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The paleoceanography of the central Arctic Ocean was reconstructed for the last 50 kyr (Marine Isotope
Stages (MIS) 1-3) based on ostracode assemblages from 21 'C-dated sediment cores from the Mendeleev,
Lomonosov, and Gakkel Ridges. Arctic sediments deposited during the Holocene interglacial period (MIS 1),
the Bolling-Allered, and larger interstadial Dansgaard-Oeschger (DO) events (3-4, 8, and 12) contain
abundant Cytheropteron spp., Henryhowella asperrima, and Krithe spp. at intermediate/deep-depths (~1000 to
3000 m). These assemblages suggest a ventilated deep, Arctic Ocean water mass similar to the modern Arctic
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Arctic Ocean Ocean Deep Water (AODW) during these time periods. In contrast, sediment deposited during stadial events
Ostracode corresponding to Heinrich events 1, 2, 3, and 4, (also possibly the Younger Dryas; YD), contain abundant

Polycope spp. (60-80%) suggesting a greater influence of the Atlantic Layer (AL) on the Arctic Intermediate
Water (AIW) and AODW. Reduced sea-ice during the early Holocene, the last deglacial, and MIS 3
interstadials is indicated by the reoccurrence of Acetabulastoma arcticum, an epipelagic species that is

Paleoceanography
Paleoclimatology
Dansgaard-Oeschger

Heinrich parasitic on sea-ice dwelling amphipods. One hypothesis to explain these oceanographic changes during
Age models longer stadial events, particularly within the last glacial period (MIS 2), involves sluggish ocean circulation,
MIS 1 . . . . .

MIS 2 thicker sea-ice cover, and a deeper halocline with ocean exchange between Greenland Sea and Arctic Ocean
MIS 3 deep-water through the Fram Strait.

Published by Elsevier B.V.

1. Introduction

The Arctic Ocean influences global climate and ocean circulation
through the contribution of Arctic deep-water to the global
thermohaline system (Aagaard et al., 1985, 1991; Rudels and
Quadfasel, 1991; Aagaard and Carmack, 1994; Anderson et al., 1994;
Meincke et al., 1997; Rudels et al, 2004). Many climate and
oceanographic studies suggest that large temperature changes in
the Arctic are currently occurring in shallow to intermediate water
depths (McLaughlin et al., 2009; Polyakov et al., 2011; Spielhagen et
al.,, 2011) as well as declining annual Arctic perennial sea-ice cover
(Stroeve et al,, 2007a,b; Comiso et al., 2008; Rothrock et al., 2008;
Kwok and Rothrock, 2009). Large changes in Arctic Ocean circulation
during the last 50 kyr have also been hypothesized from sediment
core proxy records (Stein et al., 1994a,b; Cronin et al, 1995;
Jakobsson et al., 2001; Nergaard-Pederson et al., 2003; Polyak et al.,
2004; Spielhagen et al., 2004, 2005; Wollenburg et al., 2004; Darby et
al.,, 2006; Polyak et al., 2010). Some studies postulate large changes in
the Arctic Ocean during interstadial and stadial events of the last
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glacial period covering the last 50 kyr, including MIS 2 and 3
(Spielhagen et al., 2004, 2005; Darby et al., 2006). However, many
aspects of Arctic Ocean circulation during past climate change cycles
remain poorly understood due to low sedimentation rates, limited
sediment chronology, and complex oceanographic changes.

This study investigates changes in late Quaternary benthic
ostracode faunas from sediment cores in the central Arctic Ocean
and applies them to the reconstruction of intermediate and deep-
water circulation during the last 50 kyr. The focus is on several key
ostracode taxa that act as faunal tracers of major water masses and
sea ice conditions, and were recovered from 21 deep-sea sediment
cores from the Gakkel, Lomonosov, and Mendeleev Ridges, and the
Morris Jesup Rise. These sites cover a large part of the central Arctic
Ocean and are presently located within the modern Arctic Interme-
diate Water (AIW), Canada Basin Deep Water (CBDW) and the
Eurasian Basin Deep Water (EBDW) masses (Fig. 1). In addition to
studying faunal changes, we attempted to improve Arctic chronology
by recalibrating published radiocarbon dates from 22 cores and
obtaining new radiocarbon dates from four cores. These recalibrated
dates should help to improve interpretations of Arctic oceanography
during glacial/interglacial cycles, as well as millennial-scale climate
events (Dansgaard-Oeschger interstadial and Heinrich stadial
events).
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Fig. 1. A. International Bathymetric Chart of the Arctic Ocean with the 21 core sites from this study (from Jakobsson et al., 2008). See supplemental information on the location of the
core sites in Table 1. Also shown is the generalized circulation of the Atlantic Layer (AL) within the Arctic Ocean (red). The blue arrows demonstrate brine formation on the
continental shelves. B. Cross sectional temperature profile of the modern Arctic Ocean with cores from this study marked (AOS94B8B and AOS94B12A not shown). (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

2. Background
2.1. Modern Arctic oceanography

Today, the central Arctic Ocean is stratified into four primary
layers: the Polar Surface Water (PSW) (Jones, 2001; Rudels et al.,
2004) (also known as the Polar Mixed Layer, or PML), the Atlantic
Layer (AL), the Arctic Intermediate Water (AIW), and the Arctic
Ocean Deep Water (AODW) (Aagaard and Carmack, 1989; Anderson
et al, 1994). The AODW is separated into the Canada Basin Deep
Water (CBDW) and the Eurasian Basin Deep Water (EBDW) by the
Lomonosov Ridge (Fig. 1B). The PSW (~0 to 50 m), primarily sourced
from glacial melt and transpolar currents from the Siberian shelf to
the Fram Strait and Beaufort Sea Gyre, is relatively cold (0 to —2 °C)
and fresh (~32 to 34 ppt) (Fig. 1B) (Anderson and Jones, 1992; Jones,

2001; Karcher and Oberhuber, 2002; Rudels et al., 2004; Woodgate
et al,, 2007). An ~100 m deep halocline separates the PSW from the
underlying AL (Fig. 1B) (Rudels et al., 1996). Today, the AL occurs
from ~200 to 1000 m and is warmer (>0 °C as defined by Rudels et al.
(2004)), and more saline (~34.3 to 34.75 ppt), than the overlying
PSW (Fig. 1B). The core of the AL, between 300 and 500 m water
depths, and can reach temperatures exceeding 2 °C (Fig. 1) (Rudels
et al., 2004). The AIW, which lies beneath and is influenced by the AL
(Fig. 1B), refers to a water mass at depths of ~1000 to 1500 m in the
Eurasian Basin and up to ~2000 m in the Canada Basin. This water
mass is also referred to as the upper-AODW (upper-CBDW, upper-
EBDW). The AL appears to influence the temperature and salinity of
the modern AIW (~—0.5 to 0 °C; ~34.6 to 34.8 ppt), and as we discuss
below, probably experienced large changes during the last 50 kyr
(Fig. 1). The AODW fills the deep Arctic Basins beneath the AIW, at
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water depths of >2000 m in the Canada Basin, and >1500 m in the
Eurasian Basin (Fig. 1). Overall, the AODW is colder and more saline
(thus denser) than the AIW (CBDW of —0.5 to —0.3°C and
34.95 ppt; and in EBDW of — 1.0 to —0.6 °C and 34.93 ppt) (Fig. 1B).

The following simplified description of the intermediate and deep-
water circulation in the Arctic Ocean draws on the studies of Rudels
and Quadfasel (1991), Anderson et al. (1994), Jones et al. (19954,
1995b), Meincke et al. (1997), Karcher and Oberhuber (2002), and
Rudels et al. (1994, 1996, 2004). The Atlantic Layer enters the Fram
Strait area at a rate of 5-8 Sv (1 Sv=1x10°m>3s~!) (Worthington,
1970; McCartney and Talley, 1984); ~1 Sv enters the Central Arctic
Ocean (Rudels, 1987; Bourke et al., 1988) (Fig. 1A). In the Arctic
Ocean, the AL continues along the Eurasian continental shelf until it is
split at the Lomonosov Ridge. One branch of the AL diverts pole-ward
along the eastern side of the Lomonosov Ridge, and the other crosses
over into the Canadian Basin. Here, the AL continues along the
continental slope of the Canada Basin, until it eventually returns to
the Lomonosov Ridge. The AL splits again, as part of it re-circulates
along the western side of the Lomonosov Ridge, flowing once more
along the continental shelf rim of the Canadian Basin, and eventually
rejoins the eastern-Lomonosov branch, and ultimately exits the Arctic
via the Fram Strait (Fig. 1A). Within the Canada Basin, the AL entrains to
greater depths as it reaches the continental slope via mixing with shelf
brines, influencing the AIW, and eventually the CBDW. This causes the
CBDW (>~2000 m) to be warmer (—0.5 to —0.3 °C) than the EBDW
(>~1500 m; —1.0 to —0.6 °C), and increases the distribution of the
Atlantic Layer's heat into the Canada Basin (Fig. 1B).

The branch of the AL on the eastern Lomonosov Ridge travels pole-
ward at depths of ~200-1500 m with minimal influence from
continental shelf brines. Beneath it is the colder and denser Eurasian
Basin Deep Water (EBDW) (Fig. 1B). This portion of the AL eventually
rejoins the branch that circulated through the Canada Basin, and
together they exit the Arctic Ocean through the Fram Strait. The
CBDW and the EBDW also combine at the southern-most reach of the
Lomonosov Ridge, near Greenland, to form the AODW, which then
flows through the Fram Strait into the Greenland Sea (Fig. 1). Here,
the AODW contributes to the GSDW, which ultimately influences the
formation of North Atlantic Deep Water (NADW) via convection.

2.2. Arctic Ocean ostracodes

Arctic marine ostracodes have been the subject of many prior
studies based on living material and surface sediment collections.
References used in this study for ostracode taxonomy and ecology
include Joy and Clark (1977), Whatley and Coles (1987), Cronin et al.
(1994, 1995, 2010), Whatley et al. (1995), Jones et al. (1998, 1999),
and Stepanova et al. (2003, 2007, 2010). Five of the most common
deep-sea ostracode taxa were chosen for paleoceanographic recon-
struction: Krithe spp., Polycope spp., Henryhowella asperrima s.l.
(Reuss), Cytheropteron spp., and Acetabulastoma arcticum (Schorni-
kov). The taxon Krithe spp. includes K. glacialis (Brady, Crosskey, and
Robertson) and K. minima (Coles, Whatley, and Moguilevsky), which
are both indicative of cold, well-ventilated water typically found
today in highest abundance within the AODW (Joy and Clark, 1977;
Cronin et al., 1994, 1995). Of the two species, K. minima is much less
common than K. glacialis and typically lives near the eastern Arctic
margin at slightly shallower depths than K. glacialis. H. asperrima is
found in highest abundance within the AODW and is hypothesized to
be indicative of cold, well-ventilated water. The genus Polycope (Sars)
includes nine Arctic species, which typically occur together in
sediments in contact with the AIW (Joy and Clark, 1977; Cronin
et al, 1994, 1995). This taxon is often associated with high
productivity, probably warmer temperatures, and appears to repre-
sent an opportunistic group of species, often dominating up to
80-90% of fossil assemblages. The group of Cytheropteron spp.
includes the intermediate/deep-water (>1000 m) species C. alatum

(Sars), C. bronwynae (Joy and Clark), C. carolinae (Whatley and Coles),
and C. hamatum (Sars). These four species typically dominate
assemblages in the AODW (CBDW and EBDW) (Joy and Clark, 1977;
Cronin et al., 1994, 1995). The species A. arcticum lives as a parasite on
pelagic, sympagic amphipods, which inhabit sub-sea-ice habitats, and
have been used as a perennial sea-ice indicator (Cronin et al., 2010).

2.3. Climate events of the last 50 kyr

Climate variability from the last 50 kyr included many abrupt stadial
periods such as Heinrich (H) events (Heinrich, 1988; Bond et al.,, 1992;
Andrews, 1998; Hemming, 2004) and Dansgaard-Oeschger (DO) stadial-
interstadial cycles (Dansgaard et al., 1993; Clark et al., 2002). It has been
suggested that Heinrich events during the last glacial possibly weakened
NADW formation (Keigwin and Lehman, 1994; Sarnthein et al., 1994;
Elliot et al, 2002). The current Holocene interglacial also shows
oceanographic variability, but it is smaller in scale than stadial/interstadial
variation during the last glacial (Kaufman et al., 2004).

3. Materials and methods

Ostracode faunas were studied at 1 cm intervals in 21 sediment cores
(Table 1; all faunal data available online at the National Climatic Data
Center: http://www.ncdc.noaa.gov/paleo/paleo.html). Species were
identified and counted in each sample and the relative frequencies
were computed for all taxa within each sample as percent abundance of
the total assemblage (abundance henceforth). Overall, 151,100 speci-
mens were counted (single valves and carapaces were counted as one
specimen), with an average of 282 specimens per sample. We analyzed
ten multi-cores from the Arctic 91 Expedition (PS 2163-1, PS 2170-4, PS
2178-4, PS 2179-3, PS 2184-3, PS 2185-4, PS 2186-3, PS 2200-4, PS
2202-4, and PS 2206-4), ten box-cores from the AOS SR96-1994 cruise
(AOS94B8B, AO0S94B12A, AO0S94B16C, AO0S94B17B, A0S94B19B,
AO0S94B20A, A0S94B23A, AOS94B26B, AOS94B28B, and AOS94B32),
and one trigger-core from the 2005 HOTRAX Expedition (HLY0503-18tc)
(Fig. 1; Table 1).

Various grain sizes have been examined in prior ostracode studies
from the Arctic, most commonly either >150 um, or >125 pym. The
current study was the culmination of several years of research and
incorporates faunal analyses using both the >125 um size fraction
(195 samples), and the > 150 pm size fraction (226 samples). In order
to assess whether the size-fraction used introduced a bias into the
assemblage data, we compared assemblages picked from both size-
fractions in samples from core AOS94B8B. The resulting abundances of
the five key taxa in the >150 um fell within the 95% confidence limits
for those from the >125 pm size fraction (Table 2). The insignificant
differences between assemblages from the >125 and >150 pum size
fractions is likely because ostracodes grow by molting, and adult
specimens and most pre-adults (A-1, A-2 instars) for most species are
preserved in the >150 um fraction (one exception is Microcythere
medistriata (Joy and Clark, 1977), a rare, small species which on average
constitutes ~1.7% of our assemblages in either size fraction).

We calculated 95% error bars for the relative abundance in each
sample, as well as for the composite faunal curve discussed below. This
was accomplished by applying the algorithm for a binomial probability
distribution provided by Raup (1991) to the relative frequency of each
species, and the total specimen count for each sample at a given core
depth (Percent Error Bars program, S. Holland pers. comm. 2011). These
error bars allowed us to identify statistically significant increases or
decreases in taxon abundances through time.

3.1. Chronology and reservoir corrections
Radiocarbon dating provides the primary age control on the MIS

3 through 1 interval in the Arctic sediments. We compiled a total of
181 previously published dates from 22 Arctic cores (Darby et al.,
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Table 1
Cruise and core site information for 21 cores in this study. Sedimentation rates from age models derived from radiocarbon dates from each core. (N =number of dates; nl = number of infinite dates; ! represents 1 unused radiocarbon date
(likely due to bioturbation or dating error)).

Sedimentation rates

Holocene Post-LGM 40ka-LGM Pre-40ka
Year  Cruise Core Latitude Longitude WD  Location N Sedrate Core N Sed rate  Core LGM N Sedrate Core N Sed rate  Core nl Base age (ka);
(m) (cm/ka)  depths (cm/ka) depths depth (cm/ka) depths (cm/ka) depths dates (base depth)
(cm) (cm) (cm) (cm) (cm)
1994 AOS SR96-1994 AOS94B3B 78.13 —176.75 1031 Mendeleev Ridge 4 2.10 0-11 0 2.10 15-18 18 0 085 18-20 3 0.85 20-41 52.12 (41)
1994 AOS SR96-1994 AOS94B12A 79.99 —17429 1683 Mendeleev Ridge 3 0.84 0-9 0 0.84 9-11 11 0 378 11-12 4 3.78 12-40 47.19 (40)
1994 AOS SR96-1994 AOS94B16C 80.34 —178.71 1568 Mendeleev Ridge 2  0.56 0-11 3 2.36 11-14 14 3 081 14-21 4 130 21-35 1 50.60 (35)
1994 AOS SR96-1994 A0S94B17B 81.27 17897 2117 Mendeleev Ridge 8  1.40 0-11 6 1.40 11-16 16 3 036 20-26 3! 219 26-39 45.83 (39)
1994 AOS SR96-1994 A0S94B19B 82.45 17576 2414 Mendeleev Ridge 1 0.54 0-6 3 0.54 6-8 8 4 039 8-15 5! 2.69 15-37 50.42 (37)
1994 AOS SR96-1994 AOS94B20A 83.17 17411 3120 Mendeleev Ridge 3! 0.56 0-5 1 0.56 5-10 10 31122 10-22 3 1.22 22-39 54.08 (39)
1994 AOS SR96-1994 AOS94B23A 85.90 —166.83 3475 Makarov abyss
1994 AOS SR96-1994 AOS94B26B 88.06 —142.98 1020 Lomonosov Ridge 1 047 0-3 1 0.47 3-6 6 1 025 6-12 1 0.25 12-16 48.40 (16)
1994 AOS SR96-1994 AOS94B28B 88.87 —140.18 1990 Lomonosov Ridge 5 1.08 0-12 2! 1.08 12-18 18 2 021 18-22 5! 268 22-35 47.06 (35)
1994 AOS SR96-1994 A0S94B32 85.72 37.74 3450 Gakkel Ridge
1991  Arctic 91 PS 2163-1 86.24 —59.22 3040 Gakkel Ridge 1 058 0-6 1 0.58 6-10 10 0 075 10-23 0 0.75 23-27 2 43.33 (27)
1991  Arctic 91 PS 2170-4 87.60 60.90 4083 Amundsenabyss 1 0.76 0-8 1 0.76 8-15 15 1 035 15-21 1 0.35 21-25 52.44 (26)
1991  Arctic 91 PS 2178-4 88.02 159.59 4008 Makarov abyss
1991  Arctic 91 PS 2179-3 87.75 —138.16 1228 Lomonosov Ridge 3  1.37 0-12 0 1.37 12-17 17 1 048 17-26 0 0.48 26-24 35.20 (24)
1991  Arctic 91 PS 2184-3 87.61 —148.25 1674 Lomonosov Ridge 1  0.68 0-3 1 0.68 3-7 7 1 026 7-11 0 0.26 11-14 47.51 (14)
1991  Arctic 91 PS 2185-4 87.53 —14448 1051 Lomonosov Ridge 8 0.79 0-9 3 0.39 9-13 13 4 021 13-19 0 1.16 19-25 45.03 (25)
1991  Arctic 91 PS 2186-3 88.51 —140.36 2004 Lomonosov Ridge 2 1.18 0-11 n/a n/a n/a 11 1 067 11-23 1 0.67 23-26 43.23 (26)
1991  Arctic 91 PS 2200-4 85.33 —14.00 1074 Morris Jessup Rise 1  0.51 0-3 1 0.51 3-6 6 3 030 6-12 0 0.30 12-16 1 53.25 (16)
1991  Arctic 91 PS 2202-4 85.10 —14.40 1084 Morris Jessup Rise
1991  Arctic 91 PS 2206-4 85.28 —2.51 2993 Gakkel Ridge 2 064 0-7 1 0.64 7-14 14 1 036 14-20 0 0.36 20-29 62.70 (29)
2005 HOTRAX HLY0503-18-tc  88.45 146.68 2654 Lomonosov Ridge 8 2.35 0-20 5 235 20-27 27 3 214 27-57 1! 214 57-63 5 42.63 (63)
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Table 2

Table providing the results of the >125 um and >150 pm size fraction comparisons within core AOS94B8B for Acetabulastoma arcticum, Cytheropteron spp., Krithe spp., and Polycope spp. Each taxon's abundance data from both size fractions,

and upper and lower limits for the >125 um size fraction based on 95% confidence intervals are given. Results show no data bias between the two size fractions.

Acetabulastoma arcticum Cytheropteron spp. Krithe spp. Polycope spp.
Depth  Age >125um Lower  Upper  >150pm >125 um Lower  Upper >150pum >125 um Lower  Upper  >150pum >125 um Lower  Upper  >150pm
(cm) (ka) (abundance)  limit limit (abundance) (abundance)  limit limit (abundance) (abundance)  limit limit (abundance) (abundance)  limit limit (abundance)
2.5 493 075 0.00 2.00 1.12 23.13 18.20 28.30 2291 1791 13.40 22.60 19.55 41.79 35.90 47.70 45.25
35 541 194 0.50 3.60 0.52 25.16 20.40 30.10 25.65 21.61 17.10 26.30 22.51 37.74 32.40 43.20 42.93
45 588 142 0.00 3.20 1.91 3412 27.80 40.60 30.57 28.44 22.40 34.60 29.30 28.44 22.40 34.60 30.57
6.5 6.83  0.00 0.00 4.50 0.00 32.24 24.90 39.80 31.15 27.63 20.70 34.90 29.51 30.92 23.70 38.40 31.97
7.5 731  1.09 0.00 2.90 0.84 3424 27.50 41.20 34.45 22.83 16.90 29.00 23.53 33.15 26.40 40.00 35.29
8.5 778 132 0.00 3.50 1.01 27.81 20.80 35.10 27.27 16.56 10.80 22.70 17.17 45.70 37.80 53.70 48.48
9.5 8.26  0.00 0.00 4.40 0.00 21.85 14.70 29.50 21.05 14.29 8.30 20.90 11.58 55.46 46.50 64.30 57.89
115 921 157 0.00 3.60 2.19 31.94 25.40 38.60 28.47 12.57 8.10 17.50 13.87 45.03 38.00 52.10 45.26
125 9.68 1.29 0.00 340 0.80 34.19 26.80 41.80 37.60 17.42 11.60 23.60 14.40 38.71 31.10 46.50 39.20
135 10.16 248 0.70 4.60 1.80 33.88 28.00 39.90 32.34 22.73 17.60 28.10 23.95 28.93 23.30 34.70 31.74
14.5 1063 1.82 0.00 4.10 0.85 35.15 27.90 42.50 32.20 13.94 8.90 19.40 13.56 38.79 31.40 46.30 44.07
16.5 1159 5.26 0.00 17.60 0.00 42.11 20.00 64.80 47.06 21.05 3.90 41.00 17.65 31.58 11.40 53.70 35.29
175 1206 213 0.00 7.20 2.56 38.30 24.70 52.40 41.03 0.00 1.60 16.60 0.00 55.32 41.00 69.40 53.85
185 2625 435 0.00 1130 0.00 39.13 25.30 53.40 44.74 0.00 1.60 16.90 0.00 47.83 33.50 62.30 44.74
195 2743 125 0.00 4.20 0.00 37.50 27.00 48.20 31.48 0.00 0.90 9.70 0.00 55.00 44.00 65.80 64.81
21.5 29.78  0.00 0.00 11.30 0.00 40.00 22.70 57.90 4091 0.00 2.50 25.90 0.00 60.00 42.10 77.30 59.09
22.5 3095 1.25 0.00 4.20 0.00 30.00 20.20 40.30 28.85 1.25 0.00 4.20 1.92 58.75 47.80 69.40 61.54
23.5 3213 048 0.00 1.60 0.00 15.87 11.00 21.00 15.03 0.48 0.00 1.60 0.00 75.96 70.00 81.70 77.12
24.5 3330 223 0.60 4.20 0.68 17.84 13.40 22.50 11.56 0.74 0.00 2.00 0.00 74.72 69.40 79.80 82.31
26.5 3566 3.73 1.10 6.90 2.83 22.36 16.10 29.00 21.70 2.48 0.40 5.20 1.89 65.22 57.80 72.50 65.09
27.5 36.83 246 0.80 4.40 2.75 19.30 14.80 24.00 15.93 491 2.60 7.60 6.04 65.26 59.70 70.70 64.84
28.5 38.01 1.05 0.00 2.80 0.00 20.00 14.50 25.80 18.11 3.16 0.90 5.90 3.94 68.95 62.30 75.40 70.87
29.5 39.18 455 1.00 8.80 3.61 30.00 21.60 38.70 28.92 3.64 0.60 7.50 3.61 58.18 48.90 67.40 60.24
31.5 4154 538 1.90 9.60 6.25 16.92 10.70 23.60 19.79 0.00 0.50 6.40 0.00 68.46 60.40 76.30 62.50
325 4271 270 0.00 7.10 0.00 22.97 13.70 32.90 21.43 2.70 0.00 7.10 3.57 59.46 48.20 70.60 66.07
335 4389  2.05 0.30 430 0.95 16.41 11.40 21.80 17.14 6.67 3.40 10.40 8.57 72.82 66.50 79.00 70.48
345 4506 194 0.90 3.20 1.75 16.61 13.60 19.70 14.91 9.19 6.90 11.60 11.40 66.25 62.30 70.10 66.96
Avg. A=0.82 Avg. A=0.62 Avg. A=0.62 Avg. A=1.85
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Table 3

List of new radiocarbon dates obtained in this study obtained from N. pachyderma. Calibrated ages calculated using reservoir values from Hanslik et al. (2010).

Core Sample depth (cm) Lab number Uncalibrated 'C age (BP) Error + Calibrated '#C age (BP) Error (2 std dev) +
PS 2179-3 25 NOSAMS 85337 4140 30 3790 101
6.5 NOSAMS 85338 7420 45 7590 89
115 NOSAMS 85339 9690 40 10,250 929
235 NOSAMS 85340 32,200 220 35,200 433
AOS94B8B 0.5 NOSAMS 85341 3990 30 3600 101
45 NOSAMS 85342 7710 30 7870 75
10.5 NOSAMS 85343 8630 35 8880 122
14.5 NOSAMS 85344 8630 35 8880 122
255 NOSAMS 85345 35,900 200 39,530 715
335 NOSAMS 85346 46,000 530 47,810 1496
40.5 NOSAMS 85347 40,300 260 43,150 538
AOS94B20A 5.5 NOSAMS 85348 12,000 55 12,510 138
10.5 NOSAMS 85349 27,800 130 31,030 212
15.5 NOSAMS 85350 43,700 340 45,570 613
20.5 NOSAMS 85351 43,000 420 45,110 667
30.5 NOSAMS 85352 27,800 120 31,040 199
AO0S94B26B 0.5 NOSAMS 85354 4440 30 4210 120
5.5 NOSAMS 85355 13,950 45 14,780 354

1997; Nergaard-Pedersen et al., 1998; Poore et al., 1999; Keigwin et
al., 2006; Cronin et al.,, 2008) and obtained 18 new radiocarbon
dates from the planktonic foraminifera species Neogloboquadrina
pachyderma (Ehrenberg) within cores AOS94B8B, AOS94B20A,
A0S94B26B, and PS 2179-3 (Table 3). All 199 radiocarbon dates
are available online at the National Climatic Data Center: http://
www.ncdc.noaa.gov/paleo/paleo.html. Dates were recalibrated using
the CALIB 6.0 program with the MARINEQ9 402-year reservoir
correction curve (Stuiver and Reimer, 2010). In addition to the
global marine correction of 402 years, we followed Hanslik et al.
(2010) and used an additional AR regional correction of 300 years
for radiocarbon ages <10 ka, and a AR of 1000 years for ages >10 ka.
Fig. 2 shows the age distribution of the 199 recalibrated radiocarbon
dates from Arctic cores. There are 64 dates from within glacial MIS 3
(~50-29 ka) and 109 dates from the deglacial through the Holocene
interglacial in MIS 1 (~15 ka-present), and only 15 dates from glacial
MIS 2 (Fig. 2). The lack of MIS 2 radiocarbon dates in the Arctic Ocean
agrees with previous studies that suggest little to no sedimentation in
the central Arctic Ocean during the Last Glacial Maximum (LGM:
~22 ka4 2 kyr) due to thick ice cover (Ngrgaard-Pederson et al., 2003;
Polyak et al, 2004, 2009; Hanslik et al, 2010). The average
two standard-deviation error on calibrated ages older than 40 ka
was =+ 1.648 years; for ages 39 ka to 20 ka, + 1003 years; and ages 20 ka
to recent +199years. A total of eleven dates had infinite ages
(including some published radiocarbon ages of >40 ka) that were not
used in the construction of our age models.

3.2. Composite Arctic faunal curves

Composite (“stacked”) abundance curves were constructed for
each of the five taxa to illustrate faunal changes in the intermediate to
deep central Arctic Ocean, on the whole (Gakkel, Lomonosov, and
Mendeleev Ridges), and to correlate these changes in the central
Arctic with other paleoclimate records. These composites were
constructed by averaging the abundances of each taxon from samples
in the 15 studied cores from within the intermediate to deep water
depths (~1000 to 3000 m) (AOS94B8B, AOS94B12A, AOS94B16C,
AO0S94B17B, AOS94B19B, AOS94B20A, AOS94B26B, A0S94B28B, PS
2163-1, PS 2179-3, PS 2184-3, PS 2185-4, PS 2186-3, PS 2206-4,
and HLY0503-18tc), and binning them into 1000-yr time periods (i.e.
0-1ka, 1-2ka, etc.). Samples with <30 specimens (39 of 421
samples) were excluded from the stacked composite data, to avoid
statistical bias (samples used contained 282 specimens on average).
The remaining six cores (AOS94B23A, AOS94B32, PS 2170-4, PS
2178-4, PS 2200-4, and PS 2202-4) were not included in the
composite because the faunal zones (discussed below) were not as

evident, likely due to the sites being within abyssal plain water
depths (>3500 m), or located on the shallow continental margin of
the Morris Jesup Rise (Fig. 1).

4. Results

Data from three cores from the Mendeleev Ridge (AOS94B8B,
AOS94B16C, and AOSB19B) (Fig. 3) and three cores from the
Lomonosov Ridge (AOS94B28B, PS 2186-3, and HLY0503-18tc)
(Fig. 4) show typical patterns for their respective regions (all faunal
data available online at the National Climatic Data Center: http://
www.ncdc.noaa.gov/paleo/paleo.html). Four distinct ostracode zones
can be recognized on the Mendeleev and Lomonosov Ridges. These
zones will be referred to as (oldest to youngest): the Krithe/
Henryhowella (KH) zone, the Polycope (P) zone, the Cytheropteron/
Krithe (CK) zone, and the Krithe/Acetabulastoma (KA) zone.

The Krithe/Henryhowella (KH) zone typically shows relatively
high abundances of H. asperrima (~10-80%), Krithe spp. (~5-60%),
and Cytheropteron spp. (~10-60%). The KH zone corresponds to
Cytheropteron spp. Maximum 1 (CM1), H. asperrima Maximum 1
(HM1), and Krithe spp. Maximum 1 (KM1), as described by Cronin et al.
(1995). There are relatively low abundances of Polycope spp., and
variable A. arcticum (~0-10%) from core to core within this zone
(Figs. 3A, E and 4A, E; Table 4).

The Polycope (P) zone, is characterized by the dominance of
Polycope spp. (~40-80%) (Figs. 3E and 4E) and corresponds to the
Polycope Maximum 1 of Cronin et al. (1995). Abundances of
Cytheropteron spp., H. asperrima, and Krithe spp. are significantly
lower than in other zones, and A. arcticum is highly variable within
this zone (Figs. 3A, B, C, D and 4A, B, C, D; Table 4).

The Cytheropteron/Krithe (CK) zone shows a decreased abundance of
Polycope spp. (~0-40%) with peaks of Cytheropteron spp. (~20-60%),
Krithe spp. (~5-90%) and to a lesser extent H. asperrima (~0-30%)
(Figs. 3B, C, D, E and 4B, C, D, E). The abundance of A. arcticum increases
in some cores (~3-7%), but remains low in others (~0-2%) (Figs. 3A and
4A; Table 4). The CK zone corresponds to Cytheropteron Maximum 2
(CM2) and the end of PM1 of Cronin et al. (1995).

The Krithe/Acetabulastoma (KA) zone is characterized by peaks of
Krithe spp. (~10-90%) and significant numbers (~5-10%) of A. arcticum
(Figs. 3A, C and 4A, C). It includes A. arcticum Maximum 1 (AM1),
Cytheropteron spp. Maximum 3 (CM3), H. asperrima Maximum 2
(HM2), and Krithe spp. Maximum 2 (KM2) of Cronin et al. (1995).
Samples from the KA zone in some cores contained varying amounts of
Polycope spp. (~15-70%) (Figs. 3E and 4E; Table 4).

Several regional differences could be observed in cores from the
Mendeleev, Lomonosov and Gakkel Ridges (Figs. 3 and 4). For
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Fig. 2. Histogram of radiocarbon dates calibrated by the methodology of Hanslik et al.
(2010). See Table 2 for radiocarbon dates.

example, the onset of the P-zone may have occurred earlier on
average in the Mendeleev Ridge cores (~42ka) than in the
Lomonosov Ridge cores (~37 ka). Also, peaks of Cytheropteron spp.,
H. asperrima, and Krithe spp. during the KH zone from the Mendeleev
Ridge cores appear to be of smaller scale (Cytheropteron spp.: 40-50%;
H. asperrima: 10-35%; Krithe spp.: 5-45%) than those within the
Lomonosov Ridge cores (Cytheropteron spp.: 30-60%; H. asperrima:
40-80%; Krithe spp.: 20-60%) (see Discussion below).
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Fig. 3. Abundance (%) vs. age BP (kyr) for Acetabulastoma arcticum (A) Henryhowella
asperrima (B) Krithe spp. (C) Cytheropteron spp. (D) and Polycope spp. (E), from three
cores on the Mendeleev Ridge: AOS94B8B (blue), AOS94B16C (green), and AOS94B19B
(red) with approximation location of the Last Glacial Maximum (LGM), Belling-Allerad
(B/A), and Younger Dryas (YD). (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)

4.1. Composite Arctic faunal curves

The stacked composite faunal curves in Fig. 5 illustrate the faunal
zones discussed above and their approximate age ranges for the
central Arctic region: KH zone: ~50-38 kyr BP; P zone: ~38-18 kyr
BP; CK zone: ~18-7 kyr BP; KA zone: ~7 kyr BP to present. The 95%
confidence interval error bars for each 1000-yr interval suggest that
ostracode assemblages illustrate significant large-scale faunal
changes in the central Arctic during the last 50 kyr (Fig. 5).

Fig. 5 also compares the ostracode zones to the oxygen isotope
curve of the NGRIP ice core from Greenland (Andersen et al., 2006;
Rasmussen et al., 2006; Svensson et al., 2006, 2008; Vinther et al.,
2006). DO events 1 (the Belling-Allergd) through 13 are labeled,
based on the description of Dansgaard et al. (1984, 1993) and the
updated chronology of Andersen et al. (2006), Rasmussen et al.
(2006), Svensson et al. (2006, 2008) and Vinther et al. (2006) (Fig. 5).
Heinrich (H) event 0 (the Younger Dryas) through H-5 are also
shown by vertical highlighted areas, and are based on ages from
Hemming (2004), Wang et al. (2006), and Stanford et al. (2011).

The following tentative correlations between the ostracode faunal
changes and DO and H-events are proposed: peak abundances of
Cytheropteron spp., H. asperrima, and Krithe spp. during major DO
events (notably DO 1, 3-4, 5-7, 8, and 12), the deglacial, and the
interglacial; Polycope spp. abundance peaks during major H-events
(notably 1-5, and potentially H-0), and the glacial; high A. arcticum
abundance within the mid-late Holocene, and the period of time
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Fig. 4. Abundance (%) vs. age BP (kyr) for Acetabulastoma arcticum (A) Henryhowella
asperrima (B) Krithe spp. (C) Cytheropteron spp. (D) and Polycope spp. (E), from three
cores on the Lomonosov Ridge: AOS94B28B (blue), PS 2186-3 (green), and HLY0503-
18tc (red) with approximation location of the Last Glacial Maximum (LGM), Belling—
Allered (B/A), and Younger Dryas (YD). (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)

including major DO events 3-8, during mid-late MIS 3 and early MIS 2
(Fig. 5).

4.2. Contrast between MIS 1 interglacial and MIS 3 glacial conditions

In order to illustrate the contrast between deep Arctic faunas in the
modern Arctic Ocean, the Holocene interglacial (MIS 1), and stadial
conditions of MIS 3/2 (~20 to 40 ka), we constructed cross sections of
abundances using Ocean Data View. Figs. 6A and 7A illustrate the
abundances of Krithe spp. and Polycope spp. in the modern Arctic from
the Modern Arctic Ostracode Database (MAOD) ftp://ftp.ncdc.noaa.
gov/pub/data/paleo/contributions_by_author/cronin2010/cronin2010.
txt (Cronin et al., 2010), compared to those during MIS 1 (samples from

Table 4
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Fig. 5. Composite abundance (%) vs. age BP (kyr) for Acetabulastoma arcticum
(A) Henryhowella asperrima (B) Krithe spp. (C) Cytheropteron spp. (D) and Polycope
spp. (E), from 15 cores, showing ostracode zones. NGRIP ice cores oxygen isotope curve
(F) from (Andersen et al., 2006; Rasmussen et al., 2006; Svensson et al., 2006, 2008;
Vinther et al., 2006). Heinrich (H) events 5-1, Dansgaard-Oeschger (DO) events 13-2,
the Younger Dryas (YD; HO), the Belling-Allerad (B/A; DO-1), are labeled.

the last ~10 ka) (Figs. 6B and 7B), and those within the stadially-
dominated period of MIS 3/2 (between ~20 and 40 ka) (Figs. 6C and
7C). The modern distribution of Krithe suggests highest abundances (10
to 70%) within the AODW at water depths below ~2000 m (Fig. 6A).
Similarly, the distribution of Krithe from the interglacial Holocene
shows that the taxon occurred in highest abundances (~10 to 80%) at
relatively deep water-depths (~2000-3500 m) (Fig. 6B). Krithe typically
occurs in highest abundances in the AODW in the central Arctic Ocean,
and lowest in the AIW and/or the AL. In contrast, the abundances of

Summary table of ostracode zones (KH, P, CK, and KA), dominant taxa for each, and zonal age ranges.

Ostracode zone Zone Canada Basin Eurasian Central Arctic Dominant taxa
abbreviation age range Basin age age range Name: Indicator of:
(ka) range (ka) (ka)
Krithe/Acetabulastoma zone KA-zone ~6 to present ~9 to present ~7 to present Krithe spp. cold, well-ventilated AODW
Acetabulastoma arcticum perennial sea ice
Cytheropteron/Krithe zone CK-zone ~18to 6 ~11to9 ~18to 7 Cytheropteron spp. AIW/AODW
Krithe spp. cold, well-ventilated AODW
Polycope zone P-zone ~42 to 18 ~37to0 11 ~38t0 18 Polycope spp. low productivity, AL influence
Krithe/Henryhowella zone KH-zone ~50 to 42 ~50 to 37 ~50to 38 Krithe spp. cold, well-ventilated AODW

Henryhowella asperrima cold, well-ventilated AODW
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Fig. 6. A: Arctic cross section showing the modern abundances of Krithe spp. in surface sediment samples (mostly coretops). Data taken from the Modern Arctic Ostracode Database
(MAOD). B: Average abundances of Krithe spp. during MIS1 (<10 kyr) from this study. C: Average abundances of Krithe spp. during MIS 3/2 (~20 to 40 ka).

Krithe during MIS 3/2 are much lower (~10 to 40%) at depths of ~2000
to 4000 m. Krithe is not as common during MIS 3/2, primarily limited to
the region between the Gakkel and Lomonosov Ridges (Fig. 6B, C).

The modern distribution of Polycope shows highest abundances
(~40 to 60%) between ~800 and 2000 m water depth (Fig. 7A). This
suggests that today this taxon occurs in the AL and the AIW (Fig. 1), a
pattern similar to that during the Holocene (Fig. 7B). During MIS 3/2,
Polycope had high abundances (~30 to 80%) and its depth distribution
expanded significantly to water depths from ~1000 m to 3000 m in
the Makarov Basin and ~3000 and 4000 m in the Nansen Basin
(Fig. 7C). The only areas where Polycope was rare (<10%) during MIS
2 were the deep Amundsen Basin below ~3000 m, and the deep
Makarov Basin below ~3500 m (Fig. 7C).

5. Discussion

These analyses suggest that there were major faunal differences
in the Arctic Ocean between interglacial and glacial regimes, and also

between larger interstadial and stadial oscillations during the last
50 kyr. Cytheropteron spp., H. asperrima, and Krithe spp. dominate
faunal assemblages during the Holocene interglacial period (MIS 1)
and interstadial events, while Polycope spp. dominates the glacial
period (MIS 2) and stadial events. The differences between warm
and cool climate states imply large changes in intermediate and
deep-water Arctic water masses occurred during the last 50 kyr.
The Holocene interglacial and interstadial assemblages from
sediments correlating with DO 12 and DO 8, and the Bglling-Allered,
suggest oceanographic conditions at these times were similar to those
in the modern Arctic Ocean. The Arctic was probably well-stratified
and ventilated (~6 to 7 ml/l oxygen) beneath the AL. Therefore,
similar conditions to the modern can be hypothesized during the
interglacial Holocene, and large DO interstadial events. These
interstadial events during MIS 3 may correlate with the High
Productivity (HP) zones described by Hald et al. (2001) in which
strong Atlantic water inflow characterized regions at shallower
depths near Svalbard. For example Hald et al. (2001) noted the
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Fig. 7. A: Arctic cross section showing the modern abundances of Polycope spp. in surface sediment samples (mostly coretops). Data from the Modern Arctic Ostracode Database
(MAOD). B: Average abundances of Polycope spp. during MIS1 (<10 kyr), from this study. C: Average abundances of Polycope spp. during MIS 3/2 (~20 to 40 ka).

following high productivity (HP) zones: HP-1 (~14.5 to 19.5 ka), HP2
(~22.5t0 29 ka), HP3 (~35 to 37.5 ka), HP-4 (~45 to 47 ka), and HP-5
(~49 to 51 ka). Backman et al. (2009) show peaks in calcareous
nannoplankton in central Arctic core HLY0503-18tc at 40 to 60 cm
core depth coincident with our KH ostracode zone between 45 and
60 cm. Ostracode faunas indicating interstadial conditions during this
interval (the Krithe-Henryhowella assemblage) and the near absence of
the sea-ice species A. arcticum support the nannofossil data of Backman
et al. (2009) showing at least intermittently sea-ice free conditions in the
central Arctic during this time. Well-oxygenated and stratified Arctic
deep-water during the interglacial Holocene (MIS 1) and interstadial
events is also consistent with results from van Kreveld et al. (2000) who
determined that interstadial events are characterized by both strong
ventilation and circulation in the Irminger Sea near Iceland.

In contrast, the dominance of Polycope between ~1000 and 3000 m
during stadial events suggests greater influence of the AL and warmer
temperatures at intermediate to deep sites, the entrainment of warmer
water to greater depths, and a distinctive mode of Arctic intermediate

and deep-water circulation. Although the mechanisms that might
produce a warm, deep Arctic Ocean water mass are not clear, there is
evidence for large ocean circulation change during stadial events and
glacial periods. For example, evidence for increased brine formation in
the North Atlantic during H3 and H4, was noted by Vidal et al. (1998)
with a regional influence of 6'0 -depleted (benthic) meltwater to
greater depths during periods of iceberg discharge. Polyak et al. (2004)
concluded that faunal-poor layers in Arctic sediments, with suppressed
biological production corresponding to major glaciations, indicate
extremely thick pack ice or ice shelves covered the western Arctic
Ocean, and that Arctic circulation was restricted, with reduced bottom
water formation. Spielhagen et al. (2004) noted that during major
glacial periods of the last 200 kyrs the Arctic was characterized by large
amounts of coarse, terrigenous ice-rafted debris (IRD) and smaller
amounts of bioproductive sediments. Analyses of benthic foraminifera
from the Yermak Plateau, Arctic Ocean, by Wollenburg et al. (2004),
suggest that during the LGM, paleoproductivity was reduced to a third
of its present level. Hald et al. (2001) suggested more sluggish
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circulation and year-round sea-ice cover during zones of minimal
bioproductivity during stadials from core sites near Svalbard. Thicker
sea-ice or ice shelves during stadials could have forced the Atlantic
water's influence deeper in the Arctic through the Fram Strait.
Additionally, van Kreveld et al. (2000) hypothesized that abundant
brine formation entrained warmer water in the Irminger Sea during
stadial events, accompanied by weakened thermohaline circulation.
Dokken and Jansen (1999) suggested that during stadial events, the
mode of thermohaline water mass convection in the Nordic Seas shifted
to one dominated by brine formation. Bauch and Bauch (2001) concluded
that entrainment of waters with low 80 could have occurred via glacial
meltwater below an ice shelf and brine release by sea-ice formation in the
deep-waters of the Nordic Seas, contributing to those of the Arctic Ocean.
Rasmussen et al. (2007) noted an increase of ‘Atlantic’ species in benthic
foraminiferal assemblages on the Svalbard margin during H1. Taken
together with our ostracode data, it is possible that a warmer, less
productive water mass formed either within or outside the Arctic proper,
and influenced the Arctic Ocean between ~1000 and 3000 m water depth
during the last glacial period (MIS 2) and during MIS 3 stadial events.

Although additional cores with multiple sea-ice proxies are needed,
the low A. arcticum abundances during the KH-zone interstadial period,
the deglacial, and early Holocene interglacial (MIS 1) indicate lower mean
sea-ice conditions than during stadial/glacial periods. This interpretation
coincides with the findings of Cronin et al. (2010) who found minimal sea
ice during the early Holocene thermal maximum (8 to 5 ka) and the last
deglacial (16-11 ka). Polyak et al. (2010) also concluded there was less
sea-ice in the Arctic during Quaternary interglacials and major interstadial
events. Although relatively few radiocarbon dates are available for the
LGM, it was likely a period with substantially thicker sea-ice, possibly ice
shelves (Polyak et al., 2004, 2010; Spielhagen et al., 2004; Jakobsson et al.
2010), and reduced bioproduction in the central Arctic Ocean (Nergaard-
Pederson et al, 2003; Backman et al., 2009). Additionally, the low
abundances of Acetabulastoma arcticum during the more prominent
stadial events of MIS 2 may represent a time when the sea-ice was so
thick, that no suitable habitat for the pelagic amphipods, on which it lived,
existed (Fig. 5).

6. Conclusions

Using ostracode assemblages to reconstruct paleoceanographic
conditions in the central Arctic, we determined that the major water
masses experienced large-scale changes throughout the last 50 kyr,
alternating between sluggish, poorly ventilated stadial (glacial)
periods (Polycope (P) zone) and well-stratified, ventilated interstadial
and interglacial periods, (Krithe/Henryhowella (KH), Cytheropteron/
Krithe (CK), and Krithe/Acetabulastoma (KA) zones). These changes
were probably related to variable sea-ice thickness, ice shelves, as
well as the strength and location of deep-water formation probably
outside the Arctic proper.
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