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ABSTRACT

Origin and Evolution of the Chukchi Borderland.
(December 2008)
Veronica Arrigoni, B.A., University of Studies, N, Italy

Chair of Advisory Committee: Dr. J.R. Hopper

The origin of the Amerasia Basin, in the Arctigien, is nowadays a highly
controversial topic due to the paucity of geophgisitata available and the difficulties in
interpreting possible seafloor spreading magnetmnealies. The Chukchi Borderland,
that extends into the Amerasia Basin north of thekchi Sea, has proven to be one of
the more difficult features of the arctic to undarsl in any model for the tectonic
evolution of the Amerasian Basin.

In the summer of 2003)SCG Icebreaker Healgrossed the Arctic Ocean from
Dutch Harbor, Alaska, to Tromsg, Norway, to collgebphysical data and take shallow
cores in an effort to gain greater insight into fadeo-oceanographic, depositional and
tectonic history of the Arctic basins. 780 km ofamneeismic lines from the Chukchi
Borderland are presented along with a preliminamterpretation of the tectonic
evolution of the Amerasia Basin in light of the nelservations.

The data provide high quality images of the regilmwn to the basement and, in
areas, images below the basement. The pelagic setitover varies along the profiles

with thicknesses ranging from less than 0.1 s toaaimum of 1.5 s TWT. Significant



extensional normal faults, striking approximatetyth-south, are observed throughout
the dataset with strong evidence of growth faudi®w a major unconformity. Along the

reflection images oriented E-W, young sediments oskibly the seafloor show small
offsets. While this may be due to differential caofpon or fluid expulsion, the presence
of low amplitude folds above the footwalls suggestecent fault-propagation folding

process. This may indicate recent reactivation awvtdtion of the crustal blocks,

although the total amount of displacement andrsiaee very small. We do not observe
compressional or inversion structures anywherehen dataset. The orientation of the
structures imaged is similar to those observedgatbe Mendeleev Ridge to the west,
which may support recent models that propose the&€h Borderlands and Mendeleev

Ridge comprise a single extensional province tifigr from the Siberian margin.
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1. INTRODUCTION

The Arctic Ocean consists of two distinct basihs, Eurasia Basin and the Amerasia
Basin (fig. 1). It is generally accepted that therdSia Basin was created by seafloor
spreading in the late Paleocene times (Vogt eflQll9; Kristofferson, 1990; Cochran et
al., 2003). The origin of the Amerasia Basin, hogrevs highly controversial due to the
paucity of geophysical data available and thedliffies in interpreting possible seafloor
spreading magnetic anomalies. Various models pezpder the opening of the
Amerasia Basin have been discussed by Lawver aot$x(1990) in a comprehensive
review of the subject. While there exist severtrahtives, (Lane, 1997; Embry, 2000;
Miller et al., 2006), the most widely accepted nisedevoke a counterclockwise rotation
of the Chukchi Borderlands, Siberian, and North&laskan margins from the Canadian
arctic island margin (Grantz et al., 1979; Embrg &ixon, 1990; Lawver et al., 2002,
Grantz, 2006).

The Chukchi Borderland occupies an area of 6000 km and extends into the
Amerasia Basin north of the Chukchi Sea, betwesteaa Siberia and western Alaska.
It has proven to be one of the more difficult feetuof the arctic to understand in any
model for the tectonic evolution of the Amerasia@si. It consists of several
approximately north-south-trending segmented regitncluding the Northwind Ridge

and the Chukchi Cap and Rise, and the several magsiggeaus.

This thesis follows the style @eophysical Journal International.



The Northwind Ridge is bounded to the east by e@pséscarpment that defines the
boundary to the Canada Basin(fig.2).

Grantz and others (1998) have cored Phanerozoimeats from Northwind Ridge
that are similar to the basement rocks found withenSverdrup basin of the Canadian
Arctic margin. This evidence, together with mawiglof gravity data (Laxon and
McAdoo, 1994), confirms that at least part of trerd®rland is continental. This has led
to the suggestion that the Chukchi Borderlandditteray from the eastern Canadian
arctic margin and through various strike-slip moeats and rotations, was eventually
brought to its present position (e.g. fig. 3, Gragttal., 1998).

In the summer of 2009)SCG Icebreaker Healgrossed the Arctic Ocean from
Dutch Harbor, Alaska, to Tromsg, Norway, to collgebphysical data and take shallow
cores in an effort to gain greater insight into ffadeo-oceanographic, depositional and
tectonic history of the Arctic basins. In totalanky 2,200 km of new seismic reflection
data were collected during the expedition. In gaper, seismic lines from the Chukchi
Borderland are presented along with a preliminamierpretation of the tectonic
evolution of the region in light of the new obsdigas. A comprehensive review of the
main models describing the origin and evolutiortlred Canada Basin is provided with
the main purpose of highlighting the main pointcoftroversy. A brief overview of the
data acquisition and processing precedes a detdésdription of the processed multi-
channel seismic (MCS) reflection lines acquired.

Our observations show that the Chukchi Borderign@n extensional terrain, with

extensive E-W dipping normal faults visible throogh the region. Growth faulting



clearly affected older sediments below a major afmwmnity. However, many faults
appear to have been reactivated quite recentlynamddisplace the seafloor. This latter
observation indicates that the present day stieg$ &f the Central Arctic is overall
extensional, contrary to some models that predicbmpressional stress field in the

region. The lack of evidence for inversion struetufurther supports this conclusion.



2. TECTONIC SETTING

The Arctic Ocean is broadly divided into two lafggsins, the Eurasia Basin and the
Amerasia Basin (fig. 1). They are separated byLlibmonosov Ridge, a continental
fragment that rifted off the Barents shelf, at #hetic Russian margin (Heezen and
Ewing, 1961; Jokat et al., 1992 and 2005; Moraralet 2006). The Amerasia basin
includes the Canada Basin, the Alpha and Mendd®éggyes, the Makarov Basin and the
Chukchi Borderland (fig. 1). The latter includeg tdorthwind Ridge, the Chukchi Rise
and Cap and the Chukchi Plateau (fig. 2). The Eaifdasin includes the Amudsen and
Nansen Basins and the Barents and Laptev Seashalie plate tectonic setting of the
Eurasia Basin is reasonably well understood. Inegewith the splitting of the North
America-Eurasia lithospheric plates along the tdtoav spreading Gakkel Ridge at time
of magnetic anomaly 24/25, about 52 - 56 Ma (Ostearsd Wold, 1973; Coles et al.,
1978; Kristofferson, 1990; Vogt et al., 1979; Caohet al., 2003).

In contrast, the kinematic history of the openingtiee Amerasia Basin is an
unresolved, first-order scientific problem. Muchtbé basic geophysical mapping work
used in other parts of the global oceans to elteidae history of plate motions is
significantly hampered in the Arctic region by icever and extreme environmental
conditions. In addition, seafloor spreading anoesain the Canada Basin are difficult to
analyze because of their relatively low amplitu@elés and Taylor, 1990; Grantz et al.,
1990), and may be masked in some areas by thidana sequences associated with

the Alpha Ridge (Vogt et al.,, 1982). Because of ldek of well defined magnetic



anomalies, spreading centers and fracture zonegeblogic history of Amerasia basin
remains very controversial. The current geologamiework is based primarily on data
coming from the continental margins, which is irfgignt to understand the deeper

parts of the basin.

2.1 The Role of the Chukchi Borderland in the Camrctic

Understanding the kinematics that drove the Chul@hiderland to its present
position is essential for resolving the evolutidritee Canada Basin. The provenance and
the processes that moved this isolated continémgiginent through the central region of
the Arctic could help to reveal the overall tectofiamework that formed the Amerasia
Basin as we see it today. Because of this, mutheo€urrent geological and geophysical
research focuses on this region, with the goahtdrging the stratigraphic and structural

databases.

2.2 Tectonic Models for the Opening of the Canadsaif

Many different tectonic reconstructions have bempgpsed for the Amerasia Basin,
distinguished primarily by assumptions of how arttew the Canada Basin opened. The
deep basin is almost certainly oceanic and is iy Cretaceous in age. Competing
models, however, disagree in the number and otientaf spreading centers.

Lawver and Scotese (1990) provided a comprehemsiiew of the main ideas which
have been proposed to explain the Canada Basiry diveled the models into four

categories. The first category assumes that seaipceading was parallel to, and



possibly coincident with, the Alpha and Mendeleeddes (Hall, 1970; Ostenso and
Wold, 1973; Crane, 1987; Smith, 1987). In this €la$ models the North Slope of
Alaska (located on the northern slope of the Bro&lange along the coast of the
Chukchi and the Beaufort seas) is a passive mdhgihrifted from the Lomonosov
Ridge or from the Alpha Mendeleev Ridges. In thesedels, the Canadian Arctic
Islands are bounded by a left-lateral transfornitfaine second group of models can be
characterized as “Arctic Alaska strike-slip” modélderron et al., 1974; Vogt et al.,
1982). These models describe east Siberia asgriiimay from the Arctic Canadian
Islands along a transform fault that parallelstbethern Alaskan margin. They predict
little or no motion of the Alaska block with respeég cratonic North America. The third
group includes the models suggested by Jones (9B, 1983). He described the
origin of the Canada Basin as trapped Paleozoit atiached to Arctic Canada as part
of the North America plate. The North Slope of Aasand Eastern Siberia formed a
single terrain bounded by a large right-lateralikstslip fault. Both regions were
translated northward along this fault until thetiation of seafloor spreading along the
Alpha Ridge 90 Ma ago.

The fourth, and most widely accepted, group of n®dalls for a counter-clockwise
rotational opening of the Canada Basin. Based ersitlple observation of an apparent
paleogeographic fit between Arctic Alaska and Arcflanada, Carey (1955) was the
first to propose a rotational model for the forroatof the Canada Basin. Most current
rotational models are just minor modifications tar€y’s hypothesis. In its simplest

form, the rotational models assume that during Bedeozoic, northern Alaska,



northeastern Siberia and the Chukchi Borderlandeveantiguous with the Canadian
Arctic Island region of the North America cratonurihg the Mesozoic, the Arctic
Alaska - Chukotka microplate rotated approxima&8$ counter-clockwise from Arctic
Canada about a pole near the Mackenzie Delta lgadiseafloor spreading and opening
of the Canada Basin (Carey, 1958; Tailleur and @#p4970; Grantz, 1979; Vogt et al.,
1979; Forsyth et al., 1986; Fujita and Newberry82,9Coles and Taylor, 1990; Laxon
and McAdoo, 1994; Lawver et al., 2002; Grantz, 20@&cording to this model, both
the Canadian Arctic margin and the Alaskan-Sibemangin are rifted margins with a
major transform boundary along the North Americale f the Lomonosov Ridge. The
Chukchi Borderlands, however, are difficult to gas these models.

Grantz’'s reconstruction of the opening of the Amgaasin is probably the most
widely known rotational model. Based on the stratypy of the Northwind Ridge and
the interpretation of the weak magnetic anomahethé Canada Basin, together with the
orientation and the age of possible rift-margiustures, Grantz accounted for most of
the major crustal elements of the Amerasia Basippsrting Carey’s hypothesis of the
anticlockwise rotational rifting of Arctic Alaskadm North America. His reconstruction
of the rifting history of Amerasia Basin is summzad in figure 3 (Grantz et al., 1998),
going from the actual features of the present-dasirb(fig. 3A) back to its pre-rifting
configuration in the Jurassic (fig 3D). Althoughsthiotational model is today widely
accepted, details regarding timing of rifting angremading remain controversial. In
particular, simple closure about the pole of rotatiesults in significant crustal overlap

that is difficult to explain. To account for thi§rantz describes the borderland as an



ensamble of small, independent microplates thaéwable to re-organize their position
in time in ways that are difficult to explain gendmically (fig. 3).

In addition to the controversy over the basic kiagos of the Amerasia Basin, the
exact timing of initiation of seafloor spreadingn@ns unconstrained. Nevertheless, the
general time frame is very likely mid to late Cestaus and is supported by several lines
of evidence. Tailleur and Brosge (1970) suggedtad gpreading occurred in the Early
Cretaceous based on of the age of the thick Bamogequence deposits on the western
North Slope of Alaska. A change in the directionsefliment progradation associated
with a Hauterivian unconformity (135 Ma) is congele to indicate the time at which
the Arctic-Alaska microplate was transported awegnt the proto-Canadian Arctic
margin. Heat flow observations and lithosphericliogpomodels for the central Canada
Basin have been interpreted to indicate that seafépreading occurred between the
Barremian and Campanian (130 - 80 Ma) (Lawver aaggderoer, 1983). Magnetic
anomaly data in the central Canada Basin may supgmeading from the early
Kimmeridgian to Valanginian (155-140 Ma) (Taylor &t, 1981; Vogt et al., 1982).
Paleomagnetic data from the North Slope Kuparumédion seem to indicate that the
central North Slope was still adjacent to the Carad\rctic Island in the Valanginian
(140 Ma) (Halgedahl and Jarrard, 1987) and thamitsion relative to North America
ceased in the late Albian (100 Ma). Embry and Dixt®94) similarly point out that the
Hauterivian unconformity, present on the AlaskantN&lope and the Canadian Arctic
Islands, is the best evidence of the initiatiorspfeading and may represent a breakup

unconformity. According to them, two other major canformities, an Aptian



unconformity on the North Slope and a Cenomaniacomformity in the Mackenzie

delta region, conflict with the paleomagnetic iradions of timing and, thus, are unlikely
candidates for a breakup unconformity. Recent studf biostratigraphic formation tops
and foraminiferal biofacies performed in wells betboth North Slope and Canadian
Arctic Islands (Mickey et al., 2002) provide gooddence for incipient rifting in the

Hettangian-Sinemurian (198 Ma). In summary, whilesgzoic seafloor spreading is
certain, the evidence available cannot constragnpitecise timing of breakup events

anywhere around the Canada Basin.

2.3 Evidence Supporting the Rotational Model

The clearest evidence for understanding the ewludf an oceanic basin is derived
from the identification of spreading centers, magnanomalies and fracture zones.
Unfortunately, these features are not easily ifiabte in the Amerasia Basin, although
several attempts have been made to interpret deaments (Coles and Taylor, 1990;
Grantz et al., 1990; Vogt at al., 1982). Despite paucity of magnetic and gravity data,
recent surveys of the area have shown the exist@haemajor, north-trending gravity
low that bisects the basin and terminates in thekdiazie Delta (fig. 4, from Kenyon
and Forsberg, 2001). A bilaterally symmetric pattef magnetic lineations, 300 km
wide, appears to be centered over this gravity $apwporting the interpretation of a
fossil spreading center, consistent with the roteti model (Brozena et al., 1998).

Further evidence in support of the rotational maaehes from Halgedahl and Jarrad

(1987). They determined the paleomagnetic polea whlangian (140 Ma) sandstone
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from the North coast of Alaska and showed that @ déckwise rotation of northern
Alaska results in the coincidence of the AlaskamaXgian poles with that of the
cratonic pole for the same age, located 1000 knthseast. Embry (1990) found that a
restoration of northern Alaska and northeasterrerf&bagainst the Canadian Arctic
Islands provides a good match of several diffegadlogical trends that are older than
the formation of the Amerasia Basin. Furthermoeeshowed that the Devonian tectonic
features of northern Alaska and the Canadian Aiit be reconciled by the counter-
clockwise rotational model. For example, granitdrusions dated as Early-Middle
Devonian (390 Ma) have been mapped in Alaska, ManthYukon and the Canadian
Arctic Islands. More recently Grantz (Grantz et 4898) presented data obtained from
shallow cores taken along the Northwind Ridge.sEhghow strong similarities to the
stratigraphy of the Sverdrup Basin, further reinfiog his reconstruction for the opening
of the Canada Basin.

In general, although the magnetic anomalies afecdlif to identify and are often of
uncertain interpretation, the available paleomagrddta from northern Alaska and the
analysis of structural and depositional trends @ldine continental margins of the

Amerasia Basin seem to strongly support the ratatimodel.

2.4 Alternatives to the Rotational Model

Despite the broad range of geological, geophyspa&omagnetic and paleontologic
data supporting the rotational opening of the Carakin, no single model has yet been

proposed that comprehensively accounts for all didita. A complication to the overall
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picture is that more than one simple spreading tenety have occurred to produce the
present-day geometry of the basin. In addition,seghbent tectonic events in northern
Alaska may have altered the original spreading ataristics, further complicating
tectonic history reconstructions (Taylor et al.819Grantz et al., 1998).

As a result of this lack of solid and unequivocaidence for the rotational model,
several alternatives have been proposed.

Lane (1997) summarized some of the major inconsigés of the rotational model.
First, the it creates a substantial overlap of@hekchi Borderland and the East Siberian
Shelf onto the Canadian landmasses. Second, thgoral model juxtaposes an area
that was undergoing extension in the Middle-Lateddgan (Northern Alaska) with one
that was undergoing compression (Canadian Arcfi¢)ird, Lane interpreted the age of
the rift-drift transition of these two areas as 1@ for the first and 100 Ma for the
latter, which would imply distinct extensional et®ror these two margins. Lastly, he
noted that the rotational model demands the exastef a major transform fault along
the base of the Lomonosov Ridge, the evidence hiciwis weak.

Based on these and other major observations, L&A84( 1997) proposed a
multistage evolutionary model that constrains tivetatics of ocean spreading to be
north-westward, perpendicular to the direction mted by the rotational model. His
model involves three distinct stages of oceanicstcfarmation following protracted
intracontinental extension. Stage 1 resulted in forenation of oceanic crust in the
western Makarov Basin and along the Arctic Alaskatinental margin. Stage 2 formed

the Canada Basin and rifted the Chukchi Borderldodh-Westward away from the



12

Beaufort-Mckenzie region. Stage 3 formed a zonetasoimg North-South trending
magnetic anomalies in the center of the southerna@a Basin. Lane’s model, by
invoking a general NW stretching with varying extirspreading axes, interprets the
Arctic Alaskan and Canadian margins as adjacetlidsame margin and not conjugate
segments separated by an oceanic basin.

A more recent alternative to the rotational modelswroposed by Miller et al.
(2006). To test the existing models for the formatof the Amerasia Basin, they dated
several detrital zircon suites from samples of &askic sandstone from the circum-
Arctic region. The calculated ages indicate thakoitka is not part of the Arctic-Alaska
microplate as would be required by the rotationatlets, but instead originated from the
east, near Taimyr and Verkhoyansk, east of therRdfals of Russia. The striking
differences between Triassic sedimentation in Ar&laska and Chukotka, supports the
idea that these two areas experienced completshyncl rifting events. Miller et al.
(2006) propose that the Arctic-Alaska block movgdcbunterclockwise rotation from
the Canadian margin, opening the southern Canadan.Bilowever, the Chukchi
Borderland, as well as the Alpha and Mendeleev &dgnoved to their present-day
position from an area close to the Barents Shelfaasesult of extensive continental
rifting. This model, which does not preclude aatiminal opening for the southern
Canada Basin, instead invokes an origin of thekGtka region closer to Russia to
explain the sediment infill of the Triassic basihgerestingly, however, Miller et al.’s
(2006) reconstructions place the northern rathan tthe eastern boundary of the

Chukchi Borderland close to the Sverdrup basinaliintheir model predicts that the
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Alpha-Mendeleev Ridges and Chukchi Borderland werginally part of a single

extensional terrain.

2.5 The Chukchi Borderland

The combined Northwind Ridge and Chukchi Plateaucansidered to be a single
continental fragment dissected by extension (Tagbml., 1981; Vogt et al., 1982;
Grantz et al., 1990; Hall, 1990; Klemperer et aD02). The precise origin of this
feature is still uncertain. It is clear, howevéattthe Chukchi Borderland was created by
processes associated with the opening of the AmeBasin. Therefore, any model
attempting to describe the tectonic evolution o thorderland must also reflect the
opening history of the adjacent ocean basin(s).

Piston cores collected on the flanks of the NortldvRidge sampled stratigraphic
units that range in age from Paleozoic to Late shica(fig. 3). Permian red bed
sediments and other dredged rocks correlate wiglvalaocks of the Sverdrup Basin of
the Canadian Arctic Archipelago, supporting theotlye that the borderland was
originally attached to Arctic Canada and Arctic $ia prior to any rifting that generated
the Amerasia Basin (Grantz et al., 1998). Theesrsyn-rift sediments recovered from
the Northwind Ridge are early Jurassic in age, ssiygg that the Chukchi Borderland
began rifting from the Sverdrup Basin by that tildecording to Grantz et al. (1998),
new oceanic crust started forming by late Jurass&arliest Cretaceous, ending no later

than the Aptian time (Grantz et al., 1998).
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Nevertheless, the present position of the Chukaid&land and the orientation of
its main structures cannot be explained by a sisglge 66° counterclockwise rotation
from North America. To account for its misalignme@tantz (2006) recently refined his
model by adding a 22° clockwise rotation away fitbeeastern Siberian shelf. This last
stage is possibly contemporaneous with the sprgadithe Canada Basin but must have
occurred prior to the emplacement of the Alpha Mehdeleev Ridges. This may be
supported by the paleomagnetic analysis of LowegtadCeous strata conducted by
Halgedahl and Jarrard (1987) and the analysiseofrtagnetic anomalies of the Southern
Canada Basin described by Gurevich et al. (2008)aurevich and Merkouriev (2006).

However, the paucity of geological and geophysidata strongly limits the
possibility of drawing conclusions over the tectonevolution of the Chukchi
Borderland. The most recent speculations overiisrikatic history and paleogeographic
placement make distinct predictions about the #ires that should be observed. For
example, Grantz et al. (1998) propose recent cassme along the Northwind Ridge as
a way to adjust the alignment of the borderlartdrahe opening of the Canada Basin
(fig. 3A). This should result in compressional stuires and basin inversion in the

borderlands.
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3. DATA ACQUISITION AND PROCESSING

3.1 Healy-0503 Arctic Transect

The USCG icebreaker Healgrossed the Arctic Ocean from Dutch Harbor, Alaska
to Tromsg, Norway, during August and September 2008ti-channel seismic (MCS)
acquisition on icebreakers in the Arctic Ocean ishallenging undertaking as far as
satisfying the rigorous quality criteria of modes@ismic industry standards. The severe
ice conditions encountered during the cruise vafiech 7/10 to 10/10 ice cover and
permitted only intermittent acquisition of MCS dafedditional practical limitations in
heavy ice included: a very short active streamagtle (200-300 m) towed at 90 m
offset; limited to no control on source depth aattle depth because of the absence of
birds and ice chunks interfering with towed equipimen irregular vessel trajectory
often constrained to follow patchy leads; irregwassel speeds while breaking ice;
irregular engine speeds which generated signifieaater column noise and excessive
wash behind the ship interfering with towed equiptmélevertheless, 2,200 km of new
MCS reflection data were acquired during the cruiseluding 780 km along the
Chukchi Borderland (fig. 5).

Data were acquired using two 250 cubic inch (4 ¢d&8a G-guns. Shots were
recorded on a 24-channel analog streamer (Geco H&®iGa group spacing of 12.5 m.
The signals were anti-alias filtered and digitizgdl ms sampling interval using two
Geometric Geode seismographs and then stored koirdiSEG-Y format. Guns were

fired at a slightly randomized 20 s interval fon@minal average shot spacing of about
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50 m. Shots were binned into common midpoint gatispaced every 6.25 m along the
profile, assuming a simple straight-line geomeétiiear and tear from towing the analog
streamer through ice randomly affected the hydraphoesponse, diminishing the
number of active channels, which varied from 1249 and resulting in a data fold as

low as 4.

3.2 2D MCS Lines Processing

The initial processing phase focused mainly onseoemoval. Two different noise
sources were recognized throughout the datasetonamoise bursts and low frequency
linear noise. The former, most likely resulted fretactrical noise produced by the ship
prior to digitizing the signal. These bursts wehert "smeared out" by the anti-alias
filter. As a result, the bursts have frequency angplitude characteristics comparable to
real seismic events and are therefore difficulteimove with automatic noise filters. A
noise-burst filter window of 10 ms length and titipeshold of 3 was used as a first pass
and the noise bursts were replaced by trace seagnmarpolated from adjacent traces.
The shots were then manually edited to eliminateramaining noise bursts.

The second noise source, low frequency linear nasseelieved to have resulted
from the occasional tugging motion of the ship be streamer while cruising through
ice cover. Since this noise was observed to beggatng at velocites of 1000-1400
m/s, anf-k velocity filter was designed to suppress it. Tdirojze the results of-k
filtering, it was essential for all the noise larso be completely removed. An iterative

process of manual edits and f-k filtering was tfeneerequired.
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A minimum phase predictive deconvolution was agplie the filtered dataset to
minimize the ringing of the bubble pulse visible @hthe raw data. An operator length
of 100 ms and an operator distance of 45 ms weee.u3ata were then amplitude
corrected using a time raised to a 1.5 power fan&nd band-pass filtered from 8 to 85
Hz .

Because of the limited offsets and low data folthndard semblance velocity
analysis was not practical on this dataset. Howebecause the offsets are small,
ranging from 90-380 m, the actual move-out evenldov velocities is small. Thus,
stacking the data is insensitive to large errorstacking velocities. For this reason, we
did not derive a proper stacking velocity table ingtead digitized a major unconformity
visible throughout the data set, correspondindghéotop of the basement, and stacked at
an RMS velocity of 1480 m/s above and 2300 m/svbelo

Due to the absence of any true interval velocitgrimation, the post-stack migration
was performed using a Stdkk constant velocity algorithm (Yilmaz, 2001) at wate
velocity (1480 m/s). The resulting images are ttogee only partially migrated. The
initial migrations resulted in significant migratiartifacts in several areas. This was a
result of incomplete noise removal during the peels editing. Therefore, to further
enhance the reflection images, a new manual edtexge was performed on the stacked
section to kill the noisy CDPs. A new trace intdgbion was run and the cleaner stacks
were then migrated at water velocity. The final dirsections are shown in figure 6.

Table 1 summarizes the survey geometry and theepsotgy parameters used.
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The MCS survey over the Chukchi Borderland was é@noknto the following
seismic lines: lines 1 to 6, oriented N-S and aeguparallel to the Northwind Ridge;
lines 7 to 9, oriented W-E and acquired acrosd\iwehwind Ridge; and lines 11 to 16,
oriented E-W from the Northwind Escarpment onto @eukchi Rise. Line 10 did not
contain any useful data. These lines cover a wtal80 km. Considering the difficult
conditions encountered during the acquisition stagethe limitations that a challenging
environment such as the Arctic imposes, the ovepadlity of the reflection images is
very good. In general, the shallow structures ag# /waged, revealing small scale (tens
of meters) details of the seafloor morphology dreldedimentary structures. Reflections
deeper than 3-4 s are usually absent or hiddehéynultiple energy. Nonetheless, clear

images at least down to basement were obtaingtiéantire data set.
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4. RESULTS

The seismic sections selected for the purpose isfp@iper are shown in figure 6.
They can be more generally separated into two suéHpl lines, oriented approximately
E-W, one crossing the Northwind Ridge at about &@rees latitude (lines 7 to 9) and
the other at 78 degrees latitude (lines 11 to 1é)e 5, acquired parallel to the
Northwind Ridge, is also included (refer to theiseumap in fig. 5).

The sedimentary package overlying the acousticrbasewas divided in two units,
Unit | and Unit Il. Unit | is the uppermost sedimary drape and consists of coherent
strata that blankets most of the area. Unit Il epasated from Unit | by a regional
unconformity, named U1, and lies above the basenitestsignificantly affected by the
normal faults that cut the underlying crust andoveh clear evidence of syn-tectonic
deposition. The underlying continental basementighly dissected by numerous
normal faults that result in horst-and-graben sk®ictures across the whole area.

Unit | is laterally continuous and can be easilyrelated across the distinct lines.
This unit does not appear to be affected by anpntagtonic event although some small
displacements, discussed further below, are obder¥dis conformable layer is
relatively transparent and ranges in thickness féota 0.35-0.4 s TWT (approximately
0 to 240-320 m). A clear reflection, marked as R1he figures, locally separates this
sedimentary drape into two distinct packages. lWldoepresent a minor hiatus between
two successive pelagic sedimentation stages orcelsie be related to bottom currents

redistributing the sediments. Along line 05, whé#re seafloor is very shallow, only a
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thin veneer of sedimentary drape is observed amdédiment is, in some places, totally
absent. Within this thin drape, P1 commonly appearan erosional surface (fig. 7 for a
detail of Healy0503 — Line 05). Because the waterery deep, 1500 m and greater, it is
difficult to associate such erosional feature were ice-rafting over the area, although it
cannot be ruled out. A more probable scenario cdwddrelated to erosion and
redistribution of deep sediments by bottom curremtslumping along the steep scarps
created by the major normal faults present in #ggon.

The sedimentary layers composing Unit | are geheualaffected by recent faulting.
The small offsets visible throughout the lines sdenbe mainly related to differential
compaction acting on young, unconsolidated sedisagdbwever, more pronounced
displacements are observed in some locations, lfpssiggesting recent reactivation of
the major normal faults that dissect the regiord are discussed further below (fig. 8
and 10 of Healy0503 - Lines 07 and Line 12).

Separating Unit | from the underlying Unit 1l is anconformity, U1, that is easily
traceable across the entire Northwind Ridge andk€ii Rise. Compared to Unit |,
Unit Il shows more variable characteristics andrancomplex features. The top is
marked by high-amplitude reflectors whose pattarrclearly recognizable among the
different lines even though it can locally appe&rupted. The thickness of this unit
varies from O s on the ridge flanks up to 0.9 s TWT00 m) in the deepest grabens. In
these grabens, sediments appear to wedge towaeddatlits, clearly suggesting
deposition concurrent with the extensional deforomabf the borderland. In some lines,

there is a clearly imaged sedimentary wedge abdése of Unit Il (Unit Il B), topped by
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a surface marked as P2 (fig. 8, 10 and 11 of H&&I$G- Line 7, 12 and 13). This wedge
has thicknesses locally reaching 0.6 s TWT (~55@&nd) it differs from the upper part

of Unit Il where the syn-tectonic characteristia®guced by growth faulting are less
evident (Unit Il A). Numerous normal faults affabie entire package, locally creating
large offsets both in the sedimentary cover anduhéerlying basement. In areas of
intense faulting, the sediments of Unit Il havepthsements of up to 0.5 s TWT and the
basement shows displacements up to 1.0 s TWT.

At the base of Unit Il, a second package of brigffiections defines the top of the
basement. Without direct sampling, it is diffictdt determine whether the basement is
crystalline rock or consolidated Paleozoic sedimémtgeneral, most of the basement
appears to be transparent with no distinct refdecpattern, most likely indicating a
crystalline nature. Locally, however, the presemfesome discrete sub-horizontal
reflectivity seems to suggest a more “stratifietfaacter of this unit (fig. 8 and 9 of
Healy0503 — Line 07 and 11). High-angle normal tulisually dipping eastward,
displace the basement several hundred meters idethygest part of the basin. The data

clearly show intense dissection caused by E-Whgfti
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Line 5, similar to the other sections, shows a hdghsity of faults that displace the
basement and upper sediments, locally up to seafldowever, the absence of any
wedging or splaying in the sedimentary layers maygest the presence of a strike-slip
component of the movement (fig. 7 of Healy0503 relL05). The bathymetric chart of
the Chukchi Borderland shows a morphologic charamesistent with the presence of
small sub-basins that open in a NW-SE directionusTtwe interpret this as an area

affected by strike-skip faulting with a number Hris-tensional basins.
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5. DISCUSSION

The data shown in this paper have several impomaplications for unraveling the
Mesozoic and Cenozoic history of the Arctic basidere, we primarily focus on the
regional tectonic implications. First, we discule tlepositional history as it relates to
possible major tectonic events. Then, we discusstituctural evolution as inferred from
the data and as it relates to various hypothesesutated for the opening of the Canada

Basin.

5.1 Depositional History

The most useful constraint on the depositionalohysof the Chukchi Borderland
comes from the stratigraphic analysis of the NomiomRidge by Grantz et al. (1998)
who collected several cores from the eastern flErtke escarpment at 74.8° N latitude
(fig. 5). A seismic line acquired in 1988 by the ®S (Grantz et al., 1998) shows a
strong similarity to Line 11, both of which crodseteastern flank of the Northwind
Ridge out into the Canada Basin. Based on Grad&ssription of the sedimentary units
cored and the depositional units identified in tHMi€S data, it is reasonable to correlate
Unit I and Unit Il with his findings as describbdlow.

Unit | — Pelagic Drape. Layers sitting above theizan P1 can be associated with
Grantz's Lower Pliocene and Miocene Pelagite. LaymElow P1 can be ascribed to
Lower Pliocene and Miocene Northwind Breccia. TWauld make P1 a paraconformity

that represents a short depositional hiatus duhedrliocene or Miocene.
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Unit Il — Pre and Syn-rift deposits below the regibunconformity. Upper Unit Il is
described by Grantz as Upper Cretaceous air-fdtaviac ash. Lower Unit Il, lying
below a second paraconformity P2, is describedoagel Cretaceous shale.

While the pelagic nature of Unit | is almost camtavithout drilling it is impossible
to confirm the presence of volcanic ashes or shiagdsw the regional unconformity
observed in the seismic lines. While the strongilanity in reflection characteristics
between Unit | and Il might lead one to concludat tnit 1l could also be pelagic, it
seems more likely that it correlates to Cretacesediments sampled by Grantz et al.
(1998).

Interestingly, the volcanic ash described by Graettal. (1998) completely lacks
terrigenous detritus. This layer lies below theioagl unconformity and dates to 90-92
Ma (Turonian). This suggests that by late Cretasdoue, the Northwind Ridge was
isolated from the adjacent continent. Additionaldewce for this is seen in Line 11 (fig.
9) where the sediment layers of Unit Il onlap theesdment over the flank of the
escarpment and give the appearance of being sysediments. This indicates that the
Chukchi Borderland was very close to its presersitmm relative to the Canada Basin
prior to the major extension that dissected thedBdands.

The unconformity U1 is present in all the seisnme$ and has been observed in the
MCS lines acquired over the Mendeleev Ridge (D@@)7). Over the Alpha Ridge,
Jokat (2003) also identified an unconformity lyinger blocks of basement displaced
and rotated by extensive rifting. The unconformiherefore appears to mark the

cessation of a large-scale, regional extensiorfara@tion event.
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The age of the unconformity can be estimated thraugimple calculation using an
average sediment thickness of 0.3 s TWT to the nfiocmity and a sediment velocity of
1.6 km/s (appropriate for poorly consolidated, waturated sediments) and by
knowing the sedimentation rate of the uppermosinseat layer, Unit I. Several studies
performed in different locations of the AmerasiasiBagenerally report very slow
depositional rates for the Central Arctic, on thidew of 1-3 m/Ma (Thiede et al., 1990;
Clark et al., 1996; Polyak et al., 2004). More relye however, the coring expedition
over the Lomonosov Ridge (ACEX) revealed signifibarnigher values, indicating
sedimentation rates for the Neogene and Paleogérid.d m/Ma and 15.4 m/Ma
respectively (Moran et al., 2006). Given theseest bounds on possible sedimentation
rates, we consider two distinct possibilities ftwe tage of the unconformity with
dramatically different implications for the evoloi of the region. For simplicity, we
ignore any possible depositional hiatus and asstwnstant depositional rates for the
entire sediment thickness.

Using the more traditionally reported values of ii8via, U1 formation dates back
to the Mesozoic, at about 120 Ma. According to gasnario, the rifting of the Chukchi
Borderland would then be nearly contemporaneotise@pening of the Amerasia Basin
(153-127 Ma) and the formation of the Alpha MendeldRidge (120-78 Ma). This
implies a long period of tectonic quiescence sitice formation of Ul, mainly
characterized by very slow and undisturbed pelsgitmentation.

A completely different scenario results if we assuimat the Lomonosov Ridge data

can be applied to the Chukchi Borderland. In tlisec Ul dates back to 22 Ma, or Early
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Miocene. This would allow for continued extensidntlte Chukchi Borderland to well
after the formation of the Amerasia Basin, the Alpgiiendeleev Ridge and also the
Eurasia Basin (56 Ma). This would indicate that tifing of this continental fragment
represented the very last and isolated stage dketitenic history of the Central Arctic.
The hypothesis of such a young regional unconfgrmiso supports the idea that the
regional extensional stress field weakened onlgmdyg and could still be affecting the
sedimentation in the Chukchi Borderland.

The importance of understanding the characterisiitd ages of the uppermost
sedimentary units is therefore fundamental to tmelewstanding of the tectonic
development of the Chukchi Borderland.

Given the large uncertainty in the sedimentatidasdor the Central Arctic, several
points should be emphasized. Although the LomonoBidge drilling program
produced the most accurate sedimentation rate slatdar, it is possible that the
Lomonosov Ridge and the Chukchi Borderland repteseo completely distinct
depositional environments. Thus, any attempt t@ diaé regional unconformity from
cores not drilled along the borderland itself skdooé viewed with caution. At best, the
estimates above are speculation. Every factordbald have interfered with the local
depositional environment needs to be consideredisRidution of material by bottom
currents, hiatuses and erosional events, and srxsdistory, can all have a dramatic

influence on the position of the unconformity.
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5.2 Structural History

Figure 12 shows the regional bathymetric contoursmf the International
Bathymetry Chart of the Arctic Ocean (IBCAO) ane tlegional gravity grid along with
the location of the seismic profiles. The main astenal faults interpreted in the lines
are marked in red solid lines whereas the otheaskad in red dashed lines, have been
extrapolated based on the similarity of bathymeti gravity characters with the
recorded ones. In addition, we show faults alomgMiendeleev Ridge mapped by Dove
(2007) marked in blue. This allows for a broadegioral pattern to be discerned for
comparison to various models for the tectonic Inystd the area.

The seismic data, together with the regional gesighay data, clearly reveal that the
Chukchi Borderland is an extended terrain. The aVguicture confirms the main
regional extension developing along an N-S to NE-&«is in the northeastern corner
of the Amerasia Basin. The bathymetry is highlytoaied by normal faults that dissect
this continental fragment in graben and half-grasteactures throughout. There is little
evidence for any deformation overprinting this @sien. Thus, any model must
consider a major, E-W directed extensional eventtres last phase of tectonic
deformation.

The traditional rotational models (Carey, 1958;l[€ar and Brosge, 1970; Grantz,
1979; Vogt et al., 1979; Forsyth et al., 1986; faupand Newberry, 1982; Coles and
Taylor, 1990; Laxon and McAdoo, 1994; Lawver et aD02; Grantz, 2006), lack this
fundamental component. While they can successfedplain the similarity in the

stratigraphic record of the Northwind Ridge and t®eerdrup Basin, they cannot
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completely explain the orientation of the extenalostructures that dissect the region.
Instead, the borderland would have to rotate froi@ €Canadian Arctic along N-S
trending strike-slip faults and then re-adjustlitagéth a smaller clockwise rotations that,
in the original model, could have produced a receompressional front. Such
convergence of the Northwind Escarpment against Gaeada Basin would have
resulted in the reactivation of the normal faukésraverse faults and the formation of
inversion structures and compressional featuressid features are observed in the
seismic lines. Some low amplitude folds in the upgedimentary layers could be mis-
interpreted as indicative of regional compressiblowever, this type of folding is
common in extensional areas as the result of fawjpagation folding (Bosworth and
McClay, 2001).

Based only on the structural features observed ftoen MCS lines, some other
models can probably better explain the evolutiothefarea, each supported by different

evidence.

Late clockwise rotation from the Eastern SiberituelS The E-W dip of the normal
faults evolving to a more NE-SW dip on the MendelR&dge would be consistent with
a rifting process that began along the Easternri@itbeShelf and drove the Chukchi
Borderland to its current position by a clockwisatation about a pole located
somewhere in the southern Chukchi Sea. This moadelldvimply the presence of a
spreading axis in the Chukchi Sea and the developofea transform fault system north
of the borderland across the Alpha and Mendeleegdd. A schematic of this tectonic

model is presented in fig. 13A.
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Grantz et al. (2007) recently refined his origimatational model (Grantz et al.,
1998) to better fit these structural details in @eukchi Borderland. In this latest model,
the formation of the Amerasia Basin consists ofr fdistinct extensional events. The
first two resulted from counterclockwise rotaticadsout a pole in the McKenzie Valley
and produced the detachment of the Eastern Sitvenathe Northwest Canada in the
Sinemurian — Early Hauterivian. The last two stagese the result of two successive
clockwise rotations of the Chukchi Microplate odittloe East Siberian Shelf and date
back to Late Barremian and Paleocene, respectiVélgse later clockwise movements
of the Chukchi Microplate are responsible for thesib and range style structural
morphology of the borderland and the extensivening of the continental crust
underlying the sediments. Grantz et al., lackingymedic and reflection data, speculate
that the pole of rotation for the Chukchi microplas located on the Chukchi Shelf. In
this scenario, the North Chukchi Basin is the resiila localized seafloor spreading
related to the emplacement of the Large Igneouyviite of the Alpha Mendeleev
Ridges (Grantz et al., 2007).

This model is able to reconcile both the stratigiapevidence that connects
Northwind Ridge to the Sverdrup Basin and it pregican explanation of the E-W
extension dissecting the Chukchi Borderland. Théenrimitation is that a significant
clockwise rotation of the Chukchi Borderland out tbé Siberian Shelf, 45° as per
Grantz's model, is expected to create a compredsion, at least in the Northeastern

corner of the Chukchi microplate. No sign of teatdnversion has been reported in the
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area. In addition, the driving mechanism for suchiaroplate rotation is difficult to
understand.

Rifting from the Siberian margin related to oceasigreading parallel to the

Mendeleev RidgeThis model was proposed by Dove (2007) as onethgse for the

formation of the Mendeleev Ridge. In this case, @eikchi Borderland rifted off the
Eastern Siberian Sea before the emplacement oM#releleev Ridge at a spreading
center (fig. 13B). This hypothesis is strongly sogped not only by the extensional
character of the Chukchi Borderland, and possitdyAlpha and Mendeleev Ridges, but
is also consistent with the data presented by Meteal. (2006).

The main difference between Miller et al. (20063 d»ove (2007) is that Miller
argues for continental crust along Mendeleev Ridgeereas Dove argues for oceanic
seafloor spreading.

“Arctic Island Strike-Slip” modelThe original idea for this model dates back to the

1970s and is based mainly on the observation ohetaganomalies that are locally sub-
parallel to the Alpha Ridge as well as the straigbdometry of the Canadian margin,
which strongly resembles a transform margin. Sévearterpretations have been
proposed (Hall, 1970; Vogt and Ostenso, 1970; Qstet974; Smith, 1987). In its
simplest form, this model explains the openinghef Canada Basin as rifting of the
North Slope away from the Alpha Ridge. The Chukd#aain translated dextrally with
the respect to the Siberian margin. In the lagjestathe Chukchi Borderland and the
Mendeleev Ridge would have been stretched anddria@ay completely from the

Lomonosov margin terminating the spreading of trenddla Basin. The Canadian
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Arctic margin acted as a left-lateral transformlffgfig. 13C). This model can also be
related to the “rifted volcanic continental margmodel proposed by Dove (2007), who
explains the emplacement of the Alpha Mendeleew&idas rifting off the Barents
Shelf similar to that of the Lomonosov Ridge. Theng of the Chukchi Borderland and
North Slope could probably be contemporaneous daitting of the Alpha Mendeleev
Ridges, as the whole area could have undergongi@eg stretching out of the Barents

margin.

Lane’s multistage kinematic moddlane has repeatedly challenged the rotational
model for the opening of the Canada Basin mainketdaon the structural data from the
Beaufort continental margin. Based on the knowremsibnal nature of the eastern
Beaufort margin, he studied several fractured zarfethat area and constrained the
seafloor spreading in the Canada Basin to be @deNbrth-Westward, perpendicular to
that required by the rotational model (Lane, 199%9.the Chukchi Borderland rifted
away from the Beaufort-McKenzie region during thpeoing of the Canada Basin, the
Siberian margin may have acted as transform masgmilar to the “Arctic Island

Strike-Slip” model, but with sinistral movementgfil3D).



32

The MCS lines presented are clearly consistent latie’s model, which requires a
general E-W extension of the Chukchi Borderlandveéttheless, Lane’s model cannot
explain the transition of the dip of the normallfauo North-East in the northern corner
of the borderland. In addition, NW extension outtlid McKenzie delta would predict
fault strikes at a high angle, and even perpenaidol those observed on our data. Thus,
significant rotation of the borderland would hagehtave occurred after opening to make

the region fit with Lane's reconstructions.
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6. CONCLUSIONS

In summer 2005, a new, integrated geophysical dataas acquired by theSCG
Iceabreaker Healyacross the Chukchi Borderland parallel and trarsgveo the
Northwind Ridge and Chukchi Rise.

The MCS lines reveal that the Borderland is anresitmal terrain, with large, east-
west dipping graben structures that affect the rbhas¢ and part of the overlying
sedimentary units. Domino-style, rotated blockspldise the basement and recent
sediments and locally produce fault-propagatiorddoin the overlying layers. In
addition, some evidence for strike-slip faultingseeen on a line acquired parallel to the
Northwind Ridge, where a high-angle fault dippinyVM6E appears to create a small
trans-tensional basin.

Two distinct sedimentary units are observed througlhe region. The uppermost
one, Unit I, is at most 300 m thick in the deepimsmsit appears to be a pelagic drape
that covers the entire area. In some locationgmabfaults appear to cut the most recent
sediments up to seafloor. While these types otsiras may originate from differential
compaction, the presence of fault propagation fgdin some areas may indicate
relatively recent re-activation of the normal fasukuggesting that the present day stress
field in the Central Arctic is extensional.

Unit Il, which varies from a few meters to a fewnkuveds of meters thick, is

separated from Unit | by a regional unconformitwattitan be traced throughout the
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entire Chukchi Borderland. Unit Il shows fanningtbé sediments towards the normal
faults and thus is clearly a syn-rift sedimentamit.u

The regional unconformity that lies between Unéinid Unit Il appears to represent
the end of the extensional phase that stretchedliasdcted the Chukchi Borderland. Its
age remains uncertain due to the lack of precidersmntation rate data for this region of
the Central Arctic and could represent a gap innsedtation from Late Cretacious to
Oligocene.

The overall consistency of structures observedhm tseismic reflection images
shows that the latest tectonic deformation of tleedérland was significant E-W
extension. It is not clear that the orientationtldé major extension is consistent with
what would be predicted by the widely acceptedtimtal model for the opening of the
Canada Basin. The main E-W extension of the tesragems to support an origin from
the Siberian or Barents Shelf margin more than fthen Canadian Arctic, as recently
proposed by Miller et al. ( 2006).

Overall, the structural features of the Chukchi dgrltand show a strong similarity
with those of the Mendeleev Ridge (Dove, 2007) aodsibly of the Alpha Ridge
(Jokat, 2003). Both of these latter areas seelmat@ experienced intense extension
oriented E-W to NE-SW, producing a significant nafrfaulting in the basement and
lower sediments with an apparent development oftheord graben structures.

More robust data are needed to unlock the complttonic evolution of the
borderland: deep drilling cores and higher resoiut8D seismic can provide much

stronger constrains and finally clarify the meclkanithat drove the opening of the
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Amerasia Basin. However, it is indisputable tha thear E-W extensional character of
this continental terrain must be accounted foraby model for the opening of the

Canada Basin.
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Figure 1. Location map of the Arctic Ocean Regiboveing the main physiographic
features from the International Bathymetry Charthef Arctic Ocean. Map projection is
Polar  Stereographic, horizontal datum WGS 84 (frorthe [IBCAO,
http://www.ngdc.noaa.gov/mgg/bathymetry/arctic/)
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Figure 2.Bathymetric map of the Chukchi Borderland regiotraoted from the
International Bathymetry Chart of the Arctic Oce@he detailed map shows the main
physiographic features of the borderland.

(http://lwww.ngdc.noaa.gov/mgg/bathymetry/arctic/).
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Figure 3. The rotational model proposed by Grantz et al. § 9BReconstruction of the
Amerasia basin from Holocene (A) to Late Jurassiet(D), using the closing Tertiary
extension in the Chukchi Borderland (Grantz et 4P93) and Late Jurassic to
Neocomian extension in the Amerasia basin.
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Free Air Anomaly (mgal)

Figure 4 —Arctic Gravity Project free-air gravity anomaliesidal), from Kenyon and
Forsberg, 2001. The yellow oval highlights the gsalow bisecting the Canada Basin
from the McKenzie Delta region to the north of tHerthwind Ridge. The black solid
line represents thelealy-0503cruise track and the red shade the locations WkikZ&
reflection data were acquired.
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Figure 5. Chukchi Borderland study arelealy-0503MCS lines over the borderland are
plotted on the regional bathymetry map. Blue daotshe Southern Northwind Ridge
indicate the location of piston cores collectedthe 90s (Grantz et al., 1998). The

dashed blue line is the location of USGS reflectina acquired in 1988 (Grantz et al.,
1998).



Figure 6. Post stack partial-time migrationsHefaly-0503lines 05, 07-16 (location shown in inset and fig.5
The red boxes indicate the locations of the sedestésmic details shown.
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Figure 7.Healy-0503Line 05 seismic data detail uninterpreted (ab@re) interpreteted
(below). The line was acquired along the NorthwRidlge (refer to fig. 5 for exact
location). Several sub-vertical strike slip faudisplace the basement and Unit Il and do
not appear to produce fanning or splaying of theinsents as observed in all the other
lines. The sharp offset and the indication of thespnce of a small sub-basin oriented
NW-SE (see bathymetry map, fig 2 and 3) suggestthese faults are strike-slip faults.
Interpreted horizon P1 discussed in the text agptabe an erosianl surface below a
thin veneer of sediments.
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Figure 8.Healy-0503Line 07 seismic data detail uninterpreted (ab@re) interpreteted
(below). The line was acquired across the NorthwiRidge (refer to fig. 5 for exact
location). An evident horst and graben structusselits the basement and displaces the
blocks up to 1 s TWT (-~ 750 m). Unit Il is strongiyfected by the normal faults,
showing splaying and fanning of strata into thenmarfaults. Surface P2 separates the
bottom syn-rift wedge from the upper sedimentargkpge, which is less affected by the
faulting. The uppermost Unit | does not show lanffsets along the faults but it appears
to be locally displaced up to seafloor. Fault pggieon folds affecting unit | and the
seafloor may indicate recent activation of the tkaul
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Figure 9.Healy-0503Line 11 seismic data detail uninterpreted (ab@re) interpreteted
(below). The line was acquired across the Northwisdarpment (refer to fig. 5 for
exact location). High-angle normal faults mainlpging East displace the basement and
overlying Unit Il with offset of 1 s TWT (~ 750 m).
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Figure 10. Healy-0503 Line 12 seismic data detail uninterpreted (abowas)d
interpreteted (below). The line was acquired actbesNorthwind Ridge (refer to fig. 5
for exact location).

Normal faults affect the entire area, but significaffset is not observed. Unit Il, with a
thickness ranging 0.5 to 2 s TWT (~ 350-1500 m) baneasily divided into two
sedimentary packages, the lower showing evidenceynftectonic deposition along
growth faults.
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Figure 11. Healy-0503 Line 13 seismic data detail uninterpreted (abowasd
interpreteted (below). The line signs the traneitioom the Northwind Ridge to the
Chukchi Rise (refer to fig. 5 for exact locatiomarge scale faulting of basement is
observed. Unit Il fans into the normal faults whaerdJnit | is undisturbed. The faults
create offsets of 1.5 s (~1100 m) and affect therlging Unit 1l creating a lower syn-
tectonic wedge of sediments fanning at the growatht$. The upper Unit Il suggests to
reconnect to a less intense rifting stage.
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Figure 12. Structural interpretation of the Chuk&uarderland region. The regional free-air gravitapmis
overlain with 500 m regional bathymetry contoursli& lines indicate structural features observemrfrthe
MCS lines over the Chukchi Borderland as well asMendeleev Ridge (Dove et al., 2007). The dasimes |
indicate faults inferred by the gravity field anathymetry map.
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Figure 13. Simplified tectonic models for the engglaent of the Chukchi Borderland.
A - Late Clockwise rotation from the Eastern SibarShelf
B - Rifting from the Siberian margin related to an& spreading parallel to the Mendeleev
Ridge
C - “Arctic Island Strike-Slip” model
D -Lane’s multistage kinematic model.
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Table 1 Healy-0503Survey geometry and Processing Parameters.
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HEALY0503: MCS SEISMIC SURVEY - Chukchi Borderland

Survey Geometry

Processing Parameters

2 Sodera G-Guns (250 cc.in. each)
300 m — 200 m analog streamer

12.5 group spacing (24 - 16 channels)
5 m towing depth

90 m towing distance

20 s shot interval

1.0 m sampling rate

16 s recording length

Noise Filtering:
- bandpass 12-85 Hz
- spike and noise bursts edits
- f-k filtering
Minimum Phase Predictive Deconvolution
NMO
Mean Stack
Trace Equalization
Stolts’ FK Constant Velocity Migration
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