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ABSTRACT
Here we present the first compilation of sediment volumes, sedimentation rates, and chro-

nology of Quaternary sediment packages along the entire marine margin of the Eurasian ice 
sheets (EurIS; British–Irish, Kara–Barents Sea–Svalbard, and Fennoscandian). This com-
pilation allows for a subdivision of the EurIS development into three phases (2.6–1.5 Ma, 
1.5–0.78 Ma, and 0.78–0 Ma). At the start of the Quaternary, sedimentation rates increased, 
relative to pre-Quaternary rates, by an order of magnitude. This abruptness in rate change 
excludes tectonic raising of landmasses as the main factor, but more likely reflects climate 
change through increased glacial erosion. The sediment distribution data suggest that the 
Kara–Barents Sea–Svalbard Ice Sheet (KBSIS) already was quite large at the beginning of 
the Quaternary, and well before 1.5 Ma it extended to the shelf edge and coalesced with the 
Fennoscandian Ice Sheet (FIS), which prior to 1.5 Ma most likely was located near the coast. 
Large ice streams and intense glacial erosion characterized the KBSIS in the 1.5–0.78 Ma 
time period, whereas the FIS at that time extended farther out on the continental shelf. Af-
ter 0.78 Ma, a north-south change in EurIS development occurred. In the FIS and the Brit-
ish–Irish Ice Sheet (BIIS), large ice streams developed and shelf-edge glaciations occurred 
nearly 1 m.y. later compared to the KBSIS. The FIS and BIIS also repetitively coalesced in 
the North Sea. A significant drop in sediment input along the KBSIS marine margin, to the 
lowest Quaternary level, suggests a less erosive KBSIS.

INTRODUCTION
At the Pliocene-Pleistocene boundary, the 

global climate cooled from temperatures 3–4 °C 
higher than today, transitioning into a 2.6 m.y. 
period—the Quaternary—characterized by in-
creasingly colder climate, larger climate vari-
ability, and extensive glaciations (e.g., Lisiecki 
and Raymo, 2005; De Schepper et al., 2014). 
Marine depocenters that formed adjacent to 
continental ice sheets during the Quaternary 
reflect climate changes, ice sheet dynamics, the 
intensity of erosion, and the effect of uplift and 
subsidence in onshore and offshore catchment 
areas (Vorren et al., 1998; Nielsen et al., 2005; 
Fjeldskaar and Amantov, 2017). Volume esti-
mates of such sediment accumulation along the 
marine margin of the paleo–Eurasian ice sheets 
(EurIS; British–Irish, Kara–Barents Sea–Sval-
bard, and Fennoscandian) (Fig. 1) have been 
essential in detailing the development of glacia-

tions through the Quaternary and in evaluating 
the role of tectonic uplift versus climate cooling 
in shaping northwestern European landscapes 
(Dowdeswell et al., 2010; Steer et al., 2012; 
 Andersen et al., 2018). A challenge, however, 
has been that studies of the geometry, processes, 
and geochronology of the Quaternary sedimen-
tary package have focused only on parts of the 
EurIS marine margin.

Here, we report an inventory of the output 
of Quaternary erosion products into the oceans 
from the entire region that was repeatedly gla-
ciated by the EurIS, including an assessment 
of pre-glacial Paleocene–Pliocene accumula-
tion rates in the same region (Fig. 2). Based on 
overall trends in sedimentation rates and timing 
of sediment input, we discuss the variability and 
extent of the EurIS, glacial erosion, and ice dy-
namics. The available geochronological control 
allows for a subdivision of the EurIS develop-

ment into three phases: the Northern Hemi-
sphere glaciation (NHG) phases I (2.6–1.5 Ma), 
II (1.5–0.78 Ma), and III (0.78–0 Ma). The 2.6 
and 0.78 Ma phase boundaries are linked to 
paleomagnetic datum levels (Matuyama-Gauss 
and Brunhes-Matuyama reversals, respectively), 
identified in a number of deep-sea and continen-
tal-shelf cores along the northwestern European 
margin (Fig. S1 and Table S1 in the Supple-
mental Material1), whereas the 1.5 Ma boundary 
is based on biostratigraphy and extrapolation 
between the top Olduvai (1.77 Ma) and base 
Jaramillo (1.0 Ma) magnetic excursion events.

QUATERNARY DEVELOPMENT OF 
THE EURIS MARGIN

At the end of the Neogene, the paleo-EurIS 
marine margin was dominated by fluvial sedi-
ment input and nonglacial environments. The 
Barents Sea, which during the entire Cenozoic 
was subject to uplift, was at this time subaeri-
ally exposed, and it is assumed that rivers fol-
lowed the incipient track of the large troughs 
that characterize the present-day bathymetry 
(Vorren et al., 1991; Fjeldskaar and Amantov, 
2017; Zieba et al., 2017). At the mid-Norwegian 
margin, a 600-km-long and as much as 500-m-
thick and 60-km-wide siliciclastic delta, repre-
sented by the Molo Formation, was developing 
(Eidvin et al., 2007), whereas in the southern and 
central North Sea, which since the Late Creta-
ceous has undergone subsidence, rivers built out 
huge deltas in the late Neogene (e.g., Patruno 
et al., 2020).

It has been suggested that the three individ-
ual ice sheets composing the EurIS (Fig. 1) re-
peatedly coalesced during the Quaternary (e.g., 
Sejrup et al., 2005). The dominantly marine-
based Kara–Barents Sea–Svalbard Ice Sheet 
(KBSIS) was, during its lifetime, dissected by 

1Supplemental Material. Overview of published studies included in the present compilation, methods used, calculated sedimentation rates and sediment volumes, 
uncertainties, and figures of the configuration of the EurIS marine margin and IRD records. Please visit https://doi.org/10.1130/GEOL.S.13150880 to access the 
supplemental material, and contact editing@geosociety.org with any questions.

Published online 20 November 2020

Downloaded from http://pubs.geoscienceworld.org/gsa/geology/article-pdf/49/3/346/5236690/346.pdf
by guest
on 13 March 2022

http://www.geosociety.org
https://pubs.geoscienceworld.org/geology
http://www.geosociety.org
https://doi.org/10.1130/GEOL.S.13150880
https://doi.org/10.1130/GEOL.S.13150880


Geological Society of America | GEOLOGY | Volume 49 | Number 3 | www.gsapubs.org 347

numerous ice streams, evidenced by distinct 
trough-mouth fans (TMFs) along the margin 
(Faleide et al., 1996; Vorren et al., 1998). Several 
ice streams also drained the land based–domi-

nated Fennoscandian Ice Sheet (FIS) (Ottesen 
et al., 2005). However, the configuration of the 
mid-Norwegian margin and the North Sea fa-
cilitated the development of major prograding 

wedges, characterized by well-developed clino-
forms. The British–Irish margin, along which 
the dominantly marine-based British–Irish Ice 
Sheet (BIIS) developed, is characterized by 

Figure 1. Quaternary iso-
pach map, illustrating the 
massive amount of sedi-
ments delivered to the 
marine margin of the Eur-
asian ice sheets (EurIS; 
British–Irish, Kara–Bar-
ents Sea–Svalbard, and 
Fennoscandian). TMF—
trough-mouth fan.

Downloaded from http://pubs.geoscienceworld.org/gsa/geology/article-pdf/49/3/346/5236690/346.pdf
by guest
on 13 March 2022



348 www.gsapubs.org | Volume 49 | Number 3 | GEOLOGY | Geological Society of America

relatively smaller-sized TMFs and prograding 
wedges (Stoker et al., 2005) compared to those 
found farther north.

The large-scale morphology of the continen-
tal shelves of the EurIS marine margin, in addi-
tion to glacial landforms such as end moraines, 
grounding zone wedges, and megascale glacial 
lineations (MSGLs) (e.g., Ottesen et al., 2005; 
Sejrup et al., 2005) attest to the existence and 
extent of former glaciations. Three sedimenta-
ry processes are of particular importance when 
evaluating sedimentation rates on glaciated mar-
gins: (1) glacigenic debris flows (GDFs), the 
building blocks of TMFs, are deposited in peri-
ods of shelf-edge glaciations (King et al., 1998; 
Nygård et al., 2007); (2) submarine slides have 
occurred frequently in the study area, causing 
remobilization and transport of slope deposits 
(Evans et al., 2005); and (3) high-sediment-rate 
accumulations as contourites (Rebesco et al., 

2014) and plumites (Lekens et al., 2005) have 
been identified along the EurIS margin.

DATA AND METHODS
This study used a compilation of published 

data on Quaternary sediment volumes, chro-
nostratigraphy, ice-rafted debris (IRD), and 
glacial landforms in the marine area adjacent 
to the paleo-EurIS margin (Tables S1–S7 and 
Figs. S1–S3). It should be emphasized that 
the amount of data from the Arctic Ocean and 
British–Irish North Atlantic margin is relatively 
sparse compared to the western Svalbard–Bar-
ents Sea and Norwegian margins, where it is 
possible to subdivide the Quaternary sediments 
into three units. The results of our compilation, 
the methods used, and uncertainties are summa-
rized in the Supplemental Material. Uncertain-
ties related to chronology and sediment-volume 
estimates are not considered to jeopardize the 

overall statements on trends and the conclusions 
of this study.

SEDIMENTATION RATE AND VOLUME 
ESTIMATES

A total Quaternary sediment volume of ∼1.8 
× 106 km3 (3.2 × 1015 tons) has been deposited 
in the ∼2.8 × 106 km2 EurIS depositional area 
defined in this study (Fig. 1; Tables S4 and S5). 
Of this volume, ∼75% is eroded from the KBSIS 
catchment region, ∼20% from the FIS region, 
and ∼5% from the BIIS region.

An average sedimentation rate of <7 cm/k.y. 
was calculated for the pre-Quaternary Cenozoic 
time span, with the highest rates in the Oligo-
cene and early–middle Miocene (Table S6). The 
most dramatic change in Cenozoic sedimenta-
tion rates took place at the transition to the Qua-
ternary period (Fig. 2A; Tables S6 and S7), when 
the average sedimentation rate increased by an 

A B

Figure 2. Estimated sedimentation rates for pre-glacial and glacial time periods (A) and Northern Hemisphere glaciation (NHG) 
phases I–III (B). Note that NHG phase I–III sedimentation rates are only provided in regions with sufficient Quaternary age control. 
TMF—trough-mouth fan.
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order of magnitude along the entire marine bor-
der of the paleo-EurIS.

In NHG phase I, the highest sedimentation 
rates are found along the northwestern Barents 
Sea and western Svalbard margins (Fig. 2B). 
Both the western Svalbard–Barents Sea mar-
gin and the North Sea experienced a further 
increase in sedimentation rates in NHG phase 
II. Indeed, these regions had the highest Qua-

ternary sediment input during NHG phase II, 
implying that the main Quaternary building of 
TMFs and prograding wedges in these regions 
occurred in this ∼0.8-m.y.-long time span. Dur-
ing NHG phase III, sedimentation rates dropped 
significantly in the north as the mid-Norwegian 
and northern North Sea margins experienced 
their most massive Quaternary sediment input 
(Fig. 2B).

EurIS RECONSTRUCTION
The abrupt increase in sedimentation rates at 

the northwestern European margin close to the 
Pliocene-Pleistocene boundary (Fig. 2A) coin-
cides with gradual heavier global δ18O values 
and an increase in global average sedimentation 
rates (Lisiecki and Raymo, 2005) (Fig. 3). This 
also co-occurred with increased input of IRD to 
the northern North Atlantic Ocean (e.g., Henrich 

Figure 3. Proposed Quaternary development of Eurasian ice sheets (EurIS; British–Irish, Kara–Barents Sea–Svalbard, and Fennoscandian) 
(panel 4) in relation to the global marine isotope curve (panel 1) and global sedimentation rates (panel 2) (both from Lisiecki and Raymo, 
2005), and relative sedimentation rates (panel 3) from this study. Sed. Rate—sedimentation rate.
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and Baumann, 1994; Knies et al., 2009) (Fig. 
S3). From this, we infer that the overall change 
and variability in sedimentation rates in Quater-
nary depocenters along the northeastern North 
Atlantic and eastern Arctic Ocean margins are 
largely controlled by climate through ice sheet 
expansion and glacial erosion.

During NHG phase I, the sedimentation 
rates were highest in the incipient depocenters 
along the northwestern Barents Sea and western 
Svalbard margins (Fig. 2B), which suggest an 
extensive ice sheet in this region. This supports 
the earlier conclusions of Knies et al. (2009) 
and Lasabuda et al. (2018), who, based on IRD 
records and identification of GDFs, suggested 
an ice sheet with active ice streams covering 
Svalbard and the adjacent continental margins. 
Identification of glacial-derived sediments in 
shelf-edge wells (Knies et al., 2009) and the 
development of a well-defined upper-slope dep-
ocenter (Fiedler and Faleide, 1996) at the south-
western Barents Sea margin support the sup-
position that NHG phase I sedimentation rates 
(Fig. 2B) are related to glacial erosion in the 
Bjørnøya TMF (Fig. 1) catchment area. GDFs 
(indicative of ice stream activity; King et al., 
1998), of 2.6–1.5 Ma age have, however, not 
yet been identified in this region (Laberg et al., 
2010). This may explain why the sedimentation 
rates are lower along the southwestern Barents 
Sea margin compared to farther north.

The mid-Norwegian margin experienced the 
lowest Quaternary sediment input during NHG 
phase I. IRD records from this region (Henrich 
and Baumann, 1994) may indicate an ice sheet 
beyond the coastline, providing erosion mate-
rial to the incipient prograding wedge system. 
Few observations of ice stream–indicative MS-
GLs (Montelli et al., 2017; Table S3), and these 
low sedimentation rates, point toward low ice 
stream activity along the Norwegian margin. In 
the southern and central North Sea, the sediment 
input through river systems continued to domi-
nate, whereas it has been discussed how far the 
FIS extended beyond the present coastline in 
western Norway during NHG phase I (Ottesen 
et al., 2018; Rea et al., 2018).

A dramatic growth of the depocenters around 
Svalbard and at the western Barents Sea mar-
gin took place during NHG phase II (Fig. 2B; 
Table S7). This suggests a switch-on of numer-
ous KBSIS ice streams, including the promi-
nent Bjørnøyrenna Ice Stream (Fig. 1), as is 
evidenced by GDFs in the sedimentary record 
(Laberg et al., 2010; Table S3). Along the Nor-
wegian margin, the sedimentation rates were at 
the same level as in NHG phase I, suggesting a 
moderately erosive FIS, where ice streams seem 
to have been active occasionally (Sejrup et al., 
2005; Rea et al., 2018).

The North Sea TMF and the mid-Norwe-
gian prograding wedge had their most signifi-
cant Quaternary growth during NHG phase III 

(Figs. 2B and 3). The FIS catchment region is 
dominantly composed of crystalline bedrock of 
the Fennoscandian mountains, which is more 
resistant to glacial erosion than sedimentary 
bedrock. Thus, the North Sea TMF and mid-
Norwegian prograding wedge growth are most 
likely related to ice sheet growth and an inten-
sification of glacial erosion. At the beginning 
of NHG phase III, the continental shelf of the 
mid-Norwegian margin had, for almost 2 m.y., 
been widening by ∼100 km to a width of 150 km 
(e.g., Dowdeswell et al., 2010). This allowed 
for ice sheets to erode soft sediments on the 
continental shelf during the latest parts of the 
Quaternary, contributing to the estimated high 
sedimentation rates in this region. Furthermore, 
the observed change in depositional style on the 
continental shelf, from prograding to aggrading, 
at the transition to NHG phase III (Fig. S2) has 
been taken as an indication of buildup of larger 
ice sheets (Nielsen et al., 2005).

The decrease in sedimentation rates along the 
Barents Sea–Svalbard margin in NHG phase III 
(Fig. 2B) could suggest that the KBSIS did not 
extend to the shelf edge. However, identification 
of GDFs (Laberg et al., 2010; Lasabuda et al., 
2018) implies that the KBSIS was located at the 
shelf edge and that ice streams were active also 
in NHG phase III. Fiedler and Faleide (1996) and 
Hjelstuen et al. (1996) showed that the character 
of bedrock exposed to erosion in the catchment 
areas of the Bjørnøya and Storfjorden TMFs 
(Fig. 1) was nearly the same during NHG phases 
II and III, implying a change in KBSIS erosion 
capacity since 0.78 Ma. This reduced erosion 
capacity may be a consequence of the fact that 
the Barents Sea at this time was below current 
sea level (Zieba et al., 2017) and that the KBSIS 
became a fully marine-based ice sheet.

IMPLICATIONS AND CONCLUSIONS
The data compilation presented here con-

tributes to our understanding of temporal and 
spatial variability of the EurIS through the Qua-
ternary. The data suggest that at the beginning of 
NHG phase I, an incipient KBSIS, with active 
ice streams, covered Svalbard and the neighbor-
ing continental shelves (Fig. 3). Further growth 
of the KBSIS through NHG phase I gave rise 
to an ice sheet that also extended to the shelf 
edge in the southwestern Barents Sea. In this 
region, the KBSIS probably merged with the 
FIS no later than 1.5 Ma; i.e., possibly as much 
as 1 m.y. earlier than previously suggested (e.g., 
Knies et al., 2009). The FIS is interpreted to have 
had a relatively restricted extent during the 2.6–
0.78 Ma time period, whereas the KBSIS seems 
to have had its most intensive erosive period, 
with ice streams forming in every shelf trough in 
the Barents Sea, between 1.5 and 0.78 Ma. Our 
compilation suggests a north-south change in 
the behavior of the EurIS following NHG phase 
II. The FIS at this time extended to the shelf 

edge, and it also, most likely regularly, coalesced 
with the BIIS in the North Sea (Fig. 3). Thus, it 
seems that it took ∼1 m.y. before the southern 
EurIS had established similar conditions—that 
is, a position at the shelf edge and comprehen-
sive ice streaming—as the KBSIS already had 
established at ca. 1.5 Ma. The KBSIS does not 
seem to have had the powerful erosion capacity 
during the NHG phase III as during the earlier 
phases, but seems to have maintained active ice 
streams and to have been periodically located 
at the shelf edge.

NHG phase II includes the mid-Pleistocene 
transition (MPT, ca 1.2–0.8 Ma), characterized 
by a change from 41 k.y. to 100 k.y. glacial-
interglacial cycles. Our compilation suggests 
more extensive glaciations in the south follow-
ing the MPT. The buildup of the EurIS has been 
suggested as a cause of MPT through positive 
feedback, with a gradual cooling of the oceans 
allowing for further ice sheet growth (Tziper-
man and Gildor, 2003). A time lag of ∼280 k.y. 
between onset of 100 k.y. glacial cycles and ice 
volume buildup has been suggested (Mudelsee 
and Schulz, 1997; Hughes and Gibbard, 2018) 
and apparently coincides with the southern 
growth of the EurIS in NHG phase III. Ice sheet 
modeling, based on long-term CO2 decline and 
regolith removal over land areas surrounding 
the Atlantic and Arctic Oceans, coupled with 
orbital variations (Willeit et al., 2019), show a 
similar trend in EurIS development as suggested 
in this study.

Low pre-glacial sedimentation rates and the 
observed dramatic rate increase at the onset of 
the Quaternary suggest that glacial erosion was 
a main driver in shaping the Fennoscandian 
landscape. Taking the sedimentation rates into 
further consideration, the most significant land-
scape development in mainland Scandinavia, in 
the form of glacial erosion, took place during 
the Middle and Late Pleistocene.

This integrated quantitative study contrib-
utes to the understanding of EurIS extension 
and dynamics through the Quaternary. This 
understanding may provide a better basis for 
modeling terrestrial and marine landscape evo-
lution. Such knowledge is essential in order to 
determine how bathymetric changes could have 
influenced oceanic circulation, as well as how 
EurIS and landscape evolution have influenced 
long-term climate evolution, including events 
such as the Pliocene-Pleistocene cooling and 
the MPT.
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