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cause

This dissertation is about the history of the Kerguelen Plateau, theniKuunga orogeny(700
Ma) to nowadayslt aims to answer this key questionwhat is the inherit of the fractimg in the
Kerguelen Archipelago nowaddys

We will start by doing a literature review to sum up the knowledge about this zone and then,
we will, with Google Earth, study the fracturing. Firstly, we will do it on all the Archipelago and then,
at a smaller scale, we will do it on the Plateau Central.

Thanks to some statistic notions, our observations and our review, we will emit the hypothesis
that the fracturing is inherited of the two successive extension phases of the zone since thaipreak
of the Gondwana. Furthermoraye will see that the fraring seems to turn around the Mont Ross
and that the Mont Ross could be the cause of this.
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Syllabus

Basin : depression in therust (continental or oceanic) where sediments can be accumulated.

Hydrothermal activity : all the phenomenon linked to the circulation of hot waitgr fluids in
relation with magmatic activity.

Orogeny : Event that leads to both structural deformatighl® 9 I NI KQa f A0 K2 a LIKSNB Q2
differentiation

Pullapart : State of a rock that experiences bot extensive and transtensive shear.
Transtensive shear : It is a shear that has an extensive component.

Virgation : twist of a geological structure on a laggale event (km to 100 km). It takes the shape of
' O2YIF T GOANBdzZ Sé¢ Ay CNBYOKO®
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Introduction :

The Kerguelen Archipelag@as been discovered in 1772 by a French navigatsrcétmposed
of 49 islandsn the Southern Indian Ocean. It is locateetween Antarctica, fhicaand Australia These
Islands are continuously studied by a lot of scientists including geologists for many years.

This dissertation is about the history of the Kerguelen Platgalimore specifically about the
fracturing.It aimsto answer this key questionwhat is the inherit of the fractumgin the Kerguelen
Archipelago nowaday?

To answer it, we wilstart by doing a literature review to sum up the knowledge about this
zon& AG&Q KAA&AG2NE | VR heh wawildst@odge\Ehrtpict@résfiost@p tfei SE G @ «
fracturing. We will do it on all the Archipelagat first and then on the Plateau Centrtd do it at a
smaller scaleFurthermore, we will describe our observations and compare them with the literature
we read. Finally, we will emit some hypotheses to answer our key question.

Supervisingeacher: H. LEYRIT
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Literature Review
Introduction

The Kerguelen Archipelago is a set of French islands Bathern Indian Ocean. It is located
FG ndpcmpQ{ T c dc o nAusirilia and Africd B ig the tightargeMBrchipalagasin the
world with 49 islands and an area of 7215 khi®metre). These Islands are continuously studied by
a lot of scientistincluding geologistfor many years.

This literature reviewaimsto combine general geology information and information from different
studies to understand the history of this Archipelago and then answer this question : what is the inherit
of the fractures on the Kerguelen Plateau nowacays

To begin, we will describe genéreoncepts and normal Hot Spot settling to be able to
understand the situation in the Indian Ocean. Then we will see the evolution of the constraints in the
zone. Finallywe will talk about the formation of the Kerguelen Mantle Plume products.

|. GenerdConcept and Hot Spot settling

1.1 Earth structure

The Earth is composed of numerous layers that we can determine by seismic indirect methods.
On the surface, scientists knew since the 20 century there are two major types of crust. One is mainly
constituted of old rocks with an average depth of 30 kantinental crus) and the other with basaltic
rocks aged of maximum 200 Mai(lion years ago}(ceanic crust The second one is thinner and
heavier than the continental crust. With the superior paf the upper mantle, they formed the rigid
lithospherez RSTFAYSR +a | @2ftdzyS dzyiiAt wmn (G2 onn 1Y ¢
conduction. It sets up on thasthenospheremantle where the heat is diffused by convection, sign of
intern movemants (Cf igure 1) (BOILLOT et al., 2013; RENARD et al., 2018).

The tectonics plates' theory developed for the first time by Albert Wegner (1830) is based
on an important decoupling between the asthenosphere and lithosphere irnLtve Velocity Zone
The heat in the mantle dissipates by convection due to the plastic comportment of peridotites mantles.
Differences of density create a displacement of material® @&y @S O (i A Zhg tantlet&F i6 &
divided around 670 km of depth forming an upper amdbwer mantles. Each of them $ds own
2840G8Y 2F O2y080GArz2yQa OStta 6KAOK I NB O2yys0Q:¢
(BOILLOT et al., 2013; RENARD et al., 2018).

5“"23@‘0“ Figurel : Model of penetrative
% convection with 2 level&ENARL

et al. 2018, modified)

S

NOYAU EXTERNE
LIQUIDE
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To pass from a continental domain to an oceanic, the crust has to thin out vertically and
extends horizontally unté generation of tholeiitic magmas. This would be the first production of the
new oceanic crust. The mechanisnriftfng can bepassivewhere the asthenosphere rides up because
of less pressure due to the lithosphere strets®f fgure 2). Theactive rifting is induced by the
asthenosphere's lift which weakens the lithosphere until a break. Noticed that notions are theoretical;

a passive rifting can capture a plume, also it becomes active. Conversely, a plume can weaken a
lithosphere which may split if horintal forces happen. The expansion, post rifting, produces a new
oceanic crust with a magmatic activity concentrated on a ritfgken there is the formation of oceanic

crust, we call this procespreading(RENARD et al., 2018).

On the surface, ridges, marked by a bulging seabed, generate oceanic accretion by creating
Medium Oceanic Ridge Basalts MORB It exists two types of ridge the slow ridgecharacterized by
an axial valley o$preading a thick lithosphere (Atlantic) and tHast with axial bulging, an Axial
Magma Chamber reflector (East Pacific). Even if ridges seem to be a continuous chsfioirrdaults
accommodate moves in separating the ridge and lithospheric panels in multiple fragments.
Sometimes, production jumps and a new ridge is formed parallel to the preceddge (jump)
(RENARD et al., 2018).

i Figure2 : View of South Atlantic Rid
: (from Landsat; Copernicus,
L 14/12/2015, Google Earth)

Red features represents sottnansform
faults and the blue one the ridge axis

1.2 Mantle Plume generation

Interfaces between layers on the Earth are unstable and can cpgatees Authors argue
with each other aboutwhat plumes exactly are; a lift of materials less deg$etter because of the
depth they come fromor simply heat from deep mantle transmitted by convection through the
mantle. Nowadays, the generation of plumes is not completely understood (RENARD et al., 2018;
ARNOULD et al., 2020).

By reaching the lithospi¢B = (G KS LJ dzySQa KSIF G aLINBFRa 2dzi |y
creating basaltic magma which ascends through features zones to the surface. The importance of
magma production decreases over time, and the arrival of the plume's head correspaothésgeak
of activity(Cf figure JRENARD et al., 2018; ARNOULD et al., 2020).

On Earth, oceanic aseismic plateau and continental basaltic trapps are proof of these
phenomena (Cf B on figuB). They are calletarge Igneous Provinces LIPand indicated le first
signofahospotQa | OGAGAGED® b2GAOS GKFG GKS K20 aLrRid Aa
surface. Large Igneous Provinces are characterized by large size (more than 1000 km), a huge volume
of lava produced in a short period(<5aM(RENARD et al., 2018; ARNOULD et al., 2020).

| 26 SASNE 9 NIIKQa ada2NFIF OS Y2@0Sa Rdz2S (23 Ayads
lithosphere moves and the plume continues to generate partial melting in smaller quantittes. If

11
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magma reaches thsurface, it creates a volcano active as longhasplume can supply it. Through
time, volcanoes form an alignment between the older trace of the hot spot and its current position (Cf
C on figured) (RENARD et al., 2018; ARNOULD et al., 2020).

Active Volcano

Volcanic Plateau Old volcanoes <

_ .
O g 1
—2 ’ I

‘ Mantle

Figure3: Scheme of a plume (Renard et al., 2018, modified) A : generation on an instable layer. B :
LX dz¥YSQa KSIR FNNAROPSE 2y fAGK2ALIKSNS 6[0 YR 3ISyS
@2t O0FyAO FEAIYYEBIyG 6A0GK GKS LI dzyvSQa

As the major part of the planet is underwater and the geochemical produced by hot spots, the
rocks are calle@ceanic Island Basattr OIB These traces permit to follow direction, speed, ages of
oceanic crust and provide information about plate tmmics and regional stress deformations.
{2YSOUAYSAa: FEfEAAYyYSyd A& oNB1ISY 2NJ LXIFGSEdza F NB
et al., 2018).

aO)Y

Hot spots can interact with a rift, like the Iceland hotspot during the creation of the North
Atlantic Ocean. It produced important quantities of lavas in extensive grabens. During the spreading
and oceanisation, flows are rocked formisgaward Dippings Reflectorsr SDRon continental
volcanic passive margin (RENARD et al., 2018).
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[1. Evolution of the constraints

2.1 The Kuunga Orogen

The Kuunga orogeny phase is from 700 to 500Ma. It is one of the Gondwana forming orogen and is
located under the ice of East Antarctica. It is interpreted as the collision zone between the Australo
Antarctic and the Indé\ustralian plates (Cf 3b on figude (DACZKO et al., 2018).

Gondwana _. N
0.7-0.5 Ga orogens /.77
Undifferentited G
East African (1) 28],

The first plate was composeaf rocks that were formed ca
11901140 Ma and the second one was younger with -980 Ma
rocks. This mountain belt was probably 4000 km long. It was so eroded
in India, Australia and Antarctica thatientists have a lot of trouble
finding the exact location of the suture between the Indaistralian
plate and the Australdntarctic plate A hypothesis is the Mirny Fault
.| next to Antarctica that has nowadays a direction of NDACZKO et
v al., 2018).

. |Figure4:{ OKSYS TNRY @K
3 | forming orogens(DACZKO et al., 2018

1000 kM " Torra Australis S
— orogen

Paleomagnetic data seems to say that there were 3B000km movements between both
plates between 700 Ma and 500 Ma. This may imply that ahigyenesis was reflecting an ocean
closure at a Cambrian Ediacaran boundary (DACZKO et al., 2018).

2.2 Thebreakupof the Gandwana (137100 Ma)

The Gondwana was the supercontinent on the earth before 137 Ma (Cf figure 4). It has been formed
by the varisque orogen cycle that has merged all the continental plates to create this structure. The
breakup happened between the Greater Indian Plate andAhgarcticaAustralian Plate. The link
between the Kerguelen plumieduced LIP and the breakup from Gondwana is still something that is
debated. This debate has been fueled adaithe uncertain relationship between the breakup of this
supercontinent andthe Kerguelen LIP. In fact, the early magmatic products are potentially
synchronous with continental breakup (OLIEROOK et al., 2019).

There are nowadays two main hypotmssabout its break up around 137 Ma. The first one is
the oldest and is that it wasaased by an active rifting. The Kerguelen Mantle Plume would have played
an important role in this event. It had formed numbers of different srae#lled magmatic provinces
since 147 Ma as theomei Arear the Bunbury basaltsThe Plume would have pushed the continental
lithosphere and played a role in the separation of these three plates. The second one is that the plume
would have played no role in the breakup becausegéographical position at that time (OLIEROOK
et al., 2019).
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Studies show that the earliest recognized volcanic products from the Kerguelen mantle plume
are the Tethyan Himalaya igneous province and the Bunbury Basalts (OLIEROOK et al., 2016). Some
geochonological and 3D modeling work has shown that Bunbury basalts had erupted from 136,96+
0.43Ma to 130.45-0.82Ma and the breakup of Greater India and Aust/ahdarctic had occurred at
137-136Ma (OLIEROOK et al.,2016, GIBBONS et al., 2012)

More than 80%f the magmatism in the Perth Basin at 1B36Ma was simultaneous with the
eastern Gondwana breakp. Isotopic analysis reveals that only lithospheric and depleted
asthenosphere sources were melted at that time to make the Bunbury Basalts and other early
magmatic products. The only exception is the Tethyan Himdlaf&égure 5) The break up seems to
be a passive one because of the restriction of magmatism atlP4®a to continental rift and the
lack of a huge oceanic magmatism at that time. Moreovezretare more than 1000 km between the
nucleus of the break up and the Plume underneath the lithosphere. Spatial, geochronological and
3S20KSYAOIf AYyF2NXIGA2Y R2y Q0 &K 2up. Thayis why'the dzSy O S
second hypothesis is privileged (OLIEROOK et al., 2019).

e — — S—— ~y
{b) 137 P.u_- / 137 Ma Onset of Bunbury
I~ — 1 Tothyon Hinalaya Basalt magmatism

IG T . I | S AT | Figure5 : Gondwana Breakup
T | and localisation of the Plume
Crd— 8 Austrate | Stow Gondwana
0 S | S decomarseson (OLIEROOK et al., 2019)
I -4 > I Indian kthosphero
Antarctica <
1c) 130 Mak PN 130 Ma
>3t >—17
. A Tothyan Mimalaya wanic Mid-ocean
-'|G’"m & \ 7 . I E e —— : %mu Rfsgc :“‘:W"y Basat
Inca ‘ WA . ! “f\_ﬁ |
S DU SN ) - e MIM
B T

The Break up may have been linked to the suture zone located there and created-b@®50
Ma Kuunga orogeny phase between the Austratdarctic plate and the Indidustralia plate. There
has been a subduction there during this phase. When the crust stéotée thinner, there has been
partial melting of this crust ithe early Cretaceous. Repeated and protracted rifting of the Greater
India from the AustraléAntarctic plate since the miBaleozoic has eventually caused the brapkof
the continental littosphere and the magmatism around 137Ma (OLIEROOK et al., 2019).

After the breakup of the Gondwana at 136 Ma, there has been the creation of two oceanic
basins; the Perth Basin that was located between India and Australia and the Enderby Basin between
India and AntarcticéCf figure 5) The spreading in both basins was in a continuous system. There was
a simple midocean ridge that was more leBBI5. This configuration stayed the same from 136 Ma to
115 Ma (figures, 120 Ma) (WHITTAKER et al., 2013).

At 115 Ma, the ridge in the Enderby Basin jumpeadrthward. This has caused the rifting
between Elan Bankand the Indian Margin. If there is continental material under theutBern
Kerguelen Plateau, it has been isolated from India at the same @fiiggre6, 115 Ma). (WHITTAKER
et al., 2013) (BORISSOVA et al., 2003).

At 108 Ma the miebcean ridge of the Perth Basin jumped westward to be aligned with the
part of the Enddoy Basin. This caused the end of the seafloor spreading atehte of this basin.
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140 1507

There was now again one continuous boundary
between the Indian Plate and the Australian plate and
the Antarctic Plate (figuré, 108 Ma) (WHITTAKER et
al.,2013).

120.40 Ma j =

From 136 to 100 Ma, the Australian and the
2+ Antarctic plates had a relative movement of 140 km in
the eastern part and 210 km in the west. This was a
continental rifting system. In the western part, there
was a N108preadingn the oceanic crustdtween the
Perth and the Enderby Basin. The small relative
movement between Australia and Antarctica could
have been manifested as diffuse deformation
(WHITTAKER et al., 2013).

Figure6 : Sreadingwith the ridge in N45 from 120 to
100 Ma (WHITTAKER et al., 2013)

2.3 The major change in the rifting directions

2.3.1 From 100 to 50 Ma

‘ ' 2 Figure7 . Spreadingaround the Kerguelen Plum
4+ from 100 to 43 Ma (WHITTAKER et al., 2013)

-35 > - -35°
. At around 100 Ma, there has been a huge
..L}/Kj reorganization of the Indian Ocean due to the stopping
- = = - - of the subduction along the east coast of Australia. This
-25 ' S ‘ 8350 Ma | cCaused major changes in theelative plate motion

Ry between India, Antarctica and Australia. Concerning the
AustralianAntarctic relative motion, it changed from a
N10 to a N140 movement, from a NMSESW to N\ABECT
figure 7,100 Ma) (WHITTAKER et al., 2013).

40"

In the sector oKerguelen, this reorganization
changed the transtensional motion to an almost purely
strike-slip one at the western part of this system. It was
adjacent to the triple junction between the Indian, the
Australian and the Antarctic plate. There was a 400 km
of left-lateral strikeslip motion in 50 Ma. This phase at
100 Ma coincided with the onset of a faster extension
phase between Australia and Antarctica (WHITTAKER et
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Before the brealup between Antarctica and Australia, a continental rifting swa
accommodating all this relative movementhe break up was not simultaneous at every point of the
boundary but was diachronous. It happened between 94 and 73o¥he eastern part close tthe
Naturaliste Platau. The break up zone moved eastward progressively to break at its westernmost part
around 5350 Ma (WHITTAKER et al., 2013).

2.32 From 50 to 43 Ma

After 50 Ma, there has been a direction change in the relative motion between Antarctica and
Australia. Before 50 Ma, the movement was MBE and then it was NMESW. This has been caused
by the subduction of a ridge, the Izanagi Ridge, at the northwestern part of the Pacific margin. When
a ridge disappears just like this, it causes a reorganizatiall the tectonic systems (WHITTAKER et
al., 2013).

At 43.8 Ma, there has been a ridge jump of the AntarBlistralia midocean ridgeSecondly
the separation betweerBroken Ridgand the Central KergueldPlateauhas happened. The normal
faults from this separation were N115 at that tifi@/HITTAKER et al., 2013).

lll. The Kerguelen Plume and its products

3.1 The Kerguelen Mantle Plume

The Kerguelen Mantle Plume is a Plume that impingedithespheric Mantle of the eastern part of
India around 147 Marhis Place would be the southern part nowadaiykad the size of a circle with

a diameter of 8000 km (more less 8° of latitude). This hot material decompressed in the mantle
and starteda partial melting. The magma went up in the faults and made some sills. The only point
discovered today where it reaches the surface is in the Tethyan Himalaya where it has several small
scaled eruptions (OLIEROOK et al., 2019).

At 137 Ma, the Kerguelen amtle Plume head was decompressing under the indo
Australian lithospher€Cf figure8) The amount of magmatic products in the Tethyan Himalaya was
growing but stayed smadicaled. (can link here with the creation of the SKP) (OLIEROOK et al., 2019).

Between 136 and 108 Ma, India moved away from Antarctica and Australia with an average
speed of 79 km/Myr on a distance of approximately 1500 km. The ensuing seafloor spreading in the
Enderby and Perth Basins. During this time, the-otidan ridge movetbward the Kerguelen Plume
position (WHITTAKER et al., 2013).

At 130 Ma, the plume continued its underplating and decompression. The size of the plume
was a circle of 1400 km in diameter ( more less 13° of latitude) (OLIEROOK et al., 2019).

At 124 Mathe plume was a bit bigger (1500 km) asmme eruptions created the Southern
Kerguelen Plateau. The plume was moving toward the sea under the continental lithosphere that was
thinner in the south of the Indian Plate (OLIEROOK et al., 2019).

Therehavebeen two ridge jumps toward the hotsptitat have created some microcontinents
by fragmenting some continental crust and incorporating them to the large igneous province. Example
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given, the ridge jump of the Enderby rmdean ridge at 115 Ma has detache@arEBank from the
Indian lithosphere and has recovered it with volcanic materials. Now Elan Bank is a part of the Southern
Kerguelen Plateau (WHITTAKER et al., 2013).

At 100 Ma, the plume was now at its biggest size (2640 km). It has formed the majahgy o
Kerguelen Plateau with the southern part, the Central part and Elan Bank (OLIEROOK et al., 2019).

At 68 Ma, the Plume has formedd&en Ridge that is joined with the Central Kerguelen Plateau
and the Nineteenth Ridge. This was a volcanic platewat pushed away by the ridge that made the
Indian Plate moving and by a transform fault. The Plume has consumed most of its materials and there
is no more that huge underplating. At that time, there was only the tail of the plume that impingement
the oceanic crust. The size of this tail was 550 km of diameter (OLIEROOK et al., 2019).

At 34 Ma, the plume had started to form the Northern Kerguelen Plateau. The Ridge has
separated Broken Ridge from the Central Kerguelen Plateau. Nowadays, the locatiohatfsiat is
under the Kerguelen Plateau, but sciendiate not sure of its exact positiothe Central Kerguelen
Plateau has been active for the last 22 Ma and there has been some eruption at Heard and McDonald
Island BREDOW et al., 20118

3.2They SNHdAzSt Sy al ydaftS tfdzySQa LINRRdAzO(G a
3.2.1 Early Volcanic event

There hae been severasmallscalevolcanic products from 147 to 124 Ma that scientist had
classed as products of the Kerguelen Pludenew hypothesis from OLIEROOK et al. in 2019 has
changed the way we understand these events. There are some products in the Tethyan Himalaya (147
115 Ma),the Bunbury basalts in the southwestern part of Australia(iB8 Ma), the Naturaliste
Plateau (130 Ma) and the Wallaby Plateau (124 Ma).

Some years ago, the studies were unanimous to conclude that all the early magmatic events
seen in part two were caesl by the Kerguelen Mantle Plume. The fia¢chat we actually know that
the head of the mantle plume was under the Indian lithosphere at 14aibat 137 Mahat's why
it would have been complicated for this plume to interact with the Australian lithespht that time
(Cf figure8) (OLIEROOK et al., 2019).

Furthermore, recent studies showed that all the early magmatic products associated with the
Kerguelen LIP are exclusively related to continental rifting including the Comei Prd¥#i€g15
Ma) (GHEN et al., 2018), Bunbury Basalts (130 Ma) (OLIEROOK et al., 2016), the Naturaliste
Plateau (130 Ma) ( DIREEN et al., 2017) and the Wallaby Plateau (124 Ma) (OLIEROOK et al., 2015).
They were all formed on microcontinents of continental margins. dttésts the important role of
continental lithosphere in the magmatic production cycle.

CAylLffes G2RIFI2Qa Y2RSt LI O0OSa GKS LX dzyS dzy RS
100 Ma. That is why the Kerguelen Mantle Plume could not have been iteglicethe formation of
the Bunbury Basalts, the Naturaliste Plateau and the Wallaby Plateau (OLIEROOK et al., 2019).
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137 Ma Onset of Bunbury
Tethyan Himalaya , Basalt magmatism
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3.2.2The Kerguelen PlateaBroken Ridge and the'®Bast Ridge

Richards et al. have defined the term microcontinent in 1989. A microcontinent can also be
called accreted terranes. They are common in the suture belts as here with the one created by the
Kuunga orogey (700500Ma). It is created by the interaction between a mantle plume and a
continental lithosphere that is lifted by the underplating of the plume or by the interaction between a
nascent ridge and a continentithosphere(BENARD et al., 2010).

One of the largest Large Igneous Province (LIP) in the world is the Kerguelen Plateau. It covers
an area of 1250 000 km2 and is 2000 metdyove the oceanic basifThis plateau can be dividedan
three parts, the Nortkern, Central and Southern Kerguelen Plateau. Most of it has been formed
between 115 and 20 Ma. Nevertheless has been affected by posterior tectonics events which
created fractures in the basaltic plateau. The most significant are described as fditiemgavimetric
YILAQ tylrftearad o.9b! w5 S fd>X wHamnL®

3.2.2.1. The Kerguelen Plateau

The Southern Plateau is composed of 11®& Myr olds basalts. This has been formed quickly
but has been raffected by volcanism around 40 Ma. We know this dseause it has been affected
before a magnetic anomaly (the 98 The suggestions for this volcanism are the gravity anomalies
along the plateau margin. They are rousidaped and are interpreted as volcanic edifices with seismic
profiles(GLADCZENKO et al., 2001

¢KS 38 2F GKS /SydNIrf LI GSFHdzQa ol alfda | NB
formed. The samples of this part of the Keeten Plateau are the same age as the Broken Ridge ones
(95Ma) and Broken Ridge was a part of the Kerguelen Plateau when it was formed (NEAL et al., 2002).
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Concerning the Northern Plateau, the age goes from 68 Ma to some Ma ago. There was a first

phase aound 70 Ma that caused the emergence of the Northern Kerguelen Plateau. The major phase

was between 29 and 20 Ma. Some datings on the Hadézdonald islands indicate 8 Ma. This

indicates that the activity has moved progressively to the south afterdteation of the Kerguelen

Central Platea(BENARD et al., 2010).

Elan Bank igne otherformation that is located to the west of the Southern Kerguelen Plateau.
They are some gneiss in this formation. It is known as a microcontinent and is aged BIBMda
(BENARD et al., 2010) (BORISSOVA et al., 2003).

3.2.2.2. Broken Ridge

Broken ridge is a volcanic plateau formed by the Kerguelen Plume around 95 Ma. Nowadays,
it is located in the Indian Ocean at the south of the Ninety East Ridge and the wAssiélia
(BREDOW et al., 28)1

At 95 Ma, the plume is situated under the ridge and formed Broken Ridge that was at that time
a part of the Central Kerguelen Plateau (Cf fi@)rel'he morphology of both structures, the ages and
the geochemical evidendsave conducted scientisto this hypothesis (BREDOW et al., 201

Hgure9: Evolution of the Kerguelen Plateau

and Broken Ridg€OLIEROOK et al., 2017)

After its formation, Broken Ridge and the Central Kerguelen

Plateau have been separated. This occurred around 40 Ma and was
caused by the seafloor spreading between Australia and Antarctica.
This caused a huge ridge jump and the new ridge was located between
Broken Ridge and the Central Kerguelen Plateau. Afterethént, the

hot spot slowly moved to be at the south of the ridge under the
Northern Kerguelen Plateau. Then, the seafloor spreading continued
to move away Broken Ridge and the Ninety East Ridge away from the
Plateau (OLIEROOK et al., 2017) (BREDOW2918).

3.2.2.3. The 90East Ridge

The Ninety Eag®dge is the longest linear tectonic feature on the earth. It is 5000 km long and
is parallel to the 90 Meridian. Its formation probably started around 95 Ma and it formed the
northernmost part of the ridge. This part is nowadays located in some sediments in the Bengal Fan.
The easily observable part of the ridge is aged progressively from 82 Main theto@thMa near
Broken Ridge ( BREDOW et al.,801

This typical linear structure has been caused by the fast northward motion of the Indian Plate
over the Kerguelen Plumé&igure 9 (68Ma)shows that the Ninety East Ridge was formed along a
transform faut that allowed the ridge to move while the Kerguelen Plateau was not moving that fast.
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Around 95 Ma, some plume materials got trapped in the ridge between the Australo
Antarctican Plate and the Indian Plate that accelerated to reach its maximum spgeedtdrted a
longterm melting because of the decompression. It happened mainly between 82 and 37 Ma but it
included the part in the Bengal Fan {85 Ma) (BREDOW et al., 3)1The model of OLIEROOK et al.
from 2017 says that the Plume was at the north of the ridge before 40 Ma ( Cf figure

Around 40 Ma, the ridge jumps and the opening between Australia and Antarctica created a
massive on ridge volcanism that started the ¢i@aof the Northern Kerguelen Plateau. This formation
has been continued and finished by the Plume ( BREDOW et &), 201

3.3 The Kerguelen Archipelago

3.3.1 Presentation

The Kerguelen Islands are a French Archipelago located in the SouthernQoeiam on the
b2NIKSNY YSNBAZStESY tfl{iSkdz ondpecmpQ{ T cdhconQ9vd ¢
AG&A THMp 1YH FINBIFI® ¢KSNB IINB nop AaftlyRa odzi vypz
¢ S NINdIis 120 km long from theorthernmost part to the southern one and 130 km wide from
east to west (AHADI, 2019).

It is mainly composed of basaltic trapps that are thicker than 1000m and compose 85% of the
archipelagdCf figure 1Q)They have a-8°E dip. They are less than 30r\¥d and are considered the
most recent volcanic products of the Kerguelen Mantle Plume. Datations have dated the oldest basalt
at 29.26 Ma and the youngest at 24.53 Ma. The younger basalts are on the eastern part of the
F NOKALISE | 32 2y 0S¢ Dt SYNBRAZARDA T R dzNWSF Yy S RQ! NO
w 2 Y | NJargeKvblcanism ceased after 24 Ma but there were still some highly evolved plutonic
complexes that were setting up. Between 10,2 and 6,6 Ma, there are in the southeastern part of the
centrd island low volumes of very higiikaline lava. (NICOLAYSEN, 2000) (AHADI, 2019).

The erosion has set the average altitude to 650 m. The plateaus are strewn with volcanic
intrusions as dykes and volcaptutonic complexes. The plateaus are delimitedwérge valleys. The
erosion has exposed the plutonic complexes that were formed at an average depth c2Q000n
under the surface. These complexes were extruded with a rate of-A%km/my at Mt. de la
Tourmente and Mt. Crozier (GIRET, 1990).

The omplexes have different sizes that started with less than 1 km of diameter for the smallest
FYR GKFdG 32 dzZLJ 62 wmp 1Y 2F RAFYSGSNI gAdGK GKS aw
archipelagdCf figure 1Q) There are similarities between the vatw-plutonic complexes and the
flood-basalt trapps but the trapps correspond to non/weakly differentiated lavas as basalts,basanites
or hawaiites. The complexes are composed of a lot of different rocks that go from ultrabasic lavas to
highly differentiated The apparition of granite is very uncommon in that kind of magmatic context,
hot spot in an oceaispreading context (GIRET, 1990).

Concerning the flood basalts, there are different sources. They could be tholeiitic, transitional,
mid-alkaline or evemigh-alkaline. It is harder to characterize these rocks than the plutonic ones where
it was easy to recognize the transitional and alkaline types. Plutonic tholeiitic rocks have not been
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ed® b Al g found. The volcanism rate was 0.009 Km3 per
g,?f,gec';jf; > 3 [ sasatic Trapps year for the flood basalts. This rate is much
foduGoerd) S g I oconicm lower than the rate of the Kerguelen Mantle
' — Plume eruption beforé&etaceous.
D Superficial formations
: [ cecer During the formation of the Kerguelen
Sede  Presquile R Plateau and thé@0" East Ridge, it was around
ot ’ - 2.3 km3 per year for the plateau and 0.25km3
. Peninsule ™ per year for the ridge. The decreasing eruption
/% -Courbet . . .
A el ¢ rates estimated suggest that the lithospheric
4 central ‘ growth of the plae has stopped the eruption of
: N the melted lavas (GIRET, 1990) (NICOLAYSEN,
3 Presqu'ile
s h | i CRonerch 2000).
" Presauile Jeanne
o 2 Figure10: Geological Map of the

Kerguelen Archipelago (BADI, 2020)

odoPH ¢KS YSNHAzZStE Sy tfFGSIdzQa FNIF Ol dzNB

We found a lot of different fractures on the Kerguelen Plateau. We have for example some
normal faults. They do limit theabuan Basin, the norteastern border of Kerguelen Plateau and are
2y GKS 2dzyOlAz2y 6AGK (GKS 230K& 2y avé RESIPO &t &S &4 Kb &
North NorthwestSouth Southeast and NorthweSbutheast. This first direction also neska trace
between the Southern and Central Kerguelen Plateau. According to these both trends, some volcanoes
are distributed. These normal faults are proof of past extensive stress (BENARD et al., 2010).

Another dominant trend in the direction of fractes is the West NorthwedEast Southeast
trending fault which overline Elan and Skiff Bg@isfigure 11) The NortkSouth trend is more
restricted to the 77° Graben on the Southern Kerguelen Plateau. It is linked to the split between the
Southern KergueleRlateau and Broken Ridd@@iamantina Zone due to the Southeast Indian Ridge. Its
propagation to the West created a local NoHouth trend (68,%8,2 Ma) (BENARD et al., 2010).

we e w m  w e s On the Kerguelen Archipelago, there

/ are a lot of fractures with two preferential

1 Plume denved ves o thoeiccomposton  AITECHIONS T N12EN130 and N3N40. Both

® ©  Mgrichlavas directions are similar to the direction of

QO  vssmsticcontaminationty connentaicnss - fracturing of the Indian seafloor. These

g Aevhecastsunderommesiniee. RA NS OUA2Y A& NB faz2z GKS

(a: ascertained, b: partly proven)

. andvd f S24Q 2ySd LiinAa NBI

[i+34 Area where crust is under oceanic ridge influence

= Tholeitic, plume derived lavas

1139

Skiff Bank o 42

Northern Kerguelen Plateau the centre of the archipelago. There are
0 cenvrt kergucten plteau also some basaltic dykes and intrusions
I southern Kerguelen Plteau that have the same direction on the

archipelago. All these fractures are
inherited from the early tectonic phase
when the ridge wagust next to the islands

(AHADI, 2019).
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Figurell: Geological Map of the Kerguelen PlaiéBRENARD et al., 2000)
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Conclusion

This Literature Review has shown that the Kerguelen Plateau is a product of one of the hugest
LIP on the earth. It had a complicated history because of the different events gomathrough as
theGorRg I yI ONBF {1 dzZlJs ydzYoSNAR 2F NARIAS 2dzy Ll X

With all thss information, it will be easier to understand the directions of the numerous
fracturing and dykes in all the archipelago. Themedbeen two openinglirections : the first one with
normal faults in N4%nd the second one with normal faults in N105.

We cannot have an answer about the links between the plume and the GondwanaBreak
because scientistdo not agree on one answer.
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Results and analysis

| : Analysis of th&ugest fractures
1.1. Protocol

Inparallewithi KS 3S2ft23A0Ff oF O]l INRBdzyRQa SadlofAaKyY!
Kerguelen Archipelago and their length and orientation. We used the free softaeogle Earthn
order to make three measurement campaggruring the first, in September, wanly cataloged
FNI OGdzNAy3I 2F YSNHBAStESyQa NROla oAGK2dzi aLISOATAC

Next, we completed the research on some areathefKerguelen Archipelago and focused on
the research of faults filled by lavas. These intrusions are mostly ckawet by a change in rock
colourswhich catches the eye. Their alignments permit to determine major extensive directions at
FNRdzy R cpnc 2F GKS tATyd ¢KS fFraGSad OFYLIAIYy Aa
fractures Figure 12AHADI2019).

Figurel2: Map of Kerguelen Archipelago's fractures (AHADI, 2019)
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The mages used come frorhandastand Copernicussatellites taken since 1984. We used
archive footageto have a better view on some overcast areas, especially on the Kerguelen
I NOKA LISt I 32 QaengiisSateineasiyfed Wwith foBlsbaject or line. Intrusions had been
surrounded withpolygonand anaxe marked after when alignment is viewable. All the pictures used
for creaing the maps were takefiom Image ¢ 2021 Maxar Techologies Image Landsat / Copernicus

2020 Google

The 451 lineaments are spilitto several areas of studies (Annexes). Thesesardy their
geographical localization on 10 zones :

- Péninsule Loranchet and lles nuageuses on the Nattist of the Archipelago (1 489
km?)

- 2830 GKS DNIYRS ¢SNNBQa LI NI G2 (GKS

- South or Péninsule Rallier du Baty (997km

- Foch island (460 ki

- t NBaljdQnt SHOW2FFNB d6cun 1Y

- Centre of the Grande Terre (914 ®m

- Centre eastern area of the Grande Terre (1406)km

- Mont Ross (485 ki

- t NBaljdzQntS WSIyyS RQ!I NO yR w2yl NOQK 6 don |

- Peninsule Courbet (1525 Kmn

Q\
(p))
QX
c
N

Péninsule Courbet

Figurel3Map of the Kerguelen Archilagjo(made on Adobe lllustrator)
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We saved all these fractures on Excel.ahalysethe different trends in the direction of the
lineaments, we use the software STEREONET. We created a dataset for every 10 parts of the
Archipelago we wanted to observe. In each dataset, we enter the direction of all the 451 lineaments.
Then we use the tddRose Diagram to see the main directions for each data set.

We used a 10° Bin that is just a way to regroup the directions that aretd@seh other. The
other parameter we have changed was the percentage of the circle. In a rose diagram, iteould b
reached by the direction when a certain number of lineaments have the same direction. Depending o
the dataset, we have been changing this percentage from 15% to 35%.
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1.2. List of the zonds the Archipelago

2.1 Péninsule Loranchet

This area igharacterized by numerous intrusions which follow an alignment around N160°
GKAOK Aa Fftaz2z GKS YIAY @Ftdz2S 2F ftAySEYSYydaQ RANE
indicates that there are the most recdpformed. Also, the main viewablersss here is extensive to
Northeast¢ Southwest. Others lineaments have this direction, orthogonal to extensive fractures.

Map of fracturing on Peninsule Loranchet

Légende

&+ Intrusions and axe of intrusions
(' Limits of Peninsule Loranchet
&% Lineaments on Foch island

& Li on Peni L

& L on Penii L

Google Earth

Image Liandsat/ Copernicus
Data SI0, NOAA, U.S. Navy, NGA, GEBCO

........

.,
.
e,
e,
"\ Stereonet Datasets Analyses Contours
“, Bingham Axes
\,
“ Size: D Color:
-, L
\. Eigenvectors to plot: All vectors. >
\
.
\ Mean Vector
J- Dplct negative & positive plunges separately
.
I' [“I negative mean vector in lower hemisphere
Rose Diagram
. 8
Bin size: | 10° W Color:
g : .
/,/ Value (in % of total) of perimeter: E’
/o’. [[Jcenter bin on zero
/.-' [[] show mean vector [Ihalf circle rose
o

[[treat data as axes [Jscale by area

Figurel5: Rose diagram of the fracturing of the Péninsule Loranchet
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2.2 Foch island

Fracturing on Foch island is focus on a Northv&msiitheast direction(more than 50% of
values) overlapped by a second around N60° with a mean lenlijtte bit higher.

Map of fracturing on Foch island

& At Figurel6: Map of fracturing on Foch
- Island

&» Lineaments on Peninsule Loranchet
& Lineaments on Presquiile Joffre

Stereonet Datasets Analyses Contours

g o Figurel7: Rose diagram of the
pneasaope: T fractures of Foch island

Mean Vector

Size: 6 -

[Cplot negative & positive plunges separately

[ negative mean vector in lower hemisphere

Rose Diagram

Distribution of lineaments orientation in the Foch island by
length (33 values)

= 25,00 °

£ 20,00

< 15,00 " Figurel8:

© 10,00 () Distribution of

Y 5,00 e e 8 % . ,

= ) ° ° 8,8 8" %, lineaments in the

O 20 40 60 8 100 120 140 160 180 Fochlsland
Lineaments orientation (degrees)
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HPo t NBaljdzQot S wW2FFNB

¢CKS FAFGe tAySIYSyda KI@S | f1NBS RANBOGAZY
Northwest to Southeast can be defidavith the diagram of Stereonet. Indeed, around 30% of total
values are betwen N130° and N150°. They overlapped othexgidence of their more recent
development. Lineaments directed N105° can be related to the SeRiga due to their geographical
proximity. High lengthin these directios adds proof to their relationship witli KS DNJ YRS ¢ SN
general context.

Map of the fracturing on Presqu'ile Joffre

Figurel9: Map of fracturing on
Presqu'ile Joffre

Google Earth

AN Stereonet Datasets Analyses  Contours
.

Bingham Axes

w0 ew Figure20: Rose diagram of
Eigenvectors to plot Al vectors v .
the fractures on Presqu'ile
Mean Vector Joffre

[Cplot negative & positive plunges separately
[ negative mean vector

in lower hemisphere

Rose Diagram

Distribution of lineaments orientation in the Presqu‘ile

Joffre by length (50 values) Figure21: Distribution of
ggo,oo the lineaments on
Presqu'ile Joffre
=20,00 o 9
IS) °
210,00 AP
() ( 1 ]
~ 00 0 @ o P’ SRR Y o, &
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2.4 Péninsule Courbet

The Péninsule Courbet is poor in terms of number of values, only 16. Recent sedymenta
F2NXIFGA2ya KARS fS3F O0e &S Ciiendpirapresenfed oy 8 pal of thél S N L.
Peninsule. Lineaments marked on green in the map make hydrography and the little purple are filled
of darker materials. Two major directions emergene North{ 2 dzi K S&aaSy dAl ff& gA (K
and another around N110°. Thanks to crobgcking of the lines, the first seems to be more recent

than the second. Dykes have a small length (around one hundred meters) and not viewable on the
present map.

Map of the fracturing on Peninsule Courbet Eegende
&» Alignments of intrusions
&+ Dvkes

i Figure22: Map of fracturing on
5 pmedpmnasecoanet | Péninsule Courbet

/
/

/Terres Australes et Antarctiques Francaises

Google Earth

} Sl Figure23: Rose diagram of the

sz |6 coor: [ - AL A 7 7

\ oo [ TN OUdzNBaQ 2NASYyUl UAZ2

.\ —— Péninsule Courbet

L we [ ] (|

[plot negative & positive plunges separately
[Anegative mean vector in lower hemisphere
Rose Diagram

Pt
Binsize: |10° v Color: -
Value (in % of total) of perimeter: 30|
[l center bin on zero
[[]show vector [[Ihalf circle rose
s axes

__/. D

Distribution of lineaments orientation in the
Pensinsule Courbet by length (16 values)

[scale by area

Figure24 : Distribution of

= 30,00 lineaments orientation in the
i 20,00 ° Péninsule Courbet
= e
S 10,00 P ® o °
3 0,00 ‘e L °
0 50 100 150

Lineaments orientation (degrees)
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2.5 West

The fifty-one lineaments are distributed according two directioose precisely directed N60°
and another NorthiNortheast to SoutiSouthwest. These are much longer and close to North direction
on North than South of the study area. The overlap of different orientat&hrows that NorthSouth
lineaments are most recent tme others. The low length of them can be expkdby topography.
Indeed, we are on islands and fjords or areavered by ice, hiding continuity.

\ D

Map of the fracturing on the West of Calotte Cook

~

¥ \ -,._.« :

e
- <

-

Nl
. &<

e S
R Figure25: Map of the
fracturing on the west
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2.6 Central area of Grande Terre

[AYSIEYSYyGaQ 2NASYyGlrGA2y R2SayQi Syt A3aKiSy 2yS
shows a higher concentration of value between N90 and N100 but they represent less than 25% of the
total. Nevertheless, a West Northwest to East; Southeast tend emergesn the southeast of the
area. A minor direction with a mean direction N40° is localized on the under north islands.

[ Sy3aGkK 2F ftAySFEYSyida R2SayQi LINBaSyd 3aINBFG OK
N122 with a length twice thne ahers. This size and number of values permit to confirm the major
direction West-East with a light rotation to the South.

.

Figure28: Map of fracturing on
central area of the Grande Terre

Map of fracturing on Central west
area of Grande Terre
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2.7 Eastermentreof Grande Terre

On the 106 values listed, 75% are gathebedween N100° to N150°. Moreover, the map
shows an evaition in values from east to west. Lineaments tend to turn from a pure VEsstlirection
to N150°. Lineaments are marked on the landscape by numerous lakes with a high length.

Figure31: Map of
fracturing on the eastern
part of the Grande Terre

Map of fracturing on Central east
area of Grande Terre
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HPYy t NBaljdzQAfS WSFEyyS RQ!NO yR w2yl ND

¢CKSNB FINB mt fAYySIYSyda 2y (GKS IINBF 2F tNBalc
mostly directed around North 150°, also a Northwest to Southeast direction. This is a continuation of
SradSNYy ftAySincéwyaiEag aréah NEOG A2 Y

[Map of the fracturing on Presqu’iles Jeanne d'Arc and Ronarc’h
|}

Figure34: Map of fracturing on
both Southern Presqu'iles
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2.9 Soutltg Peninsule Rallier du Baty

The Peninsule Rallier du Baty is perturbated by numerous intrusions. Nevertheless, 30% of
the fractures are mostly directed on NorBouth with a few Eastclinatiors. They set on along the
Calotte Cook and Grande Terre.

Map of the fracturing on the South (Peninsule Rallier du Bati)

Figure37: Map of
fracturing on the Southern
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Figure39: Distribution of
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2.10 Mont Ross

az2zyid w2aaQ FNIOUGdz2NAYy3IQa RANBOGA2ya INB G22 I f
NBLRZ2NISR 2y GKS T2t 2istAtyHAs TASWASE f yARRA NIKSBA R gHD S
fracturing due to the volcarei LINBaASy OSe® hiKSNAR TFldzZ da 2y GKS |
O2f f I LJASR NRO] a 2 yhediadrshi thevd@@aiid®d of anbsByl 35% b values with a
NMHp OFy 6S NBfFGSR (2 YI22N f AyS| YeétythevolcdhivA NBOG A
Moreover, lineaments are smaller than those liste@ther areas.

Map of the fracturation on Mont Ross area Légeode
- - -G 573 (- Limits of the Mont Ross area

@ < lineaments

45 Mont Ross

Figure40: Map of fracturing on
the Mont Ross area
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1.3. Analysis anthterpretation
3.1. Analysis

We have found plenty of different directions. DependingbK S T 2y S$az 68 Ot SI NI
the same trends. Example given, The western part of the centre has a main direction100N@bile
Lorranchet has a trend in N@@&nd the West has a NSD trend.

2SS R2y QiU KI @S inSedich dafeito nfakéla PeitideNtB@alysis. With less than 30
fractures in some zoneg,would not be honest to determine the history of each zohbkat is why we
will in the second parsearch a lot of fractures in one of these zones.

3.2. Interpretation of the directions

We have seen in the literature review that there has been two main phases in the zone. Both
were extensive phases with a sedft spreading. We know that the directions of the normal faults
were at that time N45 for the first phase from 137 to 100 Ma and N115 for the second phase since 85
Ma. We know that there are transform faults with directions at 30° on each side of the aidenlt.

So we can make this table to compare thetical directions with the trends we found in general.

DextralFault Normal Fault Sinistral Fault
Phase 1 N15 N45 N75
Phase 2 N85 N115 N145

Table 1 : Theorical directions of the faults in trasstensive shear zone

The study from WHITTAKER et al. from 2013 explain that the Plateau has turn from 15° since
it separation with Broken Ridge around 40 M#ere will be more details in theg Discussio® ¢ KI (1 Qa
why we need to add 15° to all the directions listed before to compare it with the directions we found

on the Archipelago.

Dextral Fault Normal Fault Sinistral Fault
Phase 1 N30 N60 N8O
Phase 2 N100 N130 N160

Table2 : Theorical directions of the faults in this transtensive shear zone after correction

Concerning the first phase, we found the N60 direction in the zone West. Because this phase
is the oldest, most of its heritage should have been masked by the sec@s# phhis one is much
represented on the Archipelago with the Ndl@irection2 y [ 2 NNJ} yOKS G W2 FFNBI /
also the N100 direction on Joffre and the centre of Grande Terre. Finally, there are some faults with
the N160 direction on LorranchetBn 2y WS yyS RQ! ND®

3.3. Limit of the method

We have tried to establish trends on the archipelago but with less than 500 fractures at that
scale, we cannot conclude anything else than various directimmdepending o the location.
Because of this, #hinterpretation was just a hypothesis.

In the second part, we will searédr more than 2000 fractures in a smaller zone.
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Il : Detail Analysis of tiigastern Part of Grand Terre

We will nowinterest ourselvesn the centre of Grande Terrevhere fractures seem to turn
with their direction passing from N120 to N155 when we go to the seaittern part.Our literature
review (DIOP, 20183hows that basalts all around the studied zone that have been dated are 25 Ma
old so we will work on rockthat have the same ages.

2.1. Protocol

We have revealed around 2200 fractuiegshe centre of Grande Terre. They are revealed by
different linear things in the landscape. It could be visible fractures in the plateaus. This allows us to
find the anterority of the different directions. We have found some dykes that are just fractures filled
with magma. Fractures could also be cliffs or watercourses. This is explained by the fact that nature
prefersto usethe easiest wayo erode. When water will runriside the fractures, it will erode the rock
more easily because of the huger surface of contact between rock and water. Along this process, the
fracture will disappear in the landscape but there will be some linear shapes.

To obtain that number of fractes, we have used the same pictures as the previous
part from Image ¢ 2021 Maxar Techologies Image Landsat / Copernicus 2020)Gamgie have
searched the lineaments with an altitude from less than a km and even less than 500 m when the
pictures have &igher quality. That is how we obtained the following ri@pfigure 43)

} Repartition of 2200 fractures on the center of the Plateau Central Fegende

| &» Fractures
* Port-aux-Frangais

ferres’Australes’ et Antarctique

Péninsule Courbet

e £

‘Presqu'ile Jeanne d'Arc * A

20 km

Figure43: Map of thelocationof 2200 fractures on the censtof the Plateau Central
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Then, ve have cut the zone ia 13 smaller zones to understandetorganization of the full

zong(Cf figure 44)We had noticd while searching all the fracturestht KS 2 NBI yAT | GA2Y R

to be the same in each zan

Location of the 13 zones

Figure44: Location of the 12ones on the Plateau Central

2.2. List of the zones

Onthe northern part of zonel, trendsare longlineamentsdirectedN120which shift another
directedN95formingimportant fracturingonislands Athird canbe notedin N60in the northern part
of the zone.

Map of the zone 1 in Plateau central of Kerguelen Archipelago

Figure45: Map of fracturing it

the zone 1
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In zora 2, a N125 trend is also the major seen with minor directions in N98 and N66. Lakes
seem to follow the first one whereas the N98 direction is more present in the south of the zone.

Map of the zone 2 in Plateau central of Kerguelen Archipelago

Figure46: Map of
fracturing in the zone 2

Inzora 3, trend on N120and N100are asfrequentaseachother. Thedirection N63appears
too in the north of the zone.Fracturhg is dense near the north coast.Globallythese 3 first zones
presentthe sametrend.

Map of the zone 3 in Plateau central of Kerguelen Archipelago &=

Figure47: Map of
fracturing in the zone 3

Google Earth
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Trendsin zone4 are more numerousand lessdefined than in the previousareas.TheN120
and N97 canbe seenin big lineamentsasfor the N65direction, a little bit quiet thone others. There
aretwo moretrendsthat candefine especiallyon slopesof lakes: N43andN12.

Figure48: Map of
fracturing in the zone -

Google Earth

Map of the zone 4 in Plateau central of Kerguelen Archipelago

The major trends on zone 5 are N110tle south and N9O directed ithe north. They
delimited great valleys in basalts. On the top of them, there is a trend with a direateamd N40-
N50 with smaller lineaments

Figure49: Map of
fracturing in the zone

Map of the zone 5 in Plateau central of Kerguelen Archipelago

Google Earth "4 P

oicgiess
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In zone 6, the major trend has an orientation of N135. Other noticeable trenda &£05 and
btn RANBOGAZ2YEA 6AGK aK2NISNI FNIF Ol dzNB & dOngldst] SaQ 2|
trend on N50 appears in smaller lineaments.

i Map of the zone 6 in Plateau central of Kerguelen Archipelago

Figure50: Map of
fracturing in the zone 6

Google Earth

Lineaments cut basalts in structure with a N132 global direction in zone 7. A trend directed
N100 second this cutting. There are smaller lineaments especially with N80 direction and more
occasionally with N40 and N10 directioi$ie censity of fractuing seemsto increase in the south of
the zone.

Map of the zone 7 in Plateau central of Kerguelen Archipelago

Figure51: Map of
fracturing in the zone 7
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In zone 8, the major trend in N125 is very noticeable on Mt Marion Dufresne and with smaller
lineaments onthe borders of the plateau. Others trends are directed N60 and N37 with two big
lineaments seen and a lots of little on@nelast trend with a N9&lirection is noticeableoo in the
east on the river.

¥ Map of the zone 8 in Plateau central of Kerguelen's Archipelago

Figureb52: Map of
fracturing in the zone 8

A Google Earthis
N gy

The major trend in zone Bas aN145direction, which isthe higherdirection identify in the
Plateau central. N110 and N80 trends exist too in the cutting of basalts strucasescially irthe
south. Locally, the direction N80 appears more around N60, which can define another trend.

Map of the zone 9 in Plateau central of Kerguelen Archipelago

Figure53: Map of
fracturing in the zone 9

Googlé Earth
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Lakes and bigger lineaments on zone 10 follow a major trend around N145 with a second
directed N110. Less important, there is another one directed between N60 and north of the zibne an
more N80 in the south.

Figureb4 : Map of
fracturing in the zone 10

‘.\
Map of the zone 10 in Plateau central of Kerguelen Archipelago

Major fracturirg in zone 11 is directed N160. Some others cut basalts with a N105 and N140
directions.The dobal trend in this area is the southirected of all studied area. Quality of photography
R2SayQi Fftft2¢ dza G2 122Y 2y GKA& | NBI®

Figure55: Map of
fracturing in the zone 1

N\

Map of the zone 11 in Plateau central of Kerguelen Archipelago
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The coast on zone 12 is cut by a trend directed N140 which formed big units. On basalts,
fracturing followstwo trends in additiorto the previou mentioned; one directed N110 and another
around N60; N70. A trend on N20 can also be define

Figureb6 : Map of fracturing
in the zone 12

Finally,the southernmostzonestudied,the 13" presenta major trend in a N153direction.
The other important trend is N115and it is presentin the whole area. Smallerlineamentshave a
directionbetweenN70and N90.

Figure57 : Map of
fracturing in the zone 1

Google Earth

Map of the zone 13 in Plateau central of Kerguelen Archipelago
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2.3. Families of fractures

When we listed all these fractures, we have found that they could be classed by families
because of their directions. And even these directions are not the same in the northerrthend
eastern part, we found the same geometry that allows us to think tihette are the saméamilies(Cf
figure 58).

Northern part, zone 1

Family 1 ==
Family 2 ==
Family 3 s
Family 4 == Figure58 : Scheme of the angles between

B B e the families in zones 1 and 10

2.3.1 Anteriority

hoaSNIBAY3I GKS ydzYSNRdza f Ay S| Ys8sfaidat@mifelsomet A Sa |
anteriority between them. First, we find that the fourth family is intersected by famifyi 2 yS nd L (G Q
proof of evidence that the firstnentioned is older than the secormhe (Cf figure 59).

Map of the anteriority in zone 4 between family 1 (N120) and 4 (N43) L

&+ Lineaments on family 1

Figure 59 : Map of anteriority between
family 1 and 4

Google Earth
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In zone 8 and 9, tha™ family is also severed by family This family is anterior to families 2
and 4(Cf figures0).

Map of the anteriority in zone 8 between family 2 (95) and 3 (N60) FTE . Map of the anteriority in zone 9 between family 2 (N110) and 3 (N80) o TR
3 2 Linoamats ontamiy

& Lineaments on family 3

Google Earth

Figure60: Maps of anteriority between families 2 and 4

Elements of anteriority permit to recognize the several phasis and inherited deep fragturin
on the area of KergueleiThe family3 seems to be older than the oldest. Th&, the second oldest,
the 2"9the second youngestandtiigt 2 S OF y Qi F2NHSG (KFG GKS N2OJ
@2dzyISNE 2yfe& wun aé Ay (GKS tfl G§SFdz / Sy llsMdsE & ¢
created these areas of preferential weakness, but these directions appear only with the actual
transtensive stress.

2.3.2. Orientation of the fractures

We have then made tables to study the evolution of directions and angle between the
fractures. The first one shows the average direction of the different families in each ¥Yé& have
coloured the anomalies in red. The anomalies are an unexpected direction for one family. It could be
the change of one direction or the narihange of direction fnm a single family in a zo(€f table 3).

Zone Orientation

Family 1 Family 2 Family 3 Family 4 Family5 Family 6

1 125 a5 60
2 120 98 66
3 120 100 63
q 120 a7 65 a3 12
5 110 90 50 40 ) )
Table 3 Average orientation of the
6 135 105 70 50 . .
families of fractures in each zones
7 132 100 80 40 10
8 125 95 60 37
9 145 110 80 60
10 145 110 85 60
11 140 105 160
12 140 110 70 60 20
13 153 115 90 70
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This table shows us 6 different families but only the first four have enough values to determine
a trend. The three first families are present in almost all the 13 zones and present a change in their
orientation. It goes from N110 to N153, from N95 to NHs from N50 to N90. The fourth family
started appearing in zone 4 and present similar a similar evolution from N40 to N 70.

It will be useless to calculate averages because the changes of direction seem to not be random
because of the spatial locatiaf the different values. These are increasing for all the families when
we go from NorthWest to East. To verify that all families are turning the same, we willaralyse
the angles between each famil

2.3.3. Angles between families

We have nowwo hypothegs to interpret these results. The first one is that all these values
are submitted to a normal distribution around the average so we will have a gaussian curve. The second
possible interpretation is that there are two main trends for the angdéween some families. For
example there could be between 1 and 2 the 283° and the 3035° trend (Cf tabld).

To test the first one we will calculate the standard deviation with this formula (whése¢he

average, x the value and n the number of values) : AT
2 AX=-X

n

The standard deviation is really important because it will help us to understand if there is a
strong correlation between angles of the families in the zones. Then it will help us to see if the
distribution follows a normal law. If this is the case, we have more than 2 cases on 3 where the angle
between the families is closer than one time the standard deviation from the aveCafiguresl).

99,74 %
f ____________ L "
1 1
= - : i Figure61: Curve of a nmnal law
: iéKSNB > A& GKS |
i ' +standard deviation
I
1 1
o~ ! !
o : :
1 1
| : |
o ]
0.1%
o |
o

For example, between 1 and 2, 2/3 of the angles should be between 23,36 and 35,1. Because
we see that 6 zones owtf 13 are out from this ensemble, that mean that 53% are fittivg. will not
have the right percentage because we have only 13 values and probability laws function bettar with
huge amount of values. Finally, we will amldn red all the angles that are out of the ensemble

~ A LA x4

G! GSNmISH{ G yRI NR R Sréhpdvalue?(Cfdab.2 RSSO0 4
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Zone Angle between
182 183 184 283 284 3&4
1 30 65 35
2 22 54 32
3 20 57 37

Tabled : Averageangle

4 23 2 7 > >4 22 betweenthe families of
5 20 60 70 40 20 10 fractures in each zones
6 30 65 85 35 55 20
7 32 52 72 20 60 40
8 30 55 88 35 58 23
9 35 65 85 20 50 20
10 35 60 85 25 50 20
11 35
12 30 70 80 40 50 10
13 38 63 83 25 45 20
Average 29,23 60,08 80,55 34,08 52,44 20,55
Standard deviation 5,87 5,34 5,95 8,67 4,42 8,23

Normally, if the repartition of the angles is directed by a normal law, almost all values(95%)
dK2dZZ R 0SS 0SG6SSy O2SRandargREISIMA (IS 201€PS NIYRS b2 NE G K Iy
SyasSyot S -irsiahGaNildedidtibda 6/ F61)F A I dzNB

In this case, only the following values are out of the first one : 55 between 2&3 in zone 4 and

40 between 3&4 in zone 7. There are only 2 valuesob6é that are out so 96,8% of the values are
inside.

ANGLE 1&2 1&3 184 28&3 284 38&4 TOTAL »
BETWEEN Table5 : Repartition
IN 7 9 6 8 6 6 42 of the values in and
ouT 6 3 3 4 3 3 22 out the ensemble
TOTAL 13 12 9 12 9 9 64

For the second on&5,62% of the values are in the ensemble as it should be if the distribution
was following a normal law. Because of these two tests, we can conclude that the repartition of the
values around the averages is following a Normal Law.

When usngthe couple Aerage/standard deviation(SD), we can see that the family 2 and 4 are
the most highly corelated together because they have the smallest SD with 4,42. The only two couples
that seem to be less cmelated are the 2 and 3 and the 3 and 4 with an SD that Isehithan 8. The
commonpart 60 2 G K O2dzLJt Sa A& (GKS TFlLYAfte oo {2 (KIFGQa
families 1, 2 and 4 goes together or has been created by the same event while the 3 ané&ather
event. To prove it, we will have to lodk the anteriority we have seen on Google Earth. If this
hypothesis is true, we will have to understand why 1 and 3 have a that small SD.
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the same density ofracturing. This can change a bit the average orientation, the average angles
between families and the standard deviation too.

2.34. Evolution of the direction of the family 1

We have seen that the orientation of the families of fractures seems t®aser from the
northwest to the southeast of the studied zone.

To confirm it, we will do four parallel secti®with this orientation to study the evolution of
the direction of the familyl(Cf figure 62)We will only analyse this one because its direction is
correlated with the three others families. The standard deviation of the angle between family 1 and
the othersis always under 6.

Figure62 : Location of the sections through
‘a zones in the Plateau Central
\ ?N

Section n® 1 : zones-3-10

Zone 1 3 10

Orientation of the family n°1 125 | 120 | 145

36 km

Section n° 2 : zones@9-11
Zone 2 6 9 11
Section 1
Section 2 Orientation of the family n°] 120 | 135| 145 | 140
Section 4
s8kam Section n° 4 : zones&%13
Zone 5 8 13

Section n° 3 : zones#&12

Orientation of the family n°1 110 | 125 | 153

Zone 4 7 12

Table 67-8-9 : Sections of the zones

Orientation of the family n°] 120 | 132 | 140

We can see on the profiles that the orientationfamily 1 increasgprogressively from the
northwest to the southeast. Furthermore, we notice that the southern the profileths, more
noticeable this evolution is.
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Discussion and interpretation

We have two main questions. Firstlywhat is the heritage of the direction of the four families in the
central zone ? Secondly : why does this geometry seem to turn from West to East andESsith

| : Theorical possible directions

The area where thé&kerguelen plume is located experienced numerous phasis since the
creation of Gondwana. Formed with the Kuunga orogen between plates, the Mirny fault directed N94
(DACZKO et al., 2018) could give an idea of the stress directions during this period. gdodigime
4 pagel3. It seems to be NVWBE direction in a continental collision context with compressive and
overlapping structuresThe drection of the Mirny fault can ageewith a strikeslap in this case or an
inverse fault which suffer arotationdury 3 G KS ! yil NOGAOI o6f201Qa RNRTFI

The rorthern part of the eastern Gondwana is splited by successive oceanisations as the
Paleotethyis and Mesotethys since the DewaoniThey spread in NEW directions and normal faults
created are sti seen in the north of Australia with a N 100 directicBFAR2t al.,2018; OLIEROOK
et al., 2019). The breakp of the Neothethys between India and Australiéntarctica plates can be
described as an-B® extension with a virgation on a N8E directionn the southern part (India
Antarctica border). The ridge was N 45 directed with important transform faults directed {Cf20
figure 6and 7, page 8). The $resssystemin the north area was transtensionnaDLIEROO&t al.,

2019, WHITTAKER et al., 2013).

These faults will be the new conduct of the ridge (N100) which created a progresshR8ENW
ocean extension between Australia and Antarctica on Cretaceous. The strick slip became the major
stress regin in Kerguelen WA OK A G& LINPRdzOGa | NB 3IS20KSYAOLTf e
(WHITTAKER et al., 2013).

Subduction on the Pacific coast chadgtress field on Eocene in a NiSEW direction which
FAOD SAGK (GKS {2dzikK 91 ad LingRditedyBroked RdS and CeRtraINS O G A :
Kerguelen Plateau during an extensive phasis directe8WEOLIEROOK et al., 2017, WHITTAKER et
al., 2013).

Nowadays, the Soutkast Indian Ridge still spread with a constant velocity #WHlirection,
and it is composedf N135 normal faults and N45 transform faults. Noticed that directions measured
on Google Earth are more N140the North and N 125 in the South. The Kerguelen Archipelago was
F2NX¥YSR [ FGSNI GKS . NR1SYy NRARRISQa HlSohltrandteinsiodndl ot I &
stress system in the oceanic Antarctica plate ( AHADI, 2019).

Based on the South a4 LYy RALY wAR3IS (2 3IAAQBS dza GKS Y|
schemas abouthe relationship between tectonic objects, we can determine direwsi@nd types of
theoretical faults on the Kerguelen Archipelago.
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Figure63: Riedel Scheme in a dextral transtensive shear context

In the transtensive schemahere the tension is in NO and the shear dextral with an
orientation of N9Q normal faults should be directed on Rl The extension should haveN&0 axis.
Local transform faults are on20-30° and 120+3(Q directions : M0 and NB0. Folds and inverse
structures have a 8Ddirection. These N30 lineaments will have a dextral movemen{@id-igure 63)

Knowing that, we can find the directions of the different types of faults just by knowing the
directions of the normal faults for each tectonic phase.

Il :Correction 6the angles

Broken ridge was joined with the Central Kerguelen Plateau from 95 Ma to 40 Ma. Nowadays,
when we look at both structures, we have to make one change of orientation if we want to join their
shapes. Furthermore, we knew thabnstraint and seafloor spreading changed frequently since the
Gondawana breakip around 137 Ma. Dependingiél KS f 20F GA2y Ay GKS Y SNHJzS
have the same angle of rotation through time (WHITTAKER et al., 2013).

To study the major directions for the hugest fractures, we will take the angle of William Ridge
because it is theentrebetween theCentral and the Southern Kerguelen Plateau. This angle is 29.42°
that we will sum up at 30 (WHITTAKER et al., 2013)

At 70 Ma, the angle between the future fault from Broken Ridge and the Ninetyeast Ridge is
about 90 degrees. Broken Ridge and the Cenwadjlielen Plateau are together. The 90°E Ridge is at
N25 and Broken Ridge is at N115. Then the 90°East Ridge has turned5tdmbkeome N20.

Around 40 Ma, there is a separation between Broken Ridge and the Kerguelen Plateau caused
by the opening betwee Australia and Antarctica. The Kerguelen Plateau (William Ridge) rotate from
30 degrees compared to Broken Ridge. Its boundary became-M®25 ¢ KSy GKS . N21 Sy
became N100. We suppose that the seafloor spreading is symmetric around the ridgeebetthes
magnetic anomalies and the distance of both oceanic crusts. Both parts rotate from 15 degrees to get
a 30° angle between them. The 90 East Ridge has a N6 direction.

51
Supervisingeacher: H. LEYRIT



A. MEIHAUDDORNIC Tectonic associated to the evolution of the Un Lasa"e
C. TH®AS YSNBdzSt Sy Qa K20 aLkRd Y FTNRY vzyrRelryl

[l :Inheritance of the directions

Firstly we have seen that theeparationwith Broken Ridge created normal faults with a
direction of N115. When we add 15°, we obtain the direction N130. Or, this direction is the direction
of the family 1 in the centre of the studied zone ( zone 6, 7 and 8).

Zone Qrientation Zone Angle between
Family 1 = Family 2 Family 3 Family 4 Family5 Family6 fLE2 fLES) X 283 284 384
1 30 65 35
1 125 95 60
2 22 54 32
2 120 98 66
3 20 57 37
3 120 100 63
4 23 55 77 55 54 22
3 20 I G5 43 12 5 20 60 70 40 50 10
5 110 90 50 40 6 30 65 85 35 55 20
6 135 105 70 50 7 32 52 72 20 60 40
7 132 100 80 40 10 & 30 55 88 35 58 23
g 125 95 60 37 9 35 65 85 30 50 20
10 =5 60 85 25 50 20
9 145 110 80 60
11 35
10 145 110 85 60
12 30 70 80 40 50 10
u 140 105 160 13 38 63 33 25 45 20
12 140 110 70 60 20
Average 29,23 60,08 80,55 34,08 52,44 20,55
13 153 115 90 70 Standard deviation 5,87 5,34 5,95 8,67 4,42 8,23

Table 3 and 4 : average orientatiohthe families and angles between them

We have also shown in the bibliography that if the fractures have been extended after the
separation during the rotation of the archipelago, this directimn the normal faultsshould be
included between N115 for the most recent and N130 for the oldest one. This could explain why in the
northern part (zone 1, 2 and 3) and the western part (zone 4 and 5) the directions are lower than N130.
Finally, the Kerguelen Archipelago hasdyoknown extensive and transtensional context since the
brealkup of the Gondwana so that is normal that the normal faults are overly represented compared
to transform or inverse fault€fFigure 63.

Then, we know that at 30 degrees of the normal fatliere are on both sides transform faults,
one is dextral and the other one is sinistral. However, the angle calculated between families 1 and 2
has an averagef 29° so family 2 should be transform faults connected to the normal faults. At the
time of thebreak up where normal faults were N115, there were a family of transform dexter faults
that was N85 and one of sinistral faults that was N145.

When we subtract 15° to the family 2, we obtain NI®Y=N85. So the family 2 should be
dexter faults from thebreak up with Broken Ridge around 40 Ma. We can also notice that the family 6
that we have seen only once was N160 so N145 at that time if this hypothesis is true. It could be the
sinistral fault of this separation but this is only a hypothesis, we caomotiude anything with only
one value but it is funny to notice it.

If we continue to use the Riedehnstentional scheme, the should beone otherfamily of
dextralfaultswith a bit of reverse movemerat 90-80°degrees from the normal faults but ghfamily
should be a minor one because Wwave normal faults to lower the NZ®onstraint(Cf figur&3). If we
do N11590, we get N25° so today we should have N40. Or this direction is the one from the family 4
in the zones 4 to 8 and then it takes highatues as for all families. The fact that the standard division
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of the angles between these three families is very lowrie otherargument to make us think that
these 3 families are caused by the same geological event. So we have families 1, 2 andagehat
been caused by the separation with Broken Ridge around 40 Ma.

Now, we need to explain what is the family 3 and why is it more represented than the family
4 on the Archipelago. Before the separation between the Kerguelen Plateau and Broken Ridge, th
has beenone other major event that was the separation between India and Antarctica and
Australia(WHITTAKER et al., 2013). This rifting had a direction of N45 at that time so we should have
on the archipelago some normal faults around N60 (45°+15°)h&Ve seen that the family 3 has a
direction of N60 before it starts turning at the East. If the family 3 is composed of normal faults from
the extension before 100 ME&f figure 64)

Previously, we have seen that on the Kerguelen Plateau, we were abildtahich family
should be theoldest If our hypothesis about the inheritance of the direction is true, the visible
anteriority on the plateau should confirm that. Our observations showed that the family 3 sedyas to
the oldest so our hypothesis could be true.

If this hypothesis is true, it explains a lot of things. Firstly, it explains why the standard deviation
between families 2&3 and 3&4 is so high : these families are not from the same event so they are not
connected.The only question is why the angle betn 1&3 is so low? Maybe the N115 direction was
dzZaSR lfaz2 o0ST¥2NB wmnn al X

Secondly, it explains why the family 3 is more represented than the family 4 even ff was4
more recent : In a transtensional context, th@nsform andreverse faults are notréquent so we
cannot find a lot of them. On the other hand, the normal faults in this context are the main structures
a2 S Oy FTAYR GKSY Slairteo CKIF1Qa 6KeNIBKSNB |
transformfaults from a younger event.

1.130-100 Ma 2.<40 Ma

100 110 120 130 N
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\ N45 L=
N25 N105
\ Family n°3 : Normal faults 7[ } N8s Family n°1 : normal faults

Family n°2 : dextral faults
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fault
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Figure64 : Hypothesisabout the inheritance of the fractures orientations

53
Supervisingeacher: H. LEYRIT



A. MEIHAUDDORNIC Tectonic associated to the evolution of the UniLaSalle

Terre & Sciences

C. THMAS YSNEBdSSt SyQa K24 aLRid Y FTNRY vzyRglryl

IV : Hypothesis about thargation

Nowwe haveduy R G KS OF dzaSa 2F (GKS FNI OGdz2NBEAQ RANBOL
orientation areincreasing from the north to the east and to the southeast( Cf table 3 and 4).

Our analysis showed us that the fracturing increageadually from the northwest to the
southeast. We can assimilate it to a virgation because of the progressiveness dfghnena.

4.1 Various ages from the rocks

The three first possible explanations are a difference of age between the rocks from the north
and the others.

The first one is that during the formation of the archipelago, the constraints have changed
progressively so that the directions of fractures have changed too.

The second one is that the archipelago has turned over itself during its formakios
O2yaidNIXAyda KIFI@SyQil OKIFYy3aISRd 5dz2NAy3a (GKS F2NNI A
orientation change.

The third one is that constraints or the orientation of the archipelago have changed through
time. Because of normal faults, rocks of the top of the archipelago do not have the same age depending
on their location.

Our literature review &ws us to make the following mégigure 65)It shows that basalts all
around the studied zone that have been dated are 25 Ma old. This invaliatzur theories around
a difference of ages between the rocks to explain the differences of orientation the fractures
depending o their location.

Map of the ages of rocks in Kerguelen's Archipelago Segece

Dated places
25 Mont Ross
* Port-aux-Frangais

Mt Ruchei28 Ma &

Mt Bureau_28,5Ma
Mt Rabouillére 28,1Ma

Terres'Australes et Antarctid

Mt Crozier.25Ma

(o]
Port-auxs*francais

Google Earth

Imag

- Tt 50 km

archipelago with the ages of the ro¢kscording to DIOP, 2008’

D

ata S NGA, G ;Q ¢
Figure65: Map of the
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4.2 An influence of th&ount Ross

We have seen since the analysis of thejest fractureghat the directions of the fractures seem to
be :

N15 at the west of the Mont RosSduth).

N60 at the northwest of the Mont RosgCf figure66).

N90 when they are at the north from the Mont Ro&(itral area from Grande Tejre

N130 when they are at the nortbast from the Mont Ros&@stern area of Grandeerre).

N155 when they are at the east from Mont Ro8sgtern area of Grande Tere NS & |j dzQn f S
WSIYYS RQ!I NO Si w2yl NOQK
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The directions seem to be turning around the MdRss. The hypothesis is that when the
Mont Ross settled, inade the rocks move around hiffhis extra weight on the lithosphere may have
reactivated old fractures and create some new or@®und it.

Figure66 : Repartition of the fractures around the Mont Ross

To confirm this hypothesis, we will need to do the same observatin the Plateau Central
all around the Mont Ross. If the rotation seems to disappear further from the Mont Ross and to be
present all aound it, it could be the explanation.

If this hypothesis is true, it will be interesting to study to what extame the directions of the
fractures inherited from the two spreading phases and the settling of the Mont Ross (<2Ma).
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