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Figure 3. Paleogeographic reconstruction of polar region
during the Eocene, courtesy of
R. Blakey (Northern Arizona
University), with the general location of the early Eocene fossil
localities on central Ellesmere
Island identified by the red
star. During the early–middle
Eocene, these sites were located
at ~77°N paleolatitude (Irving
and Wynne, 1991). The Turgai
Strait is shown open. Some reconstructions show this closed
in the early to middle Eocene
(e.g., Brinkhuis et al., 2006;
Barke et al., 2011).
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Figure 6. Representative leaf fossils from Strathcona Fiord (A, C–E, H), Stenkul Fiord (B, F), and Split Lake (I), all from the Margaret
Formation. Leaf fossils A–E and H display the large size (length >10 cm) typical of these Arctic floras (Greenwood et al., 2010). Leaf fossils
B and H are Platanites (Platanaceae); leaf fossil C is comparable to extant Tilia (Tiliaceae); and Metasequoia shoots are visible on the edges
of the block with specimen E and lying across leaf fossil F. All specimens shown are from the University of Saskatchewan paleontology collection of J.F. Basinger. Photos are by Greenwood.

figured prominently in the regional vegetation
(McIntyre, 1991), consistent with macrofloral
evidence (McIver and Basinger, 1999). Similar
patterns have been observed for Eocene microfloras from both Axel Heiberg and Ellesmere
Islands, although overall diversity is higher than
for Paleocene floras (Harrington, 2004; Richter
and LePage, 2005). The microfloras in coals
from the Margaret Formation (= Iceberg Bay
Formation) in the Strathcona Fiord area (Figs. 1
and 2) include pollen representing extant genera
recognized in the macroflora, viz. Picea, Pinus,
Metasequoia, Glyptostrobus, cf. Sequoia, Cercidiphyllum, Ulmus, Carya, Quercus, Alnus,
Betula, Tilia, Nyssa, Fraxinus, and Viburnum,
as well as taxa not yet recognized in the macro-

floras, such as Taxodium, Acer, Corylus, Liquidambar, and Pterocarya (Kalkreuth et al., 1993;
McIver and Basinger, 1999). Presence of taxa
such as Quercus, Tilia, Fraxinus, and Viburnum
in the Strathcona Fiord coals is consistent with
an early Eocene age. Marine sediments from the
Lomonosov Ridge record terrestrial vegetation
on the Arctic Ocean margins at 50 Ma (Barke
et al., 2011). Barke et al. (2011) recorded microfloras rich in angiosperm pollen, mainly Carya,
Fagaceae, Liquidambar, and Ulmus, but also
including Alnus and abundant gymnosperm pollen, such as Larix, Picea, Pinus, and Cupressaceae (e.g., Metasequoia and/or Glyptostrobus),
matching comparable-aged micro- and macrofloras from the Arctic Archipelago. McIver and
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Basinger (1999) noted comparable suites of
taxa and diversity within families between the
macroflora and microflora from sediments of
the middle Eocene Buchanan Lake Formation.
EOCENE ARCTIC
PALEOENVIRONMENT
Eocene Arctic Paleoclimates
Table 4 provides a summary of early and
middle Eocene paleotemperature estimates using
a variety of proxies, ranging from oxygen isotope analyses (δ18O) of biogenic apatite in vertebrate bones and teeth (specifically, mammal,
turtle, and fish fossils; Eberle et al., 2010) to the

R

sediments of the Eureka Sound Group in
Canada’s Arctic Archipelago preserve evidence of lush mixed conifer-broadleaf rain
forests, inhabited at times by alligators,
turtles, and diverse mammals, including primates, tapirs, brontotheres, and hippo-like
Coryphodon. This biota reflects a greenhouse
world, offering a climatic and ecologic deep
time analog of a mild ice-free Arctic that
may be our best means to predict what is in
store for the future Arctic if current climate
change goes unchecked. In our review of the
early–middle Eocene Arctic flora and vertebrate fauna, we place the Arctic fossil localities in historic, geographic, and stratigraphic
context, and we provide an integrated synthesis and discussion of the paleobiology and
paleoecology of these Eocene Arctic forests
and their vertebrate inhabitants. The abundance and diversity of tapirs and plagiomenids (both rare elements in midlatitude
faunas), and the absence of artiodactyls,
early horses, and the hyopsodontid “condylarth” Hyopsodus (well represented at midlatitude localities) are peculiar to the Eocene
Arctic. The Eocene Arctic macrofloras reveal a forested landscape analogous to the
swamp-cypress and broadleaf floodplain
forests of the modern southeastern United
States. Multiple climate proxies indicate a
mild temperate early–middle Eocene Arctic
with winter temperatures at or just above
freezing and summer temperatures of 20 °C
(or higher), and high precipitation. At times,
this high precipitation resulted in freshwater
discharge into a nearly enclosed Arctic Ocean
E-mail: Jaelyn.Eberle@Colorado.edu
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Ocean sea level due to freshwater inputs as
well as tectonics produced temporary land
bridges, allowing land plants and animals to
disperse between North America and both
Europe and Asia.
INTRODUCTION

Today’s High Arctic is a polar desert characterized by a cold, dry climate (annual precipitation <10 cm that comes mostly as snowfall)
and an extreme photoperiod marked by continuous daylight in summer, intervals of twilight in
spring and fall, and a long winter night that lasts
from a day at the Arctic Circle to six months
at the North Pole (Pielou, 1994; Aiken et al.,
2007). The treeless tundra of Canada’s Arctic
Archipelago is home to ~357 species of vascular
plant (Aiken et al., 2007), some 11 year-round
bird species, and about a dozen terrestrial mammal species that are adapted in numerous ways
to the short, cool growing season, cold dark winter, poor soil, and drought (Pielou, 1994).
There is mounting evidence, however, that
the Arctic is changing, with temperatures rising
at almost twice the rate of the rest of the world
(ACIA, 2005; Bekryaev et al., 2010; Serreze and
Barry, 2011). With warming predicted to continue well into the future, recent models project
that the Arctic Ocean may be free of permanent
ice within 30 yr, and significant changes have
already been observed in both the marine and
terrestrial environments (Barber et al., 2008;
Wang and Overland, 2009). As the Arctic undergoes rapid warming, the impact on its biota is
unclear. From a geologic perspective, climatic
and ecologic deep time analogs of a mild, icefree Arctic are among the best means to under-

middle Eocene (ca. 53–38 Ma) sediments of the
Eureka Sound Group in Canada’s Arctic Archipelago (Fig. 1) preserve fossil evidence of lush
swamp forests of predominantly conifers such
as redwoods and cedars (e.g., Metasequoia,
Chamaecyparis), but also including the pine
family (Larix, Picea, Pinus, Pseudolarix, and
others), and a diverse dicot flora with alder or birch
(Alnus and Betula spp.), walnut (Juglans spp.),
and other deciduous broadleaf trees (Basinger,
1991; Greenwood and Basinger, 1994; McIver
and Basinger, 1999; Greenwood et al., 2010; see
Table 1). These swamps were inhabited at times
by alligators, turtles, and fish (Estes and Hutchison, 1980), in addition to a diversity of mammals that included primates, tapirs, brontotheres
(rhinoceros-like perissodactyl ungulates), and
hippo-like Coryphodon (Dawson et al., 1993;
Eberle, 2005, 2006; Tables 2 and 3). The relevant
fossil-bearing rocks of the Eureka Sound Group
were just a few degrees farther south than their
present-day latitudes and well above the Arctic
Circle in the Eocene (McKenna, 1980; Irving
and Wynne, 1991; Fig. 2); consequently, these
forest communities experienced months of continuous sunlight, twilight, and darkness. Taken
together, the spectacular paleontological discoveries in Canada’s High Arctic (some of which
date back well over a century; e.g., Greely, 1886)
confirm beyond doubt that this region enjoyed
a much warmer and wetter climate during the
Eocene than at present. Multiple, independent
climate proxies corroborate the paleontological evidence for a mild, ice-free Eocene Arctic
and provide quantitative estimates for Eocene
climatic conditions at northern high latitudes
(Table 4), although global circulation models
have been challenged to retro-predict Eocene

GSA Bulletin; January/February 2012; v. 124; no. 1/2; p. 3–23; doi: 10.1130/B30571.1; 7 figures; 4 tables.
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Figure 7. Reconstruction of Eocene High Arctic rain forest environment with hippo-like Coryphodon in the foreground; inset shows detail
of Eocene Arctic tapir Thuliadanta. Both images are courtesy of the American Museum of Natural History (© AMNH/D. Finnin).
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Fig. 12. Conceptual oceanographic model for the glacial (A) and interglacial (B) Arctic Ocean. AR ¼ Alpha Ridge; LR ¼ Lomonosov Ridge; GS-R ¼ Greenland Scotland Ridge;
FS ¼ Fram Strait.

Introduction: Bathymetry through Time!
!
Present Ice Sheet: Greenland!
!
Past Ice Sheets: Cycles of Glaciation!
!
Ocean Bathymetry: Shelves, Basins, Ridges!
!
Bathymetry and Oceanography: Example(s)!

Modern Greenland Ice Sheet!
!!

http://www.summitcamp.org/status/webcam/!

Petermann Gletscher: Outlet of the Greenland Ice Sheet!

15 km!

AIR!
cold!

ICE!

OCEAN!
warm!

ROCK!

Petermann Glacier!
Ice Island 2012!
!
200-m thick!
2 x Manhattan by area!

CCGS Henry Larsen, 2012!

2

Münchow and others: Interannual changes of the Petermann Gletscher ice shelf

Muenchow et al (2014)!
Fig. 1. MODIS images acquired over Petermann Gletscher on 25 July 2003 (left), 13 August 2010 (center) and 30 July 2012 (right). White
lines on the left image are ICESat tracks, labeled by track number. Blue and red curves on the left panel are survey lines flown by NASA in
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mum Quaternary extent of the Eurasian, Greenland, Laurentide, Innuitian and Cordilleran ice sheets in the High Arctic (red and white lines) displayed on IBCAO
data (Jakobsson et al., 2012). Marine ice-sheet margins investigated in this study are in red. The Eurasian Ice Sheet shown is the Late Saalian (MIS 6) from Svendsen et al.
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Submarine landforms and morphology
North-east Greenland continental shelf:
westwind trough

of >10:1). They are orientated SW–NE but become W–E further
offshore, and are sparsely distributed across the western side of
Northwind Shoal (Fig. 3(a)). (3) The third group comprises
smooth, rugged (irregular) or smooth-hummocky sea floor areas
(Fig. 3a). (4) The fourth, and final, group comprises small-scale
ridges that are metres to tens of metres in height, tens to
hundreds of metres in width and extend for up to several
hundred metres (Fig. 3(e)). Ridges are sinuous or linear in
shape, and form a cluster of continuous or semi-continuous
features that are orientated approximately SW–NE. The
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Bottom:
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Figure 2 (a, b) EM120 shaded swath imagery from Westwind Trough showing well-developed lineations and mega-scale glacial lineations
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ions of High Arctic cross-shelf troughs (red) displayed on IBCAO bathymetric data (Jakobsson et al., 2012). Scale bar and abbreviations of place names are the same as in
ea of each trough on the Beaufort Sea, Bafﬁn Island and Barents-Kara Sea margins is delimited by the !200 m contour, with the exception of troughs 8, 9, 11 to 16 and
e deﬁned by the !150 m contour. The area of each trough off Greenland and on the QEI margin is delimited by the !300 m contour, with the exception of troughs 19, 23,
which are bordered by the !150 m contour. Slopes beyond cross-shelf troughs are categorised into three types based on their bathymetric and long-proﬁle data; Type 1
w) exhibit an outward bulging of contours beyond the trough mouth and have upper-slope gradients <4" ; Type 2 slopes (pink) exhibit an outward bulging of contours
rough mouth and have upper-slope gradients >4" ; Type 3 slopes (dark blue) do not exhibit any outward bulging of contours beyond the trough mouth. The numbers
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Fig. 4. Distribution of submarine glacial landforms in northern Barents and Kara seas (Section 3.1) and south-western and central Barents Sea (Section 3.2). The IBCAO Version 3.0
shows major cross-shelf troughs and trough-mouth fans (from bottom left and clockwise): DRT ¼ Djuprenna; IDT ¼ Ingøydjupet; SET ¼ Sentralbankrenna; BRT/F ¼ Bjørnøyrenna/
Fan; KVT ¼ Kveithola Trough/Fan; STT ¼ Storbankrenna; SFT ¼ Storfjordrenna/Fan; BT/F ¼ Bellsund Trough/Fan; IT/F ¼ Isfjorden Trough/Fan; KT/F ¼ Kongfjorden Trough/Fan;
WT ¼ Woodfjorden Trough; HT ¼ Hinlopen Trough; AT ¼ Albertini Trough; KVT/F ¼ Kvitøya Trough; FVT/F ¼ Franz Victoria Trough/Fan; BCT ¼ British Channel Trough; SAT/F ¼ St.
Anna Trough/Fan; VT ¼ Voronin Trough; ET ¼ Erik Eriksenstretet; OT ¼ Olgastretet. Trough-mouth fans are drawn with a “?” seaward of the British Channel and Voronin troughs as

M. Jakobsson et al. / Quaternary Science Reviews 92 (2014) 40e67
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Fig. 5. Conceptual Late Quaternary SvalbardeBarents Sea ice sheet glaciations curve, based on Mangerud et al. (1998) correlations along a transect from northern Barents Sea in the
east to the shelf edge west of Svalbard.
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Fig. 9. Map of northern Greenland and the adjacent part of the Arctic Ocean. The red dotted line shows a conceptual limit for LGM ice extension by Funder et al. (2011b), with the
outermost part represented by an ice shelf. The hypothesized MIS 6 ice-shelf extension by Jakobsson et al. (2010b) is shown with a white stippled line. Deep iceberg plough marks
on the Morris Jesup Rise (MJR) are indicated with a white arrow pointing along in their mapped drift direction. Black lines on the southern Lomonosov Ridge show an area where a
distinctive ice erosional surface is mapped. Both the iceberg plough marks and erosional surface is dated to MIS 6 (Jakobsson et al., 2010b).
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Figure 4 Palaeogeographical maps showing the proposed retreat of Greenland and Ellesmere Island ice from Nares Strait for 10 kyr BP (A), 8 kyr BP (B), and 7 kyr BP (C). Black arrows on map A show
assumed direction of ice flow. Key radiocarbon dates on each map are shown in thousands of years (kyr BP) and correspond to those shown on Fig. 3.
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Fig. 1. Overview map with general bathymetry of the shelf with research area off NE Greenland (bathymetry: IBCAO Version 2; Jakobsson et al., 2008). Survey area is indicated as
yellow box and zoom-in with track lines (yellow).

Here we present geo-morphological evidence from our hydroacoustic survey during ARK-XXIV/3 in 2009 on the shelf of NE
Greenland (Fig. 1) revealing dynamic ice stream behaviour during
deglaciation.

shows that they have been deposited on a rather ﬂat surface. Their
crests are imaged as strong hyperbolic reﬂections in the parametric
low frequency signal indicating intensive morphology and strong
impedance contrasts between the water and sedimentary material

D. Winkelmann et al. / Quaternary Science Reviews 29 (2010) 1069e1077

Fig. 2. High-resolution bathymetry map with shaded relief depicting two sets (A and B) of submarine ridges on the shelf.
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