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a b s t r a c t

Reconstructing the evolution of ice sheets is critical to our understanding of the global environmental
system, but most detailed palaeo-glaciological reconstructions have hitherto focused on the very recent
history of ice sheets. Here, we present a three-dimensional (3D) reconstruction of the changing nature of
ice-sheet derived sedimentary architecture through the Quaternary Ice Age of almost 3 Ma. An extensive
geophysical record documents a marine-terminating, calving Fennoscandian Ice Sheet (FIS) margin
present periodically on the mid-Norwegian shelf since the beginning of the Quaternary. Spatial and
temporal variability of the FIS is illustrated by the gradual development of fast-flowing ice streams and
associated intensification of focused glacial erosion and sedimentation since that time. Buried subglacial
landforms reveal a complex and dynamic ice sheet, with converging palaeo-ice streams and several flow-
switching events that may reflect major changes in topography and basal thermal regime. Lack of major
subglacial meltwater channels suggests a largely distributed drainage system beneath the marine-
terminating part of the FIS. This palaeo-environmental examination of the FIS provides a useful
framework for ice-sheet modelling and shows that fragmentary preservation of buried surfaces and
variability of ice-sheet dynamics should be taken into account when reconstructing glacial history from
spatially limited datasets.

© 2016 Published by Elsevier Ltd.

1. Introduction

Deciphering the key aspects of ice-sheet development,
including their past configuration, evolution of their basal thermal
regime, drainage patterns and associated deposition, requires evi-
dence from diagnostic landforms and sediments (e.g., Andreassen
et al., 2004; Ottesen et al., 2005; Dowdeswell et al., 2007, 2016).
To date, the majority of palaeo-glaciological reconstructions have
focused on the Last Glacial Maximum (LGM) dynamics of ice sheets,
as most of the well-preserved geological and geophysical evidence
of ice-sheet activity comes from bathymetric imagery of submarine
landforms preserved on the seafloor of modern polar shelves (e.g.,
Wellner et al., 2001; Ottesen et al., 2005). Interpretations of two-
dimensional (2D) seismic records and sediment cores are valu-
able as they provide insights into pre-LGM histories of ice-sheet
dynamics (e.g., Batchelor et al., 2013; �O Cofaigh et al., 2013). They

are, however, spatially limited since they cannot reveal key
morphological parameters that are important for palaeo-
glaciological reconstructions (e.g., shape, direction and elongation
of glacial landforms buried up to 2 km beneath the modern sea-
floor). The use of three-dimensional (3D) seismic methods in high-
latitude regions allows the detailed imaging of buried glacier-
influenced surfaces, thus taking reconstructions of past ice sheets
to a new level (e.g., Andreassen et al., 2004; Dowdeswell et al.,
2006; Laberg et al., 2010).

In offshore Norway, exceptional coverage of 3D seismic data has
resulted from decades of hydrocarbon exploration (e.g., Rise et al.,
2005), providing an opportunity to elucidate, in unprecedented
detail, the depositional development of the Norwegian continental
margin (Fig. 1). During the Quaternary, this region was repeatedly
covered by the FIS, one of the largest ice masses of the Northern
Hemisphere (Clark et al., 1999; Siegert et al., 2001). The FIS has
played a major role in global environmental change both directly
through isostatic adjustments and ice-albedo feedbacks and indi-
rectly through large freshwater discharges, which may have
affected North Atlantic Deep Water formation and associated heat
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transport (e.g., Broecker et al., 1985; Clark et al., 2001). Here we use
the most extensive 3D seismic datasets ever available for a high-
latitude region (Fig. 1), augmented with 2D information, to recon-
struct the palaeo-environment and dynamics of the marine-
terminating margin of the FIS over a large part of the mid-
Norwegian margin (>150,000 km2) during the Quaternary Ice Age
of almost 3 Ma.

2. Background

2.1. Stratigraphic context

The opening of the Norwegian-Greenland Sea (ca. 55 Ma) was
the major tectonic event that shaped the modern Norwegian con-
tinental margin (Hjelstuen et al., 2004). Cenozoic onshore uplift
and extensive erosion led to the deposition of the Brygge (55-16
My) and Kai (16-4 My) Formations (Riis, 1996; Ottesen et al., 2009).
The Molo Formation, the shallow inner-shelf equivalent of the Kai
Formation, represents an extensive fluvio-deltaic unit character-
ized by coastal progradation during Late Miocene-Early Pliocene
(Eidvin et al., 2007). Since the end of the Pliocene, repeated fluc-
tuations of the FIS have delivered huge quantities (~100,000 km3)
of mainly glacier-derived sediment to the mid-Norwegian conti-
nental margin (64e68�N), producing the thick (up to 1.5 km),
predominately glacigenic Naust Formation (e.g., Rise et al., 2005;
Dowdeswell et al., 2010).

Five major regional sequences (N, A, U, S and T) have been
previously interpretedwithin the Naust Formation, with the ages of
units S (0.4e0.2 Ma) and T (0.2e0 Ma) relatively well constrained
by drill-core chronology (Dahlgren et al., 2002). Much less is known
about the tentatively dated N (2.8e1.5 Ma), A (1.5e0.8 Ma) and U
(0.8e0.4 Ma) sequences (Fig. 2) due to the very little sampled core
material from industry wells (Rise et al., 2010, Ottesen et al., 2014).
The oldest part of the Naust Formation (sequences N, A and U) has a
mainly progradational character comprising low-angle wedge-
shaped units (e.g., Ottesen et al., 2009). Within the younger part of
the Naust Formation (sequences S and T) an upper regional un-
conformity (URU) has been found in many areas of the shelf (Fig. 2),
marking a major change in stratal architecture (Dahlgren et al.,
2005; Ottesen et al., 2009). This surface is complex, although
generally coinciding with the base of the Naust S sequence, rep-
resenting an erosional surface produced by the Elsterian Ice Sheet
(Ottesen et al., 2009).

Themid-Norwegian continental slope is marked by several large
slides that have removed glacial debris from the upper slope,
affecting its sedimentary architecture (e.g., Rise et al., 2006). These
slides vary in size and age, with the relatively young (ca. 4000 years
ago) Traenadjupet Slide (Laberg et al., 2002), the huge Storegga
Slide (ca. 8000 years ago) (Bugge et al., 1988) and the much older
(ca. 250,000 years ago) Sklinnadjupet Slide located southeast of
Vøring Plateau (Rise et al., 2006). The lower slope has been affected
by along-slope processes and the deposition of contourites, which

Fig. 1. The mid-Norwegian continental margin. a. Dark blue lines show locations of multiple fast-flowing ice streams that drained the western margin of the Fennoscandian Ice
Sheet during the Last Glacial Maximum (from Ottesen et al., 2005). Red dashed lines show the modern shelf break. Inset: large-scale ocean-surface circulation in the North Atlantic.
AMOC e Atlantic Meridional Overturning Circulation. b. Study area (the mid-Norwegian continental margin between 64 and 68�N) 3D seismic data coverage of the study area
(transparent red areas) and 2D seismic lines GMNR94-106 and GMNR94-302. Yellow line indicates the subcrop of the fluvial Molo Formation. T-Traenadjupet, TB-Traenabanken, SK-
Sklinnadjupet, SR-Skjoldryggen, H-Haltenbanken, SU-Suladjupet, F-Frøybankhola, V-Vestfjorden. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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