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ABSTRACT

Serpentinizatiomprocessesccurat geologicalsettingsnotablyduring oceanicsubductiorand
obduction,where mantle rocks interact with water. Different types of serpentinemineralsform
accordingo temperatur@andpressureonditions andpotentiallychemicalexchangesrhereforethe
characterizationof serpentineminerals and the possible occurrenceof multiple serpentine
generationsn mantlerocksprovideessentiatonstraintson the conditionsof fluid-rock interactions
in themantle. The serpentinitesoleof the Peridotite Nappeof New Caledonig SouthwesPacific)is
the result of severalsuperimposedserpentinisatiorevents. The latter were discriminatedusing
mineralogicakindgeochemicahpproacheandmodeling

Lizardite representsmore than 80% of the entire serpentinecontentof the ophiolite. It is
crosscuby severaleinsof otherserpentinespeciesn theserpentinitesole Therelativechronology
appearasfollows: lizarditel : lizardite2 : antigorite : chrysotile : polygonalserpentineThe
transition from primary/magmaticminerals to lizardite 1 is almost isochemical. Then, the
developmenbof lizardite 2 yieldsanenrichmenin fluid-mobile elementsuchasCs,Rb, Ba, U and
light rare-earthelementsandanapparenincreaseof the Fe**/Fer ratio. Themodelingof /%0 values
(1.9A to 13.9A) and /D values(88A to 106 A of all serpentinespeciesthrough Monte-Carlo
simulationsshow that New Caledoniaserpentinesvere mainly formedin equilibrium with fluids
releasedy the dehydrationof alteredoceaniccrust(AOC) during subductionbetween250°C and
350°C. AOC-derivedfluids arenot the uniquesourceof fluids sincealow temperature(100-150°C)
meteoriccomponents alsopredictedoy themodels.Thus,serpentinectsasataperecorderof fluid-

rock interactiongnto the mantlefrom depthto (sub)surface.

INTRODUCTION

Serpentinizatioris a hydrothermalalterationprocessthat leadsto upper mantle hydration.
Serpentinemineralsare ubiquitousin ultramafic rocks from various geologicalsettingsand their
crucial role in tectonic and chemical processedas beenwidely documentedover the pasttwo
decadestn divergentenvironmentswhichincludeultraslowandslow-spreadingentersandmantle
exhuming passive margins, serpentineoccurs mainly along fractures and detachmentfaults,
weakeningthe upper mantle, promoting strain localization and resulting in the exhumationof
sepentinizedperidotitesatthe seafloor(Andréanietal. 2014;2007;Cannattal. 1995;Cheninetal.
2017;Delacouretal. 2008;Gillard et al. 2019;Guillot etal. 2015; Mével 2003;Picazoet al. 2012)
Suchtectonicprocessesvolve significantmasstransferbetweernthe mantleandoceanicreservoirs
(Alt and Shankdll 2003;lyer etal. 2008;Kodolanyietal. 2012;Pintoetal. 2016;Rouméjonet al.
2015; Schwarzenbaclet al. 2015) Also, the rheologyof serpentinizedocks strongly influences

deformation and seismicity in the forearc and controls geodynanics of the subductionzone
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(Hyndmanand Peacock2003; PeacockandHyndman1999; Stern2002) Hereagain,serpentinags
assumedo be one of the mostefficient waysto recyclewaterandfluid-mobile element{FME) into
the deepemantle (Debretet al. 2013; Deschampst al. 2012;2011; Klein et al. 2017; Poli and
Schmidt2002; Rupkeet al. 2004; Savovet al. 2005; Scambelluriet al. 2004) Thus,the uppermost
partof the oceanidithospherds hydrothermallyalteredbeforeenteringsubductioreones.Then,the
dehydrationof the subductingslabfavorsthe formation of forearcserpentinewhich hostsa large
amountof water(up to ~13wt.%). Thecirculationof suchanamountof aqueousluids may,in turn,
transport fluid-mobile elements(FME) deep into the mantle down to ~150 km (Ulmer and
Trommsdorff1995;Wunderetal. 2001) At temperatur@bove~650°C serpentinés nolongerstable
andaqueousluids areliberatedby serpentindreakdowntriggeringmantlewedgemeltingthatgives
riseto arcvolcanism(HattoriandGuillot 2003;lwamori1998;Reynard2013;SchmidtandPoli 1998;
Ulmer and Trommsdorff1995;1999) Therefore studyingserpentinitas fundamentaln the aim of
addressingjuestionsaboutplatetectonicsandglobalgeochemicatycles.

Whenconvergenceesultsin the closureof oceanbasins slicesof the forearcmantlemaybe
obductedSerpentinitehenactsasalubricant,facilitating the ophioliteemplacemeréndsubsequent
exhumatiorof the high pressurgocks(Agardet al. 2016; Guillot etal. 2009;2000; Schwartzet al.
2001) However,the conditionsof fluid-rock interactionsand serpentindormation, aswell asthe
natureandsourceof serpentinizingluids, aremostlyunconstrained.

In New CaledonigNC), largeultramaficmassif§orm anextensiveandwell-exposedphiolite
obductedduring the Late Eocene,termed Peridotite Nappe (Figure 1; Avias 1967) Peridotites
recordedvariousdegreef serpentinizationandthe baseof the PeridotiteNappeis madeof athick
serpentinitesole characterizedoy multiple generationsof serpentineveins the origin of which
remainsunclear(Frostetal. 2013;Gautieretal. 2016;Mothersoleetal. 2017;Quesnektal. 2016b;
Ulrich etal. 2014) In this paper the sourceandnatureof thefluids involvedin the serpentinization
arethereforeunraveledthanksto new petrological,mineralogicaland geochemicatlataaswell as

geochemicamodeling.

GEOLOGICAL SETTINGS

New Caledonias anislandof the SW Pacific,~1300km to theeastof Australia,whichforms
the northernmospart of the Norfolk Ridge,an elongatedslice of thinnedandlargely submarine
continentalcrust, rifted from the Gondwanamargin during the Late CretaceousThe Peridotite
Nappetectonicallyoverliesapatchworkof pre-Oligocendgerranesandcoversat presenaboutone
third of theisland.Themainunitis locatedin the southof theisland,so-calledMassifdu Sud,and
severakectonicklippes arespreadalongthe Westcoast(Figure 1). All theseunitsresultfrom the
evolutionof a marginalbasinthatopenedo the eastof the Norfolk Ridgeduringthe Campanian
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Paleocen€d0Ma 2 55Ma; Cluzeletal. 2001) Thisbasinwasinvertedat56 Ma by northeastward
subduction(Cluzeletal. 2012a)andtheuppermplateof thesystem(the Loyalty Basin)wasobducted
atca.34Ma (Cluzeletal. 1998)whentheNorfolk ridgeenteredhetrenchandjammedthe Eocene
subduction. Harzburgitesand dunites formed in a suprasubductionzone environmen are
predominantwhile Iherzolites,inherited from the initial marginal basinare also found in the
northernmosimassifs(Pirard et al. 2013; Secchiariet al. 2016; 2019; Ulrich et al. 2010) The
PeridotiteNappebearsa lateritic regolith (up to 100 m thick) thatcontains~10%of the world Ni
reserve§McRae2018) The Peridotitenappeoverliesthe PoyaTerrane which correspondso a
largecompositeallochthonformedof two sub-units:i) tectonicslicesof massiveandpillow basalt
(PoyaTerraneBasalts)of dominantMORB affinity andabyssakrgillites of Campaniarto Early
Eoceneage(Aitchisonetal. 1995) derivedfrom theupperoceaniccrustof theSouthLoyalty Basin
(Cluzeletal. 1997;Eisseretal. 1998)andaccretedn thefore-arcregionof the Loyalty Arc (Cluzel
etal. 2001) andii) ConiacianSantoniardistalturbidites(KoneFaciesaccumulate@dntheancient
passivemargin of the Norfolk Ridge, and intruded by lower Eocenedolerite sills of EMORB
affinity (Cluzeletal. 2018)

Theserpentinzationprocessesf the PeridotiteNappehaveneverbeenstudiedin-depth,while
peridotitesare highly serpentinizedOrloff (1968) highlighted, for the first time, the decreasing
degreeof serpentinizatiorfrom bottomto the top of the ophiolite. More recently,Frostetal. (2013)
identifiedthreegeneration®f serpentineseinsin a dunitesampletwo-first generation®f lizardite
and the last one of chrysdile. The transformationof lizardite to chrysotile would have been
accompanietly thereleasef Feandthesubsequerformationof magnetiteMothersoleetal. (2017)
usedNC serpentinitegsproxiesof mantlewedgeserpentiitesandcomparedhemwith thosefrom
the1520°N fracturezonein the Mid-Atlantic Ridgeto evaluatehe effectof hydrothermahlteration
on abudgetof majorandminor elementsn thetwo differentgeodynamicettings(Mothersoleetal.
2017) They concludedthat serpentinizatiorwas nearlyidenticalin the two environmentsexcept
more oxidized Fe aswell asenrichmentdn CI, S, andC in abyssalserpentinitecomparedo the
forearc serpentinites.Serpentinebearing faults were extensivelystudiedi) to characterizetheir
kinematicsandthe mechanism®f NC ophiolite emplacemenbn the continentabasemen{Gautier
et al. 2016; Quesnelet al. 2016b) andii) to constrainthe carbonationand silicification of the
serpentinitesolein relationto meteoricfluid percolation(Quesnelet al. 2016a;2013; Ulrich et al.
2014) and iii) to understandhe formation of secondaryNi-rich phyllosilicates,mostly talc-like
phasesin serpentindilled fracturesatthetop of theophiolite (Cathelineawetal. 2016;2015;Fritsch
etal. 2016;Mufiozetal. 2019) High temperatureslab-derivedfluids areproposedor the origin of
syntectonictremoliteantigoriteveins, which are widespred in the PeridotiteNappe(Cluzel et al.
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2019) But the sourceandnatureof fluids in equilibriumwith the main serpentinizatiorepisodethat

affectedthe whole ophioliteremains however,unconstrained.

MATERIALS AND METHODS

Samplingand analytical strategies

A collectionof 30 samplescollectedfrom five different massifs(the Massif du Sud,Kopeto,
Koniambo,TiébaghiandPoum) includesserpentinizedharzburgiteslherzolitesanddunitesreferred
to as"upperserpentinehereafteraswell asserpentinite$rom thesoleof the PeridotiteNappe.They
represenimost rock typesand serpentineoccurrence®f the NC ophiolite.Theserpentinitesvere
characerizedby: 1) Ramanspectoscopy,to identify serpentinespecies?) majorandtraceelement
chemistryof primary mineralsand serpentinesrystals,to evaluatethe chemicalmobility during
fluid-rock interactions 3) oxygenandhydrogenisotopegeochemisiy of eachserpentinevarietyto

discusghe sourceof fluids involvedin theserpentinizatioprocesses

RamanSpectroscopy

Ramanspectrawere acquiredat ENS Lyon (France)using a Horiba JobinYvon LabRam
HR800spectrometeanda visible ionizedargonlasersourcewith a wavelengthof 514 nm. Output
laserpowerwas100mW, andmeasurementsereperformedusinganOlympuslensof 10Qx to focus
thelaserbeamontoanareathatwas1 um in diameter Analyseswerecarriedout on 30 um polished
thin sectionsSpectraesultfrom theaveragenf 5 acquisitionsof 10-20 s for eachpoint measuredo
optimizethe signal/noiseatio. Ramarspectravererecordedn two spectralintervals:200-1250cm
! for structuralbondingcharacterizatiorand 3556:3800 cmi* for the characterizatiorof hydroxyl
groups.Serpentinespeciesveremainlyidentifiedby comparng spectravith thosealreadypublished

(Auzendeetal. 2004;Lemaire2000) focusingon the OH stretchingrange.

Mineral Chemistry

Electronmicroprobeanalyse©f mineralswerecarriedout with a CamecaSX 100 at Service
Communde MicroscopieElectroniqueet de MicroanalysefSCMEM, Nancy,France) All analyses
of majorelementsNa, Mg, Al, Si, K, Ca,Ti, Cr, Mn, Fe,Ni, weremadeagainsnaturalandsynthetic
mineralstandardalbite(Si, Na),corundum(Al), andraditgCa),olivine (Mg), hematie (Fe),MnTiO3
(Mn, Ti), NiO (Ni), orthcclase(K), with the exceptionfor serpentineneasurementir which Mg
wascalibratedusingnaturalclinochlore.Accelerationvoltageandbeamcurrentwere 15 kV and12
nA, respectivelythe countingtime was 10 s, and standarccorrectionproceduresvereapplied. The
beamdiameterwas focusedto 1 um. Total Fe contentis calculatedon a divalent basis,as FeO.
Structuralformulae were calculatedbasedon of the following numberof oxygers: olivine, 4;



170
171
172
173
174
175
176
177
178
179
180
181
182
183
184
185
186
187
188
189
190
191
192
193
194
195
196
197
198
199
200
201
202
203
204

pyroxeneg; lizardite,chrysotileandpolygonalserpentine?. Antigorite hasageneraformulaeMgzm
3SkmOsm(O.H. ume that differs from the idealized serpentineformula MgsSiOs(OH)s by a minor
Mg(OH). depletionmbeingthenumberof tetrahedralonganentirewavdength.Structuraformulae
for antigoritewerecalculatecbasecon m=17.

Fe?* andFe’* contentsn serpentineverecalculatedusingtheapproachdescribedy Beardand
Frost(2017) Thus,in the(Mg+Fer) pfu vs. (Si+Al) pfu spacethemicroprobeanalyse®f serpentine
lie alonga linear trend that extendsfrom pure Mg serpentinglizardite/chrysotileor antigorite)to
brucite(Mg(OH).). Thetrendtowardsbruciteis aconsequencef extremelyfine-grainedserpentine
bruciteintergrowths Accordingto BeardandFrost(2017) thedeviationof aserpentin@nalysifrom
thebrucitetrendreflectsthe stoichiometriceffectsof ferric iron substitutionsn thecrystalchemistry
of serpentine.Here, a full dioctahedralsubstitutionis assumed,meaning that ferric iron is
accommodateth the serpentinestructureby substitutionfor divalentcationplus the additionof a
vacancyin theoctahedrasheetln this caseaserpentinghatintegrates significantamountof ferric
iron would deviatefrom the brucite trend, showinglower (Mg+Fer) pfu at a given (Si+Al) pfu.
Consideringthat this deviationis only causedby ferric iron substitution,the following equation

providesFe** pfu:

(N> LFTH:5E#HEYF:/ CE(A; (@)

wherex is theidealnumberof Si cationswhenthe serpentindormulais calculatedor severoxygens
(i.e.,2in lizardite/chrysotileand2.05in antigorite).

A High-ResolutionLaserAblation Inductively CoupledPlasmaViassSpectromete(HR-LA -
ICP-MS) at the Geoscience®ceanlaboratory(Brest, France)composedof a 193 nm MicroLas
CopexProCoherentcoupledwith an Elementll ICP-MS hasbeenusedfor traceelementanalyzes
Laserablationswereperformedwith a constant Hz pulserate,with anablationcraterof 90to 120
pm in diameter.The numberof pulseswas200, which is sufficientto form along andstablesignal
for integration.The ablatedmaterialis trangortedusinga constantHe flow andmixedwith Ar in a
cyclonecoaxialmixer beforeenteringthe ICP torch andbeingionized. The ions arethensampled,
accelerate@ndfocusedbeforebeingseparate@ndanalyzedn the massspectrometerr®Si content
2 known from prior electron microprobe analyses 2 was used as internal standardand
concentrationsvere calibratedagainstthe NIST 612 rhyolitic glassusing referencevaluesfrom
Pearceetal. (1997) Datareductionwascarriedout by usingSILLS software following the standard
methodsof Longerichet al. (1996) Detectionlimits were between<1 and 60 ppb for most trace
elements<0.5ppmfor B, Li, Mn, Co, Ni, As andbetweenl and50 ppmfor Mg, Ca, Ti considering

aspotsizeof 120um.
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Stableisotopemeasurements

Stableoxygenand hydrogenisotopecompositionsvere measuredrom separatesgerpentine
fragmentsat the StablelsotopelLaboratoryat the University of LausanneSeparategoowderswere
obtainedby micro-drilling usingadrill of 500 um of diameterfor the largestveinsof antigoriteand
chrysotile.A smallerdrill of 100 um of diameterwas usedto samplethe meshcore of lizardite.
Serpentinesampleswere then purified from magnetitegrains by using a handheld magnetand
potential denserprimary minerals were separatedby settling in water. Oxygen isotopeswere
measuredaacordingto a methodadaptedafter Sharp(1992) Betweenl and 2 mg of powderare
loadedin a Ptsampleholderandheatedwith a COp-laserundera F atmospher@anda pressuref 50
mbar.Theliberatedoxygenis analyzedasO on a FinniganMAT 253 massspectrometertdydrogen
isotopewere measureddy applying the methodof Sharpet al. (2001) Between0.5 and 1 mg of
samplepowde is loadedin atin capsuleandreducedby reactionwith glassycarbonat 1450C in a
helium carriergasproducingH andCO. Produ@d gasesare separatedn a gaschromatograpland
analyzedn aFinniganMAT DeltaPlusXL massspectrometeconfiguredto makehydrogensotope
analysesn continuoudlow mode.Resultsaregivenin the standard/-notation,expressedelativeto

Vswmow in permil ( A). Replicateoxygenisotopeanalysef the standard§UWG-2 garnet)yielded

anaverageprecisionof s Afor /80 values.Theprecisionof the G1 biotite in-housestandards

for hydrogenisotopeanalysesvas s A

RESULTS

Serpentinepetrography

In agreementvith thework of Orloff (1968) whereashedegreeof serpentinizatios moderate
to high throughouthe ophiolite (>50%, "faciesnormal”, Figure 2a, b), it is closeto 100%nearthe
baw, giving to therock atypical darkcolor (“faciesdebase";Figure 2c). Locally, nearthetop of the
massifsthedegreeof serpentinizatiors lessthan10% ("faciessuperieur") There serpentineccurs
alongfracturewalls andalsoforms mm+-thick black veinspervasivelysurroundingpreservedyrains
of olivine andpyroxene

Thebaseof the ophiolite consistf a schistoseandintenselybrecciatedserpentinitesoleof 20
m to 300 m thick. Breccis are composedby mm to dm-scale blocks (phacoids)of totally
serpentinizedperidotite embeddedin a matrix of shearedserpentinié. Several generationsof
serpentinecanbeidentified evenat nakedeye massiveserpentinie is crosscubby mm to cmethick,
yellow to light-greenserpentineveins (Figure 2d). Theseveins are systematicallysurroundedby
dark seamsof magnetiteandthe overallis frequentlycrosscuty mmtthick fibrous veins,the latter

beingoccasionallyreplacedy veinsof greenishto white serpentindFigure 2e,f). This greenishto
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white serpentinemay also composdarge amouns of the brecciamatrix. In thin section,the latest
generationsof serpentineoccur almost exclusively as limited domainsor veins formed after
microfractureinfilling (Figure 3b, c, d). Larger domainsof replacementan be found, but they
usuallycorrespondo the stronglydeformedareawheresecondaryserpentinecomposeshe breccia
matrix.

In thelessserpentinizedamplesserpentinzationstartsat the boundarie®f olivine grainsand
alongmicro-fractures(Figure 3). It progressivelyextendsirom therim to the coreof the grainsas
theserpentinizatiomlegreancreasesgiving therock atypical mes texture(seeS1in Figure 3a). In
general olivine is strongly affected by serpentinizationwhile orthopyroxeneremairs relatively
preservedor develop bastite rims around fresh cores. Iron releasedduring serpentinization
crystallized asmagnetiterimming olivine grainsandalongmm-scalefractures forming dark seams
(Figure 3a).

Six generation®f serpentinenavebeenidentified in the sole (S1-S6in Figure 3). The first
generatiorof serpentinaftertheprimarymeshtexture(S1) formshomogeneoudomainsthatdisplay
the samegrey color asthe meshtextureundercrosspolarizedlight (S2,Figure 3b, d). Black veins
of magnetitedenticalto thoseobservedn the meshtexturearepresenin S2 andextendparallelto
the S2borders.Thelimits of the S2domainarediffuse, suggestingrogressivaeplacemersof the
meshtextureS1. Both serpentinggenerationsre closelyassociatedavith pum to mm-thick veinsof
serpentinef a characteristibluish-grey color undercrosspolarizedlight (S3, Figure 3b, ¢, d). S3
veins are madeof decussatdladesof tens of micrometersin size, giving theseveins a typical
interlockingtexture.The bordersof S3 veinsare markedby the accumulatiorof magnetitegrains,
bothinsideandoutsidethe veins.S4 veinsoccasimally crystallizein tensiongashessimilarly to S5
veinsandexhibit transitionaltexturebetweerthe decussatéladesof S3andthe fibrous habitusthat
characterize$5. Fiberscanreach~200um in sizeandhavea greyto yellow birefringenceunder
crosspolarizedlight (Figure 3b, c). Theyarecommonlyorientedperpendicularlyto thevein edges.
The latest serpentinegeneration(S6) occursas replacemenf previous serpentinegenerations,
forming veins (Figure 3c) or coveringlarge domainsthatform the matrix of brecciasasshownby
Ulrich etal. (2014)andQuesnektal. (2016b)

Nature of serpentinegpolymorphs

The typical Ramanspectrafor the different generation®f serpentingi.e., from S1to S6,as
previouslydescribedaredisplayedin Figure4. Their specificspectralsignaturesallow identifying
serpentinespeciegFigure4; Auzendeet al. 2004;Lemaire2000) Exceptfor minor changesn the
low wavenumberegion,thediscriminationandidentificationof serpentinenineralsaremainlybased

onthe OH stretchingbanddocatedin therange3600-3750cm™. Lizardite characterizethy peaksat
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3685and3706cn?, is themostabundanvariety, forming the S1andS2generationsin contrastthe
typical Ramanspectrunobtainedior S3veinscorrespondso antigorite,with characteristipeaksat
3670 and 3699cmt. S5 perfectly matches with the spectral signatureof chrysotile, and S4
correspondso amixtureof antigorite(S3)andchrysotile(S5).Finally, theserpentiné6is identified
as polygonal serpentine characterizedy a weak band at 3648cm! and a doubletat 3690 and
3697cm! (Cathelineawetal. 2016)

Chemistryof primary minerals

The representativeompositionsin major and trace elementsof primary mineralsand each
serpentingariety identifiedarepresentedh Tablesl and2. ThesupplementaryableS1providesall
the data. Standarddeviationsare 2 1 Analysesof the primary mineralsare consistentwith those
previouslypublishedfor the NC peridotites(Frostet al. 2013; Mothersoleet al. 2017;Pirardet al.
2013) Olivine is Fog1 (Figure 5) andhasaNiO contentof ~0.4wt.% (Ni=0.1 pfu) andMnO content
of ~0.16wt.%. Olivine is alsocharacterizedy an extremedepletionin traceelementssothatthey
areusuallyclose or below, the detectionlimit. High-field strengthelement§{HFSE)havePrimitive
Mantle (PM)-normalizedconcentrationsarying betweenl 02 and10* (Figure 6). Orthopyroxenes
mainly enstatiteandhasa constantMg# similar to olivine (0.91).CaOcontentrangesbetweer0.42
and 2.79 wt. % with an averagevalue of 1.06 wt. % (Ca=0.04pfu). Al.Os and Cr.O3 have
concentrationsangingbetween2.27 and4.51 wt. % and0.56 and 0.88 wt. %, respectivelyanda
correspondin@r# of ~0.12anddownto 0.09,reflectinga high degreeof depletionof the peridotite.
PM-normalizedraceelemenpatternsshowthatorthopyroxenes stronglydepletedn light rareearth
elementgLREE), with Cen/Ybn<0.06. Clinopyroxenas diopsice andis mainly presentn spineland
plagioclaselherzolite, although some occurrencesnay be observedin harzburgite mostly from
exsolutionin orthopyroxeneClinopyroxeneis characterizedy slightly higher Mg# (~0.93) and
Al20s of ~4.16 wt. % (Al=0.2 pfu) and Cr.Oz of 0.94 wt.% (Cr# ~ 0.13). PM-normalizedtrace
elementpatternsshowa strongfractionationof LREE relativeto heavy(H)REE (Cev/Ybn < 0.01)
andanearlyflat HREE pattern(Dyn/Ybn ~ 0.8). Slight SrandEu anomalesareobservedndreflect

equilibriumwith plagioclase.

Chemistryof serpentine

Lizardite replacingprimary mineralsin the upperpartsof the massif(upperserpentineshas
beendividedin four types:lizardite after olivine (i.e. in the meshcore), lizarditein the meshrim,
lizardite after orthopyroxeneandlizardite after clinopyroxene All haveH>O contentof ~13wt. %,
whichis consistenwith the hydroxyl stoichiometryof lizardite. Lizardite after olivine showsrather
homogeneousompositionswith ~41wt. % SiO, andMgO (Si=2.0pfu, Mg=2.9 pfu) and~4 wt. %
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FeO (Fe*=0.2 pfu). Comparedo olivine, meshcoreshavehigher Al.Os content(~0.3 wt. %) and
lower NiO content(~0.2wt. %). Meshrims arecharacterizedby lower SiO, andMgO contentq38
wt. % and37 wt. %, respectively) FeOcontentis higher(>10wt. %, Fe#*=0.5 pfu) andmayreflect
the presencef minutegrainsof magnetitein the meshrims. Bastitecontains38 to 42 wt. % SiOy,
andis usuallycharacterizedby lower Si at a given Mg+Fer comparedo lizardite after olivine, and
displayshigher Cr and Al contents.Mg# varies between0.91 and 0.97, with an averageof 0.92
(Figure 5). Bastitesformedeitherafterorthopyroxeneor clinopyroxenedo not showanydifference
in the major elementconcentrationsRegardingthe Fe oxidation statein upper serpentinespur
estimatesshow that Fe is mostly divalent (Fe**/Fer<0.1, Figure 5d), consistentlywith previous
estimatesnadeby BeardandFrost(2017).

Primitive Mantle normalizedtrace elementpatternsof upper serpentinesare presentedn
Figure 6. Despitesomeslight differences(particularly someenrichmentsn large ion lithophile
elementsLILE), PM-normalizedtraceelementpatternsof serpatinesmatchwell thoseof primary
minerals.Minor andtraceelementdn lizardite after olivine is highly depleted(Ti: 10.0-85.8 ppm;
Mn: 1251059ppm; Co: 18.7-81.1ppm; Y: 0.0660.375ppm), with a strongfractionationbetween
LREE andHREE (0.008<(Ce/¥)n<0.132).Lizardite afterorthopyroxenas slightly lessdepletedn
minor andtraceelementgTi: 158174 ppm;Mn: 568-635ppm; Co: 26.8ppm;Y: 0.9070.994ppm)
but still shows LREE depleted patterns and strong LREE/HREE fractionation
(0.02<(Cel/Yby<0.162) similar to lizardite after olivine. LREE are depletedin serpentineafter
clinopyroxeneElementssuchasY (7.81ppm),Ti (2163ppm),Mn (1460ppm)andCo (67.4ppm)
areenrichedcomparedo lizardite afterolivine andorthopyroxeneOnly oneoccurrencef lizardite
afterclinopyroxenewasfound,confirmingthattheclinopyroxenas morefrequentlytransformednto
amphibole (tremolite) than serpentineduring the hydration processesRegardingfluid-mobile
element{FME), upperserpentiesareenrichedin B (4.71-24.3ppm),Sb(0.007#0.016ppm)andU
(0.8542.74ppm)anddepletedn Li andSrwith respecto DepletedMantle (DM) values(Figure7?).
More specifically, Pb and Sr concentrationsare similar to those previously publishedfor NC
serpentinizegeridotites(Secchiar et al. 2016;2019; Ulrich et al. 2010) andoverlapthe fields of
abyssalserpentinitesand subductedserpentiniteswith some sedimentarycontributions. Upper
serpentiniteslisplayB, Li andSb concentrationsower thanthoseof otherserpentinitesvorldwide
(Figure7). Arsenicis alwaysbelowthe detectionlimits.

In the serpentinitesole, all serpentinespeciesdisplayhomogeneousnajor andtraceelement
compositionsTheycontain~44wt.% SiO; (Si = 2.0 pfu), ~40wt.% MgO (Mg = 2.8 pfu), ~13wt.%
H-O andtheyarecharacterizedby very low FeO(~2 wt.%, Fe " 0.1 pfu) andAl 03 (<0.1wt.%, Al
< 0.005 pfu; Figure 5) and very high Mg# (~0.98) comparedto upper serpentinesCalculated
Fe**/Fer ratio showsthat serpentinesrom the soleintegratesignificantamountsof ferric iron: On
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average,lizardite and chrysotile have Fe**/Fer ratio of ~0.2, antigorite, 0.35, and polygonal
serpentine,0.7 (up to 1). They also show HFSE depletion similar to that describedin upper
serpentinesHowever,they areslightly moredepletedn HREE andsignificantly more enrichedin
LREE, exceptCe which has a similar concentrationto that of moderatelyserpentinizedNC
peridotites.Serpentinegrom the sole displaya strongCe negativeanomaly(Ce/Ce*=0.0090.739,
Figure 7). Theyalsodisplayenrichedconcentrationgn FME relativeto upperserpentine¢B: 2.13
8.52ppm; Sh:0.0050.057ppm;Li: 0.0540.543;Cs:0.0040.022;Rb:0.0140.275ppm;Ba: 0.066
0.952ppm;Ph:0.0020.133;Sr: 0.2024.05ppm)with a pronouncedJ positiveanomaly(U: 0.00:
0.043ppm;Figure 6). Similarly to upperserpentinesis concentrationg the serpentinitesolewere

toolow to bedeterminedTable 2).

O andH stableisotopecompositon

The /80 and /D valuesof fresh peridotitesare A and -70A respectively,which are
consistentwith mantlerock compositiongDeloule et al. 1991; Eiler 2001) Serpentineslisplay a
widerangeof /%0 valuesfrom 1. A to 13.9A. In contrast,/D valuesarequitehomogeneoug107
to -88 A). No systematidiff erencecanbe observedetweerserpentinespecies

The upper serpentines(i.e., lizardite) display a narrow range of isotopic compositions:

A< FO<  Aand-103A < /ID<- A.In theserpentinitesole,the /%0 and /D valuesof

lizardite aresomewhabroader: %0y, =2.2to0  Aand /Dj; =-107to -97 A. Thewhole rangeof
valuesincludingotherserpentinespeciedrom thesoleis 1.7to 12.2A for oxygen,-107to -88 A for
hydrogenTwo samplegTi 51al, -2, Poum4-6, -2, -3) havetraces of amorphousilica, andalsothe
highest /80 values Suchhigh valuesarelikely dueto amorphousilica, which hashigh /%0 values
around A (Quesnektal. 20163. For this reasonthesedatawill not be consideredurtherin the
following discussion The isotopic compositionsof serpentinearethusassumedo rangebetween
1.7to  Afor /%0, andfrom -107to -88 A for /D.

DISCUSSION

Decipheringthe sourceof serpentiniation fluids and conditionsof serpentinizatiorfrom the
serpentinechemistry:a newmodelingapproach

The New Caledoniaserpentineplot awayfrom thefield of oceanicserpentineslefinedin the
literature (Sakai et al. 1990; Wennerand Taylor 1973) thereforeexcludingthe involvementof
seawatein theserpentinizatioprocesgFigure 8a). Sometraceelemeniconcentrationalsoconfirm
this inference(Figure 7), sinceabyssakerpentinesre usually characterizedby a high U/Th ratio,
attributedto seawatemteractionwith peridotite(Deschamp2010;Frisbyetal. 2016) U andTh are
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highly depletedn the mantle(e.g, Salterset al. 2002) but U is enrichedin seawaterelativeto Th
(Chenet al. 1986) leadingto a significantfractionationbetweentheseelementsvhen seawateliis
involved in serpentinizatiorprocess.The Ce negativeanomaly(Ce/Ce*<1,with Ce/Ce*equalsto
Ceav/[(Lan*Prn)Y?)) is typical of the seawser where Ce** is oxidized tino the less soluble Ce**
(Elderfield and Greaves1982). Low Ce/Ce* is also a common feature in abyssalserpentines
(Delacouret al. 2008; Frisby et al. 2016;Rouméjonet al. 2015) Frisby et al. (2016) haverecently
shownthatseawaternfluenceshe LREE budgetof serpentinehroughtheadditionof La andPr,and
thatCe/Ce*decreasem abyssakerpentinesvith increasindJ/Th. NC serpentinesnorespecifically
thosefrom the serpentinitesole,arecharacterizedby high U/Th andlow Ce/Ce*ratioscomparedo
moderatelyserpentinized\C peridotites(Figure 7). However,U/Th ratio neverexceedslO in our
samplesvhereast is >>10in abyssakerpentinegup to 10,000).Also, mostof our sampledisplay
much larger Ce negativeanomaies than that of abyssalserpentinesthus providing additional
evidencahatseawatewasunlikely involvedin theformationof NC serpentines.

Serpentinewith /D valuesaslow as- A havebeenidentifiedin otherplacesworldwide,
formingthe"Ophiolite serpentinesfield definedby WennerandTaylor (1973)whereNC serpentines
plot (Figure 8a). TheseOphiolite serpentinesrecommony assumedo resultfrom the interaction
of peridotitewith meteoricor metamorphidluids eitherduringobductionor duringexhumatiorand
retrogradere-equilibration of the peridotites(Frih-Greenet al. 1996; 2001; Kyser et al. 1999;
2 1 + D Q1998)\ Typically, very low /D valuesfor serpentinaminerak (<-100A) areattributedto
lateserpentinizatiomventsdueto thecirculationof meteoricwatersundersubsurfaceonditions.On
the other hand, /D valuesin the rangeof -100 to -70 A are better explainedby the presenceof
compositefluids (Burkhardand 2 p 1 H@88;Frih-Greenetal. 2001)

The O andH isotope compositionf a givenserpentinalependon threemain parametersl)
the isotopic compositionof the serpentinizingfluid ( /A%0mis and /Druig), 2) the serpentinization
temperaturdT), and 3) the waterrock ratio (W/R) during the reaction.The complexrelationshig
betweenthesethreeparameter®n the one hand,andthe isotogc fractionationfactorson the other
hand,havebeencharacterize@xperimentallyandfrom the studyof naturalsamplege.g.Saccociaet
al. 2009;SakaiandTsutsumil978;SavinandLee 1988;WennerandTaylor 1973;Zhengl1993) The
isotopic compositionsof serpentinizingfluids may be calculatedusing calibratedserpentinevater
isotopicfractionationfactors,andassuming/V/R valuesandtemperaturde.g.,Alt etal. 2012;Alt
and Shankslii 2006; Friih-Greenet al. 2001;Kyseret al. 1999; Rouméjonet al. 2015; Sakaiet al.
1990; Thakurtaet al. 2009) Alternatively, W/R can be determinedif the compositionof the
serpentinizingluid is known (Agrinier andCannatl997;Alt etal. 2007;BurkhardandO'Neil 1988;
Magaritz and Taylor 1974; Rouméjonet al. 2015; Wennerand Taylor 1973) Conversely,the
approximativetemperatureof serpentinizatiorcan be estimatedby usingthe serpentinanagnetite
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geothermometeibasedon the oxygenisotope fractionationbetweenthesetwo cogeneticminerals
(Wennerand Taylor 1971) Actually, this appoachis somewhaunsatisfactorypecausat requires
knowingor arbitrarily settingat leastoneof the parameterfistedabove Forexamplejn theoceanic
context,serpentindluids arerelativelywell constrainedecauseheyareeitherseawateor seavater
modified by hydrothermalfluids (Agrinier and Cannat1997) But for fluids derivedfrom ancient
lithospheric remnants /*®0nuia and /Diwia are generally unknown and needto be assumedor
calculatedlt follows thatthe serpentinenagnetitegeothermometeranhardlybeusel in the caseof
multiple serpentinizatioeventssincetherelatedgeneration®f magnetitearechallengingo identify
andseparate

In this studywe developeda newapproacthasedon Monte Carlo simulationsto constrainthe
sourceof fluids in equilibrium with NC serpentinedasedon their oxygenand hydrogenisotope
compositionsFigure8 (b to d) showsthe resultof onemillion Monte Carlo simulaions usingthe
isotofc fractionationfactors of Wennerand Taylor (1973) (as modified by 2 § + D Q109%6)for

oxygenisotopes:
srrrH U’é'e;%?aé%gmm% s&{Hsr 6°Fvdu (2
andof Saccocigaetal. (2009)for hydrogenisotopes:
srriHWE s a0 svamenk U UHST 6 FuuxHsr 6Etsky (2)

whereT is thetemperaturén Kelvin. It shouldbenoticed thattheuseof oxygenisotopefractionation
factorsfrom Saccociatal. (2009)providesquitesimilarresultsto thoseof WennerandTaylor (1971)
in the temperaturgangeof 250-450°C. Howeverthe serpentinewater0 £60 fractionationfactor
of Wennerand Taylor (1971) is applicablefor a wide range of temperaturegcontrarily to the
experimentalapproachof Saccociaet al. (2009) whose fractionation factor was calibrated for
temperatures25C0°C. As a consequencehe useof the Wennerand Taylor fractionationfactorwas
found moreconsistenwith calculatingthe /80 compositionof serpentinizingluids whenno other
constrainton serpentinizatiotemperaturés available.

The O andH isotopecompositionf a serpentinecanbe calculatedoy applying Sheppardet

al. (1969 massbalancesquation

. U-ypER 4H: G rrH Up SE PA
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449  with /serpentine /mante@d fuid arethe O andH isotopecompositionf the serpentinethemantleand
450 the serpentinizingfluid, respectively W/R is the fluid-rock ratio and 100dn . is the fractionation
451 factor calculatedwith equationg(2) and(3). Mantlevaluesof f%0=+ Aand /D=- A have
452 beenchosenfor the compositionof the startingmaterial (Deloule et al. 1991; Eiler 2001) Other
453 parametersare defined randomly for each simulationin the following ranges:50< T°C < 450,
454 0.13<WR<1000,-40< /*Omia A <40 and-200< Dmia A <20 (seeFigure 8). Although
455 serpentinecan be stableat temperatureup to ~700°C, the temperatureof serpentinizatiorrarely
456 exceeds350°Cat spreadingcentersand400-500°Cin subductiorzones(e.g.,Evans2004;Klein et
457 al. 2013; Ulmer and Trommsdorff 1995) Low-temperatureserpentinizationremains poorly
458 documentedeventhoughsomeauthorsarguedor serpentinizatiomightoccurattempergurelower
459 than80°C(e.g.,Agrinier etal. 1995;Bonattietal. 1984) Thus,alow-temperaturéhresholdof 50°C

460 was chosenarbitrarily. The range of fluid-rock ratios was chosencorsidering that 0.13 is the

461  minimumratio requiredto convertan olivine into a serpentinestoichiometricallyand (B455 ) Wy N 5 A

462 [ ‘LL,\).’L A 3 Fieig Ahresholdswere chosenso that almostall compositionsof terrestrialfluids were

463 covered(Hoefs2009) In our modelingappro&h, a simulationis consideredo be valid whenthe
464 modeledserpentinedisplays %0 and /D compositionsthat are in the rangeof NC serpentinites
465 (1.7A<Mo< A- A< /D<- A Resultsareprovidedin supplementarynaterialsand
466 arepresentedn Figure 8: Figure 8b reportsthe calculated /A0 and /D compositionsof fluids that
467 areabletoreproduceserpentinghatmatchegshe O andH composition®f NC serpentinesAmong
468 1 million randomsimulations~6500wereconsistentvith the O andH signature®f NC serpentines.
469  Figure 8c andFigure 8d show respectivelythe calculated /*%Onuia and /Druia asa function of the
470 correspondentemperaturesf serpentinizationResultsof Monte-Carlo simulationsshowthatfluids
471 in equilibrium with NC serpentineextendbetweenthe meteoricwater line and an areadefined
472 DbetweerB A and8 A in /%0 and-80A and-60A in /D in which mostof the resultsplot (~40%of
473 6500simulations,seethe red, white crosshatchedareain Figure 8b). Fluids thatfall into this area
474  haveinteractedwith the mantleat temperaturebetween~250°and430°C (the white crosshatched
475 areadn Figure8c,d), while interactionswith fluids showingnegative /280 andhigher /D signatures
476 (>- A occurredat lower temperature$100-200°C; Figure 8c, d). With a few exceptionsour
477 calculationsshowthat NC serpentinesvere formed at relatively high W/R (>1) (seeFigureS1in

478 supplementy materials)

479

480 Origin of NC serpentinites

481 FromdeepVHUSHQWLQL]DWLRQ«

482 Basedon the new petrological,mineralogicalgeochemicaiindmodelingdatapresentedhere,

483 the chronologyof serpentinizatiorof NC peridotiteswould be as follows. First, the decreasing
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serpentinizatiordegreefrom bottomto the top of the Peridotitenappe is good evidencefor a fluid
circulation mainly locatedat the baseof the ophiolite. Sincethe NC ophiolite wasin the forearc
positionfor ~20 Ma beforeits obductionon the Norfolk Ridge,the mostlikely sourceof the fluids
forming pervasivdizardite S1 would comefrom dehydrationof the subductingslab.As our results
fall into the Alpine Ophiolite-typefield of Wenne and Taylor (1973) they areconsistentith this
assumption.Consequently,three potential sourcesof fluids presentin the recycled oceanic
lithospherecan contributeto hydrating the mantle wedge:the altered oceaniccrust (AOC), the
subductedsedimentsandthe subductedabyssalserpentinitesThe fluids in equilibrium with all of
thesecomponentfiavedistinctsignaturesn traceelementandstablesotopeghatalsosharplydiffer
from the compositionof the mantlewedge(Eiler et al. 1998; Kodolanyi et al. 2012; Peterset al.
2017) Ore of the bestexamplesiocumentedvorldwide is providedby the formationof serpentine
mud volcanoesalong the Marianna Trench (Fryer 1992) The geodynamicsin this region
approximatesheoneassumedor the SouthLoyalty Basinatthesubductiortime,andtheoccurrence
of serpentiniteseamountprovide a uniquewindow for studyingfluid circulationsinto the forearc
mantle.Alt andShanksIl (2006)usedtypical /%0 and /D valuesfor the AOC, oceanicsedinents,
and abyssalserpentinitego predict the isotopic compositionsof fluids in equilibrium with each
subductedcomponentand determinethe sourceof serpentinizingfluids in the Mariannaforearc
mantle.In their modeling they assumedhatthe metasomazed basaltichasemenhas /%0 = +8 to
A and /D=-90to- A (Alt 2003) anduseda simplified AOC mineralogywith 49% albite,
49%chloriteand2% calcite. The dehydratiorof metabasalteavingthesesotopiccompositionsand
mineralogywould produce therefore fluids with /80 valuesof +2to A (upto A at400°C)
and /D valuesof - A to- A Similarly, the authorscalculatechigher 280 (+12to A and
ID (-20to- A valuesfor sedimentderivedfluids and /480 and /D in therangeof +5t0 A and
-5to- A respectivelyfor serpentinederivedfluids at ~200-350°C (Figure 8b). By comparison,
themain O andH isotopevaluescalculatedor fluids in equilibriumwith NC serpentinitegthered,
white crosshatchedareain Figure8b) areconsistentvith fluids comingfrom the dehydrationof an
AOC. Onthecontrary,neithersedimeriderivedfluids nor serpentinederivedfluids fit our modeled
serpentinizindluids. OursimulationsalsopredictthatAOC-derivedfluids interactedvith theforearc
peridotites at temperaturesf 250-430°C (Figure 8c, d). Thesetemperaturesire closeto thoseof
AOC dehydrationusuallyproposedn forearcsettings(200-450°C; Alt andShankdlii 2006;Ripke
etal. 2004) Additionally, the maximumtemperaturef 430°Cestimatedy our simulationsmaybe
loweredto ~350°C basedon field observationsiizardite is commonlyreplacedby antigorite at
temperature-350°Cin (suprajsubdictionenvironmentgEvansetal. 1976;Evans2004;Ulmerand

Trommsdorff1995;1999) This replacemenhasneverbeenobservedn the NC ophiolite, where
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lizarditeis thedominantserpentinezariety,while antigoriteis mainlyrestrictedo synkinematicrack
sealgCluzeletal. 2019;Quesnektal. 2016b)

Regardingraceelementstheevolutionof themantlewedgecompositiorinteractingwith slab
derivedfluids is evaluatedy proposinga singe-stepprocessvherethefluids thatmigratefrom the
descendinglabaremixedwith theoverlyingforearcmantle.Traceelementoncentrationsf aslab

derivedfluid Cr canbeestimatedy applyingthefollowing equation:

o L2

(5)

whereCo is theconcentratiorof anelemenin thesubductedomponenti.e.,the AOC, thesediments
or the serpentinites)M is the mobility (in percent)of an elementduring the dehydrationof a
subductedcomponentandF is the weightfraction of fluid extractel from the subductedcomponent
(Sanoetal. 2001) All parametersisedfor the modelingof traceelementsreferencesndresultsof
calculationsaresummariedin Table 4. The weight fraction of fluids releasedrom the AOC and
sedimentss assumedo be 1.5 and 3 wt.% respectively,in agreementvith estimategpreviously
published Peacock 990;Rupkeetal. 2004) Thelizardite-antigoritetransitionin thesubductingslab
couldhavereleasedluids attemperaturebelow350°C in theforearcsubductedlab.Thus,pureMg-
lizardite contains13 wt.% H>O, while pure Mg-antigorite (m=17) only contains12.3 wt.% H-O.
Consequentlytheweightfractionof serpentinederivedfluids wassetto ~0.7wt.%. Dataof element
mobility during dehydrationprocessesre taken from experimentalstudieson natural pelite for
sedimentgAizawaet al. 1999) naturalamphibolitefor AOC (Kogisoetal. 1997;Sanoet al. 2001)
and naturalantigoritefor serpentinite(Tenthoreyand Hermann2004). U, Th, B and Zr are used
becauseof their behavior during dehydrationand their respectiveconcentrationsin the slab
componentsTh and Zr mobilities are ratherlow in hydrousfluids, while B is highly mobile. U
mobility depend®n its oxidationstateit isimmobilein its reducedorm U** while it is mobilein its
oxidizedform U®* (Brenanet al. 1995) Actually, the high solubility of uraniumin subductiorzone
fluids hasbeenreportedoy severaktudieqe.g.,BaileyandRagnarsdottii 994;Bali etal. 2010) All
of theseelementsare enrichedin sedimentgPlank2014)and depletedin the mantle (Saltersand
Stracke2004; Secchiariet al. 2019) The U/Th ratio is low in sedimentsput is roughly similar in
AOC and abyssalserpentiniteqTable 4). However,the U/Th ratio is more fractionatedduring
serpentinaehydrationthanduring AOC dehydration(Kogiso et al. 1997; TenthoreyandHermann
2004) As a consequencehe U/Th ratio is higherin serpentinederivedfluids thanin AOC fluids,
andis the lowestin sedimentderivedfluids (Figure 9). Subductedserpentinitedavea high B/Zr
ratio (>20), contrarilyto subductededimentandAOC, which arecharacterizedy low (<1) to very
low (<0.1) B/Zr ratios, respectively.Consideringtheseratios and the high mobility of B in fluids
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comparedo Zr, the additionof subductiorzonefluids in the mantlewedgeleadsto anincreaseof
B/Zr ratio towards~50 for AOC-derivedfluids, ~370for sedimentderivedfluids andup to ~8,200
for serpentinederivedfluids. Consistentlywith the conclusionsdrawnfrom the stableisotopestudy,
thetraceelementmodelingsuggestshatNC upperserpentinesverelikely formedby theinteraction
with AOC-derivedfluids, with neverthelessomeadditionof sedimentderivedfluids (<30%,Figure
9). This result is consistenwith the highly radiogenicstrontiumisotopecompositionsof someNC
serpentinedrom which a metasedimentargontribution was inferred (Cluzel et al. 2019) The
modelingalsoindicatesthatthe amountof slab-derivedfluids thatinteractedwith NC peridotitesin
theforearcwaslow, in therangeof <0.1-3 wt.% (Figure 9). Theamountof sedimeriderivedfluids
in the mantle wedgewas consequentlyin the order of 0.9 wt.% or less. Sucha low amountof
sedimentderivedfluids is unresolvabldy our modelingapproachhasedon stableisotopegFigure
8). Onthecontrary the Srbudgetof sedimentss highcomparedo themantlesothataminuteamount
of sedimentganbufferthe Srisotope systemTheseesultstogethemwith theverylow concentrations
of As andSb,which areproxiesof the sedimentargontributionin serpentinehemistry(Deschamps
etal. 2013;Deschamp®t al. 2011;Hattori and Guillot 2007) imply that the amountof subducted
sedimentswas low at the time of forearcperidotite hydration. The limited influenceof sediment
derivedfluids in the serpentinesignatures alsoinferredby the lack of sedimentaryrism, the latter
beingreplacedy slicesof basalticrocks(i.e., the future PoyaTerrane)scrappeaff thedowngoing
plateduringthe EoceneNE-dipping subductionof the SLB (Cluzeletal. 2001;2012b) In Figure9,
the domainof the serpentinitesole is more widespreadhan that of upperserpentineswith some
sampleglotting awayfrom the modelingtrends. This could reflectthe effectsof a later episodeof
fluids circulation(seethe nextsectionbelow) ratherthanthoseof slalb-derivedfluids contribution.
The subductioninception occurring at (or near to) the ridge axis in the SLB led to the
developrentof aforearcmagmaticactivity from 55to 47 Ma (Cluzeletal. 2006;2016) During this
period,thermalconditionsin the forearcwerehigh, causingthe melting of the martle wedgerather
thanits hydration.The continuousnflux of fluids releasedrom the dehydratiorof the oceaniccrust
of thesubductingslabprogressivelyooledtheforearcmantle leadingto the cessatiorof theforearc
magmatismaboutl0 Ma aftersubdictioninception(Cluzeletal. 2012a;Cluzeletal. 2016;UlIrich et
al. 2010; Whattamet al. 2008) This periodwaslong enoughto alter significantlythe oceaniccrust
exposedat the seafloor(Stawdigel etal. 1981) Then,the AOC enteringthe subductiorzonereleases
fluids in the overlying mantlewedge.Suchfluids finally causethe massiveserpentinizatiorof the
future NC ophiolite (Figure 104a). It is worth noting that basedon theseresults,no traceof oceanic
serpentinizatiomelatedto the openingof the SLB wasidentified sofar. It is possiblehoweverthat
theserpentinizedipperpartof theupperplate(the Loyalty Basin)wasremovedearly(i.e., soonafter
subductionnception)whenthe hot andbuoyantlower platehadto force its way beneaththe future
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Loyalty fore-arc. Sucha featurecould accountfor the absencef MORB-type basalticcruston top
of the peridotitesin the Massif du Sudandthe occurrenceof fore-arc cumulatedirectly overlying
highly depletecharzburgitesainddunites.

« to (sub) surfaceserpentinization

Thedevelopmenof multiple serpentinggenerationsn thetectonicsolelikely reflectschanges
in crystallizationconditions,including the fluid compositionand the formation events,both being
connectedwith thetectonichistory of the PeridotiteNappe.Consistentlythe significantdifferences
in thechemicalcompositiongrom S1to S2serpentinege.g.,increasingVg#, differenttraceelement
patternsmayrevead achangean theelementabudgetof serpentinizindluids. Onthe otherhand,the
transitionfrom thelizardite-antigoriteassemblagéS2-S3/S4)o chrysotilepolygonalserpentingS5-
S6)without significantchangesn the serpentinehemistryis in favour of a soledevelopmentinder
cooling temperaturesOur modelingapproachof stableisotopessuggestghat AOC-derivedfluids
alonecannotexplainthe formationof the serpentinitesole.Low temperaturdluids (~100250°C) of
ameteorioorigin canbeconsdered(Figure 8b). Theinvolvementof meteoridluidsis alsosuggested
by major andtraceelementcompositionsof soleserpentinesThe high F€**/Fer ratio in serpentines
from the sole (Figure 5) indicatesa formation undermore oxidizing conditionsthanin the upper
systemwhich maybeinterpretedn termof formationdepth.

Interestingly,Mufioz et al. (2019)showedthat secondaryerpentinesywhich areformedclose
to the surfaceby the circulationof meteoricfluids during the early stagesof laterizationdisplayan
increasing amount of ferric iron from lizardite (Fe**/Fer=0.4) to polygonal serpentine
(Fe*'/Fer = 0.95).F€**/Fer ratiosin serpentinefrom the solearevery comparabléo thosemeasured
in the regolith. Polygonalserpentinevas also the latestserpenine variety to form andit hasthe
highestFe’*/Fer. We thusinterprettheincreasef ferric iron in serpentinerom thesoleasevidence
of their formationundernearsurfaceconditions(i.e., low temperaturehigh fO2). The behaviorof
LREE providesadditional proof of meteoricfluid involvementin the formationof the serpentinite
sole Serpentinesrom the serpentinitesoleare LREE-enriched exceptCe. The exactoppositej.e.,
LREE depletionandstrongCe positiveanomaly(Figure 7), is observedn lateriteson top of theNC
regolith andis explainedby the very low mobility of Ce&** relativeto all other REE (Ulrich et al.
2019) Also, thedownslopemigrationof elementdrom the regolithcanexplainthe high U/Th ratio
in serpentinegrom the sole. Indeed,U is mobile underoxidizing surfaceconditions,while Th is
insoluble(e.qg.,Dequinceyetal. 2002) As aconsequencé)/Thratiois lowerin lateritesthanin the
initial peridotite(Figure 7). Meteoricfluids may thustransportLREE, and potentially other FME,
releasedluringweatheringA high U/Th ratioandalow Ce/Ce*ratio in serpentines thereforenot

necessarilya markerfor theinfluenceof seawatesolely.
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Lateritizationhasbeencorsideredasratherearly and was active during or slightly after the
ophioliteemplacemenby Quesnektal. (2013) basdon a coupledisotopicandstructuralanalysis
of magnesiteveins Following our Monte-Carlo simulations the O andH isotopesignaturesf the
meteoricfluids involved during serpentinizatiorf /8°0=-6+ A /D=-40s A Figure 8b) are
comparablaevith presertday rainwater(Nicolini etal. 2016) The currentdischargeof H2, CH4, and
N2-enrichedhyperalkalinespringwatersrevealsactive and low-temperatureserpentirzation at the
baseof theNC ophiolite(Deville andPrinzhofer2016;Monninetal. 2014) Thus,theserpentinization
of the serpentinitesolewaspartly formedin responseo the circulationof meteoricfluids duringthe
late stage=of its emplacemen{Figure 10b). After the crystallizationof lizardite 2 in microfracture
networks,antigoriteveins may havecrystallizedundermoderatetemperature$<250°C), and high
deformationconditions, such as documentedoy Ribeiro Da Costaet al. (2008) Finally, as the
obduction proceededthe progressivecooling temperaturesnay have led to the replacemenbf
antigoriteinto lower temperaturespeciessuchaschrysotileandpolygonalserpentineasshownby
Quesnektal. (2016b)

CONCLUSIONS

The new mineralogicaland geochemicalblata presentechere,on the serpentinitedrom the
peridotitenappeandthesoleof NC ophiolite, provideevidenceor apolyphasc historyof fluid-rock
interactions By usingtraceelementconcentrationsnd a new modelingapproachbasedon Monte
Carlo simulationsappliedon oxygenandhydrogenisotopecompositionswe proposethatthe main
serpentinizatiorevent(lizarditeformation)mostlyoccurredduringthe NE-dippingsubdictionin the
SLB dueto slab dehydrationand subsequenhydration of forearc mantlewedge(i.e., the future
PeridotiteNappe).Also, our simulationsshift serpentinizatiotemperatures the fore-arcmantlein
therangeof 250-450°C, with anupperthresiold thatmay be loweredto ~350°C, asinferredby the
lack of antigorite.

Otherserpentinespeciegpresenin the serpentinitesolerecordedetrogressiomuringfore-arc
cooling and obduction.Theseserpentinizatioreventsoccurredunderhigh strain conditionsand at
lowertemperaturefrom ~250°C to < 100°C. Fromthe oxygenandhydrogenisotopecompositionof
theseserpentinesye suggest meteoriccontributionfor the late stageserpentinizingluids. Thus,
this study demonstrateghat serpentinein ophiolite may record a long history of fluid-rock
interactions,from early fluid circulations deep into the forearc mantle to late meteoric fluid

percolationat shallowdepthduringobduction
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Figure Captions

Figure 1: Simplified geologicaimapof New Caledoniashowingtheexposuresf Paleocendocene
terranes(adaptedrom MaurizotandVendeLeclerg 2009).Preobductionsituationis modifiedfrom
Cluzeletal. (2012).

Figure 2: a, b. Slightly (<20%) to moderately (~50%) serpentinizedperidotite, respectively
correspondingo the "faciessupérieur{b) and"faciesintermediaire'(a) describedn Orloff (1968).
c. Serpentinitefrom the baseof the ophiolite nappe,just above the serpentinitesole. d, e, f.

Serpentinitdrom theserpentinitesoleshowingmultiple generationsf serpentinén theform of veins
andfractureinfilling. Theseserpentinesncludecentimeterscalegreenishveins(d) thatarecrosscut
by millimeter-scaleveinsfilled by fibrous serpentineand/orlight greento white-coloredmassive

serpentinde,f).

Figure 3: a. Microphotogrg@hy (crosspolarized) of the typical meshtexture (S1) observedin
serpentinizegeridotiteandserpentinitesrom the upperpartsof the PeridotiteNappe.Black veins
correspondo magnetite(sampleMS60). b. Microphotography(crosspolarized)of the sergentinite
soleshowingthe primary meshtexture(S1) crosscuby 4 successivgeneration®f serpentineveins
(S2to S5; samplexx3786).c. Microphotography(crosspolarized)of the serpentinitesole showing
the primary meshtexture(S1) crosscuby S3veins, itself crosscuby fiber-habitusS5 veinsandthe
closeassociatiorbetweenS5 and S6 serpentinegsamplexx3758).d. Schematiaepresentatiorof

(b). mgt: magnetitechr: chromite.

Figure 4: Ramanspectraof the mainserpentinespeciesdentifiedin this study.

Figure 5: Plotsof a. Si+Al cationsvs. Mg+Fer cations;b. Mg cationsvs. Fer cations;c. Fer cations
vs. Al cations;andd. Mg# (Mg?*/(Mg?*+Fé&*)) vs. Fe¥*/Fer (lower right), showingthat serpentine
from thesoleintegrats less Al andFer andmoreoxidizediron thanupperserpentinesCompositions
of primarymineralsarealsoshown.Ol: olivine; Opx: orthopyroxeneCpx: clinopyroxeneAtomsper

formulaunitsarecalculatedbasedon 7 oxygensfor serpentinaninerals,exceptfor antigoritewhich

is calculatedbasedbn 6.823o0xygens Olivine andpyroxenestructuralformulasarecalculatecbased
on 4 and 6 oxygens respectivelyandthenconvertedo 7 oxygensfor comparisorwith serpentine
minerals BruciteandFe** dioctahedrabubstitutiontrendsarefrom BeardandFrost(2017)
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Figure 6: PM-normalizedextendedraceelementpatternsof serpentineminerals.a. Lizardite from

upper serpentinescomparedto their magmatic mineral precursors (olivine, orthopyoxene,
clinopyroxene).The first serpentinegeneration(lizardite S1) preserveshe initial trace element
patternsb. Traceelementpatternsof lizardite from the serpentinitesole (S2) comparedo lizardite
S1.c. Traceelementpatternsof antigorite(S3) from the serpentinitesole comparedo lizardite S2.
d. Traceelementpatternsof chrysotile(S5)andpolygonalserpentindS6) from the serpentinitesole
comparedo lizardite S2.S1to S2transitionis markedoy anenrichmentn fluid-mobileelementgin

blue), especiallywith a pronouncedJ positiveanomalyandan enrichmenin LREE exceptfor Ce.
S2to S6transitionsoccurredisochemically Primitive-mantlevaluesarefrom McDonoughandSun
(1995)

Figure 7: Plotsof concentrationsf selectedAlid-mobileelementgB, Li, Sb,Pb,andSr), U/Th and
Cel/Ce*ratiosin serpentinesrom Upperserpentiniteandfrom the serpentinitesole. Primitive and
depletedmantlevaluesarefrom McDonoughand Sun(1995)and from WorkmanandHart (2005)

respectivelyexceptfor B, Li and Sb concentrationsn the depletedmantlewhich are from Salters
and Stracke(2004)Global subductedsediment§GLOSSII) concentrationgrefrom Plank (2014)

Other concentrationrangesare from Frisby et al. (2016) and Peterset al. (2017) for abyssal
serpentinitest.afay et al. (2013)andPeterset al. (2017)for serpentinesvith sedimentarymprints;
Ulrich et al. (2010)and Secchiariet al. (2016;2019)for NC serpentinizegeridotites;Ulrich etal.

(2019)for laterites.Ce/Ce*=Ce/[(Lan*Prn)*?.

Figure 8: a. /D vs. /*%0 of NC serpentinesBlue andgreenfields representheisotopiccompositions
of oceanicserpentinitesand ophiolite serpentinitesrespectively(Wennerand Taylor, 1973; Frih-
Greenetal., 2001).The blackarrowshowsthe trendformedby samplesontaminatedby supergene
silica(/80 ! A Quesnelet al., 2016).Grey areasindicatethe rangeof mantlecompositionsn
[0 and /D, with averagevaluesof ~ Aand- A respectivelyDeloule etal., 1991;Eiler etal.,
2001).b. Calculated/D vs. /80 composition®f serpentinizindluids (representedsadensityfield)
in equilibrium with NC serpentines(~6500 positive results, i.e., consistentwith the isotopic
composition®f NC sergentinespverl 000000Monte-Carlosimulations seethemaintextfor more
detailsaboutthe modeling). The O and H compositionsof fluids in equilibrium with the altered
oceaniccrustat 200-400°C,with subductededimentgsed.fluids) andwith subductd serpentinites
(serp.fluids) at 200-350°Carecalculatedaccordingto the modelingapproachof Alt andShankdll
(2006). NC meteoricrainwatercompositionsare from Nicolini et al. (2016).c. and d.Calculated
0nuia and /Dia VS. temperatureof sepentinization. The white crosshatchedareaindicates
simulationghatfall into theredareain (b) (~40%o0f >6500simulations) Colorbarvaluescorrespond
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to the numberof pixelsin onegrid cell of asizeof A (/%0)by A (/D)in (b),50°C(T) by A
(/80)in (c) and50°C(T) by A (/D) in (d).

Figure 9: Plotsof a. U/Th vs.U andb. B/Zr vs. B of NC serpentinesThick solid linesrepresenthe
bulk mixing betweenthe NC mantlewedgeand sedimentderivedfluids (in orange),with AOC-
derivedfluids (in blue)andwith serpentinederivedfluids (in green).Thin dottedlinesrepresenthe
bulk mixing betweerthe NC mantlewedgeand AOC-derivedfluids mixedwith variousamountsof
sedimenderived fluids (in orange)and serpentinederived fluids (in green). Grey dotted lines
correspondo the percentagadditionsof slab-derivedfluids to the mantle wedge.Compositionsof
the NC mantlewedgeand AOC, sedimentandserpentinederivedfluids andrespectivesourcesare
listedin Table4.

Figure 10: a. A simple modelfor the serpentinizatiorof the New Caledoniaophiolite. a. Massive
hydrationof the forearcmantlerelatedto the dehydrationof the alteredoceanicbasemenbf the
subductedlate,leadingto the formationof fully serpentinizegeridotites(including pyroxenesyt
the slabinterface,wherefluid flows arethe mostintense,andpartially serpentinizegeridotitesat
shallowerdepthswherefluid flows arelessexpressedb. Conceptuamodelof the serpentinitesole
formationin responseo the percolationof meteoricfluids at the baseof the NC ophiolite duringits
emplacemenbon the Norfolk continentalbasementNote that these meteoric fluids previously
interactedvith peridotitethetop of theophiolite,formingathick regolithsincetheophioliteemersion

at 34 Ma. (modified after Lagabrielleetal., 2013).Thelegendis thesameasin Figurel.
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Table Captions

Table 1: Representativenajor elementconcentration®f primary minerals(olivine, orthopyroxene

andclinopyroxenendserpentinefrom NC peridotites.

Table 2: Representativéraceelementconcentration®f primary minerak (olivine, orthopyroxene
andclinopyroxenendserpentinesrom NC peridotites.

Table 3: Oxygenand hydrogencompositionsof NC serpentineqUS: upper serpentinitesi_hz:
Iherzolite; Hz: harzburgite;Du: dunite; Iz: lizardite; atg: antigorite;ctl: chrysotile;pol: polygonal

serpentineBR: bulk rock).

Table 4. Chemicalcompositionsmobilitiesandreferencesisedfor traceelemenimodeling.
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