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CHAPTER 17 INTRODUCTION

Backarc basins account for the formation of a significant fraction of the seafloor worldwide.
(Sdrolias & Muller, 2006; Taylor & Martinez, 2003 thesesystemsmagmatism is closely linked

to the influx of subduction fluids within the upper man#dad the composition of the lower oceanic
crust formed during baetirc expansion has never been characterized in detail, nor has an archetype
of backarc lithosphere composition been defined. Oceanic spreading is a key component of global
tectonic cyclesmd meds to be thoroughly constrained i
evolution. This research thesis aims at providing constraints on the petrography and geochemical
composition of the lower gabbroic crust sampled in the Shikoku Basin (PhilippineSaeg)ling at
increasing distance from the extinct spreading center will allow us to evaluate the compositional
evolution of parental melts over the lifespan of the back arc basin, from initial spreading to its
extinction. In turn, we will assess the cormapional evolution of the oceanic lithosphere in relation

with its geodynamic setting. Hence, this thesis will furnish new data to compare the magmatic features

of ocean ridges formed at baakc basins with those of the betlerown midocean ridges.

The Philippine Sea is constituted by three basins that formed as a result of the westward subduction
of the Pacific plate. The westernmost basin is the first to have opened between ~65 and aB8 Myr

is characterized byaNEW spreading direction. After 10 W™
the Western Philippine basin was no longer stable, and jumped towards the east, closer to the
subduction trench. This process led to the opening a@sdebasin, with the Shikoku basin, on the
Nort h, and the Parece Vela basin, on the Sout
ago the active spreading was relocated eastward, along the Mariana Trough, active to date. The
instability of thespreading ridge was most likely dictated by the retreat of the subducting slab in both
cases. This slab rellack results from the sinking of the old and heavy Pacific @#@ozowski and

Hayes, 1979; Shih, 1980b). We postulate that the ridge relocatiobe related to variations in slab
morphology, which governs the subduction fluid supplied into the upper mantle. A decline in fluid
influx might lead ta) displacement of the main magmatic activity from the ridge to the volcanic arc,

and toii) the extinction of the ridge and opening of a new basin, 'splitting’ the volcanic arc in two.
Our sampling of the lower gabbroic crust of the Shikoku basin includes areas formed during both the
ear | y s pr3® My)itowards the étinction ofthegdactiv t v (15 allblysus) . T h
to reconstruct the compositional evolution of the basin over time and extrapolate the relationship with
the geodynamic subducting slab architecture.



To characterize the gabbroic lithologies forming the lower oceanic criisese settings, we will
complete a previous petrographic description of the samples, followed by major and trace element
analyses of the main minerals composing these lithologies (olivine, plagioclase, clinopyroxene,
amphibole, ilmenite). In order to trat¢he involvement of fluids in the formation of parental melts,

this thesis will complete an existing geochemical dataset with new determination of Sr, Nd and Pb

radiogenic isotopes performed dmopyroxene andmphibok handpicking chips

The main scientific question of this research waskthere a variation in the influx of subduction
fluids during the life cycle of the magmatism in the Shikoku basin?

The main hypothesis to be tested is that the system evolves from having high amounts of fluids during
the early phases of baekc spreading to an anhydrous environment, equivalent or slightly more
hydrated compared to micean ridges. This variation itufd influx mainly results from the retreat

of the subducting slab.

1.1 Geodynamic ofback-arc basin

Subduction zones develop at convergent margins, where one plate subducts beneath another. In the
overriding plate, a magmatic arc develops, typically explosive and hazardous to human populations
due to the high volatile contents in the arc magmas (eatsumi and SuzukKamata, 2014). Behind

the volcanic arc, in areas characterized by an extensional regiraekarc basin can develop (Fig,1)

first defined by Karig in 1971t is worth noting that not all subduction systems are associated with
backarc basins; although all the processes related to these two tectonic regimes (subduction and
extension) can influence each other, extension is not guaranteed behind convergiest maome
systems extension ceases but subduction continues (Artemieva, 2023). Moreover, if lithospheric
extension occurs, it may or may not evolve into seafloor spreading; some authors believe that if the
overlying plate is of oceanic type, the bak rifting systematically transitions to seafloor spreading.

The extent of baclarc opening, however, tends to be limited in width by the length of the subduction
system; baclarc basins never lead to the birth of large oceans but rather to multiplessedalbasins

(.M. Artemieva, 2023).

The mechanisms that can lead to the opening of adrackasin in this geodynamic context have
been long debated and studied. Nowadays, various models e&tzabksin aperture exist for the
different kinds of systems. Some of these aperture pattermgr gadameters are discussed in the

following.
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Figure 1: Schematic draw of geodynamic environment, as-é@diasin- magmatic arc subduction system.

According to Sdrolias (2006), the main factors that trigger the opening ocfbbadlasis are: 1) the
age of the subducting lithosphere, 2) convergence rate and direction, 3) absolute motion of the
downgoing and overriding plates, 4) rollback of the subduction hinge, and 5) dip angle of the
subducting slab.
The age of the subductimgeaniccrust is fundamental antb be a triggering factomust necessarily
be greater than 55 million years old. The age of the crust generally influences its density and weight,
which in turn influences the sldhteral mantle flow interaction, as well as the subduction slab angle.
The latter, which apparentlyntrols the location of the slab melting zone and the efficiency of slab
roll-back, must reach a critical intermediate dip angle of 30° for the opening to begin. While the
overiding plate moveaway from the trench, thus ensuring the creation of an accommodation space.
Such accommodation space will also be affected by the passive rollback of the subduction hinge and
the mantle flow dragging the subducting slab downward. Finally, once spreadjag, itherate of
rollback of the subduction hinge increases.
Therefore, the extension/evolution of the back basin system associated with subduction depends
on the surface kinematics, the characteristics of the subducting slab and the lateral mantle flow acting
on the subducting slab.
Artemieva (2023) focuskon the geophysical and tectonic characteristics of 31 offshorearack
basins and subasinsworldwide (Fig.2) derivng three main opening modelg the roltback slab
model,ii) deeply anchored slab model, amjilateral mantle flow model.

Theslab roll-back modehas a trench retreating because of combined forces of slab pull and
gravity. In these conditions the overlying plate tends to follow the retreat of the trench, passively

forming an extension of the lithospheric crust behind the volcanic arc. In somgtlssecess can
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also subdivide the arc in an active andeatinct segmentor even create an extension in front of the
volcanic arc (i.e., forearc zonepoth casesthe extension zone will be characterized by weak
rheological conditions, caused by? temperature and hydration. In these systems the weakest part of
the lithosphere will be located above-6B0 km depth, i.e. above the melt production region.

The depthanchored subduction slab modaledicts that the trench is fixed, resulting in
extension only occurring if the overlying plate moves landward, trailing the slab. Fracturing instead
of tensile deformation is not possible due to the much greater lithostaticsladlédShemenda,

1993; Mantovani et al., 2001). Therefore, the extensive prdegpend®on the relative motion of the

plate with respect to the trench. Furthermore, this extensional stress is also influenced by the
hydrodynamic force ofthe viscous asthenosphersoving upwards The magnitude of the
hydrodynamic force in turn depends on overriding plate velocity, slab surface and mantle viscosity.
Despitetheé deep anchor éd model was designed with the
Trough (Uyeda and Kanamori, 1979; Stern et al.,, 2003), the slab associatetthevMariana
subduction, i.e. the Philippine Sea plate, appears not to be entirely anahdrédte model is still
debated.

Thelateral mantle flow modgbredicts that if the lateral mantle flow has the same direction
as the subducting plate, the latter will have a low angle, the slab will be assimilated closer to the
surfacehampering the formation of a baekc basin If the lateral mantle flow, however, moves in
the opposite direction respect to subduction direction, this will lead to an increase in the subduction
angle of the slab with retreat of the trench and formation of the-drackasin.This modelis
supported by nunmizal modellingand isultimately associated with the slab rblck with migration
of the slab hinge towards the same direction as the mantleAl@mmilar modelwas proposed by
Doglioni (1991) to explain the opening of thgrrhenian Sedackarcbasinassociated to the lonian
subduction in southern Italy

In all models, the characteristics of the overlying oceanic plate are fundamental conditions for
the opening of the baeikrc basin and the development of the entire subduction system. In this

framework the convergence can be oeeaean, ar@cean, or coimientocean.



Major Back-Arc Basins of the World: Active & Extinct

40° 80" 120° 160° 200° 240° 280" 320°
L L L L |

Back-Arc Basins (BABs):
1: Aleutian

2: Komandorsky

3: Kurile Basin

4: Sea of Japan

5: Okinawa Trough

8: Mariana Trough
7: Shikoku Basin

8: Parece Vela Basin
9: W. Philippine Basin
10: S. China Sea

11: Celebes Sea

12: Banda Sea

"| 13: Andaman Sea
14: Manus Basin

15: Woodlark Basin
16: North Fiji

17: Lau Basin

18: Havre Basin

19: East Scotia

20: Bransfield Basin
21: Lesser Antilles
22: Gulf of Mexico
23: Tyrrhenian Sea

' Active BAB - Extinct BAB
Collisional systems:
Ooceanuccean A arc-ocean
I:l cont.-ocean Q unknown
' Mid-Ocean Ridges
= g Major Transform Faults
~_Trenches

24: Aegean Sea
— 25: Black Sea
40° 80° 120° 160° 200° 240 280° 320° 26: W. Antarctica

Figure 2: Global Map of majoff-shorebackarc basins, in green extinct BABs and in red active (bhsArtemieva, 20283

1.2 Back-arc basinbasalts: geochemical compositioand comparison with MORB

The very first studies on basalts recovered from {zackoasins (BAB) focused on the similarity of
the latter with basalts produced along ramkan ridges (i.e., MOR Basalt®nly after the pioneering
study ofGill (1976)the BABBstartedo be considered ag#ferenttype of magmatism, intermediate
between MORB and Islaréirc Basalts (IAB. A substantial differencdiscoverecbetween MORB

and BABB is the primary water content, which is higher in the BAB type basalts, as proposed by Gill
(1976) for thevolcanic glasses from the Mariana Trough agdsarcia et al(1979 for the basalts
from the East Scotia Seghe other great differencgith MORB is that BABBhaveenrichmentof

LILE (Large-lon Lithophile Elements i.e. fluid mobile elementsuch as Rb, Ba and Light Rare
Earth elementdecreases in HFSE (High Field Strengtement$i.e. fluid immobile elements such

as Ti, Zr and Hfand high radiogeni#’Sr£°Sr isotope ravs. These characteristics, shared with 1AB,
aredue to the increasing exterftraelting (at lower pressures) or to the saturationvaterbearing
phases during the fractionation/crystallization of the melt (i.e., amphjadg)ered by the addition

of a fluid component.

Hawkins and Melchior (1985) confirmed that both MOB®Be and BAB-type basals can be found

at backarc basins, depending on the contribution fromsihieducted slalwhich is limited to less
than 100 kmfrom the front of the volcanic ar@his transition in a single geodynamic system is
highlighted by the systematic trace element variasieen aboveSpecifically, the margial partof

the basirtendsto have a BABtype composition and to be floored by attenuated arc crust (Gill,1976).
While the spreadingcentes of the back arcbasinhavea MORB-like composition, to gradually

changes as it gets closer to the volcanic arc and thereforedctitheessubduction zone. Examples of
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back arcbasins witnesses diis geochemicatransitionare the Lau Basin (Pearce et al.,1995) and
the East Scotia S€heat et al., 2000 and Fretzdorff et al., 200&)wever,the geochemical zoning
of back ardasin and theimagma type distributioseems moreomplicatedand not valid globally.
ForinstanceBABB in theManus Basirare characterizeoly LREE, P, and Zr enrichmentompared

to MORB(Sinton et al., 2003yvhereas those in tlidorth Fiji basiPhaveMORB composition, having

almost all thespreadingaxes distant from the subduction z¢Bessen et al., 1991).

Forabettet o mpari son, three terms wil/ be used, fo
MORBo, dall MORB plus BABBO and dall nor mal M
The term fAall MORBO indicates the average

crust(N-MORB, EMORB, D-MORB), excluding the bachrc basins and the basalts originating in
environments influenced by the presence of plumes.
Mantle plumes can influence the composition of the upper mantle partiamich they are found
for hundreds of km(enrichment inmost incompatible elements\while the formation of BAB
influences the local composition of the crust for <100 km and is closely related to the influence of the
nearby slab in subduction magmatic arc developed during subduction.

The term dAall nor mal MORBO excludes both B
than 500 km from the hetpot or plume.

The terntiall MORB plus BABBincludes all the normal MORBsusbackarc basin basalts.
nALl I MORB p bhnd sall BAMBIBVORB" have average compositionsmafderately
incompatible elementthat are very similarbut theiraverage compositiodivergesfor the highly
incompatible elementsromPron The ' ' al | nor mal MORBO group
incompatible elements less than 15% compargd &l | AGMDRS ' ' al | MORB' ' a |
plus BABBO groups present ver yelemantmbutlifierintieeo nc er
lower ratios of Ce/Pb, Rb/Cs, Ba/Cs in tater.

Regarding major element contents, BAB basalts have low averages of MgO anandiO
higher SiQ, K-O and AbOs. Furthermore, the average content of FeO and CaO in BAB is also lower
than in MORB.Thesefine variations can be due to the different crystal forming during the magma
evolution.During fractional crystallization of a dry tholeiitic melt, the first crystal to saturatiee
liquidus phases olivine, followed byplagioclaseand clinopyroxeneTherefore,one would expect
an increase ind-and Tj coupled tadecreasg in MgO andAl contens. In the BAB these elements
show an oppositbehaviouy which has been explained by the delayed crystallization of plagioclase
and early saturation of amphibole in hydrated condit{@asch et al. 2020).

Trace elementagreewith what is reported above. The main evidence is the low concentration

of moderately and highly incompatible elemant8AB, which areabout 20% lesabundanthan in
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MORB. Observingrelationship between BABB and MORB in Graph A (Fig&)richmentsn Cs,
Rb, Ba, U, Pb and Srin BABB trend alear notableFinally, evidencef more depleted soursér
BABB than MORBarethe low ratios of Zr/Sm, Zr/Hf and Y/Yb.

Observing the complete patteffig.3) of enrichment of the fluianobile elements of the
BABBs we note how this is very similar to the pattern ofitivelved fluid phasgGale et al., 2010).
The | atter is also called Awet <componwsinghé c al
principal components analysi®CA) for arbitrary water content (50 wt.%Mhey determine the
concentrations of all other elemenithey found diagnostic depletion in Nla, K2O or La, and high
ratios of Ba/Th, Pb/Nd, La/Nb and Sr/Nd, in addition to La/Nd less than 0,8.

20
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Figure 3: Average composition (normalized in the primitive mantle) vs trace elements of ALL MORB, ALL MORB PLUS BAB, ALL
NORMALMORSB, from Sun and McDonough, (1989). Graph A shows positive anomalies in Cs, Rb, Ba amdile @leichents) in
backarc basin basalts. The composition of the basalts of the nearby ridges instead shows enrichment in highly incompatible elements.



CHAPTER 2 - GEOLOGICAL SETTING

2.1 Philippine Sea backarc basin

Along the West Pacific Margin three different tectonics plates, the Pacific, Eurasian, and Indian
Australian plates, interact since about 50Ma, creating a convergenbztme largestrencharc

basin systemon Earthcontaining75% of global marginal basirfQuanshu Yan et al., 2022)his

is the only region where plate subduction and accretion aiowltaneously(Qin et al., 2011).
Locatedbetweerthese threenajor plates, thesmall Philippine Sea Plate (PEFig.4) is one of the
largest marginabceanic plates in Southeast Asia. According to plate reconstruction since the
beginning of the Cenozoic, the PSP has moved from Equatorial latitudes more than 2000 km
northwards reaching the actual position while rotating clockwise. At 52 Marthelzu- Bonin-
Mariana (BM) Arc began to form due to the westward subduction of the Pacific Platg@rdsent
dayPhilippine Sealate ispart ofdifferent subduction zones: to the west the Ryukyu Trench and the
Nankai Trough to the north, the IBM Trench to theteand the Yap and Palau trenches to the south
Thesdatter represent the convergence zone of the Pacific Plate, the Caroline Plate, and the Philippine
Sea Plate, with a total length of over 700 km. These subduction zones are associated with four back
arc basins, three inactive and one active,sawtraremnant arcs.

The backarc basins includ€i) the West Philippine Basin (WPBhatbegan its opening at 65 Ma

and then stopped at 35 M#) the Shikoku Basin (SKBWwhichis younge than WPBandstaredthe
spreading at 27 until 15 M&hefirst spreading period (corresponding to Chre6) havea ENE-

WSW motion, the second one (corresponding to ChreBEBEaNE-SW spreading directio(Okino

et al., 1994, 1998, 1999this change in the spreading orientation may have been related to the
clockwise rotation of the PSfSdrolias et al., 2004 (iii) the Parece Vela Basin (PVByhich has

similar age to the SKB, it began opening at 29 also until 153-Meethe tectonic evolutioevolved

from aninitial rifting (29-26 Ma),a subsequent seafloor spreading-(ZBMa) anda nonrmagmatic

rifting (< 15 Ma) (Okino et al., 1998fiv) the Mariana Trough (MT)which isthe only activeback
arcbasinthatstaredfrom 5 Ma to presentCoherently with the occurrence of three phasdsack

arc extension, the PSP include thrae systems which aréhe (Relic) Kyushu Palau(Arc) Ridge

(KPR, termination at 29 Ma), this arc was disrupted during the rifting and seafloor spreading of SKB
e PVB the (Relic) West MarianaArc (Ridge) (WMR, termination at 6Ma), thactive 1zu Bonin
Mariana (BM; since 11 Ma), and Yap (since 24 Mars.
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Figure 4: Geotectonic map of Philippine Sea Plate, among Eurasian, Pacific and Caroline Plates in a convergent zoAsjan South

Red line for ancient spreading centers and white ones subduction zones. Map from Zhang et al. 2022.

The backarc basin®f the PSP have rocks of different types. The Wi alt compositions
range fromN-MORB to E-MORB, which agree with the baelrc spreadingand intraplate
magmatisnmexperienced bthe WPB OIB-like basalts are present in the Benham Rise and Urdaneta
plateau (Fig. 1)Basalts from th&KB are mainly BAB basaltassociated ttavas with NMORB to
E-MORSB affinities (Fig. 5) The BABB and NMORB are slightly depleted in Nb and Tagssibly
indicating that thenantlesource of these lavas waffected byfluids from thesubductng slabs
(Hickey-Vargas,1998) The Kinan seamount chaia group oflarge volcanic edificg overlap the
extinctspreading centre of the Shikoku Basin the seamounts chaindsatedin the central part of
SKB. Kinan seamount chaidevelopedbetween7.73 and15.48Ma at thevery end of the SKB
expansionherethere are mediurto high-potassialkali basaltghat havean OIB-like signature and
do not exhibit NbTa depletion Thisimplies that they aregeochemically sinbdar to magmas from
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intraplatemagmatismwithout the input of an active subducti@®imilar to the SKB, thé€VB also
mostly features baelrc basin basalts (BABB3lightly enriched in Rb, K, and Baith respect to
MORB that could indicate a subduction influence on the source. Some basalts haakimgium
(Al) content with a flaREE patterns and lack Eu anomalies (Fig.6)

100

(b) Shikokou Basin

RbBaTh U K NhTalaCe Pr St PNdZr HFSmEu Ti Gd Th Dy Y Ho Er TmYb Lu

Figure 5: Spider Diagram of Shikoku basin basalts from Dick et al. (1980),
Marsh et al. (1980) and Ishizuka et al. (2009).
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Figure 6: Spider Diagram of Parece Vela Basin samples from
Ridley et al. (1974) and Hickey-Vargas (1998).
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Figure 6B: Spider diagram of Mariana Trough from Volpe et al. (1987-
1990), Stern etal. (2006) and Yan et al. (2019)
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The Mariana TrouglFig.6B) mainly contains BABB and island arc basalts (IAB), the latter
present in the expansiaentrenear the island ar©n the other handhe subaerialvolcanism inthe
IBM arc is composed of forearc basalts with an age o6%Ma,followed by49-45 Ma-old
boninites(i.e., highly depleted, Mg@ich andesitesand mature island arc magmatic rocks with age
<45 Ma. The two relict arcs (the KPR and the WMR) contain mainly-tyyi¢ basalts.

2.2 Isotopic characteristics of Philippine Sedasalts

The basement rocks in tiéhilippine Sedackarcbasinareisotopically similar to the Indian Ocean
MORB. The most diagnostic characteristics are their AigPb?°4Pb (Fig.7c) high®’SrfeSrand low

143N dA4Nd Q) (Fig.7b) for giverf®®PbP%Pb. N-MORB and EMORB-like basaltsrom SKBhave
initial 8’Srf®Sr of 0.70265 to 0.70338, initi&Nd/**“Nd of 0.51311 to 0.51291 (initi&Nd = +9.9

to +6.3), and initiaf°Pb/2°4Pb of 17.79 to 18.44. OHlike basaltdrom SKB have initial®’Srf°Sr of
0.703670.70435*Nd/A*Nd of 0.512900.51278 (initiallNd = +6.3 to +4.0), ant’®Pb/*%%Pb

of 18.60 to 19.35All the basalts have initig%Pb/%Pb and?°’Pb/2%Pb ratios higher than the
Northern Hemisphere Reference Line (NHRL), with d&lfab of +33 to +57 and delfd’Pb of +0.4

to +6.8 in MORB andlelta?’%Pb of +29 to +63 and delfd’Pb of +0.3 to +7.6 ifDIB (Vargas1998)
Basaltsfrom SKB and PVBrevealthe most depleted isotopic composition, nearly coincident with
the Indian MORBat highUNd and very low Pb isotopes for relatively radiogenicSmples from

Kr Segmenbr Kyhoshu Ridgeare generallyenrichedin Sr and Pb and seem to cover a wide range
of variability from HIMU-like OIB to EM2 compositionsQ@ian et al. 2024)Samples from WPEre
distinct from those in the SKB and PVB igetairing isotopically enriched compositionstending
towards theeM2 endmemberin accordance with their derivation fraancient mantl@lume(Qian

et al. 2024.

13
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Figure 7Comparisons between isotope ratios from the Philippine Sea plate, {maan ridge segmets, and surrounding regions
a) 87SrB6Sr ve9PhR4Ph. by ¥ PIRPhAFED.C) 208Pb20%Ph V%P hRo%Ph.d) 207Pb2O%Ph ve28Ph %Pk, MORB dataset from Gale
A., C. A. Dalton, C. H. Langmuir, Y. Su, a@d Schilling (2013); Australian Domainatat from Park, S4. et al.(2019) and Pacif
Domain dataset from GEOROC database.

2.3 Oceanic Core Complexes

Given the complexity of the magmatism in the region, and the sparse geographical distribution
of the different subduction and backarc spreading events, this work will take the advantage of
examining oceanic lower crust or mantle rocks exhumed throughio@esa complexes (OCCs) in
different stage of a backarc basin evolution.

Oceanic core complexes (OCCs) are topographic highs that form é&ysext and uplift
during periods of reduced magma supply, usually at the intersection between a transform fault and a
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spreading ridge (lldefonse et al., 2007; MacLeod et al., 2009; Olive et al., 2010). They represent
exhumed footwall of | danltg andarevfoenrskd by deepaoted matedaé t a ¢ h
The OCC structure is composed of smoot h dome
corrugations and high mantle Bouguer anomalies related to the occurrence of lower crustal and mantle
materal at shallow depthsDCCcan vary in size from 10 to 150 km in length, 5 to 15 km in width,
andcan form domes of thousandsmoétersin height. The first OCCwere identified along thisli d

Atlantic Ridgein 1997 (Cann et al. 1997), most of #tadies of OCCs have in fact been done in this

area and along the Southwest Indian Ridge. Since they are both slow astbultspreading ridges,

they mostly present this type of structure. The largest ocean core complex in the world (10 times
larger in area thathetypical OCC in theMid-Atlantic Ridge hadeen identified ir2001 athe back

arc basin Parece Vela, M°(Harigane et al., 2008, 2010, 2011, 2019; Loocke et al., 2013;
Michibayashi et al., 2014, 2016; Ohara, 2016; Ohara et al., 2001, 2003, 2Gk&;8Snow, 2009;
Sanfilippo et al., 2013, 2016; Spencer & Ohara, 2014; Tani et al., 2011). It is a huge megamullion
first namedasGiant Megamullion (Ohara et al., 2003) ahénrenamed as Godzilla Mullion. This
structure is 55 km along segment, 125 km ridg:
indicative of | on gexhumngndntledperida@itesnassve gabbiroa bddiesi n g
diabase, and basalts (e.g., Ohara, 203#ice the discovery of the Godzilla Megamullion, several
oceanographic expeditions were aimed at obtaining arelution survey of the Philippine Sea
backarc, and tens of other OCC were found.

The samples studied in this thesigve been collected &vo oceanic core complexascently
discovered in the Shikoku basiMlado Megamullioriocatedon axis alonghe centralsouth part of

SKB, and Tosa and Sanuki belonging to the Nankaido O@Cated in thevesternmosarea of the

SKB in vicinity to the KyushtPalau relict ar¢Fig.8).As such, these OCC expose lower crustal and
peridotite samples formed at differetiines in the SKB backarc and can be used to prove its

evolution,fromthe beginningo the end of a baeérc lifetime.
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Figure 8: Bathymetry of the southwestern Shikoku Basin, showing the location of Sanuki and Tosa OCCs oiWhkstNamthof
the Mado Megamullion on the Soutkastand the point of sampling.

2.4 Mado Oceanic Core Complex

The Mado Megamullion (MM) israOCC recently identified in the southernmost Shikoku Basin and
first mappedn 2018 (Ohara et al., 2018). Itlecated abnly 1,300 km from Tokyo, Southeast Japan
Coast, ~ 2 days ship transit, therefore it represents an easily accessible tectonic window indhe world
oceans, in fact Mado means Window in JapanBse.MM is located at the northeastern side of the
extinct axial rift, so in the inside corner o
the junction of two basins (SKB and PVB)he formation (from 14.1 to 12.2 Ma) of the MM is
relatedtothelastph@as of spreading of the extinct Shikok
slow spreading. It has developed at the inside corner of the axial rift, where the spreading axis has
been segmented by transform faults at relatively short intervals. Owetampcharacteristic is the

traces of the final appearance of the baok SKB opening leaves by the Mado.

This domal ma s s i fl comugationseptendirzgdor 24 dkm fraanrthe bréakaway to

the termination, with a total extent of the correghsurface of ~500 KfafFig.9a). The breakaway

is ~ 30 Km from the relict axial rift, while the termination which represents the detachment fault
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hanging wall cutoff,continues to the axial rift valley, suggesting that the detachment faulting
continued untithe end of the bae&irc basin openin{Okino et al. 2023).

The OCC is wider at the breakaway and narrowed showing a steep slope toward the termination; this
shape may be related to the different magma supply. The magma budget parameter (M) is given by
the ratio between the magmatic input and the tectonic accrémoran M=0.5 (intermediate value)

the magmatic input reaching the surface can occupy half the space created by the stress. The
deformation is stable and concentrated along the detachment fault. Okino et al. (2023) predicted by
numerical modelling a M ~.B during the detachment dominant phase, that exhumed MM. The length
and width of the Mado are 23 and 25 km, respectively. It is similar insmest OCCs documented

at the Mid Atlantic Ridge and Southwest India
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Figure 9a) Closeup view of the Mado MM OCC. The contour interval is 20 m. From Okino et al; 02&)tle Bouguer
anomaly map of the southwestern Shikoku Basin. From 2023-08&Report.

The gravity anomaly analysis shows positive mantle Bouguer anomaliegbjFig20 mGal larger

than the surrounding area (Ohara et al., 2089 2023). This MBA véue corresponds to a 3.4 km
decrease in magmatic crust or a 270 kg/m3 decrease in density. The weaker positive MBA area
extends to the eastern part of the Mado segment, where the seafloor is relatively deep and flat without
any corrugation. This high posié gravity anomaly is due to the lower crust/mantle materials
exposition along the detachment.

Regarding the lithologies, sample collection includes serpentinized peridotites, variably evolved and

deformed gabbroic rocks, and minor pillow basaltsanddee t er si ze dol eritic
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Zircon Ui Pb age analyses conducted on zircons separated from gabbroic rocks reveal ages ranging
from 11.74 + 0.61 Ma to 12.96 + 0.30 Ma. (Okino et al.2023). The petrology of the gabbros and
peridotites has been reported Bgsch et al. 2020 and Akizawa et al. (20aay Sen et al. (2021)

which will be detailed in the next chaptefhierocktypes are similar to and follow a compositional

trend close to that of MOR gabbros, with particular similitudes to the Atlantis Bank in the Southwest
Indian Ridge (SWIR). The most critical finding is the widespread occurrence of amphibole having a
wide compositional range, from tremolite to pargasite in many samples (peridotite, oxide gabbro and

olivine gabbro).

2.5 Nankaido OCCs group: Tosa and Sanuki

Tosa and Sanuki are part of Nankaido Megamullions located at ~25°N \we#ternpart of the
Shikoku Basin (Fig.8)The Western Shikoku Basin OCCs comprehend numerous OCCs, but until
now just five have been mapped, including Tosa and Sahla&inamesre old district names of
Honshu Island, Japan, and they were fiastd to indicatéhe entire areaow known as Nankaido
Successivelyscientists decided tbosa and SanuKlor individual OCCs. The firshigh resolution
bathymetric survegf Tosa (Fig.DB) and Sanukwas carried out duringruise YK-22-18S in 2022

TosaMegamullionpresents an eadipping and steep termination (FiQA), covered with
sediment and scattered rubbles of plagioclase bearing peridotite and gabbro. The potential breakaway
area (Fig.11A), that is the southwestern slope of this topographic high, is alsiippasg and it is
steeper upward with landslide faeds. Sampling conducted here shows a part of muddy sediment
peridotite ultramylonite and plagioclase bearing peridotite. The entiradiggétg and spreading
parallel corrugated surda of Tosa Megamullion consists oélatively fresh peridotites and
plagioclase bearing peridotite, suggesting that this magsifody magmaticand exposes tectonic
block consisting mostly of uplifteahantle. Differently the western steep slope of the breakaway area
of Sanuki Megamullion (FigdA) is generally covered with muddy sediment and mainly presents
higher amount of mafic rocks, also associate with peridotites. Same as for Tosa, Sanuki Megamullion
represent a tectonic block exhuming deepstaiuand mantle rocks due to the detachment faulting.
As a result, the entire Nankai@oea presentsigh mantle Bouguer anomaly 20 mGal (Big), in
accordance with abundant mantle material recovered.

The areal extent @l the Nankaido Megamulliorrange from~22 Ma to ~20 Ma crust (Okino
et al. 2015) Hence, these massiédlow to understand the early lithospheric evolutiorihef SKB
backarc basin from rifting stage (corresponding to Sui Shin Megamullion) téenmdspreading
stage (corresponding to Awa Megamulliqi)g. 8). To date, there is no petrological data on the

peridotites nor on the gabbros from thenkado Megamullions, but ishould be noted thahe
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occurrence of large amountspifgioclaseperidotite with much lesser number of gabbros, suggest
that ths areawasnearly amagmatic, and that melt entrapment occurred beneath the cold thickened
lithosphere.Given the magnetic age of the lithosphere in this area ofStikoku basin the
lithospheric thickening should have occurred right aftelirtfiml rifting stage ofback arcopening

These poorly magmatiderraintherebyrepresentshesoc al | e d A Higpe sceaio aust] o
consisting mostly operidotitewith the MoHo representing an alteration froftiis has led scientists

to indicatethe Tosa Megamullion, witla shallowest depth of ~4100 m, as @leal locationfor

scientific drilling aimed at recoverirg continuousection ofbackarc mantle.
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Figure D: A)Bathymetric 3D map (looking from southwest) showing Tosa and Sanuki breakaway and termB)eBiatinymetric

map of Tosa. Contours in 100 m. Shallowest depth ~4100 m.
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CHAPTER 3 - SAMPLE SELECTION AND ANALYTICAL TECHNIQUES

3. Sample selection

Twenty-four samples have been selected for this work thesis, collected during five different
oceanographic expeditions on board the R/V Yokosuka (JAMSTEG)t samples were collected
during dives by HOV Shinkai 6500, with exception of 3 samples recovered by dredging (D05 and
D12).

The cruises were carried out: in June 2011818-07S); April 2019 (YK1904S); OctobeNovember

2020 (YK20618S) in October 2022 (YK226S) April 2023 (YK23-05S).Each expedition sampled

in different areas of the Shikoku Basin, in 2018 at the transform fault walls in the Parece Vela, in
2019 at Shikoku Basin Oceanic Core Complex (MM, NTO, 23°20'N OCC), in 2020 Mado
Megamullion (MM), in 2022 ad in 2023 at Nankaido OCC in the Western SKB, including Tosa and
Sanuki(Fig. 8). Below the table [Tab.l}e reporthe samples selected for this projddte name of

the sample consists in the cruise name followed by the type of sampling tec(dregging or
submarine, i.e. D or 6Kgnd dive or dredge numbkillowed by rock number (R)The sample is also
associated with the coordinates of the exact sampling point (latitude and longitude) and the recovering
depth (m).

Table 1: name, location and estimated age (Ma) of the different samples selected for this study.

Depth
Sample name SampledArea P Latitude Longitude
(Km) Age

AYK19-04S6K- i i

Mado central 3,76 23A49. 138A56. 125
1536R10
YK19-04S-6K- . ;

Mado central 3,608 23A49. 138A56. 125
1536R14B
YK19-04S-6K- i i

Mado central 3,608 23A49. 138A56. 125
1536R16
YK19-04S-6K- . ;

Mado central 3,54 23A49. 138A56. 125
1536R18
YK19-04S-6K- ) i

Mado central 3,498 23A49. 138A56. 125
1536R20
YK19-04S-6K- . ;

Mado central 3,498 23A49. 138A56. 125
1536R20F
KH18-2-DO5R101A Mado central 4522 23A51. 138A57. 125
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KH18-2-DO5R101F
YK1807S6K-
1515R04
YK18-07S6K-
1515R14
YK20-18S6K-
1569R07B
YK20-18S6K-
1569R08A
YK20-18S6K-
1569R09

KH18-2-D12R111

YK22-16S6K-
1655R02
YK22-16S6K-
1655R05
YK23-05S6K-
1675R02A
YK23-05S6K-
1675R02C
YK23-05S6K-
1675R02B
YK23-05S6K-
1675R02F
YK23-05S6K-
1675R10A
YK23-05S6K-
1675R11

Mado central
Madonear
Transform Fault
Mado near
Transform Fault
Mado near
Transform Fault
Mado near
Transform Fault
Mado near
Transform Fault
Mado near
Transform Fault

Tosa

Tosa

Sanuki

Sanuki

Sanuki

Sanuki

Sanuki

Sanuki

4,522

Spaleke]

5,073

5,422

5,422

5,308

5,403

5,592

5,485

5,52

SR

SR

5,532

4,923

4,923

23A51.

23A50.

23A50.

23°53.3168'N

23°53.3168'N

23°53.2839'N

23A49.

25°3.3599'N

25°3.3425'N

24°59.2755'N

24°59.2755'N

24°59.2755'N

24°59.2755'N

24°58.9624'N

24°58.9624'N

"138A57.

"138A47.

. 138A48.

138°49.4689'E

138°49.4689'E

138°4€.5291'E

"138A47.

137°13.6145'E

137°13.4834'E

137°16.9279'E

137°16.9279'E

137°16.9279'E

137°16.9279'E

137°17.4552'E

137°17.4552'E

12,5

12,5

12,5

12,5

12,5

12,5

12,5

21

21

21

21

21

21

21

21
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3.2 Analytical techniques

This section includes a description of the analytical methods used for a series of analysis performed
onselectecdsamples (n=24). The performed anabere: i) petrographic analysis under the optical
microscope andi) Sr-Nd-Pb isotope compositional analyses using Thermal lonization Mass
Spectrometry (TIMS). In order to perform these characterizations and measurements, the samples
followedseveral phases pfeparationncluding the preparation d¢in sections for observation using

the optical microscopéhe separation of minerals or rock powdéehe dissolution and purification
through ion exchange columremd the isotopic determination by TIMBaboratories useduring

this projectwere 1)the thin section and rock preparatiaboratoryof DSTA for samples cutting
crushing, separation and weighing of the mineral separatesh &ilipp® Olmi Laboratoy' andand
AGMEMAG (electron microscopy and microanalysis) at the department of Earth Sciences of the
University of Florence, for preparation of theriied fractions of Sr, Nd and Pb in clean labs, and
isotopic analyses using TIMS.

3.2.1 Optical microscope study

The petrographic analysis allows to identify the minerals
composing the samples and their petrographic characteristic
order to identify the dif fbe
Results .

The samples previously recovered and processed into thin sec
were analysed petrographically using Nikon Eclipse E¢
polarized optical light microscope (Fig.1&)th magnifications of
2x,4x,10xand20x The thin sections
andare attached on a glass slide and are polished to allow fo
passage of light through the sample. The light is polarized by
Nicol prism (polarizer), in a way that the electric field vector of 1

saurce is forced to vibrate mainly or exclusively on a single pl:

(Fig.13a). Specifically with parallel Nicol, this calcite prisi

polarizes by double refraction, i.e. of the two rays produced by

doubling (btrefraction phenomenon(Fig.13b): the light r¢
crossing an anisotropic body is doubled) of the-polarized

beam, one is completely reflected and the other refracted.
Figure 12: Nikon Eclipse E400 POL microscope.
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With crossed Nicols, an analysing prism is added to the polarizer, which blocks the single component
of the light coming out of the polarizer, allowing observation of the interference colours (Fig.14).
Interference colours are not related to the colouhefmineral seen with the naked eye. These are

formed by the interference (waves with the same amplitude and wavelength have a phase difference)

L =

Luce polarizzata

Figure 13b: Schematic representation of hbirefraction of
a ray passing through an anisotropic material.

Figure 13a: Schematic representation of a polarized light
on a preferential plane of vibration.

of the ordinary ray (follows Snéi law) and extraordinary ray (does not follow Sasddw, and it is

always orthogonal to the ordinary rayhich they travel at different speeds in the material. When

they arrive on the analyser the rays recombine, giving rise to different interference colours.

Other petrographic characteristics established thanks to microscopic analyses are the natural colours

defined by the combination of colours not absorbed in transmission/reflection by the material, this
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Figure 14: Michel-Lévy Interference Colour Chart used to identify minerals observed in crossed Nicols on an optical microscope.
The interference (difference of wavelength, A, increase from right to left.

1 Snell's law which governs the phenomenon of refraction: (sini) /(sinr)=nl12=V1/V2(nl12=
refractive index of medium 2 with respect to medium 1) v = velocity of propagation in the medium.
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phenomenon is called selective absorption, meaning that some frequencies of the visible spectrum
are absorbed more than others. This colour can vary based on the direction of observation, this is a
phenomenon called pleochroism, which can be more ordesstated. Pleochroism occurs because

in anisotropic materials the light is absorbed differently depending on the direction with respect to
that of the electric field of the polarized incident beam. The relief was also established, given by the
@verhangng/projectiodeffect of the granule compared to the surrounding medium. It can be strong

or weak depending on the difference between the refractive indices of the two media. Additionally, a
series of morphological characteristics of the minerals identified withirathpls, such as grain size,
crystalline habit, extinction (i.e., the variation of the refractive index with the direction, which is
visualized with the extinction of the mineral by rotating shenplestage), flaking, microfractures. It
wasalso possible to evaluate the deformation (mylonitic bands, recrystallization edges, phenocrysts
and neoblasts), the degree of alteration and the presence of microstructures (e.g. veins). The
identification of the optical and petrographic characteristieach mineral allowed their recognition,
therefore, for each sample in thin section, the mineralogical modal composition was estimated,
expressed in vol%, for the following minerals: olivine, plagioclase, pyroxene, magmatic amphibole
and FeTi oxides.

Polarized light microscopy represents a valid and fundamental investigation method. It provides a
nondestructive way to identify solid substances with relatively high spatial resolution, while phases
can be studied within their structural framework. lbwak to identify minerals and provides clues to

thar formation history, using specific textural characteriststeh asstructure, fabric, phase
assemblage, phase relationships, reaction textures.

3.2.2 Sr-Nd-Pb isotope determinations

The primary application of the characterizatiomaafiogenidsotope ratios are in geochronology and

in tracer studieRadiogenic isotopes reftr isotopegdaughter) that form by thrdecay of longived
radioactive isotopes (parentd)ore precisely, radioisotopes are various species of the same chemical
element with different masses whose nuclei are unstable and dissipate excess energy by
spontaneously emitting radiation (decay). They carsioecessfully used toharacterize mantle

reservoirs, crustantle differentiation processes, and mantle melting processes.

If we considef’'Sr as an example, itos know¥Rbinhdefined hi s
time:

87 87 A
S"Rb—%Sr (4= 1.42 x 10™ ''years) Sr ="'Rb (e ‘- 1) [Eq.1]
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[Eq.1] describes the production®8r by decay of’'Rb. However, usually it is not known how much
8’Rb was contained at the very beginning of the geochemical system, therefore the solution is given
by relating both compositions to the content of stéislie because this was not caused by decay, in

the following way [EQ.2].

87Sr B 87Rb (ei_l B ) N 87Rb /-1'.[ [qu]

86Sr 868t ~ 868y

The®’SrPeSr isotope ratio in a system is a linear function of the parent/daughter chemical ratio Rb/Sr
and a quasiinear function of time or the geological age of the system. Through this study method,
Hurley and ceworkers, in the early 1960s, were able to dgitish crustal magma sources from those
located in the mantle on the basis of their initial strortisotopic compositions (Hurley et al.,1962).
Subsequently, studying isotope ratios in MORB and ®&é#Beral authors realizetiat 8’SrfeSr,
206ppPo4pp, 207PpPY4Ph, and 2%%PbP%Pb increase as functions of time, and their respective
radioactiveparent/non radiogenic daughter (stable isotope) r&tiB®/£eSr, 222U/2%4PDb, 23U /2%Pb,
and?®2Th/?%Pp, increase in the sources of the magmas. This result led to the discovery that the mantle
must contain old reservoirs with differenime-integratedRb/Sr, U/Pb, and Th/Pb ratios. This
application provides general chronologic information (model ages), constrains of interactions
between geochemical reservoirs, up to the mantle source type identification. The most commonly
used radiometric systems aresTl-Pb, RbSr, SmNd, Lu-Hf, Re-Os, U series disequilibriunas

resumed inable 2.

Parent nuclide Daughter nuclide Half-life (years) Tracer ratio (radiogenic/nonradiogenic)
147gm 43N 106 x 10° 3N d/*Nd

87pp 875y 48.8 x 10° 875885y

78y 176t 357 x 10° T7BHE17TH

187Rg 8705 456 x 10° 18705/1880s

40K “OAr 125 x 10° “OAr/eAr

2327h 208pyy 14.01 x 10° 208pp204py

238 206pp 4.468 = 10° 206pp,204pp

235 207pp 0.738 x 10° 207pp,204pp

Figure 15: Table 2, main radioactive parents and radiogenic daughtetifealecay and they relationship.

3.3 Sample preparation for isotopic analyses

For the isotopic analyses, the samples were previously subjected to distinct preparation phases:
crushing (1), hand picking (2), leaching (3), dissolution and chromatographic separation with
exchange ions chemical columns for Sr, Nd and PbA@lfor all geochemical analyses, care must

be taken to preserve sample integrity from the time of preparation through analysis in all steps.
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The crushing (1) was carried out at the Department of Earth and Environmental Sciences from the
University of Pavia. The instrument used was the
Retsch model BB50 jaw crusher (Fig.16), which
crushed with a speed of 600 rpm set for all samples.
The particle size reduction was carried out in various
steps depending on the sample, starting frori3.0

mm until obtaining particles of 0.2 mm for all samples

(n = 24). After grain reduction, the samples were
sieved at 500 microns, in order to remove the finest

portion, possibly associated with alteration. The

granulate was also placed in contact with a magnet in
order to remove the oxides where present to facilitate the following handpicking step. At this point,
Fioure 16: Retsch BE50 jovs crusher used for samples using a microscope and tweezers (2), from the granulate
preparation. fragments were separated primary amphibole crystals for
5 samples and fragments of clinopyroxene crystals for 13
samples; for the remaining 4 samples the handpicking phase was not carried out, since the analyses
are to be carried out on the whole rodBeth the separate and the bulk rocks were weighed with an
analytical balance, taking from 0,1 to 0,6 gr for the amphibole and clinopyroxene crystals and ~ 1 gr
for the whole rock samples
The leaching, dissolution and chromatographic separation operations were carried out at the
Department of Earth Science of the University of Florence, consisting of a fine chemistry laboratory
(cl ean r oom) ( FlLOQ§n. 1&iar) twri ¢ &t nbecnlita,s sov er press:
conditioned (20AC) . |t i s elgss i 1p6 e d a mii nt ehr  pf:
workbenches/hoods which ensure an atmosphere with a low particulate (fine dust) content, allowing
sample contamination to be reduced toiaimum.
The sample dissolution (3) was done on all samples at atmospheric pressure with concentrated HF
HNO?3 acid, at 150° for 48h. HN®romotes oxidation and the formation of nitrates/leachates, while
HF brings cations into solution which form perchlorates/nitrates of Ca, Na, etc. This process allows
the removal of the silicate matrix but also causes the loss of volatiles. For evaparadion
nitrates/leachates dissolution, 10 to 20 ml of 6M HCI acid were added to the samples at 170° for 48h.
Specifically, for senples <500 mg, 10 ml were added, for those >500 mg, 20 ml of acid were added.
This evaporation step for the separated samples was performed 3 times. Once evaporation was
completed, the samples were split into 3 parts: 1/50 used for the analysis of sragmtsland trace
elements with ICRMS for age correction; 280% used for the Sr, REE and Nd chemical collection

columns; 7680% used for chemical Pb collection columns. It was decided to use a greater quantity
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of material to facilitate the collection of Pb as it is present in quantities (ppb concentrations) much
lower than the content of Sr and Nd in the separated crystals.
Theliquid chromatography (4) to isolate elements of intareailvesseveralteps:
0 Chemical column AG 50WBydrogenform resin for Sr and REE collection (Fig.17b):
- conditioning with 25 mL HCI 2.5N (the night before)
- sample centrifugation to separate any solid residue
- sample loading 0,5 mL (in HCI 2.5N)
- acid addition:
0,5 mL HCI 2.5N (x2)
17 mL HCI 2.5N
inserting Teflon beaker collection and addition 10 ml HCI 2.5N

The steps above all@to discard the elements not of interest and to collect all the Sr isotopes present
within the sample thanks to the resin present in the columns and the acids used, however the chemical
column continues for the REE collection:
- 4 mL HCI 6N to clean the column
- 8 mL HCI 6N to collect REE
- cleaning
25 mL HCI 6N
15 mL H20 (next morning)
These last steps are used for the REE collection (left at 140° overnight) from which we will start for
the Nd collection.
0 Chemical column LnSpec HDEHP resin for Nd collection (Fig.17c):
- cleaning 3,5 mL HCI 6N
- conditioning
2 mL HCI 0.18N
1 mL HCI 0.18N (x2)
- sample loading 0,3 mL (in HCI 0.18N)
- rinsing 0,15 mL HCI 0.18N (x3)
- eluting 16 mL HC| 0.18N
- Nd recover inserting Teflon baker and adding 4 mL HC| 0.3N
- cleaning
4 mL HCI 6N
1 mL HCI 0.18N

- column storage 1 mL HCI 1N
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The steps above allow to discard the elements not of interest and to collect all the Nd isotopes present
within the sample thanks to the resin present in the columns and the acids used.
0 Chemical column AG1 anion exchange resin for Pb collection (Fig.17d):
- filling Teflon column with 0,3 mL resin
- cleaning residues
0,5 mL HCI 6N (x2)
0,5 mL MilliQ (x2)
0,5 mL HCI 6N
0,5 mL MilliQ
- preconditioning 0,5 mL HBr 0.7N
- sample loading 0,5 mL (in HBr 0.7N)
- rinsing
0,5 mL HBr 0.7N (x2)
0,3 mL HBr 0.7N (x2)
0,3 mL HCI 3N
- elution 0,5 mL HCI 6N
In this process HBr acid is used to ensure that the lead present in the samples sticks well to the resin.
The step prior to collecting the Pb instead involves HCI acid because it allows all the Pb to be detached
from the resin.
The last step after each chromatographic separation involves neutralization with 50 microliters H202
- HNO3, at 150° C x 2h, to remove possible resin contamination within the recovered material which
would retain most of the isotopes of the sample. Thealetsial step before the analyses at TIMS
involves the dilution of the collected material with 2N HNO3.
The three chemical columns have different characteristics. Those for the collection of Sr are glass
columns with dry resin inside; those for the collection of Nd in the same way are made of glass and
have the resin inside them, however they are storedibyg® 6N HCI inside them and the capillary
part is inserted into tubes full of the same acid, in order to always keep the resin wet ; those for the
collection of Pb are handmade in Teflon and much smaller in size, these are stored inside tubes full
of 6N HCI, before being used they are therefore emptied, rinsed with MilliQ water and then manually
filled with resin, finished the collection the columns are cleaned and reinserted into the tubes. A

common feature of all three columns is the quartz wool filieced &the end of the capillary.
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Figure 17: a) fine chemistry clean room; b) AG 50WS8 for Sr and REE collection; c) Ln- Spec HDEHP for Nd collection;
d) AG1 for Pb collection

Part of the collected materialX50 ppm) for each isotope for each sample is loaded onto a high purity
rhenium filament previously manually soldered onto the filament holder (Fig. 18), the latter is
subsequently positioned on a sample tunieich normally has 10 to 20 filament assembliese
filaments have pins that are passed through by current to heat the filament to which the sample is
attached, so that the isotopes evaporate from it and then ionize. To increase the ionization of some
elements, a dropf chloride is used for Sr, a silica gel for Pb, while for Nd a double filament is used,

in front of the one on which the sample is attached there is an empty filament which is heated to

encourage ionization.
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Figure 18: Soldering tool and holder for high purity rhenium filament.

3.2.1 Thermal ionization mass spectrometry (TIMS)

Analyses of Sr, Nd and Pb isotopic ratios were performed at the Department of Earth Sciences
(University of Florence) using the Thermal lonization Mass Spectrometer (TIMS) Thermofisher
Scientific Triton Plus (Fig.19).

Figure 19: Thermal lonization Mass Spectrometer (TIMS) Thermofisher Scientific Triton Plus.

The TIMS is equipped with 9 mobile Faraday collectors and 1 electron multiplier (SEM) with
RPQplus (Retarding Potential Quadrupole lenses) filter for the measurement of very low intensity
signals. It is also equipped with 4 x Y¥@hm amplifiers for optimized determination of the
signal/noise ratio on low intensity signals (sucit’4Bb). The amplifiers follow the law V = | x R.

The sample turret has 21 positions, and the collectors have linearity extended from 0 to 50V. There

is a system that allows theittwal rotation” of the amplifiers on each Faraday collector, and a system
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of additional electromagnetic lenses (Zoom Optics) to ensure maximum overlap of the peaks during
the analysis in dynamic mode. The magnet has an effective dispersion of 810 mm and a maximum
mass difference of 16% which allows the measurement of isotopesatunit intervals for elements

from Lithium to Uranium. This is an instrument capable of making very precise measurements of
isotope ratios of elements that are ionized thermally; filamardsin a vacuum that can reach
temperatures anywhere from 42800°C usually by passing a current. The ions created are
accelerated by an electrical potential (10 kV) and focused into a beam via a series of lenses and
electrostatically charged plates. This ion beam then passes through a magnetic field and the original
ion beam is dispersed into separate beams on the basis of their mass to charge ratio. These ion beam
are then directed into collectors and converted into voltage. Comparison of voltages yields precise
isotope ratios.

Therefore, TIMS is characterized by four main components (Fig0jn source capable to
produce, with a very small kinetic energy spread (~0.5) eV, ions from the recovered element of the
sample;the evaporation, by heating, allows the suction by a very high vacuum flight tube which
channels the ion beam towards the 2) analyser, it is a magnet capable of sorting the same isotopes
based on mass/charge ratios; 3) the collector is a central Faraday cage, made up of various electronic
cards, able to countéfsignal emitted by the isotopes measured either sequentially; electronics cards
must operate to very close tolerances in order to produce isotope ratios with@D0% accuracy;

finally the entire instrument is associated with a 4) software, that allowemated sample
manipulation and automated or configurable measurement procedures, and filament heating
programs; then data package such as results in spreadsheet or graphical form are available both on
line and oftline.

For each analysis, an international standard is also measured (exarZoMhiGh is a granite,
BHVO-1 which is an Hawaiian Basalt, RGMwhich is a rhyolite) of which the concentrations of

Sr, Nd and Pb are known with certainty as a reference for cagssotri measurements.

Once the analyses are completed, an average of the measured values is obtained (stable and unstabi
isotopes). For evaporation it is necessary to carry out a fractionation correction using the ratio of the
stable isotopes (e.§8SrF°Sr) present in nature of which there is absolute certainty, applied to the
other unstable isotopes.

The use of TIMS compared with other isotope ratio techniques is very advantageous due to the
chemical and physical stability of the measurement environment, the ability to ionize the elements
with a restricted range of energies and the 100% transmisgiomtfie source to the collector), lower

and more consistent average mass fractionation and the use of single element solutions to eliminate
isobaric interferences. On the other hand, not all elements are easily ionized, some have low

ionization potentialsin fact ionization is generally less than 1%; mass fractionation continually
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changes during analysis and in addition the correction is possible just for the elements that have 3 or
more isotopes of which at least 2 are stable and finally elementally pure solutions are required to

avoid isobaric interferences, which requires extensive preparation.

Farada
aracay cup Secondary particles are

released close to cup
entrance

Source

Magnification=1

Magnet lens

Magpnification =2 Faraday cup

Source

Larger effective depth of cups:
Magnet lens less emission of secondaries

Figure 20: TIMS’ main components, as the source, the magnet and the Faraday cup (collector).
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CHAPTER 4 - RESULTS

This section reports the results obtained from the optical microscope analystographic
description, and the results obtained from the isotopic analyssstopic ratios and compositions
The major and trace element mineral compositajrgabbros from the Mado Megamullion are those
published inBasch et al. (2022)Petrographic analyses andneralgeochemical compositions of
Tosa and Sanuki Megamulliggabbros are unpublished datatained during the postdoc project of

Valentin Basch andeportel here as a separate study for simplicity

4.1 Petrography

Thin sections (n=30) approximately 50 micrghgk were obtained from the hand samples and
analysed with a transmitted polarised light optical microscope. For each thin section, a petrographic
description was produced, accompanied by a-hégblution sca of the thin section, both in parallel
polarised light, crossed polarised light, and reflected light for some samples where it was deemed
necessary. From this initial work, a distinction of four lithologies was obtained for the central Mado,
i.e., olivine gabbro, gabbro, varitextured gabbro and felsic veins; for the sampling of the Mado
transform walls, two main lithologies were recognised, namely mylonitic gabbros and mylonitic
oxide gabbros. The samples recovered from the Nankaido OCCs group havesigeddas four

main lithologies, i.e., diorite, oxide diorite, felsic vein and basaltic andesite. Table 3, at the end of the

chapter, provides a summary of the lithologies identified for each sample.

4.1.1 Central Mado
For each lithology, it is reported the modal content in vol% of the-fmcking minerals,then

descriledthrough observations done with the microscope.

4.1.1. g Olivine-Gabbro

Thin sections YK19D4S6K-1536R14A, YK1904S6K-1536R18, YK1904S 6K -1536R20I,
YK19-04S6K -1536R20Il, YK1904S6K -1536R20l1l are identified as deformed olivine gabbros.
While YK19-04S6K-1536R14A and YK19D4S6K1536R18 show no deformation (Fig.21),
YK19-04S6K-1536:R20I, YK19-04S6K -1536R201l and YK19D4S6K -1536R20Ill show a
mylonitic foliation (Fig 22). All samples have an intermediate to strong alteration characterised by
the presence of green amphibole. In addition, the deformed sample is timsscdelsic vein.
Accordingly, the olivine gabbro samples present a phanégpadiomorphic texture to mylonitic

texture. The grahsize in the undeformed samples is medium, whereas the deformed sample has
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larger porphyroclasts of clinopyroxene and olivine immersed in egfim@ed background matrix of

mainly plagioclase. Olivine crystals are rarely preserved and tend to appear almost completely
substituted. Plagioclase represents the dominant phase isdvopttes; plagioclase crystals are large

and well preserved in the undeformed samples, while they argriireed and form neoblastic
aggregates in the deformed sample. Clinopyroxene crystals are preserved in places, as in sample
YK19-04S6K1536R18, whik in other cases they are poorly preserved and replaced by amphibole,
surrounded by amphibole coronas or very fynained aggregates of plagioclase and amphibole
crystals.

In the mylonitic olivine gabbro sample, it is also possible to establish the deformation facies by
examining the mineral assemblage composing the mylonitic bands. When these are characterised by
amphibole neoblasts, the deformation will have taken platteeaemperature, pressure and depth
typical of amphibolite facies; when the mylonitic bands are characterised by recrystallization of
clinopyroxene and amphibole neoblasts, it indicates that the deformation most likely took place in
granulitefacies condions. Mylonitic bands within sample YKI®4S6K1536R20l11 present small

crystals of both clinopyroxene and amphibole (greswn), suggesting granul#facies deformation

andrecrystallisation.

Figure 21: YK19-045-6K1536-R18 olivine gabbro undeformed Figure 22: YK19-045-6K -1536R 201l mylonitic olivine gabbro

- Olivine (510 vol%)

Although olivine is mainly substituted by alteration minerals, the characteristic mesh texture is still
recognizable (Fig. 23a) and the habitus of the former olivine ranged fromubedral to anhedral

and millimetric in size. In very few cases, it is pire to glimpse the typical colourless/yellowish
appearance, with parallel Nicols, and the typical high interference colours with crossed Nicols, of

olivines (Fig.23b). Olivine rims are very characteristic as they have a denticulated shape and are
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surrounded by a crown of alteration of serpentine. The inner portion of the olivine is mostly magnetite

and serpentine.

Figure 3: a) Olivine crystal in // Nicols; b) Olivine crystal in X Nic

In the mylonitic bands of the deformed sample, the relict olivine appears stretched, following the
trend of the deformation and displaying sigst@apes, although much less than the

clinopyroxene/amphibole. Recrystallization shadows can be spotted alceugtee (Fig.22)

- Plagioclase (5®0 vol%)

Plagioclase crystals are found in olivine gabbro samples as two main occurrences. In the undeformed
sample it appears as crystals of medium size and mostly well preserved, withréssaiic shape.

At parallel Nicols the crystals are colourless/clear simalv low relief. Even if well preserved, they

are characterised by strong fracturing. Crossed Nicols still show the characteristic grey colour of the
first order and albite polysynthetic twinning. Plagioclase crystals in the deformed samples accumulate
along the mylonitic bands with a firgrained recrystallization texture. Recrystallization represents

the replacement of large magmatic plagioclase with aggregates of plagioclase neoblasts, following
deformation. Aggregates of even smaller dimensions a@nged along the edges of relict
clinopyroxene and olivine phenocrysts together with hornblende, forming theallsd

recrystallization shadows (Fig.22) typical of mylonitic belts.

- Clinopyroxene (3&10 vol%)

The other predominant phase in these olivine gabbros is clinopyroxene. Clinopyroxenes are also often

poorly preserved, as they are affected by a diffuse alteration and substitution-tgmperature

amphibole. In the undeformed sample, despite the atteseribed alteration, the pyroxene crystals

tend to have large dimensions, its relief is high and its natural colour ranges from grey to pale brown
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with very weak pleochroism and evident fractures. The shape of the crystals is prismatic but shows
strong cleavage planes. Crossed Nicols highlight the typical high interference colours of
clinopyroxene. In the deformed samples the clinopyroxene is akoogpletely replaced, yet it is

still possible to see reworked clinopyroxene porphyroblasts surrounded by an alteration crown of
amphibole replacing clinopyroxene and by small, recrystallised aggregates of amphibole, plagioclase
and secondary clinopyroxen&hese neoblasts form shadows around the stretched clinopyroxene
crystals. Notably, the porphyroclasts of relict clinopyroxene are surroundedby -grdined
assemblage of crystals of secondary clinopyroxenes and amphibole, indicating deformation and

recrystallization in granulite facies (Fig.24).

Figure 24: Cpx porphyroclast surrounded by new cpx and amph neoblasts.

- Felsic Vein

The thin section YK194S6K1536'R20l is an olivine gabbro which underwent deformation. The

thin section bears a contact between a felsic vein and the crosscut mylonitic olivine gabbro (Fig.25).
The direction of intrusion is perpendicular to the directibdeformation (mylonitization) undergone

by the sample. This crosscutting vein is associated with some displacement of the host rock and
represents the crystallisation of an evolved melt that has intruded the host gabbro alesdsdipge

fault. The catact between the host rock and the vein is sharp, and the latter is formed of millimetric
crystals of plagioclase, greémown amphibole, and oxides. The edges of the vein are characterized
by an enrichment of damgreen amphibole possibly representingeaction zone between the
intrusion and the host rock.
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Figure 25: YK194S6K1536R20I felsic veimylonitic olivine gabbro contact.

4.1.1 b Gabbro

Two thin sections were identified as undeformed gabbro, KMHDS-R101B3 and YK1D4S
6K1536R16l1l, which presents mylonitic deformation in part of the sample, while the rest is
undeformed. Both samples are mainly composed of three mineralogical phasespostly
plagioclase, relic clinopyroxene, and lkiemperature green amphibole linked to the alteration and
forming coronas around the relic clinopyroxene. In fact, both sections present a medhigh

grade alteration, highlighted by the greenistoaokcharacterizing the hand specimen after formation

of alteration minerals such as green amphibole. This green colour is best visible in the sample KH18
2-D5R101B3. These gabbro samples present a phargygidiomorphic to foliated texture. YK19
04S6K1536-R1611 shows a general medium graize, with plagioclase occurring as small crystals
while relict clinopyroxene shows larger dimensions ranging from 0.5 to 2 mm. Within the deformed
part of the sample, clinopyroxene shows similar crystal size torttheformed part of the sample,
whereas neoblastic plagioclase is characterized by very fine grain size in some recrystallization bands
concentrating deformation (Fig.26a). Conversely, Ki2AB5-R101B3 is a finggrained gabbro, i.e.
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crystals of all phases show fine graize. It also shows the occurrence of two narrow amphibolite
veins and a series of fractures (Fig.26b).

Figure 26: a) YK19-045-6K1536-R16/l medium to fine grain size, and partly deformed with recrystallization bands; b) KH18-2-D5-R101B3
fine grained gabbro with amphibolite veins and fractures.

- Plagioclase (5®0 vol%)

Plagioclase is the most common phase in gabbro samples. It occurs as large crystals formed by the
parental melt, or recrystallized in smaller dimensions, forming a groundmass in the deformed sample
in which the large relict clinopyroxene crystals are insedr In the finggrained sample, plagioclase

and clinopyroxene both present small grain sizes. Regardless of size, plagioclases are generally
euhedral with rectangular or square shapes, and is colourless, clear and with low relief-in plain
polarized light.Plagioclase is strongly fractured and the identification of the cleavage planes along
[001] and [010] is not straightforward. At crossed Nicols the plagioclase crystals present grey colours
of the first order and in some cases albite polysynthetic twgnnin

- Clinopyroxene (4660 vol%)

Clinopyroxenes represent the other fundamental component of the gabbro samples. In the deformed
sample, clinopyroxene have dimensions ranging from 0.5 to 2 mm and therefore tend to be large
despite often appearing as poorly preserved relics. These aresethie a groundmass of small

sized plagioclase. In the case of the undeformed but homogeneoudlydined sample, however,

the clinopyroxene crystals show similar grain size to the plagioclase. These clinopyroxene crystals
are mostly replaced by hydeat minerals of a greenish colour with parallel Nicols, i.e. the green
amphibole typical of loamedium temperatures. At parallel Nicols therefore the clinopyroxene has a
dark greybrown colour, high relief and very low pleochroism. The edges of clinopyeossstals

are sometimes irregular, while the shape of the crystal remains quite elongated prismatic in most

cases. They also tend to form an intergranular/interstitial texture in the undeformed part of the
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deformed sample; in the foliate band they instead tend to arrange themselves along the trend of the
deformation. Also in this deformed zone, the clinopyroxene crystals present a large amphibolite
crown which in some cases has almost completely replacgutithary clinopyroxene in secondary
alteration amphibole; Furthermore, in the recrystallization bands we find clinopyroxenes of very
small dimensions, therefore not primary relics but rather of a crystallisation that occurred
subsequently. At crossed Nisothe clinopyroxene crystals show high interference colours and
oblique extinction with respect to elongation. These features are common in the two different samples

but obviously less easy to see on the-fin@ined sample.

4.1.1 g Varitextured Gabbros

KH18-2-DO5R101Al, KH182-DO5R101All, KH182-DO5R101Alll, KH182-DO5R101AIV were
identified as varitextured gabbros, all undeformed. The phases present with the greatest volume
percentage in the whole rock are plagioclase, with crystals of very variabé@sions and relic
clinopyroxene of large dimensions, partly altered, dark patches of brownish amphibole can be seen
which it is replacing clinopyroxene due to alteration. These samples were called varitexture precisely
because they present different tegiand sizes of crystals in the same sample. Specifically, we find
these areas in which crystals have crystallised, in a radial pattern, in small dimensions, but above all
they form 120° angles between the grain boundaries of three crystals (less prdsdiB-2-
DO5R101All). This texture is in fact called triple junction grain and is typical of magmatic processes,
already at first glance it is possible to recognize its magmatic origin (Fig.27). This type of texture is
associated with in situ crystallisati of melt drops during the crystallisation of the Olivine (near
solidus) at relatively low Temperature and Pressure, in an environment with little magmatic input.
May subsequently the body, exhumed by the detachment fault, pass to shallower environment
conditions. Therefore, the melt did not have much time and space to develop large plagioclase and
clinopyroxene crystals. In general, varitextured gabbro exhibit relatively low to high alteration. The
greatest evidence is found in green amphibole/chlorienes that form at relatively low temperature

and pressure. We also find amphibole as a filling inside fractures. Scattered throughout all the samples
we find bands of recrystallization/alteration made up of very small, nékelerystals of different

aggregates: plagioclase, pyroxenes and amphiboles (Fig.28).
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- Plagioclase (550 vol%)

Plagioclase represents the main phase. In these samples the plagioclase crystallises in different sizes
in some cases exceeding 2.5 mm while in other cases it has dimensions of 0.5 mm or less. It tends to
have these small dimensions in the triple junctcein zones where the residual melt crystallises in

situ without having time (i.e. temperature) and space to develop the crystals. At parallel Nicols the
crystals are colourless, clear and with low relief, but characterised by strong fracturing. Thialeuhed
habit of the plagioclase crystals has an elongated rectangular shape if well preserved, while the
crystals developed in the triple junction grain areas have a square shape. At crossed Nicols we observe
first order birefringence colours, grey and Caaltsbwinning typical of plagioclases, for those crystals

that have managed to remain well preserved. However, it is also possible to observe interference
colours that are always first order but yellow or fuchsia, with less clear and preserved twinning for

those crystals that have undergone a certain alteration.

- Clinopyroxene (3045 vol%)

The other major phase in these samples is clinopyroxene. The crystals are in most cases affected by

alteration, which ranges from relatively low to high degree. Despite the alteration and thanks to their
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large size (>2.5mm in some cases) these crystals are clearly visible. As well as the plagioclase
crystals, in the triple junction grain zones we also find clinopyroxene crystals. This type of texture
represents the last phases of crystallisation of aimeitu, probably the melt trapped in separate
drops begins to crystallise in conditions of low temperature, pressure and depth and therefore
develops small crystals. Parallel Nicols have a rather darklyoeyn colour, elongated shape and
irregular grainboundaries. It is also possible to notice high relief, weak pleochroism and traces of
cleavage. With crossed Nicols the crystals appear with high interference colours sometimes masked
by the very dark colour of the crystal itself, the extinction is okligith respect to the elongation of

the crystal. The characteristics just described are the same both in the triple junction grain areas and
in the other parts of the sample. Clinopyroxene crystals often present alteration structures such as
amphibolite cowns or narrow recrystallization bands composed of very small ngledfeed crystals

of various aggregates including green amphiboles, or spots of reddish matypetibxides on the

mineral itself.

4.1.1 d Felsic Veins (contact)

KH18-2-DO5R101B1, KH1&-D05R101B2 and KH12-DO5R101B4 are classified as the contact
between the host firgrained gabbro and an intruded felsic vein. The gabbro constitutes the encasing
or host rock older and undeformed, while the felsic vein repregeniistrusion of a melt rich in light
elements (such as silica, aluminium, oxygen, etc.), which made its way into the encasing rock through
fractures or along areas of weakness. Along the contact there is a miliheitreeaction zone
(Fig.29), charae&rised by green amphiboles, relict/altered clinopyroxene and oxides, with a poikilitic
texture. Amphibole and clinopyroxene are phenocrysts while plagioclase is enclosed within. This
suggest that plagioclase crystalize before clinopyroxene and amphibeleno§t gabbro is fine
grained and composed mainly of plagioclase and clinopyroxene mostly altered to green and brown
amphibole. The felsic vein is composed mainly of large plagioclase and scattered relics of
clinopyroxene with reaction crowns around tdges of the crystals. Furthermore, it is often possible

to identify a granulitic or poikilitic texture typical of intrusion magmatism.
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Figure29: Reaction zone along the contact gakfetsic vein (KH18-DO5R101B2).

- Plagioclase (6®5 vol%)

Compositionally, plagioclase is the phase that dominates both lithologies, i.e. tfeafimed gabbro

and the felsic vein, but it occurs in different sizes and shapes. In gabbro it occurs with dimensions of
less than 0.5 mm, while in the felsic vein fhlagioclase crystals in some cases exceed 2.5 mm in
size. Analysing the sample in parallel Nicols, in both areas of the sample, the appearance of the
plagioclase crystals are colourless, clear and with low relief. The shape of the crystals tends to be
subprismatic in the gabbro, euhedral, rectangular or square in the felsic vein. The traces of cleavage
are barely visible (due to the size?) in the{gnained gabbro but are clearly visible in the felsic vein.

At cross Nicols, the plagioclase crystals shibestypical interference colours of this mineral, i.e. grey

but also yellowish orange, of the first order and twinning. Furthermore, plagioclase occurs, in the
felsic vein and in the reaction zone, as chadacrysts, small, elongated crystals enclosedt in larg
crystals called oikocrysts, forming a poikilitic texture.

- Clinopyroxene (3&10 vol%)

Clinopyroxene represents the other predominant phase within these samples. The dimensions of the
crystals vary, in the gabbro there are relics and small ones often almost completely replaced by green
amphibole due to the alteration, while in the felsicntae crystals, relics here too, can exceed 5 mm
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in size. With parallel Nicols, pyroxene crystals are dark grey, brown in colour with an elongated shape
and irregular edges. The pleochroism is typically weak while the relief is very high. With crossed
Nicols clinopyroxene crystals exhibit oblique extinatwith respect to elongation and secamnder
interference colours. However, the very dark colour of the crystals influences the interference colours,
which despite being high, are not very bright/intense. In KBFLO5R101B1 there is a reaction
structue (Fig.30), i.e. a core of relict clinopyroxene, surrounded by a large crystal of brown
amphibole, the latter characterised by some oxide and plagioclase in poikilitic texture. The reaction
rim between relict clinopyroxene and amphibole is made up of semgll aggregates of

clinopyroxene and amphibole.

Figure 30: Reaction structure, cpx relic core surrounded by brown amph with poikilitc texture{B68R101B1).

4.1.2 Mado along the Transform fault

Samples recovered along the transform fault near Mado, are all more or less deformed, as it is
expected in a shear zone. The original lithologies were gabbro and oxide gabbro, however, being
deformed samples, the lithologies identified after microscopdysisaare: protomylonitic and

mylonitic oxide gabbro; and mylonitic and ultramylonite gabbro.
4.1.2 § Mylonitic Oxide Gabbros
Oxide gabbros have been classified into protomylonites and mylonites, based on texture that depend

on the degree of deformation undergone. The protomylonitic one&/Ki&-07S6K-1515R14,
YK20-18S6K- 1569R06A, YK2018S6K-1569R08B, KH1&-D12R101 and KH1&-D12R107.
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The mylonitic oxide gabbros ar¥K18-07S6K-1515R04,YK20-18S6K-1569R06B, YK2018S
6K-1569R07B, YK2018S6K-1569R08A and YK2A8S6K-1569R09.

- Protomylonite:

The protomylonites do not yet have a wadiveloped foliation as they are linked to the first stages of
deformation. In fact, these samples contain more than 50% porphyroclasts, meaning most of the rock
has not been recrystallized. Thus, these samplesharacterised by less to more reworked large
clinopyroxene porphyroclasts. In some it is also possible to see the shadows of the beginning of
deformation around the porphyroclast (Fig.31). The background matrix is instead represented by
plagioclase, not tit much altered, and secondary clinopyroxene. Mylonitic bands are characterised
by small crystals of brown amphibole suggesting that deformation occurred in the amphibolitic facies
(medium T and P). As mentioned in paragraph 5.1.1a, by identifying theltsgsl mineral in the
mylonitic bands it is possible to establish the metamorphic facies at which the deformation occurred.
The mylonitic bands are also enriched in oxides, this could represent the injection of an evolved melt
therefore enriched in ades, which by crystallising can produce these enrichments. The alteration

ranges from medium to high, in fact the phenocrysts are often almost completely replaced and there

Figure 31: Porphyroclast with deformation shadows (KBD&2R107).

- Mylonites:

These samples are strongly foliated and characterised by grain reduction. Large porphyroclasts, some

exceeding 10 mm of clinopyroxene are observed, surrounded by mylonitic bands with amphibole
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neoblasts, sometimes secondary clinopyroxene are also observable, as well as plagioclase
porphyroclasts surrounded by plagioclase neoblasts (Fig.32), so the deformation facies were both
granulitic and amphibolitic ones. In this case the mylonitic bandsnach more widespread than

those present in protomylonites. The porphyroclasts are arranged in a preferential direction
representing the direction of deformation. Also, in these samples there are enrichments of oxides
within the mylonitic bands or aroundd phenocrysts. The alteration ranges from medium to high, in

fact the phenocrysts are often almost completely replaced and there is a strong presence of green anc

brown amphibole.

Figure 32: Cpx porphyroclast surrounded by secondary cpx and amph; Plg porphyroclast surrounded by plg neobEE#6KY K20
1569R07B).

- Plagioclase (4855 vol%)

Protomylonitic samples contain approximatelyADvol% of plagioclase while mylonitic samples
contain approximately 465 vol% of plagioclase. Plagioclase crystals appear in different shapes and
sizes based on the areas within the sample, so basedlevelhaf deformation they have undergone.
Porphyroclasts are large with rather rounded edges and shapes. These are surrounded by small
secondary plagioclase. At parallel Nicols the colour of large plagioclase crystals goes from clear to
wavy (Fig.33) (ashe crystals are more affected by deformation), while small crystals are typically
colourless and very clear. In both cases the crystals have low relief. At crossed Nicols the plagioclase
presents first order interference colours from grey to yellowiskelyraCarlsbad gemination.
Regarding alteration, some samples (e.g. KEFIBL2R107) present the plagioclase crystals as

relicts.
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Figure 33: Plagioclase from clear to wavy, as deformation suffered increasesl@36x01569R06B).

- Clinopyroxene (2810 vol%)

The clinopyroxene crystals appear mostly relict and deformed, sometimes replaced by green
amphibole. They appear as phenocrysts in a background matrix; these are often surrounded by small
secondary brown amphiboles as neoblasts born from deformation (amehiacies). At parallel

Nicols the clinopyroxene has a very dark gbegwn colour, high relief and low pleochroism. They
present strong fracturing, as well as the typical traces of cleavage, and edges that are increasingly less
defined as the crystairesents greater alteration/deformation. At crossed Nicols the interference
colours are not as high as normally expected from clinopyroxene. The interference colours of
clinopyroxene are in this case of the first order brownish and influenced by thetiaekion visible

at parallel Nicols. Where the clinopyroxene phenocrysts are almost completely replaced we notice
very small, almost needlée aggregates of greéarown colour with parallel Nicols, and with very

high interference colours with crossectdls (Fig.34). These are second order amphiboles.

Figure 34: Needieke second order amphiboles crystals around almost replaced cpx{8R8B1569R07B).
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- Oxides (1035 vol%)

The oxides represent the third fundamental phase of this gabbro lithology with mylonized oxides.
Their distribution is characteristic, in fact they are found with greater concentration in the mylonitic
bands (Fig.35), at the edges of the porphyroclastsaéthéh those porphyroclasts that are almost
completely altered/replaced. In protomylonitic samples their estimated presence in vol% is slightly
lower than in mylonitic samples. For the protomylonitic ones, a content of 10 to 20 vol% was
estimated, whiledr the mylonitic ones the estimate ranges from 10 to 35 vol%. Both at parallel nicols
and at crossed nicols the oxides are always dark and always extinguished. For greater confirmation,
these samples were also analysed with reflected light, in this easeides appear completely white,

due to the high weight of the elements that compose them (Fig.36). The strong presence of oxides in
the mylonitic bands is called enrichment and may represent the intrusion of a highly evolved melt,
therefore rich in oxidg which made its way thanks to the greater ease of inserting itself into areas
characterised by strong and therefore weaker deformations. The analysis of this enrichment can
provide useful information on the temperature, pressure and depth conditidmslrative intrusion

would have occurred. It can also be associated with a specific deformation facies.

Figure 35: Mylonitic bands with oxide enrichments (YX@86K-1569R08A).

Figure 36: YK208S6K-1569R08A in reflected light, white portion are oxides.
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