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Palynological evidence of Holocene climate
change in the eastern Arctic: a possible shift in
the Arctic oscillation at the millennial time scale1
David Ledu, André Rochon, Anne de Vernal, and Guillaume St-Onge

Abstract: Dinocyst assemblages and the physical properties of two sediment cores collected in the easternmost part of the
main axis of the Northwest Passage, Canadian Arctic Ocean (cores 2004-804-009 BC and 2004-804-009 PC, 74811.2’N,
81811.7’W) were used to reconstruct changes in sea-surface conditions and to characterize changes in the depositional environment. Core 2004-804-009 PC spans the last 12 180 calibrated (cal) years BP, with sedimentation rates ranging from
45 to 122 cm/ka. Quantitative estimates of sea-surface parameters reveal relatively large hydrographic variability at millennial time scale. Before 11 000 cal years BP, our records suggest terrigenous inputs related to the last deglaciation. Between
11 000 and 9600 cal years BP, harsh conditions prevailed with August sea-surface temperatures <2 8C and the dominance
of heterotrophic taxa. This episode was followed by a gradual increase in the relative abundance of phototrophic taxa and
the establishment of milder condition with sea-surface temperature (SST) reaching *2 8C *8300 cal years BP, possibly
related to increased exchange between the Arctic Ocean and the North Atlantic Ocean. From 6000 cal years BP to the late
Holocene, climate variability could be the results of changes in the synoptic-scale atmospheric pattern such as the Arctic
oscillation.
Résumé : Les assemblages de dinokystes et les propriétés physiques de deux carottes de sédiments (carottes 2004-804-009
BC et 2004-804-009 PC, 74811,2’ N, 81811,7’ O) prélevées dans la partie la plus à l’est de l’axe principal du passage du
Nord-Ouest, dans l’Arctique canadien, ont été utilisés pour reconstruire les changements dans les conditions de la surface
de la mer et caractériser les changements dans l’environnement de déposition. La carotte 2004-804-009 PC couvre les dernières 12 180 années calendaires avant le présent (années cal. BP) avec des taux de sédimentation qui varient entre 45 et
122 cm/ka. Des estimations quantitatives des paramètres de la surface de la mer révèlent une variabilité hydrographique
relativement grande sur une échelle millénaire. Avant 11 000 années cal. BP, nos données suggèrent des intrants terrigènes
liés à dernière déglaciation. Entre 11 000 et 9600 années cal. BP, des conditions difficiles prévalaient avec des températures de la surface de la mer en août inférieures à 2 8C et une dominance de taxons hétérotrophes. Cet épisode a été suivi
d’une augmentation graduelle de l’abondance relative de taxons phototrophes et l’établissement de conditions plus douces
avec des températures de la surface de la mer qui atteignaient environ 2 8C vers 8300 années cal. BP, ce qui est possiblement relié à un échange accru entre l’Arctique et l’océan Atlantique Nord. De 6000 années cal. BP à l’Holocène tardif, la
variabilité du climat pourrait découler de changements dans les patrons atmosphériques à l’échelle synoptique, tels que
l’oscillation arctique.
[Traduit par la Rédaction]
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nial sea-ice cover by as much as 10% between 1978 and
2000. The minimum ice cover extent was observed in September 2007 and was *38% less than long-term historical
averages (Comiso 2002, 2006; Comiso et al. 2008). Moreover, there has been a marked thinning of the cold halocline
layer insulating the ice from the underlying warm Atlantic
water (Steele and Boyd 1998). However, these decadal
changes show regional pattern, with the warming being
more pronounced in the western than in the eastern Arctic.
Similarly, regionalism in the pattern of sea-ice cover has
been inferred for the early Holocene based on marine records, terrestrial data, and model experiments (e.g., Vavrus
and Harrison 2003; Kaufman et al. 2004; Fisher et al. 2006;
Rochon et al. 2006). Arctic weather patterns are strongly related to the Arctic oscillation (AO), whose index is defined
as the first leading mode of empirical orthogonal function
(Thompson and Wallace 1998). In its positive phase, the
AO results in a marked west–east variation in ice-cover
thickness across the Arctic (Rigor et al. 2002), operating on
a decadal time scale (Venegas and Mysak 2000). In the con-
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text of recent changes, long-term climate variability in the
Arctic takes on increasing importance because the recognition of recurrent climatic patterns in the past may explain
the actual climate trend. Such variability cannot be assessed
from short-term observational data but requires longer time
series. However, biological tracers commonly used for reconstruction of hydrographic parameters such as foraminifers and diatoms are generally poorly preserved in Arctic
sediments because of dissolution of calcium carbonate and
siliceous biological remains. In contrast, organic-walled microfossils or palynomorphs, in particular the cysts of dinoflagellates (or dinocysts), are highly resistant and well
preserved in the sediments, allowing the reconstruction of
sea-surface conditions. Moreover, dinocysts, which include
both phototrophic and heterotrophic taxa, relate to production in the surface water layer. Their assemblages in sediment from Arctic and subarctic seas are useful for
reconstruction of sea-surface conditions, including sea-ice
cover extent, sea-surface temperature (SST), and sea-surface
salinity (SSS) (de Vernal et al. 2001, 2005a).
To document climate changes in Arctic Canada, to improve our understanding of the mechanisms behind Arctic
climate variability, and to provide realistic boundary conditions for climate simulations, sediment cores were collected
in Lancaster Sound at the easternmost part of the main axis
of the Northwest Passage during leg 9 of the ArcticNet oceanographic campaign in the summer of 2004. Cores 2004804-009 PC and 2004-804-009 BC contain well-preserved
dinocyst assemblages, which allow us to use transfer functions (here the modern analogue technique) to reconstruct
summer SST and SSS as well as sea-ice cover during the
last 12 180 years.

Environmental setting
Hydrography of the eastern Arctic
Owing to large freshwater inputs (mainly via river discharge), the Arctic water column is strongly stratified. Typically, a low-density surface layer, the polar mixed layer
(PML) occupies the top 100 m of the water column above
the relatively low-salinity Pacific water, which is observed
between 100 and 300 m in depth (Jones et al. 2003). Nearly
all of the deep water is supplied by dense saline water from
the Atlantic Ocean, which enters the Arctic Oceanthrough
Fram Strait with the West Spitsbergen Current and through
the Barents Sea with the Svalbard and Yermak branches
(Woodgate et al. 2007). This deep water then flows
counter-clockwise along the Siberian shelves before recirculating in the Canada, Makarov, and Nansen basins. Finally,
the water exits the Arctic Ocean via Fram Strait through the
East Greenland Current. The latter then mixes with North
Atlantic water to form the West Greenland Current flowing
northwards to the Labrador Sea and Baffin Bay. It is then
deflected toward the west in northern Baffin Bay where it
mixes with Arctic water flowing south through Nares Strait
to form the Baffin and Labrador currents (Fig. 1).
The Arctic freshwater export to the North Atlantic is accomplished through three gateways: Fram Strait, Nares
Strait, and the Canadian Arctic Archipelago (CAA), mainly
via Lancaster and Jones sounds (Dickson et al. 2007). The
AO can strongly affect this pattern of circulation mainly in
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terms of flux and freshwater pathways (Rigor et al. 2002).
The positive phase of the AO enhances more freshwater export through Fram Strait and an increase of Atlantic water
flux to the Arctic Ocean because of more cyclonic conditions (Proshutinsky et al. 2002; Hakkinen and Proshutinsky
2004). In contrast, the negative phase of the AO (more anticyclonic conditions) leads to more freshwater accumulation
in the western Arctic and more inflow of Pacific water into
the Arctic Ocean (McLaughlin et al. 2002).
Hydrographics parameters and water mass properties in
Lancaster Sound
The CAA has numerous channels between islands. These
channels connect the Arctic Ocean to the Atlantic Ocean
across a vast continental shelf representing *20% of the Arctic Ocean shelf area (Melling 2000; McLaughlin et al. 2004;
Michel et al. 2006). The Northwest Passage, one of the main
passages in this system, connects the western and eastern part
of the Canadian Arctic through Dease, Victoria, and Barrow
straits and through Lancaster Sound. All the channels of the
CAA are seasonally covered by multiyear and first-year sea
ice, with freezeup starting in September–October and melt beginning in May–June. Between freezeup and minimum sea-ice
cover, large areas are characterized by landfast ice. The SST is
close to the freezing point of *–1.8 8C during the period
marked by sea-ice cover and ranges between –1.6 and +5 8C
in late August–September. The SSS is 32–33 in winter and
ranges from 30–31 in the west to 32–33 in the east during
summer (Mudie and Rochon 2001; Prinsenberg and Hamilton
2005).
The general water mass circulation in the CAA has an
eastward component (Fig. 2) principally because of steric
sea-level difference between the Pacific Ocean and the
North Atlantic Ocean and to a strong Coriolis force.
Although the CAA is considered to be a key area for freshwater flux from the Arctic Ocean to the North Atlantic, little
is known about the water-mass properties and circulation in
this area. Jones et al. (2003), using nitrate to phosphate ratios, have shown that all the water flowing under the PML
(*100 m) in Lancaster Sound is of Pacific origin, with a
SSS < 33.2. In contrast, Prinsenberg and Hamilton (2005)
found that the bottom water is of Atlantic origin with SSS
ranging between 33.7 and 34. At the study site 2004-804009, the present surface summer temperature is 2.2 8C with
a SSS of 32.2. Sea-ice cover extends for 8.5 months of the
year.

Materials and methods
Sampling site and palynological preparation
Sampling in Lancaster Sound was carried out in the
summer of 2004 during leg 9 of ArcticNet oceanographic
campaign on board the Canadian Coast Guard Ship (CCGS)
Amundsen (Rochon and onboard participants 2004). The
sampling sites were selected using a Simrad EM300 multibeam sonar allowing to avoid disturbed sediment areas (i.e.,
erosion, mud flows, and (or) mass movements). Core 2004804-009 PC (74811.2’N, 81811.7’W, water depth 781 m,
length 6 m) was collected using a piston corer. The sedimentary sequence was then subsampled every 10 cm for
palynological analyses. Sequence 2004-804-009 BC
#
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Fig. 1. Map showing the major surface currents in the Arctic Ocean. The black arrows correspond to the Atlantic water inflow, which
moves counter-clockwise, and the broken arrows show the polar mixed layer (PML) exiting the Arctic Ocean through Fram and Nares
straits.

(74811.2’N, 81811.7’W, water depth 781 m, length 35 cm)
was collected using a box corer and subsampled every 5 cm
for palynological analyses. Each subsample was then processed according to the standard palynological method described by Rochon et al. (1999). Approximately 5 cm3 of
wet sediment was collected and put in a graduate cylinder
filled with distilled water. A tablet of Lycopodium clavatum
spores (University of Lund 1984, Batch N8 414831) of
known concentration (12 100 ± 1892 spores per tablet) was
added to each sample at the start of processing to permit the

calculation of palynomorph concentration. Sieving was performed using Nitex sieves of 100 and 10 mm mesh to eliminate coarse sand, fine silt, and clay. The fraction between 10
and 100 mm was then preserved in a tube with a few drops
of phenol for subsequent chemical treatments.
The chemical processing consists of repeated hot HCl and
hot HF treatments to dissolve carbonate and silica particles,
respectively. A final sieving at 10 mm was then performed
to remove fine silt and clay. A drop of the remaining fraction was mounted in glycerine gel between slide and cover
#
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Fig. 2. Location of the coring site at the entrance of the Lancaster Sound (black star) and major surface currents in the Canadian Arctic
Archipelago (CAA). The circulation in the CAA has an eastward component. Broken black arrows correspond to the polar mixed layer and
solid black arrow corresponds to the Atlantic water. BC, Baffin Current; PML, polar mixed layer; WGC, West Greenland Current. Modified
after Rochon et al. (2006).

slide. Palynomorphs (dinocysts, pollen grains and spores, acritarchs, organic linings of benthic foraminifers, and Chlorococcales) were systematically counted using an optical
microscope (Nikon Eclipse 80 – I) with a magnification factor of 40. A minimum of 300 dinocysts was counted in
each sample to obtain the best statistical representation. Dinocyst concentrations were evaluated using the marker grain
method (Matthews 1969) and expressed in terms of individuals per volume unit (cysts/cm3). The nomenclature of dinocyst taxa used in this paper follows Head et al. (2001) and
Rochon et al. (1999). All the samples used in this study are
stored in the palynological laboratory at the Institut des Sciences de la Mer de Rimouski, Quebec (ISMER; collection
number 179-1 to 200-D) and the cores are archived at the
Bedford Institute of Oceanography (BIO) in Dartmouth,
Nova Scotia.
Methodology for the reconstruction of sea-surface
hydrographic parameters
Dinoflagellates are unicellular organisms found in marine
and freshwater environments. About half of them are photosynthetic and these make up the largest group of eukaryotic

algae aside from diatoms. During their life cycle, after the
fusion of the gametes for sexual reproduction, some dinoflagellate taxa produce a highly resistant organic-walled cyst
constituted by a polymer called dinosporine that is not affected by dissolution (Kokinos et al. 1998).
Many studies on dinocyst assemblages in modern sediments have shown their close relationship with sea-surface
parameters (see Marret and Zonneveld 2003 and de Vernal
and Marret 2007 for synthesis on the subject). In particular,
it has been shown that annual thermal amplitude, salinity,
and duration of sea-ice cover in high latitudes are determinant factors on the distribution of dinocysts taxa especially
in the northern North Atlantic Ocean (de Vernal et al. 1994,
1997, 2000; Rochon et al. 1999), the Labrador Sea (Rochon
and de Vernal 1994), the Canadian Arctic Ocean, including
the Beaufort Sea, the CAA, northern Baffin Bay and Hudson
Bay (Mudie and Rochon 2001; Hamel et al. 2002; Richerol
et al. 2007, 2008), the Laptev Sea (Kunz-Pirrung 2001), and
the Bering and Chukchi seas (Radi et al. 2001). The close
relationship between the dinocyst assemblages in surface
sediments and observed sea-surface conditions have been
shown from databases that are regularly updated (Rochon et
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al. 1999; de Vernal et al. 2001, 2005a). The modern hydrographical environmental parameters used for statistical analyses include SST and SSS compiled from the 2001 version
of the World Ocean Atlas (NODC 2001), in addition to the
seasonal duration of sea-ice cover, expressed as the number
of months per year with >50% of sea-ice coverage after data
from the 1953–2000 data set provided by the National Snow
and Ice Data Center (NSIDC) in Boulder, Colorado. The
reference dinocyst database used here includes 1189 sites
and 60 taxa. It allows the reconstruction of sea-surface conditions from transfer functions using the modern analogue
technique (MAT). In particular, MAT has been applied to
Holocene time series in Baffin Bay (Levac et al. 2001; Rochon et al. 2006), Chukchi Sea (de Vernal et al. 2005b),
Beaufort Sea (Rochon et al. 2006), Laptev Sea (KunzPirrung et al. 2001), Barents Sea (Voronina et al. 2001),
Nares Strait (Mudie et al. 2006), and the eastern part of the
Canadian Arctic Ocean (Mudie et al. 2005).
To reconstruct sea-surface conditions, we used MAT as
described by Guiot and Goeury (1996) with the software R
following the procedure described by de Vernal et al.
(2005a). This method yields good results as indicated by coefficients of correlation >0.93 between estimated and instrumental hydrographic parameters. The degree of accuracy of
the estimated reconstructions is obtained by the calculation
of the standard deviation of the residual (estimated minus
observed values); they are ±1.2 and 1.7 8C for winter and
summer SSTs, respectively, ±1.7 for the SSS,
and ±1.1 months/year for the duration of sea-ice cover.

and the 210Pb excess in the upper 15 cm of the core suggests
an average sedimentation rate of *60 cm/ka. Assuming constant sediment accumulation rate from the top to the base of
the core, the sequence would cover approximately the last
580 years, from *1420 AD at the base to the beginning of
the present decade at the top.
The chronostratigraphy of the core 2004-804-009 PC
(Table 1) was established using accelerator mass spectrometry (AMS) 14C measurements on pelecypod shell fragments
and foraminifera. We obtained four radiocarbon ages, from
which calibrated years have been calculated using the Calib
version 5.0.2 software (Stuiver et al. 2005) to calculate sedimentation rates and construct an age model. A reservoir
(400 years) and the local marine reservoir (regional) DR of
400 years (i.e., correction total of 800 years) have been applied for the regional air–sea 14CO2 in the Canadian Arctic
Ocean (Mangerud and Gulliksen 1975; Blake 1987). The
calibrated years indicate that core 2004-804-009 PC spans
about 11 000 – 2000 cal years BP, which represents most
of the Holocene. We applied a linear interpolation to construct an age model indicating that the sedimentation rate is
not constant along the core (Fig. 4). Values range from
122 cm/ka in the middle part of the core to minimum possible values of 34 cm/ka in the upper part of the core. Based
on these sedimentation rates and the sampling intervals of
10 cm, we calculated that time resolution of the analyses
we made ranges between 80 and 220 years.

Stable isotopes, grain-size analysis, and magnetic
susceptibility
Organic carbon (Corg), nitrogen (N), and inorganic carbon
(Cinorg) contents were measured using a Carlo–Erba elemental analyser at the Geochemistry and Geodynamics Research
Center (GEOTOP), Montréal, Quebec. The procedure consists of taking a sediment sample aliquot that is dried,
ground, and analyzed for its total carbon and nitrogen content. A second aliquot is acidified with HCl (1 N) to dissolve carbonates, washed, and analyzed for total nitrogen
(N) and total carbon (C) content, which is considered to represent only the Corg content. Cinorg is then calculated by the
difference between the two measurements. The CaCO3 content of each sample was determined from the molar weight
of CaCO3 (100 g) and its content in Corg (12 g) allowing to
calculate the calcium carbonate equivalent.
Grain-size analysis was performed at the Institut des Sciences de le Mer de Rimouski (ISMER), Quebec, using a
Beckman Coulter LS 13320 laser diffraction grain-size analyser. The software Gradistat (Blott and Pye 2001) was used
to derive the grain-size distribution and statistical parameters
(mean, standard deviation). The whole core volumetric magnetic susceptibility of the sediments was determined at 1 cm
intervals using a GEOTEK multisensor core logger (MSCL)
on board the CCGS Amundsen.

Sediment description, grain size, and geochemical and
magnetic properties
Core 2004-804-009 PC consists of a uniform olive-coloured silty clay throughout its entire length with few mottles
generally between 3 and 10 cm in size and especially abundant between 250 and 280 cm. Grain-size analysis (Fig. 5)
shows predominant silt and clay in most of the core. Only
the base of the sedimentary sequence, between 600 and
560 cm, records a high percentage of sand (*50%) and
coarse silt. Geochemical analyses indicate that the Corg content ranges from 0.34% to 2.12%, averaging 1.24%, with
values increasing gradually from the base to the top of the
core. d13C values range from –26% at the base of the core
to –22.5% at the top of the core, whereas total carbon gradually decreases from 6% to *3% towards the top. The C/N
ratio shows values ranging from 29.8 at the base of the core
to 10.8 at the top. Finally, CaCO3 records higher values at
the base of core (*46%), which gradually decrease
(*10%) at the top of the core, as does magnetic susceptibility. Sedimentary sequence 2004-804-009 BC consists of a
uniform olive-coloured silty clay with dominant silt and
clay comprising *75% and 25% of the sediment, respectively. Stable isotopes analyses indicate relatively constant
values along the core with Corg content of 2.3%, carbon total
of 3%, and d13C values of –21.5%. The C/N ratio is *11,
whereas the CaCO3 content records values of 5%.

Chronostratigraphy of the sedimentary sequence
A constant-rate supply 210Pb model (Appleby and Oldfield
1983) was used to estimate ages and to determine sedimentation rates in core 2004-804-009 BC (Fig. 3). The data indicate negligible biological mixing at the top of the sequence

Results

Dinocyst assemblages and quantitative reconstruction of
sea-surface conditions
Palynomorphs or organic-walled microfossils are abundant throughout the core 2004-804-009 PC except in the
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Fig. 3. (a) 210Pb activity in core 2004-804-009 BC. The vertical black line (asymptote = 3) corresponds to supported
logarithm of the excess 210Pb, which is used for estimating sedimentation rates.

210Pb.

(b) Neperian

Table 1. Radiocarbon ages used to develop age–depth model for core 2004-804-009 PC.

Depth (cm)
217–220
317
525
571–572

Material dated
Mixed benthic foraminifers
Bivalve fragments shell
Bivalve fragments shell
Mixed benthic foraminifers

Laboratory
numbers
Beta-02317
Beta-203496
Beta-203498
Beta-02318

Conventional
radiocarbon ages
(years BP)a
6 370±30
8 490±40
9 770±50
10 480±40

Calibrated ages
(cal years BP)b
6 376
8 543
10 240
11 060

a

This column lists the AMS 14C ages as reported from the laboratory after normalization for a d13C value of –25%.
Calibrated ages were estimated using the software Calib version 5.0.2 (Stuiver et al. 2005) with DR local reservoir
effect of 400 years, which means a total correction of 800 years to account for the air–sea reservoir difference. The
calibrated ages are computered from the arithmetic average of the calibrated age range based on two stand deviations (i.e.,
a confidence interval of 95%).
b

lowermost 40 cm where they are absent (Fig. 6). The most
abundant palynomorphs are dinocysts, with concentrations
ranging from 1766 at the base of the sequence to
15231 cysts/cm3 (average 8500 cysts/cm3) between 460 and
400 cm (*10 000 to 9500 cal years BP). Dinocyst assemblages reveal low species diversity consistent with previous
work in the Canadian Arctic Ocean (Mudie and Rochon
2001). Indeed, 90% of the assemblages are dominated by
four taxa: Islandinium minutum, Brigantedinium spp., Spiniferites elongatus/frigidus, and Operculodinium centrocarpum. The ratio of phototrophic to heterotrophic dinocyst
taxa (gonyaulacales (G) / peridiniales (P), G/P ratio) records
low values in most of the sedimentary sequence, indicating
the dominance of non-photosynthetic taxa except between
280 and 100 cm (from ca. 7920 to >3780 cal years BP)
where it reaches values ‡1 indicating an increase in the relative abundance of phototrophic taxa.
Palynological analyses show four different zones based on
the relative abundance of dinocysts. The first zone, between
600 and 560 cm (from 12 180 to 11 000 cal years BP), is
characterized by the absence of dinocyst and other palyno-

morphs. The second zone, between 560 and 260 cm (from
*11 000 to 7500 cal years BP), is dominated by the heterotrophic taxa Brigantedinium spp. (70%) and I. minutum
(30%). The third zone, between 260 and 60 cm (from ca.
7500 to > 2900 cal years BP), is characterized by an
increase in the relative abundance of phototrophic taxa O.
centrocarpum (50%), S. elongatus/frigidus (25%), and Pentapharsodinium dalei (5%). Finally, the fourth zone, from
60 cm to the core top, is again dominated by the heterotrophic taxa Brigantedinium spp. and I. minutum.
The quantitative estimates of past sea-surface conditions
reveal important hydrological changes during the Holocene
in Lancaster Sound. In zone 2, the application of MAT suggests low summer temperatures of 0 8C on the average,
which is *2 8C colder than modern, at least in the lowest
part of the zone. This interval is also marked by sea-ice
cover of 10 months/year, which is *1 month/year more
than at present. Little or no difference in summer salinity as
compared with modern values is suggested by the MAT
analysis. Zone 3 is marked by summer temperatures of
*3–4 8C, which is slightly warmer than modern values, but
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Fig. 4. Age versus depth relationship in core 2004-804-009 PC according to accelerator mass spectrometry (AMS) 14C ages on bivalve
shells or mixed benthic foraminifers (see Table 1). The age model is based on a linear interpolation between the ages. It suggests variable
sedimentation rates ranging from 45 to 122 cm/ka.

with surface salinities of *25, which is lower than at
present. Finally, zone 4 marks the establishment of conditions similar to present.
Core 2004-804-009 BC also shows well-preserved dinocyst assemblages with concentrations ranging from 2220 to
4532 cysts/cm3 (average 3623 cysts/cm3). The G/P ratio records low value (>1) indicating the dominance of heterotrophic taxa, mainly Brigantedinium spp. (40%) and I. minutum
(40%), whereas phototrophic taxa are represented by O. centrocarpum (*15%) and S. elongatus/frigidus (*5%). From
25 to 15 cm (*1600–*1760 AD), dinocyst assemblages
are dominated by the heterotrophic taxa Brigantedinium spp.
and Echinidinium spp. (*50% and *10%, respectively),
whereas the relative abundance of I. minutum records a sharp
decrease (from *50% to *25%). During this interval, phototrophic taxa are mainly represented by O. centrocarpum
(*10%). These assemblages indicate SST close to modern
values, whereas the trend suggests sea-ice cover decrease of
*8–6 months/year accompanied by increased salinity in the
upper part of the core spanning the last centuries.

Discussion
Glaciological instability of the Laurentide–Innuitian ice
sheet during the Late Pleistocene
Our palynological, grain-size, geochemical, and magnetic
property data provide information on both the past seasurface conditions and on the changing depositional environment in Lancaster Sound. Between 600 and 560 cm
(from 12 180 to 11 000 cal years BP), carbonate content,
CaCO3 (detrital), C/N ratio, and magnetic susceptibility are
high, whereas Corg and d13C are low and palynomorph are

absent, suggesting an erosive dynamics with high terrigeneous inputs. This could have enhanced reduction of the
euphotic zone, preventing biological activity in the surface
layer. The paleolimnological record of diatoms from Prescott Island (Lake PW03) in the central Canadian Arctic
Ocean has shown that diatoms were absent prior to
11 000 cal years BP, but high values of carbon content
and magnetic susceptibility were probably owing to high
energy glacial outwash (Finkelstein and Gajewski 2007).
Bauch et al. (2001) found high ice-rafted debris (IRD) accumulation in cores from the GIN Sea between 12 000 and
13 000 cal years BP. Similarly, Scott et al. (in press) observed an IRD-rich layer at *12 600 cal years BP in a
core from the Amundsen Gulf that is linked to a glaciological instability in this area. Previous work in a fjord from
eastern Baffin Island (Andrews et al. 1996) revealed an
abrupt increase in detrital carbonate *12 400 cal years
BP related to an ice readvance. A multiproxy study of paleoceanographic and climatic changes in northernmost Baffin Bay (Knudsen et al. 2008) indicates an extensive
seasonal sea-ice cover between 12 300 and 11 300 cal
years BP. We thus interpret the high percentages of sand
and detrital CaCO3 and the peak of magnetic susceptibility
as the result of the last stage of the Laurentide–Innuitian
ice sheet readvance. The high percentages of detrital
CaCO3 at the base of core 2004-804-009 PC might be related to glacial erosion of Paleozoic carbonates from
Devon Island (Bischof and Darby 1999) prior to 11 ka.
Holocene large-scale climatic changes: a possible link to
the Arctic oscillation at millennial time scale
The occurrence of dinocysts at 560 cm (ca. 11 000 cal
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Fig. 5. Sedimentological (grain size) and geochemical (stable isotopes) content of cores 2004-804-009 BC and 2004-804-009 PC. The
chronology of core 2004-804-009 BC is estimated from 210Pb measurements and expressed in years AD (Fig. 3). The chronology of core
2004-804-009 PC is estimated from accelerator mass spectrometry (AMS) 14C dates on mollusc shells and mixed benthic foraminifers. It is
expressed in calibrated years BP (Fig. 4).

years BP), the increase in Corg content, and the decrease in
both the C/N ratio and CaCO3 content marks the beginning
of biological production in surface waters and hemipelagic
sedimentation. It corresponds to the lower part of zone 2
where quantitative reconstructions show cold conditions
with low summer temperature (<2 8C) and extensive sea-ice
cover (close to 10 months/year). These conditions prevailed
until ca. 9300 cal years BP when milder conditions prevailed, as suggested by the first occurrence of the phototrophic taxon S. elongatus/frigidus. This warming trend seems
to be consistent with the final decay of the Laurentide and
Innuitian ice sheets recorded *10 ka on Devon Island near
our sampling site (England et al. 2006). It also corresponds
to the retreat of the Greenland–Ellesmere ice sheet *10 ka,
which unblocked the Nares Strait, allowing a connection be-

tween the Arctic Ocean and the North Atlantic Ocean
(Zreda et al. 1999). Furthermore, recent works based on
multiproxy approaches on marine and lake cores (Lloyd et
al. 2005; Andresen et al. 2007) from central west and south
Greenland indicate colder conditions before 9400 cal years
BP followed by a trend towards warmer conditions linked
to the gradual strengthening of the relatively warm West
Greenland Current. Thus, the extremely cold sea-surface
conditions recorded in the lowest part of zone 2 could be
due to limited exchange between the Canadian Arctic channels and the North Atlantic Ocean, whereas the trend towards warmer conditions could be the result of the
penetration of Atlantic waters in the Canadian Arctic Ocean.
The noticeable increase in phototrophic taxa, in particular S.
elongatus/frigidus at the transition between zones 2 and 3
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Fig. 6. Dinocyst concentration, Gonyaulacales/Peridiniales (G/P ratio), relative abundance of dinocyst taxa, and quantitative estimates of
sea-surface conditions based on MAT applied to dinocyst assemblages in cores 2004-804-009 BC and 2004-8004-009 PC. The thick, black
lines correspond to the best estimates, which are the averages weighted inversely to the distance for the five best modern analogues. The
thin, black lines correspond to the minimum and maximum values possible according to the set of five analogues. The vertical gray lines
indicate the values (means) of modern sea-surface conditions. The chronology of core 2004-804-009 BC is estimated from 210Pb measurements and expressed in years AD (Fig. 3). The chronology of core 2004-804-009 PC is estimated from accelerator mass spectrometry
(AMS) 14C dates on mollusc shells and mixed benthic foraminifers. It is expressed in calibrated years BP (Fig. 4).

*8300 cal years BP, which corresponds to a gradual increase in SST, suggests an increase of exchanges between
Arctic and North Atlantic consistent with the findings in the
previously mentioned studies. Maximum SSTs are reached
in zone 3 *6 ka when the phototrophic taxa O. centrocarpum and P. dalei record their maximum abundance, probably as a result of a persistent inflow of warm Atlantic
water since 8300 cal years BP. Duplessy et al. (2001,
2005), Hillaire-Marcel et al. (2004), and de Vernal et al.
(2005b) have suggested, on the basis of d18O data on mesopelagic and benthic foraminifers, a maximum inflow rate of

Atlantic water into the Arctic during the early mid-Holocene
*8 ka. Dinocyst assemblages from the Laptev Sea also suggest an increased contribution of North Atlantic water during the early Holocene (Polyakova et al. 2005). Gajewski
(1995) and Gajewski and Frappier (2001) found that during
this interval pollen concentrations were higher in lakes on
Prince of Wales and Somerset islands, suggesting warmer
conditions. Therefore, our record of zone 3 seems to be related to a large-scale atmospheric and oceanic reorganization
following the last phase of deglaciation in the Arctic and
subarctic areas, probably leading to early mid-Holocene
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thermal maximum as also recorded in Baffin Bay (Levac et
al. 2001; Rochon et al. 2006) and West Greenland (Kaufman
et al. 2004).
Under modern climate conditions, the maximum advection of warm Atlantic water to the Arctic corresponds to a
positive phase of the AO. This is accompanied by more cyclonic conditions and a doubling of divergence in the eastern Arctic due to Ekman transport (Rigor et al. 2002).
Strong divergence enhances both more open water and thinner ice but also the upwelling of Atlantic waters, resulting in
a positive SST anomaly. During this time, the Beaufort Gyre
is weakened, leading to a decrease of freshwater through the
CAA (Proshutinsky et al. 2002). Based on the mineralogy of
silt–sand grains in western Arctic cores, Darby and Bischof
(2004) have suggested a sea-ice drift pattern analogous to
the impact of the AO throughout the Holocene. Our zone 3
with maximum SSTs and a trend towards increasing SSS
(less freshwater) seems consistent with the impact of positive AO, whereas the decreasing summer temperatures as
well as the trend towards reduced salinity in zone 4 could
be the result of a shift to negative AO. A trend of decreasing
temperature and less advection of Atlantic waters in the
Arctic during the late Holocene has been inferred from dinocyst assemblages (Levac et al. 2001), alkenone data (Calvo
et al. 2002), faunal and oxygen isotope records of planktonic
foraminifera (Bauch et al. 2001), benthic foraminifera
(Slúbowska-Woldengen et al. 2007), diatom assemblages
(Wolfe 2003), and lake pollen assemblages (Zabenskie and
Gajewski 2007). These data suggest that the neoglacial cooling during the late Holocene could be linked to a shift in the
AO at the millennial time scale.
Historical changes
The most important feature recorded in core 2004-804009 BC is the marked decrease in the relative abundance of
the heterotrophic taxon I. minutum (from *50% to *25%)
between 25 and 15 cm (from *1600 to *1760 AD) and the
limited abundance of phototropic taxa mainly represented by
O. centrocarpum (*10%). In contrast, during this interval
the relative abundance of the heterotrophic taxa Brigantedinium spp. and Echinidinium spp. is relatively high (*50%
and *10%, respectively). These are accompanied by a trend
towards decreasing sea-ice cover. Based on dinocyst assemblages in Beaufort Sea, Richerol et al. (2008) observed
a warming trend between 1400 and 1850 AD.

Summary and conclusion
Dinocyst assemblages and quantitative reconstructions of
sea-surface conditions in the eastern Arctic (Lancaster
Sound) reveal climatic changes during the late Pleistocene
and the Holocene. Between *12 180 and 11 000 cal years
BP, our records suggest glaciomarine sedimentation with detrital CaCO3 probably originating from the glacial erosion of
Devon Island Paleozoic carbonates, which we interpret as
the result of the last phase of the Laurentide–Innuitian ice
sheet readvance as recorded in eastern Baffin Island (Andrews et al. 1996). From *11 000 to 9600 cal years BP,
harsh conditions prevailed in Lancaster Sound, suggesting
limited connections between the Arctic Ocean and the North
Atlantic Ocean, probably due to the presence of the
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Ellesmere–Greenland ice sheet blocking the Nares Strait until ca. 10 ka (Zreda et al. 1999). After 9600 cal years BP, a
trend toward warmer conditions is recorded, which we associate with a gradual increased of water exchange between
the Arctic and the North Atlantic basins resulting in a maximum inflow of Atlantic water. Maximum SSTs were
reached *6 ka, which would constitute the regional thermal
optimum of the Holocene. Relatively warm conditions prevailed until the late Holocene, which was marked by a cooling towards conditions similar to present. Such climatic
changes have been also shown in Canadian Arctic lake pollen and diatom records, illustrating linkages between marine
and continental climates. In particular, it seems to confirm
variability in the meridional advection of atmospheric and
oceanic heat flux from the North Atlantic Ocean similar to
the effect of the AO.
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