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Summary: Continental fragments and microcontinents are blocks of continental crust rifted off of
passive margins. These relatively unthinned regions (compared to the surrounding crust) offer a
perplexing conundrum as to their tectonic history: why are these blocks relatively undeformed
compared to the surrounding regions on the passive margin? In this report we review the crustal
structure as revealed from deep crustal seismic studies of modern continental fragments and
microcontinents. From this review, it is clear that magmatic underplating or plume and LIP
emplacement are not essential to isolating continental blocks during rifting. Many continental
fragments have thick crusts (> 20 km) with thin layers of overlying sediments, while other
continental fragments are severely thinned (~10 km thick) and exhibit horst and graben
topography in the upper crust. The wide variability in crustal thickness and structure of continental
fragments and microcontinents suggests that many different tectonic processes can explain these
features. |Initial widespread intra-continental rifting, active upwelling from back-arc spreading,
plume-induced rift jumping, inherited weaknesses in ancient suture zones, and shifting extension
directions can all contribute to localizing deformation in the surrounding basins, thus separating
continental fragments from the mainland.
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1 INTRODUCTION

Continental fragments and microcontinents are bathymetric highs of continental crust on the
ocean floor, formed by rift processes. These features vary in thickness, length, and area. Mi-
crocontinents are special regions of isolated continental crust, often submerged below sealevel,
and completely surrounded by oceanic crust. Much too small in area to be called continents,
microcontinents typically are less than 100 km wide, such as Jan Mayen, the Seychelles, and
Elan Bank. Continental fragments are similar isolated crustal features on the ocean floor, but
are connected to the continental mainland by basins overlying thinned continental crust. Large
continental fragments often have ribbon-like geometries, leading to the term “continental rib-
bon” used byPeron-Pinvidic and Manatsch&010. Continental fragments are found all over

the globe and are not confined to volcanic and non-volcanic margins only. Logically, questions
arise about their formation and why they exist on some margins and not others.

Tectonically, we can divide continental fragments into two subgroups: those created by pas-
sive rifting tectonic processes and those created by active rifting processes. Passive rifting is
when extension occurs due to farfield forces, whereas active rifting is driven by active mantle
upwelling, such as in cases of plumes and back-arc rifting. Continental fragments have been
hypothesized to form by 1) localization of extension in separate regions of a passive margin
(Peron-Pinvidic and Manatscha2010 which could be regions of inherited heterogeneity, 2)
back-arc extension above a retreating subduction z8deo(ias et al. 2003 Schellart et al.

2006, 3) misalignment of rift axes and their subsequent linkdgpg(es et al.2002), 4) mul-
tiphase rifting, or 5) a rift jump towards a region which has become warm and weak because
of an impinging mantle plumeMuller et al., 2001, Gaina et al, 2009. There is so far no
general consensus in scientific literature for a “recipe for microcontinent formathdiiller

et al, 200]). Many scenarios crucially depend on stretching factorsvéen the continental
fragment and its surrounding basins, the relative timing of rifting in the surrounding basins, and
indications for magmatic activity.

Much of our understanding of these submarine features is based on magnetic, gravity, and seis-
mic reflection studies over continental fragments and their surrounding basins. These studies
provide us with a wealth of insight on rifting evolution, stratigraphy, volcanic extrusions, and
possible sub-basement structures. However, an understanding of the deep crustal structure,
including crustal thickness, and the presence or absence of magmatic underplating, really re-
quires wide-angle seismic refraction studiesodehl and Mooney2012 Hackney et al.2015.

Ideally, combined gravity, P-wave, and S-wave studies can even constrain crustal lithologies
(Hackney et al.2015.

In this review of the seismic crustal structure of continental fragments, we report the interpreted
models of wide-angle seismic studies covering continental fragments, microcontinents, and the
surrounding basins. We include the geological background of the continental fragments and re-
lated basins and seas, the tectonic history, and seismic velocities and thicknesses for all layers.
In more recent studies, researchers have supplemented the velocity inversions with data from
seismic reflection lines or even gravity models, thus constraining crust and sedimentary struc-
tures better. In this report, the reviewed studies run the gamut from ship-to-ship source-receiver
studies in the 1970s to combined seismic method modelling of reflection and refraction waves.
Yet all these studies provide constraints on continental fragments and their formation within our
understanding of passive margins. Deep crustal seismic studies detail the crustal shape, thick-
ness, seismic velocities, crustal layers, and anomalous features in the upper mantle and lower
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Figure 1.1: Global Map showing the locations of continentagjments (black). Red frames
show the locations of map figures in this report, with the figure number in the upper right
corner.



2 JAN MAYEN MICROCONTINENT
2.1 Geologic Background

The Jan Mayen microcontinent is located in the North Atlantic ocean, in the center of the
Norwegian-Greenland Sea (Figu2el). This microcontinent was formed by breaking up first

with the Norwegian margin and then with Greenland. Numerous seismic and potential field
studies have been performed around Jan Mayen since the 1970'PdsmePinvidic et al.
(20123 for a historical review). Since the 1990s and the drasti@aadements in methodology

and instruments in marine seismic studies, several published seismic refraction studies have
focused on the crustal structure of Jan Mayen and the surrounding re¢fodair@ et al,

1998 Breivik et al, 2012 Kandilarov et al, 2012 Peron-Pinvidic et al.20123.

The Jan Mayen microcontinent is composed of a main ridge that trends approximately N-S,
called the Jan Mayen Ridge, and a southern region extending to the Icelandic shelf, called the
southern microcontinent or the southern ridge (Figliié). The main and southern ridges are
separated by the narrow Jan Mayen Trough. The main Jan Mayen Ridge itself is bound to the
west by the Jan Mayen Basin and Kolbeinsey mid-ocean ridge and to the east by the Norway
Basin and extinct Aegir mid-ocean ridge.

2.2 Tectonic Setting

Potential field and seismic interpretation studies suggest that multiple stages of extension pro-
duced the blocky crustal features of the Jan Mayen microcontiGaihé et al, 2009 Peron-
Pinvidic et al, 2012h. Initial spreading under the Jan Mayen Basin could haveateid during

the Mesozoic, suggesting pre-rifting (chron 25) deformational stages in the Jan Mayen Basin
and Norway BasinReron-Pinvidic et al.2012h.

Jan Mayen, while still joined with Greenland, began rifting from Norway around 56 Tdé (

wani and Eldholm 1977 Seton et al.2012. Extension produced the Norway Basin and
seafloor-spreading was active from 56 Ma (chron 25y) to 33-30 Ma (chron 13y) at the Ae-
gir Ridge Gaina et al, 2009 Seton et a].2012. Seafloor spreading in the later stages of the
Aegir Ridge were probably ultraslowyng and Vogt1997 Gernigon et al.2012. Spreading

then jumped to the Kolbeinsey Ridge, to the west of Jan Mayen, corresponding to a large shift
in spreading directions between Greenland and Eurasia (from NW-SE to NEGAMg(et al,

2009 Gernigon et al. 2012 Seton et al.2012. There is some uncertainty in the timing of

the Aegir Ridge cessation and the jump in rifting to the Kolbeinsey Ridge, and whether Aegir
Ridge was still active when Kolbeinsey Ridge separated Jan Mayen from Gree/@anta

et al. (2009 model the Mohns Ridge linking with the Kolbeinsey Ridge ane Aegir Ridge
expiring at 30 Ma. More recent work gernigon et al(2012 suggest that the rift jump from

the Aegir to the Kolbeinsey actually occurred around chron 10 (28 Ma), and that the Aegir
Ridge did not go extinct until 28 Ma. Break-up of Jan Mayen from Greenland is completed by
chron 60-50 (20-11 Ma) and the Reykjanes Ridge linked to the Mohns Ridge via the Kolbeinsey
Ridge Gaina et al, 2009.

The jump in rift location around Jan Mayen has been attributed to a mantle plume influence
(Muller et al., 2001J), reactivation of inherited structures and strong Archagast, or shifting
far-field forces Peron-Pinvidic et al.20123. Plate reconstructions place the Iceland plume
near the locus of the Kolbeinsey Ridge around chron 13, when rift jumping is believed to occur
(Gaina et al, 2009. However, initial rifting around Jan Mayen is posited to lefédve 50 Ma,



and the plume locus would be under Greenland at that tBaen@ et al, 2009. After 50 Ma,

the influence of the rising plume would most likely affect all ridge systems and the Jan Mayen
crust with magmatic underplating. Evidence for plume magmatism is observed in the seaward
dipping reflectors (SDRs) on the eastern margin of Jan Mayen. Magmatic underplating on the
eastern margin of the Jan Mayen microcontinent is suggested as a possibility based on gradual
changes in lower crustal velocities at the C@Brdjvik et al, 2012).

2.3 Crustal Structure

The crustal structure of the Jan Mayen microcontinent discussed here is based on seismic re-
fraction studies from eight lines (Figu&2). The crustal thickness varies from 7 to 24 km,
with the greatest thickness near the non-continental Jan Mayen Id{adaita et al, 1998
Kandilarov et al, 2012 Breivik et al, 2012. Breivik et al.(2012 identify three crustal lay-

ers in the two profiles 7-00 and 8-00, bkibdaira et al.(1998 andKandilarov et al.(2012
interpret the crustal structure of the Jan Mayen Ridge to the north with two crustal layers. In
the northern part of the Jan Mayen Ridg@edaira et al.(1998 identify an upper crust with P-
wave velocities of 6.0-6.4 knts and a lower crust of 6.7—6.8 knms Just 25 km to the south,
Breivik et al.(2012 identify three basement reflectors and P-wave velocitigés®km s for

the upper crust, 6.25-6.5 kmfor the middle crust, and 6.75—7.0 km'sfor the lower crust.

It is possible that the middle crust identified in the profile8dfivik et al.(2012 corresponds

to the base of the upper crust identified in line L4koidaira et al.(1998 because it is highly
unlikely that the middle crust would pinch out over such a short distance. The upper crustal
signal ofKodaira et al.(1998 could be masked by the flood basalts covering the top basement
in line L4. Both studies include a thick lower crustal layer (approximately 8—12 km thick) and
an asymmetric crustal block shape for the microcontinkntéira et al, 1998 Breivik et al,

2012.

Covering the basement, flood basalts ( 4.6—4.8 kn) are found in the northernmost profile
only (Kodaira et al, 1998. Three sedimentary successions are identified on Jan Majg r

via seismic reflection datd@éron-Pinvidic et al.20123. On the western edge of the L4 profile
through Jan Mayen Ridge, a tilted layer with seismic velocities of 5.0-5.5¥ntavers the
basement and is interpreted to be Paleozoic-age depKetigifa et al, 1998. The sediment
covering the Jan Mayen Ridge is 2—-3 km thick, interpreted to be of Mesozoic to Cenozoic
age based on its seismic velocitiés@aira et al, 1998 Mjelde et al, 2007 Breivik et al,

2012.

2.4 Basin Crustal Structure

The Jan Mayen microcontinent is flanked by the Norway Basin on the east and the Jan Mayen
Basin on the west. The Jan Mayen Basin has a crustal thickness of about 3 km and is interpreted
to be of continental originodaira et al, 1998. Compared to the 15 km-thick crust of the

Jan Mayen RidgeKodaira et al. (1998 estimate a stretching factor of 5 for the Jan Mayen
Basin. The upper crust of the Jan Mayen Basin has seismic velocities of 5.8 to 6.1km s
and the lower crust has velocities of 6.7 to 6.8 knt ¢Kodaira et al, 1998. Two to five
sedimentary layers (including a basalt flow) are imaged in the seismic lines (Lines L3-L6 in
Figure2.2) of Kodaira et al.(1999. Seismic lines L4 and L5 (Figur22) include a lowermost
sedimentary layer with velocities of 5.0-5.5 km!sin the western edge of Jan Mayen Ridge

that extends slightly into Jan Mayen Basko(laira et al, 1998. The high P-wave velocities

and a relatively high Poisson’s ration (1.9) are used to infer that these sediments are Paleozoic
age (possibly matching the Devonian-Permian on the eastern Greenland margin) and have shale-
type lithologies Kodaira et al, 1998 Mjelde et al, 2007). The main Jan Mayen Basin has a
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lowermost sedimentary layer with velocities of 4.0-4.7 kmh and Poisson'’s ratio of 2.2 that
is interpreted to be of Mesozoic-age shale-dominated litholot¢fieddira et al, 1998 Mjelde
et al., 2007). Above that layer, sediments with velocities lower thani3rss 1 are interpreted
to be of Cenozoic and younger ag&saira et al, 1998.

To the east of the Jan Mayen Ridge, seismic refraction lines and reflection lines do not image
attenuated continental crust flanking the ridge, as in the western margin of the microcontinent.
Instead, the Jan Mayen microcontinent abruptly transitions to oceanic crust under the Norway
Basin and Eastern Jan Mayen Fracture Zone. The eastern margin of the main Jan Mayen Ridge
and southern Jan Mayen microcontinent is imaged in the two seismic refraction lines (7-00
and 8-00) ofBreivik et al.(2012. In profile 7-00 across the main ridge and into the Eastern
Jan Mayen Fracture Zone, four sedimentary layers are resoBmivik et al, 2012. The

higher velocity sedimentary layers found on the western margin of the Jan Mayen Ridge are not
observed here. Extending just to the eastern edge of the Jan Mayen Ridge, a layer with P-wave
velocities of about 3.5 km's overlies the basemerB(eivik et al, 2012. Sedimentary layers
extending out into oceanic crust of the Norway Basin have velocities around 2.0 to 2.75/km s
(Breivik et al, 2012, most likely deposited syn- or post-break up.
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Figure 2.1: Map of the North Atlantic (A) and Jan Mayen Micratoent (B). The approxi-

mate boundaries of the continental fragments are shown in a black dashed line. In the regional
map (A), the Jan Mayen microcontinent (JMR) is bounded by the Mohns Ridge (MR), the
Aegir Ridge (AR), the Kolbeinsey Ridge (KR). The Kolbeinsey Ridge extends north from the
Reykjanes Ridge (RR). The black inset shows the location of map (B): the location map with
locations of refractions studies L3-LBd@daira et al, 1999, Line 1-2Kandilarov et al.(2012),

and 7-00 and 8-00Rreivik et al, 2012. The exact southern extent of the Jan Mayen microcon-
tinent is unknown and possibly extends to Iceland. Bathymetry from ETOP@nAIfte and
Eakins 2009.
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3 THE NORTHERN ATLANTIC OCEAN-GREENLAND REGION
3.1 Geologic Background

The East Greenland Ridge is a continental sliver on the northeastern margin of Greenland (Fig-
ure3.1). The East Greenland Ridge is continental crust trappedyatoe Greenland Fracture
Zone. Originally considered to be oceanic crust, it was alternatively attributed to have a con-
tinental affinity because of the fit to the conjugate Senja Fracture Zone in plate reconstruction
models Tsikalas et al.2002. Recent seismic reflection/refraction studies confirmecdctinti-

nental nature of the East Greenland RidQeg$sing et al.2008.

To the north is the Hovgard Ridge, a parallel bathymetric high that might also be continental.
However, seismic refraction studies that reached the margin of the Hovgard Ridge found the
seismic velocities non-conclusivkifzmann et a).2004) (Figure3.2 Gravity data can only

be fit with an oceanic crust, when constraining the crustal thickness with the seismic refraction
data Engen et al.2008.

3.2 Tectonic Setting

The Norwegian-Greenland Sea opened around chron 24r (54-56 Ma), separating northern Green-
land from Lofoten Tsikalas et al.2002 Seton et al.2012. The conjugate Greenland and Senja
fracture zones developed this time, as the Greenland Sea opened. Shortly afterward, the Boreas
Basin between the Hovgard and East Greenland ridges opened around chron 18 (around 40 Ma),
if it is considered to be oceani&figen et al.2008 Dgssing et al.2008. Changes in the plate

motion from chron 24 through chron 13 (53-33 Ma) forced a reorganization of the transform
system and isolated the continental sliver of the East Greenland Rbagsifig and Funck

2012.

3.3 Continental Fragment Crustal Structure
3.3.1 East Greenland Ridge

The East Greenland Ridge is crossed by two wide-angle seismic linegssing et al(2008
(Figure3.2). The crustal thickness of the continental sliver is only &AT (Dgssing et al.
2008. The East Greenland Ridge crust has two layers: an uppéneiths/elocities of 4.8-5.9
km st and a lower crust with average velocities of 6.1-6.6 krh @gssing et a.2008. In
transverse Line B, a region in the lower crust with high velocities (7.3-7.7 Kinasound 50
km is interpreted as serpentinized manB@ssing et a].2008. Coincident multichannel reflec-
tion seismic lines reveal that the upper crust is high faulBalsging and Funck012).

Above the crust, three sedimentary layers are identified in the seismic refraction and reflection
lines. The top layer has velocities of 2.00—2.20 km,she second layer has velocities of 2.40—
3.70 km s'1, and the third sedimentary layer has velocities of 4.00—4.80 KniBassing et al.

2008.

3.4 Basin Crustal Structure
3.4.1 Greenland Basin

Line A of Dgssing et al(2008 partly extends over the Greenland Basin (Fig8u®. Based on

clear magnetic anomalies and the crustal velocities, the Greenland Basin is interpreted as having
a 6.5 km thick oceanic crusD@ssing et al.2008. The two crustal layers of the Greenland
Basin are correlated to oceanic layers 2 and 3. The upper crust (oceanic layer 2) is about 2 km

11



thick with velocities of 5.4-6.5 km (Dgssing et al.2008. The lower crust (ocean layer 3)
is 4-4.5 km thick with velocities of 6.8—7.4 km’s(Dgssing et al.2008.

The sedimentary cover the oceanic crust of the Greenland Basin is about 1-2 knDibsskng
etal., 2008. The three layers of sediments have velocities of 1.85-42.8K, 2.2-2.7 km s,
and 3.2-3.5 kms!, from top to basal sedimentary lay@dssing et al.2008.

3.4.2 Boreas Basin

The southern margin of the Boreas Basin where it abuts the East Greenland Ridge is covered by
Line A of Dgssing et al(2008 and AWI-20090200 line oHermann and Jokat2013 covers

the middle of the basin. This region of the Boreas Basin sampled by Line A is called the NE
Fault Province because of the demonstrable amount of horst and graben structures revealed
in the seismic reflection datdgssing et al.2008. The crustal thickness of the NE Fault
Province of the Boreas Basin here ranges from 2 to 9 km and has velocities of 5.67-7.15 km s
(Dgssing et a].2008. Based on the seismic velocities, faulted upper crust, angsponding

gravity model Dgssing et al(2008 interpret the edge of the Boreas Basin as extremely thinned
continental crust. In line AWI-20090208{ermann and Jokat2013 interpret the crust of the
Boreas Basin as oceanic, based on seismic and gravity modeling. The crust of the Boreas Basin
in line AWI-20090200 is about 3.2 km thick with velocities with three crustal layldesthann

and Jokat 2013. The upper layer (oceanic crust 2a) has velocities of 3%k s 1, the

middle layer (oceanic crust 2b) has velocities of 4.2-5.4 ki and the lower layer (oceanic

crust 2c) has velocities of 5.7-6.3 km's(Hermann and Joka2013.

The three sedimentary layers across the Greenland Basin and East Greenland Ridge are identi-
fied in the NE Fault Province as well. The top two sedimentary layers have velocities of 2.0-2.2
km s! and 2.4-3.7 km st and have nearly continuous thicknesses in this regiaséing

et al., 2008. The third sedimentary layer is mainly restricted to thepdgebens and has ve-
locities of 3.3—4.5 km st (Dgssing et al.2008. In the main Boreas Basin, four sedimentary
layers are identified in the seismic line AWI-20090200 with seismic velocities ranging from 1.6
km s at the top to 3.5 kms! at the base of the fourth layadérmann and JokaR013. The
sedimentary cover has an average thickness of 0.2 km, but locally increases to 1-3 km in small
basins Hermann and Joka®013.
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Figure 3.1: Map of the North Atlantic (A) and East Greenlandd®i (B). The approximate
boundaries of the continental fragments are shown in a black dashed line. In the regional map
(A), AR = Aegir Ridge, EGR = East Greenland Ridge, HR = Hovgard Ridge, JMR = Jan Mayen
microcontinent, KR = Kolbeinsey Ridge, KnR = Knipovich Ridge, and MR = Mohns Ridge.
The black inset shows the location of map (B): the location map with locations of refractions
studies Lines A-B Dgssing et al.2008, AWI-20090200 Hermann and Jokat2013, and
AWI-99400 Ritzmann et a).2004. Bathymetry from ETOPO-1Amante and Eaking009.
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4 THE IRISH MARGIN
4.1 Geologic Background

A series of continental fragments rifted off the Irish Margin includes the Hatton Bank, Rockall
Bank, Porcupine Bank, Faroes, and several smaller fragments (FdiireThe Hatton Bank
trends NE-SW and is flanked on the east by the Hatton Basin and the west by the Hatton con-
tinental margin. The Rockall Bank trends NE-SW and is flanked on the west by the Hatton
Basin and the east by the Rockall Basin. Just north of the Rockall and Hatton Basins, smaller
fragments include the George Bligh Bank, Lousy Bank, Bill Bailey Bank, and the Faroe Bank
(Figure4.1). These small fragments are separated by narrow channeish aie suggested

to have formed from transform faulting, because the bounding fragments lie roughly in a NE-
SW line Funck et al, 2008.The Faroe Islands are on a continental fragment that cesib@c
Iceland via the magmatic Faroe-lceland Ridge and is separated from the Irish mainland by the
Faroe-Shetland Trough. The Fugloy Ridge is a small extension of the Faroes.

The basement of the Faroe shelf and Faroe-Shetland Trough most likely belongs to the Archean
Lewisian complex, which is exposed in the Shetland IslaBés( et al, 1999. Detrital zircons

from the Hatton Bank have ages of 1.8 and 1.75 Ga and Hf isotopic values related to Archean
crust Morton et al, 2009. Structural fabric of the basement in the Rockall Bank, amtim

likely the Hatton Bank as well, run approximately NNE-SSW to NE-N#&lor and Shannan

2005. Roberts et al(1999 suggest that the Hatton, Rockall, and Faroe Basins follav th
Caledonian trend. Jurassic structures in the Faroe-Shetland Trough are oriented NNE-SSW and
truncated by late Cretaceous faults oriented NE-®Wah et al, 1999. The orientation of

major structural fabric in the Porcupine Basin is N-S, possibly Caledonian or ddgtdr and
Shannon 2009.

Magmatic underplating and extrusions are found throughout the Irish margin. The Hatton Bank
has basaltic flows topping the basement and possible magmatic underplating on the west border
towards the Hatton continental margho@t et al, 1998 White et al, 200§. Magmatic under-

plating and basaltic flows become more prevalent in the basins and continental fragments to the
north, such as the northern Rockall basin, Lousy Bank, Bill Bailey Bank, the Faroe-Shetland
Trough, and the Faroe Bank. The Faroe Islands and nearby small continental fragments and
basins are covered with basalt flows. Magmatic underplating of the crust under the Faroes is
found in various regions//hite et al, 2008 Richardson et a.1999 1998. To the southeast,

the Rockall Bank, Rockall Basin, Porcupine Bank, and Porcupine Basin lack any magmatic
intrusions at the base of the crust.

4.2 Tectonic Setting

Contemporaneous rifting and subsidence for the Rockall Basin, Hatton Basin, and Porcupine
Basin is advocated by many (eghannon1991 Doré et al, 1999 Coward 1995. Variscan
intracontinental rifting occurred in the Rockall and Hatton basins, followed by Triassic marginal
and non-marine facies in both areas and the Porcupine fisanfion1991, Coward 19995.

Other authors suggest that rifting initially occurred in the Jurassic in the Rockall Basin only
and then concurrently with the Hatton Basin in the CretaceQuasfield et al, 1999. The
Faroe-Shetland Trough began rifting in Permo-Triassic time, followed by rifting in the Juras-
sic, and three rifting events in the late Cretaceddsa et al, 1999. The main rifting stage

for the Porcupine Basin was during the late Jurassic- early Cretadday®( and Shanngn

2005 Calwes et al, 2012). The extension direction shifted during the three riftingapes for
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the Porcupine and Rockall area: from NW-SE directed Permiassic extension to E-W ex-
tension in the late Jurassic to the early Cretaceous, followed by Cretaceous extension oriented
NW-SE Shannon et al.2007). Compressional events in the Jurassic and Cretaceousare pr
posed based on stratigraphic features in the Porcupine Bztsam(ion et a|2007 Yang 2012).

The three basins underwent thermal subsidence in lower Cretaceous to Tertiarghanadn

1991).

Seafloor spreading between Porcupine Bank and North America started around 110-105 Ma
(Seton et al.2012. Seton et al(2012 propose in their plate reconstructions that the Porcupine
Abyssal Plain was a oceanic plate that was active during Labrador-Greenland spreading (84—
33 Ma) and ceased spreading at 33 Ma (chron 13). Seafloor spreading between Ireland and
North America near the Rockall Bank began in the late Cretaceous (around 79 or 83é¥ta) (

et al., 2012 Gaina et al, 2002 and continued northwestward to the breakup of the Labrador
Sea Roest and Srivastayd989. But breakup and spreading between the Hatton Bank and
Greenland began around Chron 24 (56-53 Ma), after seafloor spreading ceased in the Labrador
Sea Elliott and Parson2008.

4.3 Continental Fragment Crustal Structure
4.3.1 Hatton Bank

We discuss the Hatton Bank crustal structure in this section based on wide angle seismic re-
fraction lines from two studies: iSIMM-5 and RAPIDS-2 (Figut€?). The RAPIDS-2 and
ISIMM-5 seismic lines run perpendicular to the trend of the Hatton Bank (Figuje The
ISIMM-5 seismic line across Hatton Ban&rith et al. 2005 White et al, 2008 White and
Smith, 2009 was carried out in 2002 and builds upon the earlier seismigteofFowler et al.
(1989. RAPIDS-2 traverses just south of the Hatton Bank. The atuisickness of the Hatton
Bank is estimated to be 22—-24 kirofvler et al, 1989 White and Smith2009. Two crustal
layers are imaged under Hatton continental maryogt et al, 1998. The upper crust has
velocities of 5.8-6.2 kms and the second crustal layer has velocities of 6.5—6.7 Knf\fogt

et al., 1998. Further west on the RAPIDS-2 line, a lower crustal layeoisnd in the Hatton
Bank, suggesting that the lower crustal layer possibly pinches out seaward (EFigur&@he
tomographic study across the iISIMM-5 line does not image layers within the continental crust
(White and Smitf2009.

A high velocity body under the Hatton Bank continental margin is well imaged in wide-angle
seismic studiesHowler et al, 1989 White et al, 2008 White and Smith2009 Vogt et al,
1999. P-wave velocities for this layer are 7.2—7.5 kit §White and Smith2009 Vogt et al,
1998. SDRs are interpreted in the overlying crust and sedimeintseoHatton continental
margin White et al, 2008 White and Smitj2009.

A thin layer (0.5—-2 km thick) of sediments covers the basement of the Hatton Bagke( al,
1998 White and Smith2009. Two sedimentary layers with Cenozoic-age unconformdres
identified on the corresponding reflection line of iISIMM/ljite and Smith2009. Below
these sediments, a layer with velocities ranging from 4.70 to 5.90 Kna@vers the basement,
and could be either Mesozoic/Paleozoic sediments or basaltic flblvgg and Smith2009.
Vogt et al.(1998 identifies only two sedimentary layers in the Hatton Bank eodtinental
margin: the upper layer is 0.5-1 km thick with an average velocity of 2.0#mand the lower
layer is 2 km thick with an average velocity of 4.2 kmts
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4.3.2 Rockall Bank

Since the 1990’s, only one seismic refraction study (RAPIDS-2) has traversed the Rockall Bank
(Figure4.3) because refraction studies of the Irish Margin crustalcstme have primarily fo-
cused on the basins (Figutel). The RAPIDS-2 transverse line crosses the southern pdreof t
Rockall Bank, whereas RAPIDS-33 extends into the southern part. The crustal thickness of the
Rockall Bank is about 30 km, correlating to a stretching factor of only Yegt(et al, 1998
Morewood et al.2005. Three crustal layers are imaged in the Rockall Bank by theIR&S-2

and RAPIDS-33 studies. The upper crust is estimated to be around 7 km thick with velocities
of 6.0-6.2 km s (Vogt et al, 1998 Morewood et al.2005. Vogt et al.(1998 determine ve-
locities of 6.5-6.7 kms' for the middle crust, whil&lorewood et al(2005 estimate slightly
lower velocities of 6.3-6.4 km™s. The lower crust has velocities of 6.7—-6.9 km'gVogt

et al., 1998 Morewood et al.2005. A thin layer of sediments covers the Rockall Bank (0-1
km thick) with velocities around 4.0 kn1$ (Vogt et al, 1998. No basaltic flows or magmatic
intrusions are imaged on the Rockall Bank.

4.3.3 Porcupine Bank

Only two recent published seismic refraction studies (RAPIDS-33 and RAPIDS-4) extend onto
the Porcupine Bank (Figure4). The crustal thickness of the Porcupine Bank is about 25-28
km (Whitmarsh et a].1974 Morewood et al.2005 O’Reilly et al, 2006. The Porcupine Bank

has undergone stretching of a factor 1 tdVBfewood et al.2005. Three crustal layers were
identified on the RAPIDS-3 study, with velocities of 6.0—-6.2 km & the upper crust, 6.2—6.4

km s~ in the middle crust, and 6.6—6.8 km'sin the lower crustflorewood et al.2005. The
sedimentary thickness above the Porcupine Bank is around 1 km thick with velocities of 5.0-5.1
km s, and is related to Permo-Triassic age deposits or weathered baséfoeawbod et al.

20049).

4.3.4 The Faroes

Numerous wide-angle seismic studies have covered the Faroe Shelf and its marginsi(B)gure
The Faroe Islands have a crustal thickness of about 30—33Rkrh4grdson et a).1999 White

et al.,, 1999. Minus the addition of basalt®ichardson et al(1999 suggest that the Faroe
crustal thickness is more on the order of 20 to 30 km. Using teleseismic receiver functions from
land stationsHarland et al.(2009 determined the Moho to be around 29-32 km. Combined
seismic refraction and gravity modeling across the southwestern region of Faroe Shelf identifies
a crustal thickness ranging from 17 to 25 kRaum et al.2005. The Fuglgy Ridge, which

is the northern arm of the Faroe shelf, has crustal thickness of around 2Rder(s et al.

2009.

The Faroes are covered by sediments with velocities of 2.0—-4.5 knm&ermingled with Ter-
tiary basalt flows with velocities of 5.0-6.0 km’s(Richardson et a).1999 White et al, 1999
2008 Roberts et al.2009. The thickness of basalts and sediments can get up to 5-1hkm o
the FaroesRichardson et a).1999. High velocity > 4.0 km s 1) sediments are interpreted to
be Cretaceous or older syn-rift deposia(um et al.20095.

Crustal velocities on the FAST and FLARE seismic profiles range from 5.7—6.0 kratshe
top to 6.8—7.2 km st at the base of the crusRichardson et a).1999. Roberts et al(2009
model the crust in the Fuglay Ridge with velocities ranging from 5.5 to 6.9 khasthe base
of the crust. The two seismic lines of AMG delineate two crustal layers (Fi®eThe upper
crust of the Faroe shelf has velocities of 5.9-6.25 krhand the lower crust has velocities of
6.5-7.0 km s! (Raum et al.2005. Seismic velocities greater than 7.0 kmtsit the base of
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the lower crust on the FLARE, FAST, and iSIMM seismic lines eterpreted as magmatic
underplating Richardson et a).1999 Roberts et al.2009. However, these high velocities are
not modeled in the AMC seismic lines which overlap the FLARE and FAST liResi(n et al.
2005.

4.3.5 Other small continental fragments

Several small fragments around the northern Rockall Basin include the Lousy Bank, Bill Bailey
Bank, Faroe Bank, and the George Bligh Bank (Figt®. The crustal thicknesses of these
fragments are around 24 km for the Faroe Bdrfknck et al, 2008, 25 km for the Bill Bailey

Bank (Funck et al, 2008, 14.5 km for the George Bligh Bank(nck et al, 2008, and 18-24

km for the Lousy BankKlingelhofer et al, 2005 Funck et al, 2008. Basalt flows extending
from the Faroe Shelf cover these small continental fragments (FigbreKlingelhofer et al.
(2005 model these basalt flows as directly overlying the basemdrgreas more recent work

on perpendicular seismic lines IBunck et al.(2008 model a layer of mixed sediments and
magmatic extrusions between the basalt and crystalline crust.

Under the crust of the Lousy Bank, a layer occurs with velocities of 7.2—7.4 Knfidin-
gelhofer et al, 2005 Funck et al, 2008. The Lousy Bank has an upper crust with velocities of
5.75-6.4 km st and a lower crust with velocities of 6.6—6.8 kmtgKlingelhdfer et al, 2005.

Funck et al (2008 divide the upper crust into two layers, therefore intelipgethe Lousy Bank

crust as having an upper, middle, and lower crust. The three crustal layers in seismic lines Line
A and Line B are found in the Lousy Bank, George Bligh Bank, and Faroe Bank. The upper
crust has typical velocities of 5.5-5.9 km'sthe middle crust has velocities of 6.0-6.2 knt,s

and the lower crust has velocities of 6.5-6.8 km §~unck et al, 2008. To the south of the
Lousy Bank, the three crustal layers continue under the George Bligh Bank, but the continental
fragment is underplated by magnfaufick et al, 2008. The middle crust in the George Bligh
Bank has higher velocities then the underlying lower crust, and is therefore interpreted as a
magmatic intrusionKunck et al, 2008. The middle crust pinches out under the Bill Bailey
Bank, to the north of the Lousy Bank (Figudeb). Further north, close to the Faroe Shelf, the
small Faroe Bank is modeled with the same three crustal layers as in the neighboring fragments
and the Faroe Shelf.

4.4 Basin Crustal Structure
441 Hatton Basin

The Hatton Basin separates the Hatton Bank from the Rockall Bank. The crustal thickness
of the Hatton Basin ranges from 8 to 15 kivb{jt et al, 1998 Funck et al, 2008 White and
Snith, 2009. The two seismic lines traversing the central and southams pf the Hatton Basin
(iISIMM-5 and RAPIDS-2) do notimage any high velocity bodies under the basin, whereas Line
B (Funck et al, 2008, which runs along the northern axial trend of the basin, isrpreted to

have a high velocity layer (7.25 knt$) under the thin continental crust. Across the southern
Hatton BasinMogt et al.(1998 interpret three crustal layers, with velocities of 5.8-612s 1

in the upper crust, 6.5-6.7 kntsfor the middle crust, and 6.8—6.9 km’sfor the lower crust.

The crustal velocities determined for Line B in the northern Hatton Basin yield lower velocities,
with 5.45-5.70 km st in the upper crust, 6.15—6.20 kmsin the middle crust, and 6.45—6.60

km s 1 in the lower crustfunck et al, 2008.

In the Hatton Basin, two sedimentary layers are well resolviedt(et al, 1998. The upper
layer is 2 to 3.5 km thick with a velocity of 2.0 kntsand the second sedimentary layer is
about 3.5 km thick with velocities of 4.2—4.6 kms(Vogt et al, 1998. In the northern part
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of the basin, the sedimentary thickness is about 2 km withoitids of 1.7-3.7 kms! (Funck

et al., 2008. Basalt flows cover the basement in the seismic lines iISIM&R8 Line B, but

not in RAPIDS 2 in the southern part of the Hatton Basin. Basaltic layers are between the
sedimentary layers and upper crust and have velocities of 4.9-5.5k(fsnck et al, 2008

White and Smit2009.

4.4.2 Rockall Basin

The RAPIDS-2 and RAPIDS-33 wide-angle seismic lines cross the Rockall Basin (Bigure
4.3). The Rockall Basin ranges from 5 to 13 km in thickness, tmgrniowards the south. The
northern Rockall Basin, north of the Rockall Bank, has a crustal thickness of 1Xkm (
gelhofer et al, 2005. The southern part of the Rockall Basin, between the Ro@&ailk and
the Irish Shelf and Porcupine Bank, has thicknesses of 5—Haundger et al. 1995 O’Reilly

et al., 1995 Morewood et al.2005. Unlike the surrounding high regions, the Rockall Bank
has two crustal layers identified rather than three. The upper crust has velocities of 6.0-6.4
km s~ (Hauser et al. 1995 O'Reilly et al, 1995 Morewood et al.2005 Klingelhofer et al,
2009. In the northern Rockall Basin, the lower crust has velesitif 6.4—6.8 kms! (Klin-
gelhofer et al, 2005. The southern part of the Rockall Basin has lower crustadorgés that
are slightly higher: 6.7—6.9 knt$ (Hauser et al. 1995 O’Reilly et al, 1995 Morewood et al.
2005.

The basin fill is up to 7 km thick, and several sedimentary layers are identified via compan-
ion reflection studies. Six sedimentary layers are interpreted to be of Paleozoic to recent age
(Mackenzie et a]2002 Morewood et al.2004). The small perched basins on the margins of the
Rockall Basin (the Erris, Macdara, and Conall basins: Figu8 have the older sedimentary
successionsNlorewood et al.2004). Thick basaltic flows (around 1.5 km thick) layered within

the sediments are identified in the northern Rockall Basiim@elhofer et al, 2009, but not in

the southern main basin. Minor Tertiary dikes and sills are imaged in the reflection studies of
the southern Rockall Basiliprewood et al.2004).

A sub-Moho layer is imaged in the southern, main Rockall Basin, by strong mantle reflections
(PP phase) 6 to 7 km below the Moh@'Reilly et al, 1995 Morewood et al.2004). Below

the Moho, the mantle has velocities of 7.5-7.8 knt §O’Reilly et al, 1995 Hauser et al,

1995 Morewood et al.2004), and the origin has been suggested to be serpentinizedemantl
(Shannon et al.1999 or strain-related anisotropy.

4.4.3 Porcupine Basin

The Porcupine Basin is covered by only one refraction line: the RAPIDS-4 wide angle seismic
line (Figure4.1, 4.4). The crustal thickness is asymmetric and possibly thing f2s-3 km to
nothing O’'Reilly et al, 2006. Crustal velocities are around 6.0-6.5 kmt §O’Reilly et al,
2006. The sedimentary basin fill is around 10 km thick, with thrageks identified through
wide-angle seismic method®Reilly et al, 200§. The upper sedimentary layer has velocities
of 2.0-2.4 km s and is interpreted as Cenozoic and mostly Neog€&iR¢illy et al, 2008.
The second layer has thicknesses ranging from 3 to 7 km with velocities of 3.2-3.8%km s
interpreted as Cenozoic (Paleogene) sedimedR€illy et al, 2006. The third, basal sedi-
mentary layer is 4 to less than 1 km thick with velocities of 4.5-5.0 kfnasd is interpreted as
Jurassic age sedimen@'Reilly et al, 2006. Thin high velocity layers (5.5-6.0 knT8) within

the Cenozoic sediments are interpreted as basalt flows and®Rei(ly et al, 2006. Perched
basins on the edge of Porcupine Bank contain Jurassic to Tertiary age sediMeras/¢od

et al., 2004).
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Below the extremely thinned crust at the center of the PormuBiasin, the mantle has a layer
with low velocities of 7.2—7.5 kms' that grades laterally to high values of 8.2 knt sowards
the basin margins'Reilly et al, 200§. Similar to the low velocity layer under the Rockall
Basin, this sub-Moho layer is interpreted as serpentinized mantle.

4.4.4 Faroe-Shetland Trough

The Faroe-Shetland Trough is crossed by several refraction seismic lines (Fityared4.5).

The two AMG lines cross the Corona and Judd basins, which are perched basins on the south-
west margin of the Faroe-Shetland Trough. The FAST and FLARE seismic lines cross into
the Faroe-Shetland Trough (Figuteéb). The Faroe-Shetland Trough has a crustal thickness of
around 15-20 kmRichardson et a).1999. Raum et al(2005 estimate a crustal thickness
around 8 km under the Judd Basin and 15 km under the Corona Basin/Faroe-Shetland Basin.
The crust has velocities of 6.4 kmsat the top and 6.8 km'$ at the baseRichardson et a.

1999. Two crustal layers are identified in the AMG lines, with etees of 5.9-6.25 km st

in the upper crust and 6.5—7.0 km'sin the lower crustRaum et al.2005.

The basement is overlain by rift-related sediments intermingled with magmatic extrusions and
intrusions. The basin fill is up to 5 km in the FLARE and FAST seismic lifestardson et a.

1999 and up to 1 km in the perched Judd Badra(m et al.2005. The basaltic flows on the
Faroe shelf pinch out into the basiRiChardson et a).1999 Raum et al.2005.

4.4.5 Crustal lows between small continental fragments

The Lousy Bank, George Bligh Bank, Bill Bailey Bank, and Faroe Bank are separated by nar-
row channels with thinned continental crust. These narrow basins are filled with the same basalt
flows and sedimentary layers that cover the surrounding small continental fragments. The
crustal thickness of these regions are much lower than the continental fragments with thick-
nesses as low as 8 knrynck et al, 2008. On seismic line AMP-A, these thinned crustal
regions correspond to areas where the middle crust pinches out (Bi§ure
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Figure 4.1: Map of the Irish Margin. The approximate boureof the continental fragments
are shown in a black dashed line. BBB = Bill Bailey Bank, FB = Faroe Bank, FR = Fugloy
Ridge, GBB = George Blight Bank, LB = Lousy Bank. The locations of refractions lines
iISIMM 5 (Smith et al, 2005 White et al, 2008, RAPIDS 2-transverséX'Reilly et al, 1995

Vogt et al, 1998, RAPIDS 2-axial Hauser et al. 1995, RAPIDS 33 Mackenzie et al2002
Morewood et al.2004 2005, RAPIDS 4 O'Reilly et al, 2006, Line A and BFunck et al.
(2008, AMP-D (Klingelhofer et al, 2005, and AMP-E Klingelhofer et al, 2009, iSIMM 1-2
(Roberts et al.2009, FLARE (Richardson et a).1999, FAST (Richardson et a).1999, and
AMG 1 and 2 Raum et al.2009 are shown in thick black lines. Bathymetry from ETOPO-1
(Amante and Eaking009.
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et al. (2008; Roberts et al(2009).
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5 THE NEWFOUNDLAND MARGIN
5.1 Geologic Background

The Flemish Cap and Orphan Knoll are two continental fragments off the Atlantic margin of
Newfoundland. The Flemish Cap is separated from the Grand Banks shelf by the narrow Flem-
ish Pass. To the north, the Orphan Knoll is separated from Grand Banks by the Orphan Basin.
The Flemish Cap and Orphan Knoll are both bordered by oceanic crust of the mid-Atlantic
Ocean on the east. The basement of the Flemish Cap is composed of Hadrynian age granodior-
ites, and is part of the Avalon Terrani€iig et al, 1985. Sibuet et al(20070 suggest that the
Orphan Knoll was once connected to the Flemish Cap, but was broken apart during rifting of
the Orphan Basin and Flemish Pass.

5.2 Tectonic Setting

Rifting in the Orphan Basin, Flemish Pass, and Jeanne D’arc Basin occurred in the late Triassic-
early Jurassic and late Jurassic-early Cretaceeastgr and Robinsqri993 Tucholke et al.

2007). The Orphan Basin was formed by three rifting phases thagrpssed east to west: firstin

the late Triassic-early Jurassic in the east part of the basin, then late Jurassic to early Cretaceous
in the northwest part of the Orphan Basin, and then a final stage in the late Cretaceous further to
the west Sibuet et al.2007g. Based on plate reconstructions, the Flemish Cap was efgct

a microplate moving along flow lines that are oriented N20E, like the fault trends in the Orphan
Basin, between M25-MO (late Jurassic-early Aptigdip(et et al.2007h.

The time and location of breakup between Newfoundland and the Iberian margin is still debated
(see references irBeton et al.2012. Breakup of Newfoundland (southeast of the Flemish
Cap) with the Iberian margin is suggested to have started as early as 147 Ma (based on mag-
netic Anomaly M21) Erivastava et a.200Q Sibuet et al.20073, or at 128 Ma (chron M5)
(Russell and WhitmarsR003, or even later at 112-118 Ma (based on stratigraphic wditk) (
cholke et al, 2007). M21 is a low amplitude magnetic anomaly, implying an ulivasbreak-up
(Srivastava et aJ.200Q Sibuet et al.2007a Seton et al.2012. Between Anomalies M20

and MO (from late Jurassic to early Aptian: 156-118 Ma) the Orphan Basin and Flemish Pass
were openedSibuet et al.20073. Seafloor spreading between Newfoundland and Iberia after
chron MO is well establishedS{buet et al.2007a Seton et a].2012. The ultraslow extension
allowed an extensive period of mantle exhumation before seafloor spreading began in the late
Aptian-early Albian (115-110 Ma)lucholke et a].2007).

5.3 Continental Fragment crustal structure
5.3.1 Flemish Cap

The Flemish Cap has a crustal thickness of around 30Fungk 2003 Gerlings et al, 2011
(Figure5.1). Three crustal layers are identified on the Flemish Cap: aemugrust with veloc-

ities of 5.8-6.2 km st, a middle crust with velocities of 6.3—6.45 kms and a lower crust

with velocities of 6.6—-6.85 kms (Funck 2003 Gerlings et al, 2011). Pockets of sediments
cover the Flemish Cap. A 6 km-thick layer with velocities of 5.4 km everlain by a less than

1 km-thick layer with velocities of 2.8 knm¢ are found in a perched basin at the northwest part

of the Flemish CapRunck 2003. On a perpendicular transversgerlings et al(2011) model

two sedimentary layers in that region with velocities of 2.9-3.1 krhand 4.7-4.9 km 5.

The second sedimentary layer is poorly resolved on both seismic lines, and therefore loosely
interpreted as pre-rift sediments/igneous rodksnck 2003.
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5.3.2 Orphan Knoll

The Orphan Knoll is covered by only one published wide-angle refraction Ghéaf et al,

2007 (although results of the recent OBWAVE project should belighkd soon). The crustal
thickness of the Orphan Knoll is around 12-15 k@h{an et al, 2001). A thick sedimentary
package overlies the Orphan Knoll and Orphan BaSiman et al.(200]) correlated the velocity
model from the seismic reflection study to stratigraphic data from Blue well H-28. Several thin
sedimentary layers (less than 1 km thick) with velocities under 3 khoserlie two thick layers
(3-5 km thick) with velocities of 3.2-3.3 kmr$ and 4.1-4.7 km'st, which are correlated to
Cretaceous and Triassic-Jurassic stratigraphic layers, respec@edn(et al, 2007).

The upper crust, which was originally interpreted ®lian et al.(2001) as metasedimentary
basement cover due to the low velocities (5.3-5.9 ki) salculated from the crustal velocity
model, most likely has velocities around 6.0 kmtssimilar to those on Grand Banks and
Flemish Cap Peron-Pinvidic and Manatscha2010. The middle crust has velocities of 6.1—
6.5 km s and the lower crust has velocities of 6.8—7.0 km €Chian et al, 2001).

5.4 Basin crustal structure
5.4.1 Flemish Pass

The Flemish Pass has a crustal thickness of 12 km according to a 1-D velocity rHedal (
and Barrett 1981). More recent wide-angle seismic studies are not well resband estimate
the thickness of the Flemish Pass around 15-20\Wam Avendonk et 312006 Gerlings et al,
2011). The crust has three layers with velocities of 5.8-6.1 krh $.3-6.45 km s?, and
6.65—6.85 km s! (Gerlings et al, 2011).

5.4.2 Orphan Basin

The Orphan Basin has a crustal thickness of 6-20 Kee( and Barrett1981; Chian et al,
2001). A 1-D velocity profile under the Orphan Basin reveals twostaulayers with velocities
of 6.11 km s and 7.39 km s! (Keen and Barrett1981). The more recent wide-angle study
of Chian et al.(2001) does not yield velocities of 7.35 knt§in the lower crust and therefore
the authors interpret this to indicate there is no lower crustal magmatic underpl&timgn

et al. (2007) identified two crystalline crust layers with velocities 0165.5 km st and 6.8-7.0
km s~1. Overlying these two layers, a heavily faulted layer with layers of 5.1-6.0 khiss
interpreted as acoustic basement, such as a pre-rift metasedimentarClaiger €t al, 2001).
This layer is most likely an upper crustal layer. The basin fill is up to 10 km thick, and consists
of layers correlated to recent (1.8-1.85 kmt)s Miocene (2.0-2.2 kmst), Paleocene-Eocene
(2.4-2.6 km s1), Cretaceous-Paleocene (3.1-3.3 km)sand Paleozoic stratigraphy (4.1-4.9
km s1) (Chian et al, 2001). The Paleozoic layer fills in troughs between the ridges plenp
crustal layer.
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6 GALICIA BANK
6.1 Geologic Background

The Galicia Bank is a small continental fragment on the Iberia margin, separated from the
continental shelf on the east by the Galicia Interior Basin (Figute To the west of the Galicia
Bank lies the small Galicia Basin followed by exhumed continental mantle and then ocean floor
of the North Atlantic. Pre-rifting, the Galicia Bank is believed to have been connected to the
Flemish Cap and Orphan Knoll continental fragme&idyet et al.20071.

6.2 Tectonic Setting

The initial phase of rifting, from late Triassic to early Jurassic, opened up rift basins on the Iberia
margin and the Galicia Interior Basin, as well as along the Flemish Pass and Orphan Basin, but
not between the Flemish Cap, Orphan Knoll, and Galicia Banklfolke et al.2007). From

basin stratigraphy, the main rifting stage in the Galicia Interior Basin is posited to have occurred
during Berriasian to Valanginian (140-132 May¢holke et a].2007). The Galicia Bank rifted

away from the Flemish Cap and Newfoundland margin by the Hauterivian-Barremian (126 Ma),
but seafloor spreading might not have initiated until the late Aptian-early Albian (115-110 Ma)
(Tucholke et al.2007. However, other models of the Newfoundland-Iberia breplsuggest

that rifting between the Galicia Bank and Flemish Cap was concurrent with rifting in the Galicia
Interior Basin, Flemish Pass, and Orphan Basin, with seafloor spreading initiating much earlier
around 147 Ma $rivastava et a).200Q Sibuet et al. 2007g. Still other studies suggest a
different time for Newfoundland-Iberia break-up, around 120 Ma, following the main rifting
event between the Flemish Cap and Galicia Batkssell and WhitmarsR003 Welford et al,

2010.

6.3 Continental Fragment Crustal Structure

The Galicia Bank crustal thickness ranges from 13 to 19 km tl@dn(@lez et al, 1999 Pérez-
Gussing et al, 2003 Zelt et al, 2003 Clark et al, 2007). Two crustal layers are identified by
Pérez-Gussing et al.(2003: an upper crust with velocities of 5.0-6.3 km'sand a lower

crust with velocities of 6.6—7.0 knT$. The seismic velocity models @elt et al.(2003 and

Clark et al. (2007 do not include crustal reflections, so crustal layering waisadldressed in
these studies. In these two studies the seismic velocities for the Galicia Bank crust range from
5.5-6.7 km st (Zelt et al, 2003 Clark et al, 2007. The Galicia Bank is covered by about

1 km of sediments, which have velocities of 1.8—3.3 km and are correlated to Late Aptian

and younger age$érez-Gussing et al, 2003. On the N-S oriented refraction line of ISE-9,
sediments with velocities of 2.8-3.5 knmswere imaged with thicknesses around 1 km across
the bank and increasing to 3.5 km locally (in small fault-bounded bad@iajK et al, 2007).
Pockets of Hauterivian to late Aptian age sediments are found on the eastern flank of the Galicia
Bank (Pérez-Gussing et al, 2003.

6.4 Basin Crustal Structure

The Galicia Bank is bound by the Galicia Interior Basin on the east and the Galicia Basin
oceanward (Figuré.l). Further west, the region of exhnumed mantle called the BetecRidge

is exposed. The southern boundary of the Galicia Bank is marked by thinned continental crust
that extends nearly 140 km long from the bank to the Southern Iberian Abyssal Plain, which is
believed to be a massive crustal slun@datk et al, 2007). This mass-wasting hypothesis for

the Galicia Bank-Southern Iberian Abyssal Plain boundary is supported by the lack of syn-rift
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sediments above the thinned crust in this reg@laik et al, 2007). The Galicia Interior Basin

has a crustal thickness ranging from about 5-8 R&dz-Gussing et al, 2003 to 10-13 km
(GonZlez et al, 1999 Zelt et al, 2003. Pérez-Gussing et al.(2003 estimate that the Galicia
Interior Basin has undergone a stretching of factor 1.5-2 (at the basin edges) that increases to
5.5 at the center of the basin. At the Galicia Basin, the crust is as thin as 3 km, corresponding
to a stretching factor of 103onzAlez et al, 1999.

Crustal velocities for the Galicia Interior Basin range from 6.2—6.9 kih(Zelt et al, 2003

and Pérez-Gussing et al.(2003 note that the upper crustal layer found on the bounding @alic
Bank and Iberian Shelf thins to less than 1 km in the basin. The upper crust has a high velocity
gradient from 5.3-6.3 km™s and is composed of many small ridgé¥ez-Gussing et al,

2003. The lower crust has velocities of 6.6-6.9 km'snd thins to 5 km in the center of the
Galicia Interior Basin Pérez-Gussing et al, 2003. The crustal velocity model beneath the
Iberian Shelf is best fit when including a middle crust, but this layer does not continue into
the Galicia Interior BasinRérez-Gussing et al, 2003. Below the Moho, the mantle has low
velocities of 7.7-7.8 kms, but these velocities are so far unexplainBé¢z-Gussing et al,

2003.

The basin fill in the center of the Galicia Interior Basin reaches a thickness of about 5—6 km
(Pérez-Gussing et al, 2003 Zelt et al, 2003. Using tomographic methods on wide-angle
data,Zelt et al.(2003 identify three sedimentary layers with velocities rangfiragm 3 km st

at the top to 4.7 km st at the base.Pérez-Gussing et al. (2003 identify five sedimentary
layers with reflection and refraction methods, with velocities of 1.8-2.9 km31-3.3 km

s71, 3.35-3.4 km 51, 3.8-4.3 km 5%, and 4.7-4.9 km .. The first three layers correspond

to Late Aptian and younger sediments, based on the basal unconformity under |&gezZ3 (
Gussing et al, 2003. Layer 4 and 5 are interpreted as Hauterivian and Valangidéposits,
respectively Pérez-Gussing et al, 2003.
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7 EAST AUSTRALIAN MARGIN (TASMAN FRONTIER)
7.1 Geologic Background

Off the eastern margin of Australia, several submarine highs of possibly continental origin exist
in the Tasman Frontier (Figurél). The Lord Howe Rise, Dampier Ridge, Fairway Ridge,
Norfolk Ridge, and New Caledonia Ridge are long, N-S trending fragments between the Tasman
Sea and the New Hebrides and Tonga subduction zones. At 1600 km long and 400-500 km
wide, the Lord Howe Rise is the largest submarine high in the Tasman Frohltexck et al,

2006, and continues south to the Challenger Plateau and Newntkatantinent. The entire
region of the Lord Howe Rise-Norfolk Ridge-New Caledonia Ridge and Basin is suspected
to be underlain by continental crust and called Zealandia. One hypothesis for formation of
the continental fragments surrounding the Tasman Sea is rifting due to rift jumping produced
by a plume or hot-spotGaina et al, 1998 2003 Crawford et al, 2003. The ribbon-like
continental fragments to the east of the Lord Howe Rise (Norfolk Ridge, New Caledonia Ridge,
Fairway Ridge) are separated by thin and long basins which formed due to repetitive back arc-
extension and slab rollbackdrolias et al. 2003 Schellart et al. 2006 Sdrolias and Miler,

2006. To the east and south of these fragments, island arcs #aiaallel to the continental
fragments include the Loyalty Ridge and the Three Kings Ridge. To the north of the Lord Howe
Rise, various submarine highs with possibly continental yet still unconfirmed origin include the
Mellish Rise, Louisade Plateau, Kenn Plateau, and Chesterfield Plateau.

The continental affinity of many of these fragments is based on rock samples from dredging,
drilling, and field collection on islands. The sparsity of wide-angle seismic data in this region
has made it difficult to confirm gravity-derived thicknesses and crustal structure. The crustal
thickness of Zealandia ranges from 13 to 30 km, as determined from combined gravity and
crustal modeling$egev et al]2012. The Zealandia continental crust is suspected to be a con-
tinuation of the Lachlan or New England orogens from Australia into New Zeatunthérland

1999. The basement beneath the Lord Howe Rise has been drilletlentified as Permian
metasedimentary rocks from the Australian New England Orolglemt{mer et al, 2008. Dat-

ing of drill and dredge samples from the Dampier Ridge and Norfolk Ridge indicate they are
underlain by continental crustAicDougall et al, 1994 Mortimer et al, 1998.

7.2 Tectonic Setting

Prior to rifting and extension in Zealandia, the region was in compression under the Mesozoic
subduction of the Phoenix-Pacific plate. The Norfolk Ridge and its northern extension, the New
Caledonia Ridge, separated from the Lord Howe Rise and Australia by the opening via back-
arc spreading of the New Caledonia Basin in the early Cretaceous around 128dkééias

et al., 2003 Schellart et al.2006. Later, the Lord Howe Rise started rifting from continental
Australia after 95 MaGaina et al, 1998. ConverselyBache et al(2014) suggest that con-
current widespread rifting occurred in Zealandia under the New Caledonia Basin and Tasman
Sea in the Jurassic to early Cretaceous (between 100 to 85 Ma). At 84 Ma, the rifting in the
Lord Howe and Middleton Basins would separate the Lord Howe Rise from the Dampier Ridge
(Gaina et al, 1998. The movement of the Lord Howe Rise and Dampier Ridge areesigd

to be produced by the hot spot that created the Tasman sea volcanic@Ghaia ét al, 2003.
Seafloor sea spreading was active in the Tasman Sea from about 83 to 32diha (et al,

1998 2003. The Fairway Basin opened in Upper Cretaceous (Cenomaaimh$eparated the
Fairway Ridge from the Lord Howe Ris€¢llot et al, 2009. The Norfolk Basin was active
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in the late Oligocene to Early Miocen®i6rtimer et al, 2014). The Fairway, New Caledonia,
and Norfolk basins possibly opened as back-arc basins due to slab rollBel&liart et al.
2006.

7.3 Continental Fragment Crustal Structure

Very few wide-angle seismic studies have covered the Tasman Frontier. Wide angle seismic
studies via two ships performed in the late 60s resulted in 1-D crustal velocity profiles on many
of the structures. Only one modern (post 1990s) refraction study has been undertaken to ex-
amine the crustal nature of these submarine highs. Of the numerous continental fragments and
basins in the Tasman Frontier, only the Lord Howe Rise, Norfolk-New Caledonia Ridge, Fair-
way Ridge, and their related basins are covered by wide-angle seismic lines that can confirm
their crustal thickness, structure, and nature.

7.3.1 Lord Howe Rise

The 1D crustal velocity model @hor et al.(1971]) found a crustal thickness of around 27 km

on Lord Howe Rise (Figur&.3). Klingelhofer et al. (2007) models the crustal thickness a bit
thinned, at 18-25 km thickness, using wide-angle seismic refraction and gravity methods. The
two Zoneco lines cross the Lord Howe Rise and are modeled with three crustal layers (Figure
7.2). The upper crust has a velocity of 4.5-5.8 km,ghe middle crust has velocities of 6.4—6.6

km s 1, and the lower crust has velocities of 6.6—6.8 km &lingelhdfer et al, 2007). The

low (< 5 km s71) velocities found in the upper crust le&tingelhofer et al.(2007) to interpret

this layer as volcanic or sedimentary rocks. In comparison, the early crustal velocity profile of
Shor et al.(1971) divides the crust into two layers with velocities of 5.95 kmt end 6.8 km

S

The sediment thickness above the acoustic basement on Lord Howe Rise ranges from hundreds
of meters to 3 kmKlingelhofer et al, 2007). On the Zoneco-N line, three sedimentary layers

are modeled with velocities of 2.15 to 2.7 km's 2.8 to 3.15 km s, and 3.2 to 4.6 km s
(Klingelhofer et al, 2007). The first layer is correlated to Mid Miocene and younger iseiits,

the second to upper Eocene to lower Miocene sediments, and the third layer to Cretaceous
to Paleocene sequencéddifgelhofer et al, 2007). Two sedimentary layers are identified in

the Zoneco-S line with velocities of 2.16-3.2 km'sand 3.2—4.3 kms'(Klingelhofer et al,

2007). These two layers are correlated to mid Miocene to presepiesee and a Cretaceous to
Miocene sequence, respectivel§liogelhofer et al, 2007).

7.3.2 Norfolk-New Caledonia Ridge

The Norfolk Ridge and its northern extension, the New Caledonia Ridge, are covered by four
wide-angle seismic lines (Figui®2, 7.3). The Norfolk Ridge has a crustal thickness of 17 km
and the New Caledonia Ridge has a crustal thickness of 24.5<4mggelhofer et al, 2007).
Further southShor et al.(197]) finds the Moho at 22 km depth and a crustal thickness of 15
km.

The early refraction study @&hor et al.(1971) found crustal velocities in the range of 5.9-6.2
km s~1, overlain by a layer with velocities of 4.9 knts The more recent Zoneco lines shed
better light on the crustal structure of the Norfolk Ridge. Based on the two wide-angle seismic
lines of the Zoneco 11 study, the Norfolk-New Caledonia Ridge has three crustal layers like
the rest of Zealandia modeled in these linkkbngelhofer et al, 2007. The upper crust has a
velocity of 5.0-5.8 km s!, the middle crust has velocities of 6.4—6.6 kmt sand the lower

crust has velocities of 6.6—6.8 kms(Klingelhofer et al, 2007).
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On the Zoneco-S profile, up to 5 km of sediments overlie therhase of the Norfolk Ridge
(Figure7.2). The two sedimentary layers have velocities of 2.16 to 3.&khand 3.2 to 4.3 km

s~1, corresponding to Miocene to younger sediments and Cretaceous to Miocene sequences, re-
spectively Klingelhofer et al, 2007). To the north, the New Caledonia Ridge is only covered by
athin (less than 1 km thick) layer of sediments with velocities around 2.2 Knflgingelhbfer

et al, 2007).

7.3.3 Fairway Ridge

The Fairway Ridge is only covered by the two Zoneco seismic lines (Fig@eThe crust of

the Fairway Ridge is about 20-22 km thick, and divided into the same three layers as found
on the Lord Howe Rise and Norfolk-New Caledonia Ridgéir(gelhofer et al, 2007). The
velocities for the upper crust, middle crust, and lower crust are 4.75-5.8 kn621—6.6 km

s and 6.6-7.25 km'&, respectivelyKlingelhdfer et al, 2007). The east flank of the Fairway
Ridge has high lower crustal velocities (7.0-7.25 ks which could be from magmatic
underplating in the adjacent New Caledonia Basin. The upper crust is composed of faulted
ridges separating smaller basins. The total sedimentary cover thickness varies from 1 to 3 km,
and has two layers with velocities of 2.1-2.15 knt and 3.2—4.6 kms! (Klingelhofer et al,

2007).

7.4 Basin Crustal Structure
7.4.1 New Caledonia Basin

The New Caledonia Basin, to the east of the Lord Howe Rise, has a crustal thickness of 4.5 to
14.7 km according to the early two-ship refraction studgbbr et al(1971) and a thickness of

8 to 10 km on the more recent wide-angle refraction studid€liofyelhofer et al.(2007). The

upper crust and lower crust are significantly thinner in the basin than in the surrounding conti-
nental fragments (Figure.2, 7.3). The upper crust has velocities of 4.0-5.5 km,ghe middle

crust has velocities of 6.4—6.6 km’s and the lower crust has velocities of 6.75-7.25 krh s
(Klingelhofer et al, 2007). In the Zoneco-N seismic line, the crust is interpreted adinental

but in the Zoneco-S line it is interpreted as oceanic due to the thinner crustal thickiass (
gelhofer et al, 2007. The lower crust in Zoneco-N has higher velocities (7.25 k) shan
typical oceanic crust and continental crust, which could be a result of magmatic underplating
but is suggested to possibly be serpentinized maKtiadelhofer et al, 2007).

There is a strong mantle reflector at 35 km depth below the New Caledonia Basin in the Zoneco-
N line (Figure7.2), which is interpreted as lithospheric anisotropy due te@esional shearing
rather than a partial melt reservoir because of the lack of excessive magmatism in this region
(Klingelhofer et al, 2007).

The basin fill in the Caledonia Basin is up to 5 km thick. Three sedimentary layers are identified
in the Zoneco-N line and two layers in the Zoneco-S line. The OBS stations over the New Cale-
donia Basin in the NOVA study also identify three layers in the northern part of the basin and
two layers further soutiShor et al, 1971). The uppermost sedimentary layer in all refraction
studies has velocities around 2.0-2.2 knt §Shor et al, 1971; Klingelhofer et al, 2007. The

other two sedimentary layers in the northern part of the basin have velocities around 2.8—-3.2 km
s land 3.2 to 4.9 kms! (Shor et al, 1971 Klingelhofer et al, 2007). In the southern part of

the New Caledonia Basin, with only two sedimentary layers, the second layer has velocities of
3.2to 4.3 km st (Shor et al, 1971, Klingelhbfer et al, 2007). The three layers in the northern

part of the basin, from top to bottom, are interpreted as mid Miocene to present, upper Eocene
to lower Miocene, and Cretaceous to Paleocene sequelktiegglhtfer et al, 2007). In the
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southern part of the basin, the two sedimentary layers aggoirgted as mid Miocene to present
and Cretaceous to Miocene deposksr{gelhofer et al, 2007).

7.4.2 Fairway Basin

The Fairway Basin is covered only by the two Zoneco lines (FiguZeand is modeled with
acrustal thickness ranging from 10 to 15 km on the Zoneco seismic lilesyélhofer et al,

2007). In the Zoneco-N seismic refraction line, the lower crust apper crust are significantly
thinner in the basin than the surrounding Lord Howe Rise and Fairway Ridge (Fidr&he

three crustal layers found in the surrounding continental fragments continue into the Fairway
Basin. The upper crust has velocities of 4.75-5.25 ki) the middle crust has velocities of
6.4-6.6 km s, and the lower crust has velocities of 6.6—6.8 kmis the north and 6.6—7.2 km

s~ (Klingelhofer et al, 2007). The higher velocities in the lower crust in the Zoneco-Sif@o

are attributed to possible magmatic intrusions during riftidlgngelnofer et al, 2007).

The sedimentary thickness in the Fairway Basin is 3 km in the Zoneco-S line with two sedimen-
tary layers and 4 km in the Zoneco-N line with three laydingelhofer et al, 2007). In the

north, the basin has layers with velocities of 2.10-2.15 krh 8.8-3.15 km st, and 3.2-4.6

km s~1, correlated to the same stratigraphic sequences in the basins and fragments of Zealandia
(mid Miocene to recent, upper Eocene to lower Miocene, and Cretaceous to Paleocene, respec-
tively) (Klingelhofer et al, 2007). In the south, the basin fill is thinner and the crust is thicke

The two sedimentary layers in the Zoneco-S line have velocities of 2.16-3.2%and 3.2-3.8

km s71, and are correlated to mid Miocene and younger deposits and Cretaceous to Miocene
deposits, respectivel|K(ingelhofer et al, 2007).
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8 THE NEW ZEALAND MARGIN
8.1 Geologic Background

Off the south and eastern margin of New Zealand, a few continental plateaus are perched on the
continental shelf. The Campbell Plateau, Bounty Platform, Chatham Rise, Gilbert Seamount,
and Bollons Seamount are separated from the North and South Islands by narrow basins (Figure
8.1). To the northeast, the Hikurangi oceanic plateau meets kia#h@m Rise at a fossilized
Mesozoic subduction zone dipping south. The Bounty Trough separates the Chatham Rise
from the Bounty Platform and the Great South Basin separates the Campbell Plateau from the
South Island. The Bollons Seamount is a small circular submarine high off the southern margin
of the Bounty Platform and is identified as having continental crust based on its high gravity
anomaly Davy, 2006. To the west of the South Island, the Challenger Plateaug(cohtinen-

tal fragment) and the Gilbert Seamount are extensions of the Lord Howe Rise and Zealandia.
Basement outcrops in the Chatham Islands, the only emergent part of the Chatham Rise, are
correlated to the Permo-Triassic Torlesse Supergroup, which underlies the South Island of New
Zealand &tillwell and Consoli2012.

8.2 Tectonic Setting

Prior to the mid Cretaceous, the Chatham Rise was the active subduction margin of Gondwana-
land. The Hikurangi Plateau briefly attempted to subduct under the Chatham Rise at around
105 Ma, before shifting to subduction under the North Islabdwy et al, 2008. Rifting be-

tween the Chatham Rise and West Antarctica began around 90 et al, 2002. The
Bounty Trough, separating the Chatham Rise from the Bounty Platform, is suggested to also
have opened with the break-up of the Chatham Rise-AntarticaQdttér et al, 1994 Larter

et al., 2002. Extension in the Great South Basin and the Bounty Trougktisnated to have
ended by 83 MaKagles et al.2004). The Bollons Seamount was created by rift jumps during
the opening of the Bounty Trough and was transported away from the Bounty Platform along
transform faults Davy, 2006. After chron 34-33 (83—76 Ma), seafloor spreading between
Zealandia and Marie Byrd Land in Antarctica began, and the ancient Bellinghausen Plate was
created Eagles et al.2004). During this time (chron 33r: 83—79 Ma), the Campbell Platisa
separated from Antarcticd drter et al, 2002. Pre-breakup extension between the Campbell
Plateau and Antarctica occurred at 89—-82 Madvers2012).

Late Cretaceous extension in the Bounty Trough is theorized to have occurred in a pre-existing
basement weakness due to earlier Cretaceous subduction related back-arc sp@aatimg (

et al., 1999 or due to back-arc spreading from the Chatham subductioa @ohellart et al.

2006. The initial back-arc rifting in the Bounty Trough is linkéd the New Caledonia back-

arc spreading at about 105 Mdiruski, 2014). Afterwards, the Bounty Trough experienced
inversion during the collision of the Hikurangi Plateau with the Chatham Rise in the late Creta-
ceous Grobys et al.2008. Late Cretaceous extension in the Campbell Plateau and Soeéh

Basin region is also suggested to be back-arc spreading related to the Chatham subduction zone
(Schellart et al, 2006.

On the other side of New Zealand, the Gilbert Seamount and Challenger Plateau were part of
the Zealandia continental crust and connected to the Lord Howe Rise. The Gilbert Seamount
rifted from the continental fragments off of the Tasmanian Margin and the Lord Howe Rise at
77 Ma Gaina et al, 2003. The opening of the Tasman Sea left the Gilbert Seamountatepa

as a microcontinent.

41



8.3 Continental Fragment Crustal Structure
8.3.1 Chatham Rise

The wide-angle seismic line AWI-20030002 of the CAMP study (herein referred to as CAMP-
2) traverses into the Chatham Rise (Fig8rg 8.2). The crustal thickness of the Chatham Rise
was previously estimated by gravity modeling to be around 23-2@3awy and Wood1994).
Comparatively, the CAMP-2 study yields a crustal thickness of about 22Grabfys et al.
2007). The crust is divided into two layers, with upper crustaloegies ranging from 5.5-6.5

km s~1 and lower crustal velocities of 6.2—7.0 km!s(Grobys et al,2007).

Two sedimentary layers overlie the basement on the Chatham Rise, as determined by the re-
fraction study of CAMP-2 Grobys et al. 2007). The upper sedimentary layer is about 1 km
thick with velocities of 2.0-3.5 kms (Grobys et al,2007). The lower sedimentary layer has
velocities of 3.3-6.0 kms! and is about 3 km thickGrobys et al.2007).

8.3.2 Bounty Platform

The Bounty Platform is also partly covered by the CAMP-2 refraction line (Fi§uk8.2) and
has a crustal thickness of about 23 kBr¢bys et al.2007). The crust is divided into two layers
with thicknesses of 8 km and 15 knsfobys et al. 2007). The upper crust has velocities of
6.0-6.5 km s and the lower crust has a velocity of 6.2—7.0 km €Grobys et al.2007).

The basement is overlain by two sedimentary layers. The upper sedimentary layer has a thick-
ness of 100 m and velocities of 2.0-3.5 km ¢Grobys et al.2007). The lower sedimentary

layer has a thickness of 3—4 km with velocities ranging from 3.5khasthe top to 5.7—6.0 km

s~ 1 at the base of the laye6Gfobys et al.2007). These high seismic velocities are interpreted

as a transition from sediments to basemé&tapys et al.2007).

8.3.3 Campbell Plateau

The large Campbell Plateau is only covered by one wide-angle refraction seismic line: the
AWI-20030001 line, herein referred to as CAMP-1@fobys et al(2009. Across the CAMP-

1 seismic line, the Campbell Plateau has a crustal thickness of about 22—-Z3r&hy$ et al,

2009. The upper crust has velocities of 5.0-7.1 knt snd the lower crust has velocities

of 7.1-7.5 s (Grobys et al. 2009. The high velocities of the lower crust are interpreted as
magmatic underplating and those in the upper crust are related to shallow dikivlgy§ et al.

2009.

The sedimentary cover on the Campbell Plateau is less than 2 km thick, and has four identifiable
layers in the combined reflection/refraction study on seismic line CAMBralfys et al.2009.

The sedimentary layers have velocities of 1.7-2.5 ki 8.3-3.1 km st, 2.5-4.0 km s?, and
4.4-4.9 km st (Grobys et al. 2009. The higher velocities of the basal sedimentary layer are
suggested to be due to magmatic intrusioBsapys et al. 2009.

8.4 Basin Crustal Structure
8.4.1 Bounty Trough

Between the Chatham Rise and the Bounty Platform, the Bounty Trough is covered by the
CAMP-2 refraction line (Figure8.2) and is modeled with a crustal thickness of about 9 km
which is interpreted as thinned continental crustdpys et al. 2007). Close to the South
Island,Van Avendonk et a(2004) find a crustal thickness of 16 km for the Bounty Trough.

On the CAMP-2 refraction lineGrobys et al.(2007) find an upper crust with thickness of 3
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km and velocities ranging from 5.0-6.0 km'sat the top to 6.0-7.2 km¢ at the base. The
lower crust has a thickness of 6 km with velocities of 6.2—7.0 krh (E&robys et al. 2007).

The highest velocities in the upper crust and lower crust are found in the southern part of the
Bounty Trough. The lower crust at the southern Bounty Trough has velocities up to 7.2—7.7 km
s (Grobys et al,2007). The Bounty Trough imaged on the southeastern end of the B#&H
seismic line has a 13 km-thick upper crust with velocities around 6.0 Khuaderlain by a

thin lower crust with velocities around 7.1 km's(Van Avendonk et gl2004. These regions

of the lower crust with high velocities are interpreted as magmatic intrusions within the lower
crust.

On the CAMP-2 refraction line, the two sedimentary layers on the surrounding continental frag-
ments continue into the Bounty Trough with combined thickness of 5-6 km (F&&2reThe

upper sedimentary layer has velocities of 2.0-3.5 krhand a thickness of around 2 km, and
the lower sedimentary layer has velocities of 3.5-4.9 krh (&robys et al. 2007). A com-
plementary reflection study across CAMP-2 identified four sedimentary layknszelmann-
Neben et al.2009. The authors were able to correlate the four layers to thmsed in the ear-

lier stratigraphic study ot arter et al.(1994 which defines the layers as Cretaceous-Paleocene,
Eocene-Oligocene, mid Oligocene-late Miocene, and late Miocene-Recent deposits.

8.4.2 Great South Basin

The Great South Basin is a narrow trough with thinned continental crust separating the Camp-
bell Plateau from the mainland of South Island. The CAMP-1 refraction line is the only wide-
angle seismic line that traverses the basin (Figu8 The crustal thickness under the Great
South Basin is about 13 km and is divided into two layé€ssabys et al.2009. The upper crust

has velocities of 5.5-6.5 knT$ and the lower crust has velocities of 6.5-7.1 km §Grobys

et al.,, 2009. Compared to the 30—45 km thick crust of the South Isl&mpys et al (2009
estimated a stretching factor of 2.7 to 3.0 for the Great South Basin.

The basin fill is up to 8 km thick with four sedimentary laye@Grgbys et al. 2009. The
sedimentary layers, from top to bottom, have thicknesses of 0.75 km, 0.9 km, 1.1 km, and about
2 km (Grobys et al. 2009. The velocities of these layers are 1.7-2.5 km, £2.3-3.8 km

s71, 2.5-4.0 km s, and 3.8-5.8 km 'S}, respectively Grobys et al.2009. The four layers

are correlated with well logs and seismic datasets to Cretaceous, late Cretaceous-Paleocene,
Eocene, and Miocene-recent deposisabys et al.2009.

Below the Great South Basin, the mantle velocities are low (7.7 k) matching results from
nearby surveys on the South Island, and are interpreted to be produced by thermal perturbations
in the upper mantleGrobys et al.2009.
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9 THE WEST AUSTRALIAN MARGIN
9.1 Geologic Background

The passive margin of western Australia has a few small continental fragments and oceanic
plateaus (Figur®.1). The Naturaliste Plateau in the southwestern margin, iaraggd from
Australia by the Naturaliste Trough and Mentelle Basin. In the northwestern margin, the Ex-
mouth Plateau, Wallaby Plateau, and Zenith Plateau are all submarine highs. West of the Perth
Abyssal Plain, two new small microcontinents were recently confirmed: the Batavia Knoll and
the Gulden Draak KnollWhittaker et al. 2013 Gardner et al, 2015. Unfortunately, no pub-

lished wide-angle seismic studies have been performed over any of the continental fragments
on the western margin of Australia.

The exact crustal nature of the Wallaby Plateau is still debated. Some authors suggest that the
Wallaby Plateau is thickened oceanic crust or a large igneous plateau based on seismic reflec-
tion studies and dredged basal@o{well et al, 1994 Mihut and Miller, 1998 Milller et al.,

2002). Others believe the Wallaby Plateau to be extended cor@ihemist that has been highly
intruded by volcanicsBrown et al, 2003 Alcock et al, 2006. More recent paleontological and
geological data from dredging and seismic reflection data strongly support the continental crust
origin for the Wallaby Plateaigilwell et al, 2012 Goncharov and Nelsqr2012).

The Zenith Plateau is also a submarine high of unknown crustal nature, similar to the Wal-
laby Plateau. Many authors believe it to be of volcanic/oceanic oridilyt and Miller,

1998 Muller et al., 2002 Alcock et al, 2006. Alternatively, new plate reconstructions of the
India-Australia breakup position the Zenith Plateau as continental crust, related to the Wallaby
Plateau Gibbons et al.2012. Assuming the Zenith and Wallaby Plateaus have oceani-typ
crustal affinities, the crustal thicknesses were isostatically modeled to be 18.2 km and 17.4 km,
respectively ihut and Miller, 1998.

The Exmouth Plateau is a marginal plateau within the Carnavon Basin region that is separated
from northwestern Australia by several thin basins: the Exmouth sub-basin, Dampier sub-basin,
and the Barrow sub-basin (Figu®el). Technically the Exmouth Plateau, much like the Queens-
land Plateau of northeastern Australia and the Challenger Plateau of New Zealand, is not a con-
tinental fragment because it is attached to the mainland margin. Seaward dipping reflectors and
intruded volcanics in the upper crust and sedimentary fill are imaged in seismic reflection lines
above the Exmouth PlateaMtter and Larson1989 Hopper et al, 1992 Direen et al, 2008
Rohrman2013.

The Naturaliste Plateau is a continental fragment separated from Australia by the Naturaliste
Trough and Mentelle Basin (FiguBel). Some authors classify the northern margin of the Nat-
uraliste Plateau as a volcanic margin based on dredged basalts and seismically interpreted vol-
canics Borissova2002 Halpin et al, 2008, whereas the absence of volcanics on the southern
margin of the plateau lead to the classification of that margin as a non-volcanic passive margin
(Direen et al, 2007). Just south of the Naturaliste Plateau is the Diamantinatéir@ Zone,

where exhumed and serpentinized mantle composes a wide region of the rifted passive margin.
Zircon-dating of dredge samples from the Naturaliste Plateau yield Cambrian ages and are cor-
related to the Albany-Frasier-Wilkes orogen of Australia and Antarctizdpin et al, 2008.
Potential field modeling of the southern Naturaliste Plateau margin yields a continental crust
thickness of 7 to 12 kmireen et al, 2007).
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The Batavia Knoll and Gulden Draak Knoll are two small micnatoents whose continental
affinity was recently confirmed by dredge samples of granites, gneisses, and tthistalker

etal., 2013 Gardner et al,2015. Zircon-dating of the samples from the Batavia Knoll progluc
Paleozoic ages (540 - 530 Ma)hittaker et al.2013. Orthogneiss samples from the Gulden
Draak Knoll have Archean (2.8 Ga) and Mesoproterozoic (1.3 - 1.2 Ga) ages and are intruded
by Cambrian granites, just like the ages recovered from dredge samples from the Naturaliste
Plateau; therefore the Gulden Draak Knoll is correlated to the Leeuwin Complex of western
Australia Gardner et al, 2015. The inferred basement relationships of these microcentm
places them on the Indian margin of the Naturaliste Plateau, pre-breGlugner et al, 2015.
Gibbons et al(2012 suggest that these microcontinents and the Wallaby, Zeaniith Natural-

iste continental fragments were created by a series of small rift jumps from 136 Ma to about
100 Ma.

9.2 Tectonic Setting

Seismic stratigraphy work briscoll and Karner(1998 indicate that early rifting in the Car-
navon Basin occurred around the Permian, followed by rifting in the Exmouth and Dampier
sub-basins in the Late Triassic. Continental breakup of Australia with Greater India occurred
in the Argo Abyssal Plain with seafloor spreading in the Late Jurassievers et al.1997).

Recent stratigraphic and magnetic studies on the Gascoyne and Argo Abyssal plains pinpoint
seafloor spreading around 155.0 M#e(ne and Miller, 2005 Seton et al.2012. Coinciding

with the opening of the Cuvier Abyssal Plain in chron M11 (around 130 Ma), extension and
magmatism occurred in the Wallaby Plateau and Wallaby Sa8dlgefs et a).2002. Gibbons

et al. (2012 suggest that rifting in the Cuvier Abyssal Plain jumped & Ma and abandoned

the Wallaby Saddle.

Further south along the western margin of Australia, the Perth Abyssal Plain marked the open-
ing between India and Australia-Antarctica. The first stage of rifting in the Perth Basin (at the
continental edge of the Perth Abyssal Plain) and the Mentelle Basin was during the Early to
Mid Permian, forming N-NNW oriented intracratonic grabertal| et al., 2013. Break-up

finally occurred in the Perth Abyssal Plain in the Valanginian-Late Hauterivian (136 Ma), sep-
arating Australia from IndiaGibbons et al.2012 Hall et al., 2013 Williams et al, 2013.
Extension and breakup occurred in the Mentelle Basin also around 136 Ma, finally separating
the Naturaliste Plateau from Australisléloney et al.2011). A rift jump in the Perth Abyssal

Plain around 127 Ma separated the Gulden Draak Knoll and Batavia Knoll from Australia and
the Naturaliste PlateauG{bbons et al.2012 Whittaker et al. 2013. Westward ridge jumps
during the formation of the Perth Abyssal Plain is posited to be caused by the Kerguelen Plume,
which eventually produced the Broken Ridge-Kerguelen large igneous proVifildarfs et al,

2013. Slow extension between Australia and Antarctica staritintpe Campanian (83 Ma),
which led to the exhumed mantle in the Diamantina Zone, and final break-up at 43 Ma separated
the Naturaliste Plateau from Antarctidaqgrissova20032).
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Figure 9.1: Map of the western Australia passive margin. Tggr@&imate boundaries of the
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Roo Rise oceanic plateaus are also shown. Bathymetry from ETORDante and Eakins

2009.
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10 THE TASMANIAN MARGIN
10.1 Geologic Background

The East Tasman Plateau and South Tasman Rise are two continental fragments separated from
Tasmania by narrow basins (Figut®.1). There are no wide-angle seismic refraction lines
covering this region. Numerous samples from dredging and drills as well as seismic reflection
data confirm the continental origin of these platedtiof et al, 1997 Hill and Moore, 2001).

However, the East Tasman Plateau is capped by the large volcanic Cascade Seamount, suggest-
ing that high amounts of Tertiary volcanism occurred in this regexo6 et al, 1997). The
Cascade Seamount volcanics are dated at 36 - 40 Ma and are related to basalts in the I'Atalante
Depression, both interpreted as having a hot spot signatliteahd Moore, 2001). Geologi-

cally, the South Tasman Rise is composed of two terranes connect by left-lateral wrenching: the
western domain was originally part of Antarctica and the eastern domain was part of Tasmania
(Royer and Rollet1997).

10.2 Tectonic Setting

Rifting in the late Cretaceous occurred in the East Tasman Saddle and South Tasman Saddle
with the opening of the the Tasman S&xd@n et al, 1997 Royer and Rollet1997. Seafloor
spreading in the Tasman Sea began by chron 34 (83 Ma), separating the East Tasman Plateau
from the Lord Howe RiseRoyer and Rollet1997 Gaina et al, 2003. Royer and Rollet

(1997 suggested that a short-lived triple junction (from chrort@8hron 30) formed between

the South Tasman Rise, East Tasman Plateau and Lord HoweQis®a et al. (2003 suggest

that the South Tasman Rise rifted from the Gilbert Seamount at 77 Ma. The South Tasman Rise
did not separate from Antarctica until the Eocene (circa 40 RRayér and Rolletl997 Gaina

et al., 1998. A possible hotspot under the Tasman Sea is invoked to pedithearidge jumps in

the Tasman Sea which led to the the formation of the two continental fragments in the Tasman
Rise region Gaina et al, 2003.
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Figure 10.1: Map of the South Tasman Rise region. The app@ieiimoundaries of the conti-
nental fragments South Tasman Rise and East Tasman Plateau are shown in a black dashed line.
Bathymetry from ETOPO-1Amante and Eaking009.
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11 ELAN BANK MICROCONTINENT
11.1 Geologic Background

The Elan Bank is a microcontinent stranded in the large igneous province (LIP) of the Creta-
ceous Kerguelen Plateau in the Southern Indian Ocean (Figuie To the west of the Elan

Bank lies the Enderby Basin and to the north, the Crozet Basin. The Kerguelen Plateau-Elan
Bank composite terrane is on the Antarctic plate and is bordered by the Labuan Basin and
Southwest Indian Ridges to the east and to the south by the Princess Elizabeth Trough.

The continental nature of the Elan Bank is supported by Proterozoic gneiss clasts found in
ODP 1137 that are correlated to the Eastern Ghats Belt of INi@@laysen et a).2001; Ingle

et al., 2002. Plate reconstructions suggest that Elan Bank was onceop&teater India,

but separated from India during the India-Antarctic breakup and subsequent Kerguelen-Broken
Ridge emplacemen@Gaina et al, 2003 Gibbons et al.2013. The exact extent of continental

crust under the Kerguelen Plateau is still unknown and the microcontinent may be larger based
on low seismic velocities in the Raggatt Basin correlated to continental crust and a continental
signature in geochemical analyses of Kerguelen mag®psr(o and Charvisl995 Borissova

et al., 2003 Benard et al,2010.

11.2 Tectonic Setting

The Elan Bank microcontinent formed during the break-up of Australia, India, and Antarctica.
Seton et al(2012 suggest that rifting in the Enderby Basin began at 160 Magtacide with

the initiation of rifting between India and Antarctica. Break-up and seafloor spreading in the
Enderby Basin between Australia-Antarctica and Greater India followed at around 130 Ma,
with Elan Bank still attached to Greater India, the same time as rifting and seafloor spreading in
the Perth Abyssal Plain in southwestern Australia occur@alr(a et al, 2003. Spreading in

the Princess Elizabeth Trough, as a continuation of the Enderby Basin seafloor spreading, also
occurred around 130 M&fbbons et al.2013. At circa 120 Ma, the rift jumped north towards

the Kerguelen plume and the Elan Bank was separated from |G@imé et al, 2003 2007).
However, seafloor spreading did not cease until 115 Ma in the Enderby Basin, south of Elan
Bank Gibbons et al.2013.

The Kerguelen hotspot, which produced the Kerguelen Plateau, Broken Ridge, Ninetyeast
Ridge, Australian Bunbury basalts, and Indian Rajmahal Traps, was active from about 130
Ma to presentCoffin, 1992 Coffin et al, 2002. Initial emplacement of the Bunbury basalts

in western Australia at 132 Ma coincided with the spreading in the Perth Abyssal Plain and in
the Enderby BasinQoffin, 1992. The Kerguelen LIP was emplaced in parts, from south to
north starting around 120 M&Cpffin et al, 2002 Duncan 2002, around the time that the rift
jumped and separated the Elan Bank from India. The Kerguelen-Elan Bank composite terrane
broke apart from the younger Broken Ridge and Ninetyeast Ridge LIPs with the opening of the
Australia-Antarctic basin around 40 MBdrissova et a|.2002 Seton et a|.2012).

11.3 Crustal Structure

Only one seismic refraction line, Line 6 Bobrissova et al(2003, has been carried out across

the Elan Bank (Figur&l.1, 11.2). The crustal thickness of the Elan Bank, not including the th
layer of sediments, is 16—17 km thicRgrissova et al.2003. The upper crust is 2—3 km thick

and interpreted to be lava flows, based on a similar layer that has been drilled in the Kerguelen
Plateau Borissova et a].2003. Velocities within the upper crust range from 4.4—4.9 knh &
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the top and 5.2-5.9 knT$ at the baseRorissova et al.2003. The lower crust is about 14 km
thick with velocities ranging from 6.0-6.7 knT indicative of continental crusBprissova

et al., 2003. The Moho is imaged with a strong reflection at 18 km depth,amather strong
reflection (R3) within the crustis found at 12.5 km de@lo(issova et al.2003. The basement

is overlain with a thin layer of sediments (up to 1 km thick) with velocities modeled at 2.1 km
s~! (Borissova et al.2003.

11.4 Basin Crustal Structure

The Enderby Basin bounds the Elan Bank on the west and south (Higjueand is crossed
by one seismic refraction line (Line 7) near the Elan Bank margin (Figar8. The Enderby
Basin is oceanic with a thickness of 10-13 km under Lin€fafvis and Opertp1999. Ve-
locities in the upper crust (oceanic layer 2) range from 5.0 khi®6.3-6.5 km st at the base
(Charvis and Opertp1999. The lower crust (oceanic layer 3) has velocities of 6.7#&®
s~1 at the top of the layer grading to 7.24—7.32 knt st the baseGharvis and Opertp1999.
The sedimentary layers is less than 1 km thick.
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Figure 11.1: Map of the South Indian Ocean. The approximate boundary of the continental
fragment Elan Bank is shown in a black dashed line. Seismic refraction linBsrsgova

etal., 2003 and 7 Charvis and Opertpl999 are shown in thick black lines. Bathymetry from
ETOPO-1 Amante and Eaking009.
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12 SEYCHELLES MICROCONTINENT
12.1 Geologic Background

The Seychelles microcontinent is an arcuate continental sliver in the Indian Ocean (Ediire

with 115 islands atop the submerged Seychelles plateau. The Mascarene Basin borders the Sey-
chelles Plateau to the south. The Seychelles Plateau is separated from the Indian subcontinent
by the Carlsberg Ridge in the Indian Ocean and from Africa by the West Somali Basin. To
the southeast, the Seychelles continue into the Mascarene Ridge, whose crustal affinity is still
debated. However, recent receiver function studies and zircon dating of xenocrysts in exposed
volcanics suggest that continental crust likely continues under the islands and plateaus of the
Mascarene Ridge and Mauritiuddmmond et a).2013 Torsvik et al, 2013. Zircon dating of

granites from several of the Seychelles Islands yields ages of 750-800 Ma, which are correlated
to the Malani Igneous Suite of India and plutonic rocks in Madagad@asyik et al, 2001;

Tucker et al.2001).

12.2 Tectonic Setting

The Seychelles Plateau was originally part of Greater India, and broke first from Madagascar
and then from India. Break-up between the Seychelles and Madagascar first began in the Cre-
taceous marked by seafloor spreading from chron 34 (84 Majr{mer and Bellgl995 Seton

etal., 2012. Spreading in the Mascarene Basin ceased in a southwadtioiréom around 67

until 59 Ma Bernard and Munschy2000. Rifting between Seychelles and India first started

in the Gop RIift, with possible seafloor spreading at about 71-66 G4dli¢r et al, 2008.
Paleomagnetic analysis and dating of dikes on Seychelles pinpoints the beginning of seafloor
spreading between the Laxmi Ridge and Seychelles around 63—-6& e ad et al.2011;

Torsvik et al, 2013. The Deccan Traps, a large continental LIP, was emplacathdré5 Ma

in southwest IndiaGourtillot and Renng2003. Both the break-up between Madagascar and
India and the break-up between Seychelles and India have been related to plumes and hotspots
(Buiter and Torsvik2014).

12.3 Crustal Structure

Only recently has a crustal-scale wide-angle seismic study been performed over the Seychelles
continental marginQollier et al, 2009. Previous seismic crustal studies were performed in

the 1960skrancis and Shqarl966. The crust of the Seychelles Plateau is 32 km thi@élljer

et al., 2009. The crust is divided into three layers (Figur®.2), with velocities ranging from

5.5 km s71in the upper crust to 6.5 knT$ in the middle crust and 6.8—7.0 kmsin the lower

crust Collier et al, 2009. Under the lower crust there is a 4 km-thick layer with velies of

7.6-7.8 km s that is interpreted as magmatic underplati@gl{ier et al., 2009. Including

the magmatic underplating layer, the Seychelles Plateau is about 40 km thick. A very thin
sedimentary layer overlies the Seychelles Plateau in small basins 1-2 kmQbitikr(et al.,

2009. The sedimentary deposits have velocities of 2.5-3.5 kh{@Gollier et al,, 2009.
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13 THE ARCTIC REGION
13.1 Geologic Background

Several large, ribbon-like submarine highs cross the Arctic Ocean. The Arctic Ocean is divided
into the Amerasian Basin and the Eurasian Basin by the long Lomonosov Ridge. Parallel to
that fragment is the Alpha-Mendeleev Ridge, a possibly composite large igneous province-
continental fragment. Within the Amerasian Basin, the Lomonosov Ridge is separated from
the Alpha-Mendeleev Ridge by the Makarov and Podvodnikov basins. On the opposite side
of the Mendeleev Ridge lie the Mendeleev Basin, Chukchi Plateau, and Northwind Ridge. In
the oceanic Eurasian Basin, the Gakkel Spreading Ridge separates the Amundsen Basin to the
north from the Nansen Basin.

The exact crustal nature of these fragments is still uncertain. While there is general agreement
that the Lomonosov Ridge, Chukchi Plateau, and Northwind Ridge are continental, the crustal
affinity of the Alpha-Mendeleev Ridge and bordering basins is debated. The Alpha-Mendeleev
Ridge is suggested to be heavily intruded with magmatism, but it is still discussed whether the
core of the ridge is a continental crust or igneous (LIP) crdskdt 2003 Lebedeva-lvanova

et al., 2006 Miller et al., 2006 Funck et al, 2011, Dgssing et al.2013. Some authors suggest

that the High Arctic large igneous province (HALIP) includes part of the Alpha Ridge or pos-
sibly the entire Alpha-Mendeleev Ridgeynck et al, 2011, Dgssing et a].2013 Pease et aJ.

2014. Seismic reflection data, gravity and magnetic studiese pleconstructions, and detri-

tal zircon analyses provide evidence that support both thedo&sa{ 2003 Lebedeva-lvanova

et al., 2006 Miller et al., 2006 Dove et al, 201Q Funck et al, 2011 Dgssing et a].2013 Jokat

et al., 2013 Pease et a).2014).

13.2 Tectonic Setting

Partly because the crustal nature of many of the Arctic continental fragments and basins is still
undecided, the plate tectonic history is also debated. Here we provide a very general outline of
the Arctic tectonic setting, based on what is generally agreed upon.

Rifting in the Arctic first occurred in the Jurassic Amerasian Basin and was followed by Ceno-
zoic break-up of the Eurasian Basin. The Amerasian Basin opened in a “windshield” manner,
rotating in two stages3rantz et al, 2011). First, rifting occurred in the Canada Basin, within

the Amerasian Basin, starting in the Early Jurassic and leading to break-up in the Late Juras-
sic, separated the Northwind Ridge from Alas&adgntz et al, 1998. The Chukchi Plateau and
Northwind Ridge were then separated from the Alpha-Mendeleev Ridge in the early Cretaceous
(Alvey et al, 2008 Seton et al.2012. The second stage, between 131 and 127 Ma, corresponds
to seafloor spreading in the proto-Amerasian BaGira(itz et al, 2011). Alvey et al (2008 and

Gaina et al.(2014) suggest that the Podvodnikov and Makarov Basins openecdtbatthe Late
Cretaceous and the Tertiary, based on plate reconstructions and gravity modeling. Basalts from
the Alpha Ridge were given an age of about 82 Ma from Ar-Ar dating methods, suggesting
that emplacement occurred in the Late Cretaceous if the ridge is part of the HAhkRE (

2003.

Cretaceous rifting in the Eurasian Basin first separated the Lomonosov Ridge from Eurasia
(Seton et al.2012. Seafloor spreading in the Eurasian Basin completed brpaketween
Lomonosov Ridge and the Barents Sea and is recorded in Anomaly 25 (53-555kiap (
et al., 2002 Seton et al.2012 Pease et a).2014). Alternatively, a slightly older (58 Ma) is

58



proposed for break-up in the Eurasian Basatepovsky et al2006).
13.3 Continental Fragment Crustal Structure

Due to the geographic constraints of the Arctic, deep crustal seismic studies were performed
using sonobuoys or vertical geophones placed on the ice. Various modeling techniques enabled
the researchers to develop crustal models with reflection and refraction waves, in innovative
methods. The crustal velocities do not fully constrain the crustal nature of the Arctic regions,
and the values can be interpreted to be from either igneous (LIP) or continental crust.

13.3.1 AlphaRidge

The two seismic refraction lines of the ARTA study cover part of the Alpha Ridge (FIgli&.

The crustal thickness of the Alpha Ridge is around 23-28 km ttiak¢k et al, 2011). The
continental margin traversed by the main ARTA seismic line is the margin of the Svedrup Basin
Magmatic Province in Greenland. The Alpha Ridge has three crustal layers: an upper volcanic
crust, a middle crust, and a lower cruBufck et al, 2011). The upper crust has velocities

of 4.7-5.4 km s, the middle crust has velocities of 6.1-6.6 krit,sand the lower crust has
velocities of 6.8—-7.3 kms' (Funck et al, 2011). The seismic velocities of the Alpha Ridge
crust are interpreted to be too high for continental values, and therefore suggested to be igneous
layers like in the LIPs of the south Pacific Ocedtuiick et al, 2011). The upper crust is
interpreted to be volcanics such as basalt floitngk et al, 2011). When compared to the
crustal velocities modeled for the Canadian shelf, the seismic velocities of the Alpha Ridge
are noticeably higher. In the region where the Canadian shelf crust transitions to crust of the
Alpha Ridge on the ARTA main line, a layer of high velocities underlies the lower crust. This
lower crustal body has velocities ranging from 7.5—7.6 krh &ind is interpreted as magmatic
underplating Funck et al, 2011). The cross line, ARTA-X, covers only the crust of the Alpha
Ridge and returns similarly high seismic values for the crustal layers. In the ARTA-X line the
upper crust has velocities of 4.7-5.4 kmtsthe middle crust has velocities of 6.3-6.5 km
s~1, and the lower crust has velocities of 6.8—7.3 km §unck et al, 2011). Tomographic
inversions of the travel times from both lines are in good agreement with the crustal thickness
and velocities produced by forward and inverse modelim¢k et al, 2011).

The sediment thickness above the Alpha Ridge on the ARTA main line is less than 2 km, but
increases locally into a basin at the Canadian continental margin (Fi@u2e Funck et al.
(2011 report velocities of 2.2—4.6 knT$ in five sedimentary layers in the basin between the
Canadian margin and the Alpha Ridge. The uppermost sedimentary layer, with velocities of
2.2 km s ! continues onto the Alpha Ridg€&nck et al, 2011). In the ARTA-X line, the
sedimentary thickness varies from 0.4—1.5 km and has velocities of 2.0 kifFsinck et al,

2011).

13.3.2 Mendeleev Ridge

The Mendeleev Ridge segment of the Alpha-Mendeleev Ridge has been covered by three deep
seismic sounding lines, the TransArctic (TRA)-1989-91, Arctic-2000, and Arctic-2005 (Fig-
ure13.1, 13.2. On the TRA-1989-91 and Arctic-2000 lindsgbedeva-lvanova et 82006

2011 model the crystalline crust with two layers, but the acaulsisement is at the top of an
additional layer. Similarly, the Arctic-2005 line is modeled with two crystalline crustal layers
with an overlying metasedimentary layétoselov et al.20123. The crustal thickness (from

the base of the acoustic basement) of the Mendeleev Ridge is 32 km in the Arctic-2000 tran-
sect (Lebedeva-lvanova et aR006 and 29-32 km in the Arctic-2005 transePoéelov et al.

20123. The TRA-1989-91 line crosses the edge of the Alpha-MemrdeRidge in the cen-
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ter of the Amerasian Basin, and the crustal thickness of ttgeris modeled to be around 22

km (Lebedeva-lvanova et al2011). The layer just below the acoustic basement has values
of 5.0-5.4 km s, with thicknesses pinching out at the top of the Alpha-Mendeleev Ridge on
TRA-1989-91 [ebedeva-lvanova et aR011). On Arctic-2000, this layer also has velocities

of 5.0-5.4 km s above the Mendeleev Ridgedbedeva-lvanova et aR006. The seismic
velocities of this layer can be correlated to Mesozoic-Paleozoic basement rocks, sedimentary
(carbonate) rocks, basalt flows, or a mix of sediments and volcdret®{eva-lvanova et al.

2006 2011). On the Arctic-2005 line, the layer below the acoustic basshas velocities of
4.8-5.1 km st, and is correlated to late Paleozoic sediments in a related multichannel seismic
line (Poselov et a].20123. This sedimentary/volcanic layer has a thickness on theraotl

2—-4 km (ebedeva-lvanova et aR006 2011, Poselov et al.20123. Below the layer of sedi-
ments/volcanics, the upper crystalline crust in the Mendeleev Ridge has velocities of 6.2—6.4 km
s 1in the TRA-1989-91 seismic line, 5.9-6.5 km'sin the Arctic-2000 transect, and 6.2—6.3

km s1in the Arctic-2005 transect.€bedeva-lvanova et aR006 2011; Poselov et a].20123.

The upper crustal thickness in the Mendeleev Ridge ranges from 4—-8émedeva-lvanova

et al., 2006 2011 Poselov et al.20123. The lower crystalline crust has velocities of 6.7—7.3

km s~ and a thickness of 19-21 km in the Arctic-2000 line and 10—15 km in the TRA-1989-91
line (Lebedeva-lvanova et aR006 2011). In the Arctic-2005 line, the lower crust has veloci-

ties of 6.7—6.9 km st and a thickness of 20-22 krRgselov et al.20123. Lebedeva-lvanova

et al. (2006 2017 interpret the crust as continental, although they do ackedge that these
seismic velocities can also correspond to more mafic compositRaselov et al(20123 also
interprets the Mendeleev Ridge as extended continental crust from the seismic velocities and
interpreted tectonic features in the related seismic reflection lines.

On the TRA-1989-91 transect, less than 1 km of sediments overlie the acoustic basement
(Lebedeva-lvanova et al2011). Further along the Mendeleev Ridge, the Arctic-2000 seis-
mic line has three sedimentary layers with a total thickness around 1 km over the Mendeleev
Ridge (ebedeva-lvanova et aR006. The three layers have velocities of 1.7 kit s2.3 km

s 1and 2.6 km s! (Lebedeva-lvanova et aR006.

Below the crust, in the Arctic-2000 transect, a layer with high seismic velocities is modeled
(Lebedeva-lvanova et aR006. This layer is about 5—7 km thick under the Mendeleev Ridge
with velocities of 7.4-7.6 kms', and is interpreted as magmatic underplatihgbedeva-
Ivanova et al.2006. A similar layer is not found in any of the TRA-1989-91 or AczR005

lines (Figurel3.2. The Arctic-2000 line is also interpreted Bpselov et al(20123, but no
lower crustal high seismic velocity body is produced with their forward and inverse modeling
of the data.

13.3.3 Lomonosov Ridge

Several deep crustal seismic studies have crossed the Lomonosov Ridge (REdiwreThe
LORITA (main and cross linesJ)éckson and Dahl-Jensg2010, Arctic-2007 (main and cross

lines) Poselov et al.20120, and TRA-1992 Roselov et al.20121) studies cover various mar-

gins of the ridge (Figurd3.3. The TRA-1990 segment touches on the edge of Lomonosov
Ridge at the center of the Makarov Basin, but will not be included because the ray coverage at
the end of the lines is not so good. In all three wide-angle seismic studies, the Lomonosov Ridge
is interpreted as continental. The crustal thickness of the Lomonosov Ridge ranges from 20-26
km on the five seismic linesléckson and Dahl-Jensg201Q Poselov et al.2012h. In all five

seismic lines, the acoustic basement is measured at the top of one layer above what is deemed
the crystalline crust. The layer below the acoustic basement has velocities of 5.1-54 km s
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on the Arctic-2007 main line and 5.3-5.5 kmson the TRA-1992 lineRoselov et a].20120.

The Arctic-2007-X line crosses the region where the Lomonosov Ridge transitions to the De
Long Plateau. In the Arctic-2007-X line, this intermediate layer has velocities of 4.5-5.0 km
sl and athickness of 10 km at the edge of the Lomonosov Riggsg(ov et a].20128). On the
Canadian side of the Lomonosov Ridge, the layer above the crystalline upper crust has veloci-
ties of 5.4-5.9 kms! and is interpreted as metasedimentary rodksKson and Dahl-Jensgn
2010. The crystalline crust has two layers in all five lines. Th@empcrust has velocities of
6.0-6.4 km s! and is 6—7 km thick in the TRA-1992, Arctic-2007 main and Arctic-2007-x lines
(Poselov et al.2012h. In the LORITA main line, the upper crust of the Lomonosovdridhas
velocities of 5.95-6.7 km, with velocities below 6.2 km's' restricted to the upper part of

a basement high where depths are as shallow as 2&okgon and Dahl-Jensep010. The

upper crust in the LORITA-X line has velocities of 6.0-6.5 knt sind thickness ranging from
4-11 km (ackson and Dahl-Jensep010. The lower crust of the Lomonosov Ridge has ve-
locities of 6.6—6.7 km st and thicknesses of 8—-11 km in all lines except for the LORITA-X
line, where the lower crust is only 1-3 km thickackson and Dahl-Jensg?01Q Poselov et al.
2012h.

The sedimentary thickness above the Lomonosov Ridge is on average around 1.5-3 km thick,
except on the basement high of the LORITA main seismic line where the sediment thickness is
much less than 1 km (FigurE3.3. Three sedimentary layers are identified on the TRA-1992
line, with velocities of 1.6-2.6 km's, 3.6-3.9 km s, and 4.2—-4.5 km s (Poselov et al.
2012h. On the Arctic-2007 main line, two sedimentary layers widtoeities of 1.9-2.5 km

s 1and 2.9-4.1 kms' are identified above the Lomonosov Rid@egelov et al.2012F). On

the Arctic-X line, these two sedimentary layers have velocities of 1.8—-2.3 ®rarsd 3.0-3.9

km s~1 above the ridgeRoselov et a.20128. Three sedimentary layers are found on the
LORITA lines, with velocities of 2.1-2.2 knT3$, 3.1-3.2 km s¢, and 4.5-5.4 km's' (Jackson

and Dahl-Jense2010).

13.4 Basin Crustal Structure
13.4.1 Podvodnikov Basin

The Podvodnikov Basin separates the Lomonosov Ridge from the Mendeleev Ridge and is cov-
ered by the TRA-1989-91 transect, the TRA-1992 line, and the Arctic-2000 line (Figute

13.2). The crustal thickness varies from around 15-20 km in thepait of the basin and up to

24 km under the Arlis Gap, and is interpreted as extended continental lcebi&deva-lvanova

et al., 2006 2011, Poselov et a].2012h. Like the surrounding ridges on these seismic lines, the
crust of the Podvodnikov Basin is modeled as having three layers, of which two are crystalline
basement. The top layer of the crust, just below the acoustic basement, has velocities of 5.3-5.5
km st and is 4-4.5 km thick along the TRA-1992 seismic liRegelov et a].20128). Across

the TRA-1989-91 transect, this layer has velocities of 5.0-5.1#nasd a thickness of 2—4 km
(Lebedeva-lvanova et aR0117). In the Arctic-2000 line, the layer below the acoustic basein

has velocities of 5.0-5.7 knT$ (Lebedeva-lvanova et aR006. The upper crystalline crust

has velocities of 6.0-6.1knT$ in the TRA-1992 line, 6.0-6.5 knTs in the Arctic-2000 line,

and 5.9-6.4 kmst in the TRA-1989-91 transedt ¢bedeva-lvanova et aR006 2011; Poselov

et al., 20121. The thickness of the upper crust varies considerably inffRa-1989-91 tran-

sect: ranging from almost 0 km to 6 km under the Arlis Ghphledeva-lvanova et ak01J).

The lower crust has thicknesses varying from 5-7 km in the southern part of the basin to 10-15
km under the Arlis Gap and northern part of the Podvodnikov Bdsshé€deva-lvanova et al.

2011). The velocities of the Podvodnikov Basin lower crust in tHeAF1989-91 transect are
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6.7—7.2 km s! (Lebedeva-lvanova et aR011). In the nearby Arctic-2000 seismic line, the
lower crust ranges from 7—14 km in thickness and has velocities of 6.7—7.3%¢hebedeva-
Ivanova et al.2006. In the TRA-1992 line, the lower crust similarly is modelediwelocities
of 6.7-6.8 km s (Poselov et a].2012h).

The sediment fill in the Podvodnikov Basin has a thickness of 2—7 km, with the greatest thick-
ness in the southern part of the basirljedeva-lvanova et al2006 2011 Poselov et al.
2012h. Three sedimentary layers are modeled in all the seisnmgs laovering the basin. The
top sedimentary layer has a thickness around 0.5 km and velocities of 1.7%mtke Arctic-
2000 line, 1.6-2.6 kms" in the TRA-1992 line, and 1.7-1.9 knt5in the TRA-1989-91
transectl(ebedeva-lvanova et aR006G 2011 Poselov et al.2012h. The second sedimentary
layer has velocities of 3.6—3.9 kmi'sin the TRA-1992 line but has lower velocities ranging
from 2.2—-3.0 km 5t in the TRA-1989-91 and Arctic-2000 linesdbedeva-lvanova et aR006
2012, Poselov et al.2012h). The lowermost sedimentary layer is modeled with velosité
3.2-3.6 km st in the Arctic-2000 line, 3.5-4.0 knT$ in the TRA-1989-91 transect, and 4.2—
4.5 km st in the TRA-1992 line ebedeva-lvanova et aR006 2011, Poselov et a.2012h).
This layer also has the greatest thickness, varying from 2—-3 lefpedeva-lvanova et ak006
2011 Poselov et a].2012h.

13.4.2 Makarov Basin

The Makarov Basin separates the Lomonosov Ridge from the Alpha Ridge and is crossed by
the TRA-1989-91 transect (Figule3.1, 13.2. On the TRA-1989-91 transect, basement highs
possibly corresponding to a continuation of the Marvin Spur and other possible continental frag-
ments are within the Makarov Basin. Based on the crustal thickness (8—12 km) and variability
in seismic crustal velocities, the Makarov Basin crust is interpreted to be oceanic crust with
small continental fragments under the basement higéisgdeva-lvanova et ak011). On the
TRA-1989-91 transect,ebedeva-lvanova et dR011) observe the acoustic basement to be one
layer above the interpreted crystalline basement. The layer between the acoustic basement and
the crystalline crust has velocities of 5.0-5.3 knt with thicknesses varying from 0.5—4.0 km
(Lebedeva-lvanova et aR011). The crystalline crust has an upper crust with velocitiegra

ing from 5.9-6.3 km st in the thinnest section of the basin to 6.0-6.2 km & the basement

highs Lebedeva-lvanova et aR011). The lower crust has thicknesses of 2 km in the inter-
preted oceanic part and up to 7 km in the basement higéisgdeva-Ivanova et ak011). The
seismic velocities of the lower crust in the Makarov Basin vary from 6.9 to 7.2 kinwith the
highest velocities in the interpreted oceanic paetedeva-lvanova et aR011).

The basin fill is approximately 5 km thick above the interpreted oceanic trough and thins above
the basement highs (Figui8.2). The three identified sedimentary layers in the TRA-1989-91
transect have velocities of 1.7-1.9 km*s2.3-3.0 km s, and 3.5-4.0 kms' (Lebedeva-
Ivanova et al.2011).

13.4.3 Mendeleev Basin

The Mendeleev Basin lies between the Chukchi Plateau and the Mendeleev RidgelBigure

The northern edge of the basin is traversed by the Arctic-2000 seismic line (Rig}e The
Mendeleev Basin has a crustal thickness of about 13 km under the Arctic-2000dbexleva-
Ivanova et al.2006. The crystalline crust is composed of two layers, and anlpwer layer

lies between the crust and the acoustic basement. The layer below the acoustic basement has
velocities of 5.0-5.4 kms', thicknesses around 3 km, and is interpreted to be carbonate sedi-
mentary rocks of fractured basalisspedeva-lvanova et ak006. The upper crust has veloci-
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ties of 5.9-6.5 km st and the lower crust has velocities of 6.7—7.3 kit §Lebedeva-lvanova

et al., 2006. The lower crust has a thickness of 7-14 km at the margin diedeleev Basin
(Lebedeva-lvanova et aR006§. The Mendeleev Basin is interpreted to be extended continen
tal crust based on the thick crust and similar velocities to the bordering continental fragments
(Lebedeva-lvanova et aR006.

The sedimentary thickness above the Mendeleev Basin is 2.5-3.0 km thick and has three layers
(Lebedeva-lvanova et aR006. The seismic velocities of the three layers are 1.7-1.9kh s
2.3-2.6 km s, and 3.2-3.6 kms!, from top to base of the basin filLébedeva-lvanova et al.

2006.
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Figure 13.1: Map of the Arctic Ocean. The approximate boundathe continental fragments
are shown in a black dashed line. Seismic refraction lines Arctic-206begdeva-lvanova
et al., 20006, Arctic-2005 Poselov et a].20123, Arctic-2007 Poselov et al.2012h, LORITA
(Jackson and Dahl-JenseB010, TRA-1989, 1990, 1991L€ebedeva-lvanova et al20117),
TRA-1992 Poselov et a].2012h, and ARTA Funck et al, 2011) are shown in thick black lines.
Cross lines are denoted with the survey name and 'X’. Bathymetry from ETOP®1érfte and
Eakins 2009.
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14 DISCUSSION

Numerous submarine highs are spread over the modern oceanic floor. Submarine crustal highs
include continental fragments, microcontinents, large igneous plateaus, submarine igneous ridges,
hot spot tracks, island arcs, and seamounts. For most of them, the crustal nature is known and
confirmed. Yet, with more and more geological and geophysical studies, new continental frag-
ments and microcontinents have been identified in recent y@arsvik et al, 2013 Gardner

etal., 2019. In the same vein, previously identified submarine igne@asgipces are now being
identified as continental fragmentSdrfield, 2013 Gibbons et al.2012).

Continental fragments and microcontinents are small, isolated regions of continental crust born
from rift-related tectonic processes. Our global review of the seismic crustal structure of mod-
ern continental fragments and microcontinents reveals a vast variety of crustal thicknesses in
terms of the amount of stretching that the continental fragment and bordering basins have un-
dergone (Tabld 4.1, 14.2 Figurel4.l 14.2. The crustal thickness of continental fragments
varies significantly across the globe, from some fragments having oceanic-type thicknesses (7—
9 km) up to continental fragments and microcontinents with continental thicknesses (30-40
km). Accordingly, the bordering basins have a wide range of crustal thicknesses from less than
5 km to 20-25 km. Several continental fragments and microcontinents have thick sedimentary
covers or small basins overlying the basement. These variations in crustal thickness reveal that
some fragments and basins may have undergone several stages of rifting and extension before
break-up and seafloor spreading, while others only experienced limited and localized rifting
before break-up.

What is similar amongst all continental fragments and microcontinents? In terms of the crustal
structure, we observe sharp crustal necking on the oceanic margins of many continental frag-
ments and microcontinents. For instance, in the Flemish Cap, the crustal thickness reduces
from 30 km to 10 km over a distance of about 50 km and in the Seychelles the crust thins
from 40 km to 5 km in the span of around 50 km. Such geometries suggest rapid thinning
due to a crustal-scale detachment during wPexbn-Pinvidic and Manatsch#&R010 call the
exhumation phase.

In most continental fragments, pre-breakup rifting in the bordering regions appears to be syn-
chronous, with a few exceptions. In the microcontinents of Jan Mayen, Seychelles, and the Elan
Bank, there is little, if some stratigraphic, evidence of concurrent pre-break-up rifting on both
sides of the microcontinents. But in the microcontinents and large fragments of the Arctic, there
appear to be jumps in the location and timing of extension. In the Arctic, the data are sparse and
still debated, but rifting in the Amerasian basin is often modelled to have jumped location from
the Jurassic through the Tertiary. It is apparent that in the case of microcontinents, the transition
from continental fragment to fully isolated continental crust is produced by a temporal and spa-
tial rift jJump. A jump in rift location over a distance of a few hundred kilometers can be due to
shifting extension directions, as in the case of the Wallaby and Zenith plateaus. Alternatively,
the rapid emplacement of hot magmatic material and raised mantle temperatures from an im-
pinging plume could shift the location of rifting, as is probably the case for Seychelles and the
Elan Bank.

It has been proposed that the magic ingredient in producing microcontinents are gliities (
et al, 2001 Gaina et al, 2003 based on the proximity of certain microcontinents (for egben
Jan Mayen, Seychelles, Elan Bank, and Lord Howe Rise) to plume or hotspots at the time of
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rift jumping. While this is certainly likely to be the format mechanism in some continental
fragments and microcontinents, there are many continental fragments on non-volcanic margins.
The Newfoundland, Iberian, Zealandia region, and parts of the Irish Margin are classified as
non-magmatic margins due to the minor amount or absence of identified volcanics such as
basalt flows, magmatic underplating, and SDRs. Another piece of evidence against plume-
related microcontinent formation, is in the southwest Pacific, where the continental fragments
of the Zealandia region were produced from active rifting by back-arc spreading in the New
Hebrides-Vanuatu subduction zone.

It appears that there is not one recipe for microcontinent and continental fragment formation,
but rather many different recipes that can lead to similar final products. Some possible tectonic
scenarios that could lead to continental fragment formation include localization of deformation
in multiple regions of inherited heterogeneityefon-Pinvidic and Manatscha?010, back-

arc extension above a retreating subduction z&drdlias et al. 2003 Schellart et al. 2006,
misalignment of rift axes and their subsequent linkdgagles et al.2002, multiphase rifting,

or a rift jump caused by an impinging mantle plunMi(ler et al., 200% Gaina et al, 2009.

These hypotheses predict different amounts of stretching in the surrounding basins, timing of
rifting in the basins, and amount of magmatic activity.

Evidence for plume interaction is often taken from lower crustal layers with high seismic veloc-
ities (7.2—7.5 km s1) that are typically interpreted as magmatic intrusions. Such lower crustal
bodies are most often found under the thinned crust of the bordering basins, but in some cases
underlie the relatively unthinned crust of continental fragments. High-velocity lower crustal
bodies interpreted as magmatic underplating are identified under the Faroe-Shetland Trough,
Faroe margin, Hatton continental margin, Hatton Basin, Lousy Bank margin, Bounty Trough,
Alpha-Mendeleev Ridge, Seychelles microcontinent, the Faroe Islands, and Lousy Bank (Fig-
ure14.3. Alternatively, in non-magmatic margins, some basins agedain by high velocity
bodies (7.5-7.973") below the lower crust or below the Moho reflection, which are interpreted

as serpentinized mantle. Often serpentinized mantle is found in the exhumed mantle on the
oceanic margins of continental fragments, such as the Galicia Bank and Flemish Cap. How-
ever, under the extremely thinned crust of the Porcupine Basin and Rockall Basin, these values
are found below the Moho. In the New Caledonia Basilingelhofer et al. (2007 interpret

high velocities in the lower crust as serpentinized mantle, but because of the active tectonic
setting with back-arc spreading, it is highly likely these values are due to arc magmas. More-
often, continental fragments and their bordering basins do not have high-velocity lower crustal
bodies. Thus, it would seem that magmatic underplating serves to localize deformation at the
final break-up location but not in the surrounding basins.

In most, if not all, continental fragments, rifting in the surrounding basins occurred in the ear-
liest stages of rifting. Between the Newfoundland-Iberia margins, the Flemish Pass, Orphan
Basin, and Galicia Interior Basin all began rifting concurrently in the early Cretac&anset

et al., 2007h Tucholke et al.2007). Although still disputed, the Rockall, Hatton, Faroe-
Shetland, and Porcupine basins are proposed to have opened up concurrently in the Permo-
Triassic Shannon199]). Even in the special cases of the continental fragments alazidia

that formed due to back-arc spreading, the basins have been proposed to have initiated concur-
rently during a stage of intra-continental extensiBaghe et al.2014).

If these basins are active in early intra-continental rifting stages, do the rifts in the surrounding
basins initiate on ancient sutures? This hypothesis is generally supported in our global review of
continental fragments. Off the Irish margin, the failed basins between continental fragments, in-
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cluding the Rockall, Hatton, and Faroe-Shetland basinsalamg old suturesshannon1997).

In a review examining where passive margin rifting initiatesjter and Torsvik(2014) find

that all modern margins, except for the Seychelles, have initiated along ancient sutures. In
the cases of the Seychelles and the Elan Bank microcontinents, break-up and rift jumping are
clearly related to active upwelling from a plume or hotspot. The timing of LIP eruptions around
Seychelles and Elan Bank correlate well with modeled timing of break-up from plate recon-
structions Coffin et al, 2002 Gaina et al, 2007 Collier et al,, 2008 Gibbons et al.2013.

The active upwelling due to hotspots or plumes can be the driving force to shift the rift location
over 100 kmGaina et al.(2003.

In general, it is difficult to discern one special factor that contributes to continental fragment
formation for all fragments because their tectonic histories are so varied. Plumes may not be the
special factor that always produces microcontinents, but in several cases it is clearly the driving
force. In passive margins driven by passive extension, without the influence of active upwelling
due to plumes or back-arc spreading, it appears that continental fragments form following the
scenario proposed Beron-Pinvidic and Manatsch&2010, where rifting localizes in regions

of pre-existing weaknesses.
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Table 14.1: Crustal thicknesses of continental fragments

Continental Thickness of Reference

fragments crust (km)

Alpha Ridge 23-28 Funck et al(201)

Alpha-Mendeleev Ridge 25 Lebedeva-lvanova et gR017)

Bill Bailey Bank 25 Funck et al(2008

Bounty Platform 23 Grobys et al(2007)

Campbell plateau 24 Grobys et al(2009

Chatham Rise 22 Grobys et al(2007)

Chatham Rise 20 gravity modelling:Davy et al.(2008

East Greenland Ridge 6-7 Dgssing et al(2008

Elan Bank 16 Borissova et al(2003

Exmouth Plateau 15 magnetotelluricsHeinson(2005

Fairway Ridge 22 Klingelhofer et al.(2007)

Falkland plateau 25-30 gravity modelingimbell and Richards
(2008

Faroe Bank 24 Funck et al(2008

Faroe Islands 35-40 Richardson et al(1999

Flemish Cap 17-25 Gerlings et al.(2011)

Flemish Cap 30 Funck(2003

Galicia Bank 19 Gonalez et al.(1999

Galicia Bank 17 Pérez-Gussing et al.(2003

Galicia Bank 15 Zelt et al.(2003

Galicia Bank 16 Clark et al.(2007)

Hatton Bank 24 Fowler et al.(1989
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Table 14.1: continued.

Hatton Bank 22.50 White and Smitii2009

Jan Mayen 7-9 Breivik et al.(2012

Jan Mayen 24 Kandilarov et al.(2012

Jan Mayen 11-15 Kodaira et al.(1998

Lomonosov Ridge 26 Jackson and Dahl-Jens€010

Lomonosov Ridge 20-25 Poselov et al(2012h

Lord Howe Rise 23 Klingelhofer et al.(2007)

Lord Howe Rise 26.6 Shor et al (1971

Lousy Bank 18 Funck et al (2008

Lousy Bank 24 Klingelhofer et al. (2005

Mendeleev Ridge 32 Lebedeva-lvanova et gR006

Mendeleev Ridge 28-30 Poselov et al(2012h

New Caledonia Ridge 24.5 Klingelhofer et al.(2007)

Norfolk Ridge 17 Klingelhofer et al.(2007)

Norfolk Ridge 15.1 Shor et al (1971

Orphan Knoll 12-15 Chian et al.(200))

Porcupine Bank 28 Whitmarsh et al(1974

Porcupine Bank 25 O’Reilly et al.(2006

Rockall Bank 30 Vogt et al.(1998

Sao Paolo Plateau 12-16 gravity modellingScotchman et al.
(2010

Seychelles 40 Collier et al. (2009

Average 23+ 7

Table 14.2: Crustal thicknesses of failed basins

Failed Thickness of Reference

basins crust (km)

Bounty Trough 15 Grobys et al(2007)
Fairway Basin 10-15 Klingelhofer et al.(2007)
Faroe-Shetland Basin 15 Richardson et al(1999
Faroe-Shetland Basin 9 Roberts et al(2009
Flemish Pass 15-17 Keen and Barret{1981)
Galicia Interior Basin 13 Gonzlez et al.(1999
Galicia Interior Basin 6-8 Pérez-Gussing et al.(2003
Great South Basin 13 Grobys et al(2009

Hatton Basin 15 Vogt et al.(1998

Hatton Basin 12.5 White and Smitti2009
Hatton Basin 7.5 Funck et al(2008

Hatton Continental Margin 12 Fowler et al.(1989

Hatton Continental Margin 18 White and Smiti§2009

Jan Mayen Basin 3 Kodaira et al.(1998
Makarov Basin 5-7 Lebedeva-lvanova et gR011)
Makarov Basin 20-23 Artyushkoy2010
Makarov Basin Il 9-10 Artyushkoy2010
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Table 14.2: continued.

Mendeleev Basin
New Caledonia Basin
New Caledonia Basin
Orphan Basin
Orphan Basin
Podvodnikov Basin
Podvodnikov Basin
Podvodnikov Basin
Porcupine Basin
Rockall Trough
Rockall Trough

13
8-10
4.5-14.7
14
15-17
20
10-24
16-20
2

S-7
5-6

Rockall Trough (N Rockall Basin) 13
Rockall Trough (S Rockall Basin) 6

Lebedeva-lvanova et gR006
Klingelhofer et al.(2007)
Shor et al(1971))

Chian et al.(200)

Keen and Barret{1981)
Lebedeva-lvanova et gR006
Lebedeva-lvanova et gR011)
Artyushkoy2010

O'Rellly et al.(2006

Hauser et al(1999

O'Reilly et al.(1996
Klingelhofer et al.(2005
Morewood et al(2005

Shetland Trough 13-15 England et al (2005
Tasman Basin 3.3 Shor et al(1971))
Average 11+ 5
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Figure 14.1: Crustal velocity profiles with depth below seeldéor microcontinents and con-
tinental fragments. Velocity profiles are from @ynck et al.(2011), (2) Funck et al.(2008,
(3) Grobys et al.(2007), (4) Grobys et al.(2009, (5) Dgssing et al(2008, (6) Borissova
et al. (2003, (7) Klingelhofer et al. (2007, (8) Funck(2003, (9) Gerlings et al.(20117), (10)
Clark et al.(2007), (11) Pérez-Gussing et al.(2003, (12) Fowler et al.(1989, (13) White and
Smith (2009, (14) Breivik et al.(2012, (15) Kodaira et al.(1998, (16) Jackson and Dahl-
Jensen(2010, (17)Poselov et al(20120, (18) Shor et al(1971), (19) Lebedeva-lvanova et al.
(2006, (20) Chian et al.(2001), (21) O'Reilly et al.(2006, (22) Morewood et al(2009, (23)
Vogt et al.(1998, and (24)Collier et al. (2009.

71



Vp (km s™)
N
£
%’ <
= = o
© © ® © £ - o °
o £ g £ £ 0 8 = = & &
- < < S [ 9] © © 8 2 © o 7] 7] 7] @
= [=) © £ 1] © ~ = m m c c c > © © © ©
% =1 < 7} 17} oM £ = o » ‘B ) o] o o oM
© o [=J @ © - 2} s c > ke © © 4 = = —
@~ 3 2 2 £ § § ¢ § & ao ao T 2 F F T
1 2 > <= K o o & 2 © c c 5 a X X ~
2 > = © @ = c c s 3 O © © Q =] 3 3 3
19) c ) 2 IS @ o o < < > 3
s 3 & § s ¢ ¥ ¥ g & 3 & & % 5 &z &z =
E ko) . - -
m @& W & © ¢ I T 8 = z O 6 ada 4 b & o
0
_5_ |
_10_ -
_15_ -
—
IS
x
=
<
=
o
)
a
-20 — -
79
-25 — -
Marginal Basins
-30 -
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Figure 14.3: Global Map showing the locations of continefrtiegments (black) and the loca-

tions where magmatic underplating (red stars) and serpentinized mantle (blue circles) have been
identified through deep crustal seismic studies. In the New Caledonia Basin, a red star overlies
a blue circle because the interpreted serpentinized mantle region is more likely to be magmatic
underplating.
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