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Deposition History and Paleo-Current Activity on the
Southeastern Lomonosov Ridge and its Eurasian Flank
Based on Seismic Data
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'Alfred Wegener Institute Helmholtz Centre for Polar and Marine Research, Bremerhaven, Germany

Abstract A regional seismic survey on the southeastern Lomonosov Ridge (LR) and adjacent basins
provides constraints on the coupled evolution of ocean circulations, depositional regime, and tectonic
processes. First, Mesozoic strata on the LR, its faulted flanks and the initial Amundsen Basin were covered
with syn-rift sediments of Paleocene to early Eocene age. Numerous vertical faults indicate differential
compaction of possibly anoxic sediments deposited in the young, still isolated Eurasian Basin. The second
stage, as indicated by a prominent high-amplitude-reflector sequence covering the ridge, was a time of
widespread changes in deposition conditions, likely controlled by the ongoing subsidence of the LR and
gradual opening of the Fram Strait. Episodic incursions of water masses from the North Atlantic probably
were the consequences and led to the deposition of thin sedimentary layers of different lithology. The
third stage is marked by continuous deposition since the early Miocene (20 Ma). At that time, the ridge

no longer posed an obstacle between the Amerasia and Eurasia Basins and pelagic sedimentation was
established. Drift bodies, sediment waves, and erosional structures indicate the onset of circulation.
Faulting on the ridge slope has led to a series of terraces where sediment drifts have accumulated since the
early Miocene. It is suggested that ongoing sagging of the ridge and currents may have shaped the steep
sediment free flanks of the terraces. Lastly, a sequence of high-amplitude reflectors marks the transition to
the early Pliocene large-scale Northern Hemisphere glaciations.

1. Introduction

The Lomonosov Ridge (LR) is one of the most prominent topographic features in the Arctic Ocean (Figure
1). It forms a large morphological barrier with a pronounced influence on ocean currents, which in turn in-
fluenced climate, sedimentation conditions, and even the setting of ecosystems in the adjacent Amundsen
(AB) and Makarov Basins (MB, e.g., Bjork et al., 2018; Jakobsson et al., 2007). In this respect, the tectonic
evolution and subsidence history of the ridge, as well as the opening of the Fram Strait as a deep-water
connection to the North Atlantic are key constituents. These processes influenced the depositional environ-
ments and, in turn, are expressed in the seismic stratigraphy.

Several seismic studies have reviewed the Cenozoic sedimentary cover in the western part of the Eurasian
Basin (e.g., Castro et al., 2018; Chernykh & Krylov, 2011; Jokat et al., 1995; Lasabuda et al., 2018). In con-
trast, data for the southeastern Arctic Ocean have only recently become available to establish the structural
and stratigraphic framework and interpret the development of ocean circulation. Still, there is a large gap
of more than 300 km between a seismostratigraphic model based on a few profiles across the southeastern
LR (Jokat et al., 2005; Weigelt et al. 2014) and the findings of the only Arctic long core of Arctic Coring Ex-
pedition (ACEX-I) borehole (e.g., Backman et al., 2008; Jakobsson et al., 2007).

In the last decades, sea ice prevented the acquisition of high-quality seismic lines across the LR and the
adjacent basins to study sedimentary and basement structures. Recent seismic studies (e.g., Nikishin et al.,
2014, 2017, 2018) concentrated mainly to map the crustal surface and the sediment distribution on the LR
flanks and in the AB. This gap is partly closed by new seismic data acquired in 2014 and 2018 during expe-
ditions to the eastern Arctic Ocean (Stein, 2015, 2019). Especially, the seismic transects across the LR image
the sedimentary structure of both margins, which provide constraints on the history of the depositional
regime, tectonic processes, and the evolution of ocean circulations in the southeastern Arctic Ocean. We
aim to gain an understanding of these events by the use of seismic data. In this study, we characterize the
sedimentary cover on the southeastern LR and AB to present indications of long-term events. We focus on
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Figure 1. (a) Bathymetric map with reflection seismic lines of 2018 (yellow), 2014 (red), 2008 (orange), 1998 (blue), and sonobuoys (black triangle). Discussed
lines are annotated. Black lines mark magnetic anomalies and according Chron-numbers after Chernykh and Krylov (2011) and Gaina et al. (2011). (b)
Overview of the main structures in the Arctic Ocean and the present ocean circulation after Jakobsson et al. (2007): intermediate waters (red arrows), deep
waters (black arrows), flow from Laptev Sea Shelf (green arrows), and Transpolar Drift (gray arrow). The yellow dot marks the location of ACEX-I, and the
yellow frame the area of interest. Bathymetry for both maps bases on the IBCAO grid v3 (Jakobsson et al., 2012).

the Tertiary period to reveal the development since the opening of the Eurasia Basin in early Cenozoic, and
in connection to LR's separation from the Barents shelf and its subsequent subsidence. Further, our study
serves as a presite survey and seismostratigraphic framework for future scientific drilling on the southeast-
ern LR.

2. Regional Setting

The LR stretches more than 1,700 km from the northern Greenland Shelf to the Laptev Sea Shelf, dividing
the Cenozoic Eurasia Basin from the Mesozoic Amerasia Basin (e.g., Kristoffersen et al., 1990). During the
formation of the Amerasia Basin, the ridge was part of the Barents-Kara Shelves. Then the 50-150-km-wide
continental ridge rifted from the Siberian margin in early Paleocene at about 58 Ma (Chron 25; e.g., Heezen
& Ewing, 1961; Karasik, 1968; Kristoffersen et al., 1990; Lawver et al., 1988; Vogt et al., 1979) and subsided
below sea level in the early Eocene (Jokat et al., 1995; Moran et al., 2006).

The seismic reflection profiles across the LR indicate a few hundred meters up to a kilometer-thick Ce-
nozoic sedimentary sequence that overlies strata of probable Mesozoic age (Jokat, 2005; Jokat et al., 1995;
Sauermilch, 2018; Weigelt et al., 2014). For the central LR, drilling information from the ACEX-I in 2004
confirmed the Cenozoic age of sedimentary units on top of the ridge (Backman et al., 2008; Moran et al.,
2006). But the 428 m of cored section reveal a hiatus at 198 mcd (meter core depth), whose duration still is
under debate. Moran et al. (2006) suggest a long period of nondeposition spanning 44 to 18 Ma. One model
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for such a pronounced Eocene/Oligocene hiatus is that the central LR remained at a shallow-water depth
close to sea level after initial subsidence until the Miocene (Minakov & Podladchikov, 2012; Sangiorgi et al.,
2008). In contrast, Chernykh & Krylov (2017) suggest a short hiatus of 400 Kyr duration due to incursions
of Atlantic waters through the initial Fram Strait that caused erosion or nondeposition on the ridge around
36.6 Ma. Their hypothesis is based on an Osmium isotope stratigraphy of Poirier and Hillaire-Marcel (2011),
which indicates a marine invasion on top of the LR at late Eocene age (~36 Ma), combined with a relative
change in sea level. As well, studies on the deposition of the deep-sea sediments in the adjacent AB, indicate
a continuous subsidence of the LR (Jokat et al., 1995).

On the southeastern LR, a pronounced high-amplitude-reflector sequence (HARS) likely documents
the transition from the Paleogene to Neogene strata (Stein et al., 2015; Weigelt et al., 2014). The HARS is
found in almost all seismic data in the eastern Arctic Ocean and, thus, indicates strong and widespread
basin-wide changes in depositional conditions on the ridge and adjacent basins (e.g., Butsenko & Poselov,
2004; Chernykh & Krylov, 2011; Jokat & Ickrath, 2015; Jokat et al., 2013; Nikishin et al., 2018; Rekant &
Gusev, 2012; Sekretov, 2002; Weigelt et al., 2014). A potential cause for such profound variations in the dep-
ositional environment is the gradual opening of the Fram Strait since early Oligocene times, leading step-
wise to a modern, ventilated current system in the Arctic Ocean (e.g., Jakobsson et al., 2007). Subsequently,
since early Miocene times a counterclockwise circulation has been established, with intermediate and deep
waters running from the North Atlantic across the Barents-Kara shelves, and deflecting at the Siberian
Shelf (Jakobsson et al., 2007; Moran et al., 2006; Figure 1b). The present-day oceanography indicates bottom
currents flow on both sides of the LR. For the AB, current meter data from moorings show low mean speed
velocities of about 5-10 cm/s, but that can reach up to 20 cm/s in eddies which extend from 100 m to at least
1,100 m (Woodgate et al., 2001).

3. Seismic Data and Methods

For our study, we used multichannel seismic reflection lines collected during RV Polarstern cruise ARK
XXVIII/3 in 2014 (Stein, 2015), as well as a transect from the edge of the Gakkel Ridge, across the AB, and
onto the slope of the LR acquired in 2018 during RV Polarstern cruise PS 115.2 (Stein, 2019; Figure 1a). The
survey set-up for the most lines recorded in 2014 comprised a 3,000 m streamer with 240 channels. Due
to sea ice coverage of about 80% or worse, Lines AWI-20140250 and AWI-20140260 were recorded with a
streamer length of 300 m (48 channels), and lines AWI-2014080 to AWI-20140281 with 600 m length (96
channels), respectively. Source for all lines was a 24-L G-gun array fired every 15 s, that corresponds to a
shot point spacing of 35-40 m. Data were recorded for 12 s at a sample rate of 1 ms. The setup for line AWI-
20180300 consisted of a 600 m streamer with 96 channels, and a 16.4-L G-gun array. The shot-interval was
37.5 m, and the record-length 14 s at a sample rate of 2 ms.

Our seismic data processing comprised sorting in a common depth point (CDP) interval of 25 m (=maxi-
mum fold 145) and a detailed velocity analysis (every 100 CDP = 2.5 km). After the removal of noisy traces
and spherical divergence correction, the traces were stacked and migrated with a finite-difference time-mi-
gration. For a successful suppression of sea floor multiple, we applied an f-k filter by overcorrecting the
primary signals before stacking and subsequently, removing the multiple energy in shallow parts of the LR.
The data were filtered with a band pass of 10-90 Hz, and an automatic gain control with a gate length of
1,000 ms was applied. The dominant frequency of the seismic signals is about 35 Hz, which enables a max-
imum vertical resolution of about 11-18 m across the sedimentary units. Interval velocities for the seismic
units are adopted from analysis of stacking velocities verified and improved by a ray tracing method, as well
as from sonobuoy data recorded in 1998 (Jokat, 2005).

A marked low-frequency reflector with reversed polarity parallels the sea floor at shallow water depths of
190 ms two-way traveltime (TWT) (150 m). We presume this signal not to be of natural origin, and suspect
reverberations of the airgun-cluster towed in a frame closely behind the ship. In some parts, we successfully
attenuated the amplitude strength by a designature filter. Unfortunately, the frequency of this artificial
signal reaches up to 15 Hz, which is just within our relevant frequency range of seismic reflection signals.
For this reason, care has to be taken not to misinterpret this artifact as the base-reflector of the uppermost
seismic unit, or as a bottom-simulating reflector.
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4. Classification and Age Dating of Seismic Units

Seismic units were defined on the basis of reflection character, reflection strength, and termination geome-
tries of Mitchum et al. (1977) and Nielsen et al. (2008). As no deep drill holes exist in the southeastern Arctic
Ocean, the age and nature of seismic units are uncertain. To constrain an age-control, prominent reflectors
and seismic units were correlated with those of different published seismostratigraphic models as sum-
marized in Figure 2. We suggest that the data sets can be linked via seismic reflection characteristics even
over distances of some hundreds of kilometers. For the southeastern AB (Figure 2a), we estimated ages for
the seismic units via magnetic spreading anomalies. For this purpose, the basement age was deduced from
magnetic anomalies (Chrons) that were crossed by the profiles. Thus, a minimum age for a unit was inferred
from the location where its top reflector onlaps the oceanic crust. The locations and timescale of the chrons
were derived from studies of Gaina et al. (2011), Chernykh and Krylov (2011), Nikishin et al. (2018), and
Ogg (2012). We matched our model to those of Franke (2013) and Weigelt et al. (2014), and compared it to
results of Jokat et al. (1995), Chernykh & Krylov (2011), Nikishin et al. (2017), and Castro et al. (2018; Fig-
ures 2b and 4). The sedimentation rates given in the study were estimated on the base of these age models,
and present average values for the defined units.

Our seismostratigraphic model for the southeastern LR (Figure 2b) bases on the ages we defined for the
marker reflectors in the AB and which can be traced onto the ridge. The dates are correlated with studies
about the southeastern LR (Jokat, 2005; Weigelt et al., 2014) and are supplemented by findings about the
central ridge (Chernykh & Krylov, 2017; Jokat et al., 1995; Figures 2b and 3). Ages were tentatively incorpo-
rated from data of the ACEX-drilling sites (Backmann et al., 2008), although the location of ACEX-I is about
300 km remote from our study area (Figures 1b and 3a). Our approach bases on similarities in reflection
pattern and interval velocities of the seismic units.

5. Results

In our study, we focus on seven seismic lines joint to a section along the crest of the LR (Figures 1 and 3)
and eight lines crossing the entire ridge perpendicularly at different latitudes (Figures 1 and 4-7). They
image the structure of the sedimentary cover and the surface of the acoustic basement of the ridge and the
adjacent AB and MB.

We describe specific seismic characteristics of: (1) the crest of the LR, (2) lines crossing the flanks, and (3)
the transition into the AB.

5.1. Crest of LR

The reflector series on the crest of the LR indicates a sedimentary cover of 1-1.5 s TWT thickness (1,100
2,300 m; Figure 3a). The main seismic units were identified on the basis of their internal reflection pattern,
reflector geometries, and interval velocities. In accordance to former studies (Jokat et al., 1995; Sauermilch
etal., 2018; Weigelt et al., 2014), we defined six units LR-1 to LR-6 (Figures 3b and 3c). An age was tentative-
ly assigned according to the seismostratigraphic model of Backmann et al. (2008; Figure 3d).

Some low-amplitude reflector fragments weakly indicate a rugged and faulted acoustic basement. Outcrops
(Figure 3a, Line AWI-20140327) alternate with depressions filled with up to 3,000 m thick sedimentary
sequences (Figure 3a, Line AWI-20140325). At about 83°N, the strike of the ridge crest changes from north-
east-southwest to the north-south direction. Here, the basement rises more than 2000 m, and its surface is
characterized by strong-amplitude reflections (Figure 3a, Line AWI-20140324).

The two lowermost units LR-1 and LR-2 have interval velocities between 2.7 and 4.0 km/s and fill up the
basement troughs. Discontinuous and highly variable seismic amplitudes indicate folding and faulting of
these sedimentary units (Figure 3a), lines AWI-20140325-326.

Unit LR 3/4 is characterized by a prominent HARS. Both units are merged on the ridge's crest but separate
downslope (Figure 5c). The internal reflectors in unit LR-4 are lateral continuous, but still moderate in re-
flection amplitudes compared to unit LR-3. The interface between the units is marked by a jump in reflection
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Figure 2. (a) Compilation of stratigraphic models of the southeastern Amundsen Basin and (b) extrapolated to the southeastern crest of the Lomonosov
Ridge. Time scale after Gibbard et al. (2010). Colored bars mark major interfaces, sedimentation rates are given in m/Myr. Arrows with numbers mark the
geological events: (1) Large-Scale Glaciation of Northern Hemisphere (Zachos et al., 2001); (2) deep-water connection through Fram Strait to North Atlantic,
modern current system in the Arctic Basin (Jakobsson et al., 2007); (3a-b) widening and deepening of the Fram Strait and periodic incursions of North Atlantic
waters (Jakobsson et al., 2007); (4) change in relative plate motion and initial opening of Fram Strait; (5) “Azolla” Fresh Water Event (Brinkhuis et al., 2006);
(6) subsidence of LR well below sea level (Jokat et al., 1995); (7) LR in shallow water depth (Jokat et al., 1995); and (8) break up of LR and onset of seafloor
spreading (Karasik, 1968; Vogt et al., 1979). AB, Amundsen Basin; LR, Lomonosov Ridge.
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Figure 3. (a) Seismic lines AWI-20140320 to AWI-20140327 along the Lomonosov Ridge (for location see Figure 1a). Early Pliocene (yellow), top of HARS
(High Amplitude Reflector Sequence) = Top Oligocene (pink), early Eocene (orange), basement (black). Blue bars: Intersections with seismic lines across the
Ridge and corresponding line numbers. The index map shows the location of the analyzed profiles (yellow line) and subfigures (red dots). (b) Classification of
units, corresponding interval-velocities in km/s (red number), and marker horizons, (c) the southeastern end of the LR, and (d) at the location of ACEX-I with
the incorporated seismostratigraphic model after Backmann et al. (2008).

strength. With depth, throughout unit LR-3, the reflectors become more disturbed and fragmented, and
indicate intercalated facies of chaotic internal structure. As well the reflection amplitudes become lower
with depth. For these reasons, the definition of a base reflector of the HARS often is ambiguous, and the
thickness of LR-3/4 ranges between 200 and 450 m. Referring to seismostratigraphic models of Backmann
et al. (2008); Jokat et al. (2013); Weigelt et al. (2014) the top of the reflector band is suggested to mark the
end of Oligocene, and its base likely corresponds to the base of Eocene (56 Ma). Our correlations to the
AB indicate an age of about 45 Ma for the interface between LR-3 and LR-4 (Figures 3c and 5c). The high-
amplitude reflections indicate strong and widespread changes in density and/or P wave velocity among the
internal layers, or interference of closely spaced subunits. But interval velocities between 1.8 and 2.2 km/s
show only minor changes or even a small velocity decrease in this unit compared to the seismic units above
(Figure 3c).

Unit LR-5 is characterized by its transparent reflection pattern consisting of continuous, and parallel-
layered reflectors of low amplitudes. The thickness of LR-5 varies between 400 and 600 m having an interval
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velocity of about 2.1 km/s. The uppermost unit LR-6 consists of a sequence of three to four continuous,
high-amplitude reflectors. It has an almost constant thickness of 0.2 s TWT (150-170 m) along and across
the ridge, and interval velocities of about 1.6-1.7 km/s. This marked drape is present on all seismic profiles
recorded in the southeastern Arctic Ocean. Its base is suggested to be of lower Pliocene age (ca. 5.3 Ma;
Jokat, 2005; Weigelt et al., 2014).

Sedimentation rates during the early Eocene were about 25-35 m/Myr, whereas the middle Eocene/Oli-
gocene units have lower rates of about 2-4 m/Myr (Figure 2b). The rates for the Miocene, Pliocene, and
Quaternary units are high with values of about 30-40 m/Myr.

5.2. Flanks of LR

Eight seismic lines provide insights into the seismic structure of the transition from the continental LR into
the adjacent basins (Figures 4-7). The distance between these ridge-transects is roughly 50 km (Figure 1a).

The profiles across the western flank show north of 83°N one steep slope from 1,400 m water depth within
the continent-ocean transition down to 3,000 m at the slope-basin boundary. The slope ranges between
9° and 11° (Figures 6a and 6b). On the northernmost line AWI-20140250, the lower seismic units show a
chaotic reflection pattern with disrupted reflectors indicating slumping and sliding of sediments (Figure
6a). In contrast, south of 83°N where the ridge axis slightly changes its direction, the profiles reveal a flank
consisting of three terraces separated by normal faults with dips of 11°-14° (Figures 5a and 7). These ter-
races are vertically displaced by about 500 m throughout all layers down to the basement, and can be traced
for at least 150 km southwards along the LR. The terraces are covered by sedimentary sequences of 1.5 s
TWT (>2,000 m) thickness. Concerning reflection attributes the upper strata look alike units LR-3/4 to LR-6
(Figures 5a-5c). The reflectors onlap and terminate straight against each upper block (Figure 8a) or form
drift-like mounds (Figures 7b-7d and 8). The layers show high lateral continuity along both dip and strike,
and a reflection pattern that resembles that of a contourite drift as described by Rebesco et al. (2014). The
steep fault scarps bordering the blocks seem almost free of any sedimentary layers (Figures 7 and 8).
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interval-velocities in km/s (red), as well as marker horizons are shown in the enlargements. (b) For Amundsen Basin, (c) Lomonosov Ridge, (d) Makarov Basin.
Early Pliocene (~5.3 Ma, yellow), late Miocene (~10 Ma, light blue), Top Oligocene (18-20 Ma, pink), Top Eocene (~34 Ma, blue), middle Eocene (~45-47 Ma,
green), early Eocene (~49-50 Ma, red), Base Eocene (~56 Ma, orange), acoustic basement (black).

Toward the MB, the flank of the LR shows a shallow slope of the seafloor below 5° (Figures 6¢ and 7). Horst
and graben structures dissect the basement surface. The sedimentary sequences laying on the flank are sub-
divided into six seismic units, MB-1 to MB-6, according to former studies (Hegewald & Jokat, 2013; Weigelt
et al., 2014). The lowest unit MB-1 fills troughs and grabens of the rugged basement. (Figures 5a, and 7b—
7d). The upper units (MB-3a to MB-6) form a continuous drape that covers the ridge's crest and flank down
into the basin (Figures 5a,, and 7b-7d). The base for the drape corresponds to the top of unit MB-2, which is
dated to earliest Eocene after the seismostratigraphic model of Weigelt et al. (2014). Erosional channel-like
structures, moats, and buried drift structures can be observed all along the LR (Figures 6b and 7).

5.3. Amundsen Basin

The seismic profiles within the AB image the whole sedimentary cover and the surface of acoustic basement
(Figures 4-7). More than 2.5 s TWT of stratified reflections indicate a maximum sedimentary succession of
>3.5 km (Figures 1, 4, 6, and 7). We subdivided the sedimentary sequence in the southeastern AB into six
seismic units, named AB-1 to AB-6 from bottom to top (Figures 2a, 4, 5b, and 5c).

The lowermost unit AB-1 has an average P-wave velocity (Vp) of 2.8 km/s. It fills irregular accommodation
related to the topographically rough upper surface of acoustic basement with a maximum thickness of 1.7
km (Figures 4, 5a, and 5b). The parallel and semi-continuous internal reflectors are disrupted by faults. The
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Figure 6. Compilation of lines north of 83° across the Lomonosov Ridge, slope, and adjacent Amundsenand Makaov
Basins (for location see Figure 1a). AB, Amundsen Basin; LR, Lomonosov Ridge; MB, Makarov Basin. All lines are

in same scale and aligned at the slope-basin boundary. Black frames show the location of discussed profile sections.
Red marker: cross-points with magnetic anomalies after Chernykh & Krylov (2011), and Gaina et al. (2011). Marker
horizons are: Early Pliocene (~5.3 Ma, yellow), late Miocene (~10 Ma, light blue), Top Oligocene (18-20 Ma, pink),
Top Eocene (~34 Ma, blue), middle Eocene (~45-47 Ma, green), early Eocene (~49-50 Ma, red), Base Eocene (~56 Ma,
orange), acoustic basement (black).
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Figure 8. (a) Ridge-slope terraces on enlarged section of seismic line AWI-20140294 (for location see Figure 1a, and
Figures 5 and 6). Old rifting structures are marked in orange. Yellow reflector = early Pliocene, light blue reflector =
late Miocene, pink reflector = Top Oligocene. (b) Ridge-slope terraces on seismic line AWI-20140294. The water column
is not muted to emphasize steep slopes. Black frame shows location of Parasound sections. (c) Parasound section, the
profile is interrupted because the slope is steeper than 4° and reflection signals are scattered.

reflection amplitudes increase gradually from base to top, which makes it difficult to define a clear contact
with unit AB-2 above. The suggested top reflector of unit AB-1 onlaps the basement between Chron 230
(~50 Ma; Figure 6b) and Chron 210 (47.3 Ma; Figure 4); therefore, we suggest a minimum age of about 49
Ma to these sediments (Figure 2a).

Figure 7. Compilation of lines south of 83° across the southeastern Lomonosov Ridge, slope, and adjacent Amundsen and Makarov Basins (for location see Figure
1la). AB, Amundsen Basin; LR, Lomonosov Ridge; MB, Makarov Basin. All lines are in same scale and aligned at the slope-basin boundary. Black frames show the
location of discussed profile sections. Marker horizons are: Early Pliocene (~5.3 Ma, yellow), late Miocene (~10 Ma, light blue), Top Oligocene (18-20 Ma, pink),
Top Eocene (~34 Ma, blue), middle Eocene (~45-47 Ma, green), early Eocene (~49-50 Ma, red), Base Eocene (~56 Ma, orange), acoustic basement (black).
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Unit AB-2 presents a prominent HARS with layers onlapping the slope of the LR. The thickness of this in-
ternally conformable and parallel reflector succession is about 0.5 s TWT (600 m) with Vp between 2.2 and
2.4 km/s. The top reflector onlaps oceanic crust close to Chron 210 (47.3 Ma; Figure 4).

Unit AB-3a clearly distinguishes from AB-2 by low reflector amplitudes. It is characterized by a mixture of
well-stratified, parallel, and continuous reflectors, and chaotic, wavy intersections (Figure 4 between CDPs
6000-8000, Figures 7b and 7d). Concerning reflector strength and continuity, we subdivided the unit into
AB-3a and AB-3b (Figure 4, west of CDP 7500). AB-3a shows eroded, channel-like parts, which are filled
and covered by AB-3b (Figure 4 between CDPs 6000-8000). The top of unit AB-3a onlaps the basement close
to Chron 15y (~34.7 Ma), and Unit AB-3b onlaps the basement at about Chron 13y (33.2 Ma). At the slope of
the LR, moat-like structures can be identified with a width of 1-2 km (Figures 6a, 7b-7d, and 8). Vp-values
range between 2.1 and 2.2 km/s for this unit, and are slightly lower compared to unit AB-2 below.

Units AB-1 to AB-3a are disrupted by a number of normal faults (e.g., Figures 7b-7d). They mostly rise
straight from the edge of basement elevations and penetrate vertically through more than 1.5 km of the
sedimentary layers. The faults end at that top of unit AB-3a and have no influence on the strata above.

Unit AB-4, with low-amplitude reflections and a Vp-value of 2.1 km/s, displays a uniform thickness of about
300 m throughout the AB. Its top ends under an erosional channel at about Chron 60 (Figure 4, ~CDP
1800). We estimate an age of about 20 Ma for the top of AB-4, which is similar to Nikishin et al. (2017).

Units AB-5 and AB-6 show a mix of well-stratified continuous reflectors with moderate amplitude-strength
and intercalated, small-scale shingled or wavy reflector fractions. The structures indicate sediment waves
with crest axis inclined toward the LR (Figure 9). Interval velocities range between 1.75 and 1.9 km/s. Sim-
ilar to unit LR-5, unit AB-5 is bounded by high-amplitude reflectors on its top. Therefore, we assign an age
of lowermost Pliocene (5.3 Ma) to its top.

The uppermost unit AB-6 is the continuation of the sedimentary cover unit LR-6 from the ridge into the ba-
sin with a thickness of about 0.25 s TWT (170-200 m) and interval velocities between 1.6 and 1.7 km/s. Re-
flection amplitudes are a little higher compared to the unit below. The strata are undulated with internally
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Figure 9. Enlarged sections of lines (a) AWI-20140294, (b) AWI1-20140296, (c) AWI-20140297, and (d) AWI-20140298 in the Amundsen Basin (for location see
Figure 1a). Sediments waves are shown by blue arrows, channels by orange arrows. Marker horizons are: Early Pliocene (~5.3 Ma, yellow), late Miocene (~10

Ma, light blue), Top Oligocene (18-20 Ma, pink), Top Eocene (~34 Ma, blue), middle Eocene (~45-47 Ma, green), early Eocene (~49-50 Ma, red), Base Eocene
(~56 Ma, orange). Blue arrows indicate the orientation of wave crest axis.
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continuous and parallel reflectors. These mounded features appear to be large sediment waves with wave-
lengths of more than 3 km in the north (Figure 9a), and decreasing to about 0.5 km in the south (Figures 9b
and 9d). They are about 200 m in height and appear as undulating, gently rising bedforms, with wave-crest
axis inclined toward the LR. The waves can be detected on ridge parallel lines (e.g., Figure 9c), and on lines
perpendicular to the ridge (Figures 9a, 9b, and 9d). On ridge parallel profiles (Figure 9c) some channel-like
incisions, indicated by interrupted or merged reflectors, overlie the wavy strata. The structure of these sedi-
ment waves is apparently not connected to the small-scale faults recorded in and below unit AB-3a (Figures
9a-9c). The wave structures are not observed on the northern lines (Figures 6a and 6b), or on older seismic
profiles close to the North Pole (Jokat et al., 1995).

6. Interpretation and Discussion
6.1. Deposition Stages on LR

We briefly review that the lowermost units (LR-1 and LR-2) likely developed when the LR still was attached
to the Barents/Kara shelves, and probably consists of prerift sediment (Jokat, 2005; Jokat et al., 1992; Pease
et al., 2014; Poselov et al., 2012; Sauermilch et al., 2018). Unit LR-2 is topped by a regional, and erosional
unconformity (Figure 3a), suggesting that the Mesozoic core of the ridge was eroded during its subsidence
below sea level in early Eocene (e.g., Jokat et al., 1992, 1995; Moran et al., 2006; Sauermilch et al., 2018).

Our focus is on Unit LR-3/4. It comprises the HARS which is the most striking seismic package in our
research area. The sequence indicates distinct and widespread changes in sedimentary composition or di-
agenesis during the time span between early Eocene (56 Ma) and latest Oligocene to early Miocene (18.2-20
Ma). An indication of the composition of the HARS can be deduced from the minor changes or even lower
interval velocities despite its high-amplitude reflections compared to the seismic units above (Figures 3b
and 3c). Lower density and velocity values are also depicted in the drilling samples of ACEX-I in the Units
U2 and U3, and can be related to the content of black biosiliceous silty clays and clayey silts rich in organic
carbon (Backman et al., 2006). These units which comprise the time of the lower to middle Eocene and are
associated with poorly ventilated bottom waters and a high but variable primary production (e.g., Back-
mann et al., 2008; Jakobsson et al., 2007; Stein, 2007). A likely explanation for the alternating sequences
is the in- and outflow of water masses through a shallow and juvenile Fram Strait (Jakobsson et al., 2007;
Jokat et al., 2008; Poirier & Hillaire-Marcel, 2011). Oscillations in sea level together with a shallow Fram
Strait might have been the relevant parameter for the oceanographic conditions to switch between “Arctic
lake” conditions or a bi-directional flow of water masses (Stérz et al., 2017). To receive such sediments, the
LR must have been well below storm wave base since the middle Eocene, otherwise, any deposits would
have been washed away and eroded. In addition, we see the conformable layering of internal reflectors in
the HARS as a further indication for a predominantly hemi-pelagic sedimentation style. Our interpretation
contrasts with previous suggestions that the LR, after initial subsidence, remained at a shallow water depth
and likely was subjected to erosion until the Miocene (Minakov & Podladchikov, 2012; Sangiorgi et al.,
2008). We confirm therefore findings that currents, in combination with sea level changes (Hegewald &
Jokat, 2013; Jokat et al., 1992), and marine invasions (Chernykh & Krylov, 2017; Poirier & Hillaire-Marcel,
2011) influenced the composition of sediments. As indicated by the low sedimentation rates, and according
to studies about the central LR (e.g., Chernykh & Krylov, 2017; Poirier & Hillaire-Marcel, 2011), we suggest
the HARS to present a condensed section deposited between the middle Eocene and earliest Miocene. Our
calculated sedimentation rate of 2-4 m/Myr is slightly higher than the 2 m/Myr as determined by Chernykh
and Krylov (2017) at ACEX-I location. We suggest that more sediments were transported from the close
Siberian shelf to the southeastern part of the LR, and that Unit LR-3/4 likely contains sediments that were
not gathered at ACEX-I.

Unit LR-5 is characterized by continuous, and low-amplitude reflectors indicating deposits with a similar
lithology to sediments on the central ridge. Drilling samples of ACEX-I reveal a significant drop in total
organic carbon (Stein et al., 2007) above the “Zebra Unit” (Unit 1/5), indicating the transition from a poor-
ly ventilated landlocked sea into a ventilated ocean via the gradual deepening of the Fram Strait in early
Miocene (e.g., Backmann et al., 2008; Brinkhuis et al., 2006; Jakobsson et al., 2007). Regarding the striking
difference in reflection amplitudes between LR-3/4 and LR-5, we suggest a rapid transition between euxinic
and oxygenated conditions. With the further deepening of the gateway any incursions or sea level changes
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must have become less effective since earliest Miocene, as expressed in the low reflection amplitudes in LR-
5. We conclude that widespread and pelagic sedimentation prevailed promptly since the earliest Miocene,
when the Fram Strait was opened and a ventilated circulation system was established in the eastern Arctic
Ocean.

The stronger reflection amplitudes of the cover unit LR-6 indicate pronounced variations in density and/
or P-wave velocity which we associate to the onset of glacio-marine deposition since the Pliocene (5.3 Ma).

In summary, we are aware that a seismic characterization only, as we present it here, is not sufficient to
define an unambiguous stratigraphy. Due to the lack of drill sites, our seismostratigraphic model, especially
for the HARS, is an approach, and still needs to be verified by core-log sampling.

6.2. Deposition Stages in the AB

The two lower units AB-1 and AB-2 likely consist of sediments eroded from the proximal Laptev Sea Shelf
and deposited during the Paleocene and early Eocene on rifted crustal blocks during opening of the Eura-
sian Basin opened. The great thickness of AB-2 indicates substantial sediment input from the surrounding
Barents-Kara and Laptev Sea shelves. As well, material of the Mesozoic core of the LR was eroded and
transported to the AB as shown by the reflectors onlapping the ridge slope. We conclude that any variations
in sea level, fluvial input, and very early currents in the young AB had an effect on the erosion of the Bar-
ents-Kara and Laptev Sea shelves, which provided the bulk of sediments in the southeastern Arctic Ocean
and left there an imprint in form of strong reflectors. AB-2 also includes the time interval of the “Azolla
event,” which is regarded as an era of a warm Arctic Ocean punctuated by episodic incursions of fresh water
(Brinkhuis et al., 2006). Likely a seasonal alternation of condensed sedimentation and voluminous sedi-
ment influx contributed to the accumulation of a thick interval of high-amplitude strata. The connection
to North Atlantic waters via the Fram Strait was not developed, and probably anoxic conditions prevailed
during the deposition of AB-1 and AB-2. At that time the LR still was above or close to sea level (Jokat et al.,
1995; Moran et al., 2006) and posed an obstacle for water exchange between the Eurasian and Amerasian
basins. Only few sediments likely were deposited on the crest during this period. Similar as on central ridge,
lighter particles in the layers probably were washed out as proposed by Chernykh and Krylov (2017). The
top of AB-2 onlaps the basement at magnetic anomaly C210 (~47.3 Ma), and its contact with unit AB-3
above is marked by a striking loss in reflection amplitudes. That marked interface can be traced onto the LR,
and we infer that the top of AB-2 corresponds to the top of Unit LR-3.

Units AB-3 and AB-4, characterized by low-amplitude reflections, indicate the accumulation of sediments
with a similar lithology and/or well mixed deposits between the middle Eocene and the earliest Miocene. A
cause for the mixing of sediments might have been the onset of ocean currents. Evidence for example, we find
in a ~30-km-wide erosional, channel-like interruption of Unit AB-3b (e.g., Figure 4, CDPs 6000-7000). We
suggest these layers to reflect the stage when Fram Strait opened and deepened. Incursions of water masses
from the North Atlantic probably led to first bottom currents and produced erosion, slumping, and subsequent
mixing of deposits. An alternative mechanism might have been a significant influx from the Lena delta that
induced sediment gravity flows, and caused the large incisions and erosional features (e.g., Figure 4).

Numerous faults penetrate the units from the edge of basement elevations up to the top of AB-3. They could
be either an indication for (1) tectonic activity affecting sedimentary layers in the AB since its opening in
earliest Eocene until the late Miocene or (2) differential compaction affecting the Eocene to late Miocene
strata. In recent studies located in the Amerasian and Eurasian basins, faulting is reported and related to
a reactivation of older faults due to tectonism (Brumley, 2014; Nikishin et al., 2014). Indeed, the faults we
detected in the AB rise from basement highs, but no interruption or displacement of the basement itself
and its surface is documented in our data. Instead, parts of the sedimentary layers are displaced up- and
downward by about 20-40 m. Thus, we attribute the small vertical displacements to differential compaction,
rather than recent crustal tectonism.

Tracing the top of unit AB-4 (Figures 5b and 5c¢), we suggest that both units, Ab-3 and AB-4 which present
thick sequences in the AB, merge into LR-4 on the crest of the LR. That striking difference in thickness
raises the question if the origin of the units is related to the same event. Indeed, we think that the same
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process formed the sequence, but that the ridge and the basin got a different amount of sediments during
Eocene and Oligocene times. As for LR3, high-amplitude reflection documents strong changes in deposited
matter or interferences of closely spaced subunits. In total, we find that units AB-3 to AB-4 likely comprise
the time interval of the hiatus recorded at ACEX-I. To be all the same in ages and processes, we suggest that
units AB-1, AB-2 and subsequent units AB-3 and AB-4 are coeval facies equivalents to LR3/4 on the ridge.

The upper units AB-5 to AB-6 show similar reflection characteristics, thicknesses, and sedimentation
rates corresponding to seismic records of other regions of the Arctic Ocean (e.g., Castro et al., 2018;
Chernykh & Krylov, 2011; Jokat & Micksch, 2004; Jokat et al., 1995; Nikishin et al., 2019). This indicates
a similar lithology and the same age across a large region, and that basin-wide pelagic sedimentation
prevailed at least since late Oligocene. In the western AB this stage is represented by hemipelagic infills
and mounded sedimentary structures along the LR indicating the onset of deep ocean currents (Castro et
al., 2018). In the southeastern Arctic Ocean, we consider the presence of erosional channels, moats, and
elongated sediment drifts to be evidence of the onset of the circulation system. The currents must have
formed sedimentary layers on both sides of the ridge as indicated by similar structures in the profiles
crossing the slopes (Figure 7).

Similar to the cover unit LR-6 the uppermost unit AB-6 shows stronger reflection amplitudes indicating
pronounced variations in the sedimentary layers, which we associate with the onset of glacio-marine depo-
sition since the Pliocene (5.3 Ma).

6.3. Sediment Waves

The presence of sediment waves in units AB-5 and AB-6 in the deep abyssal plain (Figure 9) provides evi-
dence for either bottom currents or turbidity currents (e.g., Cartigny et al., 2011; Wynn & Stow, 2002). Due to
the wave crest axis inclined toward the LR, we imply a current component flowing downwards off the ridge,
additionally to currents running along the ridge axis like contourites. Studies of Wynn and Stow (2002)
reveal that the upslope migrating shape of waves might indicate their formation by turbidity currents. Such
turbidites might be the effect of convection on the flank of the LR, mixing intermediate water with deep
saline waters, and generating the sediment waves on the lower slope and in the basin. However, the internal
reflector configuration and geometry of large and extended sediment waves suggest that these are reworked
and formed by bottom currents rather than local turbidites or slumping.

Another process generating sediment waves could be a vertical flow. Erosional channels as depicted in the
uppermost unit AB-6 (Figure 9c) indicate the impact of strong downslope currents that occurred since
Pleistocene times. Castro et al. (2018) described similar structures for the sedimentary cover of the western
AB. The authors related these currents to dense brines produced by the seasonal formation and melting
of sea-ice, and producing a vertical water flux. We suggest that such a downslope flow could essentially
contribute to the generation of deep-water currents that, in turn, formed the sediment waves, or even were
strong enough to erode and transport the slope deposits.

An additional effect on the sediment waves might have the flow deflection at the Siberian Shelf along the
southern edge of the AB. Probably, the combination of vertical, thermohaline currents and the import of
sediments from the shelf formed the sediment waves in addition. This scenario could also explain the lack
of sediment waves on seismic lines located in the north. It implies stronger influence of the currents which
just deflected on the shelf, as further north where ridge-parallel flow prevails.

The regular shape of the waves throughout units AB-5 and AB-6 indicate persisting circulation since the
middle/late Miocene with constant velocity in the eastern AB. This is consistent with recent investigations
on ocean circulation, as summarized by Rudels (2009), and Rudels et al. (2013) documenting a water inflow
via the Fram Strait and Barents Sea across the Kara Sea, and recirculation from the Laptev Sea margin along
the Eurasian side of the LR back to the Fram Strait. We suggest that this circulation system has been active
since the early Miocene and transported material from the Barents-Kara and Laptev shelves and deposited
it in the eastern AB. Further evidence for the onset of the circulation system forming the sedimentary layers
are structures of moats and elongated sediment drifts as we depicted on the southern profiles on both sides
of the ridge (Figure 7).
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6.4. Ridge-Slope Terraces and Eastern Flank

The three step-like terraces forming the western flank of LR are structured into a lower and upper set of
vertical displacements (Figure 8). The lower part of the terraces most likely presents large, normal faulted
continental blocks covered by syn-rift sediments caused by the rifting and opening of the Eurasian Basin. In
contrast, the origin of the upper displacements, cutting the Neogene sediment cover on the terraces is less
clear and can be related to different processes as (1) neo-tectonic activity, (2) age-related decay and sagging
of the narrow LR, or (3) the setting of fault-controlled drift sediments.

Following the assumption of neo-tectonism, the flank of the LR must have been recently split and down-
faulted into three blocks contemporaneously or at frequent intervals, and over a large distance of more than
150 km. Indeed, Brumley (2014) suggested a second period of deformation from middle Eocene to early
Miocene for the Amerasian Basin related to the end of transpressional tectonic activity in Svalbard and
Ellesmere Island. But due to the fact that the terraces are more pronounced on the southeastern end of LR,
we doubt that such a far-field tectonic stress recently led to the observed normal faulted blocks. Moreover,
the dissection of the entire Neogene deposits remains unexplained.

Nikishin et al. (2014, 2017) reported numerous normal faults on the LR dissecting the Oligocene-Quater-
nary deposits. The authors suggest that many of these normal faults were formed through reactivation of
Cretaceous and Paleocene normal faults. Ongoing subsidence of the LR, likely due to the continued loss of
heat from the underlying mantle could have reactivated normal faulting.

As the most likely scenario, we suggest that the elongated terraces are the result of a sagging and continuous
subsidence of the LR due to crustal cooling since its separation from Siberia. As a consequence, a system
of normal-faulted or rotated blocks developed on which current controlled sediments build up. Similar to
studies on drift morphologies of Hernandez-Molina et al. (2008), some of the sediment packages covering
the terraces show the typical shape of fault-controlled drifts with a crest parallel to the current's direction
(Figure 8). We suggest that modern ocean circulation initiated with the deepening of the Fram Strait since
early Miocene (Jakobsson et al., 2007) favored the build-up of extended sediment drifts on top of formerly
rifted crustal blocks. The layers older than Miocene seem not to be shaped by currents, and likely present
strata deposited in a hemipelagic realm.

The missing sediments on the flanks of the terraces can be related to different reasons: (1) an increasing
sedimentary load probably contributed to slope instabilities and subsequent slumping and mass wasting,
(2) downslope currents in addition to bottom currents provoked slope-erosion, (3) the steepness of block
flanks simply prevented the deposition of thick sedimentary layers, and (4) along-ridge currents discharged
deposits off the steep flanks (scarps) of basement blocks. In summary, we suggest that the upper ~400 ms of
deposits on the terraces rather present fault-controlled drifts, than a sedimentary cover dissected completely
by recent faulting.

The much shallower slope of the Amerasian flank of the LR, as well as horst-and graben structures in the
basement are evidence of an extended and stretched continental crust, that reaches far into the MB (Figures
6¢c and 7) as suggested by Jokat and Ickrath (2015). The unfolded drape of Cenozoic sediments indicates
no further tectonic influence since Paleocene times. Similar as in the AB, erosional channel-like incisions,
moats and buried drift structures likely reflect the onset of bottom currents along the eastern slope of the
LR since the latest Oligocene.

7. Conclusions

The new data along and across the southeastern LR provide insight into the deposition history and pale-
ocurrent-activity in the southeastern Eurasian Basin. According to our seismostratigraphic framework, the
seismic unit's image three major stages are as follows:

1. In the early Cenozoic, the Eurasian Basin still was isolated off the North Atlantic and anoxic deposition
conditions prevailed. Sediments mainly originated from the Laptev Sea Shelf and filled up the rough
topography of the young oceanic crust. At that time the LR still was above or close to sea level and expe-
rienced erosion of its Mesozoic core.
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2. The Eocene and Oligocene Epochs comprise the formation of sedimentary layers with highly variable
composition as expressed in the HARS. These high amplitudes indicate distinct and widespread changes
in sedimentary composition or diagenesis. We propose large changes in deposition as a consequence of
the subsidence of the LR into greater depths and the opening of the Fram Strait. We propose the HARS,
that comprise units LR-3 and LR-4, to be indicative of the hiatus detected on the central LR and to con-
sist of sediments deposited during this time span on the southeastern LR. Despite the low thickness, we
suggest that unit LR-4 contains a complete but thinned sequence of late Paleogene deposits. The base of
the HARS likely corresponds to the early/middle Eocene. At this time the LR must have subsided deep
enough below sea level to enable currents to spill over its crest.

3. The third stage describes the deposition history since earliest Miocene. We regard the occurrence of sed-
iment waves, drifts, and erosional structures in units AB-5 to AB-6, and in MB-4 to MB-6 as evidence for
the onset of a modern ocean circulation system and paleo-bottom current activity in the early Miocene
on both sides of the LR. Currents induced as well a number of slumps and turbidites that detached and
slided from the ridges slope.

Further evidence to currents and tectonic processes are observed in the terraces along the western slope of
the LR. Rifted crustal blocks are covered with Neogene sediment packages of similar stratification, indicat-
ing fault-controlled drifts settled since the early Miocene. Bottom currents passing along the LR maintained
the sedimentary scarps, although we cannot exclude an additional displacement of strata due to ongoing
subsidence and sagging of the ridge.

In summary, we suggest a continuous subsidence process for the southeastern LR since lowest Eocene, and
a setting well below sea level since Oligocene times as indicated by the similar sedimentary packages on
ridge, slopes, and adjacent basins. Probably, due to plenty of sediments brought from proximate shelves, a
continuous, and only in lower parts thinned Cenozoic sedimentary section can be sampled for scientific
drilling.
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