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Abstract

A structural analysis of the northeastern MohngRisituated in the Norwegian-Greenland Sea has
been conducted using bathymetric data acquiresglsiarveys in 2000 and 2001. Fault pattern and
volcanic features are interpreted from this bathyynas well as dip, length and displacement. These
measurements have further been used to produderfapk, profiles and models. The study area
comprises the oblique spreading northern Mohns &itlee orthogonal spreading Mohns-Knipovich
Ridge Bend and the southernmost highly obliqueasting Knipovich Ridge. Spreading rates lie
between the slow- and ultraslow class of spreadadyggs and the ridge is characterized by a deép rif

valley.

Observations and interpretations of relay structillestrate how faults link together and grow wtip
horizontal and vertical direction. Maximum displent-length relation of the study area conforms to
maximum displacement-length data from contineritasettings and other fault populations in spife o

differences in crustal thickness and rheology.

The study area has been subdivided at segment secakel is situated in between two axial volcanic
ridges (AVRs) and area 2 has an AVR directly adjaaethe rift valley. Area 1 is characterized by
rather symmetric fault geometry and in profile thelts are equally spaced and show a slight deereas
in dip as distance off-axis increases. In contaasa 2 is characterized by great variations in
topographic expression. It is characterized by sd\witward facing low-angle detachment faults with
varying degrees of displacement as well as bagimsted off-axis in relation to the detachment faul
These outwards facing faults have previously batarpreted to represent core complexes based on
petrologic data although they are not structuratigfined. Analysis has better confined these
structures and their characteristics and propogelditonary models are presented. It is further

suggested that several evolutionary stages ofamrglex formation is present in area 2.

The relative thermal state of the lithosphere ferited to be the main reason for the difference in
topographic characterization. It is suggested higtier heat flow and lithospheric temperaturefat t
AVRs result in local elevation of the brittle-duetiransition altering the rheological properti€his
interplay between magmatic (volcanic) and amagngggittonic) accretion is believed to result in
oceanic core complex formation. Lateral terminatibeore complexes has not earlier been subject for
debate. The higher heat flow and lithospheric teatpees in the vicinity of the AVR are believed to
result in the lateral faults not propagating phstlbcally elevated brittle-ductile transition. $hi

principal appears to conform to data from core demgs identified further south along the Mid-
Atlantic Ridge.
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Chapter 1 Introduction

1. INTRODUCTION

1.1. The study area

The study area is situated in the Norwegian-Greehf&ea and comprises the oblique
spreading northern Mohns Ridge, the locally orthmaspreading Mohns-Knipovich
Ridge Bend as well as the highly oblique spreadmghern Knipovich Ridge (red
box in Figure 1.1). The ridge system is intermetizetween the slow and ultraslow
class of spreading ridges (Dick et al., 2003), iartierefore not intersected by first
order transform faults. Instead the ridge is charamed by oblique segments defining
second order segmentation. The complexity of ttea aesult in several interesting
features. The most striking is a dome-shaped sireiciff-axis that is elevated 2600 m
in comparison to the rift valley. This structureshracently been reported to represent

an oceanic core complex (Pedersen et al., 2007).

1.2. Main objectives

The data presented in this thesis consists of baatnh bathymetric data that was
collected on behalf of the Norwegian Oil Directerat collaboration with the
University of Bergen in 2000-2001 as part of thaviLof Sea” project. The main

objectives for this study are:

= Fault population and evolution — the role of redfiyictures

= Interplay between magmatic (volcanic) and amagn{tdiionic) processes -
comparison of two areas characterized by diffenesat flow and lithospheric
temperatures

= |dentify and constrain the presence of oceanie complexes in the study
area

= Constrain and discuss mechanisms controlling latenaination of core

complexes
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Figure 1.1: Depth-coded bathymetric map of the Norwegian-GreemhiSea with following continental
margins. The red box shows the study area congisfithe northern Mohns Ridge, the Mohns-

Knipovich Ridge and the southern Knipovich RidgeeTidge segment is delimited by the West Jan
Mayen Fracture Zone and the Molloy Fracture ZoBEAO bathymetric grid is used to generate this

map (Jakobsson et al., 2008).
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The objectives described above are to aid in batiderstanding of fault activity and
mechanisms, spreading mechanisms and the role BisAdf slow to ultraslow
spreading ridges. Thus, the primary objective efttiesis is to better understand the
tectonic complexity of the study area.

1.3. Approach

The approach has been to define two areas exlgldtiferent topographic
expressions and proceed with structural geologatyars. The results are presented in
Chapter 4 where results concerning the axial vdtleyhe study area are presented.
Further the structural geologic results from thetem flank for the subdivided areas
are presented. Following is a section where detailedies of structural features that
aid to understanding the aims and objectives fisrttiesis are presented. The results
presented in Chapter 4 are further discussed ipt€hé& in light of the objectives.
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2. GEOLOGICAL BACKGROUND

2.1. Mid-ocean ridges

Mid-ocean ridges are constructive plate boundaviesre generation of new oceanic
crust originates. They have been classified inteetldifferent classes (slow,
intermediate and fast) based on their spreadimg (&@lacdonald, 1982). Each class
has distinct morphologic characters (Figure 2.aktlspreading ridges have spreading
rates greater than 90 mm/yr and have an axialihgjead of a rift valley and show
smooth topography with fine-scale horst and gradtarctures. Intermediate

spreading ridges have spreading rates of 50 — 9@/nwith a 50 — 200 m deep
median rift Slow spreading ridges have spreading rates of 3@mm/yr. They

exhibit a deep rift valley with depth of 1.5 — &t and the topography is rough and
faulted (Macdonald, 1982).
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Figure 2.1: Bathymetric profiles for fast, intermediate anovslspreading ridges. PB indicates the
extent of active faulting, F the zone of fissurargd V the zone of volcanism. Vertical exaggeration
4 times. EPR — East Pacific Rise, MAR — Mid AtlariRidge (Macdonald, 1982).

The global mid-ocean ridge system is approximatél)00 km long and the ridges

are[b to 30 km wide. The mid-ocean ridges are strutttusegmented by
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discontinuities of different magnitude (Macdonalak, 1988; Macdonald et al.,
1991). First order segmentation is tectonicallyirtkf by transform faults that
separate the spreading axis up to 1000 km andddueation of 10 Ma. The offsets
are large enough that the lithosphere along the plaundary behaves rigidly. The
discontinuities divide parts of the global ridgstgyn into 300 — 500 km long
segments and these segments are associated vatliemgth anomalies from 500 —
3000 m. Second order segmentation has lengths f3® km and behaves non-
rigidly in contrast to first order segmentation.eldiscontinuities are defined by
smaller offsets of the spreading centre rangingfgo— 30 km. At fast and
intermediate spreading centers this is in formw@riapping spreading centers and at
slow spreading centers in form of oblique sheaeso®econd order segments have
depth anomalies dfiLl00 — 1000 m and a duration between 0.5 — 10 Miad Bmd
fourth order segmentation have a duration of 1008000 Ma and have shallow
depth anomalies ranging from 0 — 300 m. Third osdgments are 30 — 100 km long
and defined by small, 0.5 — 3 km, offsets in oygrlag spreading centers. Fourth
order segments are 10 — 50 km long and charaateoizeery small lateral offsets,
<0.5 km, of the ridge. Third and fourth order distbouities on slow spreading ridges
are gaps in the axial neo-volcanic zone betweecawnales within the rift valley
(Macdonald et al., 1988; Macdonald et al., 1991).

Phipps Morgan et al. (1994) suggests a balancedestwagmatic heat input and
hydrothermal heat removal determining the thickredgbe axial lithosphere, which
in turn controls the axial morphology. Fast spregdidges have continuous magma
lenses at shallow depths implying a thin uppetlbriayer that can easily be faulted
or dissected by dikes. Slow spreading ridges h@ssaate and ephemeral magma
chambers. Their lithosphere is thick and thereéxtabits a greater lithospheric

strength and deep rift valley reliefs (Searle &&tia, 2004).

Dick et al. (2003) proposed a new, ultraslow, clafsspreading ridges. The
subdivision of spreading ridges above is inadegtoabtharacterize the ocean ridges’
full variability. It is suggested that the classésuld be divided into fast-, slow- and

ultra-slow spreading ridges with two intermediatgsresenting transition from fast-
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to slow-spreading and slow- to ultra-slow spreadidges. This is based on

investigations of the Southwest Indian Ridge amdAlctic Ridges.

The ultraslow spreading class of ocean ridges bpxeading rates less than 12 mm/yr
and their characteristics can also be found whareasling rates approach 20 mm/yr.
They are characterized by lack of transform faauftd intermittent volcanism. The
crust is thin and often absent, exposing mantlkson the seafloor and at fault
scarps. Accretion of ridge segments happens by magand amagmatic spreading,
the latter newly recognized as a spreading mechmafidsck et al., 2003)The only
ultraslow spreading ridge is the Gakkel Ridge i Atnctic Ocean which is without
transform faults and spreading 8 - 13 mm/yr. Tts¢ oéthe Arctic spreading system
as well as the Southwest Indian Ridge show charatits of this class with

spreading rates ranging between 13 — 18 mm/yr (BicK., 2003).

The seismically determined oceanic crust#5-1 km thick and decreases sharply at
spreading rates lower than 20 mm/yr, indicatingiotidn of melt volume generated.
The reduction is caused by conductive heat losa tiee mantle welling up beneath
rifts. Conduction is especially important for slewd ultraslow spreading ridges due
to their large normal faults and thin crust thaimotes penetration of water into the
lithosphere (Bown & White, 1994; White et al., 20&bbinson et al., 2001).Thus
changes in ridge geometry, mantle composition, o thermal structures greatly
affect crustal production and tectonics at veryvsépreading rates (Dick et al., 2003)
From earlier work the ultraslow Gakkel Ridge wobklpredicted to have sparse
volcanism, diminishing as the spreading rate deg@aand little hydrothermal
activity (Baker et al., 1996; Bown & White, 1994)ichael et al.’s (2003) work on
the ultraslow Gakkel Ridge revealed that magmatitations are irregular and more

robust than anticipated and that hydrothermal agtis abundant.

Ultraslow spreading ridges consist of magmaticdanic) as well as amagmatic
(tectonic) segments. Magmatic segments are morglualily linear axial highs or
troughs formed sub-perpendicular to the least grailcompressive stress.
Amagmatic accretionary ridge segments are the &eyponent of ultraslow

spreading ridges as they replace transform faullilevextending the zone of
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lithospheric accretion. They assume any orientagdative to the spreading direction
and are distinguished by an axial through typicatlgepth up to 1 km and may
extend 50 km or more. The ridges have scatterezhuals and or a thin basalt cover
and oceanic layer 3 is thin and often absent. Bx@pse abundant mantle peridotite,
exhibit weak magnetization and a relatively positiéantle Bouger Anomali (Dick et
al., 2003). Further Dick et al. (2003) shows tlhat basic accretion unit appears to be
mantle horst blocks that are subsequently upliitectreate an axial trough wall often

creating low-angle (1420°) fault surfaces exposing peridotite ridges.

2.2. The opening of the Norwegian-Greenland Sea

The Norwegian-Greenland Sea (Figure 2.2) is defasethe deep ocean between
northwest Europe and Greenland delimited in théhrloy the Spitsbergen Fracture
Zone and in the south by the Greenland-Icelandeeaghallow transverse (Eldholm
et al., 1990). Comprehensive reviews of the Noraegbreenland Sea have been
published (e.g. Eldholm et al., 1990; Talwani & Ik, 1977; Vogt, 1986) and it is
evident that the sea comprises a complex systeantivie and aborted spreading

ridges.

The Iceland-Faeroe Ridge, the Reykjanes Ridgeetadhith and the Kolbeisey Ridge
to the north are unusually shallow (Talwani & El&thp1977). The Mohns Ridge is
symmetrical, situated between Greenland and Noreway has a well developed
magnetic pattern associated with seafloor spregdialyvani & Eldholm, 1977). The
Kolbeisey ridge south of the Mohns Ridge and thggvich Ridge to the north are
situated asymmetrically between Greenland and Euaopl this has affected the
general physiography of the Norwegian-Greenland(Eitholm et al., 1990). The
deep ocean divides into three regions separatécbiyire zones (Figure 2.2). The
southern region consists of the Iceland Plateautamtlorwegian basin including the
Aegir Ridge. The region is bounded by the Greenlaethnd-Faeroe shallow
transverse to the south and the Jan Mayen Fracture (JMFZ) to the north. The
central region comprises the Lofoten Basin and3heenland Basin and is bounded
by the JMFZ to the south and the Greenland-Semjetéire Zone to the north. The
northern region lies between the Greenland-SenjeSaitzbergen fracture zone and
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consists of the Boreas Basin and a smaller baswelee the Hovgaard and Molloy
fracture zones (Eldholm et al., 1990).
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Figure 2.2: Bathymetric map with main geological featureshaf Norwegian-Greenland Sea
(Kandilarov et al., 2008).

The separation of Norway and Greenland started tvélcollapse of the Caledonian
mountain range in Devonian. From the collapse efGaledonians until the
beginning of Tertiary the area between Norway aree@land was characterized by
continental extension. Although the opening isaerefeature its segmentation and
evolution are governed by pre-opening events (ldiral., 1993).
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It is assumed that seafloor spreading in the NomveGreenland Sea started in Early
Eocene time (chron 24B, 53.7Ma) (Lundin & Dore, 200alwani & Eldholm, 1977).
From the initial break up until early Oligocene@h 13, 35Ma) seafloor spreading
occurred along the Reykjanes, the now extinct Aagd the Mohns spreading axes
(Figure 2.3a). The spreading in the Norwegian-GeeehSea was connected to the
Gakkel Ridge in the Arctic-Eurasian basin by a filgiteral transform consisting of
the Senja Fracture zone, Hornsund fracture zon&saeenland fracture zone (Lundin
& Dore, 2002).

In early Oligocene, chron 13 (Figure 2.3b), theeading in the Labrador Sea and
Baffin Bay ceased and the Greenland plate mergddtive North American Plate
(Lawver et al., 1990). The plate geometry in th@nity of the Norwegian-Greenland
Sea went from a three-plate to a two-plate conéijon. Thus, the opening can be
described as a separation of the North Americate Rlad the Eurasian Plate
(Kristoffersen & Talwani, 1977). The spreading dtren had thus changed from a
NNW-SSE to a NW-SE orientation (Lundin & Dore, 2D0Phis rotation can be seen
in the difference in trend between the East andt\Md&Z. The change in plate
motion caused rifting along the continental rigitetal transform between SW
Barents Sea and NNE Greenland initiating seaflpogaling along the Knipovich
Ridge (Lundin & Dore, 2002). At the same time thelivis Ridge went from
orthogonal to oblique spreading. Crane (1988) psepdhat the Knipovich Ridge
formed by propagation from the south into the amic&pitzbergen Shear Zone.
Oceanic crust formed en echelon with smaller spngdoiasins propagating

northward.

Spreading ceased along the Aegir Ridge around dh(&igure 2.3c) and the
spreading shifted westward (Lundin & Dore, 2002wgeni & Eldholm, 1977).

Talwani and Eldholm (1977) suggested a complexwaast migration of the ridge to
its present position, the Kolbeinsey Ridge. Othghars suggest a ridge jump directly
from the Aegir Ridge to the Kolbeinsey Ridge (Kodast al., 1998a).20 Ma ago

the Kolbeinsey Ridge and the Mohns Ridge were octedethrough the West IMFZ
(Vogt, 1980). The Jan Mayen micro continent waslenily a part of eastern

10
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Greenland before the spreading axis shifted to nmede¢h the east coast of Greenland
(Eldholm et al., 1990; Kodaira et al., 1998b). Tiete configuration that followed
the separation of the Jan Mayen micro continentthadinkage of the Kolbeinsey
Ridge and the Mohns Ridge is the same configuratsois present today (Lundin &
Dore, 2002).

a) Chron 24B (57 Ma) b) Chron 13 (35.5 Ma)

73.
Greenland

70°N

Eurasia

o2 ; ‘

10°W 0

60°N

c) Chron 6 (20 Ma)

Lh70°N

Eurasia ’ i
4 ¢ Yeo°N

-~ -~
= g L)
10°W 0° 10°E 20°E 10°W 0° 10°E 20°E
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Figure 2.3: Plate tectonic evolution of the Norwegian-Greed|&ea (Lundin & Dore, 2002). RR —
Reykjanes Ridge, AR — Aegir Ridge, MR — Mohns RidgsSO — West Spitzbergen Orogeny, KR —
Kolbeinsey Ridge, KnR — Knipovich Ridge, JM — Jaaydn micro continent. Gray and yellow dots
respectively represent the paleo and current positf the Iceland Plume for the reconstruction
(Torsvik et al., 2001). Blue arrows show spreadingl Chron 13, and the red arrows show spreading
directions after Chron 13 until present (Ludin &m©p2002).

a) Initiation of seafloor spreading along RR, AR an&Mhe spreading direction has the same

orientation as the Jan Mayen Fracture Zone. Sheaement along the Barents Sea margin.
b) Rotation of the spreading direction as a consequehthe Greenland Plate merging with the

north American plate. Initiation of spreading i thorthern Greenland Sea along KnR.

11
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c) The Aegir Spreading Ridge ceases to exist as tleadmg jumps westward forming the
Kolbeinsey Ridge which connects with the Mohns Ridthe Jan Mayen micro continent
becomes separated from Greenland

d) The plate configuration in Chron 6 is maintainedh® present.

The anomalous amount of magmatism in the NorthnAitaarea, fronil70 Ma to
present, has been attributed to the Icelandic pi{ifgeire 2.3 shows the plumes
path). This may have implication for the post brgakolcanism in the Labrador Sea
rift as well as the separation of the Jan Mayerronmontinent, the latter propagating
northward as it split from Greenland (Mjelde et28)08). Breivik et al. (2006)
proposed that the unusually thin oceanic crudtauttraslow spreading morphology
in the Norwegian Basin is caused by an interaatiith the Iceland plume. The
mantle was depleted during the construction ohtlagmatic Greenland-Iceland-
Faeroe Ridge resulting in slow but persistent asibgheric flow northeastwards to
the Norwegian Basin giving a lower than normal magroductivity during seafloor
spreading. Figure 2.2 and 2.3d show present caratfigun of the Norwegian-

Greenland Sea.

2.3. The Mohns Ridge

The Mohns Ridge (Figure 1.1) extends from the Jayévi Fracture Zone
northeastwards until it bends northwards into tiigpkvich Ridge at 72N and is
approximately 600 km long (Hellevang & Pederse®3)0The ridge is oriented0°
and the spreading direction since magnetic anomayl15 (Vogt, 1986) thus this is
an oblique spreading ridge. The degree of obligueagling is defined by the angle
between the normal to the axis and the directicspoéading (Abelson & Agnon,
1997), giving a spreading that is oblique by.33ellevang and Pedersen (2003)
calculated the obliquity to change from°3fast of Jan Mayen to 2/ the northeast
part of the ridge and orthogonal in the Mohns—Kniplb Bend. Analyzing magnetic
anomalies, Talwani and Eldholm (1977) calculatexdgpreading rate to b mm/yr
for the last 10 Ma while newer calculation by Mostal. (2002) calculated the
spreading rate to bél6 mm/yr for the last 10.3 Ma. Thus the Mohns Ridge

12
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intermediate between slow and ultraslow spreadatgraling to Dick et al. (2003)

classification of spreading ridges.

Klingelhofer et al. (2000a & b) interpreted the strat the Mohns Ridge to be 40
0.5 km thick using seismic refraction data. Ocedayer 2a and 2b show nearly
normal thickness and oceanic layer 3 is very tariations in crustal thickness are
due to changes in seismic layer 3 and it appedatsdken below topographic highs
and to thin below local basins. Due to the presefitiee Iceland hot spot, and also
perhaps the Jan Mayen hot spot (Neumann & Schjllifg4), the rift valley is
relatively shallow compared to the rest of the Mitantic Ridge. It deepens
progressively from 2500 — 3000 m near the JMFZheastwards to depths of 2800 —
3500 m. The rift valley is generally 10 — 20 km wignd 1 — 2 km deep with
exception of a width of 1.5 km on the Jan Mayerif&ten and approximately 5 km at
the Mohns — Knipovich Bend (Geli et al., 1994, ldeling & Pedersen 2003). The
Mohns Ridge, as well as the Knipovich Ridge, isadtby transform faults defining
first-order segments. Instead they are regionmkétl magmatic and amagmatic
ridge segments (Dick et al., 2003).

There are several articles covering the centrdlgiadhe Mohns Ridge (2V - 4°E)
discussing fault-pattern and segmentation basatktailed swath bathymetry as well
as seismic, gravity and magnetic data (Dauteuilr&B 1993 & 1996; Geli et al.
1994; Hellevang & Pedersen, 2003). The central MdRidge is characterized by
large-scale segmentation with en echelon arrarmasbtaphic highs separated by
transfer zones (Dauteuil & Brun, 1993 & 1996). Bauiit& Brun (1993) proposed
that the topographic highs in the axial valley @fréectonic origin, being bounded by
large vertical offset indicate that they are hor&sli et al. (1994) suggests that the
topographic highs are of volcanic origin due torph@ositive magnetic anomalies.
The latter is consistent with side-scan images filoenorthern Mohns Ridge and
Mohns-Knipovich Ridge Bend where the topographghkioccurring every 32 to 67
km are interpreted as volcanically active areaaif€ret al., 1999). Crane et al. (2001)
and Okino et al. (2002) show that the Knipovichd®ids segmented similarly to the
Mohns Ridge but with larger distances betweendpedraphic highs (85 - 100 km).

13
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The Mohns Ridge border faults are asymmetric vatigér throws on the
northwestern flanks resulting in shallower bathymethe southeastern flank shows
an apparently more simple morphology due to thiskegliment piles than the
northwestern flanks (Talwani & Eldholm, 1977; Dauté& Brun, 1996). The faults
within the axial valley are linear or smoothly cedy forming a mean 3@ngle to the
rift valley. As the faults approach the rift vallesalls they are curved and become

parallel to the valley walls (Dauteuil & Brun, 1993

Hellevang & Pedersen (2003) subdivided the Mohmig&into 15 second-order
segments with distances of 18 to 64 km. The secodéer segment centers are
identified by shallower bathymetry and stronger nedgg anomalies within the rift
valley, defining axial volcanic ridges (AVRs). Ttransition between the segments is
considered to represent second-order discontisuatiel the Jan Mayen Fracture Zone
and Molloy Fracture Zone are considered to reptegshorder ridge discontinuities.
The entire Mohns and Knipovich Ridge can thus lsedeed as a “supersegment”
(Dick et al., 2003). Subdivision into third and fduorder segments is related to
depth variations associated with the discontinsiiéied offsets between the segments.
They are believed to be controlled mainly by vaoias in along-axis magmatic
activity. Increasing mantle bouguer anomalies (MB#Jay from the Jan Mayen
Platform indicates decreasing crustal thicknesslawdr magmatic activity
northeastwards resulting in deeper bathymetry angdr distances between AVRs.

2.4. Oceanic core complexes

Oceanic core complexes are massifs in which lowet@nd upper mantle material
are exposed on the seafloor. They are comparalslentinental core complexes and
are interpreted to be rotated footwall blocks asded with low-angle detachment
faults (e.g. Tucholke & Lin, 1994; Blackman et 4098; Tucholke et al., 1998;
Ranero & Reston, 1999; Cann et al., 2001; Restah,e2002). The core complexes
where initially discovered at the inside cornersidfie transform intersections along
slow spreading ridges. More recent research (e&koaCet al. 2004; Smith et al.,

2006) reports oceanic core complexes between trdgeform intersections as well.

14
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Pedersen et al. (2007) and Bruvoll et al. (200pdrethe presence of core complexes
west of the Mohns-Knipovich Ridge Bend where gal#nd serpentinite have been

recovered on low-angle fault surfaces.

It is believed that prolonged slip on a detachniienlt occurs where a ridge segment
experiences a phase of relatively amagmatic (textemtension as it is easier to
maintain slip on an existing fault than it is tatiste a new fault in the strong rift
valley lithosphere of a slow spreading ridge. Teheadhment fault will be terminated
when a magmatic phase occurs, because magmatismeaien the axial lithosphere
so that it becomes easier to initiate a fault albsehe rift valley (Tucholke et al.,
1998). The transition from dislocation creep tdwdifon creep in shear zones near the
brittle-plastic transition in the mantle contribsiti® fault weakening (Jaroslow et al.,
1996). Escartin et al. (1997) suggests that vanatin faulting style can be explained
by rheological effects of serpentinization. Heremsgth versus depth profiles
calculated to suit slow spreading ridge systemiatd that the presence of
serpentinite can reduce the strength of the lithespby up to 30%, favoring more
widely spaced faults with greater throw in conttastieformation where serpentinite
is scarce. Thus the long-lived slip can be explhimgamagmatic extension as well as
fault weakening due to presence of serpentinitechiatige in deformation

mechanism.

Morphological characteristics common for oceanieammplexes can be illustrated
from an inactive core complex near’Blat the Mid Atlantic Ridge (Figure 2.4). An
isochron-parallel ridge exhibiting a steep slopErfg away from the spreading axis is
present. Rocks recovered from this particular rislyew that it is composed of basalt
and interpreted to represent volcanic seafloorteckat the axis (Smith et al., 2006).
A not as illustrious feature in the example presénbut commonly found
immediately towards the rift axis, is a narrow zofeepressed crust. A basin is
situated immediately behind the former mentionddei(away from the axis), and
such basins are believed to be formed by outwasthfall rotation as the ridge
evolves (Smith et al., 2006). Towards the axis ftbmridge a broad uplifted dome-
shaped massif is present. The surface of this fassrrugated and dredges have

recovered serpentinized peridotite (Smith et &06&). Such massifs have been
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interpreted to be fault surfaces of detachmentganlassociation with core
complexes (Tucholke et al., 1998; Smith et al., @00 Figure 2.4 a normal fault
scarp cuts the feature on its inner (younger) aitethe scope to the northwest of the
massif indicates mass wasting (Smith et al., 2006).

An additional common feature for an extinct corenptex is that the corrugated
massif often dips at a low angle intersecting #efleor. This is interpreted as the
termination of the detachment fault which is incasation with the core complex.

This is due to a new fault that has formed furtberards the axis (Tucholke et al.,
1998). Throughout this thesis the fault forming &ogls the axis, aborting the core
complex evolution, is referred to as the terminatault. The expression termination
used by Tucholke et al. (1998) is referred to agithof the detachment. The exposed
detachment surface comprising the core complesfésned to as the core complex
extent in map view. The detachment fault for aivadiult in a core complex setting

is rooted below the spreading axis when active ljolie et al., 1998).

The corrugated fault surfaces, also referred tmaion structures, are parallel to the
spreading direction and consist of synforms andants with amplitude up t61100

m (Tucholke et al., 1998; Smith et al., 2006). ©hgin of the corrugations is still
not fully understood. Direct observations have shwhat they are not produced by
faults parallel to the spreading direction (Tucleodt al., 2001). A possibility is that
they originate by continuous casting where theviaditbehaves in a ductile manner
and is deformed with respect to irregularities strang and brittle hanging wall
(Spencer, 1999). The domed massif can be explaneegional isostatic
compensation and flexure due to large fault thre@/Km) which domes the fault
surface of the footwall (e.g. Buck, 1988). Numdrimadeling ascribes the domed
feature to be due to plastic and elastic deformdii@vier et al., 1999). The zone of
depressed crust, between the outward dipping slodehe dome, is interpreted to be
formed by high angle faults dissecting the detacttraarface (Tucholke et al., 1998).
Newer research (Smith et al., 2006) alternativeuanes that the depressed zone
corresponds to upper crust that is not characttbydlexure and isostatic

compensation.
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<— Spreading axis 30 km west

30°00' N
Mass \{olcanic
wasting ridge
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slope
Inward
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2| surface
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42° 35'W 42° 30' W 5 km
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Figure 2.4: Color coded bathymetric map of a well-exposednektore complex south of the Atlantis
fracture zone on the Mid Atlantic Ridge. Map comtouerval is 100 m. Morphological characteristics
are shown by arrows and discussed in the text (Semial., 2006).
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3. DATA AND METHOD

3.1. Data

Bathymetric data covering the northern Mohns Rialge the Mohns-Knipovich
Ridge Bend (Figure 3.1) is interpreted and presemt¢his thesis. The data was
collected on behalf of the Norwegian Oil Directerat 2000 — 2001 by Gardline
Surveys and Fugro Geoteam for the “Law of Sea” nmgpMulti-neam bathymetric
data (swath bathymetry) was collected using a It 120 echosounder (12 kHz
transducer frequency) installed onboard MV Oceagielamour. The quality of the
data was improved by removing the outer 5 beamsotim sides of the swathe and
filtering the remaining data to compensate for Wweatonditions, sound velocity
errors, standard deviations, noise and residudrdiices. Additional interference
was caused by the sub bottom profiler and was adddeby a synchronization unit
that was fitted to the pinger suit (Gardline Susséymited, 2001). The final charts
where gridded and the program Fledermaus was osadw and shade the
bathymetry. The data was produced with a resoludfd00 m x 200 m. The
University of Bergen has since re-gridded the bagyic maps in Fledermaus to a

resolution of 75 m x 75 m.

‘ LOCATION MAP ‘

Figure 3.1: “Law of Sea" data acquisition. Chart area 12 @etline) is subject to this thesis (Gardline
Surveys Limited, 2001).
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Fledermaus uses a UTM (Universal Transverse Menchssed coordinate system.
The system is based on representing a portionedE#rth as a flat surface. The data
presented is in UTM zone 32 WGS 84. Captures frieddfmaus have shading from
the northeast. On regional figures and maps UTMdioates have been converted to
geographical coordinates with exception of smalkdail studies where an outline is
presented in a regional figure to illustrate itsigon. A regional map of the
Norwegian-Greenland Sea has also been genera@un(Generic Mapping Tools)
(Figure 1.) to better illustrate the geographic position of da¢a.

3.2. Method and approach

Several tools are available to map deformationidtanean ridges such as
bathymetric data, seismic reflection and refractiata, acoustic imagery and
submersible investigations. What makes bathymeprgveerful tool is the ability to
visualize and correlate lineaments and structuradarge scale. In this thesis
bathymetric data, from chart area 12 (Figure 3slyised to interpret the ridge system
by studying the morphologies and doing measuremesiitg) the three-dimensional

visualization program Fledermaus.

Tectonic interpretation of morphology seen on rglgerelatively straightforward as
there are only two main processes controlling t&ymetry; tectonics and
volcanism. Volcanism produces two identifiable teat: conical structures and
elongated domes with lower relief related to fisseruption. Tectonic processes
generate faults where vertical throw disturbs th#ymetry. This makes strike-slip
faults barely visible except where they affect preésting structures (Dauteuil, 1995).
It is thus important to remember that interpretedmal faults may have a strike-slip
component. Due to resolution limitations only larfgults and volcanoes are visible
and interpreted faults may in fact represent faoites (Dauteuil & Brun, 1993;
Hellevang & Pedersen, 2003).

A factor that disturbs interpretation is sedimeaotaand erosion altering the faulted

topography. It has been shown by Bruvoll et al0@Qhat the proximity of the
Mohns-Knipovich Bend to a glacial margin has resaiih accumulation of a

20



Chapter 3 Data and Method

sediment cover that locally exceeds several hunehetérs. This cover becomes
progressively thinner away from the margin. Graeibyes from the upper 4 meters
show iron- and glass-rich laminas and layers remtasg a history of hydrothermal
deposits and volcanic activity in the area (Pedeetal., 2007). Thus volcanism may
alter the tectonic expression. Degradation of faldtk crests due to mass wasting
processes are recognized, causing accumulaticgdofents in hanging wall
depressions. This may be caused by gravitatios#dlifities in sediments or oceanic
rocks overlaying the faults and may be triggere@@ghquakes (e.g. Hesthammer &
Fossen, 1999).

Measurements of fault throw have been extracteu fsoofiles drawn perpendicular

to faults and derived from the bathymetric dat&ledermaus. The footwall and
hanging wall have to be interpolated to accounsémiment accumulation in the
depression as well as the footwall being intergalab account for erosion. Figure 3.2
shows a schematic profile typical to the area destrating apparent throw and heave
compared to interpreted throw and heave.

Interpolated heave

-— -

Interpolated | throw

Apparent heave
% N1

Footwall :
i AppanNgnt throw

Hanging wall

Topography s

Interpolated surface
Hip ¥ y
/ U Talus ‘

‘\1 Eroded material J

Figure 3.2: lllustration of some of the possible errors assimd with measurements of fault throw and
fault dip from bathymetric data. The uncertainties due to mass wasting resulting in eroded crests
and downslope accumulation of talus, as illustragedillustrated throw and dip easily becomes

underestimated in the presence of mass wastindpalftescarp degeneration.

Figure 3.3 shows an example how a profile drawn aviault may look and how
debris is identified in the bathymetric data. Thgbaut the study area there is a

varying degree of depression infill and erosiofioatwall tops, and this has been
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accounted for in each measurement. Errors in measnts occur due to wrongful
interpolation of footwalls and hanging walls andertainties when reading off

values from the axis of the profiles in Fledermaus.

Figure 3.3: Example of what a profile (lower right corner) magk like and how a talus (red outline)

is identified. Red ticks on the profile correspdaabutline in the profile.

Additional factors to consider during interpolatisrflexure (increasing relevance
when fault spacing increases) and rugged (predadutopography. This can be
illustrated on a seismic line crossing the westKlaf the southern Knipovich Ridge
at 75°N (Figure 3.4). The seismic line shows hoguFe 3.2 may be a reasonable
approach for interpolation in some cases, e.gtdauth close spacing seen to the
right in the blue box. To the left in the red baotfaults with large spacing (ca. 6.5
km) show that the scheme illustrated in Figurei812ot accurate. The area between
the two major faults displays rugged topographyaniiexure of the hanging wall
towards the footwall. In Allerton et al. (1996) estigation of valley-wall faulting and
its relationship to bathymetry illustrates the faadarp evolution. In the illustration
two faults initiate at an immature stage. At a magtage only one fault is active and
the other fault becomes buried by sediments andmogtie visible in the bathymetry.
Figure 3.4 also illustrates how fault surfaces beealtered by erosion and
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sedimentation and may become buried after thesfégitome inactive. This is seen
east of the blue box in the figure and makes thédanvisible from bathymetric data
alone. There are several factors that may dewats the schematic figure presented
in Figure 3.2. The throw estimates used as a basibe analyses in this work are

thus an interpretation where such factors are takerconsideration.

Figure 3.4: Seismic profile of the western Knipovich Ridgertaat 75°N. Blue line is interpreted

seafloor, red line is interpreted basement, andrgliee is interpreted fault. Vertical axis is irs mnd
the horizontal axis is noted in CMP (common midnp)i

The apparent lengths of faults are measured invigap In cases where actual fault
length is needed estimates are made by plottimyvland length in a graph and
interpolating based on an expected displacemetitdison, thus estimating actual
length. Throw versus length was plotted in a log-ditagram for a number of single
and linked faults to distinguish eventual trendguFe 3.2 shows how dip can be
wrongfully measured, this has been a challengetamdpproach has been to measure
along the lineament of interest and find an aveesgenate from areas where erosion
and altering of the fault surface has not occuriethe following “apparent throw” is
referred to as “throw” unless otherwise noted. iRrsfare made to document
measurements as dip and fault spacing and areortemt parameters for further
interpretation of the tectonic characterization aslerements of fault orientation have

been presented as stereographic projections. Theuraments are of the mean
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orientation of the fault unless otherwise noted tedright-hand rule has been used.
Obliquity of the axial highs has been measured bgsuring the angle between the
trend of the AVR and the trend of the mid oceageidrientation. Fault maps have
been made for the study areas and specific stegtfrinterest to better understand
population and geometries. The faults are integorétom ridges in the shaded
bathymetry, and the dip direction is determinegriofile by comparing dips on either
side along the ridge. Few faults dipping away fitbka ridge have been observed,
although there are reasons to believe that theyaxrigy as others have interpreted
horst blocks and antithetic faults in slow spregdidge systems (Macdonald, 1982;
Bruvoll et al., 2009).
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4. RESULTS

4.1. Introduction

4.1.1. Subdivision of the study area

The study area (red box Figure 1.1) has been diviiate two areas showing different
topographic expressions of the western flank ofiftheystem (red boxes in Figure
4.1). The eastern flank is not as well exposedtdwsediment cover derived from the
glacial continental margin to the east. Area héesrorthern part of the Mohns Ridge
((B.30°-6.3CE 72.30-73.20N) and is situated between segment center 12 and 13
Area 2 is the Mohns-Knipovich BendR.3(0°-9.3C°E 73.10-74.20N) and consists of
segment 14 and 15 as well as the southern paredfnipovich Ridge.

The results presented in this chapter are fromipspfstereographic projections, fault
maps and throw-length relationships derived fromtihthymetric data as well as the
shaded bathymetric data itself. Before presentiegesults a brief description of
some of the terminology used in this and precedimpters is presented.

4.1.2. Terminology

Rift segments are distinguished after HellevangRedersens (2003) subdivision of
the Mohns Ridge. Here the AVRs define centers obisd-order ridge segments, and
the gradual boundaries between these segmente@medsorder ridge discontinuities.
Offsets between segments and tectonic dominatqul ltlesens correspond to higher-
order 3 and 4" order segments.

Major faults with significant throw bounding andfiténg the rift valley and its trend
are referred to as border faults whereas faultsimvthe rift valley are referred to as
intra-rift faults. The segment width is definedths distance between the bordering
normal faults. Relay ramps occur where two fawtsriap. If the two faults are

connected in map view they represent a hard-linicgire. If they are not connected

25



Chapter 4 Results

in map view they represent a soft-link structurea($t & Watterson, 1991). Faults
with low-angle dip and large amount of displacensastreferred to as detachment

faults.

Figure 4.1: Shaded color-coded bathymetric map of the stuelg.dDepth scale is indicated by the

color bar. Red boxes show the subdivided areasuth{#est) and 2 (northeast). S12 — S15 indicate
AVRs defined by Hellevang & Pedersen (2003) asmsearyder segment centers. Purple boxes labeled
a) and b) are the location of the captures predentigure 4.2. Yellow numbered boxes are areas

described in more detail en Section 4.4.
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4.2. Axial valley

The axial valley is characterized by both obliqud @arallel highs situated within the
basins and spaced 28 — 64 km apfaggment 12 delimits the study area (Figure 4.1)
of the ridge to the southwest and is approximat8lkm wide. The center of the
segment is defined by a large AVR (amongst theslstrgn the entire Mohns Ridge)
rising 1200 m above the valley floor. The AVR idiqbe to the rift valley trend by an
angle of 21° with the northern tip curving clockevi®wards the valley wall with a
slightly sigmoidal shape (Figure 4.2a). Just eastheast of the AVR is an over 3500
m deep tectonic-dominated basin (Figure 4.2b). @egrh3 is approximately 16 km
wide and shows a well defined sigmoid AVR (Figurg)4lt is 19° oblique at the

center of the segment and rises 900 m above they\faor.

,f AR

N i

NW rift shoulder

=

Teetonic dominated basin

% Local'high

ift shoulde/

ectonic d/o;nina(ed basin

77/ | J//

Local/hfgh

SE rift shoulder

5000 m 5000 m:

Figure 4.2: Shaded color-coded bathymetric map, depth scahglisated by color bar in figure b). For
position of capture see purple boxes in figure Fte illustration beneath each bathymetric mamis a
interpretation of the intra-rift faults as well lasrder faults, volcanoes and feature discusseukineixt.
Faults are marked by black lines with tick markdiéating the downthrown side. Circular volcanoes
are marked with circles. The AVR present in figajeorresponds to ridge segment center no. 12 as
defined by Hellevang and Pedersen (2003).
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Segment 14 and 15 show well-defined AVRs orientaalfel to the rift valley and
rising 600 and 800 m above the valley floor (Figdir®). The segments are
approximately 22 km and 12 km wide. The AVR formegt 15 is situated in the
Mohns-Knipovich Bend and the southern tip curvegatals segment 14 (Figure 4.1).
Both segment 13 and 15 are relatively narrow coetgpaith the other segments
(Figure 4.1), and the AVRs are not thoroughly fadlin contrast to AVR 12 (Figure
4.2a). This indicates that these ridges are youddglaus at an earlier growth stage
(Parson et al. 1993).

Deep basins are identified throughout the riftesalvith the deepest and most
extensive just north-northwest of AVR 12 (Figurga), east-southeast of AVR 13
and the most southern part of the Knipovich Ridg nporth of the bend (Figure
4.2b). They are characterized by faults formindgres and sparse volcanism. These
depths are interpreted as amagmatic (tectonic) mimend basins and thus correspond
to higher-order segments'{®f 4" order) (Macdonald et al. 1988 & 1991; Hellevang
& Pedersen, 2003).

The intra-rift faults roughly tend to follow theetrd of the AVR. In area 1 they thus
exhibit oblique and sigmoid trends and in aregoarallel trend (see orientation of
AVRs in Figure 4.1). The intra-rift faults are ddffilt to interpret. This is believed to
be because they have not yet developed a faulicuthat is easily distinguishable
due to the bathymetric resolution. In addition aolism is believed to have altered
the fault surface and topography. Intra-rift faate therefore not very well
represented in the fault maps presented in SedtnAn exception to this is the
southern Knipovich Ridge where intra-rift fault® anore apparent (Figure 4.2b). The
reason they are more apparent is believed to béodesser volcanism as few
volcanoes are identified in the area. In area Welkas the southern Knipovich
Ridge, the intra-rift faults commonly intersect kwthe border faults (Figure 4.2b,
Figure 4.3 and 4.8).

The southern part of the Knipovich ridge is chagazed by hard-linked intra-rift
faults in an en echelon pattern (Figure 4.2b & .4R)e to the highly oblique

character of the ridges, faults on the westerndxoogterlap with oppositely dipping
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faults on the eastern border, thus forming hodgjes when faults dip away from each
other and basins (grabens) when the faults dipridsveach other. This can be seen in
Figure 4.2b where the “local high” is a feature 40@bove the seafloor just below
74°N. This feature is interpreted to be a horstlblehere faults are partly

overlapping and dipping away from each other. Gnalage identified both to the
north and to the south of the horst structure wieerechelon arranged faults dip
towards each other (Figure 4.2b). The local highiccalternatively correspond to an
AVR, although the horst block interpretation is eméeasible as no volcanism has

been identified adjacent to the height.

The axial valley rift changes orientation alongsaxending 59in the vicinity of
segment 12 and 13 to trending® &t the Mohns-Knipovich Ridge (see Figure 4.5
which includes ridge trend for area 1 and the Melkngovich Bend in area 2). The
southern part of the Knipovich Ridge, in the vityrof 74°N has a measured trend of
9°. Thus the along axis rotation is°s@nticlockwise for the 240 km ridge comprising

the study area (Figure 4.1).

4.3. Western rift flanks

4.3.1. Rift flank area 1

The topography seen in the shaded bathymetric Imapssthat the northwestern rift
flank in area 1 consists of up to 27 km long lineais (Figure 4.3). The lineaments
are interpreted as faults (fault map Figure 4.8gyicurve slightly forming overlap
structures. The fault geometry directly northedshe AVR 12 (corresponding to S
12 in Figure 4.1) is anastomosed. The faults contyr&ltow smaller jogs or curves in
the fault trace, which implies hard-linked relagustures. The geometry west of AVR
13 (corresponding to S13 in Figure 4.1) shows pertault geometry with major

faults soft-linked with respect to one another.
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Chapter 4 Results

Figure 4.3: (previous pageShaded color-coded detailed bathymetric map cogexiea 1 (red box).
Depth scale is indicated by the color bar. S12%t8l represent the segment centers. Yellow lines
represent the position of the profiles presentdeignre 4.6. The illustration beneath the bathygnistr
an interpretation of faults and volcanoes. Fauktsmarked by black lines with a tick marks indingti
the downthrown side. Black lines without ticks regent undifferentiated lineaments. Circular

volcanoes are marked with circles.

Displacement maximums are plotted against fautittem a logarithmic diagram
(Figure 4.4) showing a range from 300 to over 180fr the faults throw maximum
and 3500-27000 m for the fault lengths. The dafeeg a linear trend. Hard-linked
faults plot closer tg =0.01 whereas the single faults plot toward$.1. The
orientation of the faults in area 1 is illustratedhe stereographic projection in Figure
4.5. The mean trend for the faults on the west lsleous 051/47, and for the east
shoulder 230/47, thus, implying symmetry in fauieatation across the axis. The
axial valley orientation, 059, is plotted in therstographic projection showing ah 8

angle between axial valley orientation and faulkmiation.
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Figure 4.4: Maximum throw plotted against length for both $#engnd hard-linked faulty=D/L. Scale

is logarithmic and in meters.
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Figure 4.5: Stereographic projections for the two areas. Regslrepresent best fit and blue lines
illustrate the ridge orientation. All faults measdrare done on the rift shoulders. The faults kre a

synthetic and therefore dip towards the rift valley

The profiles 1 through 3 (Figure 4.6) are spacemt@pmately 20 km apart (profile
location in Figure 4.3). The faults northwest inimity of the axial valley exhibit

steep dips, ranging 4%n profile 1, just north of the AVR tip, to 8&nd 57 in

profile 2 and 3. As the distance away from the atseases the fault dips tend to
decrease slightly to an average of %4¢hus a slight decrease in fault dip away from
the axis is identified. The only low angle faulB8{2identified on the western flank is
a poor fault surface identified between two stept$ (49 and 53) in profile 2. The
low dip reading is thought to be due to erosion sedimentation as the fault is barley
visible in the bathymetry. Where measurements baea possible on the
southeastern flank they range betweeh&8l 48 and the general morphology gives
the impression of down faulted terraces (Figureah@® profile 3 and to some extent 1
in Figure 4.6). Dip measurements of intra-rift fawdre spares due to their misleading
low dip readings (which are not noted on the fauiffiles). The low dip reading can
be explained by either extremely low angle-20°, faults generating in the rift
valley, or perhaps more feasible, they represehisier of faults altering the dip
reading and may be further degraded by sedimentatid volcanism. The profiles do
not show great amounts of disturbances and arteadsrather systematic with

respect to faults spacing and throw.
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4.3.2. Rift flank area 2

The topographic expression present in area 2 (Eiguf) differs from area 1. The
most apparent difference is domed structures (@edt4.3 and 4.4.4) and local
basins. In map view, the faults (Figure 4.8) shim&dr, wavy and curved geometry.
Smaller jogs on larger faults often correspondetay ramps. A distinct morphology
characteristic is present. This consists of twalbarfaults curving slightly towards
each other on either side, culminating into onsaweral faults characterized by a
rugged terrain (Section 4.4.4).

Figure 4.7: Shaded color-coded detailed bathymetric map cogexiea 2 (red box). Depth scale is
indicated by the color bar. S14 and S15 represenseégment centers. Yellow lines represent the

position of the profiles presented in Figure 4.9.
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— 5000 m

Figure 4.8: Fault map covering area 2 (same scale and vievigasd4.7). Faults are marked by black
lines with a tickmarks indicating the downthrowdesi Black lines without ticks represent
undifferentiated lineaments. Circular volcanoesraagked with circles. Stippled gray lines indicate
possible core complex extent and are describednéeigpreted in more detail in Section 4.4.3 and
4.4.4.

Maximum displacement versus length is plotted engame figure as data from area 1
(Figure 4.4). Maximum displacement ranges betwéen 6300 m and the fault
lengths for these faults range between 1500-40000he faults in relation to the
domed structures are not plotted with this datdsatd-linked and single faults show
a similar linear trend as for area 1. They diffeni area 1 in not being as clearly
segregated with respect to hard-linked faults pigttloser toy =0.01 and single

faults closer ta =0.1. Stereographic projection illustrates themtation of the faults
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in area 2, giving a best fit of 032/37 for the wasbulder and 214/50 for the east
shoulder (Figure 4.5). Thus the data indicatestti@faults on either side of the rift
have approximately similar orientation but oppodif@directions. The axial valley,

trending 37N, is thus oriented®4to the stereographic best fit.

The profiles 4 through 6 (Figure 4.9) are spacgu@pmately 15 - 20 km apart
(profile location in Figure 4.7). WNW towards ESEfile 4 is distinguished by two
low angle faults of 26and 28 followed by ~ 10000 m rugged/corrugated topography
showing minor faulting. These low angle faults ar@ated showing an outward
dipping surface. The topography further ESE dip3°+fom 1500 m depth down to a
basin at 2650 m where it intersects the seaflofiera 6 — 7 km wide basin a dome-
shaped structure without a well expressed fauticeas present with a 2@ip

(Section 4.4.4). The dome-shaped surface showsasiamaracteristics, this being a
rugged surface, as the rugged/corrugated topogridnalhys present adjacent to the
first major fault WNW in the profile. Gabbroic rogkave been recovered when
dredging the ESE side of the dome (Figure 4.9)tHeuralong the profile a local high
with dips in the range of 38 56° is present 3000 m before the AVR. ESE of this
local high, the AVR 15 is present, making faultdiegs difficult. The eastern flank

shows a fault dip measurement of 44

Profile 5 (Figure 4.9) is distinguished by & 2ifpping fault to the west followed by
an elevated outward dipping dome consisting of ‘ad®@ping fault followed by
steeper 3%4- 41° faults (see Section 4.4.3)he dome dips 5o the ESE and rock
dredges have recovered serpentinized mantle pgeidBedersen et al., 2009) on this
dipping surface. Another domed structure is apgdrether ESE where dikes have
been identified by submersibles (Pedersen et@9R No clear fault surfaces for dip
measurements are apparent. ESE towards the ak&/ f@ur faults are identified
dipping between 38and 50. Profile 5 further shows a trend of lower anglelta
WSW becoming progressively steeper towards thd aalkey. The east flank shows
signs of faulting though the only measurable fadips36 and 42 to the ESE. The
former, representing the border fault and the dattee of the few exposed fault
clusters on the east flank.
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Two faults dipping 29and 36 are present WNW on profile 6 (Figure 4.9) followed
by two more faults dipping 34and 32 and are the WNW boundary of a 12000 m
wide slightly domed feature (Section 4.4.3). Thendd feature is characterized by
rugged topography and corrugations and apparently dipping 20, intersecting the
seafloor. It is followed by a fault with over a 1D throw. This large fault
corresponds to the outer border faults describeddievang and Pedersen (2003)
and ESE the inner border fault is present dippidfgtdwards the rift valley. No

reliable dip measurements were identified on trst #ank.

The border faults are uneven, although more promivwéh larger throw on the
northwest side aiding an asymmetry across theywabeseen in the profiles. To the
east of segment 15 the topography is less ruggedaly a few exposed fault clusters
are seen in the bathymetry (Figure 4.7). A strikaisgmmetric feature of these fault
clusters is that they appear to consist of sevaudts stepping northwest with respect
to one another. On a larger scale the clusters shewame pattern stepping
northwestwards with respect to each other. Thégoarent from the bathymetric map

presented in Figure 4.7.

The three profiles produced for area 2 show graaatons in topographic expression
opposed to area 1. They exhibit domed structuo@sahgle faults and a clear fault
trend with steeper dips close to the axial valleg Bbw angle faults away from the
axis. The low angle faults often exhibit steep artidipping slopes to the WNW
where basins are commonly identified. Narrow zarfedepressed crust are apparent
for the second domed feature in profile 4 as welics the domed features in profile 5
and 6.

Several features of interest, as mentioned wheeritdesy the profiles, will be

described and interpreted in more detail in th¥ahg sections of this chapter.
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Figure 4.9: Profiles4-6 with no vertical exaggeration. Horizontal and vertical axes are in

meters. Fault dips are noted and the fault trace is interpolated downwards.
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4.4. Detailed description

4.4.1. Relay structures — soft- and hard- link

Throughout the study area, there are numerous sélagtures both hard-linked and
soft-linked, as seen from the fault maps (FiguBahd 4.8). In this section an
example of both structures are presented. Figli@adshows a relay ramp ca. 700 m
wide bounded by two overlapping southwest-northsiing normal faults dipping
ca. 20-30° southeast. In map view they do not appear to auntieus this is
classified as a soft-link structure. The southwestault has ca. 700 m fault throw
which dies out to the northeast, whereas the naskt¢en fault has ca. 420 m fault
throw which dies out to the southwest. This is sedhe throw-length diagram in
Figure 4.10a.
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Figure 4.10: Detailed color-coded shaded bathymetric map ofsfalink structure and b) a hard-link
structure. Depth scale is indicated by the colarib#&igure 4.1. The middle two illustrations arfettoe
faults and tickmarks indicate the downthrown siflerow length plot is presented and black lines
represent the individual faults whereas the reg lepresents the sum of the black lines. Yellow box
numbers 1a and 1b in Figure 4.1 represent theitocaf a) and b).

39



Chapter 4 Results

Figure 4.10b shows a relay structure consistingvofsouthwest-northeast striking
normal faults dipping ca. 3540° southeast. The southwestern fault apparently
consists of several hard-link structures evidenthigysmall jogs in the faults trace
(fault map Figure 4.10b). The southwestern fault danaximum throw of ca. 530 m
which dies out extremely rapidly past the breaclampt (throw-length diagram
Figure 4.10b). The portion of the northeasterntfeuthe map view slightly decreases
its throw and abruptly terminates at ca. 370 m wliemerges with the southwestern
fault. Thus, this can be interpreted as a harddinlcture where the northeastern
hanging wall has propagated towards the southwegtet wall resulting in a hard-
linked fault.

4.4.2. Relay structure on segment scale

Segment 14 is 22 km wide and shows a pronounchtisigp in the bathymetry
(Figure 4.11). The main trend can be inferred ftbmstereographic projection to be
ca. 55N. The segment is characterized by a well defing®Ariented parallel to the
rift valley walls. The border faults have throwsvweeen 1200 m — 1800 m northwest
and throws between 800 m — 1150 m southeast. Thexval valley walls are
bounded by overlapping normal faults dipping c&.-358 for the northwestern
valley walls and 25- 39 for the southeastern valley walls. The northwesteall is
hard-linked to segment 15 which is seen from tldt faap (Figure 4.11). The
northwestern border fault is large and displayayspeometry southward with faults
comprised of smaller lengths and throws interfevinign the main fault. The
southeastern wall is connected in fault plane s&gment 15 and is thus hard-linked.
Southwards, the fault becomes bent towards thesbdadlt of segment 13. It is
unclear from the bathymetry if the fault is fullprmected with the border fault in
segment 13. There are two faults interpreted dgpporth-northeast in this relay
structure. Two more lineaments are indicated irbdt@ymetry further north-
northeast and may represent faults or, alterngtidelbris flows or slide scars due to

their low dips.
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The stereographic projection in Figure 4.11 illatds the fault trends for most faults

are parallel with respect to the rift axis (beirsg §5). The fault bends comprising the

relay structures give strike at an angle sub-pefigeiar to the mean trend.

Figure 4.11: Detailed color-coded shaded bathymetric map ofnee 14. Depth scale is indicated by
color bar in Figure 4.1. A fault map, includingtareographic projection, is presented. For thet faul
map black lines represent fault whereas the tickmendicate the downthrown side. Yellow box

number 2 in Figure 4.1 represents the locatiomeffigure.

4.4.3. Core complex

Pedersen et al. (2007) has described the aresesyee in Figure 4.12 as a core
complex based on seafloor dredges recovering lowstal and upper mantle rocks.
The area is approximately 45 km long and 10 km vaioé the center of the dome is
ca. 25 km away from the spreading axis. A 3000 apd®asin is present to the west-
northwest and a 2650 m deep basin is present otitbeast. The maximum height
of the complex is at 570 m depth. Viewed in thénpatetry the dome-shaped
structure is prolonged and can be divides intodames with the highest to the
southwest and the lowest to the northeast (Figur2)4 There is a dome-shaped
structure to the east-southeast of the southwestanplex where a submersible
investigation has identified dikes (Pedersen eR809) (Figure 4.9, profile 5). The
geological interpretation (Figure 4.12) illustratesv the fault system consists of
relay structures with both examples of hard-lind aoft-link structures present. Seen
in the geological interpretation for the southwesidome, is faults stepping towards

northeast in two major faulta,andb (Figure 4.12), before a larger faudi,is present
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connecting the southwestern dome with the nortbeastome. Both the andd fault
towards east-southeast in profile 6 (see correlatid-igure 4.13) cross the
northeastern dome and extends to the southeasisre. dFauld is continuous
throughout the entire complex length, with excapwb the left step southwest, while
thec fault terminates in a hard-link structure northinefsthe maximum height for the
southwestern dome. Corrugated surfaces are prese¢hé northeastern dome as well
as southwest of the southwestern dome. The coromgatio the southwest of the
southwestern dome are adjacent to fauhd is interpreted to represent a core
complex that has initiated at an earlier stage sTthe system of northeast stepping
faults @, b andd) and the dome-shaped structure represents a com poue

complex and is interpreted to have evolved tow#rdsortheast.

T, N Serpentinized
- peridotite

Fault ——
Core complex extent s-s=-==s=
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Results

Figure 4.12 (previous page)Close-up shaded color-coded bathymetric map ofdnepound core

complex. Depth scale is indicated by the coloribatigure 4.1. Yellow box number 3 in Figure 4.1

indicates the figures location. The illustratiombath is a geological interpretation. The faules ar

marked with black lines and tickmarks indicate diogvnthrown side. Stippled line indicates the core

complex extent towards the ridge axis. Red tickiéicite the detachment fault crest from the

detachment surface interpretation in figure 4.18tdrs a through d are faults discussed in the text

Lithology identified by dredges and submersiblesidentified by red X.

The profiles crossing the complex (Figure 4.9) sthawangle faults WNW. Higher

angle faults are present within the domed strudtefere the dome intersects with the

seabed dipping 13° - 20°. An interpretation of detachment fault surface is

presented Figure 4.13 which shows a portion optioéiles presented in Figure 4.9

Faulta WNW in profile 4 is interpreted to be the detachifault. The purple color

indicates the fault surface of the detachment fiie next faultb, in the profile

correlates with profile 5 as seen in the fault rff@gure 4.12).The downward 13°

dipping surface is interpreted as the tip of theadement corresponding to the

detachment fault extent in map view.
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Figure 4.13: Detachment surface interpreted on portions optiodéiles 4-6 presented in Figure 4.9.

The position of profiles can be seen in Figure Bl@ vertical exaggeration. Horizontal and vertical
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axes are in meters. The detachment fault cresarkad with a red tick in Figure 4.12 and the tighef
detachment (T) corresponds to the dotted lineéngemological interpretation presented in Figur@4.1

Lettersa throughd are faults discussed in the text.

Faultb WNW in profile 5 is the opposite tip of the NE [gpéng fault present in
profile 4 (see fault correlation Figure 4.13). fhert ESE the topography domes and
the fault dipping 26° is interpreted to represéetdetachment fault. The detachment
fault is followed by a zone of depressed crust. fitlewing three steeper dipping
faults, 34° - 41°, are interpreted to be raftedtfalocks or, alternatively, faults
generated on an already exhumed fault surfacefalliesurface intersecting the
seafloor at approximately 15° is where serpentinée been recovered. The
termination of this dip is interpreted as the tighee detachment surface
corresponding to the detachment fault extent in meyw. Another ~900 m high
domed feature is present ESE where dikes haveitieetified by submersibles. The
presence of dikes indicates layer 2B/C and theeafpresents a higher crustal level
than gabbroic/serpentinite rock representing I8ygfeary & Vine, 1990). Dips on
either side of the dome are hard to constrain éxhat tend to range 25°-50°. This
feature is interpreted to represent the hanging avallternatively a rafted block
produced during exhumation of the core complexrbfile 6 (Figure 4.13) crossing
the northeastern dome fadlis interpreted as the detachment fault followedby
narrow zone of depressed crust. This fault comsl&d the detachment fault for the
southwestern dome shown in Figure 4.13. Further B8Elome is intersected by a
higher angle fault (~39°) interpreted to represefault intersecting the exhumed

detachment surface. The domed structure interieetseafloor dipping 20°.

All the morphological characteristics common forecoomplexes (see Section 2.4)
are present in the profiles for area 2. In orderards the rift axis, these
characteristics are; a deep basin, an outwardrgjapge, a narrow zone of depressed
crust, a slightly domed massif with or without itileable corrugations.
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4.4 4. Features of interest

The area presented in Figure 4.14 shows threadistiorphologies of interest (red
boxes in fault map Figure 4.14). The feature repméed by red box A in Figure 4.14
is situated directly to the northeast of the AVRs@gment 15 and southwest of a 2450
m deep basin. The area peaks at a depth of 1812ins @haracterized by multiple
faults dipping towards the axial valley (fault miigure 4.14). The faults are closely
spaced and only one fault, closest to the axisglgbiting a large amount of throw.
Measured dips range in the ordef 386> (profile 4 Figure 4.9). It is striking how the
faults on either side of the feature tend to cumv@on-planar fault surface) and form
hard-link structures towards the height as seeharfault map (Figure 4.14Red box
B in Figure 4.14 shows a similar fault pattern. éiavo border faults on either side of
a local 2300 m high bend inwards. Sub parallehlorder faults is flank faults
distinguishing the same characteristics. Thusgtigeea mid point of thoroughly

faulted rock.

The largest feature (C in Figure 4.14) to the neet, striking 047, consists of two
faults joining together on both sides of an 11 kmgland 5 km wide rugged surface
(red box number 3, Figure 4.14). Investigationsehacovered gabbroic rock from
the southeast side of the morphology (profile 41Feg4.9). In profile, the structure is
domed rising 700 m above a basin situated to thdwest. There is a linear ridge
seen in the bathymetry and interpreted as a faeét Figure 4.14) dipping 20
towards the rift axis (profile 4 Figure 4.9). THepe intersects T4into a basin
situated towards the rift valley where the rugggubgraphy ceases. The rugged
topography shows similar characteristics to théases interpreted as fault surfaces
in the detachments in Section 4.4.3 although nougations are apparent in the
bathymetry. There also appear to be smaller fauittsn the structure. The surface is
also similar to the fault scarp morphology seeRigure 3.3 although gullies are not
identified.
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/
- %

Figure 4.14:Close-up shaded color-coded bathymetric map afifea of interest labeled A, B and C.
Depth scale is indicated by the color bar in Figute Yellow box number 4 in Figure 4.1 indicates t
figures location. The illustration beneath is aeipretation of faults and are marked with black$
and tickmarks indicate the downthrown side. Redelsaltustrate the three areas displaying similar

fault characteristics. Number 15 in the bathymetiap represents the location of AVR 15.

5000 m
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To the southwest a border fault curves and split&rds towards the rugged
topography (fault map Figure 4.14). Fault throw ithishes from 700 m to 170 m
(graph Figure 4.15). Parallel to the border fawdtib parallel fault apparently overlaps
with the fault interpreted within the rugged topagfny showing throw maximum of
1070 m diminishing to 650 m towards the ruggedas@f(fault map Figure 4.14 and
graph Figure 4.15). The fault interpreted in thgged topography can be traced
further NE as seen in the fault map (Figure 4.Edjther northeast past the rugged
topography the fault shows characteristics of aabiffault (no prolonged slip)
showing dip readings increasing up t¢ 45rom the throw length diagram (Figure
4.15) it is seen that the fault throw slightly ieases from 300 m for the remaining
fault segment. Towards the rift valley sub paralbethis fault a normal fault is
present. This fault curves strongly towards thegaatopography southwest forming
a relay structure. The fault forming the relay stawe has a throw of 135 m whereas
the remaining fault has throw of approximately 400It can be tempting to interpret
a fault between the two southeast faults curvingatds the rugged topography and
argue that this fault has been buried. But if arterpolates the faults to the southeast
they cease. The fault interpreted within the ruggpgdgraphy has been plotted in the
same graph in Figure 4.15 using the scheme illigstriaa Figure 3.2 showing fault
throws between 600 — 800 m. In profile (Figure 49 apparent that the amount of
debris the rugged topography would represent doesatrespond to the amount of
eroded material expected. Thus if the rugged tamugy corresponds to debris it

cannot be a result of just one normal fault.

The presence of gabbroic rock indicates a greauatraf displacement. Klingelhofer
et al. (2000a &b) interpreted the crust at the eémMohns Ridge to be 400.5 km
with variations occurring in the lower crustal layewhich is the layer consisting of
gabbroic rock. The crustal layer 2 shows an aveo&@et 0.5 km. If one assumes the
crustal thickness is similar further north to theaaof interest in this thesis there is
two possible mechanisms which may lead to exposiugabbroic rock on the seabed.
The first is a gravity collapse where one largdtfanot exhuming upper mantle rocks,
collapses by an intersecting fault leading to eximgnmantel rock. This process is
illustrated in Figure 4.16.
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Figure 4.15: Throw — length profile. Black lines represent thrfor individual faults whereas red for
the sum of overlapping individual faults. The cahsingle fault is interpreted after the scheme
illustrated in Figure 3.2. The stippled lines shahich individual fault on either side of the rugged
topography overlaps with the adjacent fault. Clopeshaded color-coded bathymetric map of Feature
C. Depth scale is indicated by the color bar iruFég4.1. The snapshot corresponds to the red box to
the NW in Figure 4.14.
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level

slumping

Figure 4.16: Schematic figure of how deeper seated rocks caxpesed by faulting and collapsing.
In the figure slumping is the cause of exposuredihathe slumps are related to faulting and
earthquakedf the green layer in figure corresponds to crukstgér 3 (gabbro) we would se it locally

exposed on the seafloor surface. Modified from kiesimer & Fossen (1999).

The second alternative is that this structure gtes a core complex that terminated
at an earlier stage before evolving to the extéttte@core complex compound
described in Section 4.4.3. In profile the domepsitarugged structure displays many
of the characteristics of core complexes. A faaité dipping 20has been noted
followed by a depressed zone. Adjacent to the dsprezone is a rugged mounded
topography towards the axial valley, extendingdpproximately 4000-5000 m. This
is the amount of faulting needed to exhibit domeadtfmassifs (Buck, 1988). Other
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factors supporting this alternative is a basinatéd behind the detachment fault crest
(Tucholke et al., 1998; Smith et al. 2006) as aslthat the structure is intersecting
the seafloor at a low angle of14or this alternative the intersection correspadinds
the tip of the detachment surface in map view (Fegll17). It has already been
shown that the area is characterized by a core leonBection 4.4.3) and this
structure could be formed by the same processesnating at an earlier stage.

Figure 4.17 shows an interpretation of the detachriailt surface.
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Figure 4.17:Section from profile 4 crossing Feature C (Figw) 4vith no vertical exaggeration.
Horizontal and vertical axis in meters. Fault dijps noted and the fault trace is interpolated
downwards. Purple color indicates the detachmaerit $arface whereas the green color indicates

where gabbro has been dredged.

Results from numerical modeling of core complexXesasa striking similarity in
topographic expression. Figure 4.18 shows a profikr the Feature C with 4 times
vertical exaggeration compared to the topographylte from the numerical model
by Lavier et al. (1999) (position of profile seenFigure 4.7). It is important to point
out that the horizontal scale of the two topograghofiles differs dramatically. Note
how the morphological characteristics, outwardrfiga@lope, fault break-away/fault
crest and domed surface, are strikingly similae €are complex (Feature C) is
present off-axis and is interpreted to be extimect therefore sediments may alter the
topography, especially filling in the zone where thpping surface intersects the

seafloor.
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Figure 4.18:Modeled (numerical) topography for a detachmenit faoodified from Lavier et al.,
1999). Underneath is a section of profile 4 cragshe Feature C. The position of the profile is
indicated in Figure 4.7. The topographic exaggenais 4 times for both topographic profiles in the
figure.
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5. DISCUSSION

There are several interesting observations predemtife result chapter. This section
discusses the data described in the result chapteell as comparing features with

other known field examples. The main themes thlitbhgidiscussed are:

= Fault population and formation

= Reason for different geologic expression in araad 2
= Fault evolution model for area 1 and 2

= Evolution of Feature C

= Lateral termination of core complexes

= Are several stages of core complex evolution pi&sen

5.1. Fault population and formation

The data plotted in Figure 4.4 shows a generalltvemere large systems of linked
faults display a throw-length relationship tendiog/ardsy = 0.01 and single faults
displaying a throw-length relationship tending toslga/= 0.1. The hard-link faults
tend to plot at higher throw and length valuesesndrom this figure, although, as
mentioned the faults for area 2 are to a lesseregegpgregated. The reason we get
this trend is illustrated by Jackson’s et al. (208hematic illustration of fault growth
(Figure 5.1) and how this affects the measuremardadogarithmic plot.
Displacement/throw for single faults can be exprddsy the equation D=EI(c is
equivalent toy). As illustrated in Figure 5.1, single faults oMl a linear trend. When
overlapping the sum of the fault displacement/thresults in deviation from the
linear trend as it steps to the right indicatingéa length in comparison to
displacement. After the fault segments have linkedlisplacement readjusts,
resulting in the displacement-length relationshigvmg upwards towards the initial

linear trend. Thus in a logarithmic plot one expdotsee a segregation of single and
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linked faults where the linked faults exhibit aligg length/displacement ratio than

single faults.
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Figure 5.1: Maximum displacement, plotted against fault lerfgththree stages of fault evolution. i)

single faults, ii) overlapping faults, iii) poshkage displacement redistribution. Modified from
Jackson et al. (2002).

Figure 5.2 shows the data from the Mohns Ridgdeadibgether with data from
different locations consisting of measurementsaafté at different scales and
includes the three end members of faults; strikg-sbrmal and thrust. The majority
of faults in this dataset plot betwegs 0.1 andy = 0.01. The main exception is the
normal faults in the porous Navajo Sandstone (Utahjch plot betweey = 0.01
andy = 0.001. It is evident from Figure 5.2 that mduayd-link data plot lower
displacement values than those of single faultd,this is consistent with the model
shown in the previous figure (Figure 5.1). It asémws that the Dmax-L relation of at
least this mid-ocean ridge conforms with Dmax-Ladabm continental rift settings

and other fault populations in spite of differenaesrustal thickness and rheology.
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Figure 5.2: Displacement versus length plot for faults, coatpin by Schultz et al. (2008) with
Mohns Ridge data added. NF — normal faults; SSffike-slip faults; TF — thrust faults.

The sum of the throw-length profiles for the sarfikked relay structures in Figure
4.10a show that fault throw decreases as the déagtout and that summing the
profiles results in a depression where the faweslap. Thus the sum of the two
faults deviate from the C-shapes throw-length peakpected from a single fault
(Fossen & Hesthammer, 1997). The soft-linked fazdisespond to stage ii) in Figure
5.1. The throw-length diagram in Figure 4.10b ekbibnly a slight depression where
the faults link together thus displaying a highegite of evolvement towards a
plateau type profile (Fossen & Hesthammer, 199fis €orresponds to stage iii) in
Figure 5.1, indicating post-linkage displacemediseibution. The throw-length
diagrams can give an indication to the fault depeient since overlap structures are
ephemeral features within developing fault systant are thus created and
destroyed during faulting, being preserved wheit fgnowth stops (Childes et al.,
1995).

The throw diagram for the fault to the west in Fegd.10b shows dramatically
different throw patterns on either side of the bh#ag point. To the northeast the

throw decreases dramatically whereas the soutrshests a gentle decrease. This is

55



Chapter 5 Discussion

interpreted to be a result of hard-link faults whiehave as single irregular faults
(e.g. Peacock & Parfitt, 2002), thus implying tloethwestern side being active
longer than the northeastern side of the breagbamgt. The northeastern side of the
breaching point has been locked as the two faake tinked, which has resulted in
an asymmetric throw-length profile for that indiual fault segment. Further it can be
seen from the fault interpretation in Figure 4.1i34t the western fault consists of
several hard-linked faults. This can help illustrabw faults grow as it is evident that
the western fault has initially consisted of sel/eggparate faults which have linked
together with the surrounding faults forming a &rtault. In the next stage the large
fault links together with another fault, thus tlwalg is increasing in magnitude as
extension occurshroughout the fault maps presented in Figureand4.8, faults

are seen to interlink to different degrees. Lafgalt systems, e.g. the border faults,
display numerous jagged changes in strike as sedre ifault maps, e.g. for segment

14 in Figure 4.11, indicating numerous fault lindiduring the border fault evolution.

Figure 5.3 shows two different analogies to segridnfigure 5.3a shows a color-
coded bathymetric map of the Northern Viking Grabensisting of three segments, |
to the south, Il in the middle and Il to the norithe segments show distinct right
steps in proportion to one another. The faultsldispurved geometry and appear to
be linked together by both hard-link and soft-Istkuctures. In between the segments,
at the segment ends, the seafloor is elevated.iJ bansistent with stage ii) in Figure
5.1, thus these relay structures are not as evalsdhle relay structures presented in
Section 4.4.1. The segment width is approximat8lkmh and thus considerably
wider than what is typical for the Mohns Ridge. (kg 5.3b is a color-coded
bathymetric map of Devils Lane in Canyonlands Whbwing two segment ends
linked together. The segment widths are approxip&@0 m, thus one magnitude
smaller than a typical width for the Mohns Ridgeolwell developed relay ramps
are present on either side of the relay strucifline.tip point for the north eastern
fault is exceptionally well exposed as fault digglaent increases northwards along
this fault. There is a “fin” between the two segitseslso seen in Figure 5.3c. The
Canyonlands area is faulted along preexisting gaitoie to lower laying stratigraphic
salt which became unstable during exhumation byCilerado River (e.g. Moore
and Schultz, 1999). The North Viking Graben iséetd to be formed during the

Permian-Triassic phase of extension in the Nortn (8®berts et al. 1995). The rifting
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ceased and no seafloor spreading occurred, thaigstain aborted rift. The Mohns

Ridge segments are defined by AVRs defining thenseq centers.

Although these three segments are a result ofrdiftestyles of faulting and scale the
similarities between the shift of the North Viki@yaben, Devils Lane and that of the
Mohns Ridge (i.e. segment 14) are striking. Theatkd bathymetry at the segment
ends in the Northern Viking Graben has been shovaotrespond to the
redistribution of displacement after a relay stuwethas formed. The “fin” in Devils
lane represents a horst block and it is suggebtddhis is a structural artifact that
resulted as the graben formed and overlapped. dlag structure between segment
13 and 14 correspond to transfer zones trendingpeallel to the spreading
direction accommodating the transition between sg@vder segments (Dauteuil &
Brun 1993 & 1996). Volcanism is interpreted in ttrensfer zone. The area in the
vicinity of the transfer zone is thoroughly faulteaimpared to the border faults. This
implies weakening of the curst. It may imply thia tvolcanism is a result of the
transfer zone which may aid to decompression okupmantle material as a
consequence of a weakened (faulted) crust. Magnyamesefore ascend to the
seafloor surface due to larger amounts of fractanesfaults. The largest interpreted
volcanoes are not characterized by calderas antherefore subject to uncertainty
regarding their interpretation. Alternatively tloeal highs may correspond to tectonic
derived horsts similar to the “fin” in Devils LaiiEigure 5.3). In either interpretation
the elevation at the segment ends between segr@amdl14 at the Mohns Ridge
correspond to the elevated heights in the non-watddorthern Viking Graben and
Devils Lane, in spite that they originate at diéfet settings.

The fault interpretation in Figure 4.3 and theesbgraphic projection (Figure 4.5)
show that for the oblique spreading area 1, thddrdiaults are at an angle to the rift
valley trend. The intra-rift faults show a simitanientation to the AVRs curving
towards the border faults. The southern KnipovidadigR is characterized by highly
obligue spreading that has resulted in an en ecHaldt geometry with intra-rift
faults strongly curving towards the border faukg(re 4.2). The Mohns-Knipovich
Ridge Bend is experiencing less oblique spreadtmgu(e 4.5) and a result of this is
the intra-rift faults oriented sub-perpendiculathe spreading direction. The fault

characteristics for these different areas, showliffgrent degrees of oblique
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Figure 5.3: Relay analogies to the segments in the Mohns Riddreemphasis on segment 14.

a)
b)

c)

Depth-coded bathymetric map of the Norhern Vikinglé&n. From Fossen et al., (in review).
Depth-coded bathymetric map of Devils Lane in Cantgmods. The “fin” between the
segments is the Son of a Bitch Hill also seen iff)m Fossen et al. (in review)

Photograph of the Devils Lane looking southwardofphraph by H. Fossen)
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d) and e) is the same Figure as presented in Figlileadd the positioning is seen in yellow box

number 2 in Figure 4.1.

spreading, is consistent with the observations doa@alog sandbox rift modeling
for orthogonal and oblique spreading rifts (McC&ayVhite, 1995). Here oblique
rifting results in en echelon fault geometry wittoger border faults and intra-rift
faults forming at a higher angle to the mean ritgad as obliquity increases.

5.2. Reason for different geological expression area 1 and 2

It is evident from Section 4.3 that the two are@sdastinguished by different
topographic expression of the western flanks. Thapparent in bathymetry as well
as in profile. The main evolutionary differencevee¢n the two areas is that oceanic
core complexes have evolved at the Mohns-KnipoRilye Bend in area 2. Area 1
is delimited by two AVRs. Sparse volcanism is idieed between these AVRs.
Instead deep basins corresponding to higher-ordgnma-starved segmentation have
been identified. From the profiles crossing theagfagure 4.3) it is evident that the
fault dips slightly decrease away from the axiscdntrast, area 2 shows severe fault
rotation away from the axis and is situated inwioanity of an AVR with abundant
volcanism identified (Figure 4.8 and 4.9). The naxsithern profile, profile 4, in area
2, crosses the center of AVR 15 whereas the twergtfofiles cross the axial valley
slightly further north. The area comprising thetbeun Knipovich Ridge is
characterized by highly oblique tectonic domindtadins arranged in an en echelon

geometry.

Crane et al. (2001) proposes a significant compooiecompression across the
northern Mohns Ridge and southern Knipovich Ridge t the curved nature of the
spreading ridge. Compression often leads to thmgstnd uplift. However the
interpretations presented in this thesis havedwitified any compressional
structures. The western flank of the Mohns-Knipbvidge Bend is higher elevated
than the eastern flank. This is believed to besalt@f core complex formation
(Pedersen et al., 2007). An additional factor thiiiences the asymmetry is isostatic
response of the lithosphere due to the easterk'$lgmoximity to the glacial margin
(Bruvoll et al., 2009).
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The difference in the two areas may be attributedhriations in the thermal state of
the lithosphere. Practically no volcanism has hdentified for the southern
Knipovich Ridge where no AVRs are interpreted. Aligh volcanism is not
identified in the southern Knipovich Ridge from tihéerpretations presented in
Chapter 4, rock dredges have illustrated the poesehvolcanic rock within strongly
faulted assumed tectonic dominated areas of thpd<igh Ridge (Hellevang &
Pedersen, 2005). Sparse volcanism is identifiedf®a 1 which lies between two
AVRs. In the vicinity of area 2 in the Mohns-Knipok Ridge abundant volcanism is
identified. There are three areas showing diffedagrees of volcanism. It is
reasonable to believe that the area in the vicwiithe Mohns-Knipovich Ridge Bend
is experiencing a higher thermal state of the $fitwere, thus showing a larger degree

of characteristics of magmatic extension and aieret

Klingelhofer et al. (2000b) interpreted the cruskatknesses at the central Mohns
Ridge, 2°W to 4°E, using OBH (ocean bottom hydro@)alata. Here oceanic layer
2a is interpreted to consist of pillow basalt aad hn average thickness of 500 m at
the axis, decreasing off axis to 200 m, whereaarmcdayer 2b is interpreted to
consist of dikes and have an average thicknes8@f tn — 1300 m. Crustal layer 3
consists of gabbro and is interpreted to be 25@Bick. Recent research by
Kandilarov et al. (2008 & 2009resents two OBS (ocean bottom seismometer)
profiles crossing the central Knipovich Ridge, 76°7°N. The data presented gives
important information of the crustal layer charaistiecs as the two profiles target an
AVR and a tectonic dominated basin respectiveleyTtherefore, illustrate
variations in crustal thicknesses that may be ebggealong a slow to ultraslow
spreading ridge. For the profile crossing a presu&¢R oceanic layer 2 is ~ 3000 m
thick at the rift axis and decreases rapidly toGaLRm some 15 km off-axis. Oceanic
layer 3 is ~2000 m at the axis and thickens rappffhaxis to a maximum of 7000 m
50 km off-axis. Under oceanic layer 3, young marstiaterpreted (Kandilarov et al.,
2009). For the tectonic dominated transect (KanoMat al., 2008) oceanic layer 2 is
interpreted to be in the range of 1000 m — 2000ithimv20 km from the rift axis.
Oceanic layer 3 is ~2000 m at the rift axis andaases to ~5000 m 60 km from the

rift axis (Figure 5.4).
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Data from these publications can be used to prodo@ong-axis cross section of the
study area in combination with bathymetric data imekrpretations of morphological
features, such as AVRs and higher-order tectoncigiated segments as presented in
Chapter 4. A proposed along-axis cross sectionaisgmted in Figure 5.4. It is seen
that accretion of oceanic crust is more abundatitervicinity of the AVRs and is
expressed by thicker oceanic crust, mainly duantmerease in accretion of oceanic
layer 2. This corresponds to Lin et al. (1990) @adhnat et al. (1995) along-axis cross
section over segment centers in that magmatic @ulicker at segment centers (here
segment center corresponding to the AVRs 12, 1& 18) and thinner at the
intersection between segments. It can be infelradnhagmatic accretion increases
the thermal state of the lithosphere, and Figutdlterefore illustrates the thermal
differences in the study area.

10 000 m

H Intrusion - melt
Oceanic layer 2 a & b - volcanic rock (pillow basalt and dikes)
Oceanic layer 3 - gabbro

Upper mantle - serpentinized mantel rock (peridotite)
Figure 5.4: Rotated color-coded bathymetric map of the studg.aNumbers in the bathymetric map
indicate the AVRs. The vertical scale of the batbyma map is 3 times. Depth is indicated by colar b
in Figure 4.1. Vertical scale is sub-seafloor deptie white line in the bathymetric map indicates t

topographic height along the transect. The yellowels shows where the models for area 1 and 2 are

situated.

5.3. Fault evolution model for area 1 and 2

5.3.1. Data and assumptions

The fault evolution model for areas 1 and 2 is Hasethe results presented in

Chapter 4 (bathymetric and fault maps, topograptoss sections including fault dip
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and rocks recovered and observed by dredges anaessibles). Further necessary
information of crustal thicknesses is extractedrfiglingelhofer et al. (2000b) and
Kandilarov et al. (2008 & 2009) (see Section 5I2)e cross sections presented in
Figures 5.4, 5.5 & 5.6 are simplified concernirtgdiogies. A comparison to Dick’s
et al. (2008) cross section presented for the Kane complex at the Mid Atlantic
Ridge, which is based on a great amount of peticdbgata, shows a complex
interaction between the crustal layers and intnsi@likes). Information as to how
the detachment fault dips into the subsurface livelé from Lavier et al’s. (1999)
numerical model of large-offset low-angle normallfe. Here plastic strain shows
that the active part of the fault dips between 88<, thus at a much higher angle than
the exposed detachment fault surface, which intesgbe seafloor with a dip of 13 -
20°. Faults are assumed to initiate at or cloghdaseafloor. Sparse ephemeral

volcanic activity is assumed for area 1.

5.3.2. Evolution model forarea 1l & 2

In Chapter 4, the profiles crossing area 1 arerdestas symmetric with respect to
fault spacing and fault throw. The profiles ardé@tween two AVRs and higher-order
segmentation in form of tectonic dominated basesslteen described. In Figure 5.5 a
proposed model for fault evolution is presentddsirtated by cross sections and map
views. The latter, to schematically illustrate treentation faults initiate at as intra-
rift faults, and how they propagate with time, ewod) to border faults. At time 1, a
fault (red fault in Figure 5.5) forms in the axiallley orthogonal to the spreading
direction at the least principal stress, thus alditp the local trend of the rift. Note
that the border faults are sub-parallel to thelloead of the rift. This is inferred from
the stereographic projection (Figure 4.5) wherefélndts are at a slight angle to the
mean rift trend. The fault further propagates deeége the crust, at the same time
curving towards the border fault (T — 2). This happas a new fault with opposite
polarity initiates (blue fault in Figure 5.5). Tleevo faults dipping towards each
other form grabens corresponding to the highersaet#onic dominated
segmentation described in Figure 4.2a. In redtiéyfaults correspond to fault zones
or fault clusters, for simplicity indicated by agle fault. At time 3 the initial fault

has evolved and is now a border fault with a simikend as the previous border fault.
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This coincides with a new fault initiating withihg axial valley. Note how the blue

fault with the opposite

T-1

1000 m
~ b Axial valley SE 000 m
\W’w)o m
—_ —\ 4000 m
~ N / {5000 m
V — 16000 m
5000 m
1-2 1000 m
~ W Axial valley BB 2000 m
‘Wj}ooo m
—\ = 4000 m
. \ \ / ~ (5000 m
e e 16000m
5000 m
LD 1000 m
S NwW Axial valley SE 000 m

"W——, 3000 m
S " 4000 m
e \ / ~ [5000m

6000 m
5000 m

1000 m
2000 m

3000 m
4000 m

5000 m
6000 m

Axial valley SE

5000 m

Hanging wall fault direction
| | Oceanic layer 2 a & b - volcanic rocks (pillow basalt and dikes)
\_\ Oceanic layer 3 - gabbro

= Upper mantel - serpentinized mantel rocks (peridotite)
T - Time

Yellow box in cross section is area shown in map view in to the left of cross section
. Spreading direction - 24° oblique to the local rift valley trend

Figure 5.5: Fault evolution model for area 1. This area isadi¢d between two AVRS, see yellow box
in Figure 5.4 for positioning. Tectonic dominatexti@tion with sparse ephemeral magmatism is

assumed. The boxes to the left of the cross sectepresent the axial valley in map view. The local
trend of the rift is parallel to the long side bétbounding boxed ines represent faults with black

ticks indicating the downthrown side. They illusgravhich orientation the faults are inferred to

originate at and how they propagate with time. Griailts are initial border faults while red andél
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faults are initial intra-rift faults. The spreadidgection is indicated by black arrows, and i§ 24

oblique (Hellevang & Pedersen, 2003).

polarity is now propagating towards the bordertf&ti#3 map view, Figure 5.5). It is
seen from the final stage of the evolutionary mddet illustrated in map view) that
faults have initiated as intra-rift faults with féifent polarities and have further
evolved to become border faults. This coincideseas faults have initiated in the
axial valley. This evolutionary model illustratémtsymmetry of the area with respect
to fault displacement and spacing. Oceanic lay@re2ages at 1000 m, and fault
throw results from Chapter 4 range up to 1000 mns there may be exposures of
gabbroic rock in this area, although this is natvain in the model. Note how the
faults gradually rotate as they move away fromakis.

Figure 5.6 illustrates the evolution of the oceartie complex at the Mohns-
Knipovich Ridge Bend in area 2. At time 1, a fauiented parallel to the axial valley
intersects the AVR (red fault Figure 5.6). Thismwally results in termination of the
border fault to the west-northwest. At time 3, thelt shows characteristics of
detachment faulting as the fault has been accomiaddey severe displacement. Due
to the elevated thermal state of the lithospereltiag from the proximity to the

AVR, the fault surface begins to flex. It can bersé¢hat the fault crest is now
exhibiting a large amount of rotation, showing dalips both towards the axis and
off axis. At time 4, gabbroic rocks (oceanic laggare exposed at the seafloor due to
fault-related exhumation. Here the displacememap view for the detachment fault
is approximately 7 km. As seen from the Figure,&kial valley is increasing in width
as more magmatic accretion occurs. At the finajestime 5, the detachment fault
surface is showing an extensive cross sectioneofiffper oceanic lithosphere as
oceanic layer 2 and 3 are fully exposed as wethasipper mantel characterized by
talc-schist (serpentinzed mantel peridotitéigher angle faults initiate intersecting
the detachment surface. The displacement in map faethe detachment fault is
approximately 10 km. The core complex formatiotersninated when a new fault is
initiated in the rift valley, here intersecting tA¥R. This new fault is now the
accreting fault and the core complex is extincttéNwow the fault to the east-
southeast gradually becomes slightly rotated amites away from the spreading

center. This is due to both magmatic and faultetaam. The flank east-southeast may
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in fact consist of several faults that initiateddferent stages, although this is not
greatly confined within the data presented in Caaptand therefore not the primary

focus of this model.

0
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T-5

0

ESE1000 m

AVR 2000 m
3000 m
4000 m
— 5000 m

5000 m—__oo0om

Hanging wall fault direction

]:\ Oceanic layer 2 a & b - volcanic rocks (pillow basalt and dikes)
D Oceanic layer 3 - gabbro

D Upper mantel - serpentinized mantel rocks (peridotite)

AVR - Axial volcanic ridge
T - Time
N Main fault of interest

EI:I Melt

Figure 5.6: Model for evolution of oceanic core complex at iehns-Knipovich Ridge in area 2. No
vertical exaggeration. See yellow box in Figur for positioning.

T-1 Faults initiate intersecting the AVR.

T -2 The fault cluster evolves into one activeadbtment fault allowing larger amount

displacement.
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T -3 Fault surface is characterized by flexulsg actice how the fault crest is rotated.

T -4 Displacement in map view for the detachmanttfis approximately 7 km. Gabbroic
rock is exhumed at the seafloor. Also note howamwic rock is continuously formed
during in the axial valley.

T -5 Extensive cross section of the oceanic diphere is exhumed with displacement of
approximately 10 km. Faults initiate and interdbetexhumed surface. The
detachment fault is terminated as a new fault fointersecting the AVR, thus now

representing the active fault.

The cross sections proposed in Figure 5.4, 5.568bow that the assumed crustal
thicknesses differ greatly for the two differentahets due to their tectonic setting.
The most important difference is that the modeldi@a 2 is situated adjacent to a
heat anomaly (an AVR) which suggests altered rtypcdd properties.

The difference between oblique- and orthogonalaprg faults has resulted in faults
initiating at an angle to the rift trend in arealiereas they initiate orthogonal to the
rift trend in area 2.

5.3.3. Existing models of oceanic core complex foation

The thermal state of a mid oceanic spreading risige important contributor
regarding deformation expression. There are sewavdkls for oceanic core complex
formation proposed. The main difference in thegsbesassumed thermal state of the
lithosphere dominating the phase of extension awdthe detachment fault soles out
with depth. The research is based on data suchthgrbetric and fault maps, gravity
and magnetic data, submersible investigations ackisamples collected either by
submersibles, dredges or drilling. Both refractaol reflection seismic have been

used to determine sediment cover and crustal lhyeknesses.

Models for continental lithospheric extension cowld that for a core complex to
form in a continental environment heat flow haséchigh so that the yield strength
of the crust is low otherwise a symmetric rift wkm (Buck, 1991). Previous
published models for oceanic core complexes argadiotory to the high heat flow
in that they assume amagmatic (tectonic) dominaxéehsion (Tucholke et al., 1998
& 2001). This model has been developed from mogufioal characteristics,

geological observations, and sampling of tectotriecsures along the Mid Atlantic
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Ridge. Here a detachment fault is proposed tohzough the whole thickness of the
lithosphere, soling out at the brittle-ductile sdion (Figure 5.7). In this model the
detachment fault develops during a period of amaigraacretion when the
lithosphere is cold (strong) and the isothermsda@essed. The onset of amagmatic
accretion results in detachment faulting exhumireglower crust and upper mantle.
The fault is terminated when magmatic activity egishe isotherm resulting in

magmatic accretion of oceanic crust (Figure 5.7).

AMAGMATIC 1 Brittle

Ductile shear-/‘

— —

b Break-away
v

TN S

AMAGMATIC 3

d i !
New  Termination Brea5 away

Figure 5.7: Schematic development of an oceanic core complearf inner corner setting. From
Tucholke et al. (1998)

a) The beginning of a long (1-2 Ma) amagmatic phasseafloor accretion. A steep normal fault
cuts through the brittle lithosphere and solesimat ductile shear zone beneath the brittle-
plastic transition.

b) With time the fault reaches greater depths assthiaérms, and hence the brittle-plastic zone,
becomes depressed.

c) Continued slip exposes lower crust and upper mamdierial in the footwall as the fault
surface domes exhibiting corrugations (mullions).

d) A magmatic phase of seafloor spreading termin&ieslip of the detachment fault that is in
association with the core complex. This happenaulisz a new fault initiates in the weakened

(now hot) rift valley lithosphere.
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Alternatively, it is proposed, from observationgre South West Indian Rise and the
Mid-Atlantic Ridge that the detachment fault romtshe vicinity of a melt rich zone
near the gabbro-dike transition in the shallowoghhere (Dick et al., 1999; 2000 &
2008). Escartin et al. (2003) proposed that ocedetiachments root at shallow levels
in the lithosphere, either at a melt rich zonehatgabbro-dike transition or within the
altered lithosphere. This is based on observafiams 15°45°N at the Mid Atlantic
Ridge. Thus it has been demonstrated that detadsmrexy also develop in the

presence of active magmatism at the ridge axis.

Research of multiple core complexes between 15°N At the Mid Atlantic Ridge,
including compound core complexes, has resulteédanmodels for multiple core
complex formation (Smith et al., 2008). The fisti continuous model where a single
detachment fault extends along the axis to inchltef the core complexes and
associated basins. The second is a discontinuodsInmowhich local detachment
faults form the core complexes and magmatic spnggidrms the basins.

Numerical modeling suggests that the amount of neagmplaced by dikes can
explain the fault geometry in settings where detastt core complexes form (slow
to ultraslow class of spreading ridges) (Buck et2005). Here a reduction in magma
emplacement, to an account of half the spreadingpoment, will favor large fault
displacements, thus enabling prolonged displacethahtan result in exposure of

the lower crust and upper mantel.

5.3.4. Model proposed for the oceanic core complex the Mohns-Knipovich

Ridge in light of previous models

The model proposed in Figure 5.6 for the oceante complex at the Mohns-
Knipovich Ridge Bend exhibits similar topographylaxhumation history as the
model proposed by Tucholke et al. (1998 & 2001igure 5.7. A minor difference is
that all the interpreted faults dip towards theaiis in area 2. A fundamental
difference is that the thermal state of the lithsp is interpreted to be elevated for
the model representing area 2. This is contradidtmthe model proposed by
Tucholke et al. (1998 & 2001) where the thermatiestd the lithosphere is depressed
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during detachment faulting. It should be noted thet model is proposed for inside
corners at segment ends for slow spreading ridgisshased on low magmatic
activity that only periodically reaches the segmamds, terminating the detachment
fault. This is opposed to the core complex infetetbrm adjacent to an AVR which
defines a segment center at a slow to ultrasloeagfing ridge. Due to the proximity
to the AVR it is reasonable to assume a melt raezat the gabbro-dike transition
and the fault may sole out according to Dick e{E99; 2000 & 2008) and Escartin
et al. (2003) in this transition. It must be notledt the data interpreted and presented
in this thesis does not give direct insight asdw lthe fault propagates with depth and

this has therefore not been illustrated for the ehpdoposed

The evolutionary model proposed for core complerttion is characterized by both
magmatic and fault accretion differing from the rabassuming near pure fault
accretion (Figure 5.7). Instead the model (Figu6 &orresponds to the numerical
model of Buck et al. (2005) where faults with ladigplacement (detachment faults)
form when half the plate separation at the ridg#uis to dike intrusions. This
coincides with small faults developing at the opigoside of the rift valley accreting
smaller amounts of tectonic extension simultangoasimagmatic accretion accounts

for the remaining component of extension.

The core complex at the Mohns-Knipovich Ridge Bbad been interpreted as a
compound core complex (Section 4.4.3). It is treneehot necessarily straightforward
which fault crest represents the detachment fu$t.possible that the detachment
fault in reality is located further off axis andatlthe faults interpreted as detachment
faults are actually rafted fault blocks on a lardetachment fault surface. This
corresponds to the “continuous” model proposedmitiSet al. (2008). The
detachment fault may, therefore alternatively,heeinitial border faultat T — 1 in
Figure 5.6, if not a fault further off-axis that ynaot be identified in the bathymetry.
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5.4. Evolution of Feature C

The features described in Section 4.4.4 are ndtemektrained by previous studies
and the mechanisms resulting in such featuresgfibre, relatively unknown. Feature
A and B are characterized by faults on either sidée feature curving forming hard-
link structures towards a common central area wbdatsists of thoroughly faulted
seafloor. Feature C is characterized by isochréaxaé faults which have linked
together. Further off axis two faults are curviti@sgly off-axis intersecting an 11
km rugged topography. The rugged topography has indéerpreted to represent a
detachment fault surface (Section 4.4.4).

Keep & McClay (1997) described how rift systems &adt geometry are affected by
multi-phases of rifting using analogue models. Tasgue that this is evident in the
fault geometry for the central, 2°W - 4°E, Mohnslga. None of their test results
show any resemblance to the features presenteeciios 4.4.4although this does

not dismiss that the structures may be a consequirchange in spreading direction.

Figure 5.8 illustrates a model, developed during $kudy, of how Feature C may
have evolved without incorporating the core compitg&rpretation. This is presented
as there is uncertainty with the earlier, favoratgrpretation since gravity collapse
and/or multiple faults are also reasonable intégpians that could result in such
morphological features. In the model (Figure 58ge initial faults form in the axial
valley at T - 1. The AVR is only indicated at thegent stage (T - 3). At T - 2 the
faults have moved off axis and become border faakimg up more displacement.
Two new faults form within the axial valley whicérininates the growth of the faults
on either side of the fault in the center. These faults grow and curve towards the
central fault off axis. Throughout the evolutior ttentral fault experiences massive
mass wasting and/or gravity collapse thoroughlyra@igg the fault crest. The faults
on either side of the central fault show signsulfigs and sediment accumulations at
the base. It is reasonable to suggest that thesfawtving towards the off-axis central
fault may propagate further towards each otheultieg in the rugged topography

representing two degraded fault crests, althouighigmot incorporated in the model.
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The system becomes extinct when new faults fortherrift valley and evolve to
become border faults (T - 3) (Figure 5.8).

ﬁ Oceanic core Oceanic core
complex complex

ﬂ 5000 m

Oceanic core

ault'debris

= Fault debris

Axial valley
5000 m

—=— - Fault

T - Time

- - Extent of detachment fault in map view
—— - Expected fault displacement profile

Figure 5.8: Model for evolution of Feature C. Color-coded lyatietric map of Feature C to the
bottom right. Depth scale is indicated by the cdlar in Figure 4.1. T - 3 is present time.

T-1  Three faults form within the axial valley teinating a oceanic core complex (Section
4.4.3.)

T-2  Faults grow and tend off axis becoming bofdetts. Two new faults are formed in
the axial valley. Note that there is no fault grogvin the central part resulting in the
central border fault continuing to grow as seemftbe displacement profile.

T-3  The faults in relation (isochron) to the geg topography is extinct as new border
faults have formed in the axial valley. As seemfrihe Figure, this model produces
an anomalous amount of sediments accumulating tsathe axis from the central

fault.
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Feature C is situated directly off axis of an AV&veell as being in the vicinity of an
extinct oceanic core complex situated further adfgdSection 4.4.3). This indicates
that the structure may be in a similar settinghasaceanic core complex, situated
further off axis was, when exhumed. An alternativedel incorporating core
complex evolution is illustrated in Figure 5.9. $kvolution is consistent with the
interpretation where the middle fault evolves agtchment fault that is rotated
(backtilted) and flexures during exhumation. Italtustrates the involvement of

elevated thermal conditions and lateral terminatiba core complex.

In the initial stage the core complex, describe8éction 4.4.3, is terminated as new
faults develop in the axial valley, possibly inm8ng an AVR (T - 1, Figure 5.9).
The AVR is not indicated in the Figure for T - fimay be inferred that the thermal
state of the lithosphere is depressed, possibljtieg in prohibiting and/or limiting
diffusion creep and serpentinization (Jaroslowl.etl&96; Escartin et al., 1997). In
the next stage (T - 2, Figure 5.9) the initial antift faults have evolved to border
faults and two new faults have formed within theabxalley. At this time it is
presumed that all these faults are active. In tlteeeding stage (T - 3, Figure 5.9) the
intra-rift faults have grown and started to cureeards the center fault which now
shows signs of doming and can be characterizedlakagahment fault. The faults on
either side are now extinct and the system consfdisrder faults stepping off-axis at
the center where the detachment fault is situdtld.faults curving towards the
central fault from both sides do not propagatesfavugh to terminate the growth of
the central fault. At the present stage (T - 4iguFe 5.9) the system is extinct and
new border faults are now active. It can be assuimech similar thermal state that
terminated the previous core complex has resuftéka extinction. This early stage
of core complex evolution exposes gabbroic roclgsatng lower crustal rock
(oceanic layer 3). The model's final stage (T e@ihcides with time 4 in the model
presented for the core complex evolution in Figufe thus representing a core
complex that has not evolved to the same extetiteamrger core complex situated

further off-axis.
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Figure 5.9 (previous page)Model of the evolution of Feature C where the rfault is interpreted
as a dome-shaped detachment fault exposing galockat its base towards the axial valley in
Section 4.4.4. Scale is not presented as the @apienw is from the south thus distorting the s¢ate
the scale of features to the bottom of the Figsirgtiongly exaggerated in comparison to featuréseat
top of the Figure). Vertical exaggeration: 3. Caetoded bathymetric map to the bottom right, depth
scale is indicated by color bar in Figure 4.1.4Tis present time.

T-1  The oceanic core complex described in Seetid.3. is terminated when three faults
form within the axial valley.

T-2 The initial three faults evolve to border faulfwo new faults are initiated within the
axial valley.

T-3  The border faults to both sides of the cdrfitnalt become extinct as the two faults in
the axial valley continue to grow and start to euslightly towards the central fault
further off-axis. At this time the central off aXmult starts to flexure.

T-4  The faults in relation (isochron) to the adtiment fault have become extinct. The
central fault furthest off-axis exposing gabbraick has thus terminated at an
immature stage compared to the core complex sidufattéher off-axis described in
Section 4.4.3.

5.5.Brittle-ductile transition elevation - suggested case of

detachment faulting and lateral termination of corecomplexes

The model in Figure 5.9 raises several importaestans; i) why does the fault
flexure only happens locally for an 11 km long détaent fault? And, ii) why do the
two faults lateral to the detachment fault not teate the growth of the detachment
fault by propagating further towards each othei® teasonable to suggest that the
detachment fault has formed due to an adjacent MiRh may be necessary to
create the right thermal conditions for detachnfeulting with subsequent flexure of
the footwall. The positioning of the AVR, which abusly reveals the area with the
highest volcanic activity in the area, is best sedfigure 4.14 where it is situated
directly adjacent to the interpreted detachmerit fau~eature C. Evidence from
gravity data (Lin et al., 1990) and magnetic datalievang & Pedersen, 2003), from
the Mid-Atlantic Ridge and the Mohns Ridge respeatti, show that accretion of
magma at the ridge is focused at discrete cenleng #he spreading axis (i.e. an
AVR). Okino et al. (2002) proposed that the ratpassive upwelling of mantle is

controlled by the effective rate of plate spreadifige effective rate of plate
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spreading is lower for oblique spreading ridges laigtier for orthogonal spreading
ridges. This indicates more mantle upwelling atMwhns-Knipovich Bend.

Hellevang & Pedersen (2003) argue that this is¢hson for elevated bathymetry and
close spacing of AVRs at the Mohns-Knipovich Bem@@mparison to the central

and southern Mohns Ridge.

It is proposed that the detachment fault in Feafuneitiated and evolved to its
present extent because the lateral faults furtheartds the axis could not propagate
past a locally elevated brittle-ductile transitigigure 5.10)If faults adjacent to the
detachment fault exist they must, therefore, havallsdisplacements and/or be
covered by sediments, as they do not appear ibatiegymetry. Depressing the brittle-
ductile transition zone may allow faults to propg® deeper depths, thus it may be
more energy efficient to continue displacement glariault further towards the rift

axis, thus allowing termination of the detachmexudit

i)
ndog

Figure 5.10: Rotated color-coded bathymetry of Feature C. Cstate in Figure 4.1. Beneath is a
schematic brittle-ductile transition Figure. Latdeault crests, further towards the axial vallese a
marked with a red line. The brittle-ductile trarit elevation implies a locally higher heat flowhiah
is suggested to be a result of the adjacent AVRIhB8.AVR lies directly adjacent of the central
detachment fault during exhumation. The anomal@ad flow affects the rheology allowing

detachment faulting, as well as constraining thergd faults further towards the axial valley.
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The proposed evolution of the detachment faultdatére C (Figure 5.9) adjacent to
the AVR and subsequent brittle-ductile transitiaplains the mechanisms of how an
oceanic core complex may evolve as well as illasigdateral termination. For the
compound core complex described in Section 4.4s3stiggested that a similar
elevation of the brittle-ductile transition occutréue to higher heat flow and
lithospheric temperatures in response to an AVRRyahg great amounts of
displacement to occur along the detachment fabk. @rincipal of lateral termination
due to an elevated brittle-ductile transition agplio the compound core complex and
can explain its northeastern step. Here the detanhfaulta in Figure 4.12 is active
as faultb situated northeast propagates southwest (sedat@neFigure 4.13). Fault

b forms a hard-link structure with a smaller fallad-link structure Figure 10.b).
The smaller fault is interpreted to represent & that has formed on the detachment
surface during exhumation. To the northeast faRigure 4.12) initiates and begins
to evolve. This happens simultaneously as fagtintinues to grow. Faultis active

as faulta becomes extinct, resulting in further exhumatibbath the southwest and
northeast dome (Section 4.4.3)

The lateral termination of core complexes in tleist®n explains why the faults
situated lateral and further towards the axis dgpnapagate to terminate the core
complex growth. This happens because the rheologioperties are altered due to an
elevation of the thermal state, which is suggesiddrther prohibit fault propagation

and therefore also termination.

This principal may be applied to the compound @am@plex presented in Smith et al.
(2006 & 2008) (Figure 5.11). Here it can be infdrtieat fault 1, 3 and 4 initiated as a
detachment faults. At a later stage, fault 1 adé&Ilop to represent a compound
core complex as fault 2 initiates towards the &tisral to faults 1, 3 and 4 and
propagates in the north-south direction. Fault @t propagated past the now
doming core complexes (1, 3 and 4 in Figure 5.htl)ikis suggested that this may be
due to an elevation of the brittle-ductile tramsitiadjacent to these core complexes.
Thus, the compound core complex and core compbae &ctive simultaneously as

core complex 2.
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Figure 5.11: Compound core complex at the Mid Atlantic Ridgent@ur interval is 50 m. The dashed
line indicates the spreading axis. R represen@gi@phic ridges inferred to be breakaways for new
detachment surfaces. Numbers are core complexepr€sents a compound core complex composed
of complex 1 and 4. Note how complex 3 and espg@adlip into the axial valley. From Smith et al.
(2006 & 2008).

In summary, regarding core complex formation, prasipublications point out
tectonic (amagmatic) extension to be the main mre&socore complex formation
(Tucholke et al., 1998 & 2001). This has been gesilof debate in more recent
literature (e.g., Dick et al., 1999; 2000 & 2008chrtin et al., 2003). Common is
lower volcanic activity, as the ridges where cavenplexes are reported are situated
in slow to ultraslow spreading ridges. It is nowmeggally agreed that there is interplay
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between magmatic and tectonic extension that geButiceanic core complex
formation (Buck et al., 2005). This is in corresgence to this thesis work where
volcanic activity together with tectonic accreti@sults in favorable conditions for

core complex formation for this particular setting.

5.6. Are several oceanic core complex evolutionasgages present?

In earlier sections a mature compound core comipdexbeen identified, described
and an evolutionary model has been presented. iShiadement of the core complex
is between 10 — 12 km, thus exhibiting an extensiess section of the lower crust
and upper mantle lithosphere. This is evident frook dredges which have
recovered serpentinized mantle peridotite. Anottirpreted detachment fault
representing a core complex is situated furtheatdw the axis. This detachment fault
exhibits displacement of approximately 5 km. At Hase of the detachment fault
gabbroic rock has been recovered during dredgidigating exposure of lower crust
(oceanic layer 3). As implied in earlier sectionis fatter detachment fault is inferred
to represent an early stage of core complex ewsluiMechanisms have been
proposed for the evolution of these core complexuies. Both are inferred to

develop in the vicinity of hot asthenosphere eliengthe brittle-ductile transition.

Bruvoll et al. (2009) suggested an incipient detaeht fault corresponding to Feature
A in Figure 4.14. In light of the discussion on telution for the two core
complexes, it seems likely that this feature mayasent an initial stage of core
complex formation. This feature is situated adjate®VR 15 which is inferred to
be at an early growth stage. Feature A is integgrét represent the fault(s) that
terminated the growth of Feature C and has indiatghin an AVR (Section 4.4.4,
Figure 4.14). It has further evolved to become arther fault. Detachment faulting is
suggested to initiate during a phase of volcanreisylting in favourable thermal
conditions for detachment faulting for the studgaarFeature A is suggested to
correspond to the inferred incipient breakawayesgiturther south along the Mid-
Atlantic Ridge (ridge labelled “R” in Figure 5.11).
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The resemblance is striking between Feature A afeiddire 4.14) and the
compound core complex (Section 4.4.3) and it igested that these faults, given the
correct thermal state of the lithosphere, may exédvbecome a compound core

complex.
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6. CONCLUSIONS

The overall objective of this thesis has been twudtent contrasting tectonic
processes at the northeastern Mohns Ridge, witksfon fault evolution and core

complex formation. The main conclusions of thisigtare:

» The western flank has initially consisted of sel/eeparate faults which have
linked together with the surrounding faults formiagger faults. In the next
stage the large fault links together with anotlaeidtfresulting in increased
length followed by redistribution of displacemenhis illustrates how the

faults grow in horizontal direction by forming rglatructures.

= Maximum displacement-length relation, at leasttias Mid-Ocean Ridge,
conforms to displacement-length data from contialenitt settings and other

fault populations in spite of differences in crlisteckness and rheology.

= The local high at the segments ends between sediBarid 14 are
interpreted to be the result of volcanic processenjore feasible tectonic
extension. The characteristics of this transfelezame conforming to

observations in non volcanic settings.

= |tis observed that the tectonic dominated are;acharacterized by
symmetrical profiles with slight fault rotation edixis. This is in contrast to
the asymmetric profiles for area 2 where a greailarnof fault rotation
occurs, forming basins off-axis of the fault cr&3te thermal state of the
lithosphere in area 1 and 2 is suggested to bm#ue contributing reason for
the different topographic expressions. Area 1fisried to be characterized by
a higher degree of tectonic accretion whereasarganferred to be
characterized by interplay between both volcangt tastonic accretion which
has resulted in several core complexes and onessteghincipient stage of

core complex formation.

81



Chapter 6 Conclusions

Lateral termination of core complexes has not eabeen subject for debate.
The higher heat flow and lithospheric temperatumgke vicinity of the AVR
are believed to result in the lateral faults napgargating past the locally
elevated brittle-ductile transition. This princigdpears to conform to data

from core complexes indentified further south altmg Mid-Atlantic Ridge.
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