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Abstract A detailed age model for central Arctic sedi-
ments (Mendeleev Ridge) reveals remarkably high sedi-
mentation rates of >20 cm kyr™' during brief intervals
during the last 140 kyr. This age model is developed using
a modified event stratigraphy based on changes in source
provenance, mineral, and geochemical variations that are
correlated from a core with a detailed age model on the
Yermak Plateau near Fram Strait (HLY0503-22JPC) to a
core on the Mendeleev Ridge (HLY0503-9JPC). The
Yermak core has a previously determined age model linked
to the global 8'0 ice volume record. The age model
presented here indicates that the average sedimentation rate
in core 9JPC is only ~2 cm kyr™', but brief periods of
intense sediment accumulation range up to >20 cm kyr .
Many of these events are identified to be basin-wide and
possibly associated with major freshwater or ice-rafting
events indicating that these events are tied to climatic
glacial/interglacial processes. During marine isotope Stage
3 for instance, an ice-rafted detritus event contemporane-
ous with Heinrich event 4 is identified and can be linked to
a large-scale event by precise source determinations using
the chemical fingerprint of detrital, ice-rafted Fe oxide
grains. The provenance indicates that this event is con-
temporaneously sourced to three major regions of Arctic
glaciation. There are other rapid sedimentation events that
are not correlated to both cores and these must be from
localized melt-out events from either icebergs or sea ice.
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Introduction

The Arctic region plays an important role in the regulation
of the global climate [1, 28]. Thus, it is imperative to
understand the timing of events in this polar region in order
to identify if and how Arctic changes are linked to global
climate changes. Accurate age control is needed to estab-
lish synchronous basin-wide events or the history of cli-
mate change across the Arctic. Modeling experiments also
require improved age dating of climate events than is
currently available, especially in the central Arctic. Thus,
accurate understanding of the timing of events in this
region is crucial to understanding the past and predicting
future climate change.

The difficulty in applying traditional chronostratigraphic
methods along with the need for accurate chronostratigra-
phy in this highly important region emphasizes the need for
alternative methods to provide age control here where
traditional methods of chronostratigraphy have failed. For
most of the world’s oceans, chronostratigraphy is, or can be
fairly well established using, for example: stable isotopes,
radiocarbon, biostratigraphy, paleomagnetic stratigraphy,
and lithostratigraphy [9, 11, 34, 39, 59, 62, 63]. One of the
most commonly used methods is that of stable oxygen
isotopes (8'®0). With these data, marine isotope stages
(MIS) were defined to produce a high-resolution Pliocene—
Pleistocene-type section with which all paleoceanographic
sediment records can be compared ([42]; LR04). A direct
correlation of most Arctic continuous isotope stratigraphic
records to the LR04 benthic age model stack is precluded
by the unique environmental conditions of the Arctic
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region [3]. The large Arctic freshwater influence via
extraordinary volumes of riverine input, glacial ice disin-
tegration as well as brine rejection from sea ice formation
often results in the overprinting of 8'®0 isotopic signatures
[39, 58]. Additionally, there is a problem with the sporadic
occurrence of benthic foraminifera in Arctic sediments, due
to limited biological activity, low biodiversity, and high
rates of calcareous test dissolution in the deep waters of the
central Arctic Ocean [3, 4].

Another commonly used proxy for age, paleomag-
netism, is also problematic in the Arctic due to difficulty in
defining paleomagnetic secular variation in this region
[64]. The proper identification of reversals or excursions
has been an issue in past studies. For example, Clark et al.
[9] utilized a paleomagnetic reversal, identified as the
Brunhes/Matuyama boundary, and lithology to produce a
lithostratigraphy that could be applied over large distances.
This reversal was later challenged and determined to not be
a full reversal but rather a paleomagnetic excursion, either
the Biwa II [29] or the ‘Pringle Falls event’ [62]. Alter-
natively, the paleomagnetic variation in Arctic sediments
might be related to diagenetic changes [69, 70]. The unique
bottom water chemistry of the Arctic Ocean can diage-
netically alter the fine-grained magnetic fraction of the
sediment record and thus the paleomagnetic record.
Regardless of the paleomagnetic issue, several studies have
shown that lithostratigraphy and other physical and geo-
chemical properties can be used to correlate cores over
great distances [2, 57, 59, 62]. Traditional dating methods
used to constrain ages in sediment cores such as radio-
carbon for the last 40 kyr, biostratigraphy, and to an extent
paleomagnetic variation are insufficient for the central
Arctic region due to the perennial sea ice cover, low pro-
ductivity, large freshwater input, and unique bottom water
chemistry [3].

Chronostratigraphy is essential for all paleoceano-
graphic studies because understanding the timing of events
is a critical first step in the interpretation of the sediment
record. Because of the slow and highly variable rates of
deposition in the central Arctic [2, 4, 30, 33, 49, 51, 56],
placing Arctic sediments in a regional or global time frame
requires closely spaced age dates that just are not available
in the central Arctic [53]. Development of chronostratig-
raphy for sediment records in the Arctic has been a per-
sistent problem ever since the first Arctic cores were
recovered from the early ice camps [9]. This issue has been
especially true for the central and western portions of the
Arctic basin, where a long-standing debate persisted as to
whether this region was sediment starved or not. It is now
generally thought that the central Arctic region is likely not
‘sediment starved,” but chronostratigraphy for this region is
still problematic and poorly constrained [3, 4]. High-reso-
lution records are uncommon, and high-resolution records
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that extend past the Last Glacial Maximum (LGM) are
even more rare.

Previous studies found regional differences in the
geology of the coastal areas surrounding the Arctic Ocean
[22, 66, 68], suggesting that mineralogical and geochemi-
cal variations in central Arctic sediment records can be
used to determine transport pathways. For example, Fe
oxide detrital grain chemistry can be precisely sourced to
41 circum-Arctic sources and be used to determine the
position of the Transpolar Drift (TPD) and the Beaufort
Gyre (BG) through time [6, 12, 17, 21, 23, 24, 62]. Here we
build on these previous findings and use this information
on drift pathways to develop correlations between cores
along the drift path. Quaternary age models for the western
and central Arctic Ocean (Amerasian Basin) are mostly
restricted to poorly constrained biostratigraphy [11],
lithostratigraphy [9, 62], physical properties [57], Mn
stratigraphy [43—45], cyclostratigraphy [5], and other low
precision dating techniques [4, 51]. Therefore, this study
develops an age model for the central Arctic Ocean sedi-
ments using an approach based on the precise sources of
detrital, anhydrous Fe oxide minerals (Fe grains) and dis-
tinct down-core mineral and geochemical variations. More
specifically, this work attempts to transfer an age model
from a well-dated core from the Fram Strait area (Yermak
Plateau) that extends to ca. 140 ka to a Mendeleev Ridge
core, separated by a distance of ~2200 km. These two
cores were chosen because they are ideally located to
record major variations in the dominant ice drift pathways.
The basic premise is that ice-rafted detritus (IRD) from
unique sources will deposit similar sediment markers in
both the Mendeleev Ridge area and the Yermak Plateau as
a result of climate-controlled variations in the surface cir-
culation of the Arctic Ocean.

Methods
Sediment cores

The cores examined in this study were collected during the
second leg of the Healy-Oden Trans-Arctic Expedition
2005 (Table 1) [19]. The cores were photographed and
analyzed onboard the ship for gamma-density, p-wave
velocity, and magnetic susceptibility via a GeoTek Multi-
Sensor Core Logger. Grain size was analyzed by a Malvern
Mastersizer 2000 on ~0.25 g samples, corresponding to
Fe grain samples. Core HLY0503-9JPC (Mendeleev Ridge;
79°35.605'N, 172°27.663'W; 2783 m water depth; hence-
forth 9JPC) was selected as the western Arctic core to
which the age model is correlated (Fig. 1). This core site is
uniquely situated at the confluence of the Transpolar Drift
(TPD) and the Beaufort Gyre (BG). The TPD is a
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Table 1 Core information for 22JPC and 9JPC

HLY0503-22JPC HLY0503-9JPC

Location Yermak Plateau Mendeleev Ridge

Latitude 80°29.386'N 79°35.605'N

Longitude 7°46.141'E 172°27.663'W

Water depth (m) 798 2783

Core length (m) 13.31 154
Sampling Interval Ranges
(min-max) (cm)

Physical properties 1 1

Textural analysis 1-10 2-16

Fe grain matches 1-10 1-12

Quantitative mineralogy (XRD) 1-10 2-8

Geochemistry (XRF) 0.5-4 0.9-6

Location, analyses, and sampling resolution ranges for each analysis

Beaufort
Sea HLY0503- / 4= %
9JRC
Beaufort Gyre

‘§ (Amerasian)
g

£

Fig. 1 Map of the Arctic Ocean region highlighting the present-day
circulation regime that consists of the Transpolar Drift and the
Beaufort Gyre. Core locations are plotted (green dots). Map is
modified from Jakobsson et al. [28]

prominent surface current that carries primarily Eurasian
sediment entrained by ice across the Arctic to Fram Strait.
The BG is an anticyclonic circulation gyre and during
interglacial periods is restricted to the Canada Basin and is
dominated by sediments entrained primarily from North
America, but with occasional influx of IRD from Russia

[23]. 9JPC has been correlated to several very similar cores
along the Alpha—Mendeleev Ridge system using lithology,
geochemical signatures, and physical sediment parameters
[20, 51]. Thus an updated age model for JPCO9 might be
transferable to other central Arctic cores.

Core HLY0503-22JPC (80° 29.386'N, 007°46.141'E;
798 m water depth; henceforth 22JPC) was retrieved from
the Yermak Plateau in Fram Strait (Fig. 1). This core
location is in the pathway of sea ice exiting the Arctic
Ocean, meeting warmer North Atlantic waters that facili-
tate melting and sediment deposition (Fig. 1). The unique
location of this core, in the Fram Strait, permitted the
construction of a detailed age model by correlation of a
paleomagnetic intensity proxy to the LR04 3'%0 record
[70].

Core sampling

Sediment density is a direct reflection of the mineralogy,
grain size, and compaction of the sediments, and thus we
used large variations in the mean density to guide sampling
for mineralogical analysis because they might help identify
distinct mineral variations. Each core was sampled at
slightly different resolution depending on the method of
analysis. Accounting for all parameters measured, the
sampling resolution range for 22JPC was 1-10 cm, with
higher-resolution sampling in sections with the largest
variability. Similarly in 9JPC, the sampling range was
0.9-16 cm with the sections with the largest density of
variation sampled in more detail (Table 1).

Fe grain matching

The Fe grain chemistry (14 elements) for ~ 100 Fe grains/
sample is used to determine the precise source of each Fe
grain [13, 24]. All samples were wet-sieved at 45, 63, and
250 pm. The magnetic portion of the 45-250 pum fraction
is used for analysis of detrital anhydrous Fe oxide grains
[24]. In short, each magnetic grain is analyzed on an
electron probe micro-analyzer to determine the composi-
tion of Fe, Ti, O, Mn, Mg, Ca, Si, Al, Ni, Cr, V, Zn, Ta, and
Nb, and then matched to the source data set. The accuracy
of this method is determined from rigorous tests to be
<2 % error of mismatch [24].

Quantitative bulk mineralogy

Bulk mineralogy of the <45 pm fraction was determined
through X-ray diffraction (XRD) of randomly oriented
powder mounts. Using <45 pm fraction is favored as it
provides information regarding the bulk mineralogy, as
opposed to just the clay fraction (<2 pm). By examining
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the <45 pm fraction the overwhelming quartz signal from
the coarsest material is avoided while still retaining the
bulk mineralogical signal. Randomly oriented XRD
mounts are preferred to oriented ones, because the latter
may bias the mineralogical composition, especially the
non-clay minerals [48]. Details of the methods and pro-
cedures used in this study can be found in Srondon et al.
[60] and Eberl [26].

A brief synthesis of these methods is as follows: 1 g of
a well-mixed <45 pm sample is mixed with 0.25 g of
powdered, 99.9 % pure corundum which serves as an
internal standard. This mixture is ground in a McCrone
Micronizing mill for 5 min with 4 ml of methanol and
subsequently oven-dried overnight at 80 °C. The dried
sample is sieved through a 400- to 500-um sieve for
homogenization. The sample is milled for ten minutes
with three 10-mm acrylic balls in a ball mill to further
enhance sample homogeneity. Next ~0.3 mL of hexane
(0.5 mL per gram of pure clay) is added and the sample is
mixed again for 10 min in the ball mill. The sample is
dried under a fume-hood, passed through the sieve again,
and side mounted in special powder mounts for XRD
using frosted glass to help ensure random orientation. The
samples analyzed on a Panalytical X’Pert PRO XRD with
a Cu-tube from 5° to 65° 20 with 0.2° steps at 2 s per
step (45 mA, 40 kV). The sample pattern is transferred to
the program RockJock, which integrates mineral intensity
factors of known standards in the program’s library to
calculate and match the pattern of the unknown sample,
thus converting the samples mineral constituents into
weight percent [25]. This program is shown to be accurate
and precise, where values are £4 % of the actual values
[25]. Independent tests of the RockJock program on
random mineral mixtures all fell to =4 % or better of the
actual values.

X-ray fluorescence

XREF is used to monitor the variability of major and minor
elements in numerous central Arctic cores [10]. In brief, an
Innov-X Alpha Series 4000 XRF hand held instrument was
used to analyze each of the cores. It uses a 40 kV, tungsten
X-ray source coupled with a SiPiN diode detector and a
170 mm? aperture window. Prior to and after each core
analysis, the instrument was calibrated using NIST stan-
dards. Each core was analyzed for 25-30 elements, of
which 13 were consistently above instrument detection
limits. Of these 13 elements, only 7 were used in this study
as these were either deemed to be least reactive and thus
less affected by diagenesis (K, Ti, Co, Rb, and As) or the
most useful for correlating between cores as they relate to
major lithologic changes (Ca and Mn). The former geo-
chemical group was used for the correlation, while the
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latter was reserved for environmental interpretation of
9JPC.

22JPC age model

The age model for 22JPC was based on the changes in the
grain size of magnetite that mimics the global oxygen
isotope curve [70]. These authors identified a grain-size
proxy for this mineral in the form of kKarMm/K, anhysteretic
remanence susceptibility over total magnetic susceptibility.
The karm/k ratio closely resembles the stacked global
benthic 8'®0 record ([42]; LRO4). This similarity is pre-
sumed to be due to sea-level fluctuations during glacial
periods where eustatic sea levels drop, which in turn
restricted the size and volume of the Arctic Ocean basin
and constricts the current flow at Fram Strait [70]. Thus,
during a glacial interval there will be coarser magnetite in
the Fram Strait sediments as increased current velocities
winnow the finer-grained materials. During an interglacial,
however, with higher sea levels, the Fram Strait current
velocity decreases allowing finer-grained material to
accumulate, thus changing the magnetic susceptibility [70].

The grain-size proxy record for MIS stratigraphy allows
for the direct correlation of LR04 age model stack to 22JPC
(Fig. 2a) [70]. Where fauna were available for 3'%0 anal-
ysis, these results confirmed the paleomagnetic proxy [70].
In addition, two Holocene samples at 100.5 cm and
138 cm were '*C dated to 15.34 and 18.50 ka, respectively.
Using a reservoir correction of 440 years and the calibra-
tion of Nowaczyk et al. [50], these ages are 17.71 and
21.35 ka, respectively (Fig. 2b). There is an offset between
the 5'%0 and the KarM/K ratio at the MIS 2/1 boundary of
>10 cm that is likely from 3'®0 depletion resulting from
the early deglaciation of the Svalbard region [37]. This
might impart some uncertainty at other glacial to inter-
glacial transitions given the proximity of the core site to the
Svalbard/Barents Ice Sheet, but overall the record com-
pares remarkably well with the LR04 8'%0 record. The
correlation picks were then fit to the 22JPC record via a
piecewise cubic hermite interpolating polynomial fit
(PCHIP, Fig. 2c), which preserves the shape of the curve
and does not make estimations outside the bounds of the
data. The kagm/K record was plotted against the 22JPC age
model and yielded improved correspondence to the LR04
8'80 record (Fig. 2¢). The resulting 22JPC age model was
then used in conjunction with the Fe grain provenance data,
mineralogical data, and geochemical data to transfer ages
to the 9JPC sediment record. The overall potential error for
the 22JPC age model would be tied to the error of the LR04
benthic stack; this error is estimated to be no more than
4 kyr (non-accumulating) for the last 1 Ma [42]. Obvi-
ously, the error is less for the last 140 kyr.
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Fig. 2 22JPC age model, modified from Xuan et al. [70] using the
LRO04 record as the index [42]. a Comparison plots of the kKarm/K
magnetic grain-size proxy (green) and the LR04 §'%0 benthic stack,
with MIS indicated [42]. b Table of correlation points, * denotes

Results and discussion
9JPC age model

In order to produce an age model for 9JPC, a lithologic
index variable was needed to correlate the two cores. The
index identified is that of the ratio of Fe grains rafted by the
TPD to those rafted by the BG. 9JPC is located at the
confluence of the TPD and BG and 22JPC in the eastern
Fram Strait is in the path of exiting ice drift. The tempo-
rally stable structure of these surface currents averaged
over hundreds to thousands of years combined with chan-
ges in the ratio of the two Fe grain signals based on the
provenance data for these Fe grains can be used to monitor
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model

the glacial/interglacial climate variability. During an
interglacial, the 9JPC core site will receive material from
TPD sources (Eurasia) as well as North American material
from the BG where the two drift currents join (Fig. 1) [14].
This signal of Eurasian and North American material is
transported to Fram Strait and deposited at core site 22JPC.
During glacial periods, a change in surface circulation has
been proposed where the BG shifts toward North America
and instead of mingling with the TPD, flows directly to the
western Fram Strait (Fig. 3) [6, 61]. The result of this
circulation reconfiguration would be the loss of the TPD—
BG mixing, and both 9JPC and 22JPC will receive Eur-
asian material almost exclusively. Iceberg scours have been
identified in the Chukchi Plateau region, which indicates
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Fig. 3 Arctic map showing the we
possible glacial period surface
circulation patterns [61]. Core
locations are highlighted in red.
The source groups used for the
TPD/BG ratio are highlighted.
TPD comprised of Chukchi and
East Siberian Seas, and
representing the easternmost
sources in the TPD and potential
source of a Chukchi-based ice
sheet [33]. BG sources
comprised of the Canadian
Arctic Archipelago and northern
Alaska, and representing the
Laurentian and Innuitian Ice
Sheets. The crosshatched
section indicates location of
potentially grounded ice,
determined via identification of
glacial and iceberg-turbated
diamicton and glaciogenic
features [31, 33, 52]
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that large ice blockages might have existed here during the
LGM (Fig. 3) [33]. This ice would have further prevented
BG sourced material from being delivered to 9JPC. Thus,
the result of these climatically driven differences will be a
lower TPD/BG ratio during interglacial intervals as there is
more exchange between the BG and TPD and a higher ratio
during glacial periods, as the TPD will dominate both core
locations except for rare iceberg purges from the Lauren-
tide Ice Sheet [15, 18]. Such changes are clearly seen in
both cores and provide the guidelines for the 22JPC-9JPC
correlations (Fig. 4).

To produce this TPD/BG index, the weighted percent of
Fe grain matches [24] attributed to TPD and BG specific
sources were grouped and a ratio was calculated. The TPD
sources are identified in Fig. 3 and constitute Fe grains
matched to the East Siberian and Chukchi Seas. The other
common sources of TPD sediment, the Laptev, and Kara
Seas were not included, as to isolate only those sources that
have drift paths consistently crossing the Mendeleev Ridge.
The BG material primarily consists of the Canadian Arctic
Archipelago, Mackenzie River, and the northern coast of
Alaska, all of which are strong sources of sediment in the
Beaufort Sea during both interglacial and glacial periods
[15, 21, 22]. Comprised of shelf, coastal, riverine, and river
delta sediments, a total of 8 and 4 specific source areas
were combined for the TPD and BG, respectively (Fig. 3).

In general, the TPD/BG ratios range from 0.05 to 6.15
for 22JPC and 0 to 0.85 for 9JPC (Fig. 4). Due to the closer
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proximity of 9JPC to BG sources and the potential for
mixing of the two currents, the TPD/BG ratio values in
9JPC are generally lower than what is seen in the 22JPC
record. The exception being during glacial periods when
the BG Fe grains reaching 9JPC will be low and TPD Fe
grains dominate.

Mineralogy and geochemistry

The TPD/BG ratio was examined to distinguish major
climatic changes and identify potential matches between
the cores. In general, for each peak/trough identified in the
9JPC TPD/BG index, two to three corresponding peaks
were identified in 22JPC. These peaks/troughs were then
examined for similar mineralogical and geochemical con-
tent variation in order to refine the initial correlations. For
the intervals between the TPD/BG correlated points, the
mineralogical and geochemical data identify additional
correlations.

A total of 29 source samples were analyzed for quanti-
tative mineralogy to distinguish mineral variability along
the margins of the Arctic Ocean. Three specific mineral
species, dolomite, plagioclase, and smectite, were identi-
fied to have unique provenance attributed to the Canadian
Arctic Archipelago, East Siberian and Laptev Seas, and the
Laptev and Kara Seas, respectively (Fig. 5). Thus, these
mineral species were determined to be the most useful in
identifying corresponding peaks in both 22JPC and 9JPC.
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Fig. 4 TPD/BG ratio plotted 22JPC 09JPC
against depth for both 22JPC TPD/BG Ratio TPD/BG Ratio
and 9JPC. The MIS indicated " 5 4 " . " - 2

for 22JPC records (solid red
line) and depth of MIS for 9JPC
are estimated (dotted red line).

These estimated depths were

used to derive initial index
correlation points, which are
indicated with the dashed blue
lines

MIS 5/4 <

Additionally, illite, illite/smectite mixed-layered clays,
kaolinite, and chlorite were included as these clay minerals
show strong temporal variation, whereas other mineral
phases do not (Fig. 6). Occasionally, due to sampling dif-
ferences, a direct depth match was not available in the
22JPC and/or the 9JPC mineralogy, and in these cases the
trend between the adjacent samples was used to test the
correlations. The mineralogy was never an exact match,
due to the core site locations receiving varying amounts of
mineral inputs due to source proximity. For example, 9JPC
will receive more plagioclase and smectite due to the
proximity to dominant sources of these minerals.

Due to the difference in the bottom water conditions at
the 9JPC and 22JPC core sites, many of the elements
commonly used in chemostratigraphy cannot be utilized in
this study. In many studies, Mn is shown to be a very useful
tool for correlation. However, given the distance between
the two core sites in this study and the difference in bottom
water conditions, highly reactive elements such as Mn and
Fe do not appear to be very useful as direct correlation
markers. Manganese is delivered to the Arctic through
riverine input [46], so these Mn layers will be more
prominent in the central portion of the Arctic [29]. Core
22JPC, however, is situated far from the river mouths and
its sediments are not as enriched in Mn. Additionally, both
Mn and Fe are mobilized in marine sediments through
bioturbation [44]. 22JPC is under Arctic to sub-Arctic
conditions and therefore likely experiences higher degrees

of bioturbation. Due to this mobilization, the Mn and Fe
signals in 22JPC will appear to be different from the cor-
related layer in 9JPC.

The elements Ca and Ba are intimately linked to marine
biologic productivity [47]. Due to the greater biogenic
production and better preservation at core site 22JPC rel-
ative to 9JPC, these biologically linked elements are not
very useful. Localized inputs of Svalbard dolomite to
22JPC also add to the difficulty in using the Ca signal as a
correlation marker. Other analyzed elements in this study
are too close to detection limits to express the variability
needed to produce viable correlations. Therefore, the geo-
chemical signatures that are not easily mobilized (labile)
through biologic activity and have values sufficiently
above detection limits with variability suited for correlation
are K, Ti, Co, Rb, and As (Fig. 7).

Correlation

Beginning with the TPD/BG ratio, 10 peaks/troughs were
identified as initial correlation picks that could be used to
transfer the age model from 22JPC (bold values in Table 2,
marked in Fig. 4). For each potential correlation pick, if
two of the three primary mineral phases and two of the four
additional minerals matched (gray bars; Fig. 6), the pick
was confirmed and the geochemistry (bulk XRF analyses)
was then examined to further confirm and/or refine these
correlations (gray bars; Fig. 7). If the majority of the

@ Springer



10 Page 8 of 20

Arktos (2015) 1:10

Dolomite Distribution

Fig. 5 Mineral distribution plots of the three identified primary
minerals. Quantitative bulk mineralogy determined using RockJock
software [26]. Black dots indicate sample locations. Dolomite is
sourced exclusively to the Banks and Victoria Island region of
Canada. Plagioclase is almost exclusively sourced to the Laptev and

geochemical elements match, then the pick is considered a
match and is used as a correlation point. Forty-one such
points were identified through this method and were used
in the age model interpolation of 9JPC (Table 2).

The 9JPC age model was calculated using PCHIP
(Fig. 8). The 9JPC record encompasses ~ 140 kyrs, with
an overall average sedimentation rate of 1.9 cm kyr™'
(R* = 0.985) calculated by the linear fit, but this core
exhibits a high variability (Fig. 8). All major shifts in
sedimentation are analyzed by a linear fit over the interval
in question; sedimentation rates are determined from the
slopes and the correlation coefficients are based on the
degree of fit.
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Plagioclase Distribution

East Siberian Seas. The smectite signal is strongest in the Kara and
western Laptev Seas. The color scales represent the percentage for the
mineral distributions. Plots created with Ocean Data Viewer with
weighted-average grid interpolation [55]

MIS sedimentation rates

The variations in sedimentation rate generally fit well
within the expected glacial ice-rafting history of the region
(Figs. 8, 9). In 9JPC, the average sedimentation rate for
MIS 5 to the present is 2.0 cm kyr~' (R* = 0.990). This
average sedimentation rate is comparable to that of a
nearby core HLYO0503-8JPC on the Mendeleev Ridge
where a 2 cm kyr~' rate was recorded for MIS 5 to present
[2].

Comparisons to previously published data for dated
central Arctic sediment cores show that in general, the rates
found in this study compare well to published sedimentary
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Fig. 6 Quantitative bulk mineralogy of the <45-pum fraction for
22JPC and 9JPC. Gray bars highlight the index picks as determined
from the TPD/BG ratio. Data were normalized by variance to better
visualize the shift about the mean (0). PW2 is identified through

rates for central Arctic sediment records [41]. In this study,
due to rapid sedimentation events the sedimentation rates
during Stages 2—4 are slightly higher than the given ranges
of Levitan and Stein [41].

Sedimentation during MIS 6 to MIS 1

Only part of MIS 6 is covered by the correlated age dates in
9JPC and these only cover the youngest part of this stage,
but a period of elevated sedimentation occurs for this core
at ca. 139 ka with a rate in excess of 16 cm kyr~ ' (Fig. 8;
E8 in Fig. 10). Following this event the rate falls to
0.8 cm kyr~' as Stage 6 transitions into Stage 5. The

Normalized %

Normalized %

Normalized %

Kaolinte

Mixed Layered Clay Chlorite
Normalized % Normalized %
-3 -1 1 3 3 -1 1 3

1 3 -3 -1 1 3
Normalized %

Kaolinite

identification of increased grain size, enhanced dolomite deposition,
and the pink hue of the core. PW2 occurs in MIS 5d (107 ka; [62]) but
is not used in the correlation; instead the timing of this event is used
as an independent test for the age model

partially recovered rapid accumulation event of Stage 6
reveals high sedimentation rates that would be indicative of
the high ice floes associated with deglaciation and the
transition from a glacial maximum, which is tentatively
dated at ca. 140 ka [33, 65]. The lithology confirms that
there is a sharp increase in mean grain size, indicating an
increase in IRD (Fig. 9). The Mn signal at this time exhi-
bits a low that is immediately followed by a sharp increase,
indicating that either Mn was not being delivered to the
system or being oxidized until after a major ice sheet dis-
integration event [29, 45]. A small jump in both dolomite
and smectite is found to occur at this time, which coupled
with the increased grain size suggests ice rafting from both
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Fig. 7 Bulk XRF data for 22JPC and 9JPC. Gray bars highlight the index picks as determined from the TPD/BG ratio. Again, data were

normalized by variance to better visualize the shift about the mean (0)

the North American and Eurasian Ice Sheets [22, 66]. The
average sedimentation for the period of ca. 140-130 ka of
1.8 cm kyr ™!, interspersed with a short period of
>15 cm kyr~ " in 9JPC, is what might be expected for a
period of intermittent iceberg discharges to an interglacial
period with even larger discharges of glacial ice during the
initial stages of warming. Because our analysis does not
extend into MIS7, we cannot be certain as to the base of
MIS6.

MIS 5 exhibits highly variable rates of sedimentation
ranging from <1 cmkyr™' in early Stage 5 to
>8 cm kyr~' at ca. 76 ka with an overall average of
1.6 cm kyr~' (R* = 0.981) based on the linear trend across
the full stage (Fig. 8). The plot of MIS 5 age model indi-
cates that there are a number of distinct changes in

1
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sedimentation rate (Fig. 8; Table 2), some of which cor-
respond to the MIS 5 substages. Early in Stage 5 from 130
to 114 ka and encompassing substage Se, the sedimentation
rate was quite low at 0.7 cm kyr~'. From ca. 114 to 97 ka
the sedimentation increases to a rate of 1.7 cm kyr '
(R2 = 0.997) and then further increases to 2.3 cm kyf1
(R2 = 0.987) between 97 and 91 ka. These two periods
constrain both substages 5d and 5c, which peak at 109 and
96 ka, respectively, and imply increasing rates of sedi-
mentation through this time. At around 89 ka there is a
decrease in sedimentation to a minimum of 0.7 cm kyr™'
(R* = 0.992) that persists for approximately 11 kyrs, and
encompasses substages 5b and 5a. Following this quiescent
period, a sharp increase in sedimentation occurs at ca.
77 ka for approximately 500 years reaching a rate in
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Table 2 Correlation picks for the 9JPC to 22JPC age model transfer

Marine isotope  HIY0503-9JPC

HLY0503-22JP C  Age from LR04-22JPC

9JPC sedimentation

22JPC sedimentation

stage depth (cm) depth (cm) age model (kyr) rate (cm kyrf') rate (cm kyrfl)
MISI 2.5 12.5 2.5 1.0 5.0
14.5 30.5 5.8 3.6 55
20.5 42.5 8.3 24 4.8
25.0 50.0 9.9 2.8 4.7
28.5 59.5 11.9 1.8 4.8
30.5 64.5 12.9 2.0 5.0
Average rate from linear fit R 2.7 (0.981) 5 (0.999)
MIS 2 325 72.5 14.3 14 5.7
40.5 90.5 16.9 3.1 6.9
44.5 110.5 18.1 33 16.7
46.5 120.5 19.0 2.2 11.1
55.5 138.0 21.4 38 7.4
Average rate from linear fit (R%) 2.7 (0.970) 8 (0.944)
MIS 3 60.5 160.0 25.5 1.2 53
64.5 165.5 26.9 29 39
72.0 167.0 27.3 18.7 3.7
74.5 170.5 28.5 2.1 29
76.5 173.0 29.6 1.8 2.3
78.5 180.5 33.1 06 2.1
86.5 185.5 354 35 22
90.5 190.5 37.2 2.2 2.8
96.5 203.0 384 5.0 10.4
100.5 213.0 38.8 10.0 25.0
102.5 225.5 42.6 0.5 33
103.0 234.0 46.2 0.1 24
108.5 258.0 535 0.8 33
114.5 265.5 54.0 12.0 15.0
Average rate from linear fit R?) 1.3 (0.876) 3.8 (0.976)
MIS 4 120.5 285.5 62.6 0.7 23
126.5 310.5 63.5 6.7 27.8
130.5 320.5 63.9 10.0 25.0
142.5 3255 64.2 40.0 16.7
154.4 350.5 67.1 4.1 8.6
162.5 355.5 68.3 6.7 4.2
Average rate from linear fit (R 6.1 (0.901) 13.6 (0.900)
MIS 5 170.5 380.5 75.8 1.1 33
178.5 390.5 76.6 10.0 12.5
182.5 400.5 82.6 0.7 1.7
190.5 445.5 91.3 09 52
210.5 475.5 99.7 24 3.6
222.5 498.5 107.1 1.6 3.1
230.5 5155 111.5 1.8 39
234.5 525.5 1134 2.1 5.3
Average rate from linear fit R?) 1.6 (0.981) 3.8 (0.995)
MIS 6 254.5 5755 139.3 0.8 1.9
266.5 571.5 159.9 20.0 33
Average rate from linear fit (R%) NA NA

Bold rows indicate the initial picks based on the TPD/BG ratio. The sedimentation rates for 9JPC and 22JPC are calculated for each interval for
comparison. The sedimentation rate for each MIS is given and based on the linear fit for each interval
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excess of 8 cm kyr'. After this fairly rapid event, the
sedimentation rate falls <1 cm kyr™' as Stage 5 transitions
into Stage 4.

The average Stage 5 sedimentation rates from this study
for the Mendeleev Ridge along the margins of the East
Siberian Sea can be in excess of 5 cm kyr_1 [41, 62].
Based on sedimentation rate distribution maps for the
region of the Mendeleev Ridge, 9JPC is located in a
1-5 cm kyr_1 band [41], which corresponds with the
1.6 cm kyr~! calculated average rate in this study. The
lower sedimentation rate seen in 9JPC, relative to the rates
found along a southern transect of the Mendeleev ridge
[62], can be attributed to the core location. The farther the
core site is from the continental margin, the less the sedi-
ment that core will generally receive, as the proximity to
the source exerts an important control on sedimentation
[33]. Overall, the large variability in sedimentation iden-
tified for MIS 5 is to be expected for a long-term inter-
glacial period with well-documented fluctuations in global
ice volume during stadials.

The variability of sedimentation rates calculated for the
MIS 5 substages fit nicely into the model of MIS 5 envi-
ronmental changes. Substage 5e, a warm interval, shows a
decrease in the rate of sediment accumulation from the
already low rate of sedimentation at MIS 6/5 transition,
probably due to less ice-rafting, as the textural data indicate
that >97 % of this material is <63 pm through this period
(Fig. 11). As the global climate system transitioned to a
stadial (substage 5d), the associated lower temperatures
allowed for increased sea ice production and potentially
glacial ice rafting. This is suggested by textural data where
>63 um material increases in 9JPC from <2 to ~9 %
(Fig. 11). This increase in coarse IRD corresponds to an
increase in sedimentation for the region.

Pink/white (PW) coarse layers were initially identified
as correlation markers [9]. These layers were later dis-
covered to be somewhat problematic because the number
of these layers was not always the same in relatively nearby
cores [16, 29, 54, 62]. Because these PW layers can only be
correlated by their sequence in cores and no unique min-
eralogy or chemistry can distinguish corresponding PW
layers, we did not use them in the correlation. However, the
identification of PW2 at ~ 107 ka does provide somewhat
of a confirmation of the age model (Fig. 9). PW2 is con-
temporaneous with the widely accepted age for this event,
Stage 5d [62].

Substage Sc is associated with a continuing increase in
sedimentation rate, possibly related to freshwater event
5.4. This event has previously been identified in a Men-
deleev record to occur in substage 5d [51]. This differ-
ence in timing could indicate that the age model in this
study or that used by Polyak et al. [51] is slightly off
during mid-MIS 5. Stadial 5b follows with a decrease in
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Fig. 8 Upper 9JPC interpolated age model with core photo. MIS are p
identified (red lines). Note the distinctive sedimentation rate
variability and the numerous rapid sedimentation events that occur
throughout. Linear fit of the curve provides the overall average
sedimentation rate of 1.9 cm/kyr. Interpolation is based on the
sampling resolution of the Fe grain provenance. Lower 9JPC
interpolated age models for Stages 1-5 and a portion of Stage 6. As
with this figure, again the interpolation is based on the sampling
resolution of the Fe grain provenance

sedimentation rate. This substage is associated with
increased glacial rafting as evidenced by the large jump in
the >250 pm fraction (up to ~7.5 %; Fig. 11). The sea
ice entrainment and transport are likely reduced as a
result of the increased terrestrial ice volume of the Arctic
during this time and the restriction in entrainment zones
(i.e., exposed shelves). As the 9JPC transitions into sub-
stage Sa, the overall climate is cooling as the climate
system begins to transition to the MIS 4 stadial. There is
an overall increase in sedimentation during this time. This
increase is substantiated by the increase in >63 pm
fraction and subtle decrease in >250 pm, which suggests
perhaps a stronger sea ice signal than seen in the previous
stadial (5b) (Fig. 11). Lithologically, Stage 5 exhibits
variability consistent with the stadial/interstadial changes
(Figs. 9, 11, 12). During interstadial periods (5e, 5c, and
5a), levels of smectite are elevated while dolomite is low.
This implies a period where ice sheets are small or
missing and sea ice transport dominates. The largest sea
ice entrainment regions are the broad shelves of the East
Siberian and Laptev Seas, which is dominated by a
smectite signal from the Siberian Trap Basalts [22, 66,
68]. These findings confirm that changes in sedimentation
in the Arctic Ocean are strongly linked to the mode of ice
rafting (glacial vs. sea ice).

Stage 4 exhibits a high average sedimentation rate of
6.1 cm kyr~! (R* = 0.901), but also exhibits a wide range
of rates from <1 cm kyr™' at the 5/4 and 4/3 transitions to
a maximum of >20 cm kyr~' for a short period at ca.
64 ka. This variability can be seen in the age model, with
three distinct periods of low sedimentation separated by
rapid accumulation events (Figs. 8, 10). Around 64 ka a
large sustained increase in terrestrial ice volume might
have occurred, which is followed by the maximum sedi-
mentation during this stage of 23 cm kyr~' (R? = 0.974),
lasting for approximately 500 years. From this maximum
sedimentation, the rates gradually decline until the Stage
4/3 transition. The period of 63—60 ka exhibits a rate of
1.2 cm kyr_1 (R* = 0.982), followed by a further reduc-
tion to 0.6 cm kyr™' (R*=0.982) at the Stage 4/3
transition.

Stage 4 is unique in that it is a somewhat warm stadial.
Thus, ice sheet thickness and extent are not as great during
this time as it were during other glacial stages [40, 65]. The
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Fig. 9 Summary figure of 9JPC lithostratigraphy incorporated with
the age model. Mean grain size, Mn variability, sediment density,
magnetic susceptibility, and dolomite and smectite variations are
shown. The MIS boundaries are indicated and each stage is color
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coded to depict the general climatology (red-warm and blue-cool).
Although not used to test correlations, a probable pink/white layer,
PW2, is shown. The model places this event in Stage 5d, consistent
with the accepted age [62]
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Fig. 10 Sedimentation rate variability (left plot) for 22JPC (green)
and 9JPC (black) based on linear sedimentation rates, with MIS
periods highlighted. Fe grain source matches are shown for 22JPC
and 9JPC for the Arctic Laurentian Ice Sheet group (ALIS), Innuitian

result of these stadial-like conditions might be unstable ice
sheets that result in regular massive iceberg discharges or
freshwater events. This is seen in the record of highly
variable sedimentation rate during this stage. The >250 pm
textural data indicate two periods of massive iceberg dis-
charge at ca. 64 and 63 ka (Fig. 11). The placement of
these two events is slightly offset from the rapid sedi-
mentation event that the age model indicates. Stage 4
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Ice Sheet group (IIS), and the Svalbard/Kara Ice Sheet group (SKIS).
Highlighted on the plots are basin-wide events (blue dashed line; and
labeled E1-E8), 22JPC-specific events (green dashed line), and 9JPC
specific events (red dashed line)

exhibits a high variability in grain size, Mn, and smectite
contents (Figs. 9, 11, 12) that is indicative of a period that
is climatically unstable.

The relatively low sedimentation rate associated with
the MIS 4/3 transition becomes slightly elevated at the
beginning of Stage 3. This period is sharply interrupted by
a short (~750 years), but major sedimentation event at ca.
54 ka with a rate of sedimentation of >14 cm kyr~'. The
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following interval of 52-39 ka is associated with low,

<1 cm kyr_1 sedimentation. Around 39 ka, >6 cm of
sediment was deposited very rapidly in roughly 500 years.
This corresponds to a rate of nearly 14 cm kyr~'. Fol-
lowing this pulse of sediment, a rate of 3 cm kyr™' occurs
for the next four to five millennia. From 33 ka through the
Stage 3/2 transition, the sedimentation rate falls again to

<1 cm kyr ",

E8

Stage 3 is a cool interglacial and is interspersed with
interstadial to stadial-like conditions [40, 65]. The result of
this cooler environment is that terrestrial ice is still likely
an influence in the sedimentation history during this time.
The lithological and textural data indeed imply that glacial
ice is present as this period is associated with a few rapid
increases in the mean grain size tied to the >250-um
fraction and large swings in sediment density and dolomite
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concentration (Figs. 9, 11). For this region of the Men-
deleev Ridge, sedimentation rate distribution maps imply a
<1 cm kyr~ ' signal [41]. The average estimated rate from
this study is 1.3 cm kyr™', which is slightly higher than the
Levitan and Stein [41] estimates due to the inputs of glacial
ice and/or large-scale sea ice entrainment events.

Early in Stage 2 there is approximately 500 years of
rapid sedimentation at around 27 ka, amounting to a rate of
>8 cm kyr~'. After this event sedimentation decreases to
1.4 cm kyr~! and remains unchanged for the next 5 kyr. At
ca. 22 ka, the sedimentation rate increases to approxi-
mately 3.3 cm kyr~' and continues with minimal variation
until the Stage 2/1 transition (Fig. 9).

Sedimentation during the LGM was reduced in the
central Arctic and contains very fine-grained material or
results in a hiatus of several thousand years for this region
of the Mendeleev Ridge [53], but this is not a consistent
feature across the entire central Arctic [33]. Additionally,
just prior to and after the LGM the IRD in the western
Arctic cores consists of sediment most similar to that from
the Mackenzie River region [53]. This implies that the
material during this time is sourced to glacial erosion from
the Laurentide ice sheet as it reached its maximum extent
when the sea level was at its lowest. The mineralogy data
from this study show elevated dolomite between 23 and
25 ka and a sharp increase in dolomite at ~ 16 ka in core
9JPC (Fig. 12), which seems to substantiate this Laurentide
source due to the abundance of dolomite on Victoria Island
and adjacent areas eroded by this ice sheet [53]. The
lithology of 9JPC shows that early in MIS 2 a large
increase in mean grain size occurs until ca. 20 ka, poten-
tially representing the rapid growth of terrestrial ice sheets
and the associated pulse of coarse IRD.

The Holocene exhibits some minor variability, though not
as much as previous interglacials/interstadials. The overall
average sedimentation rate for this period in 9JPC is calcu-
lated to be 2.7 cm kyr~' (R* = 0.981). The maximum sed-
imentation rate for Stage 1 occurs at approximately 6 ka and
reaches accumulation in excess of 4 cm kyr ™', persisting for
approximately 1.5 ka. The rate steadily declines reaching a
minimum of approximately 1.3 cm kyr™' at ca. 3 ka and
continues at this rate until present day. Based on the lithol-
ogy, the Holocene period is associated with minor variation
in sediment grain size, dolomite and smectite content, and an
initial pulse in Mn followed by a steady increase (Fig. 9).
These three features would be indicative of an ocean with
primarily sea ice-rafting from both North American and
Eurasian sources and increasing riverine inputs.

Rapid sediment accumulation events

The age model presented here identifies eight periods of
rapid sedimentation in MIS 6 to MIS 1 that were
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recognized in both 9JPC and 22JPC (Fig. 10). When these
events are synchronous in both 22JPC and 9JPC, it implies
that basin-scale processes govern these rapid mass accu-
mulation events. If only identified in 9JPC or 22JPC, then it
is likely that localized processes such as a local melt-out
event or local sea ice entrainment event account for the
rapid accumulation. Thus, the widespread occurrence of
these rapid events is likely linked to terrestrial ice
dynamics such as a major glacial lake outburst, the disin-
tegration of ice sheets following a glacial maximum, or for
warm intervals, episodes of increased sea ice entrainment.

For the most part, the timings of these rapid accumu-
lation events correspond well with documented glacial
activity. The late Pleistocene history of Eurasian glaciation
is well understood, and major ice sheet advances have been
documented for MIS 6, 5b, Stage 5/4 and 4/3 transitions,
and the LGM [38, 59, 65]. North American glaciations are
documented to have occurred during MIS 6, MIS 5d, at the
transition from MIS 4 to 3, and the LGM [20, 51], but this
history is still only partially understood [33, 35, 52, 62]. By
examining the matched sources of Fe grains for the rapid
deposits identified in this study, it is possible to identify
where the signal originates and potentially show the rela-
tionship between the Eurasian and North American ice
sheet calving for glacial periods [16] and distinguish major
regions of sea ice entrainment during interglacials. The
Innuitian Ice Sheet (IIS) signal is the combined source
matches that correspond to the source areas labeled in
Fig. 3 that encompass the northern and southern Queen
Elizabeth Islands: source areas 2, 3, 4, 5, 6, 7, 24, 25, 26,
and 28 [16]. The Arctic Laurentide Ice Sheet (ALIS)
consists of the western Canadian Arctic Archipelago and
northern Alaska, including the Mackenzie River. The
sources for the ALIS are source areas 8, 9, and 10 (Fig. 3).
The Svalbard-Kara Ice Sheet (SKIS) sources consist of the
sources in the Barents and Kara Seas, represented by
source groups: 12, 14, 15, 16, 29, 30, 31, 32, 33, and 36
(Fig. 3).

There is a distinct jump in sedimentation rate upwards of
20 cm kyr~ ' atca. 139 ka, Event 8 (E8, Fig. 10). The timing
of this event is close to the estimated Stage 6 glacial maxi-
mum of ca. 140 ka [65] and might represent the disintegra-
tion of Stage 6 ice sheets. This period does correspond to a
freshwater event identified by isotopic lows across multiple
Arctic records that range from 140 to 125 ka and is inter-
preted to be the release of an ice-dammed lake(s) from the
Eurasian ice sheets [59]. The Fe grain matches and miner-
alogy, however, indicate that there is an additional North
American source for this event. The mineralogy of this event
does show a Laptev Sea source, as there is a large increase in
the plagioclase signal that indicates a strong Eurasian input
for 9JPC (Fig. 12). Both dolomite and smectite phases show
avery small increase at ca. 139 ka (Fig. 12), which indicates
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that the Laurentide Ice Sheet and the Kara and Yenisey River
sources are of minimal importance during this period of
accumulation in late Stage 6. The Fe grain provenance,
however, shows a strong increase in IIS and SKIS sources
and ALIS to alesser degree in 9JPC, while in 22JPC the three
source regions are only slightly elevated (Fig. 10). The
texture of the sediment at this time also shows evidence of a
large increase in ice transport (both sea ice and glacial ice) as
the >63 and >250 um fractions increase to >10 and 3 %,
respectively (Fig. 11). Thus, if it is determined that this
accumulation event corresponds with the Stage 6 freshwater
event [59], then this freshwater event cannot be sole sourced
to the Eurasian Ice Sheet but a North American component
must also be contributing. Isotopic evidence would be nec-
essary to confirm that these two events are the same.

In Stage 5, two events were identified in both 9JPC and
22JPC (E7 and E6; Fig. 10). In 22JPC for E7, a rate of
5.3 cm kyr~ ! is recorded at ca. 113 ka, with no appreciable
source increase in IIS, ALIS, or SKIS. At ca. 111.5 ka, the
sedimentation rate in 9JPC increases to 3.9 cm kyr ™' and is
associated with an increase in each major ice sheet source
(Fig. 10). The grain size indicates that iceberg transport is
likely the dominant transport mechanism for this event,
given that the texture of the >63 and >250 pum both show
distinct jumps (Fig. 11). Interestingly, this period occurs
prior to the beginning of PW2 (dated at ~107 ka in this
study). Following this rapid event and transitioning into the
PW layer, the >63 pm fraction increases to >10 % and the
contribution from the ALIS shows a sharp increase (Figs. 10,
11). The offset between the timing of the rapid event in
22JPC and 9JPC might indicate signal lag, where IIS, ALIS,
or SKIS calving occurs earlier than the others. Higher-res-
olution records are likely needed to determine the timing of
these potential lags.

The second Stage 5 event, E6, occurred at approxi-
mately 77 ka (Fig. 10). In 22JPC and 9JPC, sedimentation
rates increased to 12.5 and 10 cm kyr™', respectively.
These rates are roughly 3 and 5 times that of the average
rates during this period. This period potentially corre-
sponds to a 77 ka melt water signal found in a series of
cores along the TPD through the Fram Strait [36]. This
freshwater signal was determined to originate from ice-
dammed lakes from northern Siberia, given the strong
smectite signal that is indicative of the Siberian Trap
Basalts [36]. The Fe grain source data show that there in an
increase in SKIS, ALIS, and IIS here (Fig. 10). The grain-
size data for 9JPC indicate an ice transport source for this
rapid event, with >63 pm exceeding 10 %. Fe grain
provenance data for E6 indicate that all ice sheet sources
are on the decline in 9JPC.

At 64 ka rapid event ES occurred, resulting in the
highest sedimentation rates determined to be ~40 and
~28 cm kyr~! for 22JPC and 9JPC, respectively (Fig. 10).

After application of the age model, this ~40 cm kyr ' rate
corresponds to a time in which 16 cm of sediment is
deposited in <1 kyr. Thus, the rate is really >20 cm kyr™".
In 9JPC, this event is associated with sharp increases in
both smectite and plagioclase that indicates a strong Eur-
asian source (Fig. 12). Indeed, the Fe grain provenance
shows an increase in source material from SKIS as well as
IIS and to a lesser degree ALIS, with similar provenance
found in 22JPC (Fig. 10). With a >250 um fraction more
than 5 % (Fig. 11), this event may correspond to an IRD
event from between late Stage 4 and early Stage 3
(65-50 ka) identified as a thick IRD-rich layer found
throughout the Arctic [29, 59, 67]. This layer is commonly
associated with high levels of smectite and kaolinite [66],
which suggests an SKIS source. In 9JPC and 22JPC, Fe
grain provenance shows an increase in SKIS sources but
also increases in IIS sources and small increases in ALIS
(Fig. 10). This suggests that while Eurasia dominates, this
event is likely a basin-wide event that incorporates circum-
Arctic changes in ice sheets. This event might coincide
with Heinrich Event 6, a IRD event found in the North
Atlantic and proposed to occur at ~60 ka [27].

Stage 3 is punctuated by two rapid events, E4 and E3
(Fig. 10). E4 occurs at 54 ka and has rates of 15 and
12 cm kyr_1 for 22JPC and 9JPC, respectively. In 9JPC,
this period is associated with a strong peak in material
sourced mainly to the ALIS and to a lesser extent IIS, with
minimal input from SKIS (Fig. 10). 22JPC exhibits a
strong increase in IIS sourced material, with lesser amounts
of SKIS and ALIS. The difference in material received is
likely due to proximity of the source regions to the core
sites and the dominant transport pathways. The presence of
this signal in both 9JPC and 22JPC indicates that this is a
basin-wide event. The provenance coupled with an increase
in >63 and >250 um fractions indicates that this signal is a
result of a large-scale calving event. A deglacial event has
been documented to occur in early Stage 3 (Fig. 11) [20,
51]. The second Stage 3 event, Rapid event 3 (E3) is dated
to ca. 39 ka and has rates of 25 and 10 cm kyr~' for 22JPC
and 9JPC, respectively (Fig. 10). There is an increase in
coarse sediment texture through this period, indicating that
sea ice and glacial ice transport is active (Fig. 11). 22JPC
shows a small increase in ALIS sediment. The Fe grain
data are not available for 9JPC at this interval. The timing
of E3 coincides with Heinrich Event 4 that is independently
dated to 38 [27] and 37 ka [7]; thus E3 might represent a
central Arctic Heinrich-like event. A similar signal was
identified from the Mendeleev Ridge in core 94BC16, with
a timing of 38.9 ka and sourced to IIS (IRD7; [16]. The
event identified in this study occurs just as the IIS source
signal sharply decreases (Fig. 10).

Stage 2 is associated with two rapid accumulation
events, the first is specific to 9JPC and the second (E2) is
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found in both 22JPC and 9JPC (Fig. 10). The 9JPC-specific
pulse is assigned an age of approximately 27 kyr and has a
sedimentation rate of >18 cm kyr~' (Fig. 10). There is
very little coarse material in this interval, but a large
coarsening occurs just after this event (Fig. 11). Based on
the Fe grain sources, only IIS and ALIS are contributing at
this time (Fig. 11). Given the fine grain size in this interval,
it is not surprising that smectite is high, while dolomite and
plagioclase are both low, suggesting a Kara/Laptev Sea
source (Fig. 12). A short 750 year event occurs at ca. 18 ka
when sedimentation of >16 and >3 cm kyr~' for 22JPC
and 9JPC, respectively, marking the second Stage 2 rapid
event (E2; Fig. 10). The signal is weak in 9JPC, but does
potentially indicate the end of the LGM and the beginning
of ice sheet disintegration. Both core locations experience
increased amounts of material from IIS and SKIS, while
22JPC also receives material from ALIS (Fig. 10). Thus, it
can be presumed that the glacial disintegration was con-
temporaneous from all regions. Also, given the provenance
of the material we speculate that the ALIS material is
bypassing 9JPC and the Stage 2 deglacial ice drift flows
directly toward Fram Strait. The sediment grain size shows
that near 18.5 ka the material was very fine (>99 %
<63 um) but is immediately followed by a sharp increase
in coarse sediment (>20 % of >63 pm) (Fig. 11), sug-
gesting a massive and short-lived calving event. At this
same time, an intense freshwater event is identified in a
sediment record from Yermak Plateau [59]. Additionally,
this period corresponds to an IRD event identified in cen-
tral Fram Strait cores that occurred between 19.3 and
17.4 ka [16]. These authors concluded that this IRD event
contained Fe grains from the Laurentide and Innuitian
simultaneously, which is also seen in this study.

The last rapid event identified, E1, occurred at 5.8 ka
(Fig. 10). The overall sedimentation rates are not exceed-
ingly high, but they do represent a short-lived increase over
background rates. In 22JPC the rate increases to
5.5 cm kyr~! and has identified sources from several cir-
cum-Arctic areas (Fig. 10). The rate for 9JPC increases to
3.6 cm kyr~! with similar sources as 22JPC, except IIS is
absent. There is a small, but significant increase in the
sediment coarse fraction indicating that this is an increase
in IRD deposition (Fig. 11). This period roughly coincides
with the timing of Bond IRD Event 4, which is analogous
to the 5.9 kyr event [8].

Conclusions/summary
The identification of these short-lived and rapid sediment
accumulation events highlights the importance of this new

central Arctic age model. The age model presented here is the
first detailed age model for the central Arctic linked to the
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global 5'®0 record that is able to resolve such rapid events.
The results of this study raise questions regarding the timing
and extent of various processes. For instance, the occurrence
of freshwater events throughout the late Quaternary is more
refined by this new age model, allowing for more constrained
timings than previously published. Of course, stable isotope
records would be needed to confirm these freshwater events.
This refined timing is also true for major deglaciation events.
The results here show that very high sedimentation rates can
occur during glacial or stadial intervals, albeit for short
intervals of time probably associated with iceberg dis-
charges. The occasional extreme rates of sedimentation (>15
and as high as 204 cm kyr~ ") have not been reported prior to
this study for the Mendeleev Ridge area.

There are a number of improvements that can be made
to this age model, most notably these are AMS-'*C dating
of the Holocene and late Stage 2 and increased sampling
resolution, though datable material is scarce. Additionally,
an increased sampling resolution will reduce the impact of
error and might allow for the identification of additional
Heinrich Events and other IRD events similar to those
events identified in MIS 3 and 4.
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