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ABSTRACT

The Chukchi Borderland is a region of extended continental crust within the Amerasia
Basin and is bounded on one side by oceanic crust of the Canada Basin. Because of its
central location within the basin, tectonic models for the reconstruction of the Arctic
Ocean, must include the Chukchi Borderland although there is no consensus about its
pre-rift location or kinematic development. In recent years bathymetric data have been
collected that can offer constraint on the tectonic evolution of the Amerasia Basin by
providing details about the geomorphology of the intra-basinal ridges allowing
comparison of bathymetric features to those in other ocean basins. Bathymetric
information in conjunction with multi-channel seismic and chirp sub-bottom profiler data
show the location and strike of inferred faults used to determine rift directions which then

provide constraint on tectonic reconstructions.

The central Amerasia Basin, which includes the Chukchi Borderland, Mendeleev Ridge
and south central Alpha Ridge, has experienced significant extension in generally the
same direction and probably during one event. This type of plate boundary scale
extension requires the development of accommodation faulting or transfer zones that
facilitate the amalgamation of long fault segments. Features consistent with this type of
faulting are observed throughout the Chukchi Borderland. There is no evidence of
compression along the Northwind Ridge nor is there any indication of a strike-slip
boundary within the Northern Chukchi Borderland as some tectonic models suggest.
Whichever model is preferred, the geomorphology of the intra-basinal ridges must be

taken into account and used as constraint for the reconstruction of the Amerasia Basin.
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1. INTRODUCTION

Just to go out and, you know, learn the section, collect the rocks, be able to identify them.

Observe the different land forms. — Marie Tharp (Doel, 1994)

Because of the difficulty associated with data collection and interpretation in the Arctic
Ocean, an understanding about the geologic history of the Arctic Ocean is still in its
nascent stages. Whatever tectonic model is preferred for the opening of the Amerasia
Basin, the constraint offered by the bathymetric data must be taken into account. Various
models for the tectonic reconstruction of the Arctic have been proposed, yet only recently
has the quality of bathymetric data been of sufficient quality to offer constraint on

tectonic models.

1.1 Overview

The Arctic Ocean can be divided into two basins, namely, the Eurasia and Amerasia
Basins which formed independently at different periods of time (Fig. 1). These basins are
separated by the Lomonosov Ridge, a strip of thinned continental crust about 100 km
wide that rifted from the Barents shelf during the Paleogene propagation of the Mid-
Atlantic Ridge into the Arctic Ocean (Heezen and Ewing, 1961; Ostenso and Wold,
1973; Coles et al., 1978; Vogt et al., 1982; Jokat et al., 1992; Cochran et al., 2003).
While the Eurasia Basin is well-understood to have formed during a single phase of
seafloor spreading, which is ongoing, the history of the morphologically complex
Amerasia Basin remains a mystery. The tectonic history of the Amerasia Basin has
mostly been inferred from observations made around its margins. However, the variety
of intra-basinal structures which were either formed or affected by the formation of the
basin, provide another means to study this history and provide constraint on the tectonic

development of the Amerasia Basin.
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Fig. 1 Bathymetry of the Arctic Ocean. The International Bathymetric Chart of
the Arctic Ocean ( IBCAOQO, 2.0 km grid; Jakobsson et al., 2003). The Lomonosov
Ridge (LR) separates the Amerasia Basin and the Eurasia Basin which is currently
developing due to sea floor spreading. White box outlines the central Amerasia
Basin study area (see Fig. 2) which includes the Chukchi Borderland, Mendeleev
Ridge and south central Alpha Ridge.



1.2. Amerasia Basin Provinces
"One step beyond the pole, you see, and the north wind becomes a south one.” -- Robert Peary
(Schweikart, 1986)

The Amerasia Basin can be divided into several distinct crustal regions (Fig. 1): The
Canada Basin, Chukchi Borderland, Alpha and Mendeleev Ridges, and Lomonosov
Ridge. The intra-basinal ridges within the central Amerasia Basin have been separated
here into several provinces (Fig. 2) in order to investigate their individual bathymetric
features, as well as their structural relationships. The Chukchi Borderland encompasses
the Northwind Ridge, the Northwind Basin and the Chukchi Plateau. The area to the
north of the Chukchi Plateau has traditionally been called the “Mendeleev Abyssal Plain”
but here is divided into the Northern Chukchi Borderland and the Nautilus Basin (Fig. 2).
The Mendeleev Ridge and south central Alpha Ridge are separated into two provinces.
The possible geomorphic relationships of all of the intra-basinal ridges are investigated

here and compared to similar features in other ocean basins.

All tectonic reconstruction models for the development of the Amerasia Basin agree that
the Lomonosov Ridge and the Chukchi Borderland are fragments of continental crust
(Dietz and Shumway, 1961; Hall, 1990; Jokat et al., 1992) and that the Canada Basin is
underlain by oceanic crust formed by seafloor spreading (Baggeroer and Falconer, 1982;
Grantz et al., 1990). A generally north/south linear gravity low in the center of the basin
which is coincident with some low relief (< 12 nT) magnetic anomalies is interpreted to
be a fossil spreading center (Taylor et al.,1981; Coles and Taylor, 1990; Grantz et al.,
1990). Although there is agreement about the existence of oceanic crust in the Canada
Basin, and about the continental nature of the Chukchi Borderland, there is little
consensus about the formation of the Alpha and Mendeleev Ridges or the kinematic

history of the Amerasia Basin.
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Fig. 2 Bathymetric Provinces of the Chukchi Borderland. Large map (left) also shows
locations of dredge sites (HLY0805) and seismic lines from HLY0503 (Hopper et al., 2006)
and those collected on USCGC PolarStar 1988, 1992, 1993 (Grantz ¢t al., 2004). Mapserver
image (above right) shows locations of shiptracks where multibeam data were collected
between 2003 and 2008.



Each tectonic reconstruction of the Amerasia Basin proposes a different set of plate
boundaries and sense of motion along them, and implies or invokes different explanations
for the enigmatic features observed in and around the basin (for a review of published
Amerasia Basin reconstruction models see Lawver and Scotese, 1990). One model
returns the Arctic Alaska-Chukotka micro-plate to the Barents Shelf utilizing transform
faults along the Canadian and Siberian margins (Fig. 3b) and requires seafloor spreading
parallel to the Lomonosov Ridge. Extensional faults along the Canadian Margin indicate
that it is a passive margin (Grantz and May, 1990) although the deep structure of the

Canadian Arctic is unknown.

Another translational model (Fig. 3¢) utilizes transform faults along the Alaska margin
and the Lomonosov Ridge to accommodate spreading along a ridge axis in the Canada
Basin. This returns the Chukchi Borderland to the Canadian margin utilizing rift

directions consistent with normal faulting in the Chukchi Borderland and the Canadian

Arctic, however there is no evidence for transform motion along the Alaskan shelf.

The model which seems to have survived the longest is informally called the “Rotational
Model” (Fig. 3a) also referred to as the “Windshield Wiper Model” (Carey, 1958;
Tailleur, 1969; Freeland and Dietz, 1973; Sweeney; 1985; Lawver and Scotese, 1990;
Embry and Dixon, 2000; Gurevich et al., 2006). Although there are variations on this
theme, the models all involve a ~60-90° counterclockwise rotation of a continental mass
known as the Arctic Alaska/Chukotka micro- plate which rifted from Arctic Canada
during the Cretaceous, about a pole of rotation located near the Mackenzie Delta. In this
model, the Lomonosov Ridge serves as a transform boundary with over 2600 km
displacement (Fig. 3a, white dashed line, Rowley and Lottes, 1988; Grantz et al., 1990;
Dixon and Dietrich, 1990; Embry, 1990; Lawver et al., 2002; Grantz et al., 2009). The
Alpha and Mendeleev Ridge system is interpreted by some to be the result of hot-spot
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Fig. 3 Tectonic Reconstruction Models of the Amerasia Basin. The “Rotational Model” or
“Windshield Wiper Model” (a) suggests that the Amerasia Basin was formed as the Siberian
Shelf and Chukchi Borderland rotated from the Canadian Margin about a pole of rotation
located in the McKenzie Delta arca (star) initiating seafloor spreading which created the
Canada Basin. This necessitates a large right lateral transform fault along the Lomonosov
Ridge (white dashed line) to accommodate spreading. The Arctic Canada transform model
(b) shows motion of Alaska-Chukotka plate rifting from Barents shelf utilizing transform
faults on either side of the micro-plate (from Halgedahl and Jarrard, 1987). Arctic Alaska
transform model (c) shows spreading axis in Canada Basin with Arctic Alaska and the
Lomonosov Ridge as transform faults accommodating the Chukchi Borderland’s rifting from
the Canadian Margin (from Lane. 1997).



induced, intra-plate volcanism which built a volcanic pile on oceanic crust that was
previously formed by sea floor spreading in the Canada Basin (Grantz et al., 1998, 2009,
Lawver et al., 2002).

Because of their enigmatic origin, the Alpha and Mendeleev Ridges have been given
every possible tectonic designation most of which have been termed “oceanic” but with
the disclaimer that the presence of continental crust cannot be ruled out. Supporters of
the rotational/hotspot model point to the presence of thickened crust (25-40 km), lateral
continuity of crustal densities (sediments, 2.0 g/cm®; upper crust, 2.88 g/cm’; lower crust
> 26 km, 3.04 g/lcm®; Weber, 1986), high amplitude magnetic anomalies (1500-2500 nT),
and the fact that the trend of Alpha and Mendeleev Ridges generally fits a small circle
about the hypothesized pole of rotation in the Mackenzie Delta (Cochran et al., 2006).
This seems consistent with the Alpha and Mendeleev Ridges resulting either from a fixed
ridge-centered hotspot, emplacing voluminous volcanic material onto the newly forming
oceanic crust of the Canada Basin (Williams, 2006) or from a Hawaiian type hotspot
track forming a volcanic pile on pre-existing oceanic crust after the basin formed

(Grantz et al., 1998, 2009; Lawver et al., 2002).

There have also been many comparisons of the Alpha and Mendeleev Ridges with other
intra-plate oceanic plateaus like the Kergulean, Ontong Java, and Manihiki Plateaus
(Forsyth et al., 1986; Jackson et al., 1986; Asudeh et al., 1988). None of these models
explain how an “oceanic” Alpha and Mendeleev Ridge system could have developed on
both sides of the Chukchi Borderland utilizing only one spreading center in the central
Canada Basin. Therefore, many models invoke complex plate boundaries and multiple
spreading centers within the Amerasia Basin (Lane, 1997; Grantz et al., 1998, 2009) to
explain the structure and geophysical characteristics of the Alpha and Mendeleev Ridges.



There also is no consensus about whether or not the Alpha and Mendeleev Ridges are a
single feature. The topography of the two ridges, however, is similar and recent studies
(Williams, 2006, Dove, 2007) suggest that their crustal structures and thicknesses give no
indication that they are separate features but that Alpha and Mendeleev Ridges are in fact
one continuous ridge with the same tectonic origin, whatever that origin may be.
Williams (2006) found that the lithosphere of both the Alpha and Mendeleev Ridges was
weak and locally isostatically compensated. This restricts interpretation of the Alpha and
Mendeleev Ridges to have either formed at a mid-ocean ridge axis or to be extended
continental crust. The inferred lithospheric weakness is incompatible with any tectonic
model that proposes a long time separation between the formation of the underlying
lithosphere and the eruption of volcanics to create the ridge. Depending on the model,
the Alpha and Mendeleev Ridges can either have been in existence before the basin was
formed and was modified by that process, or were created concurrently with the basin
and imposed on the lithosphere after the basin was formed. These uncertainties
associated with the nature of the Alpha and Mendeleev Ridges do not provide the
necessary constraint on tectonic reconstruction models to bring about consensus about the

development of the Amerasia Basin.

Because questions of its composition are largely resolved by its elevation, the Chukchi
Borderland can provide constraint to tectonic models. There is agreement as to its
continental origin and because this large fragment juts out into the center of the Amerasia
Basin, and is probably bounded on at least one side by oceanic crust, any reconstruction
must include at least one ancient plate boundary adjacent to the Chukchi Borderland.
While the composition of the Chukchi Borderland is not an issue, its affinities with other
circum-Arctic provinces are not resolved. The position and sense of motion along its
boundaries are critical to reconstructing this feature back to its pre-spreading position and

orientation.



The proposed spreading center in the central Canada Basin allows for the separation of
the Chukchi Borderland from Arctic Canada as is promoted by many models, but does
not explain how the Borderland is separated from the other intra-basinal ridges and
therefore another boundary must be invoked. Whatever type of plate boundary (or
boundaries) one chooses to place around it, the inferred kinematic history must return the
Chukchi Borderland to an adjacent continental margin with similar geology and a pre-
opening history that can be observed in the Chukchi Borderland itself (Grantz et al .,
1998).

Although land based geologic investigation around the Arctic margins provides clues and
constraints for the tectonic development of the Amerasia Basin, interpretation of the
marine geophysical evidence has not produced a consensus. To date there has only been
one successful drilling mission in the Arctic Ocean (IODP-ACEX, 2004), a handful of
dredged rock samples (Forsythe et al., 1986; Van Wagoner et al., 1986; Mayer et al.,
2008a) and small chips of bedrock from talus slopes in the bottom of piston cores (Grantz
et al., 1998; Clark et al., 2000). Therefore, interpretation of marine geophysical data in
the Arctic has been attempted before the geologic nature and relationship of the intra-

basinal ridges has been understood.

During recent years favorable ice conditions have resulted in more publically available
information about the Chukchi Borderland than anywhere else in the Amerasia Basin.
Very good bathymetric maps (IBCAQ, Jakobsson et al., 2000) and several recent
multibeam bathymetric surveys (Mayer, 2003, 2004; Mayer and Armstrong, 2007, 2008;
Mayer et al., 2008b) of the area, as well as advancements in 3D visualization of
bathymetric data now make it possible to do the type of basic geologic description of
fault strike and apparent offsets employed by geologists utilizing aerial photographs and

topographic maps. These observations are critical in understanding the history of the
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Chukchi Borderland.  Any useful tectonic reconstruction must propose the pre-rift
location and kinematic history of the Chukchi Borderland. In addition, given the adjacent
continental and oceanic crust, there must be fossil plate boundaries along the flanks of the
high-standing continental block. To constrain these potential boundaries, this thesis
focuses on the Chukchi Borderland. By analyzing bathymetric observations, subsurface
(chirp) profiles and other geophysical data, this thesis will constrain the kinematic history
of the Chukchi Borderland. These constraints will be used to test the validity of various

tectonic reconstruction models.

1.3 Bathymetry and Tectonic Reconstructions

The development of ideas about the tectonic history of the Arctic Ocean has been both
restricted and enabled by the parallel development of bathymetric maps. In the centuries
before any part of the Arctic Ocean had been delineated, a map by Gerard Mercator
(1595) explained the earth’s magnetic field by illustrating a continent divided into four
quadrants positioned at the North Pole with a magnet at its center (Fig. 4 (a)). This belief
in the existence of a polar landmass pervaded until Fridtjof Nansen measured water
depths of over 3000 m along the entire drift of the Fram on his expedition between 1893-
1896 (Nansen, 1904). After this it was thought that the Arctic Ocean was one deep

ocean basin.

1.3.1 Early Ideas

R. A. Harris (1904) hypothesized that there must be a barrier that divides the Arctic
Ocean into two basins based on observed current deflections and disruption of Alaskan
tides (Fig. 4b). It was not until 1948 that the Lomonosov Ridge was discovered by Soviet

scientist and it did not appear on any published maps until 1954. The first tectonic
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Fig. 4 Early Maps of Arctic Ocean Bathymetry. In 1575 a map by Gerard Mercator
(a) shows a landmass at the North Pole with a large magnet at its center which explained
the earth’s magnetic field. (b) In 1904, R.A. Harris hypothesized that there was a shoaling
barrier in the center of the Arctic Ocean based on tidal and current data. Creative
contouring by Hakkel in 1959 (¢) using the same data points that Heezen and Ewing used
to create their map (d) by comparing Arctic Ocean slopes to analogous bathymetric
features.



12

models suggested by Shatskiy (1935) and Beloussov were based on the idea that the
Arctic Ocean was a single deep basin. They explained its existence as a subsided piece of
eroded cratonic material which developed into a Hyperborean Basin (Shatskiy, 1935;

Hope, 1959; Beloussov, 1970).

The theory of plate tectonics was not yet accepted among most American geoscientists
during the presentation of the first models for the geologic history of the Arctic Ocean.
S.W. Carey (1958) proposed the first rotational model for the formation of the Canada
Basin based on the idea that the bend in the Canadian Rockies through the Alaska Range
was an orocline. According to his model, the bending of this mountain range due to the
rotation of Asia from North America created a basin behind it which could be
accommodated by an expanding earth. Although he included the Lomonosov Ridge, his
model neglected an explanation of the other mapped features within the ocean basin. By
1959 the Alpha and Mendeleev Ridges had also been discovered (Eardley, 1961). It then
became necessary to explain the existence of these ridges (then called “Ranges”) in
models reconstructing the Arctic Ocean. Bathymetric maps created from 4000 Soviet
soundings, were contoured to represent the various authors’ particular beliefs about the
nature of the features. For instance, in 1958 Hakkel assumed that the Lomonosov and
Alpha Ranges were a continuation of the Hercynian Ural fold belt. His bathymetric map

reflects this preconception (Fig. 4 (¢); Hakkel, 1958).

1.3.2. Heezen and Ewing

When Bruce Heezen and Maurice Ewing investigated the Arctic in the mid 1950’s they
said, ... As a result of years of experience in evaluating bathymetric interpretations, we
are reluctant to accept contours without supporting evidence” (Heezen and Ewing, 1961).

Because of this distrust of artistic contouring, they performed comparisons of bathymetric
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profiles in the Arctic Ocean to analogues from other ocean basins and determined that the
Chukchi Cap was a detached segment of continental crust similar to the Flemish Cap off
the Grand Banks, and that the Lomonosov Ridge and parallel trending Marvin Spur were
similar bathymetrically to the Walvis Ridge in the South Atlantic, another asymmetrical
aseismic ridge. Heezen and Ewing also carefully explained their observations of the
earth-circling feature called a mid-ocean ridge, and its continuation into the Arctic. They
measured seismicity along the ridge, calling it the Arctic Seismic Belt, and correctly
concluded that the Eurasia Basin was currently extending. Ewing believed this ridge
development was due to convection in the mantle while Heezen believed the extension
was resulting from internal expansion of the earth; neither had yet fully accepted plate

tectonics as a valid theory (Heezen and Ewing, 1961).

Regardless of the mechanism, there was now an understanding that the Arctic Ocean’s
basins probably developed separately. The bathymetric map that Heezen and Ewing
produced from their 1959 cruise reflected their comparative studies and discussed the
morphology of the Gakkel Ridge (then called the Nansen Ridge) as a continuation of the
Mid-Atlantic Ridge (Fig 4 (d)). That same year, Heezen and Marie Tharp published their
now famous bathymetric map of the North Atlantic (Heezen et al., 1959; Heezen and
Tharp, 1965).

1.3.3. Plate Tectonics and Cold War Data

Ten years after the International Geophysical Year (1957-1958) when the theory of plate
tectonics started to become widely accepted, Warren Hamilton wrote about “Continental
Drift in the Arctic” (Hamilton, 1968) and in 1970 showed the first published plate

tectonic reconstruction of the Arctic Ocean. This model still assumed a simultaneous
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Fig. 5 Early Maps and Tectonic Models. Dietz and Shumway (1961) described the
bathymetric features in the Arctic Ocean (a). The Chukchi Borderland was thought to be
two separate features called the Chukchi Cap and the Northwind Seahigh (b). Hamilton’s
1970 reconstruction of the Arctic did not include features within the Canada Basin (¢) nor
was bathymetry a consideration in the reconstruction by Freeland and Deitz (1973 (d)).
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Cenozoic opening for both of the Arctic Ocean basins by spreading in the Eurasia Basin
and by opening of the Canada Basin behind a counter-clockwise-rotating Alaska
(Hamilton, 1970). The map used to illustrate this model, however, showed Lomonosov
Ridge to be the only bathymetric feature within the Arctic Ocean (Fig. 5 (c)) and the pre-
rift geometries of the intra-basinal ridges were not addressed even though all of the
majorbathymetric features within the Arctic Ocean had been discovered by 1967 (Weber,
1983).

Although many publications addressed the tectonic features of the Canada Basin
individually, geomorphology was rarely used as constraint on tectonic models due to the
fact that most of the available geologic data was from the Arctic margins. At the time
when Hamilton published his reconstruction model, the first General Bathymetric Chart
of the Oceans was produced by the Canada Hydrographic Service and widely available,

yet map view bathymetry was not interpretable for use in reconstructions.

Also available were earlier maps by the Canada Defense Research Board which appeared
in a paper by Dietz and Shumway (1961) describing the Amerasia Basin geomorphology
from the first bathymetril profiles in the center of the Arctic Basin during a 1958 cruise
aboard the SSN Nautilus (Fig. 5 (a)). Even at the resolution of those first maps, the floor
of the Canada Basin was reported by Dietz and Shumway (1961) to be a consistent
3820m water depth which is the same depth measured using modern high resolution
multibeam bathymetric profiles (Mayer and Armstrong, 2007). Yet, perhaps due to
uncertainty associated with the low resolution of the bathymetric data, the features inside
the basin (Fig. 5 (c-d)) were not included in many illustrations of early reconstruction
models (Hamilton, 1970; Freeland and Dietz, 1973). That is not to say, however, that
bathymetry was ignored. Bathymetric features were described as information became

available. Although the Chukchi Borderland was first contoured as a thin promontory
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connected to the Alaskan margin, by 1961 it was mapped as two distinct features called
the Chukchi Cap and the Northwind Seahigh (Fig. 5 (b); Dietz and Shumway, 1961). The
two features were assumed to be of similar rock structure and to be outliers of the
continental shelf. Possibly because they were first mapped as separate plateaus,
subsequent tectonic models have suggested that the ridges and basins of the Chukchi
Borderland were discrete micro-plates that were tectonically assembled into their current

location from complicated pre-rift geometries (i.e. Grantz, et al., 1998).

Most models, however, assume that the Chukchi Plateau and Northwind Ridge (as it is
now called) are part of the same extensional continental block probably connected to the
Chukchi Shelf which was separated from the Canadian margin by seafloor spreading in
the Canada Basin (see Lawver and Scotese, 1990). Also, this separation of the Chukchi
Plateau and Northwind Ridge in early bathymetric maps has resulted in a confusing
nomenclature that continues today. The only name on non-Russian maps that
encompasses this province of parallel ridges and basins west of the Northwind
Escarpment is “Chukchi Borderland” which was an antiquated term even in 1961, a
complaint that Dietz and Shumway (1961) mentioned. Although the Chukchi Borderland
is usually included in tectonic discussion on the history of the Canada Basin, and its
geomorphology is generally considered to be a result of extension, rarely were the
location and trends of the ridges and basins considered as constraint on paleo-rift

directions (Hall, 1990).

The paucity of data within the Amerasia Basin continued to hinder the use of bathymetry
as a constraint on tectonic models for the remainder of the twentieth century. The
bathymetry of the Alpha and Mendeleev Ridges, even on maps as late as the 1990’s,
appears as a chain of separate seamounts which has contributed to the great range of

interpretations about its geologic nature. The Alpha-Mendeleev Ridge system has been
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interpreted to be a hot spot track (Forsyth et al., 1986; Weber, 1986; Asudeh et al., 1988;
Lawver et al., 2002; Jokat, 2003), an extinct spreading center (Hall, 1970), an oceanic
plateau (Vogt et al., 1970; Jackson et al., 1986) or highly stretched continental material
(Crane, 1987, Ivanova et al., 2006, Miller et al., 2006). Although all of these ideas have
sound geological and geophysical evidence, bathymetry has usually only been used to
correlate with magnetic and gravity anomalies resulting in the same conclusion that the
Lomonosov Ridge and Chukchi Borderland are continental fragments and that the Alpha

and Mendeleev Ridges are of enigmatic origin.

1.3.4. New Data, New Methods

Regardless of the model chosen for the tectonic reconstruction of the Arctic Ocean the
geomorphology of the intra-basinal ridges must be taken into account. The use of
bathymetric profiles by Heezen and Ewing (1958) to re-contour sparse bathymetric data
by comparing features to similar looking profiles in other oceans, resulted in conclusions
about the evolution of the Eurasia Basin that were later supported after the acceptance of
the theory of plate tectonics. A similar method was used by Johnson et al., (1990) to
describe the bathymetry and physiography of the Arctic Ocean utilizing bathymetric data
available from the U.S. Naval Research Laboratory (Perry et al., 1985). The authors
lamented that the Arctic data were unevenly distributed making detailed descriptions
impossible, and that classified Soviet and U.S. military data would greatly enhance the

knowledge of the seafloor and of its tectonic history.

By 1999 much of U.S. data had been declassified. U.S. Navy data as well as gravity
measurements collected on the SCICEX submarine cruises (Edwards and Coakley, 2006)
were used to generate computerized 2.5 x 2.5 km gridded digital terrain models and

Version 1.0 of the International Bathymetric Chart of the Arctic Ocean (Fig. 1; IBCAO,
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Jakobsson et al., 2000) was released in 2000. Jakobsson et al. (2003) then used the
IBCAO grid to organize the Arctic Ocean into physiographic provinces based on slope
models calculated from every grid point, compared the slopes to analogous features from

other ocean basins, and then made inferences about their geologic origin.

Following the creation of the first IBCAO, the data from multiple ice breaker multibeam
mapping cruises have been added to the digital elevation model and new versions of the
IBCAOQ are available and regularly updated (Jakobsson, et al., 2008;

http://www.ngdc.noaa.gov/mgg/bathymetry/arctic/arctic html/ ).

While the growing Arctic Ocean database has improved our view of the Amerasia Basin
and understanding of the individual features within the basin, the combined geologic and
geophysical data remains inconclusive as to the tectonic development of the Arctic
Ocean. Since the release of the International Bathymetric Chart of the Arctic Ocean
(IBCAOQ, Jakobbson et al., 2000) and multibeam bathymetric surveys along ship tracks of
the USCGC Healy, the bathymetry of the Amerasia Basin has provided useful constraint
on tectonic reconstruction models. This thesis will utilize the IBCAO data set and high
resolution multibeam data from five ice breaker cruises aboard the USCGC Healy (Table
1), as well as subsurface and geophysical data to refine understanding of the Amerasia

Basin and to constrain models for its tectonic reconstruction.


http://www.ngdc.noaa.gov/mgg/bathymetry/arctic/arctic.html/
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Table 1 Data Used in this Study. This includes year collected, name of mission and
Principal Investigators.

John Hopper
kP Multi-
Bernard
HLY 0503 2005 v v channel
Coakley -
. seismic
Dennis Darby
Larry Lawver Sediment
Larry Phillips cores
HLY 0602 2006 v v .
Harm (piston,
VanAvendonk gravity)
Larry Mayer
HLY0703 2007 Andy 4 4
Armstrong
Larry Mayer Dredged
HLY0805 2008 Andy v v Rock (7
Armstrong sites)
Margo Edwards
SCICEX
2003 Bernard Gravity
missions

Coakley
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2. METHOD

“We used data from wherever we could get it, from different disciplines and different
sources, but took great care to ensure that these data from various sources were all
plotted on the same scale. We used hypotheses of ocean floor structure to fill in areas
where we had meager data. Constantly adding new data, we changed our minds quite a

bit as the panorama took shape.” --Marie Tharp (Doel, 1994)

This study begins with the Amerasia Basin as a whole, its tectonic setting prior to
opening, and compares it to modern ocean basins. Because the kinematic development of
the Amerasia Basin is still under question it may be instructive to compare it to other
oceans, either ancient or incipient, which contain rifted continental fragments and/or rift
related volcanism in an attempt to explain the location and nature of the intra-basinal

ridges within the Amerasia Basin.

The premise of this study is that although the Arctic Ocean is somewhat exotic in its
location and environment the geologic processes that formed it have geomorphologic
responses that are universal and comparable to other ocean basins with a similar tectonic
setting. Most previous tectonic models for the development of the Amerasia Basin did not
employ bathymetric data. Because submarine erosion is slow, surface expressions of
structures can be observed. Therefore the bathymetry was used here for tectonic
interpretation and combined with subsurface information to define the location and trend
of faults in order to gain a sense of fault displacement and extension directions. The
bathymetry of the Amerasia Basin, both at the resolution of the International Bathymetric
Chart of the Arctic Ocean (IBCAQ) and the higher resolution multibeam bathymetry
data, was compared to analogues of features with geomorphologic and geophysical

similarities found in other world oceans and on land.
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2.1 Bathymetric Comparisons

The bathymetric grids for oceans outside of the Arctic were obtained from the ETOPO1
larc minute by 1 arc minute satellite altimetry dataset at NGDC (Amante and Eakins,
2008). Also used were Shuttle Radar Topography Mission (SRTM) 90m topographic
data from CGIAR-CSI GeoPortal (Jarvis et al., 2008). The ETOPO1 and SRTM data
were represented and examined using the IVS/Fledermaus/Dmagic software (Mayer et
al., 2000). Digital elevation models were created for three-dimensional visualization of
various regions. Using the interactive tools available in Fledermaus, slopes were
measured and bathymetric/topographic cross sections were produced for comparison

between the Amerasia Basin and other ocean basin features.

After the investigation of the Basin as a whole, the focus then narrows to individual
features, slopes, areas, subsurface comparisons of the Amerasia Basin’s intra-basinal
ridges, and to comparisons with possible analogues from other areas. The most extensive
Arctic bathymetric data set is on and around the Chukchi Borderland. For this reason,
and because plate boundaries must exist around its borders, most of the detailed focus is

on the Chukchi Borderland, although other features within the basin are discussed.

2.1.1. Healy Data

Multibeam bathymetry data were collected with a Seabeam 2112 on various cruises
aboard the USCGC Healy (See Fig. 2 for locations). In this study the term “multibeam”
will refer to this multibeam bathymetric data. These data were processed with Caris
HIPS and SIPS software and gridded to 100 m. The data were then imaged with
Fledermaus 3D imaging software (Mayer et al., 2000, 2008b). The multibeam data were
draped directly onto the IBCAO data set providing high resolution detail especially of the
bounding slopes of the Northwind Ridge and northern limits of the Chukchi Borderland.
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Because the multibeam is typically a single swath, gravity data from SCICEX submarine
cruises were converted to polar stereographic xyz files and imported into Fledermaus as
points. These data were also draped over the IBCAO base map and, because subsea
gravity anomalies are generally controlled by bathymetry, the data were used to assist in
the placement of bathymetric elements. The ArcGP gravity map (Kenyon and Forsberg,
2001), and Arctic Aeromagnetic map (Verhoef et al., 1996) were also draped over the
IBCAQ data for direct comparison with bathymetry which was particularly useful in

detecting structures with subtle bathymetric expressions.

“Chirp” sub-bottom profiler data were also collected on Healy and provide high
resolution 2D images of the sediments to approximately 50-75 m penetration. The Healy
uses a Knudsen 320 B/R which has two transceivers and is capable of operating as a sub-
bottom profiler ( 3.5 kHz or frequency modulated chirp from 2 kHz to 6 kHz) and a
conventional single beam echo sounder at 12 kHz although the 12 kHz mode is generally
not used as it interferes with the multibeam system. (Henkardt, 2006). No post-

processing was done on the chirp data.

The chirp profiles, multibeam data, and ship tracks were all available via a geospatial
“Mapserver” browser developed aboard the Healy by Steven Roberts (Roberts et al .,
2007). This provided live database connectivity and allowed for direct comparison of
surface and subsurface data collected along ship tracks. A bathymetric feature can be
viewed using the IBCAO, or the Russian Bathymetric Map of the Arctic Ocean, as well
as archived multibeam data, and then investigated in the subsurface using chirp profiles
which are available at each coordinate along the ship track. The Mapserver can also
measure slopes, and provides a graph of the multibeam profile compared to that of the

IBCAO.
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For analysis of multibeam data, both Fledermaus and Mapserver were used for different
applications. Where available, multibeam data were examined utilizing Fledermaus
software which allows for 3D visualization and representation of the data as well as the
creation of color maps highlighting details of various bathymetric features. The
Mapserver provided archived multibeam swaths which were not available for use in
Fledermaus, as well as geo-referenced chirp profiles. The Mapserver was also used to
measure azimuth trends of fault traces, and to provide latitude/longitude coordinates

which is not available in Fledermaus.

2.1.2. Seismic Reflection

Multi-channel seismic reflection profiles collected from the USCGC Healy in 2005
(HLYO0503, Hopper, et al., 2006) were used in conjunction with bathymetric observations
on the Chukchi Borderland. The seismic images were imported into Fledermaus as
georeferenced vertical images, which provided direct comparison of surface and
subsurface features in that area (Fig. 6). Publicly available USGS single channel seismic
profiles collected aboard the USCGC Polar Star (Grantz, et al., 2004) were also

incorporated into this study (See Fig. 2 for line locations).
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Fig. 6 Location of HLYO0503 Seismic Profiles. Oblique perspective view of the Chukchi
Borderland with multi-channel seismic profiles collected from the USCGC Healy (Hopper et
al., 2006) placed as vertical images for direct comparison with bathymetry data.
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2.2 Geomorphic Considerations

The process employed in this study has been to make observations about bathymetric
features utilizing data of many types, in order to study their tectonic significance. The
location of faults and the offsets observable at the resolution of the available data sets
have been mapped and appear in Plate 1. The legend outlines the type of bathymetric
features that were deemed important to this type of study; namely, fault trend and
apparent motion, landslide features, slope gullies and channel patterns, pockmarks, ice
scours, and bedforms. Because the coverage of high resolution multibeam data is sparse,
information must be extrapolated from the partial view of features captured by the

multibeam swath utilizing the lower resolution data.

2.2.1 Landslides

Steep arcuate scarps at the head of a landslide provide information about the direction of
down slope movement during a mass wasting event. Visible in the multibeam data are
scarps both primary and secondary, transverse cracks, talus creep, hummocks, and lobate
toes in the zones of accumulation, all indicative of slope failure and mass wasting (Fig.

7). The existence of landslides is associated with exposed normal fault scarps.

The chirp profiles were used to determine the boundaries of landslide aftected areas
which helps to constrain the location of fault segments. Within a landslide, sediments
either slump as broken blocks, or are completely disrupted and appear acoustically
chaotic or transparent in chirp profiles. The seafloor surface in a landslide area is
hummocky and sediment blocks that are displaced and/or tilted can be observed in the
sub-bottom profiles buried beneath the surface when they are not visible in the multibeam

data.



Fig. 7 Examples of Landslide and Slump Features. These features are indicative of
what is seen along major faults throughout the Amerasia Basin. Features include (a)
talus creep, sags (black arrows) shallow listric faulted blocks (red arrows), hummocky
topography, lobate toes of slides and (b) arcuate scarps at the head of landslides. The
profile (top) along A-A’ shows steep slope at the scarp and sag caused by a back-titled
block and typical rounded slope of the slide toe.
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2.2.2 Slope Gullies

Slope gullies are shallow channels that develop on continental slopes and are important
as indicators of sediment movement in response to low sea level stands and near bottom
transport (Spinelli and Field, 2001). One control on the variability of gully density and
channel patterns is the underlying geologic structure. Even in a marine environment the
formation of channelized flow is controlled by slope and sediment load, and the
erodibility of the surface. Therefore an abrupt change in slope gulley pattern along a
fault trace may indicate that the erodibility of the surface is different than in an adjacent
slope gully system, or it may indicate that the system is more proximal to the potential
sediment source. It could also be an indication that the fault segment exhibiting the
unusual gully pattern was more tectonically active resulting in more down cutting up
slope, headward erosion, and the formation of well developed channel patterns.
Variations in slope gullies observable in the multibeam data were examined and reported

on Plate 1.

2.2.3 Pockmarks

Other possible geomorphic indicators of fault locations are pockmarks which appear in
many areas within the Amerasia Basin in a variety of sizes and types. Pockmarks are
increasingly being recognized as widespread morphological phenomena on the seafloor
that are caused by fluid and gas which vent through the sediments in the seabed (King
and MacLean 1970; Hovland et al., 1984; Max et al., 1992; Judd and Hovland, 2007).
Because pockmarks occur over wide areas in Earth’s oceans, they are of interest as
markers for possible hydrocarbon resources. Also, because they show location and
possibly extent of methane release, there is also interest in pockmarks as sources of
greenhouse gases which may have had an impact on global climate at various times

throughout history.
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Chirp sub-bottom profiler data show areas of acoustic turbidity or interrupted bedding
beneath pockmarks which can be indicative of fluid conduits and free gas (Anderson and
Bryant, 1990; Richardson and Davies, 1998; Hornbach, et al., 2007). The linear trends of
pockmark groups may also reveal the underlying fault structure and may help constrain

paleo-tectonic strain for reconstruction models.

The first type of pockmark considered here appears in linear groupings which parallel
fault scarps inferred from seafloor morphology. These linear pockmark chains can
appear above the headwall of a downthrown block or along the top of a ridge parallel to
the strike of the footwall. These pockmarks are generally between 300-500 m in
diameter and about 25 m deep, although several as large as a kilometer across were
mapped. Pockmarks of this type commonly coalesce to form linear troughs that parallel
the trend of local fault traces. Chirp profiles across linear pockmark groups indicate that
the pockmarks appear at changes in slope and that bedding below them is disturbed,
possibly from rising fluids. These types of pockmarks are interpreted to have formed due
to the upward movement of gas along growth faults in the sediments above faulted areas
in the basement. An example of this type of pockmark can be seen on the Mendeleev
Ridge where multibeam, chirp and MCS data show pockmarks on the surface above

growth faults (Fig. 8).
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Fig. 8 Fault Controlled Pockmarks on the Eastern Mendeleev Ridge. Multibecam
image (area outlined on map inset)shows location of 12 km long HLY 0503 multi-channel
seismic line (bottom) and black arrows point to pockmarks along the line visible in both data
sets. Thick black arrow points to a large blow-out feature (=1.5 km) that formed directly
above a faulted area seen in the seismic profile. Buried pockmarks indicate multiple fluid
release events over time. Bright spots and “pull-downs™ of reflectors below pockmarks are
indicative of the acoustic impedance contrast between gas and sediments and appear above

faults in the bedrock (red lines).
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There are also many examples of pockmarks which have developed on slumps or sags. A
slump is the downhill movement of a block which maintains some internal cohesion, and
can be found along the steep slopes of the major faults within the Chukchi Borderland. A
sag is a circular depression that is caused when a coherent sedimentary mass moves along
a discrete shear plane resulting in back tilting rotation. Sag features appear in many
locations within the study area on bathymetric highs along the Northwind Ridge, Chukchi
Plateau and Mendeleev Ridge (Fig. 9). Both of these sag and slump processes promote
preferential pockmark formation along the footwall of the back tilted block. This is
where the sudden change in lithostatic pressure in the fluid layer is released allowing the
fluids to rise to the surface along the shear plane (Pilcher and Arjent, 2007). Because the
slumps and sags themselves may be triggered by sub-surface movement or seismic
activity, the pockmark development may be indirectly fault controlled. Pockmarks
provide an important clue to the underlying structure in an area, so were therefore studied

and appear in Plate 1.

2.2.4 Fault Scarps

In this study a fault “scarp” is considered to be the slope created by a fault. Position and
orientation of faults were deduced from visible offsets of bathymetric features, linear
scarps, and from gravity lows in basins linking fault scarps interpreted from the
bathymetry data. The Chukchi Borderland has been eroded by landslides and gravity
flows, and although there has been obvious vertical offset along faults, these are probably
not recent in most locations. As a result the actual fault surface is usually hidden and its
slope altered by erosion. Slope angles of fault scarps have been somewhat altered by
mass wasting and pelagic sedimentation. The fault plane, then, is the tectonic feature
while the fault scarp is the eroded surface expression of the fault plane. The fault trace is

the linear contact of the fault plane with the basin floor (Fig. 10).





































































































































































































































































