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framework. The objective of this study is to decipher the sedimentary and tectonic history of northern Amerasia
Basin by analysing the seismic stratigraphy, structure and morphology of Makarov Basin and surrounding regions
(Alpha and Lomonosov ridges) of the central Arctic Ocean. The principal data sources for this study are a 400 km
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f\(/x{zﬂz;gi/séasm long multi-channel seismic line, extending from Alpha Ridge to the crest of Lomonosov Ridge via central Makarov
Arctic stratigraphy Basin, and the Arctic bathymetric chart.

Arctic morphology The seismic record within Makarov Basin is divided into five seismic units. The first unit overlying basement hosts
seismic reflection Late Cretaceous (minimum age) slope to base of slope sediments. Some of these sediments are interbedded with
Lomonosov Ridge volcanic or volcanoclastic rocks with a minimum age of 89 Ma. Makarov Basin becomes isolated from proximal
Alpha-Mendeleev ridge complex sources of sediments after the onset of rifting that separated Lomonosov Ridge from the Barents Shelf, which

may have occurred as early as the mid-Late Cretaceous, and led to the creation of Eurasia Basin. Sediments are
largely pelagic to hemipelagic as a result of this isolation. This deposition style also applies to the draped sedi-
mentary strata on Alpha and Lomonosov ridges. The uppermost seismic units within Makarov Basin arejump-
correlatedto the stratigraphic record of the ACEX drill site on top of Lomonosov Ridge to provide age control.
This correlation shows that the 44.4-18.2 Ma hiatus documented in the drill core is not apparent in the basin.
Inter-ridge correlations and the absence of an obvious planate surface on Alpha Ridge also suggest that sedimen-
tation was uninterrupted on this ridge during the hiatus.
Seismic data reveal a deep subbasin (~5 km thick) within Makarov Basin. This subbasin is immediately adjacent
to Lomonosov Ridge within major bends in the general strike orientation of the ridge. The rhomboid shape of the
deep subbasin, the straight and steep morphology of the Amerasian flank of Lomonosov Ridge and the presence
of numerous sub-parallel ridges (e.g. Geophysicists and Marvin spurs) created by splay faulting are evidence of
strike-slip (transtensional) tectonics. This interpretation supports the “rotational” model of opening of Amerasia
Basin with a transform to transtensional margin at Lomonosov Ridge. As spreading continued, however, the tec-
tonics became increasingly extensional perpendicular to Lomonosov Ridge. There is no evidence of major tecton-
ic deformation in Makarov Basin beyond the late Paleocene.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction spanning the Arctic Ocean from the North American shelf off of
Ellesmere Island and Northwest Greenland to the East Siberian Shelf.
The Arctic Ocean is the smallest and shallowest of the world's five The onset of rifting between Lomonosov Ridge and the Barents Shelf
major oceans. It comprises extensive shallow continental shelves and may have commenced as early as the mid-Late Cretaceous (Drachev,
two major deep-water basins — the Amerasia and Eurasia basins 2011), and led to seafloor spreading in Eurasia Basin during the late Pa-
(Fig. 1). The two basins are separated by the Lomonosov Ridge, leocene (magnetic chron anomaly 25 or 24; Vogt et al., 1979; Srivastava,
1985; Brozena et al., 2003). Amerasia Basin lies on the opposite side of
I Lomonosov Ridge. This ridge, Arctic Alaska, Siberia and the Canadian
* Corresponding author at: Department of Earth Sciences, Dalhousie University, 1355 Arctic Archipelago surround the basin (Fig. 1). Prominent geomorpho-
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E-mai - logical features within Amerasia Basin include Canada Basin, the
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24 Colovos Road, Durham, NH, 03824, USA. and Podvodnikov basins (Rowley and Lottes, 1988; Fig. 1). In contrast to
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Fig. 1. Colour-shaded bathymetric map of northern Amerasia and Eurasia basins. Makarov Basin is delineated by a dashed line representing the 3700 m bathymetric contour. The thin black
like corresponds with the 2000 m bathymetric contour, which is used to describe Lomonosov Ridge. Acronyms used in this figure and others are: AA — Arctic Alaska, AB — Amerasia Basin,
AG — Arlis Gap, BS — Barents Shelf, CA — Canadian Arctic margin, CK — Chukotka, EB — Eurasia Basin, GL — Greenland, GS — Geophysicists Spur, LR — Lomonosov Ridge, MB — Makarov
Basin, MR — Mackenzie River delta, MS — Marvin Spur, OS — Oden Spur. Note, the name Geophysicists Spur is not officially included in the General Bathymetric Chart of the Oceans
Gazetteer (http://www.gebco.net/), but we use it as it is common in the Russian literature (e.g. Morozov et al.,, 2013; Taldenkova et al.,, 2014). Other studies shown in this figure are:
ACEX [drill sites from IODP Expedition 302; Backman et al., 2006], CESAR 6 [piston core; Mudie and Blasco, 1985], PS51/040-1 [sediment core; Jokat, 1999], AWI 91 [MCS; Jokat et al.,
1992, 1995], AWI 2008 [MCS; Weigelt et al., 2014], Healy 0532 [MCS; Bruvoll et al., 2010], LSSL2011 [MCS; Mosher, 2012], NP-28 [seismic reflection from ice-station; Langinen et al.,
2009]. Map projection is North Pole Stereographic with a latitude of origin of 75° N and a central meridian of 90° W. Bathymetry and elevation are from the International Bathymetric

Chart of the Arctic Ocean (IBCAO), version 3.0 (Jakobsson et al., 2012).

Eurasia Basin, the geological history of Amerasia Basin is not well
known. This uncertainty results largely from the paucity of data in
Amerasia Basin, which is due to its remote location and perennial
cover of sea ice, and due to the geological complexity of the region.
Furthermore, plate-reconstructions of the basin are hampered by the
absence of well-defined magnetic isochron anomalies (Gaina et al.,
2011). Consequently, opposing models for the genesis of Amerasia
Basin have been advanced (cf. Miller and Verzhbitsky, 2009; Grantz
et al,, 2011). Unravelling the history of Makarov Basin, which lies in
the underexplored northern Amerasia Basin, will support interpretation
of the tectonic origin of the entire Amerasia Basin and its post-formation
history. The objective of this study, therefore, is to decipher the tectonic
and sedimentological history of northern Amerasia Basin by analysing
the stratigraphy, structure and morphology of Makarov Basin and sur-
rounding regions using recently acquired seismic reflection and bathy-
metric data.

2. Geological setting

Makarov Basin lies at the northern extent of Amerasia Basin between
Alpha Ridge and Lomonosov Ridge (Fig. 1). The basin encompasses an
area of approximately 63,000 km? and its abyssal plain reaches depths
of 4000 m (Fig. 1). Lomonosov Ridge is reasonably well-understood to

be a continental fragment isolated by opening of Eurasia Basin in the Ce-
nozoic (Rowley and Lottes, 1988; Jackson et al., 2010). The Eurasian
margin of Lomonosov Ridge is thus conjugate to the Barents Shelf
margin. On the opposite side, Geophysicists, Oden and Marvin spurs
are linear ridges that trend sub-parallel to Lomonosov Ridge (Fig. 1).
These features are interpreted as continental fragments splintered off
of Lomonosov Ridge (Cochran et al., 2006).

Alpha Ridge forms the southern border of Makarov Basin. The Alpha
and Mendeleev ridges are part of a large igneous province (LIP), as
evidenced by its high amplitude magnetic anomalies (Weber, 1986;
Vogt et al., 2006), velocity structure (Funck et al., 2011), and basalts
recovered in situ (Van Wagoner et al., 1986; Andronikov et al., 2008;
Jokat, 1999). Together with Cretaceous volcanic suites found through-
out the circum-Arctic (e.g. Hansen Point volcanics on Ellesmere Island;
Estrada and Henjes-Kunst, 2004), the Alpha-Mendeleev ridge complex
is assumed to be part of the greater High Arctic Large Igneous Province
(HALIP) (Maher, 2001; Tegner et al., 2011). The duration of the HALIP
and its timing relative to the opening of Amerasia Basin are disputed
(Estrada, 2015). There is also current debate about whether the
Alpha-Mendeleev ridge complex is an oceanic plateau emplaced on
top of oceanic crust (e.g. Funck et al., 2011; Jokat et al., 2013), or
stretched continental crust overprinted by later magmatism (e.g.
Lebedeva-Ivanova et al., 2006; Dgssing et al., 2013). The distinct
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Fig. 2. MCS profile of line LSSL2011-04 is shown in the depth domain. Seafloor multiple is outlined by dotted black line. Lime green lines represent isolated semi-coherent acoustic signal within acoustic basement. Brown lines are for faults. The trackline
of the profile is plotted in Fig. 1. Time sections shown in Figs. 3-6 are outlined by dashed boxes.
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Table 1

Seismic horizons are described from deepest to shallowest. Listed depths are for the abyssal part of Makarov Basin between 80 and 352 km. Abrupt changes due to structural highs along

horizon B are excluded.

Horizon Colour Description
B Dark blue Delineates amorphous acoustic signal (Facies 1) from overlying coherent seismic facies, thus defining the top of acoustic basement.
A distinct high amplitude reflection easily discerned in Makarov Basin, but less so beneath the ridges. The V horizon clearly demarcates a
\% Dark cyan . . X . . . X . . .
relatively continuous and stratified section from an underlying section characterized by semi-coherent signal (Facies 2).
Light blue Defined by an up section change from Facies 4 to Facies 5 with the latter onlapping against this horizon. It is mapped in two separate
locations along the line: 99 to 133 km, and 286 to 329 km.
Orange Observed at the base of a band of prominent basin-wide reflections (Facies 6). The depth of this reflection is 6.30-6.74 s TWTT.
Red Delineates the top of the band of reflections discussed under the O horizon. The R horizon is not always well constrained due to
gradational weakening of amplitude strength with decreasing depth. This reflection is mostly constrained between 6.27-6.60 s TWTT.
P Pink A high amplitude reflection that parallels the R horizon and spans the length of Makarov Basin at a depth of approximately 5.71-6.26 s
TWTT (except where it intersects structural highs or on the flanks of Alpha and Lomonosov ridges).
v vellow Similar to the P horizon, but generally found at approximate depths of 5.28-5.79 s TWTT. This horizon is embedded between relatively
disrupted reflections (Facies 8).
Green Seafloor reflection.

magnetic character of the Alpha-Mendeleev ridge complex extends
under Makarov Basin (Saltus et al., 2011). Isolated bedrock elevations
found in the southeastern part of Makarov Basin are considered to be
genetically related to Alpha Ridge (Jackson et al., 1986).

Although there are many tectonic models explaining the creation
of the early Arctic Ocean (i.e. Amerasia Basin), the “rotational” model
is the most widely accepted (e.g. Carey, 1958; Tailleur, 1973; Grantz
et al,, 1979, 1998, 2011). According to this model, the Arctic Alaska-
Chukotka microplate rifted and drifted away from the Canadian Arctic
continental margin about a pole of rotation located in the Mackenzie
River delta region (Lawver et al., 2002). Spreading is thought to have
commenced in the Early Cretaceous (Embry and Dixon, 1994), although

the age is not well constrained. The rotational model was buoyed by the
discovery of a negative gravity anomaly that bisects Canada Basin. It was
interpreted as a buried extinct spreading centre (Laxon and McAdoo,
1994) and negative basement relief coincident with this gravity anom-
aly has since been resolved by seismic reflection (Mosher et al., 2012).
The gravity anomaly is not observed within the Alpha-Mendeleev LIP
magnetic domain (Saltus et al., 2011), suggesting that any previous
existing basement structure is masked by late magmatism related to
the Alpha-Mendeleev ridge complex. Consequently, the northern ex-
tent of spreading and the nature of the margin between Amerasia
Basin and Lomonosov Ridge are ambiguous and the tectonics are not
well constrained.
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Fig. 3. A section of line LSSL2011-04 outlining the deep subbasin is shown. Dashed black lines mark synformal reflections. Data from sonobuoy SB2011-17 are used for calculating the P-
wave interval velocities (km-s~!) shown in the column (Chian and Lebedeva-Ivanova, 2015). Seismic facies are described under Section 4.2.
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Fig. 4. A section of line LSSL2011-04 near Alpha Ridge is shown. Dotted black lines mark semi-coherent reflections in Unit 1. Seismic facies are described under Section 4.2.

3. Methodology
3.1. Data acquisition

Multi-channel seismic (MCS) reflection data used in this study were
acquired in 2011 as part of a Canadian-American collaboration using
two ice breakers: the Canadian Coast Guard Ship Louis S. St-Laurent
and the US Coast Guard Cutter Healy (Mosher, 2012; Mayer and
Armstrong, 2011). The Healy broke ice ahead of the Louis S. St-Laurent
during seismic operations. The seismic source consisted of a cluster of
three Sercel GI guns with a combined volume of 1150 in. The array
was towed 11.5 m below the sea surface (below the depth of sea ice)
and tight against the stern of the ship to protect it from ice. The receiver
was a 230 m-long hydrophone streamer and the active section
consisted of 16 channels spaced 6.25 m apart. Each channel comprised
a group of four hydrophones. The signature of the seismic source
yielded a peak power frequency at 45 Hz. Assuming a constant water
velocity of 1500 m s~ !, the corresponding vertical resolution of the
seismic data is ~8 m (assuming the Rayleigh criteria of 1/4 wavelength
as detectable resolution). Horizontal resolution is limited by the shot in-
terval and post-stack trace interval. The shot interval was variable
because firing was based on time, not distance. Post-stack trace spacing
is nominally 25 m. Details of the acquisition system are found in Mosher
et al. (2009) and Mosher (2012).

3.2. Seismic processing and interpretation

Details of the seismic processing are provided by Shimeld (2009,
2011). Fig. 2 shows the final processed version of the seismic reflection
data. Processed SEG-Y files, including geographic position data, were
imported into IHS Kingdom Suite seismic interpretation software.
Seismic reflection horizons were then mapped/picked based on peak
amplitudes. Processed seismic data are sampled at 4 ms (i.e. 6 m at
1500 m s~ '), thus the best interpretation resolution is close to the
Rayleigh resolution of the seismic data. Vertical offsets indicative of
faulting were also mapped. Picked seismic horizons were converted to
depth using seismic velocities derived from refraction analysis reported
in Chian and Lebedeva-lvanova (2015). These sonobuoys were

deployed during acquisition of the seismic reflection data (see
Mosher, 2012) and, therefore, coincide precisely with the MCS profile.

4. Results

The 2011 seismic line LSSL2011-04 is a 400 km-long transect across
Makarov Basin from Alpha Ridge in the south to Lomonosov Ridge in the
north (Figs. 1 and 2). The sedimentary section was interpreted by
correlating eight seismic reflection horizons and eight seismic facies
that were subsequently organized into five seismic units.

4.1. Seismic horizons

The eight picked seismic reflection horizons are labelled B, V, L, O, R,
P, Y and S from bottom to top in Fig. 2. They represent prominent
laterally continuous horizons or horizons of significant change in reflec-
tion characteristics (Table 1). With the exception of horizons P and Y,
seismic horizons demarcate boundaries of different seismic facies
assemblages.

4.2. Seismic facies

Seismic facies defined along line LSSL2011-04 are presented in
Figs. 3, 4, 5, and 6, and described below:

Facies 1 (F1) represents an amorphous acoustic facies with little
coherent energy. Any hint of coherent energy may represent struc-
ture, but could also result from multi-path echo returns.

Facies 2 (F2) consists of bands of reflections with limited lateral
continuity (<15 km) featuring medium coherency and low frequen-
cies with high amplitudes that attenuate rapidly with increasing
depth. These attributes are highly variable and individual reflections
within a specific band may diverge or remain parallel and concordant
with an upper boundary.

Facies 3 (F3) comprises low to medium amplitude reflections that dip
basinward. The reflections are moderately coherent and contorted
upslope.

Facies 4 (F4) is defined by stratified reflections with medium to high
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Fig. 5. A section of line LSSL2011-04 is shown depicting bands of layered reflections immediately beneath the V horizon. These reflections appear to be ponding in areas of negative relief.
Data from sonobuoy SB2011-14 are used for calculating the P-wave interval velocities (km-s~!) shown in the column (Chian and Lebedeva-Ivanova, 2015). Seismic facies are described

under Section 4.2.

amplitudes. Reflections are higher in frequency and are more contin-
uous in comparison with Facies 2. In addition, reflections are crudely
concordant with the lower boundary.

Facies 5 (F5) is represented by stratified reflections with low to
medium coherency and amplitude strength. Lateral changes in ampli-
tude characteristics are discerned and reflections are often tilted and/
or divergent.

Facies 6 (F6) consists of a thin band of basin-wide continuous high
amplitude reflections with lateral pinch-out terminations. Amplitude
strength increases with depth. Reflections are generally concordant
with underlying structures.

Facies 7 (F7) is the most common seismic facies and consists of basin-
wide continuous high frequency reflections that are stratified and
concordant with underlying reflections. Reflection amplitudes are
generally low to medium and vary laterally. Lateral coherency also
varies.

Facies 8 (F8) is similar to Facies 7, except that amplitudes are low and
continuity is poor. Despite these characteristics, individual horizons
trace across Makarov Basin.

4.3. Seismo-stratigraphic units

The eight seismic horizons and eight acoustic facies presented above
were used to divide the seismic section into five seismic units. Seismic
velocities used for estimating the thickness of units are shown in
Figs. 3 and 4.

4.3.1. Unit 0 (Facies 1)
Unit 0 is generally composed of seismic Facies 1, which is incoherent
signal. Isolated semi-coherent reflections are, however, distinguishable

(Fig.2). The top of the unit, the B horizon, is a rugose surface with excur-
sions in excess of 1 s two-way travel time (TWTT). Only one of these
excursions reaches the seafloor at 152 km along the seismic profile
(Fig. 2). The base of this unit is undefined.

4.3.2. Unit 1 (Facies 2 and 3)

Unit 1 consists of Facies 2 and 3 reflections. The base of the unit, the B
horizon, is defined by high-amplitude and semi-coherent reflections
that reach depths of 8.2 and 8.8 s TWTT near the Alpha and Lomonosov
ridges, respectively (Fig. 2). Below the base of slopes, Facies 3
(basinward dipping reflections) grades laterally into Facies 2 or under-
lies it. Synformal deep reflections also appear truncated by Facies 2
(Fig. 3) near Lomonosov Ridge. Unit 1 is as much as 1800 ms TWTT (ap-
proximately 2.5-3 km) thick in the deep subbasin (Fig. 3) adjacent to
the base of slope of this ridge. The dimensions of Unit 1 are not as clearly
defined beneath the base of slope of Alpha Ridge, but semi-coherent
reflections are identified (Fig. 4). Maximum thickness reaches
1400 ms TWTT — seismic velocities that would allow depth conversion
are poorly constrained in this region. In Makarov Basin, the B horizon is
commonly mapped along the base of bands of semi-coherent reflections
(Facies 2) in sections of low relief. Lateral terminations suggest ponding
beneath topographic lows of the V horizon (Fig. 5).

4.3.3. Unit 2 (Facies 3 and 4)

Facies 4 dominates in this unit, except on the flank of Lomonosov
Ridge where Facies 3 (dipping reflections) is present. Similar to Unit 1,
dipping reflections beneath the slope of Lomonosov Ridge (Facies
3) grade laterally into horizontal reflections (Facies 4). The basal contact
shows abrupt truncations of reflections where relief on horizon V is rug-
ged and downlap/onlap relationships where relief is smooth (Fig. 3).
The V and L horizons are the bottom and top boundaries of Unit 2,
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Fig. 6. Sections of line LSSL2011-04 showing A) seismo-stratigraphic correlation between Alpha Ridge, Makarov Basin and Lomonosov Ridge, B) and C) the sedimentary drape over Alpha
Ridge and Lomonosov Ridge, respectively. Note ponding beneath the V horizon, in B). Seismic facies are described under Section 4.2.

respectively. The thickness of this unit is as much as 450 ms TWTT
(750 m).

4.3.4. Unit 3 (Facies 5)

Unit 3 lies between the L horizon, or Vif L is not present, at its base,
and the O horizon at its top. It consists mainly of seismic Facies 5. Unit 3
is normally less than 280 ms TWTT (420 m) thick, except in a buried
valley located between 266 and 277 km along line LSSL2011-04
(Fig. 3), where it reaches 1000 ms TWTT (1500 m). Its thickness strong-
ly correlates with relief along the B or V horizons. Unit 3 reflections
onlap against Unit 1 (where present), and are either truncated or lap
against the V horizon (Fig. 5).

4.3.5. Unit 4 (Facies 6, 7 and 8)

The bottom and top boundaries of Unit 4 are horizons O and S
(seafloor), respectively. This unit is further subdivided by the R horizon
into a lower Unit 4a and an upper Unit 4b. In addition, horizons P and Y
are embedded within the upper subunit. Units 4a and 4b generally
range in thickness from 100 to 170 ms TWTT (120 to 200 m) for Unit
4a, and 640 to 920 ms TWTT (780 to 1000 m) for Unit 4b. Thicknesses
are substantially less in sections of pronounced relief along the V
horizon and at the edges of the basin. Seismic facies 6, 7 and 8 consist
of stratified continuous reflections — amplitude strength and coherency
distinguishing the three facies. Unit 4a consists exclusively of Facies 6.
Facies 7 and 8 are interbedded within Unit 4b and also laterally grade
into each other (Fig. 5). There is a conformable relationship between

Makarov Basin

Lomonosov
Ridge

Water Depth (m)

100 150

200

250 300 350

Distance (km)

Fig. 7. Chirp subbottom profiler across Makarov Basin from Alpha Ridge (left) to Lomonosov Ridge (right). This line is coincident with the seismic line show in Fig. 2. Depth conversions

were made assuming a water velocity of 1500 km s~ .
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Fig. 8. Three bathymetric cross-sections from Makarov Basin (left) to Lomonosov Ridge
(right) are shown. Location of lines shown in Fig. 9.

units 3 and 4. Reflections in this unit onlap against the edges of the
basin. Evidence of major deformation is absent from this unit.

4.4. Alpha and Lomonosov ridges

Most seismic horizons mapped across Makarov Basin cannot be
readily traced to the top of Alpha and Lomonosov ridges; reflections
truncate at the edge of the basin or onlap and offlap the ridges resulting
in pinch-out and condensed sections (Fig. 2). As a result, seismic reflec-
tion horizons were correlated between the ridges and Makarov Basin by
matching reflection patterns (Fig. 6A).

On Alpha Ridge, ponding of Facies 2 reflections, beneath the V hori-
zon, is observed between 16 and 30 km along the seismic profile
(Fig. 6B). Shallow reflections, above the O horizon are concordant

with respect to underlying relief similar to Facies 7 and 8 of Makarov
Basin. An erosional surface or post-depositional deformation are not
observed in the shallow seismic section of Alpha Ridge.

Line LSSL2011-04 extends about 6 km over the crest of Lomonosov
Ridge (Fig. 6C). Reflections below the O horizon are concordant with
overlying reflections. Shallow reflections on Lomonosov Ridge are
horizontal, except where they terminate at the ridge flank. The data
show a thin drape on Lomonosov Ridge relative to Alpha Ridge.

4.5. Physiography

The seafloor of Makarov Basin is almost 4000 m deep, which is
typically 200 m deeper than Canada Basin (Jakobsson et al., 2012). As re-
vealed in high resolution subbottom profiler data (Chirp), the seafloor
dips gently to the north on average (Fig. 7). The basin is about 300 km
wide in a north-south direction and 400 km wide in its east to west
orientation. Arlis Gap is a restricted connection with Podvodnikov
Basin (Fig. 1). Unusual bends in the strike of Lomonosov Ridge near
the point of the North Pole have long been recognized (Lane, 1997;
Cochran et al., 2006). The bends offset the position of the top of
Lomonosov Ridge from a straight line projection by more than 100 km
and hosts an intra-ridge basin with a length of 140 km and a width of
25 km (Fig. 1). The segment of Lomonosov Ridge that is closer to
North America appears blocky with a generally flat-lying crest that lies
at depths of 500 to 1600 m and plunges northward. Minimum depths
along the Siberian segment of the crest vary from 700 to 1700 m.
For most of its length, the width of the Lomonosov Ridge varies
from 50 km to 100 km between the 2000 m isobaths. Slopes along
the Amerasian flank of Lomonosov Ridge are steep (4 to 8°), straight
and laterally continuous (Fig. 8), as opposed to slopes on the
Amundsen Basin-facing flank that appear segmented (i.e. not a contin-
uous slope).

Marvin Spur is a small ridge feature that sub-parallels Lomonosov
Ridge and extends into Makarov Basin. The minimum depth of Marvin
Spur is ~1500 m. The spur plunges towards the centre of Makarov
Basin where it disappears below sedimentary cover at 87.8° N and
176.1° E. The gap between Marvin Spur and Lomonosov Ridge narrows
from 90 km near the centre of Makarov Basin to 30 km close to
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Fig 9. Colour-shaded free air anomaly (FAA) gravity map of Makarov Basin and surrounding areas is shown with structural interpretations overlain. Acronyms are defined in Fig. 1. The
dashed black line and thin solid grey lines are the 3700 m and 2000 m bathymetric contours, respectively. Gravity values are from the compilation of Andersen et al. (2010).
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the North American shelf. Towards the Siberian Shelf, Oden and Geo-
physicists spurs and other small ridges are observed fanning out of the
Amerasian flank of Lomonosov Ridge (Fig. 1).

Alpha and Mendeleev ridges are as shallow as 1100 m water depth;
nearly 2900 m above the abyssal plain of Makarov Basin. The width of
Alpha Ridge is highly variable; in general, it narrows from 600 km near
the Canadian Arctic margin to less than 200 km near Arlis Gap, where
it abuts Mendeleev Ridge. Its length from the Canadian Arctic margin
to the centre of the depression between Alpha and Mendeleev ridges
is 1100 km. The morphology of Alpha Ridge is complex with many irreg-
ular ridges and troughs that are short in length (<150 km). The orienta-
tions of these features are crudely parallel to the overall trend of Alpha
Ridge. Slopes from Alpha Ridge into Makarov Basin are highly variable
but generally less steep than those from Lomonosov Ridge (< 6°).

5. Interpretations
5.1. Seismic interpretation

5.1.1. Unit 0

Unit 0 is part of the geological basement. This unit includes large vol-
umes of magmatic material based on its acoustic characteristics (Facies
1), rugose nature of the top surface (horizon B) and proximity to the
Alpha-Mendeleev ridge complex. Pinnacle-type structures that are
part of this unit (e.g. 152 km along line; Fig. 2) are interpreted as volca-
nic edifices similar to those described in northern Canada Basin
(Shimeld et al., 2016). We attribute the existence of these edifices to
the Alpha-Mendeleev LIP. The nature of isolated semi-coherent energy
in this unit is unclear, but we speculate that it represents lithological
contacts of igneous origin (e.g. sills or volcanic layering), although it
could be due to acoustic artefacts.

5.1.2. Unit 1

The stratified, high amplitude and semi-continuous character of
Facies 2 reflections suggests that the upper part of this unit is composed
of interbedded layers of volcanogenic and sedimentary material. The
volcanogenic layers may represent volcanic flows, sills or volcanoclastic
sediments, as they appear to infill low areas beneath horizon V (top
of volcanics). Alternatively, their high amplitudes may result from
post-depositional alteration. Sediment samples from similar acoustic
horizons were recovered in 2010 from the top of a seamount in north-
central Canada Basin by shallow coring (Edwards et al., 2010). Re-
covered material included hydrothermally altered sediments with
high acoustic velocities. In this case, the high amplitude reflections
may be due to hydrothermal alteration by warm fluids emanating
from the underlying volcanics. In the deep subbasin (Fig. 3), Facies
3 reflections are interpreted as prograding slope sediments, agreeing
with conclusions made by Kristoffersen et al. (2007) on the nearby
AWI 91 lines (Fig. 1). Synformal reflections near the base of
Lomonosov Ridge (Fig. 3) appear cross-cut by Facies 2 reflections,
which suggest that those sediments were deposited during the
early stage of opening of Makarov Basin. Unit 1 near Alpha Ridge is
interpreted as a thick sequence of volcanic-dominated strata. Any
sedimentary layers present are likely minor, as suggested by the
poor coherency of corresponding reflections (Fig. 4).

5.1.3. Unit 2

Facies 3 of Unit 2, on the flank of Lomonosov Ridge, grades into Fa-
cies 4 within the deep subbasin adjacent to Lomonosov Ridge. As with
Unit 1, these facies represent prograding slope sediments. Upslope
contorted reflections of Facies 2 are indicative of slumping along the
flank of Lomonosov Ridge, and are equivalent to the slump units that
Kristoffersen et al. (2007) describe. Unit 2 is interpreted as being
composed of slope and base of slope sediments.

5.14. Unit 3

Unit 3 infills many of the small basins formed by the dramatic
basement relief. Faint reflections terminate laterally against units 0 or
1. Unit 3 reflections do not correlate to the flank of Lomonosov Ridge,
but are rather concordant with underlying structure. These two
characteristics suggest that sediments were deposited primarily by
hemipelagic or pelagic processes.

5.1.5. Unit 4

Unit 4 is the thickest and most consistent sequence within Makarov
Basin, accounting for the majority of the sedimentary stratigraphy. In
Unit 4a, the higher amplitudes of Facies 6 reflections are attributed to
changes in lithology as a result of possible turbidite deposition, or a
siliceous phase of pelagic sedimentation. In Unit 4b, the stratified and
concordant character of facies 7 and 8 are inferred to represent
hemipelagic to pelagic sediments. The undulating nature of the seafloor
and shallow sediments is also emphasized in the subbottom profiler
data (Fig. 7), reflecting the topography of deeper structure.

5.2. Alpha and Lomonosov ridges

Based on the interpretation that Alpha Ridge was heavily affected (if
not created) by a large igneous province, the basement of the ridge is
assumed to be dominantly composed of igneous material. Similar to
Makarov Basin, Facies 2 on Alpha Ridge is interpreted as volcanics
and/or volcanoclastics. On Lomonosov Ridge, reflections below the O
horizon (Cenozoic-Mesozoic unconformity; Jokat et al., 1992) were
interpreted as sedimentary successions of Mesozoic or older age
(Jokat et al., 1992; Grantz et al., 2001). The drape sections of Alpha
and Lomonosov ridges correlate with Unit 4 from Makarov Basin, and
are similarly interpreted as pelagic to hemipelagic sedimentary strata.

5.3. Morphological and structural analysis

The flank of Lomonosov Ridge, dropping into Makarov Basin, forms a
steep and straight slope (Fig. 8). This morphology contrasts with its
opposite flank into Amundsen Basin which is block-faulted and stepped
(Jokat et al., 1995; Cochran et al., 2006). This latter morphology is
common to rifted passive margins (e.g. Scotian margin; Keen and
Potter, 1995), while the straight steep flank into Makarov Basin is
characteristic of transform or strike-slip margins (e.g. Lorenzo and
Wessel, 1997; Basile and Allemand, 2002).

Another notable difference between the two flanks of Lomonosov
Ridge is the existence of smaller sub-parallel ridges on the Amerasian
side that are not present on the opposite side. A seismic reflection
profile acquired along 81° N reveals buried basement horst” structures
in Podvodnikov Basin that were interpreted as fragments of continental
basement linked to the Lomonosov Ridge margin (Jokat et al., 2013).
These structures are probably the buried extensions of Geophysicists
Spur and other adjacent marginal ridges (cf. Figs. 1 and 9). Closer to
the Canadian Arctic margin, line LSSL2011-04 reveals a buried structural
high at ~280 km along the line (Fig. 3). Bathymetry, gravity and seismic
crossings by ice-station NP-28 suggest that this basement structure is a
distinct linear ridge between Marvin Spur and Lomonosov Ridge (Figs. 1
and 9; Figs. 3 and 5 in Langinen et al., 2009). Basile and Brun (1999)
show that horsetail splays develop in the vicinity of the intersection be-
tween transform and divergent boundaries. Within the horsetail splay,
block rotations about vertical and horizontal tilting axes lead to the for-
mation of a surface slope perpendicular to the slope of the divergent
basin, explaining the formation of tilted marginal ridges (e.g. Geophys-
icist Spur) at transform margins. In the context of our study, Geophysi-
cists Spur, and nearby smaller ridges, and Marvin Spur, and its
neighbouring ridges, are interpreted as two distinct sets of splay
structures.

A distinguishing characteristic of Lomonosov Ridge is its prominent
bends along its long axis (Figs. 1 and 9). The bend about the point of
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the North Pole forms a Z-fold. The segment of the ridge hosting an intra-
ridge basin is adjacent to splay structures (Marvin Spur), and is, there-
fore, interpreted as a releasing bend. Lomonosov Ridge then bends
back, forming a S-fold centred on the segment where two flat-toped
blocks appear sheared (near Oden Spur). This segment is interpreted
as a restraining bend. The ridge then bends again before bending back
to resume its original strike orientation. This last part is once more
shaped like a Z-fold and is adjacent to splay structures (Geophysicists
Spur and other small ridges), suggesting another releasing bend close
to the Siberian Shelf (Fig. 9). The form of Lomonosov Ridge and the
co-existence of extensional and compressional features along its Amer-
asian flank imply dextral strike-slip deformation (Christie-Blick and
Biddle, 1985; Basile and Brun, 1999; Noda, 2013).

The area between the basement structure (~280 km along line
LSSL2011-04) and Lomonosov Ridge forms a deep narrow subbasin on
seismic profile — deeper than the remainder of Makarov Basin (Fig. 2).
The continuation of this subbasin is confirmed by multiple seismic
crossings (e.g. Langinen et al., 2009) and its rhomboid shape is outlined
by a gravity low (Fig. 9). This form is described by Mann et al. (1983);
Basile and Brun (1999) and Noda (2013) as characteristic of pull-apart
basins (grabens) in a transform margin setting. In addition, sandbox
modelling of a transtensional system predicts the development of dual
depocentres along the fault zone (Wu et al., 2009), which may be anal-
ogous to the deep subbasin and the nearby intra-ridge basin (Fig. 9).
Basile and Brun (1999) show that horsetail splays are also associated
with pull-apart basins in large displacement transform settings.

The complex morphology of Alpha Ridge is (Fig. 1) is likely con-
trolled by volcanic edifices (Vogt et al., 2006) and extension (Miller
and Verzhbitsky, 2009; Bruvoll et al., 2010; Chernykh et al,, 2015). It is
not clear, however, if the troughs and ridges that characterize the
morphology of Alpha Ridge are related to extensional/transtensional

stresses during formation of Makarov Basin, or if Alpha Ridge represents
a later intrusion.

6. Discussion
6.1. Age model

Regional Arctic stratigraphies have been advanced for Lomonosov
Ridge (Backman et al., 2006, 2008), Alpha and Mendeleev ridges
(Bruvoll et al., 2010), Podvodnikov Basin (Weigelt et al., 2014) and
Makarov Basin (Langinen et al., 2009)(seismic tracks shown in Fig. 1).
In order to assign ages to our stratigraphy, we correlated seismic
horizons with regional tectonic events and ACEX cores from the top of
Lomonosov Ridge (Backman et al., 2006, 2008; Figs. 1 and 10). Line
LSSL2011-04 crosses the AWI 91 lines, which were used to locate the
ACEX drill sites, but only at the base of slope of Lomonosov Ridge. As
such, the steep slope and thin sediment cover along the flank of the
ridge make direct correlation speculative.

The age and affinity of basement (Unit 0) beneath Makarov Basin is
not well constrained. According to the rotational model of Grantz et al.
(2011), opening of Amerasia Basin, including Makarov Basin, com-
menced about 195 Ma and was complete by 127.5 Ma. That would
place a minimum age of 127.5 Ma for basement rocks within Makarov
Basin, if they are original crust formed during creation of the basin.
Alternatively, Dgssing et al. (2013) interpreted magnetic anomalies
close to the Canadian Arctic margin as seafloor spreading anomalies.
According to their preferred reconstruction models, the oldest magnetic
chrons in Makarov Basin in this area are between M16n and M11An.1n
(~138-132 Ma) or M9n and M4n (~129-126 Ma) (Fig. 10). Embry
and Dixon (1994) correlate the end of spreading with a regional
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Cenomanian unconformity (100-93.9 Ma), assuming Makarov Basin
formed contemporaneously with the rest of Amerasia Basin (Fig. 10).

The oldest sedimentary rocks of Makarov Basin are clastic sediments
deposited on the slope and base of slope of the Mesozoic Barents Shelf
(now Lomonosov Ridge), and preserved in units 1 and 2 (deep subba-
sin; Fig. 3). A network of channels on the Barents Shelf, such as exists
today, likely supplied these sediments to the slope and to Makarov
Basin prior to separation of Lomonosov Ridge from the Barents Shelf
(Fig. 1). Indeed, the sedimentary record of the Barents Sea shows a
drop in relative sea-level and the emergence of the Barents Shelf during
the Late Cretaceous to Early Cenozoic (Faleide et al., 1993), providing a
sediment source for the deep subbasin. The rest of Unit 1 is dominated
by volcanogenic material, which we assume is related to emplacement
of the Alpha-Mendeleev LIP. The minimum age of Unit 1, therefore,
should coincide with the age of latest magmatism of the igneous
province (Fig. 10). For this purpose, we rely on a basaltic sample re-
trieved at the top of volcanic rocks on adjacent Alpha Ridge (PS51/
040-1; Fig. 1). Jokat et al. (2013) date this sample at 89 + 1 Ma using
40Ar/3%Ar isotopic dating techniques. This age nearly agrees with the
80 £ 2 Ma Rb/Sr age of Hansen Point volcanics found on nearby
Ellesmere Island (Estrada and Henjes-Kunst, 2004).

Unit 2 sediments were also predominantly sourced from the
Mesozoic Barents Shelf; thus, this unit predates rifting and formation
of the Eurasia Basin. This source of sediment would be eliminated
after separation of Lomonosov Ridge. Initial rifting possibly dates to
the mid-Late Cretaceous (Drachev, 2011), or as late as 58 Ma
(Glebovsky et al., 2006).

The base of Unit 3, horizon L, coincides with the end of the Barents
Shelf as a source of sediment for Makarov Basin (Fig. 10). Langinen
et al. (2009) do not identify the unconformity coincident with the
change in sediment supply, probably due to the limited resolution of
the NP-28 seismic line. This important marker is interpreted in the
AWI 2008 data (Weigelt et al., 2014; Fig. 10); however, due to the
proximity of the Siberian Shelf with their seismic track, the acoustic
character of underlying (MB1) and overlying (MB2) units are markedly
different from contemporaneous units from Makarov Basin.

The band of prominent reflections (Facies 6) that characterize Unit
4a is observed throughout the high Arctic Ocean (Weigelt et al., 2014).
In the AWI 91 lines from Lomonosov Ridge (Fig. 1), this band of reflec-
tions is defined as seismic unit LR 3 (Jokat et al., 1995). The synthetic
seismogram representing Unit 3 from the ACEX core matches well
with LR 3 (Backman et al., 2008). Lithologically, Unit 3 is described as
a silty clay interval hosting warm water microfossils (Moran et al.,
2006) and spans from 56.2 to 49.7 Ma (Backman et al., 2008). Similar
to the approach of Langinen et al. (2009), we jump-correlate the unit
representing the band of prominent reflections with Unit 3 from ACEX
(Fig. 10). The upper tens of metres of this core interval “contains silica
that has been altered to cristobalite” (Moran et al., 2006). The base of
ACEX Unit 3 is assumed to correlate with an erosional unconformity ob-
served in the AWI lines (Jokat et al.,, 1995). It is not clear, however, if
rocks immediately overlying this unconformity (hiatus) were sampled
as recovery was not continuous between ACEX units 3 and 4
(Backman et al., 2006; Fig. 10). As such, the O horizon, base of Unit 4,
is potentially older. Its assigned age does, however, approximately cor-
respond with the initiation of spreading in Eurasia Basin (Glebovsky
et al., 2006; Fig. 10).

The remaining sequence of Unit 4 is also jump correlated to ACEX
units 1 and 2. The R horizon correlates with the base of ACEX Unit 2,
which is biostratigraphically dated at 49.7 Ma (Backman et al., 2008).
As recorded by the appearance of biosiliceous ooze, ACEX Unit 2 docu-
ments the transition to freshwater and relatively cool conditions in
the Arctic Ocean (Moran et al., 2006). ACEX Unit 1 includes an Eocene
to early Miocene hiatus (44.4-18.2 Ma). In Makarov Basin, the absence
of a conspicuous basin-wide erosional surface at the appropriate depths
and greater overall thickness of Unit 4 implies that sedimentation was
continuous in Makarov Basin during this hiatus. Langinen et al. (2009)

similarly concluded that deposition was at least partly continuous in
Makarov Basin during this period. Material eroded off of Lomonosov
Ridge during this period may have deposited in Makarov Basin. Any
contribution, however, would be relatively minor as there is no
evidence of thick slope sequences during that time period. The P hori-
zon is visible in the NP-28 line (see Fig. 10 in Langinen et al., 2009).
We make no attempts to constrain the age of this reflection as the
corresponding section in the ACEX borehole is absent. The Y horizon
correlates with the base of ACEX Unit 1/5, indicating the end of the
Eocene-early Miocene hiatus (Fig. 10). This period also coincides with
the onset of enhanced water circulation and ventilated conditions in
the Arctic Ocean (Jakobsson et al., 2007). Langinen et al. (2009) refer
to this marker as “d;”. The undisturbed nature of Unit 4 sediments
suggests that this layer was deposited after all major regional tectonic
events ceased. Makarov Basin was, therefore, relatively tectonically in-
active after the late Paleocene.

6.2. Implications for Amerasia Basin

6.2.1. Sedimentary history of Alpha Ridge

Seismic line Healy 0532 was acquired on the northern flank of Alpha
Ridge in close proximity to our seismic profile (Bruvoll et al., 2010,
2012; Fig. 1). In agreement with our study, Bruvoll et al. (2012) conclud-
ed that the high amplitude reflections at or belowbasement at the Alpha
and Mendeleev ridges (horizon V in this study) are caused by volcanic
flows, sills and tuff. These layers are inferred to be responsible for the
distinct high amplitude anomalies related to the Alpha-Mendeleev LIP
(Vogt et al., 2006; Saltus et al., 2011).

The sedimentary cover over Alpha Ridge must be younger than
~90 Ma based on correlations with Makarov Basin (Fig. 6A) and ages
from piston core CESAR 6 (Mudie and Blasco, 1985; Fig. 1). Unlike
with Mendeleev Ridge (Bruvoll et al., 2012) and Lomonosov Ridge
(Jokat et al., 1995), a planate surface is not present on Alpha Ridge
according to line LSSL2011-04 (Fig. 6B) and the contiguous seismic
line to the south (Brumley, 2014; Fig. 1). As such, the central part of
Alpha Ridge was not emergent during the Cenozoic.

The inter-ridge stratigraphic correlation proposed in this study im-
plies that the late Paleocene to early Miocene section (ACEX Unit 3 to
base of Unit 1/5) is expanded on Alpha Ridge relative to Lomonosov
Ridge. In contrast, the early Miocene to present succession (ACEX
units 1/5 to 1/1) is similar in thickness between the two ridges
(Fig. 11). The favoured of two age models (Model 2) advanced by
Bruvoll et al. (2010) shows the early Eocene marker (base of ACEX
Alpha Ridge, Lomonosov
northern flank Ridge

D;sgtance (km) Lomonosov
il W i Ridge
- 1.6 i e

ACEX Site M004

Alpha Ridge,
northen flank

Two way travel time (s)

Healy 0532

B0

AWI 91090
Model 1—
Model 2- - -

V= Q=R

— Y S

P —

Fig. 11. Seismic sections of Alpha Ridge and Lomonosov Ridge from LSSL2011-04 (this
study), AWI 91 and Healy 0532 (from Bruvoll et al., 2010) are correlated to ACEX and
contrasted. Bruvoll et al. (2010) favoured Model 2 (dotted lines). ACEX column after
Backman et al. (2008).
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Unit 2) at similar depths to our study (horizon R). Their Model 2 does
not mark the end of the major hiatus (base of ACEX Unit 1/5). Both the
preferred model of Bruvoll et al. (2010) and the one proposed in this
study agree that sedimentation was continuous on Alpha Ridge during
the major hiatus (44.4-18.2 Ma) documented in ACEX core.

6.2.2. Amerasian margin of Lomonosov Ridge

Whether the Amerasian margin of Lomonosov Ridge was created by a
transform (Cochran et al,, 2006) or an Atlantic-style rift system (Langinen
et al., 2009; Miller and Verzhbitsky, 2009) is debated. Evidence and inter-
pretations presented above support a transform margin along the Amer-
asian flank of Lomonosov Ridge, consistent with the rotational model
(Grantz et al., 1979, 1998, 2011; Lawver et al.,, 2002; Shephard et al.,
2013). As supported by onshore geological studies in Arctic Russia, how-
ever, Miller and Verzhbitsky (2009) asserted that Makarov and
Podvodnikov basins formed by rifting of the Lomonosov Ridge/Barents
Shelf margin between ~120 and 105 Ma (Albian-Aptian). Also, Gaina
et al. (2014) argued that the Late Cretaceous—Cenozoic position of stage
poles for opening of the North Atlantic predicts extension perpendicular
to Lomonosov Ridge for northern Amerasia Basin. To reconcile opposing
explanations for the nature of the Amerasian flank of Lomonosov Ridge,
we suggest the margin was initially transform and, as rotation continued,
became transtensional and eventually extensional perpendicular to
Lomonosov Ridge.

7. Conclusions

Makarov Basin of the central Arctic Ocean lies in a critical area to
unravel the tectonic and sedimentological history of Amerasia Basin.
Newly acquired seismic reflection data and the Arctic bathymetric
chart were used to decipher the relationship between Makarov Basin,
Alpha and Lomonosov ridges.

Five seismic reflection units describe the basement morphology and
sedimentary history of Makarov Basin. The deepest unit (Unit 0) de-
scribes geological basement. Distinction of areas of original basement
formed by extension and that formed or magmatically overprinted by
the Alpha-Mendeleev LIP is not possible on seismic reflection data
alone. Unit 1 is interpreted as mostly volcanogenic material, except in
the deep subbasin (~5 km thick) adjacent to Lomonosov Ridge where
a mix of volcanic and sedimentary layers is interpreted. The top of
Unit 1 is a distinct basin-wide high amplitude reflection which is
interpreted as a lithological transition from mixed volcanic and sedi-
mentary rocks to sediment-dominated sequences. This horizon is
dated to late-phase magmatism of the Alpha-Mendeleev LIP with a
minimum age of ~89 Ma. The primary sediment source for units 1 and
2 is inferred to be the Mesozoic Barents Shelf. This source was disrupted
after Lomonosov Ridge rifted from the Barents Shelf. This event may
have begun as early as the mid-Late Cretaceous and rifting was com-
plete by 58 Ma. Unit 3 and 4 are composed of hemipelagic to pelagic
sediments that infill and drape over underlying structure. Even the top-
most sediments reflect deeper surface morphologies indicating pelagic
conditions have continued through to the present. These units indicate
that Makarov Basin was isolated from sources of sediment by the sur-
rounding Alpha and Lomonosov ridges, with little, if any, sediment
sourced from these ridges after the mid-Late Cretaceous. The age of
these units was determined by correlation with the ACEX core on
Lomonosov Ridge. Similar to the Cenozoic section of Makarov Basin,
the drape on Alpha and Lomonosov ridges were formed by pelagic to
hemipelagic sedimentation. The significant hiatus in the ACEX core be-
tween 44 and 18.2 Ma is not apparent in the seismic reflection records
of Makarov Basin or Alpha Ridge. The absence of a planate surface sug-
gests that Alpha Ridge was not emergent during the Cenozoic.

The slope of Lomonosov Ridge into Makarov Basin is steep, straight
and laterally continuous. The bend in Lomonosov Ridge forms half of a
rhomboid shape adjacent to the deep subbasin within Makarov Basin.
A number of ridges (e.g. Geophysicists, Oden and Marvin spurs),

found only on the Amerasian side, strike sub-parallel to Lomonosov
Ridge. These features are interpreted as splay structures and bend in
Lomonosov Ridge and the deep subbasin are characteristic of pull-
apart basins. These features contrast with the stepwise and block-
faulted form of the Amundsen Basin-facing flank of Lomonosov Ridge,
which is known to be a classic rift margin. Instead, these features are
characteristic of a transform/transtensional margin. This interpretation
is consistent with the rotational model (e.g. Grantz et al., 2011). We sug-
gest that the initial rotational spreading resulted in a transform/
transtensional margin at Lomonosov Ridge (Mesozoic Barents Shelf
margin). As spreading continued, the tectonic stress regime became ex-
tensional, perpendicular to Lomonosov Ridge. There is no evidence of
extension later than the late Paleocene, as implied by the undisturbed
character of Cenozoic strata in Makarov Basin.
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