
Vol.:(0123456789)1 3

Marine Geophysical Research           (2022) 43:33  
https://doi.org/10.1007/s11001-022-09497-7

ORIGINAL RESEARCH PAPER

Glacial sediments on the outer Chukchi Shelf and Chukchi Borderland 
in seismic reflection data

Carsten Lehmann1,3  · Wilfried Jokat1,3 · Bernard Coakley2

Received: 21 December 2021 / Accepted: 7 August 2022 
© The Author(s) 2022

Abstract
The up to 900 km broad shelves off East Siberia and northwest off Alaska, including the Chukchi Shelf and Borderland, 
are characterized by shallow water in the periphery of the Arctic Ocean, north of the Bering Strait. Seafloor investigations 
revealed the widespread presence of glacial bedforms, implying the former existence of grounded ice in this region. We 
discuss the erosion and deposition around and beneath ice sheets/shelves using a regional grid of 2D seismic reflection data, 
acquired in 2011 from R/V Marcus G. Langseth across the outer ~ 75 km of the Chukchi Shelf and the adjacent Chukchi 
Borderland. A high amplitude glacial base (GB) reflection extends over large parts of the shelf, separating glacial from 
preglacial strata. We define eleven seismic reflection characters, that we use to infer distinct depositional environments of 
glacial sediments. Thick well stratified sediments overlying the GB reflection in the south may have been impacted by fewer 
advance-retreat cycles than those near the northeastern and western shelf breaks. Here, the GB reflection pinches out at the 
seafloor next to reworked and eroded areas. Numerous meltwater channels, some up to several kilometers wide, together with 
grounding zone wedges and recessional moraines are hints for ice sheets in the Chukchi Region. These ice sheets built up a 
huge grounding zone wedge of 48 km × 75 km on the Chukchi Rise. More grounding zone wedges on the western sides of 
bathymetric highs of the Chukchi Borderland along with mega scale glacial lineations indicate later ice shelf advances from 
east during the late Quaternary. However, in the absence of deep sediment cores, the timing or origin of the ice grounding 
events cannot be fully reconstructed.
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Introduction

Ice sheets and their attached ice shelves play an important 
role in Earth’s climate system (IPCC 2018). The extent and 
geometry of ancient ice sheets and shelves and their evolu-
tion provide important constraints for numerical climate and 
glacio-isostatic models of the past, present and the future 
(Stokes et al. 2005; Stokes and Tarasov 2010; Brigham-
Grette 2013). Determining the distribution of ice sheets 

on the continental shelves surrounding the Arctic Ocean is 
partly made difficult by sea ice cover, which hinders system-
atic geophysical investigations. This is especially true for the 
northern Chukchi Sea, a region of rapid ongoing changes 
in sea ice distribution over an up to 900 km broad, shal-
low continental shelf. This shelf and the adjacent Chukchi 
Borderland are of particular interest for regional glaciation 
studies because they appear to have been covered by an 
ice sheet-shelf system prior to the Last Glacial Maximum 
(LGM) (Brigham-Grette 2013; Niessen et al. 2013; Dove 
et al. 2014).

Previous multibeam bathymetric seafloor mapping has 
revealed the widespread impact of icebergs/sheets reaching 
to water depths of 1200 m along the Arctic Ocean’s conti-
nental margins and across submarine ridges (e.g., Kristof-
fersen et al. 2004; Gebhardt et al. 2011; Niessen et al. 2013; 
Dove et al. 2014; Jakobsson 2016). Together with sub-bot-
tom profiler data, they reveal preserved glacial landforms 
on the seafloor, including Mega-Scale Glacial Lineations 
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(MSGL), drumlins, ice-marginal Grounding Zone Wedges 
(GZW), and moraines. All of these are diagnostic features of 
paleo-ice stream processes (Stokes and Clark 1999; Ottesen 
et al. 2005; Ottesen and Dowdeswell 2006). Multibeam and 
sub-bottom profile data, however, have no or limited depth 
penetration and image only the surface and the very shal-
low sub-surface of these regions (Dowdeswell et al. 2007; 
Batchelor et al. 2013b; Dove et al. 2014), which represent 
for the most part the last ice mass grounding event. Multi-
channel seismic reflection data can reveal the structure and 
extent of deeper horizons, and can be used to constrain the 
geometry and chronology of even older ice sheets/shelves 
(Dowdeswell et al. 2007).

This paper describes and interprets the geomorphic struc-
tures and seismic character of the sediments left behind by 
ice sheets and ice shelves at the northern part of the Chukchi 
Shelf and the adjacent Chukchi Borderland in water shal-
lower than 750 m. For this, we use reprocessed 2D seismic 
reflection data supported by sub-bottom profiler (SBP) data 
to better resolve the shallow structures.

Study area and previous work

The Chukchi Shelf is an up to ~ 900 km wide continental 
shelf in the Arctic Ocean, located north of Chukchi Pen-
insula in Siberia and northwest of Alaska (Fig. 1). From 
the Bering Strait connecting the Chukchi and Bering seas, 
the seafloor continuously deepens from less than 50 m to 
450–750 m at the northern Chukchi shelf break. This shal-
low margin is prolonged northwards by the Chukchi Border-
land, which comprises the Northwind Ridge, Chukchi Rise, 
and Chukchi Plateau (Fig. 1). These plateaus rise as much as 
3400 m above the deep abyssal plains of the Canada Basin, 
reaching a minimum water depth of approximately 300 m 
(Hall et al. 1990). The Chukchi Borderland is considered to 
consist of high standing continental blocks (Hall et al. 1990; 
Brumley et al. 2015).

Numerous studies have focused on the impact of ice 
sheets and ice shelves on the Chukchi margin (e.g., Hunkins 
et al. 1962; Polyak et al. 2007; Jakobsson et al. 2008; Dove 
et al. 2014; Kim et al. 2021). Early depth recorder data 

Fig. 1  Study area: Bathymetric map IBCAO v3.0 (Jakobsson et  al. 
2012) showing the locations of seismic reflection profiles. Locations 
for Figs. 2, 3, 4, 5, 6, 7, and 8 shown in red. Blue thick line indicates 
130  m isobath which is likely the shoreline during the LGM sea-
level lowstands (Clark et al. 2009). Massive iceberg scouring occurs 
between the − 150 and − 350 m contour lines (Dove et al. 2014). The 

main shelf break depth along the Chukchi Borderland is represented 
by the − 550 m contour line. AGT  Amundsen Gulf Trough, AP Arlis 
Plateau, BBT Broad Bathymetric Trough, CB Canada Basin, CBL 
Chukchi Borderland, CR Chukchi Rise, MR Mendeleev Ridge, MT 
Mackenzie Trough, WBT Western Bathymetric Trough, WI Wrangel 
Island
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revealed a very rough seafloor at depths of less than 350 m 
on the Chukchi Plateau interpreted to be incised by ice-
bergs (Hunkins et al. 1962). Swath bathymetric data from 
the Chukchi margin show a widespread impact of not only 
icebergs but also grounded ice sheets/shelves such as gla-
ciogenic bedforms like MSGL and morainic ridges (Polyak 
et al. 2001; Jakobsson et al. 2008; Dove et al. 2014; Kim 
et al. 2021). These bedforms suggest a complex glacial 
history with origins from an ice shelf emanated from the 
northwestern margin of the Laurentide Ice Sheet and/or a 
likely regional ice sheet on the Chukchi Shelf (Polyak et al. 
2001; Jakobsson et al. 2008; Dove et al. 2014; Kim et al. 
2021). Multiple indications for ice stream activity were 
found in glacial eroded bathymetric troughs, namely the 
Broad Bathymetric Trough (BBT) and the Western Bathy-
metric Trough (WBT) on the eastern and western flanks of 
the Chukchi Rise, respectively (Dove et al. 2014; Kim et al. 
2021). In deeper water, prograding glacial wedges were 
identified at the western shelf edges of the Chukchi Rise 
(Hegewald and Jokat 2013; Ilhan and Coakley 2018; Kim 
et al. 2021). Indications for a wider glacial history in this 
region are observed on the East Siberian margin and on the 
Arlis Plateau (Fig. 1) (Niessen et al. 2013; Jakobsson et al. 
2016; Joe et al. 2020) and along the Beaufort-Alaska margin 
to the east (Engels et al. 2008). It has been suggested that 
these ice sheets may have been part of an extensive glacial 
complex associated with a kilometer-thick ice shelf that 
completely covered the central Arctic Ocean at one point 
in time (Hughes et al. 1977; Jakobsson et al. 2016). In sum-
mary, the current, sparse knowledge on the glacial history of 
the Chukchi margin provides ample evidence for ice sheet/
shelf impact but is not sufficient to understand the extent, 
timing and interaction(s) of glaciations in this of region.

Data and methods

A regional grid of 5300 km of 2D multi-channel seismic 
(MCS) profiles were acquired by R/V Marcus G. Langseth 
(Fig. 1) across the Chukchi Shelf and Chukchi Borderland in 
2011 to investigate the tectonic evolution and seismic stra-
tigraphy (Coakley 2011). Additionally, sub-bottom profiler 
and swath bathymetric data were recorded throughout the 
entire cruise.

As seismic source, a tuned airgun array of ten Bolt guns 
with a total volume of 1830 cubic inches (~ 30 l) was used. 
Its frequency spectrum ranges between 5 and 125 Hz. A 
5850 m-long Sentinel™ streamer with 468 hydrophones and 
12.5 m hydrophone spacing was used to image the subsur-
face. Source and streamer were towed at 6 m and 9 m depth, 
respectively. The shot spacing on most profiles was distance-
controlled to 37.5 m. Returning signals were recorded for 10 s 
at a sampling rate of 2 ms. Satellite differential GPS losses in 

parts of the survey grid made a distance defined shot inter-
val impossible to achieve on some profiles. On these profiles, 
the seismic energy was released time-controlled every 12.8 s, 
which resulted in a shot spacing of approximately 37.5 m.

The MCS data were first processed with 25 m bins by ION 
Geophysical and interpreted for studying the tectonic evolution 
of the Chukchi Borderland by Ilhan and Coakley (2018). We 
reprocessed the seismic profiles to resolve small-scale struc-
tures in the shallow parts of the sedimentary column. For the 
reprocessing, MCS data were common depth point (CDP) 
sorted into 6.25 m bins resulting in a maximum fold of 78. 
Seismic data processing included attenuation of random, lin-
ear and coherent noise, in particular the seafloor multiple. For 
noise reduction, we applied bandpass filtering, velocity analy-
sis, noise attenuation (high amplitude noise bursts, etc.), F-K 
dip multiple filtering (one coherence filter to weaken the mul-
tiple and a F-K filter on overcorrected CDP gathers), spherical 
spreading corrections, stacking and, finally, time migration and 
a mean filter. A distance of over 200 m between source and 
first channel combined with a binning of only 6.25 m results 
in negative interference between the direct wave and the sea-
floor reflection over shallow areas (< 100 m water depth). 
Consequently, the seafloor reflection is weak or completely 
suppressed in the stack, and so we rely on sub-bottom profiler 
data for our interpretation of shallow structures in these areas. 
To estimate the shallow sediment thicknesses in meters, we 
applied a mean velocity of 1.7 km/s for the glacial sediments, 
based on a model by Hegewald (2012). Water depths were cal-
culated with a mean velocity of 1.5 km/s. Using these veloci-
ties, and a peak frequency of 30 Hz for the sediments, the 
vertical resolution of our seismic data is about 12.5 m at the 
seafloor and 14 at the base of the shallow sediments we focus 
on. The seismic data are displayed in Two-Way-Traveltime 
(TWT) below the sea surface. The available sediment cores 
in the research area are too short to provide age constraints for 
the upper pre-glacial sedimentary units.

The sub-bottom profiler (SBP) data were acquired using 
a Knudsen Chirp 3260 echosounder with a source frequency 
range of 2–6 kHz. The SBP data penetrated the sediments 
between 10 and 100 m.

The multibeam bathymetric data were recorded during 
the cruise using a 12 kHz Kongsberg EM122. After editing 
and gridding the multibeam data with MB-System (Caress 
and Chayes 2008) and the Generic Mapping Tool (GMT) 
(Wessel and Smith 1998), the data were visualized using 
QGIS.

Results

As a first step for the subsequent interpretation, we identi-
fied and classified sedimentary structures potentially caused 
by ice sheets or ice streams, and mapped their areal extents 



 Marine Geophysical Research           (2022) 43:33 

1 3

   33  Page 4 of 16

within the study area. The description of analyzed MCS data 
is split into two areas. The first is located south of ~ 75° N 
on the Chukchi Shelf and Northwind Ridge down to water 
depths of 750 m, the second one north of 75° N on the 
Chukchi Rise and surrounding shelf breaks. Eleven seismic 
characters relevant for this study are described in Table 1. 
Examples are shown in Figs. 2, 3, 4, 5, 6, 7, and 8. The dis-
tribution maps of these characters are shown in Figs. 9 and 
10. The abbreviations for the characters are chosen after their 
main reflection pattern and their origin, respectively, similar 
to Batchelor et al. (2013a, 2013b). Based on the acoustic 

reflection pattern, stratified characters are denoted with S, 
S1, and S2. Chaotic characters are separated into the three 
categories C, C1, and C2. Predominately (semi-)transparent 
seismic characters are titled D, D1, and D2. Morphologi-
cal structures such as a sedimentary wedge on the Chukchi 
Rise and truncated layers topped by laminated sediments 
are labelled G and T, respectively. Acoustically well-layered 
strata below the defined characters are collectively termed 
‘pre-glacial’. A prominent high amplitude reflection is con-
sidered to separate pre-glacial strata from glacial influenced 
sediments. Here, we name it the glacial base reflection (GB, 

Table 1  Classification of seismic characters identified from 2D seismic profiling of the Chukchi Shelf and Chukchi Rise

Seismic
Abbre-
viation

Seismic Example Character
Description

Seismic
Abbre-
viation

Seismic Example Character
Description

st
ra
tif
ie
d

S

stratified, low
to medium
amplitude,

topped by thin
transparent 

layer

(s
em

i-)
tr
an

sp
ar
en

t
D

No internal
reflections, 

partly 
accumulated 
to asymmetric

wedge

S1
stratified, high 

to medium
amplitude,

infill channels

D1

stratified with 
lobate-shape 

geometry,
occurs at shelf

edges

S2

Mixture of
stratified and 

chaotic 
characters,

fills channels

D2

No internal
reflections, 
deposited 
close to 

truncated
areas

ch
ao

tic

C
Chaotic, with

medium to low
amplitude

G

semi-
transparent, 

dipping 
internal 

reflections, 
asymmetric 
geometry

C1
Chaotic, 
medium 

amplitude, fills 
large incisions

T

truncated pre-
glacial

reflectors
covered by 
laminated
sediments

C2

Chaotic
character,
wedge-like
body on a 

bathymetric 
high

Red line represents the glacial base reflection (GB). Where the high amplitude glacial base reflection is absent, the stippled red line indicates the 
correlated boundary between pre-glacial and glacial sediments. The characters abbreviations are chosen after the predominant seismic reflection 
pattern of the characters and their, morphology and stratigraphy (see text for more details)
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see more details in the next sections). An age for the top of 
the pre-glacial sediments is not available because available 
sediment cores do not penetrate pre-glacial strata.

Chukchi Shelf and slope

A prominent smooth, continuous, high amplitude GB reflec-
tion is present in MCS data at 250–400 ms TWT south of 
73° N to 1000 ms TWT on a profile east of the Chukchi Rise 
(Figs. 2a, 3, 4, 5, 9a). On all other profiles the GB reflection 
pinches out at the seafloor in water depths of 300–350 m 
(400–450 ms TWT; for example, at the “truncation point” 
labelled in Fig. 2a). This reflection marks the transition 
from deeper, well stratified deposits, marked by medium-
to-high amplitude reflections, to shallower and apparently 
more irregular strata. In general, the GB reflection is covered 
by sediments of stratified character S, chaotic character C 
and transparent character D with varying thickness of up 
to ~ 210 m (250 ms TWT) (Fig. 9b–d). Their distribution is 
described in detail in the next paragraphs.

In the southern part of the study area, with water depths 
shallower than the truncation depth, the GB reflection is 
overlain by stratified sediments (Character S) (Fig. 9b). 
Large incisions observed at the base of these sediments are 
up to 6 km wide and cut up to ~ 210 m (250 ms TWT) deep 
into the pre-glacial sediments. These incisions are filled with 
stratified sediments of character S1 (Fig. 3).

Towards the outer shelf, the acoustically stratified char-
acter S changes to a chaotic character C. This transition 
appears over a short distance on a seismic dip profile towards 
the Northwind Ridge (Fig. 2a). Furthermore, the layer com-
prising of characters S and C thins towards the northeast 
and disappears where the GB reflection is cut at or close to 
the seafloor (Figs. 2a, 9c). Further downslope, pre-glacial 
deposits are truncated and covered by a thin, laminated 
drape (Fig. 2a, b; character T). Several areas of truncated 
pre-glacial sediments, indicated by character T (Fig. 9f), as 

Fig. 2  Two seismic reflection profiles showing the truncated pre-
glacial strata (Character T). Dashed vertical line indicates the inter-
section point of the two profiles. A Stratified sediments (Character S) 
and chaotic sediments (Character C) over the glacial base reflection 
(GB); the truncation point of GB is close to the seafloor. B Cross-pro-
file of a wedge of sediments of character D2 between two areas with 
truncated pre-glacial strata (T). The stippled line indicates the base of 
the wedge. Location is shown in Fig. 1

Fig. 3  Seismic reflection data of the Chukchi Shelf showing a large 
channel incised into pre-glacial strata and infilled with stratified sedi-
ments of character S1. Location is shown in Fig. 1. Red line: glacial 
base reflection (GB). Dashed red line: boundary between channel fill 
and pre-glacial sediments

Fig. 4  Seismic reflection data showing vertically-stacked channels 
separating horizontal layers of chaotic and stratified sediments (Char-
acters C and S). Location is shown in Fig. 1. Red line: glacial base 
reflection (GB)
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well as truncated stratified glacial sediments (Fig. 2a), are 
observed in the study region in present day water depths of 
150–750 m.

To the west, the transition between stratified glacial sedi-
ments S and chaotic sediments C takes place after a 20 km 

wide series of vertically-stacked incisions (Fig. 4). The 
deepest buried channels eroded the pre-glacial strata, result-
ing in a sediment layer covering the GB that is up to ~ 42 m 
(50 ms TWT) thicker than that of the surrounding areas. 
Further, many smaller incisions are found in the study area, 

Fig. 5  Ridges, scours and GZW of and in transparent sediments (D) 
in the BBT. A Seismic reflection data showing accumulation of sedi-
ments with character D above glacial base (GB). B Multibeam bathy-
metric data showing the seafloor positions of the ridges and scours. C 

SBP data showing parallel ridges topping sediments with character D. 
D SBP data showing parallel scours in layer of sediment layers with 
character D. Location is shown in Fig. 1

Fig. 6  Seismic reflection 
data from the Chukchi Rise. 
Top: seismic profile of a line 
crossing the Chukchi Rise. 
Bottom: interpreted seismic 
profile showing distribution 
of the sediments with charac-
ters C1, D1 and G on top of 
partly eroded pre-glacial strata. 
Dashed red line indicates the 
boundary between glacial and 
pre-glacial sediments. Dashed 
black line represents maximum 
water depth ~ 350 m for random 
orientated iceberg scours (Dove 
et al. 2014). Location is shown 
in Fig. 1
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cutting into packages of sediments with characters S and C 
(Fig. 2a). These channels are up to 1 km wide and ~ 50 m 
(60 ms TWT) deep (Figs. 2a, 3, 4).

Acoustically transparent sediments (D) (Table 1) occur 
as a drape over the GB reflection in a larger area between 
Chukchi Rise and Northwind Ridge at depths of 280–750 m 
(375 ms TWT and 1000 ms TWT) (Fig. 9d). The sediments 
reach a maximum thickness of ~ 25 m (30 ms TWT) in a 

20 km-wide wedge-like accumulation (Fig. 5a). Several 
ridges with widths of 100–500 m are located on top of 
this wedge (Fig. 5a–c). SBP data reveal the ridges to have 
maximum heights of 21 m (~ 25 ms TWT). Multibeam data 
(Fig. 5b) show an assemblage of ridges with slightly steeper 
southwestern flanks, orientated parallel to each other, at the 
seafloor. More ridges are observed in water depths between 
400 and 510 m (540 ms TWT and 680 ms TWT). The ridge 
crests trend 107° (ESE). In water depth of 335 m (550 ms 
TWT), character D and the top of the pre-glacial sediments 
are grooved by two sets of linear scours aligned approxi-
mately east–west (Fig. 5a, b, d). Sediments of character D 
are buried by a layer of laminated reflections of ~ 8 m (10 ms 
TWT) thickness (Fig. 5c, d).

Chukchi Rise

On the western side of the Chukchi Rise (Fig. 1, approx. 
170° W), where a strong GB reflection is absent, a layer with 
lobate-shaped acoustically stratified character D1 (Table 1) 
overlies truncated, stratified reflections in a basinward 
prograding wedge-like form (Fig. 6). This package has a 
maximum thickness of ~ 100 m (120 ms TWT) (Fig. 9e). 
Below this layer, a cluster of incised channels is observed 
at the shelf break west of the Chukchi Rise (Fig. 7). Spaced 

Fig. 7  Seismic reflection data showing several channels cutting into 
pre-glacial strata. Channels are filled with sediments of character D1. 
Dashed red line indicates the boundary between glacial and pre-gla-
cial sediments. Location is shown in Fig. 1

Fig. 8  Seismic reflection data from northwestern Chukchi Rise. Top: 
seismic profile, Bottom: interpreted profile, showing the distribu-
tions of the seismic characters C2, D2, G and S2 on pre-glacial strata. 
Dashed red line indicates the boundary between glacial and pre-gla-

cial sediments. Dashed black line indicates the maximum depth of 
random orientated iceberg scours at ~ 350 m water depth (Dove et al. 
2014). Location is shown in Fig. 1
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1–3 km apart from each other, they reach widths of up to 
1 km and depths of ~ 65 m (75 ms TWT).

Sediments with a transparent acoustic character (D2, 
Table 1) appear in a large patch on the western side of the 
Chukchi Rise (Fig. 8, #5 in Fig. 10b). This patch has an 
asymmetric shape with a steeper flank at the shelf break and 
a shallower distal flank. Its thickness reaches up to ~ 50 m 
(~ 60 ms TWT). On the crossline, this accumulation extends 
for 39 km NE and SW (#5 in Fig. 10b). Further to the east, 
a second accumulation of character D2 is observed at the 
transition between the Northwind Ridge and Northwind 
Basin (Fig. 2b, #2 in Fig. 10b). This accumulation displays 

a shallow southeastern side and a steeper northwestern flank 
closer to the basin, is around 15 km wide, and up to ~ 70 m 
(80 ms TWT) high. To the southeast and northwest, seismic 
data show areas with truncated underlying reflections cov-
ered by a drape (T) (Fig. 2b). Four smaller patches with a 
maximum height of ~ 25 m (30 ms TWT) occur north and 
east of Chukchi Rise and on the Northwind Ridge (Fig. 10b, 
#1–6).

On the Chukchi Rise, an up to ~ 145 m (170 ms TWT) 
thick semi-transparent sedimentary wedge with dipping 
internal reflections (Character G) overlies stratified, 
partly truncated pre-glacial sediments (Figs. 6, 8). The 

Fig. 9  Maps of the distribution and thickness of a the glacial base 
GB, b Character S, c Character C, d Character D, e Character D1, 
and f Character T. Light gray lines represent seismic profiles. Black 

line represents the 130 m contour line which is considered as shore-
line during the last glacial maximum (Clark et al. 2009). CR Chukchi 
Rise, NB Northwind Basin, NR Northwind Ridge
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area covered by this wedge is 48 km wide and 75 km long 
(Fig. 10a). Reflections within the wedge appear to dip east-
ward and westward. The wedge has a shorter, steeper west-
ern flank and a more gently dipping, longer eastern flank. 
Both flanks are marked by truncated horizontal stratified 
reflections covered with transparent sediments of character 
T (Figs. 6, 8).

East and west of the Chukchi Rise, seismic data show 
three incisions, two with a width of 8  km and depth 
of ~ 85 m (100 ms TWT), one with a width of ~ 5 km and 
a depth of ~ 42 m (50 ms TWT). All are filled with sedi-
ments showing a chaotic character C1. The channels are 
incised into the underlying pre-glacial strata (Fig. 6).

Partly stratified to chaotic sediments (Character S2) are 
present north of Chukchi Rise in large incisions (Fig. 8). 
The overall width of this area is ~ 45 km. The incisions cut 
up to ~ 380 m (400 ms TWT) into the underlying strata. 
While the character in the deepest incision has a more 
stratified pattern, in all other channels the sediments are 
less stratified and partly chaotic (Fig. 8). The seafloor 
above the channels shows superimposed, low relief ridges 
(Fig. 8).

Acoustically chaotic sediments (Character C2) occur 
on top of elevated pre-glacial strata on a bathymetric high, 
northeast of the incisions filled with sediments of character 
S2 (Fig. 8). The maximum thickness of this layer is ~ 100 m 
(~ 120 ms TWT). It is lenticular, with a NE–SW extent 
of ~ 20 km and a NW–SE extent of ~ 15 km. Below it, the 
top pre-glacial strata show an irregular surface.

Interpretation and discussion

Previous studies of multibeam and SBP data in our research 
area have focused entirely on seafloor structures which 
were formed by glacial processes (Polyak et al. 2001, 2007; 
Jakobsson et al. 2005, 2008; Dove et al. 2014; Kim et al. 
2021). Fortunately, the seismic data allow a clear distinc-
tion between the glacial influenced and pre-glacial units 
in our research area. The up to 10 m deep gravity/piston 
cores provide vague information on the underlying glacial or 
non-glacial sediments (Polyak et al. 2007; Park et al. 2017). 
Therefore, we base our interpretation of glacially influenced 
sediments and landforms on comparisons to similar features 
imaged in other glaciated regions which have been better 
sampled (e.g., Sættem et al. 1992; Kehew et al. 2012; Dow-
deswell et al. 2016).

Glacial landforms and bedforms

Glacial base reflection (GB)

We infer the GB reflection (Fig. 2a, 3, 4, 5; GB) to mark 
the base of glacial erosion. The higher reflection amplitude 
compared to over- and underlying reflections indicates a 
change of the physical properties similar to an unconformity 
described in the Barents Sea (Sættem et al. 1992; Solheim 
et al. 1996; Bellwald et al. 2019). Here, this unconformity 
divides glacially over-compacted pre-glacial sedimentary 
rocks from unlithified, rapidly deposited glacial sediments 

Fig. 10  Glacial features in the MGL1112 data (Dove et al. 2014, this 
study) consistent with: a an ice sheet on the Chukchi Shelf, b west-
ward along slope advances of grounded ice shelves during succeed-

ing glaciations. Numbers are GZWs (see text for deatails). Arrows 
indicate inferred ice movement direction. BBT Broad Bathymetric 
Trough, WBT Western Bathymetric Trough
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(Sættem et al. 1992; Solheim et al. 1996; Bellwald et al. 
2019). Its occurrence across the outer shelf (Fig. 9a) and 
the strong impedance contrast to well stratified pre-glacial 
sediments suggests that the GB unconformity was formed 
at the base of an erosive ice sheet.

We favor the interpretation that the GB unconformity 
and sediments overlying it (Figs. 2a, 3, 4) are products of 
several glacial advances and retreats as it is observed in the 
Barents Sea (e.g., Sættem et al. 1992; King 1993; Batchelor 
et al. 2013b). The GB overlies basins filled with glacially 
redeposited sediments on the outer shelf east of the Chukchi 
Rise (Hegewald and Jokat 2013; Ilhan and Coakley 2018). 
These filled basins indicate that a glacial advance preceded 
the formation of the GB. The truncation of the GB along 
the outer shelf, together with the underlying pre-glacial and 
overlying glacial sediments, indicates erosion by at least one 
later glacial event.

Stratified sediments

By analogy to the Barents Sea (Sættem et al. 1992; Solheim 
et al. 1996), the up to 210 m thick stratified sediments (Char-
acter S) overlying the GB reflection are interpreted to be an 
alternation of glacial and interglacial sediments (Figs. 2a, 
3, 4). This interpretation is supported by analysis of shal-
low sediment cores on the Chukchi Shelf, which contain 
interglacial and glacial sediments (Polyak et al. 2007). The 
preserved stratification indicates that these areas were not 
strongly affected by subsequent glacial advances (Polyak 
et al. 2008).

Chaotic sediments

The chaotic (character C) sediments covering GB (Figs. 2, 
4, 9c) were probably reworked after deposition by grounded 
ice of a subsequent glaciation. This is supported by the pres-
ence of reworked sediments in sediment cores from the ramp 
between the outer Chukchi Shelf and the Northwind Ridge 
(Polyak et al. 2007). Over this ramp to the Northwind Ridge 
(Fig. 2a), the abrupt transition between sediments with char-
acters S and C and their truncation at the seafloor indicates 
extensive reworking of stratified sediments and subsequent 
erosion of both units by grounded ice (Fig. 4, 9c) (Dow-
deswell et al. 2004; Cofaigh et al. 2005).

Truncation of pre‑glacial sediments

The occurrence of character T sediments on top of pre-
glacial strata (Fig. 9f) is the result of the erosion and 
deposition of sediments by grounded ice, followed by 
hemipelagic sedimentation. In our survey area, this hemi-
pelagic drape is found below a water depth of ~ 350 m 
with varying thicknesses and postdates the most recent 

glacial grounding event(s) (Dove et al. 2014; Kim et al. 
2021). In general, the erosion by grounded ice is present 
in water depths between 150 m (Fig. 2a) and 750 m on 
the outer Chukchi Shelf and Borderland (Fig. 9f) (Polyak 
et al. 2001, 2007; Jakobsson et al. 2008; Dove et al. 2014; 
Kim et al. 2021).

(Semi‑)transparent sediments

A layer of acoustically transparent sediments (Character D) 
of up to 25 m thickness occurs east of the Chukchi Rise in 
water depths between 280 and 750 m (Fig. 9d). Due to its 
thickness and lack of internal reflections, we interpret this 
layer to consist of subglacial till. Till has been described as 
acoustically semi-transparent to transparent (Ó Cofaigh et al. 
2005). Similar till layers occur in other formerly glaciated 
high-latitude regions (e.g., Ó Cofaigh et al. 2005; Batchelor 
et al. 2013a; Dowdeswell et al. 2016). Further, a wedge of 
transparent glacial till (Character D) within the BBT east of 
the Chukchi Rise is due to its shape interpreted as a GZW 
(Figs. 5a, 10a) (Batchelor and Dowdeswell 2015).

The set of ridges in the BBT (Fig. 5a, b, d), which are 
100–500 m wide and up to ~ 20 m (25 ms TWT) high, is 
interpreted as hitherto unknown recessional moraines. Simi-
lar recessional moraines are found in bathymetric data in 
several areas in the Chukchi Region (Polyak et al. 2001; 
Jakobsson et al. 2008; Dove et al. 2014; Kim et al. 2021) and 
on other former glaciated margins (e.g., Ottesen and Dow-
deswell 2009; Winkelmann et al. 2010; Burton et al. 2016). 
These moraines are interpreted as the products of minor ice 
re-advances during a period of overall ice retreat (Ottesen 
and Dowdeswell 2006). The steeper upslope flank repre-
senting the ice proximal side suggests a southward retreat, 
towards the Chukchi Shelf (Winkelmann et al. 2010). This is 
supported by the orientations of nearby MSGL (Dove et al. 
2014).

Furthermore, the sets of east–west directed parallel 
grooves in the BBT cut into sediments of character D at 
the seabed (Fig. 5a, b, d) are comparable to many MSGL 
in the Chukchi Region (Polyak et al. 2001; Jakobsson et al. 
2008; Dove et al. 2014; Kim et al. 2021). MSGL are formed 
by deformation of soft sediments at the base of fast flow-
ing ice sheets/streams (Spagnolo et al. 2014). Usually, these 
landforms appear as linear to curvilinear sediment ridges, 
each several tens of kilometers long and a few meters deep, 
which align with the direction of past ice flow (Clark 1993; 
Spagnolo et al. 2014). Due to the limited data coverage, it is 
not possible to estimate the lengths of the grooves (Fig. 5b), 
leaving open the possibility of a formation by the deep keels 
of large icebergs, as has been suggested for the Lomonosov 
Ridge between ~ 85 and ~ 86° N (Kristoffersen et al. 2004; 
Dowdeswell et al. 2007).
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Tunnel valleys

Large channels incising pre-glacial sediments and filled 
with various seismic characters (Character S1, S2, C1) 
(Figs. 3, 6, 8) can be interpreted in different ways. These 
channels are comparable in size and geometry to channels 
found incised by as much as 50 m into Cretaceous strata on 
the southern inner Chukchi Shelf in modern water depths 
of up to 60 m (Hill et al. 2007; Hill and Driscoll 2008). 
These channels have been interpreted as products of fluvial 
erosion by Alaskan rivers flowing across the shelf during 
sea level lowstands with periods of higher meltwater drain-
age during the late LGM (Hill et al. 2007; Hill and Driscoll 
2008). However, the channels on the outer shelf are located 
at water depths of up to 360 m (Fig. 10a), which is below 
the level of regional lowstands during glacial times (Clark 
et al. 2009; Miller et al. 2020). The deep incision of these 
channels into pre-glacial sediments (Figs. 3, 6, 8) is more 
consistent with the action of a subglacial drainage system, 
like those reported for other glaciated regions (e.g., Kehew 
et al. 2012; Stewart et al. 2013; Graham et al. 2016). There-
fore, we interpret these channels as subglacial tunnel valleys 
formed by catastrophic outbursts from subglacial meltwater 
lakes or steady-state subglacial meltwater drainage (Kehew 
et al. 2012; Huuse and Kristensen 2016). This interpretation 
is supported by the presence of overlying glacial landforms 
like MSGL (Fig. 6) and as ice marginal crevasse squeeze/
recessional moraines interpreted from superimposed, low 
relief ridges (Fig. 8) (Dove et al. 2014). Multiple smaller 
tunnel valleys with widths of up to 1 km and depths of up 
to ~ 50 m (60 ms TWT) can be observed in areas covered by 
stratified sediments of character S and C in the southwest of 
the research region (Figs. 2a, 3, 4). The wide distribution 
of tunnel valleys suggests a widespread subglacial drainage 
system. The vertically-stacked configuration of tunnel val-
leys at the western transition to areas with sediments with 
a chaotic character C (Fig. 4) indicates that this system was 
intermittently active during several glacial periods (Walder 
and Fowler 1994; Kehew et al. 2012). The direction of melt-
water flow cannot be determined from our widely spaced 
seismic profiles.

Gullies

The channels at the western shelf break (up 1 km and 65 m) 
filled with character D1 sediments (Figs. 7, 10) can be inter-
preted as buried gullies as they are comparable to gullies 
at other high latitude shelf breaks occupied by paleo-ice 
streams (Gales et al. 2013; Batchelor et al. 2014 and ref-
erences therein). The sediments (Character D1) filling the 
gullies (Fig. 6) were previously interpreted as a GZW from 
the imaging of hummocky terrain in multibeam data and 
transparent glacial till in SBP data (Dove et al. 2014; Kim 

et al. 2021). Their burial by glacial sediments indicates 
development together with the first ice sheet advance to the 
paleo-shelf break by the release of sediment-laden meltwater 
(Polyak et al. 2001; Cofaigh et al. 2003; Engels et al. 2008; 
Gales et al. 2013). Other gullies related to different glacial 
cycles are found in multibeam and SBP data along the west-
ern Chukchi Rise by Kim et al. (2021).

Grounding zone wedges

Grounding zone wedges (GZW) on the outer Chukchi Shelf 
are reported so far in multibeam and SBP data on the west-
ern flank of the Chukchi Rise (Dove et al. 2014; Kim et al. 
2021). GZWs are the result of high sedimentation rates 
during long-lived still stands of the grounding zones of ice 
sheets, which produce wedge shaped bodies of seismically 
chaotic to transparent appearance (Ottesen and Dowdeswell 
2009; Dowdeswell and Fugelli 2012; Batchelor and Dow-
deswell 2015). Truncations within the GZW are caused by 
modifications of the sediments during fluctuations of the 
grounding zone position (Dowdeswell and Fugelli 2012). 
In this section, we discuss eight hitherto unknown GZWs 
found in our seismic data (Figs. 2b, 5, 6, 8, Numbers 1–8 
in Fig. 10).

Six asymmetric GZWs (Fig. 10b; # 1–6) with a transpar-
ent character D2 topping pre-glacial strata (Figs. 2b, 8) occur 
on the west-facing flanks of eroded bathymetric highs like 
the Northwind Ridge (Fig. 10b). Such GZWs are known to 
build up behind topographic highs acting as pinning point 
for the grounding zone of an ice stream (Batchelor and Dow-
deswell 2015). Thus, we interpret GZWs #1–6 as remnants 
of the widespread grounding of westward moving ice from 
the Northwind Ridge to the Chukchi Rise.

Likewise, we interpret the layer of chaotic sediments with 
character C2 as a GZW (Figs. 8, 10b; #7), due to its internal 
structure, its thickness of ~ 100 m (120 ms TWT) and its set-
ting covering eroded pre-glacial strata on top of a bathymet-
ric high northeast of the Chukchi Rise (Figs. 8, 10b). Similar 
GZWs are also found on the Greenland Shelf on topographic 
highs that acted as pinning points for ice streams (Dow-
deswell and Fugelli 2012). The action of a paleo ice stream 
or ice shelf in this area is indicated by MSGL on the shallow 
slope towards the Northwind Basin (Dove et al. 2014), and 
crevasse squeeze/recessional moraines on its western side 
(Fig. 8) (Dove et al. 2014).

A further GZW (GZW #8) is interpreted from a wedge 
of semi-transparent sediments of character G with internal 
dipping reflections, situated on the Chukchi Rise (Figs. 6, 
8; #8 in Fig.  10a). The interpretation is based on the 
wedge’s asymmetry, with its steeper western and gentler 
eastern side, its dipping internal reflections, and the trunca-
tion of underlying reflections at its base (Dowdeswell and 
Fugelli 2012). The westward dip of the internal reflections 
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indicates the eastward glacial retreat (Fig. 6). The dimen-
sions of the Chukchi Rise GZW (48 km × 75 km, ~ 145 m 
thick) (Fig. 10a) are larger than most known high latitude 
GZWs, which usually are less than 15 km wide and only 
50–100 m thick (Dowdeswell and Fugelli 2012; Batchelor 
and Dowdeswell 2015). Therefore, the GZW #8 might be 
the result of an amalgamation of multiple GZWs of succes-
sive ice sheets (Rüther et al. 2011), an unusually long-lived 
still stand of a single ice sheet-shelf system (Batchelor and 
Dowdeswell 2015) or as a lateral GZW formed at the bound-
ary to an ice free or slow-moving ice zone on the Chukchi 
Rise adjacent to an ice stream in the BBT (Batchelor et al. 
2013a; Batchelor and Dowdeswell 2015). However, without 
any age constraints and a denser seismic network, the GZW 
formation remains speculative.

Implications for glaciation history of the Chukchi 
margin

Grounded ice

Several observations described in the previous chapter indi-
cate on East Siberian Shelf various morphological features, 
which indicate different glacial processes.

The GB unconformity identified over a large part of the 
study area (Fig. 9a) suggests the existence of a grounded 
ice sheet at least on the outer Chukchi Shelf and the adja-
cent Chukchi Borderland. Considering the extensive over-
lying deposits increasing in thickness to 210 m southwards 
(Figs. 3, 9b) leads us to assume that the GB unconformity 
was formed during the early or middle Quaternary. This 
inference is consistent with the interpretation of seismostrati-
graphic data from the Chukchi Rise (Kim et al. 2021) and 
the terrestrial evidence for the absence of an expansive Late 
Quaternary glaciation in Beringia (Brigham-Grette 2001, 
2013; Gualtieri et al. 2005). The resolution of the MCS data 
does not allow us to identify individual glacial events in 
sediments overlying the GB unconformity. Higher-resolution 
seismostratigraphic data from the Chukchi Rise indicate at 
least four glacial advances ranging in estimated age from 
the middle to late Pleistocene (Kim et al. 2021). The ice 
sheet(s) inferred from the marine data produced north- to 
northeastwards-flowing ice streams, which advanced and 
retreated through the bathymetric troughs on the eastern and 
western flanks of the Chukchi Rise (Fig. 10a) (Dove et al. 
2014; Kim et al. 2021). This is indicated by GZWs, drum-
lins, recessional moraines and MSGL formed in diamictons 
(Fig. 5a, b, d). Truncations of pre-glacial strata observed 
in these areas (e.g., Fig. 6) are similar to glacial erosion 
features in seismostratigraphic records from other formerly 
glaciated margins, including glacial trough edges (e.g. Bel-
lec et al. 2016). The combined distribution of the glacial 
unconformity and geomorphic features indicative of the 

northwards flowing ice stream (Fig. 10a) is consistent with 
a proposed East Siberian Ice Sheet (Niessen et al. 2013), or 
alternatively with an ice sheet centered on the Chukchi Shelf 
(Dove et al. 2014 and this study; Kim et al. 2021). However, 
the full extent of such an ice sheet cannot be resolved with 
the existing data, especially due to the lack of data from the 
Chukchi Shelf further south.

In addition to the local Chukchi Ice Sheet, glacial impacts 
could be related to grounded ice shelves transgressing from 
the Laurentide Ice Sheet across the outer Chukchi Shelf and 
Borderland. Those are indicated by the large eroded areas 
including the truncation of the GB reflection (Fig. 9c, f) as 
well as multiple glacial bedforms like west-striking MSGL 
and moraines (Polyak et al. 2001; Jakobsson et al. 2008; 
Dove et al. 2014). Along with grounding zone wedges on 
the western flanks of local topographic highs down to water 
depths of 600–700 m (Fig. 10b), westward to northwest-
ward ice flow directions are indicated. Therefore, the ice 
shelves apparently must have originated from the Laurentide 
Ice Sheet. However, N-S trending MSGL in water depths of 
360–380 m on the western flank of the Chukchi Rise associ-
ated with one of the last two grounding events in the western 
Chukchi Region, are difficult to reconcile with a westward 
moving ice shelf (Kim et al. 2021).

The last grounded ice shelf may have existed during 
the LGM along the entire Alaskan-Beaufort margin and 
across the Chukchi Borderland in present-day water depths 
between 150 and 450 m (Fig. 10b). Evidence for erosion in 
water depths deeper than 150 m from our eastern study area 
(Fig. 9f) and along the Alaskan Beaufort margin (Engels 
et  al. 2008) along with the recovery of LGM (~ 20 ka) 
dated sediments from the Chukchi Region support such an 
interpretation (Polyak et al. 2007; Park et al. 2017). Polyak 
et al. (2007) recovered diamicton from east–west striking 
MSGL in water depths of ~ 450 m on the Northwind Ridge 
and (Park et al. 2017) found glaciomarine sediments related 
to a nearby ice shelf in the bathymetric trough east of the 
Chukchi Rise. However, the preservation of MSGL in water 
depths of 580 m on the Northwind Ridge, which are dated to 
marine isotope stage 4/5 (71–123 kyr) (Polyak et al. 2007) 
as well as preserved NE-SW trending MSGL on theChukchi 
margin (Fig. 10 and Dove et al. 2014; Jakobsson et al. 2014; 
Kim et al. 2021), preclude the existence of a thicker ice 
shelf during the LGM. This complies with the absence of 
large grounded ice masses on the Chukchi and East Siberian 
shelves and restricts the presence of grounded ice during the 
LGM to the outer shelf areas and the Chukchi Borderland.

Pan‑Arctic ice?

Geoscientific data as sediment cores and acoustic data show 
extensive and widespread glacial erosion and bedforms on 
the Chukchi margin and the adjacent East Siberian and 
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Beaufort margins in water depths shallower than 1200 m 
(Polyak et al. 2007; Jakobsson et al. 2008, 2014; Niessen 
et al. 2013; Dove et al. 2014; Kim et al. 2021). Those glacial 
features rise the question if they were caused by local ice 
sheet-shelf systems or in part caused by a 1 km-thick pan-
Arctic ice shelf (Mercer 1970; Grosswald and Hughes 2002; 
Jakobsson et al. 2016). This ice shelf is suggested to have 
moved westward across the Chukchi Borderland (Jakobs-
son et al. 2016). Bedforms as MSGL are reported in up to 
1200 m water depth from multiple locations in and around 
the Chukchi Region (Polyak et al. 2007; Jakobsson et al. 
2008, 2014; Niessen et al. 2013; Dove et al. 2014; Kim et al. 
2021). Based on their shelf to basinward orientation, these 
features are interpreted as remnants of a local ice sheet-shelf 
systems in the Chukchi Region (Polyak et al. 2001; Dove 
et al. 2014; Kim et al. 2021). In addition, our data show no 
evidence for extensive erosion below 750 m on the Chukchi 
margin (Fig. 9) that can be expected from a moving pan-
Arctic ice shelf. Erosion is only reported in a small area on 
the central Northwind Ridge to depths of 900 m, shallowing 
southwards to 550–750 m and northwards to 620 m (Jakobs-
son et al. 2008). Other large-scale erosional features which 
would be comparable to the glacially flat-topped Lomonosov 
Ridge are not known to date in water depths below 750 m 
on the Northwind Ridge and Chukchi Plateau (Jakobsson 
et al. 2008; Dove et al. 2014). Beyond this, while our data set 
reveals glacio-morphological features supporting the exist-
ence of more localized ice sheets/shelves, they do not sup-
port a constantly 1 km-thick, westward moving pan-Arctic 
ice sheet/shelf system in the Chukchi Region. Shallower 
ice shelves moving westward across the Chukchi margin, 
however, seem likely to have existed during the Quaternary 
glaciations.

Conclusions

Regional MCS supported by SBP and bathymetric data col-
lected by the R/V Marcus G. Langseth in 2011 allow a first 
view of the thickness and distribution of glacially modified 
sediments overlying eroded pre-glacial strata along the outer 
Chukchi Shelf and Chukchi Borderland region. Although 
the data coverage is sparse, we found a variety of geomor-
phological features in the seismic data that are directly com-
parable to other glaciated continental shelves. Contrasting 
orientations of widespread MSGL and recessional moraines, 
as well as the widespread presence of GZWs, are consist-
ent with multiple glacial cycles and ice sheet/shelf sources. 
However, in water depths shallower than 350 m, intense 
iceberg scouring has wiped out seafloor geomorphological 
features that might have been used for more precise recon-
structions of ice sheet/shelf extents. Our main findings are:

1. A glacial unconformity is present over large parts of 
the Chukchi Shelf and within a bathymetric trough east 
of the Chukchi Rise. Along with north–south trend-
ing seafloor features, like MSGL and drumlins, it pro-
vides evidence for a grounded ice sheet-shelf system. 
Such a system developed likely during several glacia-
tions. Recessional moraines as well as grounding zone 
wedges within bathymetric troughs east and west of the 
Chukchi Rise indicate a phase of still stand and minor 
re-advances during the southward retreat of an ice mar-
gin in this region.

2. The erosion of the glacial base reflection, reworked gla-
cial/interglacial sediments and westward directed gla-
cial bedforms indicate that a later erosional ice shelf 
advanced from the east, probably from the Laurentide 
Ice Sheet. The preservation of north/northwestward 
pointing seafloor features in greater water depths indi-
cates that the ice shelf was thinner than previous ice 
advances from the Chukchi Shelf.

3. A huge, 48 km wide and 75 km long, grounding zone 
wedge with a thickness of up to ~ 145 m on the Chukchi 
Rise may have formed over the course of several gla-
cial cycles, during an unusually long stillstand of an 
ice stream/shelf of one glacial advance or as a lateral 
moraine adjacent to a trough.

4. Tunnel valleys with a width of up to 12 km and depths 
of up to 380 m, several smaller tunnel valleys distributed 
over the research area and gullies at the western shelf 
edge with a width of up to 1 km and a depth of up 65 m 
are imaged. All those suggest the existence of large sub-
glacial drainage systems which directed large amounts 
of meltwater, partly during several glaciations.

Owing to few sediment core data, the complex erosion 
history, and sparse seismic data coverage, a reliable corre-
lation of glacial morphological features to specific glacial 
cycles is not yet possible. Discussion about the extent and 
timing of ice sheets/shelves in the Chukchi Region, includ-
ing during the LGM, continues.
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