg and organic carbon content of those
samples (see Appendix C). The second analysis yielded a maximum
of -21.91%o0 for 53Corg (cf. figure 1.3) and TOC values varying
from 0.17 to 0.85%. A slight increase in organic carbon, which
could be linked to diagenesis, is noticeable towards the surface at
all sites. Along the Ridge, Nyt values vary from 0.03% to 0.13%
with an average of 0.08% (cf. Appendix A; Table A4), falling within
the range reported by Schubert and Calvert (2000) in a study on

nitrogen from sediments in the region of the Lomonosov Ridge and
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Makarov Basin. C/N weighted ratios range from 4.97 to 9.57 with
an average of 6.98 and an increasing trend towards the surface at
all sites (Figure 1.3 and Appendix A; Table A4). However, as
pointed out by Schubert and Calvert (2000), corrections could be
applied to C/N ratios by using Norg (not measured in this study)
rather than N values in order to avoid possible misinterpretation
of OM sources caused by the presence of inorganic nitrogen bound
in clay minerals. The 3'3Corg values vary from -23.9%o to -21.9%o
with a trend towards higher *C values at core top of westernmost
sites PS87/023-2, PS87/030-3 and PS87/055-1 (Figure 1.3 and
Appendix A; Table A4), suggesting higher proportion of marine
organic input (Muzuka and Hillaire-Marcel, 1999; Schubert et al.
2000) towards recent time. In contrast to the western sector of the
Lomonosov Ridge, the easternmost cores PS87/070-3, PS87/079-3
and PS87/099-4 record relatively high and uniform 8'Corg values
throughout the sequences. This can be explained by the relatively
high sedimentation rates of recent sediment, as well as isotope
equilibrium of cold surface ocean waters with atmospheric CO,
(Matthies et al., 2004; Broecker and Maier-Reimer 1992) due to the
increased carbon exchanges at the ocean-atmosphere interface

during seasonally ice-free episodes.

1.4.3 Sedimentological analysis

As shown in Figure 1.3, the Lomonosov Ridge sediments are
dominated by fine particles (~80% silt and ~16% clay versus ~4%
sand) yielding a mean grain size of 7.32 ym and a rather uniform
grain size downcore, except in cores PS87/030-3 and PS87/055-1.
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Sediments from the western sites PS87/023, PS87/030 and
PS87/055 show a much higher calcite-rich (18.05 * 7.7 %) and
dolomite-rich (3.4 £ 2.0 %) content than the southeastern sites
PS87/070, PS87/079 and PS87/099 (4.94 £+ 2.9 % in calcite and
1.13 £ 0.5 % in dolomite). The easternmost core PS87/099-4 also
yielded an average of 73.77 £ 4.0 % in quartz content against
51.82 £ 7.4 % for the western sector (cf. Appendix A; Table A3).

1.4.4 U-series isotopes analysis

Given the detection limit of *C dating and slow sedimentation
processes in the central Arctic Ocean, U-series isotopes (*'°Pb,
225Ra, 2°°Th) can be very useful. Not et al. (2008) showed that #!°Pb
distribution could be used as chronostratigraphical tool in
environments marked by low sedimentation rates whereas %3°Th
excesses (**°Thy,s) could provide temporal benchmarks for
sedimentary events such as glacial/interglacial periods. For this
purpose, the downcore distribution of lead-210 and its parents,
radium-226 and thorium-230, were measured in core PS87/030-3.
Figure 1.4 exhibits an excess in 21°Pb of 10.074 + 0.358 dpm/g at
core top caused by diffusion, mixing and/or bioturbation at the
sediment-water interface. The profile then shows a decrease trend
of %1%Pb,s down to 2.5 cm linked to its return to equilibrium with
parent **°Ra, followed by a reverse increasing trend, down to 6.5
cm, as a result from the upward diffusion gradient of 2?°Ra, as
reported in other Arctic sediments studies (Not et al., 2008; Ciough
et al., 1997; Huh et al., 1997; Smith et al., 2003). Below, 2!°Pb

distribution follows 2?°Ra distribution, which is supported by 23°Th,..



18

A very similar profile was observed in core HLY0503-11 from the
Mendeleev Ridge, although the two cores were collected in different
areas and at a roughly 1300 meters of water depth difference. This
means that the two cores were likely subjected to very similar

vertical particle fluxes and sedimentological regimes.

1.5. Discussion
1.5.1 Nature and origin of sediments

In the Arctic Ocean, where ice-rafting and atmospheric dust fallout
constitute the main sedimentation processes (Clark, 1982; Mullen
et al., 1972), coarse particles are associated with sea ice and/or
iceberg deposition (Clark and Hanson, 1983; Lisitzin 2002).
Coarse-grained particle contents are often used to distinguish
glacial from interglacial sedimentary units (O’'Regan et al., 2014) as
well as transport modes (O'Regan et al., 2008; Polyak et al., 2010).
For instance, size fractions >250 um, are generally linked to
iceberg transport (Darby et al., 2006), whereas low concentrations
of coarse-grained material in Holocene sediments from the Arctic
Ocean have been attributed to sea ice transport (Ngrgaard-
Pedersen et al., 1998; Darby et al., 2002). In this study, however,
limited variation in the coarse fraction is noticeable, in contrast to
what has been observed prior to what was assigned to MIS6/7 in
longer sediment records of the Lomonosov Ridge (Jakobsson et al.,
2001; Spielhagen et al., 2004; O'Regan et al., 2010).

The mineralogical composition may provide insight on the sources

of detrital material. Along the TPD trajectory, sediments are



19

essentially composed of quartz, exported from the Eurasian margin
via sea ice, while dolomite-rich carbonates originating from the
Canadian margins (Bischof et al., 1996; Philipps and Grantz, 2001)
can be associated with transport of material through the Beaufort
Gyre (Yamamoto et al., 2017). Such pulses of detrital carbonates
were reported from studies of Lomonosov and Mendeleev Ridges
sediments (Not & Hillaire-Marcel, 2010; 2012). They have been
linked to the export of glacial and/or lacustrine sediments from the
Canadian Arctic bedrock (Polyak et al. 2004; Bischof et al., 1996;
Philipps and Grantz, 2001). Hence, the mineralogical content of
cores from the western Lomonosov Ridge, which are characterized
by the relative abundance of carbonate and dolomite, likely relates

to sea ice transport through strong Beaufort Gyre.

The micropaleontological content of the sediment consists in
abundant biogenic carbonate remains, dominated by planktic and
benthic foraminifers and ostracods (Stein, 2015). However,
although concentrations are relatively high in some samples,
reaching values in the order of 10° foraminiferal shells per g (Zwick,
2014; Brice, 2015; cf. Appendix D), the fluxes estimated from
sediment accumulation rates are very low flux, in the order of one
foraminifer shell per cm? yr'! or less and about one ostracod valve
per cm2.100 yr! in the central part of the Lomonosov Ridge. The
input of biogenic particles in the Arctic Ocean can originate from
pelagic fluxes, ice-rafting, and lateral fluxes as suggested by Fahl
and Nothig (2007) in a study on the easternmost portion of the
Ridge, near the Laptev Sea continental margin, using sediment

traps. Besides demonstrating low biogenic fluxes in Arctic
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sediments, even during sea ice-free months, the study indicates
that ocean currents, including turbidity currents and Siberian rivers
such as the Lena River, have a significant impact on sedimentary
and chemical budgets of the Arctic Ocean via sea ice transport
(Eicken et al., 1997, 2000; Holmes et al., 2002; Stein and Fahl,
2004). Sediment transport with sea ice is probably responsible for a
part of the biogenic fluxes. However, the biogenic content of
sediment also likely relates to regional heterotrophic productivity,
although very low, in the water column and the sediment
(Wollenburg and Mackensen, 1998). In this study, the unusual
abundance of macropaleontological remains found in surface
sediments, and the poor preservation state of many of them (Stein
2015; Le Duc et al., 2016) seems consistent with a lateral transport

hypothesis.

1.5.2 Behavior of U-series isotopes

The geochemical analyses carried out on core PS87/030-3 show
that in low-sedimentation rate environments such as that of the
Lomonosov Ridge, which is strongly influenced by mixing and
diffusion, the decay sequence 2?°Ra-?'°Pb cannot be used for the
calculation of recent sedimentation rates. Deeper in the
sedimentary sequence however, the tracking of 23!Pa- and 23°Th-
excesses could potentially provide chronological constraints of
respectively ~140 ka and ~300 ka (Hillaire-Marcel, 2017; Guzev et
al., 2012; Not and Hillaire-Marcel, 2012).
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1.5.3 Contrasted East-West sedimentary regimes

Although biases in sedimentation rate estimates from !*C ages
cannot be discarded due to benthic mixing as well as partial
diagenetic dissolution of foraminifer tests (Barber et al., 2007),
radiocarbon data remain the most reliable dating method for the
last tens of thousands of years in low sedimentation environments.
Regardless uncertainties, average sedimentation rates estimated
from !*C dating (cf. Figure 1.2; Table 1.2) range from > 30
mm.kyr? in the southeastern sector of the Ridge to ~5.3 mm.kyr™?
westward, demonstrating contrasted East-West sedimentary
regimes of at least one order of magnitude. An East-West difference
is also discernible in the mineralogy composition of sediment,
ranging from quartz-dominated material in the East to carbonate-
rich supplied material in the West. The contrast in sedimentation
rates between the eastern and western sectors of the Lomonosov
Ridge thus suggest not only different accumulation rates, but also
input of material from different sources and sea ice drift
trajectories. The higher detrital carbonate content in the western
part of the Ridge is consistent with inputs from the western
Canadian Arctic, therefore indicating transport with sea ice drifting
under the dominant influence of the strong Beaufort Gyre. Because
the Beaufort Gyre is also responsible for recirculating sea ice in the
Arctic and considering drift times of several years from the source
area (e.g. Bischof et al., 1996; Philipps and Grantz, 2001) to the
coring sites, our data are consistent with occurrence of multiyear
sea ice in the western area of the Lomonosov Ridge over the last

tens of thousands of years. Perennial sea ice is compatible with
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very low sedimentation rates and would explain the biogenic
content of sediments, which are totally barren in phytoplanktonic
remains suggesting nil primary productivity (de Vernal et al,,
2017).

Eastward, close to the Laptev Sea, relatively high sedimentation
rates suggest a more dynamical sedimentary regime likely related
to sea ice transport and release of particles during the thawing
season. Hence, they suggest at least occasional seasonally ice-free
conditions and active transport of particles entrained by sea ice and
originating from sources such as Siberian rivers and groundwater
discharge, coastal erosion, and aeolian material fluxes (Rachold et
al., 2004). In the western part of the Lomonosov Ridge, **C results
of core PS87/023-2 suggest a shift from a glacial (almost no
sedimentation) to postglacial (low sedimentation) environment. The
interval between 8.5 and 7.5 cm, dated of 26.5-16.5 kyr BP
indicate a significant decrease in sedimentary fluxes, likely
corresponding to almost nil sedimentary inputs during the LGM,
likely due to dense ice cover locking the Arctic Ocean. This interval
is followed by an increase in sedimentation rates which can be
associated with high detrital input during the deglaciation of
circum-Arctic regions. Hence, following the LGM, sedimentation
along the Ridge was tightly controlled by ice sheet dynamics (Not
and Hillaire-Marcel, 2012; O’Regan et al., 2010, Polyak et al.,,
2010), leading to lower sedimentation in perennial sea ice

environments and higher sedimentation in regions marked by
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seasonally ice-free episodes, notably in the southeastern sector of

the Lomonosov Ridge.

1.6 Conclusion

Despite considerable development in dating methods and
improvement in calibration of marine sediments-derived ages in
recent years, a debate remained regarding the sedimentary fluxes
in the Arctic Ocean. Using sedimentological, geochemical and radio-
isotopic analyses, the study presented here demonstrates
contrasted sedimentary regimes along the Lomonosov Ridge during
the late Quaternary that reveal a strong regionalism. The study also
documents different sources of sedimentary particles that allow
tracking of sea ice drift patterns responsible for the dispersal of
detrital particles. The eastern part of the Lomonosov Ridge, under
TPD influence, depicts a sedimentary regime marked by moderately
high accumulation rates, which suggests seasonally ice-free
episodes. Conversely, the western part of the Ridge, characterized
by dolomite-rich carbonates from the Canadian Arctic, exhibits a
rather passive regime with extremely low sedimentation rates
corresponding to perennial sea ice cover. The sedimentological
approaches used here reveal large scale features in terms of fluxes,
sedimentary supplies and linkage with sea ice dynamics. More
detailed studies allowing in depth investigations of sedimentary
sources using tracers such as clay minerals (e.g. Gamboa et al.,,
2017; Deschamps et al., 2018), iron oxide (Polyak et al., 2004)
and radiogenic isotopes (Maccali et al., 2013) could be the next

step to refine the present overview.
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Coman Data View

Figure 1.1 Map of the Arctic Ocean based on the International
bathymetric chart of the Arctic Ocean (IBCAQO) featuring the
location of the study cores along the Lomonosov Ridge. The purple
line corresponds to the long-term median of the Arctic sea ice
extent from 1979 to 2000 (NSIDC, 2012a). The white arrows
illustrate the main surface currents: the Beaufort Gyre and the
Transpolar Drift.
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Figure 1.2 Age vs. depth relationship from AMS-*C
measurements, calibration and profiles from the medians of

calibrated '*C ages. ML = mixed layer, ( ) = outlier discarded from

sedimentation rates estimates.
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Figure 1.3 Age, sedimentological and geochemical properties of
the upper 12 cm of the study cores.



Figure 1.4 Lead-210 (blue), Radium-226 (green) and Thorium-
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39



40

Core ] Latitude Longitude Water depth (m)
PS87/023-2¢ 86° 37.86' N 44° 52 45' W 2439
PS87/030-3M 88° 39.39' N 61° 25.55' W 1277.8
PS87/055-1% 85° 41.47'N 148° 59.47'E 730.7
PS87/070-3M 83° 48.18' N 146° 7.04' E 1340.2
PS87/079-3M 83° 12.09'N 141° 22.54'E 1358
PS87/099-4M 81° 25.50' N 142° 14.33'E 741.2

Table 1.1

Core locations and bathymetry.
G=Giant box core, M=Multi-cores.
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14 _
core | ey e deotn | Lot | gt | x| o | vt | o,
PS87/023-2 surface 0 UOC-2511 4025 25 440 3486 3135 - 3844
PS87/023-2 0-1 0.5 UOC-1841 4323 66 440 3861 3460 - 4274
PS87/023-2 2-3 2.5 UOC-1842 6976 38 440 7036 6701 - 7344
PS87/023-2 4-5 4.5 UOC-1843 9810 41 440 10202 9765 - 10565
PS87/023-2 7-8 7.5 UOC-2320 14499 60 440 16484 16058 - 16969
PS87/023-2 8-9 8.5 UOC-1844 23025 126 | 440 26415 26007 - 26975
PS87/023-2 10-11 10.5 UOC-2498 33487 201 | 440 36618 35887 - 37675
PS87/023-2 12-13 12.5 UOC-1845 33428 266 | 440 36539 35806 - 37572
PS87/023-2 16-17 16.5 UOC-1846 33423 252 | 440 36526 35824 - 37520
PS87/030-2 surface 0 UOC-2512 8084 31 440 8108 7826 - 8382
PS87/030-3 0-1 0.5 UOC-1322 7792 59 440 7815 7548 - 8130
PS87/030-3 1-2 1.5 UOC-2321 7636 33 440 7674 7423 - 7933
PS87/030-3 2-3 2.5 UOC-1323 14085 85 440 15900 15348 - 16331
PS87/030-3 3-4 3.5 UOC-2499 16568 63 440 18991 18675 - 19391
PS87/030-3 4-5 4.5 UOC-1324 15700 77 440 18077 17679-18453
PS87/030-3 7-8 7.5 UOC-2322 19110 76 440 22123 21760 - 22460
PS87/030-3 8-9 8.5 UOC-1325 21800 137 | 440 25273 24642-25707
PS87/030-3 9-10 9.5 UOC-2500 26175 116 { 440 29389 28889 - 29900
PS87/030-3 10-11 10.5 U0C-2323 29518 219 | 440 32738 31832 - 33484
PS87/030-3 12-13 12.5 UOC-1326 21998 392 | 440 25398 24362-26174
PS87/030-3 14-15 14.5 UOC-1327 34341 311 | 440 37725 36725-38624
PS87/055-1 surface 0 UOC-2513 3643 26 440 3019 2721 - 3354
PS87/055-1 0-1 0.5 UOC-1309 3897 41 440 3324 2946 - 3679
PS87/055-1 2-3 2.5 UOC-2501 5417 28 440 5301 4908 - 5598
PS87/055-1 4-5 4.5 UOC-1310 9819 52 440 10214 9764 - 10580
PS87/055-1 6-7 6.5 UOC-2502 11722 40 440 12779 12553 - 13091
PS87/055-1 8-9 8.5 UOC-1311 14276 124 | 440 16168 15628 - 16769
PS87/055-1 10-11 10.5 UOC-2503 17559 70 440 20171 19755 - 20559
PS87/055-1 12-13 12.5 UOC-2324 25102 127 | 440 28288 27876 - 28688
PS87/055-1 14-15 145 UOC-2504 22299 83 440 25762 25443 - 26044
PS87/055-1 16-17 16.5 UOC-1313 24321 154 | 440 27641 27330 - 27949
PS87/055-1 18-19 18.5 UOC-2505 29946 141 | 440 33318 32806 - 33756
PS87/055-1 20-21 20.5 UOC-1314 39545 525 | 440 42671 41922 - 43460
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PS87/055-1 28-29 28.5 UOC-1315 >46000

PS87/055-1 36-37 36.5 UOC-1316 >46000

PS87/070-2 surface 0 UoC-2514 2581 29 | 440 1729 1389 - 2062
PS87/070-3 0-1 0.5 UOC-1847 2803 29 | 440 1996 1656 - 2329
PS87/070-3 2-3 2.5 UOC-1848 3273 28 | 440 2564 2240 - 2900
PS87/070-3 4-5 4.5 UOC-1549 2992 77 | 440 2225 1863 - 2667
PS87/070-3 8-9 8.5 UOC-1850 5141 36 | 440 4961 4555 - 5312
PS87/070-3 12-13 12.5 UOC-1851 6288 38 | 440 6261 5927 - 6570
PS87/070-3 19-20 19.5 UOC-2325 7345 58 | 440 7409 7122 - 7688
PS87/070-3 26-27 26.5 UOC-2507 11276 39 | 440 12283 | 11817 - 12642
PS87/070-3 28-29 28.5 UOC-2508 11528 40 | 440 12596 | 12162 - 12890
PS87/070-3 31-32 31.5 UOC-2509 10939 49 | 440 11689 | 11199 - 12237
PS87/079-2 surface 0 UOC-2515 1723 24 | 440 837 597 - 1141
PS87/079-3 0-1 0.5 UOC-2510 1489 21 | 440 629 413-905
PS87/079-3 4-5 4.5 UOC-1854 2270 26 | 440 1392 1085 - 1704
PS87/079-3 8-9 8.5 UOC-1855 3848 37 | 440 3262 2887 - 3605
PS87/079-3 12-13 12.5 UOC-1856 5081 33 | 440 4878 4507 - 5272
PS87/079-3 16-17 16.5 UoC-2327 5449 64 | 440 5338 4911 - 5658
PS87/099-3 surface 0 UOC-2516 1171 29 | 440 356 57 - 570
PS87/099-4 0-1 0.5 UOoC-1317 1421 66 | 440 575 295-853
PS87/099-4 2-3 2.5 UOC-2328 1628 26 | 440 754 509-1015
PS87/099-4 4-5 4.5 UOC1319 1717 32 | 440 832 590-1127
PS87/099-4 8-9 8.5 UOC-1320 2335 43 | 440 1459 1172 - 1796
PS87/099-4 9-10 9.5 UOC-1321 3316 49 | 440 2611 2275 - 2986

Table 1.2 AMS-!“C data and calibrated ages of the study cores.




CONCLUSION

L'objectif de I'étude était d’identifier la nature et l'origine des
particules minérales et de quantifier les flux sédimentaires le long
de la ride de Lomonosov afin d'évaluer l'influence du couvert de
glace de mer sur les régimes sédimentaires a la fin du Quaternaire.
Pour y parvenir, un travail de recherche, comprenant une série
d’analyses granulométriques, minéralogiques, sédimentaires et
géochimiques, a été effectué. Il inclut notamment le dénombrement
de la microfaune, lidentification de la taille et de la nature des
minéraux présents dans les sédiments, la datation des carottes
sédimentaires, |'identification de la zone de mélange causée par les
bioturbations, le remaniement des sédiments de surface et la
diffusion des éléments radioactifs a l'interface sédiment-eau, ainsi
que l'identification de l'origine des sédiments et de leur mode de

transport dans 'océan Arctique.

L'étude indique que |'océan Arctique a été caractérisé par des flux
sédimentaires tres faibles, composés essentiellement de particules
grossiéres détritiques issues d’un transport par la glace de mer. On
observe également un contraste entre les secteurs est et ouest de
la ride de Lomonosov, basculant d'un régime sédimentaire plus actif
a l'est, sans doute a la faveur d’épisodes de glace de mer
saisonniére, vers un milieu quasi-inactif a l'ouest en raison d’un

couvert de glace de mer pérenne. Par ailleurs, les enregistrements
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sédimentaires étudiés permettent de déduire des flux sédimentaires
presque nuls pendant le dernier épisode glaciaire correspondant au
stade isotopique 2 (MIS 2), laissant supposer que la circulation de
surface et le transport sédimentaire dans I'océan Arctique étaient
ralentis en raison du développement d'une banquise continue.
L'analyse granulométrique et minéralogique a en outre permis
d’identifier une composante d’origine canadienne (carbonates) dans
les sédiments du secteur ouest de la ride de Lomonosov, suggérant
des apports via la gyre de Beaufort, donc un régime atmosphérique

anticyclonique dominé par un fort vortex polaire.

Bien que la datation des sédiments représente un défi dans des
milieux de faible sédimentation de I'océan Arctique, notamment en
raison de mélanges par bioturbation et a la présence variable du
matériel biogénique, les analyses '*C réalisées dans le cadre de
cette étude fournissent une estimation assez fiable de I'dge des
sediments arctiques récents. Afin de dresser un portrait plus
détaillé de la nature des sédiments qui caractérisent la ride de
Lomonosov, il serait pertinent toutefois de poursuivre les analyses
minéralogiques (XRD) et I'analyse isotopique 2!°Pb-?2°Ra-?>°Th sur
de plus longues carottes. Des méthodes permettant de retracer
précisément les sources sédimentaires telles que |'analyse des
oxydes de fer comme traceur (Polyak et al., 2004) et divers
isotopes radiogéniques (Maccali et al., 2013) pourraient également

étre appliguées.
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Tableau A1l: Résultats des analyses granulométriques

Sable (dw%)

Argile (dw%)

16.85

13.85

il
& | % | Moyenne ¢ (um)

13.46

5.06

17.31

5.18

20.83

4.86

19.39

4.69

21.03

4.44

24.38

41

19.53

4.36

22.18

53

22.48

5.12

22.44

533

13.12

11.63

15.44

7.69

20.52

10.49

18.16

11.44

18.94

9.5

16.66

10.55

17.86

9.9

18.18

9.13

15.85

9.12

16.45

10.93

16.46

12.74

16.53

11.52
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035 | 0.02 | 122
0.39 | 0.03 | 643
0.37 | 0.02 | 8.88
0.35 | 0.02 | 144
0.37 | 0.03 | 10.12
0.39 | 0.03 | 6.06
0.40 | 0.04 | 533
0.38 | 003 | 771
0.40 | 0.04 | 4.97
0.40 | 004 | 54

0.40 | 003 | 53

0.40 | 0.04 | 545
0.39 | 0.02 | 593
0.39 | 0.02 | 6.61
0.38 | 0.02 | 7.12
0.38 | 0.02 | 7.05
0.38 | 0.02 | 6.97
0.39 | 0.02 | 6.21
0.39 | 0.02 | 6.57
038 | 002 | 73

0.38 | 0.02 | 7.51
039 | 0.02 | 6.38
0.40 | 0.03 | 5.32
0.39 | 0.02 | 6.86
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Moyenne ¢ (um)

6.95

5.88

6.97

7.08

6.69

6.34

6.25

6.94

6.51

7.09

8.11

7.18

85

8.25

6.28

7.55

6.35

9.54

6.1

7.25

6.33

8.64

7.33

7.83
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Tableau A2: Résultats des analyses des isotopes des séries de

l‘uranium (Pb-Ra-Th)

] 0o I

E E E

g s 2

" & o i

s lLalals % »
7.377 | 0.243

8.604 | 0.272

9.568 | 0.323

9.592 | 0.307
11.190 | 0.338
10.186 | 0.293
11.745 | 0.382
14,951 | 0.460
14.353 | 0.425
14.933 | 0.436
16.095 | 0.472
15.327 | 0.451
10.074 | 0.358 | 3.297 | 0.317 | 13.427 | 0.038
6.922 | 0.271 | 5.202 | 0.324 | 13.408 | 0.038
5.213 | 0.218 | 5.757 | 0.308 | 13.207 | 0.090
6.581 | 0.251 | 5.782 | 0.355 | 13.303 | 0.038
7.781 | 0.241 | 6.157 | 0.343 | 13.813 | 0.038
8.901 | 0.270 | 6.914 | 0.365 | 13.412 | 0.038
9.316 | 0.281 | 7.925 | 0.425 | 11.753 | 0.035
7.677 | 0.241 | 7.299 | 0.377 | 10.768 | 0.031
7.222 | 0.224 | 6.539 | 0.290 | 9.469 | 0.030
5,925 [ 0.194 | 5.719 | 0.313 | 6.982 | 0.022
5.465 | 0.241 | 5.314 | 0.311 | 4.735 | 0.016
4.539 | 0.207 | 4.417 | 0.219 | 4.547 | 0.016
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8.361 | 0.331

4.926 | 0.199

3.271 | 0.148

3.917 | 0.174

3.901 | 0.172

4,381 | 0.187

5.950 | 0.243

9.741 | 0.385

8.744 | 0.349

6.567 | 0.269

5.183 | 0.251

5.040 | 0.228

7.844 | 0.340

11.039 | 0.495

9,123 | 0.413

4.935 | 0.243

5.372 | 0.258

6.228 | 0.307

3.584 | 0.175

5.334 | 0.242

3.364 | 0.169

3.746 | 0.192

4.333 | 0.216

4.443 | 0.229

50



S s S
H § &
Els| &= |5 s
22.797 | 0.927

11.290 | 0.506

8.497 | 0.385

4,554 | 0.224

4,788 | 0.230

6.547 | 0.324

3.441 | 0.168

3.580 | 0.182

3.555 | 0.179

3.598 | 0.184

3.690 | 0.184

3.798 | 0.197

12.559 | 0.533

4.212 | 0.207

7.807 | 0.365

2.881 | 0.152

2,831 | 0.151

3.070 | 0.160

2.898 | 0.147

3.611 | 0.190

2.735 | 0.144

2.651 | 0.141

2.393 | 0.132

2.418 | 0.135
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Tableau A3: Résultats des analyses minéralogiques (XRD)

52

£l 5] s ShulE

s 5| E|8[£|2| ¢
E|lg|e|le|8|2)|¢

[} 3 s 2 k] = E
- SR NS IR -

18 | 141 581 | 36 | 06 | 11.8 | 0.9

5.1 | 156 | 585 | 2.8 | 0.5 | 9.5 1.1

55 (113 ]|609]| 29 | 05 (109 | 0.8

44 | 142 | 634 | 24 0.4 8 1

42 | 127|632 | 35 | 04 | 81 | 0.9

45 | 144 | 588 | 3.7 | 0.7 | 89 | 0.8

41 | 148 | 573 | 34 | 0.6 | 10.3 1

46 | 147 | 567 | 33 | 0.8 | 94 1.1

43 | 137 | 483 | 33 | 0.8 | 116 1 ;

14 | 184 (395 | 29 | 06 | 259 |trace | 6.3 | 0.2 100
13 (19.2 | 384 | 26 | 0.6 | 27.7 | trace | 5.7 0.2 100
15 | 16.6 | 376 | 2.9 0.6 | 26.2 | trace | 4.4 0.3 95
13 | 147 | 482 | 25 0.5 | 23.4 | trace | 4.8 1.7 100
1.4 | 20.1 | 50.7 | 3.9 1.1 | 156 |trace | 2.9 | 15 100
16 | 20.2 | 515 | 43 1.2 | 13.7 |trace | 3.6 | 0.8 100
14 | 18.1 | 51.1 | 3.7 1 16.9 | trace | 3.5 1.6 100
21 {151 | 457 | 3.6 | 0.7 | 23.2 |trace | 49 | 21 100
1.1 51 | 589 | 3.1 1.1 | 219 |trace | 4.3 2.3 100
1.1 | 155 | 53.8 | 2.7 0.7 | 19.6 | trace | 3.6 1.2 100
1 142 | 47.2 | 21 0.9 | 27.3 | trace | 3.5 1.7 100
14 | 93 | 484 | 59 | 0.9 | 26.6 | trace | 3.6 1.8 100
0.9 96 | 461 | 23 0.4 | 33.8 | trace 3 1.7 100
1.8 |17.8 (483 | 19 | 0.8 | 21.1 |trace| 3.6 | 19 100
1.7 | 142 | 532 | 26 | 0.7 | 21.8 |trace | 16 | 1.7 100
1.8 | 16.2 | 60.1 | 3.6 1.1 | 12.2 | trace | 1.6 03 100
19 | 16.3 | 61.3 3 09 | 115 | trace | 1.9 0.3 100
16 |176 (561 | 39 | 1.1 | 149 |trace| 0.7 | 04 100
13 | 143 {622 | 3.2 | 09 | 123 |trace| 24 | 03 100
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4.5 2.4 16 | 105|723 | 5.1 12 | 54 |[trace | 0.8 | 0.7 100
5.5 2.9 12 | 13.7 | 675 | 23 | 0.5 | 69 |trace| 4.7 | 03 100
6.5 3.9 12 [ 136 (587 | 41 | 0.6 | 143 |trace| 3.3 | 0.3 100
7.5 55 | 35 [ 144 | 466 | 3.1 | 0.7 | 235 |trace | 25 | 0.4 100
8.5 54 | 2.2 [ 123|472 | 38 | 0.7 | 23.4 |trace | 4.7 | 05 100
9.5 9 19 | 158 [ 579 | 33 | 0.6 7 |trace| 41 | 04 100
10.5 3.3 12 [ 139691 | 33 | 0.6 | 48 |trace| 34 | 04 100
11.5 2.7 15 | 121 (697 | 26 | 0.5 | 7.4 |trace| 3.2 | 03 100
0.5 5.7 11 | 53 [ 676|104 | 1.2 13 |[trace | 0.6 | 6.1 100
1.5 4.8 1.1 | 42 | 704 | 89 13 | 63 |[trace | 1.2 | 0.9 100
2.5 59 12 | 41 | 719 | 68 1.2 | 53 |[trace| 2.1 | 0.8 100
3.5 6.8 14 | 44 | 69.6 7 1.1 5 |[trace | 2 0.8 100
4.5 61 | 09 | 53 | 704 | 79 1.1 5 |[trace | 2 0.8 100
5.5 4 09 | 42 | 711 | 7.7 | 1.1 | 7.9 jtrace| 19 | 0.8 100
6.5 37 | 09 | 39 [ 717 | 93 1.2 | 5.9 |trace| 1.8 | 0.7 100
7.5 4.2 13 | 36 {743 | 69 | 1.1 | 54 |trace| 2 0.8 100
8.5 2.9 1.2 | 33 [ 735| 94 | 0.8 | 63 |trace| 09 | 0.9 100
9.5 5.2 1.3 28 | 719 92 | 09 | 54 |trace| 1.8 | 09 100
10.5 4.1 1.2 | 3.7 | 727 7 13 | 7.2 |trace| 14 | 0.7 100
11.5 3.6 11 | 43 | 734 | 85 1.5 | 4.7 |trace| 1.5 | 0.8 100
0.5 5.3 11 | 33 [ 641 46 | 19 | 54 1.7 1.6 | 10.6 100
1.5 4.2 1 23 | 559 9 2.1 | 6.7 31 1.5 | 13.7 100
2.5 3.4 11 | 22 | 578 | &1 1.9 7 2.4 15 | 14.2 100
3.5 3.1 2 609 | 7.3 2 6.3 2.2 14 | 134 100
4.5 3.2 2 625 | 7.5 1.5 [ 103 | 16 14 | 86 100
5.5 3.7 1.2 2.1 | 57.7 | 8.7 2 8.5 1.8 1.6 | 123 100
6.5 3.8 12 | 27 [ 592 | 79 | 21 | 87 1.9 1.7 | 105 100
7.5 3.6 11 | 26 [ 611 | 75 2 8.3 1.8 1.6 | 10.2 100
8.5 3.1 22 | 644 | 73 1.7 7 1.5 14 | 9.2 100
9.5 3.3 24 | 651 | 6.8 18 | 7.6 1.6 15 | 87 100
10.5 3.4 1.1 2 66.2 | 6.9 1.8 | 6.3 1.7 1.5 | 89 100
11.5 3.6 1.1 | 21 | 641 | 73 19 | 63 1.7 16 | 94 100
0.5 2.8 15 | 127 | 721 4 0.7 | 43 |trace| 16 | 0.3 100
1.5 2.9 13 (119|719 | 46 | 15 | 51 |trace| 0.5 | 0.3 100
2.5 34 19 [ 157 | 682 | 3.2 | 0.6 | 2.8 |trace| 0.2 | 04 96
35 33 17 | 158 {678 | 3.1 | 0.6 | 59 |trace| 14 | 04 100
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4.5 39 | 21 | 98 | 771 | 36 | 0.7 14 |trace| 0.9 | 05 100
5.5 2.7 14 | 11.2 | 76.7 | 3.8 1.1 19 [trace| 0.9 | 0.3 100
6.5 39 | 21 | 113 | 743 | 56 | 0.8 16 |trace| 03 | 0.1 100
7.5 42 | 22 | 98 | 741 | 559 1.6 14 [trace| 04 | 04 100
8.5 46 | 25 | 69 | 756 | 64 1.8 15 [trace| 0.2 | 05 100
9.5 3.2 1.7 | 84 | 783 | 45 1.2 12 |trace | 1.1 | 04 100
10.5 2.6 19 | 21 [ 798 | 94 1.9 12 |trace| 09 | 0.2 100
115 | 33 | 87 | 81 | 693 | 63 | 2.2 13 |[trace| 04 | 04 100
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Tableau A4: Résultats des analyses géochimiques (carbone, azote)

et isotopiques (5'3Corg)

| = % ] &
AR AR O
m
gl 8l 8138|328
1.60 | 6.44 | 0.77 | 0.83 | 8.27 -22.47 | -22.49
136 | 535 | 0.64 | 0.72 | 8.06 -22.30 | -22.55
1.16 | 4.59 0.55 | 0.61 | 7.81 -22.22 -22.65
1.15 | 480 | 0.58 | 0.58 | 7.95 -22.49 | -23.08
1.13 486 | 0.58 | 0.55 | 8.03 -22.37 -22.98
1.12 5.35 0.64 | 048 | 7.55 -21.91 | -23.26
1.37 7.97 0.96 | 0.41 | 7.04 -21.60 | -23.69
1.23 7.23 | 0.87 | 0.36 | 6.83 -20.99 | -23.53
163 | 11.10 1.33 | 0.30 | 6.45 -19.84 | -23.10
2.52 | 18.79 | 2.25 | 0.27 | 7.16 -11.79 | -23.82
277 | 21.04 | 253 | 0.24 | 587 -8.40 -23.19
3.35 | 2595 | 3.11 | 0.24 | 5.80 -6.24 -23.47
298 | 20.83 | 2.50 | 049 | 7.44 -10.77 | -22.51
2.06 | 1447 | 1.74 | 0.32 | 5.75 -12.64 | -22.94
198 (1369 | 1.64 | 0.33 | 6.44 -11.70 | -23.31
1.86 | 1231 | 1.48 | 0.38 | 7.91 -12.62 -22.82
1.97 | 1390 | 1.67 | 0.30 | 7.02 -9.70 -23.43
205 [ 1486 | 1.78 | 0.26 | 5.56 -7.17 -23.36
2.59 | 19.82 | 2.38 | 0.21 | 5.53 -5.52 -23.55
280 | 2167 | 260 | 0.20 | 5.13 -4.96 -23.50
3.06 | 22.48 | 2.70 | 0.36 | 9.57 -4.16 -22.94
3.04 | 2383 | 2.86 | 0.18 | 5.61 -3.27 -23.29
3.49 | 2769 | 3.32 | 0.17 | 6.07 -2.98 -23.90
2.75 | 21.24 | 255 | 0.20 | 6.31 -5.10 -23.68




| g A | &
18| 8|2 18
di S| E| 15| d &
234 | 1539 185 | 049 | 732 | -13.64 | -22.53
125 | 592 | 071 | 0.54 | 7.65 | -22.28 | -22.51
116 | 6.06 | 0.73 | 043 | 6.98 | -21.58 | -22.83
134 | 837 | 1.00 | 0.34 | 5.38 | -20.67 | -22.83
0.87 | 426 | 051 | 0.35 | 6.26 | -22.98 | -23.34
098 | 525 | 0.63 | 0.35 | 6.37 | -22.06 | -23.12
142 | 949 | 1.14 | 0.28 | 6.88 | -16.87 | -23.06
3.61 | 2801 336 | 0.25 | 6.14 | -2.86 | -23.25
193 | 13.87 | 1.66 | 0.27 | 5.21 | -10.64 | -22.69
125 | 793 | 095 | 0.29 | 497 | -18.74 | -23.28
099 | 539 | 0.65 | 0.34 | 5.67 | -18.88 | -23.58
103 | 6.03 | 0.72 | 0.31 | 532 | -17.70 | -23.82
103 | 861 | 1.03 | 0.75 | 7.84 | -22.25
100 | 831 | 1.00 | 0.75 | 8.04 | -22.14
097 | 807 | 097 | 0.76 | 8.08 | -21.96
097 | 808 | 097 | 0.75 | 7.91 | -21.94
095 | 791 | 095 | 0.73 | 7.70 | -22.00
094 | 7.82 | 094 | 0.73 | 7.90 | -21.91
0.74 | 6.17 | 0.74 | 0.55 | 7.05 | -22.17
0.76 | 636 | 0.76 | 0.57 | 7.18 | -22.14
0.76 | 6.35 | 0.76 | 0.49 | 6.61 | -22.32
0.70 | 5.84 | 0.70 | 0.52 | 7.07 | -22.30
0.69 | 572 | 0.69 | 0.51 | 7.07 | -22.30
0.62 | 515 | 0.62 | 0.49 | 7.08 | -22.34
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876 | 1.05 | 0.85 | 7.77 | -22.28

749 | 090 | 0.76 | 8.02 | -22.13

743 | 089 | 0.74 | 7.64 | -22.10

6.75 | 0.81 | 0.68 | 7.52 | -21.99

695 | 0.83 | 0.72 | 7.79 | -22.12

6.73 | 0.81 | 0.72 | 7.93 | -22.09

6.06 | 0.73 | 0.61 | 7.13 | -22.03

596 | 0.72 | 0.56 | 7.13 | -22.12

565 | 0.68 | 0.53 | 6.91 | -22.12

532 | 064 | 0.50 | 6.68 | -22.15

491 | 059 | 049 | 6.61 | -22.18

480 | 0.58 | 0.48 | 6.20 | -22.30

950 | 1.14 | 0.82 | 8.18 | -22.74

6.75 | 0.81 | 0.75 | 7.90 | -23.55

6.48 | 0.78 | 0.73 | 7.56 | -22.60

6.14 | 0.74 | 0.69 | 7.93 | -22.55

554 | 0.66 | 0.59 | 6.88 | -22.41

492 | 059 | 0.56 | 6.78 | -22.49

5.24 | 0.63 | 0.50 | 6.98 | -22.54

549 | 0.66 | 0.63 | 7.75 | -22.54

463 | 0.56 | 0.55 | 7.85 | -22.57

447 | 054 | 0.49 | 6.18 | -22.45

457 | 055 | 048 | 6.39 | -22.44

402 | 048 | 045 | 6.06 | -22.45

1813C-f fait référence a la méthode de décarbonisation par fumigation tandis que §13C-s
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fait référence a la méthode de décarbonisation par acidification en solution (Appendice C).



APPENDICE B

PROCEDURES DE LABORATOIRE DETAILLEES

B1. Carbon and nitrogen analyses

Four different standards (acetanilide, cyclohexanone 2.4
dinitrophenylhydrazone, atropine, low organic content soil) and
blanks were used to calibrate the equipment and verify the
reproducibility (R? = 0.999 for nitrogen and R? > 0.9999 for

carbon).

For fumigation, samples were weighted in silver cups and placed in
a teflon tray, next to a beaker containing HClI 12N, both placed
under a closed glass container for 24 hours. The silver cups were
then wrapped into tin cups and placed into the elemental analyzer.
For acidification in solution, HCl 1N was added to ~50 mg of each
sample in test tubes and left to react for about 1 hour. Tubes were
then centrifuged and the excess acid was removed. This protocol
was repeated several times until neutral pH was attained. All
samples were then transferred into aluminium foil covered beakers,
frozen overnight and lyophilised for 4 days. The obtained organic

carbon (OC) values using the acidification in solution method were
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then corrected to take into account the loss of carbonates using the
following equation: Corg = 100 X R2 X [1-(R2-R;) / (R2-0,12)]
where C,q is the weight percentage of organic carbon in the
sample, R, is the weight percentage of carbon after acid treatment

and R; is the weight percentage of total carbon.

Raw data was corrected with a calibration curve based on two
reference material (-42.16%o0; -17.14%0) normalized on the
NBS19-LSVEC scale (Coplen et al., 2006). A third internal reference
material was used to verify the precision of the calibration: -

28.75%o0. Results are presented in Appendix A, Table A4.

B2. Sedimentological analysis

Grain size analysis was performed using a Microtrac Bluewave™
diffraction analyzer and softwares Microtrac FLEX ™ 11.0.0.3 and
GRADISTAT ™. Statistical parameters were calculated using the
method of moments in Microsoft Visual Basic programming
language as well as linear interpolation by the Folk and Ward
(1957) graphical method. The clay fraction corresponds to the size
fraction inferior to 2 pm. The silt fraction lies between 2 and 63 pm,
and the sand fraction is over 63 uym. For each sample, 2 ml of a
solution, combining 0.25 g of wet sediment and 40 ml of milliQ
water, was extracted using a pipette through a pierced lid at the

center of a test tube. See results in Appendix A, Table Al.
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Mineralogical composition was determined by x-ray diffraction using
a Siemens Diffraktometer D5000™ with cobalt tube using the

software DIFFRAC ™ to analyse and interpret the results.

B3. U-series isotopes analysis

Lead-210 activities were measured on an Ortec™ 476A alpha
spectrometer along with the software Maestro™. The bulk ground
dried sediments of the 6 cores (every centimeter from the upper 12
cm) followed a systematic acid treatment protocol (Baskaran and
Naidu, 1995). Uncertainties were estimated as * 1o standard

deviation from counting statistics (2-4% of the value obtained) .

Radium-226 activities were measured on an Ortec™ well detector of
specific capacity of 10 cc. Radium-226 activity corresponds to the
average activities of its daughters #*Pb and 2!°Bi assuming their
secular radioactive equilibrium with radium 226. For this reason,
the sample powder was weighted in plastic tubes and hermetically
closed and left for 3 weeks to ensure that secular equilibrium was
reached between radium and its daughters. Analysis was performed
on bulk ground dried sediments from core PS87/030-3 (every

centimetre from the upper 12 cm).

Thorium-230 measurements were made using a MC-ICPMS Nu-
Plasma™ II. Thorium-230 was measured on the ion counter while
thorium-232 was measured on Faraday cups. The gain factor on the
ion counter in 23U-?3U cups was monitored using uranium

standard hul (%*®U was measured on the first cycle on the ion
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counter, then on the Faraday cup). The analytic protocol (Edwards
et al, 1987) includes wuranium and thorium separation and
purification using anion exchange AG1x8 resin columns. Results are

presented in Appendix A, Table A2.



APPENDICE C

COMPARAISON DES RESULTATS 3'3C DE DEUX METHODES DE
DECARBONISATION : ACIDIFICATION PAR FUMIGATION ET
ACIDIFICATION EN SOLUTION

The following diagrams compare &'*C measurements in organic
carbon (OC) using two different decarbonation methods, one
consisting in acidification by fumigation and the other consisting in
acidification in solution. The comparative analysis, following the
protocol of Hélie (2009) was done in three cores from the
westernmost section of the Lomonosov Ridge (PS87/023-2;
PS87/030-3; PS87/055-1).

Acidification method comparison for PS87/023-2
613C
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Acidification methog comparison for PS87/030-3
13C
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Acidification methog comparison for PS87/055-1
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The comparative analysis shows a wide range of &C
measurements between the two decarbonation methods for these
three cores. As discussed in the article, measurements from
acidification in solution in these cores are more consistent with '3C
measurements for the easternmost cores, and with measurements
obtained on Arctic sediments from previous studies. Given the
higher concentration in more acid resistant carbonates (dolomite) in
these cores (Appendix A, Table A3), acidification by fumigation on

dolomite-rich sediments can lead to overestimations of 8'3C.



APPENDICE D

’

DENOMBREMENT DE LA MICROFAUNE

Note : Les dénombrements présentés ici ont été réalisés par C. Brice (PS87/055-

1) et P. Roberge (autres carottes).
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