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20 Abstract. Amplified Arctic warming is triggering dramatic changes to the Greenland Ice Sheet (GrIS). Studying

past wann periods can provide process insights valuable to predictions of future ice sheet response. Miocene (23.03

- 5.33 Ma) and Pliocene (5.33 - 2.58 Ma) global climatic records include periods of warmer than present

temperatures thought to represent analogues to near-fiiture scenarios. Despite this, the details of the long-term

glacial history of the eastern and northeastern sectors of Greenland are still largely unresolved. Here, we use

25 seismic reflection and borehole data to describe the late Cenozoic glacial architectural development of the

Northeast Greenland continental margin and thereby reconstnict long-term ice sheet evolution. We identify three

key unconformable seismic surfaces that define three mega units of predominantly glacial origin. Two of the

surfaces are for the first time correlated across the entire outer Northeast Greenland margin and tied to both Ocean

Drilling Program Sites 909 and 913. We show that the late Miocene onset of shelf progradation occurs around 6.4

30 Ma, marking the first recorded advance of grounded ice masses across the NE Greenland shelf, fanning

depocentres (trough mouth fans) beyond the palaeo-shelf edge. Subsequently during the late Miocene and early

Pliocene, the GrlS expands multiple times across the shelf, extending the continental shelf seawards. Based on the

development of more extensive and thicker depocentres along the entire outer shelf and upper slope, we suggest

an intensification of shelf glaciations after -4.1 Ma, possibly coinciding with the intensification of the Northern

35 Hemisphere glaciations (3.6 - 2.7 Ma).
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1 Introduction

Greenland currently hosts the largest ice sheet in the Northern Hemisphere, which if melted completely would
raise global sea level by 7 m (Shepherd et ai., 2020; and references therein). Over the Cenozoic, the thickness and
extent of the Greenland Ice Sheet (GrIS) has varied, at times extending beyond the coastline and across the

40 continental shelf (e.g., Funderetal., 2011; Knutz et ai., 2019). The widest continental shelf in Greenland is in the
northeast, and the inland ice sheet sector is currently drained by the Northeast Greenland Ice Stream (NEGIS; Fig.
la), which drains 16% of the total area of the entire GrIS (Hvidberg et ai., 2020). Despite the large size of the NE
Greenland shelf and the importance of the NEGIS to present-day ice dynamics and stability in this ice sheet sector,
little is known about the long-term glacial history of the area, including the timing and evolution of continental

45 shelf glaciations. Such knowledge is needed to assess ice sheet-climate interactions beyond observational
timescales and to reliably represent the GrIS in historical global sea-level budgets (Miller et ai., 2020).

»<t-ii rra n."i\m^.m.^ A
^ '/•>

%
'^vis^

»

<-g ^^J;l^^ ,.A1;
'/— ^ "^ / t

vi^^ä^tW •^ !u
-<s

.^ I^•^•v '^ Barents^f ^^^^^:Na. ^•t. /1 Sea,J '•^ ^

•ä-

r«•>•& ^i
79N^ Vii^?%.i. -^a^

f^^- -^^^K
S' St '':

^
w^..Greenland

Ice Sheet

^IWI

^ ^:^^Zia, IT-A; ya
^s. •^ ^K»

m ylt-w\
i^;

=*^*.
t*^ <?

£?^.^^fc° ft^y
BN

's.?
^'

f%

^•^ NT^is: %'K '<., <i<5
QGris

te^g •".-: IT-B . INmbsl
%i sea level K

y '•wia
.Jh-

3 0-100 " ^-
100.200 /A^200 - 300 s'

•& ^ 300 - 400
y

j^B^
IT-C

•* 400-1000
/

1000 - 5000
:, . 'Mi'?

? ice velocity (m/day)m- .30.

K
0 10

0 30p
Km ^ m

^

Ocean circulation pattern shelf edge 20 seismic lines • boreholes composite seismic-borehote tie lines

Figure 1: a) Arctic and northern North Atlantic region with modern ocean circulation pattern indicated. EGC: East
Greenland Current (cold). WSC: West Spitsbergen Current (warm). Ice velocity map of the Greenland Ice Sheet (GrIS)

50 show the major Northeast Greenland Ice Stream (NEGIS) and its outlet glaciers; 79N: Nioghalvfjerdsbrae
lacier). Zi: Zachariae Isstrom. St: Storstremmen. Topography and bathymetry compiled from

IBCAO 5.0 (Jakobsson et ai., 2024) and Arndt et ai. (2015). Mbsl: meters below sea level, b) Northeast Greenland
margin with locations of key seismic profiles and boreholedata shown in this paper. Banks and troughs on the present"
day shelf are annotated. WT: Westwind Trough. 1T,<A, B, C): Inter Trough area (A, B, C). NT: Norske Trough. SKT:

55 Store Koldewey Trough. GL: Germania Land. SK: Store Koldewey. HR: Hovgaard Ridge. EGR: East Greenland
Ridge.
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Ice streams are relatively narrow corridors within ice sheets that have a faster flow rate than adjacent areas, thus60 despite covering a relatively small surface area, they account for the majority of the total ice drainage and dischargefrom an ice sheet's interior to its margins (Dowdeswell & Elverhei, 2002; Dowdeswell et ai., 2006). As a result,
ice streams efficiently erode and transport sediments towards its terminus, shaping the landscape underneath them.
Marine terminating ice streams often operate within over-deepened cross-shelf troughs, carved out by this erosive
force. During long-lived glaciations, this erosive action creates large depocentres on upper slope beyond the ice65 stream terminus, termed trough mouth fans (TMFs) (Vorren & Laberg, 1997; Batehelor & Dowdeswell, 2014).
TMFs thus serve as valuable geological archive that can be used to reconstruct former ice stream positions anddynamics and thus the extent and evolution of former ice sheets.

This study uses a regional 2D seismic database that enables us to form the first coherent stratigraphic framework
from the upper Cenozoic strata across the entire outer NE Greenland margin (Fig. 2). Here, we describe the large-'70 scale architecture of the outer shelf and upper slope and present the regional long-term glacial history and evolution
based on geophysical mapping of TMFs/buried in the geological record./We tie our improved stratigraphic

ie first time allow us to chronologically constrain the onset of shelfglaciation across the NE Greenland shelf and major changes in ice sheet configuration.
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2.1 Study area

The Northeast Greenland margin between 75 - 81°N is characterized by a 700 km long continental shelf that
extends up to 300 km east of the coastline. The shelf in our study area is characterized by three over-deepened
cross shelf troughs that terminate at the shelf edge; Westwind Trough (WT), Norske Trough (NT) and Store
Koldewey Trough (SKT), separated by intermediate shallow banks (IT-A, B, C; Fig. l). Westwind Trough and
Norske Trough are 300 - 430 km long, 40 - 200 km wide, and 200 - 500 m deep. The two troughs merge by thecoast at the outlet of the contemporary NEGIS (Fig. la), forming a coherent horse-shoe shaped trough encirclingthe large inter-trough area IT-A; a complex of shallow banks and smaller depressions (water depths 2 - 400 m;
Fig. l). The hummocky seafloor of IT-A has been attributed to salt tectonics causing folding and doming of
overlying strata and locally the salt diapirs sub-crop the seafloor (Hamann et ai., 2005; Amdt et ai., 2015; Fyhn et
ai., 2021). Store Koldewey Trough (SKT) is 250 - 400 m deep, 200 km long and 30 - 50 km wide, located between
the shallow IT-B bank (150 - 250 m deep) and IT-C bank (50 - 150 m deep) to the north and south, respectively.
Store Koldewey Trough does not presently have any direct landward fjord or ice stream connection, but instead
abruptly initiates just off the coast of Germania Land and Store Koldewey island (Fig. 1), However, Olsen et ai.
(2020) suggested that Storstremmen glacier (St), a tributary ofNEGlS presently terminating about 100 km westof Store Koldewey, drained towards Store Koldewey Trough during the last glaciation (Fig. I).
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Figure 2; a) Coverage of bathymetry Jborehole data and seismic data used in this study. MB: Molloy Basin. BB: BoreasBasin. GB: Greenland B^sin. HR: Hovgaard Ridge. EGR; East Greenland Ridge, b) Simplified lithological description | \-?J^_,^fL.i.<-s2--\95 of the cores used in this study compiled from published data and reports. Mbsf=:meters belovv seafloor. c)Chronostratigraphic overview of the outer Greenland margin, focusing on the presently established chronology inGreenland Basin (Berger and Jokat, 2008; Dassing et ai., 2016), Molloy Basin (Borger and Jokat, 2009; Gruetzner etai., 2022) and their correlation to this study (dashed lines). The age of the boundaries from Berger & Jokat (2009) havebeen adjusted using the new age model from Gruetzner et ai. (2022). NEC: Northeast Greenland. IMU: Inter-Miocene100 unconformity. Seismic data made available for this study courtesy of TGS, GEUS and GNPDR.
The shelf edge is located between 100 - 300 km from the coast and marks the boundary between the continental
shelf and a relatively steep continental slope lacking any large-scale sliding, leading to the adjacent deep ocean
Molloy Basin, Boreas Basin and Greenland Basin, reaching to approximately 2500 m, 3000 m and 3500 m water
depths.respectively. The deep ocean basins are themselves separated by fracture zones and structural highs at the

105 Hovgaard Ridge and East Greenland Ridge (Fig. 1) which complicates direct seismic correlation between them
(Hamann et ai., 2005; Dassing et ai., 2016).
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2.2 Tectonic setting ^
The NE Greenland continental margin has been dominated by intense rifting since the onset of the late Paleozoic

110 orogenic collapse, leading to formation of deep rift basins and structural highs now filled in by km-thick

sedimentary sequences of late Paleozoic to early Cenozoic age (Hamann et ai., 2005; Fyhn et ai., 2021). The rifting

culminated with the onset ofseafloor spreading in the Norwegian-Greenland Sea during early Eocene, coinciding

with tectonic compression (53 - 47 Ma), transpression (47 - 34 Ma) and finally rifting (34 Ma - recent) between

northern Greenland and Svalbard margin'^Piepjohn et ai., 2016; Peron-Pinvidic & Osmundsen, 2018; and

115 references therein). The Arctic Ocean was confined by shallow continental shelves until the earliest Oligocene
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when seafloor spreading eventually commenced between Svalbard and NE Greenland, in the present day Fram " i^v-3ldQ'

. Lt-'-'-^fiJ-'" Strait (Kristoffersen, 1990; Engen et ai., 2008). A narrow and .possibly shallow oceanic gateway, between the<
lorwegian-Greenland Sea and the Arctic Ocean through the Fram Strait was established by early Miocene (20 -

15 Ma), for the first time allowing circulation between the two oceans (Kristoffersen, 1990; Jakobsson et ai., 2007;

120 Engen et ai., 2008). The onset of deep-water circulation through Fram Strait is uncertain, however, the gateway

was probably not fully developed until late Miocene times (c. 9.8 Ma) as notified by seafloor spreading anomalies

'"? (Kristoffersen, 1990; Engen et ai., 2008). Seafloor spreading in the Fram Strait coincides with two phases of

<-

^ö^
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tectonic uplift of the eastern Greenland margin in late Miocene (-10 Ma) and early Pliocene (~5 Ma) (Japsen et
ai., 2014; Dassing et ai., 2016; Bonow & Japsen, 2021; and references therein), leaving eastward tilted and

truncated inner shelf sedimentary successions that sub-crop the seafloor (Hamann et ai., 2005; Fyhn et ai., 2021).

0^. 2ö^<o
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2.3 Glacial history

The most recent (Late Weichselian) glaciation of the Northeast Greenland shelf reached its maximum extent during

the Last Glacial Maximum about (about 24 - 16 Ka) (e.g., Funder et ai., 201 1), however the geometry, dynamics

130 and extent of the GrIS across the shelf are still debated. T^itar^^e,greams of the NEGIS are suggested to have
extended all the way to the shelf edge within the present-day Westwind Trough, Norske Trough and Store

Koldewey Trough, as indicated by mapping of glacial landforms on the seafloor (Amdt et ai., 2017; Laberg et ai.,

2017; Olsen et ai., 2020; Ö Cofaigh et ai., 2025). Whilst preserved mega-scale glacial lineations situated between

recessional moraines and grounding zone wedges in the troughs have been suggested to indicate a rapid but

135 episodic retreat pattern of the GrlS across the shelf during the last deglaciation (Lopez-Quirös et ai., 2024).

Maximum extent and retreat dynamics across the bank is less certain, with suggestions that the outer shelf on the

1T-A bank remained ice free through the last glaciation (Rasmussen et ai., 2022).

Far less in known about the long-term glacial history the Northeast Greenland shelf. Evidence of circum-Arctic

glacial ice is found in middle to late Miocene marine sediment records from the northern North Atlantic and the

140 Norwegian-Greenland Sea. These findings show more or less continuous occurrences of ice rafted debris (1RD)

since 12.6 - 10.8 Ma, consistent with circum-North Atlantic ice masses, including Greenland, reaching the

coastlines frequently this time (Fronval & Jansen, 1996; Heiland & Holmes, 1997; Knies & Gaina, 2008; Thiede,

2011; Gruetzner et ai., 2022). Although the NE Greenland sector is not explicitly pointed out as the source area,

this provides strong evidence that glacial ice did exist in Greenland at the time.
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145 Seismic investigations offshore NE Greenland has identified massive prograding and gently inclined seismic
sequences of late Cenozoic age within the shallowest stratigraphic interval on the outer shelf (Hamann et ai., 2005;
Berger& Jokat, 2008; Dossing et ai.,2016). These prograding sequences rests on top of steeply inclined clinofonns

to represent deltaic sequences and submarine fans of assumed Eocene to Miocene
age (Fig. 3) (Petersen, 2021). The prograding sequences are thought to represent increased sediment supply and

150 offshore sedimentation rates caused by localized glaciers onshore NE Greenland starting around 15 Ma (Berger &
Jokat, 2008), However, age control here is based on seismic-borehole correlation to ODP Site 913, which is in turn
poorly constrained for that time period (Myhre et ai., 1995; Hull et al„ 1996). Conversely, Petersen (2021)
attributes the same prograding sequences to changes in sea level stands driven by uplift, subaerial erosion and
subsequent fluvial and marine deposition along the outer palaeo-shelf, and speculates that the onset for shelf

155 glaciation occurred during the Plio-Pleistocene transition (c. 2.7 Ma). Hence, the precise timing and extent of
grounded ice on the NE Greenland continental shelf remain unresolved, and the'driving force behind significant
shelf progradation is still debated.

During the last decades, the coverage of seismic datasets from this vast shelf area has increased, offering a new
opportunity to study its glacial history. In this study we use these datasets to characterise the nature and thickness

160 the glacial sediment packages and constrain their age through ties to the few available boreholes, providing new
information on the onset and evolution ofshelf-edge glaciations along the NE Greenland continental margin.
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3 Data & methods

This study uses a large 2D seismic dataset to improve the regional seismic stratigrapbie framework, integrated
with published data from drilled sediment cores to chronologically constrain the glacial evolution of the NE
Greenland margin (Fig. 2). The topographic and bathymetric background data used in this study are a composite
of the IBCAO 5.0 (Jakobsson et ai., 2024) and interpolated bathymetry from Amdt et ai. (2015) (Fig. 2a). The
extent of the present-day GrIS and its velocity are respectively derived from BedMachine v5 by Morlighem and
et ai. (2022) and ice velocity map acquired through the Cryoportal (Nagler et ai., 2015).

,'••

3.1 Seismic data

This study uses 46 000 km of2D reflection seismic data covering most of the NE Greenland margin, an area of
more than 200 000 km2 (Fig. 2). The data consists of multiple surveys acquired by both industry and academia
between 1994 -2014, with considerable variations in acquisition parameters and material used (Table
dominant frequency of each dataset are used to calculate the dominant wavelength and resolution assuming an
average velocity of 1500 m/s at the seafloor as used in comparable settings (e.g., Lopez-Quiros et ai., 2024). The
resulting vertical resolution of the seismic data, estimated for the seafloor, ranges between c. 16.5 m-47 m (Table
I).
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Table 1: An overview of>eisitlh- surveys used in this study and their vertical resolution at the seafloor based on an
average sound velocity o^ 1500 m/s,.*The AWI surveys used here were reprocessed by TGS in 2010.

Acquired by Year Source Streamer

(m)

Vertical resolution at

seafloor (m)

Kanumas Group 1994 Airgun 2050 in3 1500

Kanumas Group 1995 VSX Airgun 2050 in3 2100,

1500

AWI* 1999 Airgun 5x9L 1700

AW!* 2002 Airgun VLF 241 600

AWI* 2003 VLF-Gunsx31 & G-

Gunsx8.5l

600,3000

; Norsk Hydro 2006 Airgun 6000

TGS 2008 Airgun 6000

TOS 2009 Airgun 6000

TGS 2011 Airgun,1500LL&

1900LLX

3000

TGS 2013 Airgun 3350 in3 4500,

6000

TGS 2014 Airgun 1675-3350 in3 6000

GXT 2009 Airgun 4330 in3 8000

GXT 2010 Airgun 4330 in3 8000,

6000

GXT 2011 Airgun 4330 in3 8000

16.5

21

19

23.5

19

22

19

19

25

37.5

47

37.5

37.5

37.5

185

3.2 Borehole data ^>c(tZ-S
Published data from Ocean Drilling Program (ODP) Leg 151 Sites 909 and 913 (Myhre et al„ 1995) are used to

provide sedimentological and chronological constraints on the regional seismic stratigraphic units from this study.
We apply the revised chronology by Gmetzner et ai. (2022) for Site 909, and use the chronology by Hull et ai.

(1996) at Site 913. The summary report from the NE Greenland Stratigraphic Coring project 2008 (StatoilHydro,

2008) is used to provide sedimentological information from Kanumas Site 13, located on the NE Greenland shelf.
^

3.2.1 ODP Site 909

190 ODP Site 909 is located at 2519 m water depth in the Molloy Basin, central Fram Strait (Fig. 2) (Myhre et ai.,

1995). The site penetrated a total of 1061.8 meters of sediments, corresponding to a tme vertical depth of 1023

meters below seafloor (mbsQ after correcting for deviation of the drill pipe (Myhre et ai., 1995). We apply the

newest age model for this site by Gruetzner et ai. (2022), providing an upper middle Miocene age (13.8 - 11.6

Ma) to the base of Site 909 (Fig. 2c). The site mainly recovered clay and silty clay sediments with common

195 occurrences of large ijtropstones in the upper 240 mbsf(Fig. 2b) (Myhre et ai., 1995). IRDjl'were described from
r^^s
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the whole core, spanning from upper middle Miocene to late Pleistocene (Fig. 2b) (Winkler et ai., 2002; K.nies &
Gaina, 2008; Thiede, 2011; Oruetzner et ai,, 2022).

L^

3.2.2 ODP Site 913
200 ODP Site 913 is located at 3318 m water depth in the Greenland Basin c. 100 kni east of the NE Greenland shelf

(Fig. 2a). We use the age model from Hull et ai. (1996). The borehole reached a total depth of 770.3 mbsf,
retrieving early Eocene to late Pleistocene sediments. However, the upper 423 m of the core, corresponding to the
Miocene to present stratigraphic interval, suffered from very poor recovery, limiting the age constraints for this
period (Fig. 2b) (Myhre et ai., 1995). The core has generally been described as clayey silt to silty clay with up to

205 cobble-size dropstones in the upper c. 380 m. The deepest IRD^ has been described down to a depth of c. 550
mbsf, corresponding to Eocene-Oligocene (Eldrett et ai., 2007; Tripati et ai., 2008).
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3.2.3 Kanumas Site 13
The NE Grsenland Stratigraphic Coring Project was a commercial coring project carried out in 2008 by the
Kanumas''g"roup (Lundin, 2013), targeting shallow sub-eropping seismic stratigraphic intervals of commercial
interest. Kanumas Site 13 is located on the shelf within Norske Trough at 509 m water depth, about 100 km from
the shelf edge (Fig. 2a). The description given here is based on the summary report which provided lithological
descriptions and photographs of the whole core (StatoilHydro, 2008). The borehole reached a total depth of 114.9
mbsf, recovering a total of91.9 m of sediments (82% recovery). The entire core was generally described as sandy
clay with stones of varying size, shape and composition, only interrupted by short (Sl m) laminated intervals (Fig.
2b, S 1). No age information for this core is presently available.
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3.3 Methods

3.3.1 Seismic interpretation
The 2D seismic data presented in this study have been compiled, interpreted and tied to borehole data
commercial software. The TOS surveys were used as reference when adjusting for vertical offset between seismic
surveys. Strong multiples occur in some seismic data which can be problematic on the shelf areas, especially when
interpreting horizontal reflections. To avoid falsely picking these multiples, duplicate time-surfaces of the seafloor f y^- ^it\ \j~Q

in ^L^c.s^^^
nic

7

reflection was shifted vertically (2x, 3x, 4x) to show where the multiple would be in the seismic data. )

This study has focused on interpreting reflections that represent regional unconformities in the seismic record,
marking the boundaries for large scale changes in depositional pattern. We have adopted the reflection temiinology
ofMitchum et ai. (1977) to describe the seismic facies and termination pattern of individual reflections. Specific
horizons have been tracked manually and using supervised 2D-assisted tracking. Three regional unconformities C (Q L>-^0(")1.0''><.'
were identified in this study with time surfaces created for each horizon using a 1 km grid size. The regional
reflections represent the boundaries of three major seismic units (MU-l - MU-3). The isochron thickness of each
unit was calculated by subtracting the lower surface from the upper one for each unit and are given in two-way ^ ^ö^)^^^

8
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Available velocity profiles from ODP Site 909 (Gruetzner et ai., 2022), Site 913 (Myhre et ai., 1995), and a velocity

model of the NE Greenland shelf (Berger & Jokat, 2008) have been used to tie the boreholes to the seismic data

and to match the interpreted seismic horizons. The available^velocity^profile from ODP Site 909 (Gmetzner et ai.,
2022) yields an average velocity of 1.66 tan/s for the interval c. 0 - 350 mbsf, and 1.98 km/s for the interval 350

- 650 mbsf. Here, we implement the average velocities for each interval to convert the borehole depth (mbsQ to

two-way travel time (TWT). The average velocity at Site 913 was reported by Myhre et ai. (1995) to be varying

between 1.48- 1.82 km/s, with the exceptions of carbonate'concretions and the very deepest part which exceeded

2.0 km/s. Here, we use 1.66 km/s as an average velocity when converting Site 913 borehole depth to TWT.

Likewise, seismic velocity analysis by Berger and Jokat (2008) suggests a velocity of 1.5 km/s to 1.7 km/s for the

upper c. 500 m of the subsurface on the shelf, thus, we use an average subsurface velocity of 1.66 km/s (similar to

Site 913) to convert Kanumas Site 13, located on the shelf, from borehole depth to TWT (Fig. lb).
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4 Results and interpretation

We identify three major reflections that represent regionally unconformable boundaries that can be correlated

250 across the Northeast Greenland (NEC) margin (Figs. 3,4). From bottom to top. diese reflections are named NEG-

1 to NEG-3 and correlate with chronological intervals between the late Miocene to late Pliocene. Furthermore, the

reflections define three seismic mega units (MU) to be described below.
i-.j^^.v^'co\e.

Table 2: Seismic-borehole tie-depths for the key reHections from this study. Vertical tle-depth is given in meters below
seafloor (mbsf) with an uncertainty equal to the vertical resolution of the seismic tie-line (table 1). Age estimates from

255 ODP Site 909 and 913 are based on the age models by Gruetzner et ai. (2022) and Hull et ai. (1996), respectively.
•Estimated age by this study. '»Estimated depth below Kanumas Site. TWT=two-way travel time in seconds.

Horizon Tie depth Borehole

TWT (s) site

NEG-3

NEC-1

Seafloor

NEO-3

NEO-1

Seafloor

Depth in

borehole

(mbsf)

Age estimations Chronology

(Ma)

Seafloor 3.407 ODP

Site 909

0±23.52

3.78

4.13

310±23.5

652±23.5

0

4.1±0.3Ma

6.4±0.4 Ma

early Pliocene

late Miocene

4.5

4.76

4.99

ODP

Site 913

0±19

215±19

405±19

0

5.3-OMa

16-5.3Ma

Plio-Pleistocene

mid/late Miocene
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0± 16.5 0
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Figure 3: Cross-shelf oriented seismic profile from Norske Trough (see Fig. 1 for location), a) fninterpreted seismic
260 profile. Grey wide arrows locate the cross-seismic lines in Fig. 4 for reference. TWT=two-way travel time. b) Key

regional reflections and internal reflection termination pattern. MU=Mega Unit (-1, 2, 3). c) Zoomed in view on the
palaeo-shelf break and onset of shelf progradation. d) Reflection termination pattern at the base of the prograding
units, e) Truncated foresets and onlapping topsets. t) Examples and descriptions of key seismic fades described in this
study. Scalebar: Vertical axis 50 ms (TWT). Horizontal axis 1 km. Seismic courtesy ofTGS.
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Figure 4: Along-shelf oriented seismic profiles from the central shelf (a & b) and outer shelf/upper slope (c & d; see Fig.
1 for locations), with present-day shelf-corresponding troughs and banks annotated for reference. Grey wide arrows
locate the cross-seismic line in Fig, 3 for reference, a) Uninterpreted composite seismic profile. Insert figures show
examples of seismic facies and renection terminations as described in the results, b) Interpretation of composite seismic
line a. Note the indicated prograding fill pattern north and south ofMU-1 in Norske Trough. c) Uninterpreted seismic
profile with insert figure to show general reflection termination pattern at this interval, d) Interpretation of seismic line
C. MU=Mega Unit (-1,2, 3). S.K. Trough= Store Koldewey Trough. Seismic courtesy ofGEUS and GNP^DR.
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4.1 Regional reflections
4.1.1 Regional Unconformity (late Miocene: 6.4 Ma)
The Northeast Greenland Regional Unconformity (NEG-1) is regionally recognized as a reflection of high
amplitude and reverse polarity compared to the seafloor (Figs. 3, 4). The reflection marks a regionally
unconformable boundary that can be traced across the entire study area. On the outer shelf it separates underlying
(generally conformable) aggrading strata from the overlying prograding strata that (unconformably) terminate by
downlap onto NEC-1. Landwards, on the central and inner shelf, NEG-1 truncates underlying tilted aggrading
strata, whereas it is conformable to overlying semi-horizonal to hummocky reflections (landward component of ^
the prograding reflections).

Correlation ofNEG-1 into the Molloy Basin and ODP Site 909 shows that it ties with Site 909 at about 652 mbsf,
corresponding to a late Miocene age of 6.4A0.4 Ma according to the revised age model by .Gruetzner et ai. (2022)
(Table 2, Figs. 5a-e, S2). This age is supported by our correlation to Site 913 in the Greenland Basin where NEG-
1 ties at 405 mbsf, corresponding to the upper part of subunit Ilia which is estimated to be of mid to late Miocene
age (Myhre et ai., 1995; Hull et ai., 1996) (Table 2, Figs. 5f-l, S3).

\

/t
NEC-1 has been correlated across most of the NE Greenland margin, for about 800 km from Westwind Trough
(WT) and Molloy Basin in the north to IT-C bank and Greenland Basin in the south, and up to 400 km from the
inner continental shelf in the west to the deep ocean basins in the east (Fig. 6a). The interpolated time-surface of
NEC-1 expresses a palaeo-shelfwith a sharp offlap marking the palaeo-shelf break position up to 100 km west of
the present-day shelf edge within Norske Trough (NT) and Store Koldewey Trough (SKT) (Fig. 6a, 6d). Further
north along the outer IT-A bank and Westwind Trough, the difference in shelf-width compared to its present-day
position decreases to 10 km - 40 km. Three slightly over-deepened cross-shelf troughs can be recognised on the
palaeo-shelf, located below the contemporary troughs. Westwind Trough has a similar width to its contemporary
part whereas Norske Trough and Store Koldewey Trough both seem to be wider on the outer palaeo-shelf,
compared to the present-day troughs. East of the NEG-1 palaeo-shelfedge, a buried submarine plateau is located
below the outer Norske Trough and Store Koldewey Trough, between the palaeo-shelf edge and the present-day
shelf edge. Ridges and structural highs are visible east and southeast of the present-day shelf edge, as the time-
surface deepens towards the basins.

4.1.2 Semi-regional reHection (late Miocene?)
The seiTii^regiCTial reflection, termed NEG-2, is stratigraphically situated above NEG-1 and marks a semi-regjonal
reflection that truncates underlying prograding reflections (Figs. 3, 4a, 4y. The reflection is characterized by a
medium amplitude, and it is a continuous reflection that towards the east terminates by downlap onto NEG-1. Its
western extent is limited to the palaeo-shelf edge of the NEG-l surface where it either onlaps onto NEC-1, is
truncated by overlying reflections or becomes too thin to be resolved by the seismic data (Fig. 3). NEG-2 ties at
30 mbsf with the Kanumas borehole at Site 13 locatedontheshelf (Table 2, Figs. 5j-l, S 1). However, the Kanumas
Site 13 does not provide any age constraints and NEG-2 has notbeenpossibletp correlate to any of the ODP sites.^. -....

NEG-2 represents a semi-regional reflection that has been identified between 79°N - 75°N and 15°W - 5°W,
extending about 500 km across entire outer Norske Trough and Store Koldewey Trough and the adjacent bank
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areas, and 200 km from the palaeo-shelf ed^e in the west to the lower slope and rise in the east (Fig. 6b). The

time-surface of NEG-2 shows shelf expansion beyond that of NEC-1 at two distinct locations. The most

pronounced shelf development is a c. 100 km wide area at the central-northem Norske Trough where the shelf

propagates about 40 km towards the southeast in a fan-like shape, forming a bulge in the palaeo-surface (Fig. 6b).

The top of the fan is flattened with a low relief SE-NW oriented trough central to it. The second distinct shelf

expansion of up to 60 km towards SE occurs within a c. 150 km broad area on the outer IT-C bank and Store

Koldewey Trough, where parts of it correspond to the present-day shelf edge position (Fig. 6b).
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Figure 5: Seismic-borehole ties from this study shown by coloured dashed lines with transparent background (error
margins). Legends are shared with all figures. Horizontal transparent error margins represented by seismic vertical
resolution (m) (note scale differences in borehole logs; see table 1). a) Location of composite seismic tie-lines (yellow
lines) used to regionally correlate reflections from the shelf towards the deeper basins and the boreholes (red circles).
b) Seismic-borehole tie %t ODP site 909 with annotated assigned ages for niajor seismic reflections modified from
Gruetzner et ai. (2022)^ c) Simplified lithological description of ODP site 909(d) Depth-correlation of regional seismic ~- ^
reHections and mega uAns (MU) to site 909 (dashed lines), e) Age-depth modelfor site 909 with age fix points (Ma) on __•)
vertical axis from Gruetzner et ai. (2022). Vertical transparent error margin represents the age uncertainty for each
tie-depth. f) Seismic-borehole tie at ODP site 913. g) SimpliHed lithological description of ODP site 913. h) Depth- (~, /, ^, ^
correlation of our seismic reflections and mega units to site 913. i) Age model for site 913 by Hull et ai. (1996). j) Seismic- •-) ^ T"' { ^ " " Q
borehole tie at Kanumas site 13. Note that the borehole did not reach the NEG-1 reflection boundary, k) Simplified
lithological description ofKanumas site 13. I) Depth-correlation of our seismic reflections and mega units to site 13.
Seismic courtesy ofTGS, GEUS and GNPDR.
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4.1.3 Pliocene Unconformity (early Pliocene: 4.1 Ma)

The NEG-3 reflection is stratigraphically situated between the NEG-2 reflection and the present-day seafloor. It is

characterized by a strong continuous reflection with an opposite polarity to that of the seafloor (Figs. 3, 4). The

reflection marks a distinct unconformable boundary at the outer Norske Trough and adjacent upper slope where

overlying prograding reflections terminate by downlap onto NEG-3, whereas underlying reflections has a

conformable relation to it (Fig. 4c-d).

NEG-3 is correlated to ODP Site 909 in the Molloy Basin. The reflection ties with Site 909 at about 310 mbsf,

corresponding to a mid-Pliocene age of4.1±0.3 Ma when plotted against the age model by Gruetzner et ai. (2022) ^ /

(Table 2, Figs. 5b-e, S2). This is supported by our correlation into the Greenland Basin and ODP Site 913 where

NEG-3 ties at 215 mbsf corresponding to an interval suggested to be ofPlio-Pleistocene age (Myhre et ai., 1995;

Hull et ai., 1996) (Table 2, Figs. 5f-[, S3). -,
^^'~2-^> ':

NEO-3 is here correlated along^most of the outer shelf and slope for about 750 km from Westwind Tj;o^igh to IT-
C bank and for 200 km to 300 km from the palaeo-shelfedge (NEC-1) into Molloy and Greenland Basins (Fig.

345 6c). The surface^xpression of NEG-3 shows a further expansion of the shelf of up to 50 km towards SE along

about c. 300 km of the outer Norske Trough and Store Koldewey Trough and adjacent banks, fanning a i.-,
straightened NE-SW oriented palaeo-shelf break. Consequently, NEG-3 completely buries the submarine plateau

as seen on the surface of NEC-1 and now forms a relatively even slope angle towards the Greenland Basin. NEC- \

3 also show expansion along c. 150 km of the shelf further north on the northern part ofIT-A bank and at the outer \

350 Westwind Trough, although to a lesser degree than that ofNorske Trough. .^\_

'2'
0

(Cj^ii^S^.

4.2 Seismic Units C^^'^^

The regional reflections described above refine the base and top ofjthree seismic mega units (MU-1 to MU-3).
From bottom to top, these mega units correlate with time intervals from late Miocene to recent as determined by

regional correlation of the reflections. Combined, these three mega units form a coherent deposit along the entire

outer shelf with a maximum isochron (time) thicknesses between 0.8 s - 2.0 s (TWT) below the present-day shelf

edge (Figs. 6e, S4a).

'V^Ü^ (i^A^y
KoL^. ^<-^A cj^f-x'^^
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2
\a

4.2.1 Mega Unit-1 (late Miocene)

360 The lowermost seismic mega unit (MU-1) is bounded by NEG-1 and NEG-2 at its base and top respectively (Fig.

6f). It is characterized by seaward progradation of parallel reflections separating intervals of chaotic to transparent

seismic facies (Figs. 3, 4). The reflections taper out towards the east and terminate by downlap onto NEC-1,

whereas the top of the prograding reflections is clearly tmncated by NEG-2. Two depocentres can be recognized

from the isochron thickness map ofMU-1 (Figs. 6f, S4b), corresponding to the distinct seaward buildout of the

365 shelf .^\ü:<.V^^ ?
as seen in the NEG-2 surface map (Fig. 6b). Both depocentres m^asureabout 0.75 s (TWT) and are located on the
outer part ofNorske Trough and Store Koldewey Trough/lT-C, just seaward bf the palaeo-shelf break ofNEG-1.

The rest ofMU-1 is composed of<0.25 s thick eastward thinning sequences.
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The cored interval between 30 - 114.9 mbsfat Kanumas Site 13 corresponds to the lowermost part and the onsetofMU-1 (Figs. 5j-], S3). This interval is dominated by a silt-bome diamictite interbedded with short intervals (<1m) of laminated silt-dominated sediments (StatoilHydro, 2008).
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Figure 6: Interpolated surfaces and isochron thickness maps shown in two-way travel time fTWT). Palaeo-shelf edgepositions for each respective surface/map is shown by coloured dashed lines. Present-day shelf edge shown In whitedashed line. Shared legends for all maps located above, a) Interpolated surface of NEG-l and its interpreted extent, b)Interpolated surface of NEG-2 and its interpreted extent, c) Interpolated surface of NEG-3 and its interpreted extent.d) present-day seafloor with indicated palaeo-shelf edge positions for all three reflections, e) Total thickness mapmeasured from NEG-1 to the seafloor reflection, f) Thickness map of MU-1, measured from NEG-l to NEG-2. g)Thickness map ofMU-2, measured from NEG-l+NEG-2 to NEG-3. h) Thickness map ofMU-3, measured from NEG-3 to the seaHoor renection. MU=Mega Unit (-1,2,3).
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4.2.2 Mega Unit-2 (late Miocene - early Pliocene)
The middle seismic unit (MU-2) is defined by NEG-3 as its upper boundary, whereas the lower boundary is defined
by NEG-2 in the outer part ofNorske and Store Koldewey Trough and adjacent bank areas and defined by NEO-385 1 outside the interpreted extent of NEG-2 (Figs. 6a-d, 6g). MU-2 is characterized by both seaward prograding
slope sequences and semi-horizontal to hummocky and lenticular top sequences. The prograding sequences aregenerally characterized by alternating parallel and chaotic to transparent seismic facies, similar to that ofMU-1
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(Figs. 3, 4). The lower part ofMU-2 forms a prograded fill pattern in the accommodation space above MU-1 and
downlap onto NEG-2 on the inner part of the shelf (Fig. 4a-b). Eastward, the lower part of MU-2 downlap onto

390 NEC-1 whereas the upper parts thin towards east and becomes dominated by semi-parallel reflection
'2 characteristics that are generally draped onto and mimics the expression of NEC-1 (Figs. S 1 and S2).

The isochron thickness map ofMU-2 reveal two distinct depocentres (Fig. 6g, S4c) located at the: 1) outer Norske
Trough and Store Koldewey Trough and adjacent bank areas from the southern IT-A bank to the outer IT-C bank.
It measures up to 0.85 s (TWT) at its thickest at the southern part ofNorske Trough, fonning a prograding fill
deposit in the accommodation space between the two depocentres earlier described from MU-1,2) A partly divided
depocentre is located on the outer Westwind Trough and northern IT-A bank with a maximum isochron thickness
up to 0.9 s (TWT). Parts of this depocentre extends towards the Molloy Basin.
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If we combine the total shelf progradation of MU-1 and MU-2, which show a maximum of 68 km shelfprogradation towards southeast, we can assert a maximum shelf progradation rate of about 29 km/Ma in the period
between 6.4 and 4. l Ma. d^^^c^ c-f -^ 6^C-1:T? )•

'6

4.2.3 Mega Unit-3 (early Pliocene - Recent)Seismic unit MU-3 is the uppennost unit defined between NEG-3 and the seafloor reflection at its base and top,
respectively, and corresponds to a mid-Pliocene to recent age (Figs. 3, 4, 5). The internal seismic characteristics
ofMU-3 are similar to that ofMU-2 and MU-1, generally consisting of seaward prograding slope sequences and
semi-horizontal to hummocky and lenticular top sequences. The characteristics of the prograding sequence
alternate between a parallel and chaotic to transparent signature. Analysis of internal reflections within this unit
reveals that it represents a subtle shift in the prograding u'ajectory from southeast for MU- I and MU-2 to south-
southeast for MU-3. This is evident in along-shelf profiles as downlap-termination by internal reflections onto
NEG-3 and in cross-shelf profiles by a reduced spacing between individual reflections (Figs. 3, 4).
The isochron thickness map (Fig. 6h, S4d) show that this unit is a coherent, thick deposit stretching along the entire \/
studied outer shelf, with its thickest parts positioned underneath the present-day shelf edge. Four distinctdepocentres can be recognized: 1) The unit is at its thickest at the outer Westwind Trough and northernmost IT-A
bank, measuring up to 1.4 s (TWT). The depocentre is slightly elongated oriented along shelf, with a tail ofincreased thickness stretching into the Molloy Basin. 2) A slightly elongated fan-shaped depocentre oriented
parallel to the shelf edge is located on the central outer 1T-A bank, measuring up to 1.0 s (TWT) thickness. 3) Aparticularly elongated depocentre oriented along shelf in the outer Norske Trough and surrounding areas (IT-Aand IT-B), measures up to 1.3 s (TWT) thickness. 4) The southernmost depocentre located on the slope outside of
IT-C and Store Koldewey Trough, measures up to 1.1 s (TWT) thickness.
MU-3 has a maximum shelf progradation of about 61 km within outer Norske Trough, providing a maximum shelf
progradation rate of about 15 km/Ma for the period 4.1 Ma to recent.
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4.3 Interpretation: glaciogenic deposits

This study has mapped out three regional seismic mega units (MU-1 to MU-3) which are dominated by shelfprogradation. The mega units are bounded by key unconformable reflections (NEC-1 to NEG-3). NEC-1 isinterpreted as a regional unconformity that marks a shift from predominantly aggrading units below to major shelf
progradation above. In Norske Trough and towards the Greenland Basin, NEC-1 generaljy corresponds to a strongunconformity interpreted by previous studies (Hamann et ai., 2005; Berger & Jokat, 2(^08^Petersen, 2021 ; Löpez-Quiros et ai., 2024), termed the Intra Miocene-Unconformity (IMU) by Dassing et ai. (2016) (Fig. 2). In MolloyBasin the NEG-1 reflection corresponds to MB07 identified by Gruetzner et ai. (2022) (Figs. 2c, 5). I

Kanumas Site 13 penetrates the lower part of seismic MU-1, documenting that this interval of inclined semi-parallel and semi-continuous seismic facies is dominated by matrix borne diamictite (Figs. 5j-I, S I), consistentwith an ice-proximal depositional environment. (Laberg & Vorren, 1995; Dowdeswell & Elverhoi, 2002). Weinterpret the chaotic to semi-transparent seismic faces found within the prograding foresets as glaciogenic debrisflow deposits, indicating periods when glacial ice extended all the way to the palaeo-shelf edge during glacialmaxima conditions (Laberg & Vorren, 1996; Vorren & Laberg, 1997; Dahlgren et ai., 2005). In line with this, weinterpret MU-1 to be of glacial origin, based on the fan-shaped geometry of the depocentres, their location withincross-shelf troughs or in vicinity to troughs, internal seismic facies of inclined parallel to chaotic character whichcore data indicates to be an ice-proximal sedimentary deposit. Similar characteristics of shelf prograding seismicunits have been interpreted to indicate historical shelf glaciations from both hemispheres (Cooper et ai., 1991;Laberg & Vorren, 1995; Nielsen et ai., 2005). NEG-2 is interpreted as an erosional boundary that separates MU-1
^^^u^-tyci ?
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from the overlying seismic mega units.
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The aggrading medium to high amplitude topsets of hummocky/Ienticular to semi-horizontal seismic characterobserved in MU-2 and MU-3 are interpreted as alternating deformation till deposited during glaciations andmarine/glacimarine sediments deposited during interglacials and/or glaciations that did not reach the shelf edge.Preserved aggrading topsets from other formerly glaciated shelves have been suggested to indicate syn-depositional subsidence of the outer margin due to sediment loading (Dahlgren et ai., 2002; Dahlgren et ai., 2005),a similar process may have facilitated preservation of aggrading topsets on the NE Greenland shelf. The progradingforesets ofMU-2 and MU-3 share characteristics to that of the underlying MU-1, and the thickness maps of bothunits show that the main depocentres are elongated along-siope, have a fan shaped geometry and most are locatedwithin cross-shelf troughs. We therefore interpret both 'MU-2 and MU-3 to be predominantly deposited duringshelf glaciations. NEG-3 is defined as a regional unconformity traced along the outer shelf to the adjacent basins,It is interpreted to indicate a possible hiatus or condensed section prior to a major shift in ice sheet configurationon the northeast Greenland shelf (Fig. 6f-h).

Soi^-eiii.ue^ 'to {^\(\^(yi5 Discussion c&^JÜtöLl^/^f^fc^5.1 NE Greenland Ice sheet development since the late Miocene
Based on the regional correlation of key seismic reflections across the NE Greenland margin we have identifiedthree seismic mega units that we interpret to reflect large scale ice sheet development on the NE Greenland shelfsince the late Miocene. This ice sheet development is characterized by changes in ice stream configuration across
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the shelf, represented by distinct depocentres and shelf progradation and are presented in our three-stage
conceptual model (Fig. 7). In the following, we elaborate on our interpretations of each stage and discuss potentialclimatic and tectonic factors that have played a role in driving ice sheet changes since late Miocene. We ultimately
compare our reconstruction of the long-time GrIS evolution with other ice sheets during this time period (Fig. 8).
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Figure 7: Three stage conceptual sketch of the ice sheet configuration and drainage pattern on the NE Greenland shelffrom late Miocene to Plio-Pleistocene. The ice sheet and respective ice streams are overlain on the time-thickness mapsfrom this study, a) Stage I - the first shelf glaciation reaching the palaeo-shelf edge that can be observed in the seismicstratigraphic record, occurring around 6.4 Ma. b) Stage 2 - Between late Miocene to early Pliocene the ice sheetadvanced multiple times across the shelf, with an expanded ice margin towards north and east compared to Stage 1. c)Stage 3 - Intensified ice streaming starts sometime after 4,1 Ma, indicated by major changes in ice sheet configuration
and frequent shelf glaciations of the Greenland Ice Sheet.
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S.1.1 Stage 1 - First shelf-edge glaciation (6.4 Ma)Here we interpret MU-1 to mark the first recorded advance of grounded ice masses across the NE Greenland shelf(Fig. 7a). The sedimentological descriptions, internal seismic facies and fan-shaped morphology of the MU-1depocentres are all characteristic of trough mouth fans (TMFs), formed at the terminus of former ice streamsreaching the shelf edge. These ice streams deposit vast amounts of glaciogenic sediments at their margin whichare subsequently reworked downslope. This is a repeating cycle causing progradation of the shelf over multiple
glaciations and is seen on both formerly and contemporary glaciated shelves (Laberg & Vorren, 1995, 1996;Vorren & Laberg, 1997; Dahlgren et ai., 2005; Nielsen et ai., 2005; Nygärd et al„ 2005). MU-1 is constrained to
a maximum age of6.4±0.4 Ma, which corresponds to the onset of increasing IRD input to the Fram Strait, peaking
at around 6 Ma (Fig. 8) (Gruetzner et ai., 2022).
The two TMFs ofMU-1 are laterally constrained to the central-northem part ofNorske Trough and to the southernpart of Store Koldewey Trough and outer IT-C bank (Figs. 6b, 6f). This suggests that the location of active ice
streaming was relatively stable during deposition ofMU-1, possibly constrained by the pre-glacial topography.The thickness map of MU-1 indicates that the ice streams operating in Norske Trough and Store Koldewey Trough,
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feeding these TMFs, may have been upto 100 - 150 km wide. Given their similarity to other large TMFs described
around the Greenland and Barents Sea margins (Vorren & Laberg, 1997; Batchelor & Dowdeswell, 2014), this

490 suggests a similar dimension of ice streaming during late Miocene as to that of Plio-Pleistocene ice streams.
Between the two TMFs is a thin but continuous deposit with minor shelf progradation along the palaeo-shelfedge.
This is here interpreted to indicate a coherent ice margin reaching the shelf edge at the IT-B bank, between the two
ice streams, although, possibly dominated by stagnant, cold based ice that prevented active ice streaming (Fig 7,
S4b). No shelf progradation is evident north of Norske Trough within MU-1, possibly indicating that the ice sheet495 did not reach the palaeo-shelfedge at the [T-A bank.

5.1.2 Stage 2 - Late Miocene ice sheet expansion (6.4 - 4.1 Ma)
The lateral distribution ofMU-2 is much greater than MU-1 , with depocentres located outside both Norske Trough
(and surrounding areas) and Westwind Trough that are interpreted as TMFs. MU-2 is thus interpreted to represent

500 a north and eastward expansion of the former OrIS, occurring between the late Miocene to early Pliocene (6.4 -
4.1 Ma) (Figs. 7b, 8). The time interval which MU-2 spans corresponds to a peak in IRD occurrences in the Fram
Strait around 6 Ma and a gradual decrease towards the end of the period interrupted by several IRD peaks (Fig. 8).
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Outside Westwind Trough and northern IT-A bank, the thickness map of MU-2 shows two barely connected
depocentres, possibly indicating two ice streams operating in this area during the deposition of this unit: one
draining through the Westwind Trough, and another draining ice from the northern IT-A bank (Fig. 7b). The
suggested ice streams contributed to minimal shelf progradation, perhaps due to the steeply inclined palaeo-surface
off Westwind Trough and northern IT-A bank (Figs. 6a, 6c). The largest depocentre of MU-2 stretches across the
entire width of Norske and Store Koldewey Trough and onto the adjacent bank areas. The thickest part of this
depocentre indicates that the most intense ice streaming, and sediment deposition, was located on the southern part
ofNorske Trough, between the two depocentres ofMU-1 (Figs. 7a-b), therefore indicating a slight switching of
ice streaming position between deposition ofMU-1 and MU-2. The broadening of the depocentre on the southern
IT-A bank, seismically characterized by prograded fill sourced from the NW (Figs. 4a-b), indicates ice streams
draining from the IT-A bank towards the SE, depositing sediments in the accommodation space north of Norske
Trough. The ice stream operating in Store Kotdewey Trough and IT-C bank during deposition ofMU-1 seems to
have been slightly reduced or reorganized during deposition ofMU-2 (Figs. 7a-b). The low sediment thickness on
the central outer IT-A bank may indicate that the ice sheet did not reach the shelf edge at this location or that ice

^Lo-( t^-epc-S
"rypc^ ti/ai^

?

:^ (^reaching the shelf edge was cold based, with little sediment transportation towards the shelf edge during this period.
Altogether, MU-2 tells a story of a laterally expanding GrIS towards the north and east that now covered large
parts of the shelf, with active ice streaming in the two northernmost troughs and on the banks. Whether the ice
streams on the IT-A bank were sourced by a local ice dome on the inner, shallowest part of the shelf or by
overflowing ice from the continental GrIS is unknown. Arndt et ai. (2015) speculated that such an ice dome could
have been supported by low sea level stands during glaciations. We do not know whether the ice streams we
propose on the IT-A bank were active simultaneously. However, our findings show that dynamic grounded ice
was established both in the troughs and on the IT-A bank already during the late Miocene and continued into theearly Pliocene.
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5.1.3 Stage 3 - Major change in ice sheet configuration (4.1 - 0 Ma)
Following the deposition of MU-2 we see a change in the depositional pattern on the outer shelf and slope marked
by a Pliocene unconformity, NEG-3 (4.1±0.3 Ma). MU-3 is comprised of thick, coherent sedimentary deposits,

530 representing intense shelf progradation and deposition of multiple TMFs from after 4. l Ma to recent time (Figs.
6h, 7c). The shelf trajectory offNorske Trough slightly differs from the previous MU-1 and MU-2, creating the
unconformity seen on^the seismic data (Figs. 3, 4c-d). It is also possible that NEG-3 represents a depositional
hiatus or low sedimentation rates of an unknown duration. The coherency of the seismic unit suggests that the
GrIS extended across the entire shelf and to the shelf edge, probably multiple times during deposition ofMU-3.

535 The boundary between MU-2 and MU-3 corresponds to a small IRD peak in the Fram Strait at around 4.1 Ma
(Fig. 8). This event may coincide with the first glacial episode recorded in MU-3 or the last advance/deglaciation
recorded in MU-2. The IRD flux through the Fram Strait between 3.9 - 3.4 Ma is uncertain due to low recovery
from the ODP Site 909 at this interval, but the IRD flux is again reported to increase from c. 3.3 Ma, with the first
major peak at the Plio-Pleistocene boundary and high IRD flux throughout most of Pleistocene (Fig. 8c).

540 The thickest pans of MU-3 indicate the locations that have been dominated by ice streams during deposition, with
the most intense ice streaming occurring across the whole width of the present-day Norske Trough and Westwind
Trough (Figs. 6, 7c). In contrast to MU-2, the MU-3 depocentre outside Westwind Trough forms a single
continuously thick deposit that stretches the whole width of Westwind Trough and parts of the northern IT-A bank.
This may indicate that ice streams operating in both Westwind Trough and on the IT-A bank during this period

545 terminated in close proximity to each other or alternatively, if they operated contemporaneously, merged close to
the shelf edge forming a single TMF. A shallower area on both the present day and palaeo-seafloor central on the
northern 1T-A bank may have acted as a barrier, dividing the two ice streams operating in Westwind Trough and
on 1T-A bank further in on the shelf (Fig. 7c). However, based on our curren.» dataset we cannot distinguish whether
this TMF was deposited during synchronous ice streaming in both areas and if they were active during different

550 time periods.

The operation of ice streams on the bank is confinned by the depocentre located central on outer IT-A bank. This
depocentre indicates that ice streams have drained eastwards from central IT-A bank, turning slightly towards the
NE close to its terminus at the shelf edge, where it formed a TMF, seen as a bulge in the present-day shelf at this
location (Figs. 6d, 6h, 7c). The depocentre on outer Norske Trough and southern IT-A bank is testament to

555 widespread and probably reoccurring ice streaming within the trough, through many glacial cycles, fanning a
massive and coherent TMF.

Interestingly, at this scale, Store Koldewey Trough does not stand out with its own separate depocentre within
MU-3, instead, the elongated depocentre from Norske Trough stretches south and covers most of the outer Store
Koldewey Trough (Fig. 7b). Thus, any deposits originating from an ice stream operating in Store Koldewey

560 Trough may have extended the depocentre ofNorske Trough towards the south. Additionally, this may indicate
that the role of the contemporary Store Koldewey Trough as an ice stream conduit during the late Pliocene and the
whole of Pleistocene was relatively small. A possible explanation for this is that the Store Koldewey Trough as
seen today formed relatively recently, possibly during the last few glaciations. This is supported by our
observations that the main sediment delivery, and therefore ice streaming, across the shelf in this area actually
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565 seems to have occurred across the IT-C bank (MU-1 and MU-2), just south of Store Koldewey Trough, and notwithin the present-day trough itself (Figs. 7a-c).

The southernmost depocentre mapped in this study is located on the upper slope of! IT-C bank. The full size andlateral distribution of this depocentre is not clear as this area suffers from poor data coverage, in addition to strongseafloor multiples on the shelf, making the lateral correlation of shallow reflections uncenain. However, our results570 suggest that the main sediment contribution came from the IT-C bank, or possibly further south. The shelf deposits
on IT-C are dominated by aggrading semi-horizontal strata, possibly indicating that the ice streaming across IT-Cbank had ceased by deposition ofMU-3.
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Figure 8: Chronological correlation of climatic, glacial and tectonic events to the major stratigraphical changes we575 describe in this study. a) Seismic mega units (MU) mapped in this study with their respective bounding horizons(dashed line) and estimated error margin (gray background), b) PW: mid-Pllocene warmth (c. 3.3 - 3.0 Ma). LMC:late Miocene cooling (c. 7.5 - 5.5 Ma). M2: Marine isotope stage M2 (c. 3.3 Ma). Pacific benthic foraminiferal 8180spanning 0- 11.5 Ma modified from Miller et ai. (2020). SST change: sea surface temperature changes from theNorwegian Sea spanning 10.5 - 2.86 Ma modifled from Herbert et ai. (20K). Arrows highlights trends of 8"0 and
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Japsen,2021).
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5.2 Greenland ice sheet history in a global context "^ ' "'— -^ '""'' ' /
S.2.1 Late Miocene (11.63 - 5.33 Ma)Deep-marine sedimentary records of sporadic IRDs from the Norwegian-Greenland Sea indicate ephemeral glacialice in Greenland already during Eocene and Oligocene times (Eldrett et ai., 2007; Tripati et ai., 2008). After 12 -
11 Ma, Sediment records from this region indicates more or less continuous IRD in the deep marine environment
(Fig. 8c)(Fronval& Jansen, 1996; Thiede, 2011; Gruetzner et al„ 2022). This suggests that parts of the benthic50 enrichments and sea level falls following this period (Fig. 8b) (Miller et ai., 2020) can be attributed to late
Miocene Northern Hemisphere ice sheet growth, a time when global sea surface temperatures were declining
(Herben et ai., 2016). Lithological analysis of the IRD has suggested Greenland as the main source area for
northern North Atlantic 1RD (Bierman et ai., 2016), but also Svalbard and the northern Barents Sea contributed
with ice rafting through the Fram Strait from around I l Ma (Knies & Gaina, 2008; Gruetzner et ai., 2022), This
indicates ice sheet growth or local coastal glaciers on both sides of the Fram Strait large enough to reach sea level.
Seismostratigraphic studies on the SE and eastern Greenland margin have shown that massive shelf progradation
initiated around 7 Ma (Larsen et ai., 1994; Perez et ai., 2018), simultaneously with increased accumulation oftRD
in the adjacent deep ocean basins (St John & Krissek, 2002). These records provide indirect evidence of an ice
sheet or coastal glaciers tenninating at sea level, but no further constraints on ice sheet extent. As a result of these
observations, SE Greenland was initially suggested as a nucleation site for the early growth of the GrIS and marine
terminating coastal glaciers (Larsen et ai., 1994; St John & Krissek, 2002), causing higher sedimentation rates on
the shelf and iceberg production carrying IRDs towards the deep ocean basins. This timing closely aligns with our
suggested onset of shelf glaciation on NE Greenland at 6.4±0.4 Ma. Thus, our findings add new and rare
infonnation on the extent and dynamics of the late Miocene GrIS and confinn late Miocene ice sheet growth did
not only occur in SE and central eastern Greenland as previously proposed, but also in NE Greenland. This has
implications for modelling of the late Miocene GrtS ice budget and its effect on the global sea level budget which
has not yet been constrained for this period and is probably much higher than anticipated (Miller et ai., 2020).
Furthermore, based on the currently available research discussed here and our new observations from NE
Greenland, we may hypothesise that the entire eastern margin led the onset of shelf glaciation on Greenland by
about 2 million years and led the rest of the Northern Hemisphere by almost 4 million years prior to the Plio-
Pleistocene intensification at 2.7 Ma.

/'

5.2.2 Pliocene (5.33 - 2.58 Ma)
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The Miocene-Pliocene transition is generally characterized by decreasing benthic 8180 values and rising sea levels,
indicating warmer climate and reduced global ice volume in the Pliocene, accompanied by higher pC02
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concentrations in the atmosphere (Fig. 8b) (Miller et ai., 2(120). However, despite the relative early Pliocene
warmth, the presence of a GrIS is evident by continuous records of IRDs in the northern North Atlantic and
Norwegian-Greenland Sea throughout the Pliocene (Fronva? & Jansen, 1996; Biennan et ai., 2016; Gmetzner et
ai., 2022). Moreover, debris flow deposits from amarine sediment core off the Scoresby Sund fan were interpreted
to indicate glacial advance across the shelf at around 5 Ma (Butt et ai., 2001), whilst similar deposits offshore SW
Greenland are suggested to mark first glacial advance across this shelf sector around 4.5 Ma (Fig. 8d) (Nielsen &
Kuijpers, 2013). Consistent with our results, these observations support the notion that the OrIS reached the shelf
across NE, E and SW Greenland during the early Pliocene, corresponding to our seismic mega unit MU-2 (Fig.8).

De Schepper et ai. (2014) synthesized terrestrial and marine evidence of Pliocene glaciations in the Northern and
. Southern Hemisphere and concluded that four major glacial expansions occurred globally around 4.9 - 4.8, 4.0,
3.6 and 3.3 Ma, falling within the timeframe of our seismic units MU-2 and MU-3 (Fig. 8). At 4.9 - 4.8 Ma theGreenland and Scandinavian Ice Sheets were main contributors to northern North Atlantic IRD, with additional
inputs from North America and the Svalbard-Barents Sea region by 4.0 Ma (De Schepper et ai., 2014) indicating
conditions that increasingly favour ice sheet growth in the Northern Hemisphere, despite the relatively warm
Pliocene climate. This is consistent with our findings that indicate multiple advances of the Gr[S across the NE
Greenland shelf through the Pliocene and a change in the ice sheet configuration and intensification of ice
streaming across the shelf, here suggested after 4. l Ma. However, the Pliocene unconformity (NEG-3) identified
in this study only provide a maximum age ofMU-3, thus the exact timing of intensification across the shelf is not
fully known, as we cannot rule out that NEG-3 marks a hiatus or a period of low sedimentation rates.
From 3.6 Ma and onwards, the global ice volume increased, culminating at c. 3.3 Ma during marine isotope stage
(MIS) M2, recognized as the first major marine isotope enrichment during late Pliocene (Fig. 8b) (Lisiecki &
Raymo, 2005; De Schepper et ai., 2014; Miller et ai., 2020), corresponding to low sea surface temperatures in the
Norwegian Sea (Herbert et ai., 2016). This period marks a transitional phase before the onset of the intensification
of the Northern Hemisphere glaciations (iNHG) at 2,7 Ma (De Schepper et ai., 2014). Thus, the true onset ofMU-
3 may be of late Pliocene age (3.6 - 2.7 Ma), coinciding with the onset of the iNHG and the initiation of shelf
glaciations on e.g. the Svalbard-Barents Sea (Knies et a)., 2009; Mattingsdal et ai., 2014) and Norwegian margin
(Fig. 8d) (Eidvin et ai., 1993; Ottesen et ai., 2009). Remnants of spruce and thuja and relatively temperate marinebiomarkers of late Pliocene age are described from raised marine sediments on lie de France, an island located in
NE Greenland (Bennike et ai., 2002). These indicate periodically higher-than-present air temperatures and an ice-
free coastline during late Pliocene, corroborating that MU-3 was not deposited by continuous shelf glaciations
since 4.1 Ma, but radier episodic and intense advances of the GrIS after. This is consistent with the stratigraphy of
the Kap Kobenhavn Formation in Northern Greenland, where shallow marine successions are situated between tillbeds, indicating warmer interglacial periods in late Pliocene and Early Pleistocene (Funder et ai., 2001).

5.3 External forcings on Greenland Ice Sheet growth
The response of ice sheets to external forcings is extremely complex, but key to understand past and future
scenarios to a changing climate. The warmer climate during the Pliocene seems contradictory to ice sheet growth
in general and to shelf-wide, marine terminating ice sheets especially, Yet, persistent circum-arctic glaciers
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660 reaching the coast through much of late Miocene and the whole of Pliocene is indicated by consistent IRD records
in northern North Atlantic marine sediment cores (Knies & Gaina, 2008; Bierman et al„ 2016; Gruetzner et ai,
2022). This study has for the first time shown detailed evidence of glacial ice extended across the NE Greenland
continental shelf since late Miocene, Following is an overview of key external forcings that possibly facilitated
ice sheet growth in Greenland during late Miocene and Pliocene (Fig. 8). i--^,.

665 Oceanographic factors play a key role in regulating regional temperatures and precipitation, potentially affecting
regional and global ice budgets, thus the Fram Strait is a key oceanic gateway with respect to the NE Greenland
and Svalbard margins (Fig. 1). Although the opening of the Pram Strait commenced already in the earliest
Oligocene (Engen et ai., 2008), deep water exchange was not established until early-middle Miocene (20-15 Ma)
(Jakobsson et ai., 2007) or possibly late Miocene (9.8 Ma) (Engen et ai., 2008), when it became wide and deep

670 enough to allow deep water circulation (Fig. 8e). The closure of the Panama seaway -13 - 2.6 Ma led to
strengthening of the Atlantic thermohaline circulation and increased temperatures and precipitation in the Northern
Hemisphere (Fig. 80 (Lunt et ai., 2008). The middle and late Miocene was a time of general global cooling in the
wake of the Miocene Climatic Optimum (c. 17 - 15 Ma; MCO). Reconstructions of global alkenone sea surface
temperatures (SST) during the last 12 million years have shown that the SST cooling at mid to high-latitudes

675 accelerated synchronous in both hemispheres in the latest Miocene (c. 7.5 - 5.5 Ma) (Herbert et ai., 20I6). During
that period, the SSTs decreased about 8'C and were close to present-day temperatures (Fig. Sb), possibly driven
by declining atmospheric CO; (Herbert et ai., 2016). This period, referred to as the late Miocene cooling (LMC),
coincides with the onset of early shelf glaciations represented by MU-1 and possibly parts of MU-2 in this smdy.
Knies and Gaina (2008) argued that die opening of the Fram Strait resulted in increased precipitation, coupled with

680 general global cooling in the late Miocene facilitated ice sheet growth in the northern Barents Sea and Svalbard at
the time, and a similar coupling is likely for our study area. Enhanced snowfall driven by sea ice loss during warm
periods has recently been suggested as a mechanism to promote ice sheet growth and advance in Arctic settings
(Auer et ai., 2025), and a similar feedback mechanism may have played a crucial role during the Late Miocene
and Pliocene in NE Greenland,

685 Moreover, circum-Arctic tectonic uplift has been proposed as a controlling factor for ice sheet growth and stability
(Solgaard et ai., 2013; De Sehepper et ai., 2014; Japsen et ai., 2014; K.nies et ai., 2014). Indeed, Greenland
experienced two kilometre-scale Neogene uplift events during the late Miocene (-10 Ma), and early Pliocene (~5
Ma) (Japsen et ai., 2006; Japsen et ai., 2014; Bonow & Japsen, 2021). Both events led to significant uplift of the
eastern and NE Greenland inner margin (Fig. 8g) (Dossing et ai., 2016; Bonow & Japsen, 2021), Solgaard et ai.

690 (2013) modelled the effect ofNeogene tectonic uplift on ice sheet growth on Greenland, showing that increased
precipitation together with decreased temperatures following higher elevation strongly promoted continental ice
sheet growth along most of east Greenland. With present-day sea surface temperatures as input, the modelled GrIS
quickly grew to cover large parts of the northern and eastern Greenland after the first late Miocene uplifting event
but stmggled to cover the central and western parts of Greenland due to Föhn effect and a precipitation shadow in

695 central and western Greenland. Subsequently, the model predicted that a GrIS could cover the whole of Greenland
following the second uplift event in the early Pliocene. The eastern extent of the modelled ice sheet is limited to
the coast, but any uplift and potential subaerial exposure of the present-day shelf was not included in the model.

1̂2oo3
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Whether or not parts of the shelf in our study area ever were subaerial exposed is unknown, but not unthinkable,

iw depths on the inner parts of the IT-A bank (Fig. 1). f ^^,
^,- \—.-.-- • ..- ^ .—.-.

Considering that most of the modelled available precipitation is located along the east coast, and assuming that the

elevated topography limited ice sheet drainage towards west, an eastward expansion of the GrIS across an uplifted

shelf seems very likely and is in line with our newly presented observations of late Miocene onset for shelf

glaciation on NE Greenland. Thus, we argue that tectonic uplift coupled with changing oceanographic settings

after opening of the Fram Strait and general global cooling during the LM^facilitated ice sheet growth along the
entire east Greenland margin during late Miocene, culminating in the first advance of the GrIS across the NE

Greenland shelf at around 6.4 Ma.
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6 Conclusions

This study has defined three regional seismic\(nega ur^its (MU-1, MU-2 & MU-3) on the Northeast Greenland

margin, bounded by major unconfonTiabl^ reflectiop's^termed NEG-1, NEG-2 and NEG-3. The interpreted

unconformable reflection NEC-1 correlates with the Inter-Miocene Unconfonnity (IMU) interpreted by previous

studies in the Greenland Basin. We have extended this horizon to the Molloy Basin and tied it to ODP Site 909

which yield an age of 6.4±0.4 for this horizon.

MU-1 marks the onset of widespread shelf progradation during late Miocene at around 6.4 Ma, driven by the first

recorded advance of grounded ice masses (ice streams) to the shelf edge, forming large trough mouth fans on the ( ^^ . _ ; •'

upper palaeo-slope. The first ice streams to reach the shelf edge were located within Norske Trough and on the IT-

C bank and southern part of Store Koldewey Trough, probably constrained by pre-glacial topography. The onset .

of shelf glaciation coincides with increased flux of ice rafted debris into the northern seas during the Jate Miocene.
cooling, uplift of the inner margin, and widening/deepening of the Arctic-Atlantic Gateway through the Fram Strait

720 enabling deep water circulation and northwards transport of moisture.

Our analysis reveal that ice streams continued to cross the shelf in Norske Trough multiple times during the late

Miocene and early Pliocene (c. 6.4 - 4.1 Ma), with additional ice streams operating in Westwind Trough and on

the IT-A bank, indicating a dynamic Greenland Ice Sheet during this period with increased potential to expand

across the shelf, possibly driven by the external forcings mentioned above, f /"/ 'fC (^?>

A major change in ice sheet configuration post-dates the Pliocene unconformity herqfdatedtb 4.1±0.3 Ma. Whereas

previous Greenland Ice Sheet expansions may have been more ephemeral and not covered the entire shelf, we now

see evidence of a fully developed ice sheet that expands across the entire NE Greenland shelf, with widespread ice

streaming documented on the banks and troughs. We hypothesise that the Pliocene unconformity (NEG-3) may U-o
represent a depositional hiatus or a condensed section and that the onset of intensified ice streaming across the NE

Greenland shelf and deposition ofMU-3 coincides with the intensification of the Northern Hemisphere glaciations

between -3.6 to -2.7 Ma.
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Figure Sl: A) seismic profile tied with Kanumas site 13. b) Core recovery (black), c) Lithological description by T.

Laerdal modified from StatoilHydro (2008). M=mud, z=silt, S=sand. Black triangles show location of core photographs

in (e). d) Borehole correlated to respective seismic mega units (this study), e) A selection of core photographs modified

from StatoilHydro (2008). Seismic courtesy ofGEUS.
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Figure S2: High-resolution composite seismic profile. A) Composite seismic profile from outer IT-A bank and tied to

ODP Site 909 in Molloy Basin. See Fig. 1 for location. B) Composite seismic profile with interpreted regional
reflections NEG-1 - NEG-3 (this study). Seismic courtesy ofTGS and GEUS.
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Figure S4: Isochron thickness maps in two-way travel time (TWT), shown in stretched values with contours every 250

ms (TWT). Note the different values for the individual maps. A) Total thickness measured from NEG-1 to seafloor. B)

Thickness map ofMU-1, measured from NEG-1 to NEG-2. G) Thickness map ofMU-2, measured from NEG-1+NEG-

2 to NEG-3. H) Thickness map ofMU-3, measured from NEG-3 to the seaHoor. MU=Mega Unit (-1, 2, 3).
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