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Abstract

Highly reducing fluids produced by aqueous alteration of ultramafic rocks, also called
serpentinization, may react with a carbon source to produce hydrocarbons through a
complete abiotic process. Examplafsserpentinizationn natural settings are numera)
particularly in relation teseafloor hydrothermalism. At greater depths, abiotic methane
genesis may occur in subduction zone settings, where ultramafic minerals with reducing
potential, significant fluid circulation, and various carbon sources areepte$his production

of CH bearsimportantimplications on our understanding of deep carbon cycling, the redox
state of the Earth, on the genesis of prebiotic organic compounds linked to the oritjfie, of

on the quantification of natural carbon emission, and on unconventional sources of energy.

The main aim of the presemth.Dthesis is to improve our understanding of serpentinization
in subduction zones associated with abiotic methane formation and thedftee released
methane at depth. To achievwbeseresearch goals, this Ph.D thesis presents the results of a
natural case study featuring remarkabkexamplesof carbon mobility and fluigock
interactions in subduction zones. The selected natural cas#ystithe Belvidere Mountain
Complex (BMC, Vermont, USA), which provides insight onpgn&gsure serpentinization in
the antigorite stability field (P<10 kbar, T=<400 °C) and formation of methan&ich
metamorphic fluids. The combination of field, (migretructural, petrological, and
geochemical data with thermodynamic modeling provide new insights on the interactions of
metamorphic fluid with ultramafic bodies in subduction, and the related implication on deep
carbon cycling. Additionally, a Pythbaseal software coupling isotopic and thermodynamic
numerical modeling, called Thermotop€OH, has been developed during tRis.D The

softwareallows to quickly model the isotopic composition of various carbearing species,



to calculate the composition ahcomponent speciatioof COH fluids, and to modéhe
precipitation and dissolution of graphite/diamorldrough various geological processes. Such
tools not only allow us to deepen our understanding of carbon in subduction zones, but also

in multiple sciatific targetswhere carbon is of prime importance.

The first chapter of this thesis is an introduction on BfeDtopic. A general presentation of
subduction, serpentinization and abiotic hydrocarbons is provided. Additionally, the main

study zones of tis Ph.Dare presented.

The second and third chapters of this manuscript present the aim oPthidproject and the

methodology, respectively.

The fourth chapter presents the characterization of the serpentinization patterns in the
BMC, with a particulafocus on the related genesis of abiotic hydrocarbons in subduction
zones. This chapter is presented in the form of a scientific article that was published in Lithos
(Boutier et al., 2021)and for which a brief summary is presented in the following.
Serpentinization is the process of hydroxylation of oliviled ultramafic rocks to produce
minerals such as serpentine, brucite and magnefitieis process is commonly accompanied
by Fe oxidation and release of,kvhich can be involved in abiotic reaction pathways leading
to the genesis of light hydrocarbons such as methane)(@xtamples of this phenomenon
exist at the seafloor, for example thite serpentinitehosted Lost City hydrothermal field, and
on land in ophiolites at relatively shallow depths. However, the possibility for serpentinization
to occur at greater depths, especially in subduction zones, raises new questions on the genesis
of abiotic hydrocarbons at convergent margins and its impact on the deep carbon cycle. High
pressure ultramafic bodies exhumed in metamorphic belts can provide insights on the

mechanisms of higpressure serpentinization in subduction zones and on the cheynidt



the resulting fluids. In the Belvidere Mountain complex (BMC, Vermont, USA),
microstructures show overgrowth of both primary (Mg# 0.91) and metamorphic (Mg# 0.95)
olivine by delicate antigorite crystals, pointing to at least one stage of serperniomiz high
temperature conditions and consistent with the highessure subduction evolution of the
massif. Formation of ubiquitous magnetite and locatNtealloys testify to the partial
oxidation of Fé&"into F€* and generation of reduced conditionsluid inclusion trails cross
cutting the primary olivine relicts suggest their formation during the antigorite
serpentinization event. MicroRaman spectroscopy on the fluid inclusions revealsracicH
gaseous composition, as well as, NHB and HS. Morewer, the precipitation of daughter
minerals such as lizardite and brucite in the fluid inclusions indicate the initial presence of
H>O in the fluid. Higipressure serpentinization driven by the infiltration of metasediment
derived aqueous fluids is propaseat the origin of CiHand other reduced fluid species
preserved in the fluid inclusions. This suggests the Belvidere Mountain complex as an example
of deep abiotic hydrocarbon genesis related to hpyessure serpentinization in an early

Paleozoic subduin zone.

In the fifth chapter, the fate of metamorphic methane in subduction is explored by
investigating fluierock interactions in slab ultramafic and mafic rocks and their implications
as potential proxies for metasomatism and carbon recycling in trentlea wedge at
convergent margins. Ultramafic and mafic rocks may record dramatic redox variations
affecting the exchanges of deep carbon between solid and fluid phases. The Belvidere
Mountain Complex includes remarkable examples of deep carbon recyulligh were
investigated in order to reconstruct the origin and recycling of carbon, in particular

metamorphic methane. This chapter presents newsitt microRaman data on fluid
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well as numerical modeling to constrain the pathways of carbon recycling in the BMC.
Methanerich fluid inclusions can be observed in partially serpentinized peridotites (Boutier

et al., 2021), in carbonate veins crosscutting the serpentiniaekisand from rodingitesand

in amphibolite bodies. Graphitach rocks, up to 3.90 wt.% graphite, were collected from a

D6 mthick metasomatized shear zone within the ultramafic rocks, and from the contact
separating the serpentinized ultramafics anl $ | Y LIK A 6 2% kdnfpobitiot &f S ¢
graphite clusters aimp D:p M PHt 250 / F Nb2y |l 1Sa&a 2% valudsS . a/
ranging from-7.26 to-m ®H T 'z ¥C of riethane extracted from fluid inclusions shows a

wide range of values in BMC rocks framp ®H JtH dic2 : 3@rp% df NJ (!B datal Y R ¢
suggest infiltration of metasedimesterived fluids, which is further suggested by the
abundance of nitrogeand carbon in the fluid inclusions. The mixing between metasediment
derived fluid and serpentinizatiorelated methane from the BMC is proposed as the
mechanism leading to graphite precipitation. Further complexity is suggested by the presence

of carbonatereduction in samples. The BMC rocks highlight the variability of carbon recycling

in a dynamic fluitock system, with carbon sources and sinks adapting to evolving redox

conditions.

The sixth chapter of this Thesis presents Thermotep@s1, a pythotasel software
allowing modeling of conventional carbon isotopic exchanges and more advanced
thermodynamic and isotopic processes in th&€l system in the 300900 °C and 150 kbar
pressuretemperature range. The software allows udgendly modeling andgraphical
visualization of five major functions: (1) Carbon isotope equilibrium between two phases, (2)

Carbon isotope fractionation modeling, (3YCeH fluid speciation, (4) Multomponent



graphite/diamond precipitation, and (5) Graphite/diamond pretagion/dissolution. The
software is available for Windows or MacOS. Data produced by the software can be saved as
xt file and .svg file. Along with a description of the software functions, this chapter also
provides practical examples based on publislymblogical data. The software manual is

provided in the Annexes.

The seventh chapter presents a brief summary of the nrdarDproject results and present

possible perspectives for future work.

Keywords:HP Serpentinization, Abiotic methane, C fluxes didsietion zones, Belvidere
Mountain Complex, Metamorphic olivine, deep carbon cycle, thermodynamic modeling,

isotopic modeling, fluid infiltration, graphite.

Riassunto

L'alterazione delle rocce ultramafiche, anche nota come serpentinizzazione, pud generare
fluidi altamente riducenti, la cui interazione con una fonte di carbonio puo portare alla
formazione di idrocarburi attraverso procesgiuramente abiotici. Gli esempi di
serpentinizzaziondn ambienti naturali sono numerosi, in particolare legaii processi
idrotermali dei fondali oceanici. A maggiori profondita, la genesi di metano abiotico puo
verificarsi in contesti di subduzione doseriscontri la presenza dainerali ultramafici con
potenzialeredox, di une significativa circolazione di fluedd fonti di carbonio. La produzione

di metano (CH) abiotico profondopud avere grande importanza per ¢amprensione del

ciclo profondo del carbonio, dellstato di ossidoriduzionelella Terra, della genesi di

compostiorganici prebioticlegatiall'origine della vita, per migliorare le stime sudissioni
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L'obiettivo principale di questo dottorato di ricerca € di migliorare la nostra comprensione
del processo dserpeninizzazione legat@lla formazione di metano abiotico nelle zone di
subduzione e al divenimdel metano rilasciato in profondita. Per raggiungere questo obiettivo

di ricerca, questa tesi di dottorato presenta i risultati ottenuti dallo studio diesampo

naturale caratterizzato da un'eccezionale mobilita del carbonio associato a processi di
interazione fluideroccia inT 2y RA &adzoRdzZ A2y Sd [ QSaSYLMA?2
Mountain Complex (BMC) (Vermont, USAF, 28 Ny A 8 OS Q2 LJLJ2 Ndfodegsb it RA
di serpentinizzazione in condizioniata pressione nel campo si stabilita dell'antigorite delle

i inclusioni fluide ricche di metano ad esso associate. La combinazione di dati di terreno,
microstrutturali, petrologici, geochimici e di modaliane termodinamica ha fornito nuove
informazioni sull'interazione tra fluidi metamorfici e corpi ultramafici in subduzione e le loro
implicazioni sul ciclo profondo del carbonio. Inoltre, durante questo dottorato €& stato
sviluppato un software basato sytRon, chiamato Thermotope€OH, che mette in relazione

la modellazione numerica isotopica e termodinamica. Il software consente agli utenti di
modellare rapidamente la composizione isotopica del carbonio, calcolare la composizione e
la speciazione dei cgmonenti di fluidi COH, e di calcolare la precipitazione e/o la dissoluzione
del grafite/diamante attraverso vari processi geologici. Tale strumento non solo consente di

approfondire la nostra comprensione del carbonio nelle zone di subduzione, potrebbe

oservare applicazioni in altri campi di ricerca in cui il carbonio e di primaria importanza.

Lf LINAY2 OFLAG2t2 RA jdzSadl GdSairx LINBaSyidl
presentate informazioni sulla subduzione, sulla serpentinizzazione edsoghrburi abiotici.
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Il secondo e terzo capitolo presentano rispettivamente lo scopo di questo dottorato e la

metodologia.

Il quarto capitolo presenta la caratterizzazione dei procdsserpentinizzazione al Monte
Belvidere, con un focus particolare alla genesi di idrocarburi abiotici nelle zone di subduzione.
Questo capitolo & presentato in forma di articolo in quanto gia pubblicato sulla rivista Lithos

(Boutier et al., 2021), e pérquale un breve riassunto € presentato di seguito.

La serpentinizzazione ¢ il processo di idratazione di rocce ultramafiche ricche di olivina
che porta allgproduzione diminerali come serpentino, brucite e magnetite. Questo processo
e comunemente accopagnato dall'ossidazione del Fe e dal conseguente rilascig, ¢hel
puo alla formazione di idrocarburi abiotici leggeri, come il metano tramite reazioni abiotiche.
Esempi di questo fenomeno sono stati identificati sui fondali marini, come al sito idraker
di Lost City, serpentinizzato , e sulla terraferma nei massicci ofiolitici a profondita
relativamente basse. Tuttavia, la possibilita che la serpentinizzazione avvenga a profondita
maggiori, specialmente nelle zone di subduzione, solleva nuovi igiativd sulla genesi degl
idrocarburi abiotici nei margini convergenti e sul suo impatto sul ciclo profondo del carbonio.
| corpi ultramafici ad alta pressione esumati nelle catene metamorfiche possono fornire
informazioni sui meccanismi di serpentinizpaa ad alta pressione nelle zone di subduzione
e sulla chimica dei fluidi ad essi associati. Questo studio si concentra sul complesso
ultramafico del Monte Belvidere, appartenente alla catena appalachiana del Vermont
settentrionale, negli Stati Uniti. Le ionostrutture dei campioni studiati mostrano la
d2altAddd A2yS RSEtQ2t AGAY Il LINAYIFINRF o6adl ndodm
che indica almeno uno stadio di serpentinizzazione in condizioni di alta temperatura coerente

con l'evoluzione memorfica di alta pressione del complesso ultramafico del Monte
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St OARSNBE & {orth@zipne AdiLiNdgrietey dl IScali leghe -Re testimoniano il
processo di ossidazione parziale dP*Fe Fé* e la generazione di condizioni ridotte. La
presenza dirails di inclusioni fluide che attraversano i relitti primari di olivina suggeriscono
la loro formazione durante l'evento di serpentinizzazione in facies antigorite. Indagini in
spettroscopia MicroRaman sulle inclusioni fluide hanno rivelato una composigassosa
ricca di CH oltre a N, NH e BS. Inoltre, la precipitazione di minerali figli come lizardite e
brucite nelle inclusioni fluide indica la presenza inizialeli HY St Ff dZAR2® [ Q2 NA
metano e di altre specie fluide ridotte consate nelle inclusioni fluide & interpretata come
il risultato della serpentinizzazione ad alta pressione promossa dall'infiltrazione di fluidi
acquosi derivatda metasedimenti. Cido suggerisce come il complesso del Monte Belvidere
possa rappresentare unsempio di genesi profonda di idrocarburi abiotici correlata alla

serpentinizzazione ad alta pressione in una zona di subduzione di eta Paleozoica.

Nel quinto capitolo di questa tesi vengono discukessorti del carbonio in subduzione
considerando le inteazioni fluideroccia nei sistemi ultramafici e le loro implicazioni come
potenziali proxy per il metasomatismo e il riciclaggio del carbonio nel cuneo del mantello ai
margini convergenti. Le rocce ultramafiche possono registrare forti variazioni redox che
influenzano gli scambi di carbonio profondo tra le fasi solide e fluide. Il Belvidere Mountain
Complex (BMC) & un corpo ultramafico coinvolto nélidzd Rdzl A 2y S ¢ 02y A Ol y S
fino a condizioni metamorfiche pari a 5520 °C e 09,3 GPa. Precedti indagini indicano
che il BMC ha subito una parziale serpentinizzazione e un riciclaggio del carbonio nella zona
di subduzione (Boutier et al., 2021). Qui presentiamo dati MicroRaman sulle inclusioni fluide,

A R¥/(ABe87SrReSr e i risultatdella modellazione numerica volti a limitare i percorsi

di riciclaggio del carbonio nel BMC. La spettroscopia MicroRaman sulle inclusioni fluide rivela



composizioni gassose ricche disCHsieme a By NH e composti SH. Queste inclusioni fluide

ricche dimetano possono essere osservate nelle peridotiti parzialmente serpentinizzate, nelle

vene carbonatiche e nei corpi anfiboliti ci associati al corpo ultramafico. Il BMC ospita anche

un esempio eccezionale di deposito di grafite , con concentrazioni fii@ & in peso,lungo

una vena spessa circa 6 m all'interno del corpo ultramafico serpentinizzato e lungo i contatti
fAG2t 23A0A & 1pCSdell® grafitalhécanhplord yickhi in grafite studia@ si
concentrano intornoamp :: Ot . 5 0LONAA SONIND 23 Aa A acSYIl KU
compresitra7,26eMI H T :': & [ SL3CAd¢l Retahd nélle indudioni fluide mostrano
un‘ampia gamma di valori nelle rocce ultramafichema Z H-MH Zlc ' @ B7SrpII LJILI2 NI
S 1B suggerisconoun'infiltrazione di fluido dalle rocce metasedimentarie, che &
ulteriormente suggerita dall'abbondanza di azoto e carbonio nelle inclusioni fluide. Questa
grafite viene interpretata come il risultato del mescolamento dei fluidi ricchi in metano
prodotti ddla serpentinizzazione del BMC con un fluido di affinita metasedimentaria.
Ulteriore complessita € suggerita dalla presenza di grafite interpretabile come il risultato di
riduzione di carbonato. Le rocce BMC evidenziano la diversita dei processi djgioidal

carbonio in un sistema dinamico di interazione rodtigo, con la mobilizzazione del

carbonio e i reservoir di carbonio che si adattano alle condizioni redox in evoluzione.

Il sesto capitolo di questa tesi presenta Thermoto@&3H, un softwarbasato su Python
che consente la modellazione degli scambi isotopici del carbonio convenzionali e di processi
termodinamici e isotopici piu avanzati nel sistema COH e nellintervallo di pressione
temperatura da 300 a 900 °C e da 1 a 50 kbar. Il softwarserte la modellazione intuitiva
e la visualizzazione grafica di cinque funzioni principali: (1) equilibrio isotopicartenio

tra due fasi, (2) modellazione del frazionamento isotopico del carbonio, (3) speciazione di



fluidi COH, (4) precipitazione drafite in sistemi multicomponente, e (5) mobilita del

carbonio. Il software e disponibile per Windows o MacOS. | dati prodotti dal software possono
essere estratti come file .txt e file .svg. Insieme a una descrizione delle funzioni del software,
guestocapitolo fornisce anche esempi pratici basati su dati geologici pubblicati. Un manuale

RQdza2 & LINBaSydalragz2 yS3atia !yySaairo

Il settimo capitolo presenta una breve sintesi dei risultati raggiunti durante questo dottorato

e possibili prospettive per lavori futi.

Keywords: Serpentinizzazione HP, Metano abiotico, Flussi C nelle zone di subduzione,
Belvidere Mountain Complex, Olivina metamorfica, ciclo profondo del -carbonio,

modellazione termodinamica, modellazione isotopica, infiltrazione di fluidi, grafite.

Abstract

L'altération degoches ultramafiqgues génere des fluides hautement réducteurs riches,en H
pouvant réagir avec une source de carbone pour produire des hydrocarbures par un
processus complétement abiotique. Les preuves de ce processus dandiéex naturels

sont nombreuses, en particulier dans le cas de I'hydrothermalisme des fonds marins. A plus
grande profondeur, la méthanogenése abiotique peut se produire dans des contextes de
subduction en fonction de la disponibilité des minéraux ultréimees ayant un potentiel de
réduction, une importante circulation de fluide et la présence d'une source de carbone. Cette
production de CHrevét une importance dans notre compréhension du cycle profond du

carbone, de l'état d'oxydation de la Terre, de d@nese des composés organiques

Xi



prébiotiques liés a l'origine de la vie et de la quantification des émissions naturelles de gaz
(CQ,CHO® 5SS LJ dza OS YSUGKIFIYyS R2A0 sONB ljdzr yiAT.
émissions naturelles de gaz a eftee serre.De plus, ce méthanpourrait également étre

considéré comme une source d'énergie non conventionnelle.

L'objectif principal de cette these est d'améliorer notre compréhension de la serpentinisation

en zone de subduction associée a la formattm méthane abiotique et du devenir du

méthane libéré en profondeur. Pour faire avancer cet objectif global de recherche, ce
doctorat présente les résultats d'une étude de cas naturel présentant un exemple
SEOSWLIiAZ2yySt RS I Y2 ook flukdir@heRuizor® ldNsbitlyttdon S R
dans le cas dBelvidere Mountain Complex (BMC) (Vermont, Etags). Cet exemple fournit

dzy | LISNXedz RS I &SNLISylGAyAal A2y t KIFdziS LINB
met en évidence la présencéintiusions fluides riches en méthane. La combinaison de
données de terrain, (micro)structurelles, pétrologiques et géochimiques associée a de la
modélisation thermodynamique fournit de nouvelles informations sur les interactions des

fluides métamorphiquegavec les corps ultramafiques en subduction, et sur le cycle profond

du carbone. De plus, un logiciel Python de modélisation humérique couplant des données
isotopiques et thermodynamiques, appelé Thermotof@3H, a été développé au cours de

cette these.ll permetde modéliser rapidement les compositions isotopiques du carbone de
différentes especes carbonées, de calculer la composition de fluide porteur de COH et de
calculer la précipitation et la dissolution du carbone solide Ides divers processus
géolagiques. Un tel outil permet non seulement d'approfondir notre compréhension du
OFNb2yS Sy 1T2yS RS adzoRdzOGA2Y YIFAa LISNNSGGNT

carbone est d'une importance primordéal
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Le premier chapitre de cette thése est uneraduction au sujet de thése. Une présentation
générale de la subduction, de la serpentinisation et des hydrocarbures abiotiques est fournie.

De plus, les principales zones d'étude de cette these sont présentées.

Les deuxieme et troisieme chapitres de cenuscrit présentent respectivement |'objectif de

ce projet de doctorat et la méthodologie.

Le quatrieme chapitre présente les caractérisations de la serpentinisation du IBMC.
serpentinisation est le processus d'hydroxylation des roches ultramafiquesrahelivine
pour produire des minéraux tels que la serpentine, la brucite et la magnétite. Ce processus
aQl 002 YL 3y S dudé&okygatidnidsiar Ssgatiée a une libération dejtd peut
alors étre impliquée dans des réactions abiotiques conduiadiat genése d'hydrocarbures
légers tels que le méthane (QHDes exemples de ce phénomeéne existent dans les fonds
marins, commde champ hydrothermal de Lost City, mais a@dsk surface des continents
dans les massifs ophiolitiques podes profondeursrelativement faibles. Cependant, la
possibilité que la serpentinisation se produise a de plus grandes profondeurs, en particulier
dans les zones de subduction, souleve de nouvelles questions sur la genese de ces
hydrocarbures abiotiques dans les margesives et son impact sur le cycle profond du
carbone. Les corps ultramafigues de haute pression, exhumés dans les ceintures
métamorphiques des massifs orogéniques, peuvent fournir des informations sur les
mécanismes de serpentinisation a haute pression dasszones de subduction et sur la
chimie des fluides résultants. Cette étude porte sur le complexe ultramafique de Belvidere
Mountain appartenant a la ceinture des Appalaches, au nord du Vermont (USA). Les
microstructures montrent une surcroissance dedcti  dzE RUF yGAI2NAGS | dz

primaire (Mg # 0,91) et métamorphique (Mg # 0,95), indiquant au moins une étape de

Xiii



serpentinisation a haute température, cohérente avec I'évolution de la subduction a haute
pression du Belvidere Mountain Complexe (BMG formation de magnétite et localement
d'alliages FeNi témoigne de l'oxydation partielle du Fen Fé* et de conditions réduites.

Des trainées d'inclusions fluides recoupant les reliques primaires d'olivine suggerent leur
formation lors de I'événem@ de la serpentinisation en antigorite. La spectroscopie
microRaman sur les inclusions fluides révele une composition gazeuse riches,eainSH
gu'en N, NH: et HS. De plus, la présende minéraux fils tels que la lizardite et la brucite
dans lesinclusions fluides attestda présence initiale de J@ dans le fluide. Une
serpentinisation a haute pression entrainée par l'infiltration de fluides aqueux dérivés de
métasédiments est proposée pour l'origine dus@t des autres espéces fluides réduites
piégées dans les inclusions fluides. Cela suggére que le massif du BMC est un exemple de
genese abiotique profonde d'hydrocarbures liée a la serpentinisation a haute pression dans

une zone de subduction du Paléozoique précoce.

Le devenir du carbone dansdabduction est exploré dans le Chapifren considérant
les interactions fluideoche dans les roches ultramafiques en dalles et leurs implications en
tant que proxys potentiels pour le métasomatisme et le recyclage du carbone dans le coin du
manteau auxmarges convergentesLes roches ultramafiques peuvent connaitdes
GENRFGA2YyEd NBR2E aLISOGI Odzf I ANBA | FFSOGEHY G f
equilibres notamment entre les phases solide et fluide. Le Belvidere Mountain Complex
(BMC), quia connu des conditions P, T allansqu'a 516520 °C et 0,4,3 GPa, a subi une
serpentinisation partielle et un recyclage du carbone dans la zone de subduction (Boutier et
al., 2021). Nous présentons dans ce chapiineensemble de données microRamam ks

AyOtdzarzya T d/BRSBAEz fBa LINBABUSARRE IBEA LC
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et 8’SrPSr sur roche totale ainsi que les résultats de modélisation numérique visant a
contraindre les voies de recyclage du carbone dans le. B&l€peitoscopie MicroRaman sur

les inclusions fluides révéle des compositions gazeuses riches en CH4, ainsi que des composes
N2, NH3 et &l1. Des inclusions fluides riches en méthane peuvent étre observées dans les
péridotites partiellement serpentinisées, dansslveines carbonatées et dans les corps
amphiboliques associés au corps ultramafique. Le BMC abrite également un exemple
exceptionnel de dépbt de graphite, pour lequel les concentrations atteignent jusqu'a 3,90 %

en poids le long d'une veine d'environ &gpaisseur dans le corps ultramafique serpentinisé

Si tS t2y3 RSa 02y il Ol a 13€ dulgrghtexdragiodps autbur[ || O 2
de-mp :: 0O0xt.50d [Sa& OFNb2ylGSa LINBRZEIWadtde RIya
726 a-MIHT XWX oFa 3¢ Hu méthdhe préBet dans les inclusions fluides
montrent une large gamme de valeurs dans les roches ultramafiques allant plex H -3z L
MHZXcC ::® [8SrAYNNJILMEB2stghiérent une infiltration fluide & partir des roches
métasélimentaires, ce qui est également suggéré par I'abondance d'azote et de carbone dans

les inclusions fluides. La libération de méthane liée a la serpentinisation du massif BMC, se
mélangeanta un fluide infiltrant d'affinité métasédimentaire est proposéenuoe un

mécanisme conduisant a la précipitation du graphite. Une complexité supplémentaire est
suggérée par la réduction direct de carbonate dans les échantillons. Les réactions observées
dans les roches du BMC mettent en évidence la variabilité du reeydlagarbone dans un

systeme fluideroche dynamique, avec une mobilisation et un puits de carbone s'adaptant a

I'évolution des conditions redox.

Le chapitre6 est une présentation du logiciel Thermotop€®H, logiciel Python

permettant la modélisation des échanges isotopiques conventionnels entre différentes

XV



phases carbonés ainsi que la modélisation des processus thermodynamiques et isotopiques
plus avanceés danle systeme ©-H dans la gammede pressioAempérature 300- 900 °C et

1 - 50 kbar. Le logiciel permet une modélisation avec pnise en main facile et une
visualisation graphique de cing fonctions principales : (1) I'équilibre isotopique du carbone
entre deux phases, (2) la modélisation du fractionnement isotopique du carbone, (3) la
spéciation des fluides COH, (4) la précipitation du graphite a partir de plusieurs composants
et (5) la mobilité du carbone. Le logiciel est disponible pour Windows ou $1da3 données
produites par le logiciel peuvent étre extraites sous forme de fichier .txt et de fichier .svg.
Outre une description des fonctions du logiciel, ce chapitre présente également des exemples

pratiques basés sur des données géologiques publiées

Mots-clés : Serpentinisation HP, Méthane abiotique, Flux de C dans les zones de subduction,
Complexe de Belvidere Mountain, Olivine métamorphique, cycle profond du carbone,

modélisation thermodynamique, modélisation isotopique, infiltration fluigegphite.
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Part |- Introduction, aims, Thesis outline and methodology

1 Introduction

This Ph.D explores the possibility of ultramafic rocks in subduction to promote
serpentinization and to produce abiotic hydrocarbons, especially methamweclhas the fate

of the produced fluids in subduction zones. This research is based on two natural case studies,
the Lanzo massif in the western Italian Alps, and the Belvidere Mountain Complex in Northern
Vermont, which is part of the Appalachian belhege localities are former asbestos mines
that exhibit various pieces of evidence for deep carbon mobility through-flacét reactions
involving Gbearing phases such as graphite, carbonates, and methane. The study samples
provide new insights into the neanisms of production and conversion eb€aring species
through abiotic processes linked to serpentinization in subduction zones, as well as the
becoming of the resulting fluids. This chapter provides the background information and the
state of the artabout abiotic hydrocarbons, serpentinization, and their role in subduction

zone element cycling.

1.1 Subduction and carbon cycling

Subduction zones are key geodynamic settings for carbon recycling on Earth. They control the
influx of carbon from shallow resesirs to the deep mantle, and the return of a part of this
carbon to the surfaceThe depths at which carbon mobilized during subduction may be
strongly linked to the stability of hydrous phases in the subducted slab or in the overlying
mantle wedge(Ague, 2017; Hacker, 2008; Scambelluri et al., 2019; Schmidt and Poli, 2014;
Van Keken et al., 201Tjhe stability of hydrous and carbdrearing phases during subduction

metamorphism in turn is intimately linked to the structural, seismic, and thermal



characteristics of subduction zonéSchmidt and Poli, 2014Because serpentinites may
strongly affect the water budget of subduction zone fluids, either during serpentinization or
de-serpentinization, it isimportant to focus on the relationships between serpentinite
formation/transformation and carbon budgets in subducti¢hlt et al., 2013; Debret and
Sverjensky, 2017; Menzel &t, 2018; Piccoli et al., 2019; Power et al., 2013; Vitale Brovarone

et al., 2020)

1.1.1 Subduction zone

Subduction zones are sites where cooled oceanic crust and mantle lithosphere (also called
slab) sink into the mantle at convergent plate margins. Tale plll of the descending plate

is the main driving force regulating the plate motions and causesoeeen ridges to spread.
Subduction zones are also Earth's largest systems for element cycling into the (Saette

2002) The subducted material conssstf hydrated oceanic lithosphere and sediments, its
transformation induces melting of the mantle on top of the slab (chieantle wedge),
volcanic arc magmatism and tleeeation of new continental crugiStern, 2002)They are

also, by nature, regions of high geohazard related to earthquakes and volcanoes. As not all
the subducted rocks are recycled in the upper few hundred kilometers of a subduction zone,
slab materials may also sink to the cemantle boundary, wherehis residue may be
reheated for a billion years or so until it can be remobilized as a mantle p{tioenann,

1997) Subduction zones evolve over time, initiating with normal oceanic lithosphere, to the
collision involving continental lithosphere or oceanic lithosphere with thickened crust. During
collision, subducted material of both oceanic and continental origin may be exhumed,
providing us indirect access to subduction zone metamorplismQ . NJX Siyf @ur selarn m 0
system, only Earth appears to have subduction zones and plate testdmeccury and Earth's

moon are tectonically and magmatically dead, while Venus is dominated by thick lithosphere



and mantle plumes, while geologic features of Mars suggest active plate tectonic in past time

(Connerney et al., 1999; Phillips and Hansen, 1998; Rieder et al., 1997)

Subduction zones can differ in geometry and thermal structure depending on the age of the
incoming plate, the convergence velocity, the dip angle and the relative ptioper of
sediments, oceanic crust and hydrated mantle in the subducting(Sitdyn, 2002; Syracuse

et al., 2010)Cther relevant factors such as the evolution of the rheology of the-staintle
interface and the amount of frictional heating along the subduction path are dereil
(Abers et al., 2006; Wada and Wang, 2008 these parameters dictate the pressure
temperature (PT) path of the subdtting slab and will govern the slab lithologies and the
intensity of devolatilization reactionéSyracuse et al., 2010; Van Keken et al., 20This
results in usually three main typeof subduction based on their thermal regime: warm,

intermediate and cold suhgttion zones (Fid..1).

130 Ma Pacific plate |
V =91 mm/yr [
Qy=0029Wm? [
T T T T T

Depth (km)
Pressure (GPa)

15 Ma Philippine Sea plate
¥ =45 mm/yx
300 T 1 1 L [ PI‘cs‘marheaml =t
500 400 300 200 100 0
Distance (km)

Fig. 1.1:Thermal models of emchember (young and hot versus old and cold) subduction
zones. A: NE Japan, example of a cold subduction zone. B: SW Japan arc, example of a hot
subduction zone. C:Ppath adopted by hot subduction (orange) and cold subduction (blue).
Modified fromStern, 2002



1.1.2 Dehydration reactios

Water in subduction plays a fundamental role for defatman, partial melting and seismicity

in subduction zonefHacker, 2008; Wassmann and Stoeckhert, 200&teris brought along

in the subducting slab as pore fluids, structurally boun@® ldr hydroxyl groups in hydrous
minerals, and in fluid inclusions of minerals including nominally anhydrous minerals

(Faccenda, 2014)
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Fig.1.2: Schematic representation of devolatilization processes in subduction zones, showing
the stability of major volatile phases in the subducting oceanic crust (yellow, blue and pink
colors) and the slab mantle lithosphere (green and blue dashed lineskeathignization of

the mantle wedge (green field). amp: amphibole; law: lawsonite; dol: dolomite; mag:
magnesite; Mgcc: magnesian calcite;10 A ph: 1@#Base; pkA: phase A (fronSchmidt and

Poli, 2013.

This water is released from the slab through various processes acting at different deths
1.2). The compaction of sedients along the shallow rocks of the upper ocean crust expels
pore fluids from the slabs at shallow deptHyndman andPeacock, 2008} greater depths,

the bulk of the water released comes from the metamorphic breakdown reactions of hydrous



minerals in sediments (e.g. clay minerals, biotitegpgite, chloritoid, zoisite), altered oceanic
crust (e.qg. chlorite, lawsonite, epidote, biotite, amphibole), and hydrated mantle (e.g. brucite,
lizardite, antigorite, chlorite, talc, 10-phase, humitegroup minerals, phase AfFaccenda,

2014; Schmidt and Poli, 2014he importance of these minerals will depend on their water
content and modal abundance in the crust. For example, lawsonite carries 11.3 ateé¥ w

and is typically @15 vol.% of the altered oceanic crust, whereas the amphibole constitutes a
larger fraction of the assemblage &D%) but contains onlp2 wt.% water. Because the
water is stored within different mineral phases, it is progressivelgased as H conditions
increase and different breakdown reactions occur. Part of this water, when stored in the most
resilient minerals phase such as phengite and phase A, can be subducted deeply beyond the

subarc depth(Hacker, 2008)

Thermodynamic models indicate that slabs release water continuously during subduction
(Van Keken et al., 2011However, the sourcef the released fluids changes with depth:
firstly, sediments release water at shallow levétdlowed by the altered oceanic crust, and
finally the hydrated lithospheric manti@gorman et al., 2006; Hyndman and Peacock, 2003;
Schmidt and Poli, 2014pwing to the stability of antigorite and chlorite high pressures and
temperatures relative to other hydrous phases, serpentinized mantle rocks have the potential
to transfer water to sukarc and potentially posarc regions. Depending on the thermal
structure of the subducting slab, up to 40% of thater stored in serpentinized mantle may

be transferred into the deeper mantl¢Hacker, 2008; Ripke et al., 2004; Ulmer and
Trommsdorff, 1995)The fluids released from the slab rise along the sfamtle interface,
where they interact with the mantle wedge to form serpentinéted hybrid mélange rock rich

in amphibole, talc, and chlorittBebout, 1991; Spandler et al., 2008hese mélange rocks,

forearc mantle wedge serpentinites, and serpentinites from the hydratedsphere, may



be dragged down with the slab and thereby deliver volatiles to depths of arc magma genesis

(Hyndman and Peacock, 2003; Spandler and Pirard, 2013)

Serpentinites are considered the potentially most important water source below the
magmatic arc(PadronNavarta et al., 2010b; Ulmer and Trommsdorff, 199#)ich make
serpentinite dehydration reactions of particular significance. Serpentine dehydration is a
progressive process. The mineralogy of serpentinite evolves along the subduction initially
composed of lizardite, chrysotile, and brucite, which usuedigtain about 13 wt% of 9.

With increasing temperature (at 25860 °C), lizardite and chrysotile are replaced by

antigorite (Fig.1.3)(Evans, 2004; Guillot et al., 2015; Schwartz et al., 2013)
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Fig.1.3: Simplified stability field of serpentine type minerals and olivine, modifiedGahot
et al., (2015])see references therein for details on the main reactions).




This first metamorphic reaction releaseg to 2 wt% of water with reaction such as:

p Y QA & TEWD Q¢ 6 Q& D "Q'Q¢ 10RO 'Q O Q

p @ Qa wiFCIQw iQ¢ 0 QY'QY 00" Q0U8pg
These reactions are followed by theddabilization of brucite:

& 0QQEICADIQO O QB'POE T | 0 QiL'EO 1 pd
Which averagep to2.2 wt% of IHO based on the initial amount of brucite in the serpentinite.
Lastly the remaining antigorite in the rock releabetween 6 and 11 wt% of water during its
dehydration PadronNavarta et al., 201,3and references therein)The temperature of
antigorite dehydration varies according on the pressure an alumicontent of the rock

from 500°C to 680 °@romiley and Pawley, 2003; Padfllavarta etal., 2013, 2010a; Ulmer

and Trommsdorff, 1995)

0&0QQEIPADN | 0 QITH®R 6 XOU p&

0¢0QQEIIROA Q8 K1 1N wi € wBEHE | QOB pd

O &0 QQEIIRWY 0i £ GBI & 00 pd
The phase assemblage produced by the-fressure dehydration reaction @).is common
in contactmetamorphic serpentinites (e.grommsabrff and Evans, 1972The reaction (5)
is the most relevant serpentinite dehydration reaction along warm and intermediafe P
paths in subduction zones, producing prograde chlengezburgite(Bromiley and Pawley,
2003; Trommsdorff et al., 1998)he reaction () can occur in cold subduction zaehere

water can be retaiad in phase A after antigorite breakdown and delivered at subarc depth

(Maurice et al., 2018; Rupke et al., 2004)



As the serpentinization reactio@ommonly iwolve the oxidation of F& in Fé&*, the
deserpentinization reactiomay beaccompanied by the inverse reaction with the reduction
of F&* in magnetite to F& incorporated in olivine and orthopyroxene and a coupled
formation of hematite and oxidation ofeFNi sulphides to fluiedmobile sulphate(Alt et al.,
2012; Debret et al., 2015; Merkulova et al., 2QIHis accompaasthe water transfer from

deserpentinization by an oxidation from the slab to the overlying mantle wedge.

1.1.3 Deep carbon cycle, and ¢am mobility

9 NLIKQad OfAYIFGS FTYR KFEoAGIroAftAGE FTNB KAIKE @
geological reservoirs through tin{fBerner and Kothavala, 2001; Hayes and Waldbauer, 2006;

Zahnle et al., 2007The atmosphere and the biosphere represent only a small fraction of the

total 9 F NI KQ& OF Nb2ysS GAGK Yz2ald 27F (PasgugtailaBdNBER A\
Hirschmann, 2010; Hirschmann, 2018he transfer of carbon from deep Earth to the
FGY2ALIKSNE o6a2dzi3rkaairyIéo subduRiond &R Y I IALZNF Y DESO
varies through geological time, resulting in global climate chafigemer, 1999; Dasgupta,

2013; Dasgupta and Hirschmann, 2010; Evans, 20hi9 long term and globatale carbon

GNI YyAFSNI KId 0SSy S NY QRtespricss®dbottOdt tNebstrifce O Of S ¢
and in the mantldDasgupta, 2013; Orcutt et al., 201Moreover, carbon plays a key role in
determining the oxygen fugacity condition of the atmosphere and mantle across geological

time (Duncan and Dasgupta, 2017; Hayes and Waldbauer, 2006; Stagna, 2019)

Subduction zones are the only ingassing active fluxes storing the carbon back to the Earth
mantle. However, the fate of the carbon brought along subductionsnsplex as a significant

portion of this carbon can be released during burial. Estimates of the carbon budget at



subduction zones need to take into account multiple processes and the associatedfigxes

1.4)(Kelemen and Manning, 2015)

Ridge and ocean
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. Values in megatonnes carbon per year. Values in parenthesis
From SUbd",Ktmg plate are from Dasgupta & H\rS(thann‘JEPSL 2010.“362?" comes
to convecting mantle from Dasgupta & Hirschmann. Dasgupta RIMG 2013 suggested
0.0001-52 (24-48) a value of 5 Mt C/yr for subduction of altered peridotite. (-)
indicates that Dasgupta & Hirschmann did not estimate a value.

and Manning@2015 an
Dasgupta and Hirschman(2010 for compariso{©Deep Carbon Observatory).

Fig.1.4: Estimates of geological carbon fluxes. Data figatemen

Carbon is stored in the oceanic lithosphémenarine sediments, altered crust and hydrated
lithospheric mantle, which represent beegn 40- 66 Mt C/year entering into subduction
(Kelemen and Manning, 2015)s the carbon releasest oceanic ridge and the associated
volcanoes range at 842 Mt Qyear, the formation and recycling of oceanic lithosphere
amounts to a net sink of carbon from shallow reservoirs. Marine sedim@lenk and
Langmuir, 1998and altered oceanic crugflt and Teagle, 1999hake up ~8G 90 % of the
carbon budget of current subducting oceanic lithosphere {38. Mt Clyear), while the
hydrated lithospheric mantle represents a relatively minor sink of carberilBdMt Clyear)
(Alt et al., 2013; Kelemen and Manning, 20IR)ese fluxes are based on estimates with

uncertainty of the carbon budget of oceanic mantle deriving from a relatively small number



of samples ad the large spatial heterogeneity of carbon content, which is often concentrated
in localized carbonatbearing veins and zones of intense alterat{@ngy.Bach et al., 2011;
Schroeder et al., 20)%hat are poorly recovered by ocean drilling. Current estimations of the
carbon budget of subduction zones are done according te- @f@ducing/consuming
processes and may neagpture the full range of carbon fluxes in subduction zones, as CH
dominated fluids investigated in thizgh.D Better quantification and understanding of carbon
fluxes in subduction zones is therefore fundamental for improving our estimates on the Earth

carbon cycle.

The understanding and quantification of carbon cycling in subduction is challenging from
mass balance considerations alone. The deep carbon cycling at subduction zones is still facing
major imbalances. For example, although the carbon fl@ateslcanic arcs are comparable

with the inputs of subductioiiBurton et al., 2013; Hirschmann, 2018; Kelemen and Manning,
2015) a potentially large fraction of the carbon emissions at volcanic arcs derive from
interaction of magma with crustal carbonate ro¢k&arter and Dasgupta, 2016; Mason et al.,
2017a) Also, it has been proposed that a part of the carld@gassed from subducting slabs

does not reach the surface, making the mantle wedge or the deeper mantle potential carbon

reservoirs(Kelemen and Manning, 2015)

Thermodynamic models have arisen to explore the release of carbon along subduction at
different depths into suksolidus aqueous fluiddlanning et al., 2013; Molina and Poli, 2000;
Schneider and Eggler986) supekcritical liquidg(Poli, 2015pr melts(Dasgupta et al., 2004;

Dvir and Kessel, 2017; Tumiati et al., 2013; Woodland et al., 2ptB% generally these
models help determine the magnitude of carbon mobility and at@r along the different

stage of burial, and suggest that slab sediments, altered oceanic crust and the hydrated

10



mantle retain large fractions of their carbon contents during subduction metamorphism

(Gorman et al., 2006; Johnston et al., 2011; Kerrick and Connolly, 1998, 2001a, 2001b)

Carbon is stored in different phases sua$ carbonate minerals, organic compounds or
graphite, and in fluid or mukphase inclusions in silicate minerals. For most subductgdn P
paths, thermodynamic models predict that the general sequence of stable carbonate phases
with increasing metamorphigrade is Meralciteg aragonite/dolomiteg aragonite/magnesite

in metasediments(Kerrick and Connolly, 2001and Mgcalcite/aragonite¢ dolomite ¢
magnesite in altered oceanic crumtd carbonatebearing, hydratd mantle(Fig.1.2) (Kerrick

and Connolly, 1998, 2001b)

Because the mantle wedge may potentially react vatkarge fraction of the fluid released
from the subducted slab, masomatized peridotites can store carbon bearing minerals, as
carbonate, organic compounds, elemental carbon (graphite or diamond) or fluid inclusions
(Forster et al., 2017; Malaspina and Tumiati, 2012; Sapienza et al., Z8@Jjuids released

by subduction may bear different redox conditions, and thetassomatic reaction resulting
from the migration of such fluid can lead to change of the stability of carbon bearing minerals.
The role of reduced carbonic fluids in subduction, however, is still poorly investigated. For
instance, Hbearing fluid derivedrom serpentinization may lead to the precipitation of
graphite from carbonates in subduction settin@®alvez et al., 2013;tdle Brovarone et al.,
2017) In this scope, mobilization of carbon through COH fluid is among the processes able to
produce abiotic methane and other organic compounds. This can play a role in the mobility
of carbon at depth and the general oxidatiotate of subductions zonefArai et al.,2012;

Galvez et al., 2013; Sverjensky et al., 2014a; Tao et al., 2018; Tumiati et al., 2017)
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1.2 Serpentinization process

The process called serpentinization corresponds to the aqueous alteration of giisine
ultramafic rocks to form serpentingch rocks. During this process,¥eontained in olivine
and pyroxenes is oxidized to ¥end incorporated in Fe oxides such as magnetite and in
serpentine minerals. The serpentine family consists mainly of three polysomes: lizardite,
chrysotile, and antigate, which can be described as hydrous magnesnam phyllosilicate
minerals with a simplified structure of (Mg,E8)Os(OH). The serpentine polysomes differ
in their structures and chemical formulg®oody, 1976) Temperature is the main factor
controlling the stability of lizardite and antigorite, with lizardite being stable at lower
temperature and antigorite at higher temperature conditigfisszans, 2004gven though the
chemistry of the system may also affect their stabi(iygrinier and Carat, 1997; Andréani

et al., 2007; FritGreen et al., 1996; Padrddavarta et al., 2013, 2011, 20108)eanwhile,
chrysotile generally formsat relatively lowpressure conditions, during late stages of

serpentinization or in veifFig.1.3)(Guillot et al., 2015)

1.2.1 Serpentinization reaction and settings

A typical serpentinization reaction goes as bel@nost and Beard, 2007)
o QYD ¢YO OO0 ¢d QYD 00 (1.7)
Olivine +fluid = Serpentine

The oxidation of iron in serpentine and magneigecoupled with BHlproduction throughthe

generic reactior{Klein et al., 2019)

¢’'0OQu OO0 "OQ) O (1.8)
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Along with olivine, other Fbearing minerals can be affected by oxidation during
serpentinization(Moody, 1976; Wicks and Whittaker, 197This is expected to happen if
those minerals are far from equilibrium at the conditions of serpentinization, espeatdbw
pressure and temperature conditions. The main mineral products of serpentinization are
serpentine type minerals (lizardite, antigorite and chrysotile), brucite, magnetite, and iron
nickel alloys. In some occurrences, according to the initial ctemof either the
serpentinized rock or the infiltrating fluid, diopside and tremolite can be obsefveakt and

Beard, 2007; Moody, 1976; Wicks and Whittaker, 1977)

Serpentinization may be associated hvilifferent microstructures. As serpentine minerals
grow at the expense of other minerals, the perfection of pseudomorphism varies from
excellent to indistinct and can display various characteristic features depending on which

mineral is being replace@Vicks and Whittaker, 1977)

In the case of olivine, the main texturebserved are the mesh (Fi§.5A) and hourglass
textures (Fig.1.5B) Mesh structureis composed of a latticework of divided veins enclosing
olivine coreswhile hourglass texture results from serpentinization of olivine in a single stage,
such that thefibrous mesh rims extend to the center of the gralin the earliest stage of
serpentinization, magnetite appears as very fine grains distributed throughout the
serpentine. As serpentinization progresses, the magnetite forms bigger grain and
concentratesn mesh centre or rims, to finally migrate out of the mesh or hourglass texture

to form veinlets in the latest stag&Vicks and Whittaker, 1977)

In the case of pyroxene, the serpentine pseudomorph is called bastitel(b8). The terms
can also be used for fully serpentinized amphibole as they are indistinguistvildks and

Whittaker, 1977)The serpentinization of pyroxenes begatgyrain boundaries and fractures
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and follows along cleavages and partings to produce serpentine crystals oriented along the
original cleavages. Bastite formation is not systematically associated with magnetite
formation. When present, magnetite grainsrifio with serpentine and outline the original

cleavages.

On top of these mineral phases produced, and as a consequence of the oxidation,
serpentinization can release reduced gas phases in the fluid such.abhel ability of

serpentinization to release redad gas can vary according téTReondition and chemistry of

the rock, as well athe degree of serpentinizatiofkein et al., 2019, 2014)

Fig.1.5: A: Partially serpentinizqueridotitewith mesh texture. B: Bastite textureperidotite.
(Andreani et al., 2013: Lizardite purlourglasstexture (Wicks ad Whittaker, 1977)Ol:
olivine,Opx: orthopyroxene, Bst: bastite

In the presence of carbonldan then react to produce Gldnd even more complex organic

compounds(Bach et al., 2004; Frost, 1985; Klein et al., 2014; McCollom and Bach, 2009;

Ménez et al., 2018)

Serpentinization occurs in various settings. It mainly occurs where oceanic lithosphere is
altered by seawater such as seafloor, particularly in mago@ spreading ridges settings
(Cannat et al.,, 2010; Rupke and Hasenclever, 20&lOng oceanic transform faults
(Schlaphorst et al., 201,6dr abng deep bend faults at the outer rise prior to subduction

(Faccenda, 2014; Ranero et al., 20@rpentinization has also been proven to occur in the
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upper cold (T<650 °C) mantle wedge in subduction zones from the infiltratfndsf soured
from the subducting slatBlakely et al., 2005; Fryer et al., 1999; Hyndman and Peacock, 2003;

Kamiya and Kobayashi, 2000)

1.2.2 Consequences of serpentinization

The process dderpentinization is key in Earth dynamics, playing a central role in global water
cycling. It allows the recycling of water back inside the mantle along with several other
elements associated with wateock interaction (Guillot et al., 2015) Srpentinization
decreases the density of peridotite and produces magnefitging serpentinization, the rock
density decreases from 3000 kginto 2500 kg/nt for 0% to 95% of serpentinization,
respectively(Christensen, 1966; Saad, 196Biis change in density and volume (about24

% increase) of the ultramafic lithologies does not occur simultaneously in all lithologies and
results in deformation of the surrounding rockslein and Le Roux, 2020; Malvoisin et al.,
2020) Because of the formation of magnetite, serpentinites usually have high magnetization
(Blakely et al., 2005; Maffione et al., Z)I0ufi et al., 2002)Serpentinization also alters the
chemical and microscopic elemental distribution of the rock, with the redistribution of major
elements like Mg, Si and Al and mobility of Ca, Na, Fe and Mn atgigaito regional scale
(lyer et al., 2008)Because of this, serpentinization of the oceanic lithospheric mantg

play an important role in constraining the global ocean chemical budget as well asftam@an

mineral depositgLigi et al., 2015; Malvoisin, 2015; Pinto et al., 2017)

The low density of antigorite serpentinites (2.75 g/cm3) causes strong buoyancy, thus
providing a mechanism for the exhumation of deeply subducted r@d&amann et al., 2000)
Additionally, serpentine minerals weaken the physical strength of the plate interface in

subduction zones, which leads to ductiteehavior (Lundin and Doré, 2011Moreover
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because of the incorporated water, it acts as a lubricant along plate boundaries. The presence
of serpentinite in and near a subducting slab may favor subducted oceanic and continental

rocks to be exhumed to the surfa¢@orczyk et al., 2007; Guillot et al., 2009)

Fully serpentirded rocks can contain up to 13 wt.% and can incorporate a lot ofrfioioile
elements As, Sb, B, Li, Cs, Pb, U, Ba and Sr. This becomes of major significance when
serpentinites are subducted and participate in geochemical cycling at déipid.
1.6)(Deschamps et al., 2013, 2011, 20I)e release of water directly affects the overtyin
mantle rocks, lowering the melting temperature of mantle rq&lanero et al., 2003 his

leads to magma production migrating upward to form a volcanic arc. Additionally, the water
releasal leads to the extensive serpentinization in the forearc mantle as indicated by a wide

range of geophysical and geological dé@astock et al., 2002; Hyndman and Baek, 2003;

Wada et al., 2008)

(wy) ydeq

Fig.1.6: Schematic sketch illustrating the geological impact of serpentinites in subduction.
(Deschamps et al., 2013)
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1.3 Abiotic hydrocarbons

Hydrocarbons are molecules entirely composed of carbon (C) and hydrogen (H) atoms. They
form the basis of the oil and gas industry. On Earth, hydrocarbendton is believed to be
related mainly to biotic processes being either produced by life forms or their transformation
during burialBrooks and Smith, 1969, 1967; Welte and Tissot, 18B4irocarbons are highly
combustible compounds, releasingater, carbon dioxide (CPand heat when ignited in
presence of dioxygen (O They represent on earth a widespread source of energy. Gaseous
hydrocarbons are mainly alkanes, including methane,)(Ghane (&), propane (),

butane (QH.). Hydrocabons composed of 5to 17 carbon molecules are found in a liquid state
while heaviest hydrocarbons (18 to 40) can be found in a solid state. Because of the presence
of carborrhydrogen bonds, they are also described as organic compounds, as carbon can
chainwith other carbon atoms and form the basis of life as we know it on Eattisi, 2016;
Rasmussen et al.,, 2003; Szostak et al.,, 20@i)act, hydrocarbons present oRarth
atmospherepartly originate from either microbial processes or maturation /degradation of
biological material(Ciais et al., 2014; Khalil et al., 2007; Khalil and Rasmussen, 1983;
Rasmussen and Khalil, 198Charbon represents 0.3% mass fraction of the elements in the
universe and is the fourth more ahdant element(Croswell, 1996)Observation of this
carbon on other planetary bodies of the Solar System indicates the presence of hydrocarbons
despite the absence of life or I|H@ssociated processes for hydrocarbon synthesis
(Ehrenfreund and Charnley, 2000; KwokR009) Compared to the vast majority of
KERNROINb2ya F2dzyR G (GKS 9FNIKQa adaNFI OSs
produced abiotically, i.e., formed by chemical reactions that do not directly involve life forms

or their transformations.
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As methane is the simplest and the most common of hydrocarbons on Earth, it will be the

focus of this study.

1.3.1 Abiotic hydrocarbons on earth

Abiotic hydrocarbons on Earth are produced without the contribution of life process or
organic matter degradation.sAsuch, the maturation of biogenic organic matter and release
of hydrocarbons with rising temperature (and pressure) is not considered afiiditope and
Schoell, 2014; Sugisaki and Mimura, 1994; Truche et al., .208@ver,an abiotic process
producing hydrocarbons from a carbon souretated to life may still be considered of abiotic
origin. On Earth, abiotic hydrocarbons can be found in a wide range of conditions, although
their detection is challenging. A comprehensive review of abiotic hydrocarbons on Earth and
the associatedprocesses can be found mBtiope and Sherwood Lollar, 2Q1Brimordial
hydrocarbons, almost exclusively represented by methane, correspond to the initial presence
of hydrocarbons brought on Earth during its early accre{i©raig and Lupton, 1976; Etiope
and Sherwood Lollar, 2013; Gold, 1978 ths day, Earth is still believed to degas some of
its primordial volatile elements, especially helium which may be associated to carbon
O2YLRdzy RS RSt AGSNAY3I 0A20A0 LINAY2NRGE t YSGK
2012; Gonzalez et al., 2020; Hilton et al., 1997; Marty et al., 2Bib8)ever, the existence of
fluxes of primordial methane remains controversial and have neither been observed nor

guantified(Colman et al., 2017; Gold, 1979)

Nevertheless, several mechanisms and processes have been identified that can produce
methane abiotically at crustal and upper mantle dep(gsiope and Sherwood Lollar, 2013;
Sephton and Hazen, 2013; Truche et 2020) Magmatic abiotic hydrocarbons can originate

from hightemperature reactions in the mantle such as hydrolysis of metal carlfREsskow
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et al., 2006; Petersilie et al., 196 Additionally, as COH fluid are omnipresent in geoldgica
fluid, respeciation of CO and @ CH can happen in a wide range of temperatures under
circumstancegpromoting reduced conditions. Different reactions have been identified to
produce abiotic hydrocarbons at laboratory conditions or observed in shajeslogical

environment(McCollom, 2@3; Sephton and Hazen, 2013)

- The FischeffropschType (FTTyynthesis(Fischer and Tropsch, 192@hich was
originallydeveloped in the industry for dry gas mixtures, corresponds to a vast array
of reactions implying the polymerization of oxidized carbon and dihydrogen to

LINE RdzOS @I NA2dza &/ | hé LINE RdzO (MastetsKIR7TQK O y

60 O uww e '08fi € QP o
¢CKAAa da/1 hé LINPRdzOG O2NNBalLlRyRa (2 | ySgte
release of water molecules. The reaction with carbon monoxide or carbon dioxide can

be written as:

€00 ¢c¢ p0OO0O0 €00 pp m

) oc¢ p0O0Od6™0 €00 pd p
FischefTropsch synthesis produces low molecular weight hydrocarbons, with
exponentially decreasing concentration with the increasing carbon number. Even
though numerous differences exist for geological systems, where water is often
abundant,it has been dbated as a potential process at the origin of hydrocarbons in

hydrothermal vent settinggFoustoukos and Seyfried Jr, 2004rith and Berndt,

1999; McCollom and Seewald, 2006; Proskurowski et al., 2@28alysts such as
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transitional metals have been shown to enhance the reaction at laboratory conditions

(Adams, 1992; Beinert et al., 1997)

- Serpentinization reactions can produce favorable conditions for methane formation
through FTT reactions. Methane generation in serpenétion settings has been
increasingly documented at oceanic ridges and ophioljEspe et al., 2011; Holm
and Charlou, 2001; Klein et al., 2019; McCollom and Seewald, 2007, 2006; McDermott
et al., 2015; Vitale Brovarone et al., 201Wjith the observation of more complex
alkane through abiotic reactiofMénez et al., 2018 Asaqueous condition appears to
not be favorable for FTT production of methafMcDermott et al., 2015 gaseous
conditions found in minerals inclusions havgeen observel to bear light
hydrocarbons.Suitable conditions are intimately linked to hydrogenoduction,
imposing low oxygen fugacity conditions favorable for the conversion of carbon into

methane, for example, through Fisch€ropsch reactions.

- Thermal metamorphism of carbonates can lead to the release of hydrocarbons
(Holloway, 1984)At a temperature between 300 and 400 °C, interaction with aaid
water can lead to formation of dolomite and the release of methane as proposed in

the unbalanced reaction:
- C3E [/ ( # N#  # (/ ° #A-# 3E # pPC

At temperature higher than 400°C, interaction with siderite and water can lead t
reduction of the iron and the release of methane as proposed in the following reaction

(Giardini and Salotti, 1969)

&A1 #AN# (1 ° &A #( #Alp® o
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Alternatively, in reduced environment, a reaction between dolomite and dihydrogen
can results in the release of methane as follow in the unbalanced equé®ieng et

al., 2021)
8 OO &P 0 B0 LW 80 b 06 p T

Carbon from carbonate can be mobilized along increasing PT conditions during

subduction zones. Storathrbon can be released as methane in the fluid.

1.3.2 Abiotic hydrocarboabudget and environment impact

Abiotic hydrocarbon production on Earth is much smaller than biotic production, at least in

its outermost envelopes. Moreover, abiotic and biotitydrocarbons can often find
themselves mixed in geological environme(iEiope and Sherwood Lollar, 2013; Young et

al., 2017) Distinguishing abiotic and biotic hydrocarbons in sgeltiings has been proven
RAFTFAOMzZ G oA GK 02y @Sy (i kx $HRsofope hedch&mysinyj Methane a dzO K
R2dzof & &adzoadAlddziSR A&d202L12f23dzSax 2N YSGKIF YS
potentially valuable technique to discuss the origirformation of hydrocarbons, but only a

few laboratories worldwide dispose of adequate facilities to déBeaudry et al., 2021,

Douglas et al., 2017; Etiope et al., 2011; Ono et al., 2021; Stolper et al., 2014b A2@1Bar

limitation of the techniques is so far the large quantity of gas needed.

Because of its powerful infrared absorption, methane is among the most potent natural
greenhouse gases, in a similar fashion to carbon dioxidg @@ nitrous oxide (dD).Despite

its presence being in a significantly lower amount than carbon dioxide in the atmosphere
(0.0407% Cg£rs 0.00018% GH its global warming potential is significantly higher. The effect
of a greenhouse gas on climate is quantified in terms of ragidbrcing, corresponding to

how much a gas changes the balance between incoming solar radiation and outgoing infrared
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NI RAFGAZ2Y 6AGKAY GKS 91 NX Easierdtal. 2@0ARaHeSadE 6 S E L.
al. 2007report atmospheric concentration of GOf 379 ppm and assated radiative forcing

of 1.66 W.n7Y and for CHlconcentration of 1774 ppb with a radiative forcing of 0.48 W, m

indicating an effect of one mol of CHbout 61.8 time higher than one mol of £€&h a 250

year time span. Because of this, the release ofy @Hthe atmosphere is not to be
underestimated on the climatic evolution of Earth, be it from biotic, abiotic, or anthropogenic
a2dz2NOSad ¢KS YSUKFIYS O2yOSyiaN)} GA2Y Ay 9 NIK
through the geologic timescale and isthda S@SR G2 KIF @S LI F@SR | LINR®
primitive atmosphere. Especially before the appearance of complex life, concentration of CH

could have been much higher than present and is discussed as one of the factors for
Precambrian relativelyigh temperature (above freezing) despite reduced solar activity at the

time (Kasting, 2005)With the recent global warming, anthropogenic and biotic fluxes of
methane have benefited from substantial effort and quantificat{&eay et al., 201 able

1.1). However, abiotic sources remain largely unconstrained and unquantified. It can be
observed that most of the methane fluxes presented as geological methane in Table 1.1
correspond mainly to GHhydrates (also called clathrates) which, as the authors argue, not

only remains speculative but is not exhaustive of the overall geological soofcgld on

Earth. To depict a more accurate picture of geological hydrocarbons, the following sources
should be considered: volcanic eruptions, fumaroles, mofettes, hydrothermal springs, and
seepage in sedimentary basin. Additionally, methane (and heaytpbarbons) productions

from serpentinization reactions in a wide range of subsurface hydrothermal conditions are
neither fully understood nor quantified and require further studies. More recent estimations

of the contribution of geological sources by itad into account seeps, mud volcanoes and

geothermal/volcanic areas would amount to 40 to 60 Mt @H making geological sources
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as a whole the second largest natural contributor after wetland to atmospheri¢Rxay et

al., 2010) Most geologic sources previously mentioned correspond to abiotic hydrocarbon
forming processes, however the £bkkeeping from sedimentary lsan can originate from
thermogenic transformation of biologic organic matter and thus is not classified among the
abiotic processeRReay et al.(2010 described three main sinks of atmosphericsCio of

them corresponding to the interactions of €iith OH radicals in the troposphere (about
87%) and stratosphere (about 7%), and the last one corresponding to methanotrophs bacteria
in soils (about 5%). One particularity of the interaction between OH radicals anith @té

upper atmosphere is that iteads to the formation of ozone, and decreases its oxidizing

potential, increasing GHitmospheric lifetime.
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Table 11: Global estimates aihethanesources and sink&keay et al., 2010)

Natural sources Methane flux (Tg CH, yr')® Range®
Wetlands 174 100-231
Termites 22 20-29
Oceans 10 4-15
Hydrates 5 4-5
Geological 9 4-14
Wild animals 15 15
Wild fires 3 2-5
Total (natural) 238 149-319
Anthropogenic sources

Coal mining 36 3046
(Gas, oil, industry 61 52-68
Landfills and waste 54 35-69
Ruminants 84 1692
Rice agriculture 54 31-83
Biomass burning 47 14-88
Total, anthropogenic 336 238446
Total, all sources (AR4) 574 (582) 387-765
Sinks

Soils =30 26-34
Tropospheric OH —467 428-507
Stratospheric loss -39 30-45
Total sinks (AR4) -536 (581) 484-586
Imbalance (AR4) 38 (1) —199-281

MNote: * Values represent the mean of those provided in Denman et al (2007, Table 7.6) rounded to the nearest
wheole number. They draw on eight separate studies, with base years spanning the period 1983-2001.* Range is
derived from values given in Denman et al (2007, Table 7.6). Values from Chen and Prinn (2006) for anthropogenic
sources are not included due to overlaps between source sectors. © Values in parentheses denote those provided
in the IPCC Fourth Assessment Report (AR4) as the ‘best estimates’ for the period 2000-2004.

Source: Values derived from Denman et al {2007)
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1.3.3 Abiotic hydrocarbosand the origin of life

Life on Earth revolves mainly around one element, carbon. When considering the origin of life
2y 9FNIK:Z AlGQa SaLlaOthd frahsiion ofygedolyidaly loscyrdhg (1 2 f
hydrocarbons to complex carbon chains present in living organisms. Ais €i¢ simplest
hydrocarbon, it is a widely available potential source of carbon to form more complex carbon
chains(Barry et al., 2019; Colman et al., 2017; Fullerton et al., 20A#)this reason, the
formation or availability of abiotic hydrocarbons takes a place on the investigation of the age
old question on the origin of lif¢Holloway, 1984; Martin et al., 2008; Ménez et al., 2018;
Nisbet and Sleep, 2001; Russell and Nitschke, 2017; Ueno et al., A0t8) considering
suitable conditions forthe emergence of life, three conditions must be met: liquid
environments, the availability of organic matter, and a source of en@giman et al., 2017,
Kompanichenko, 2017 this context, abiotic hydrocarbons are considered as a suitable
source of carbon to build primitive life forms. In some cases, such as hydrothermal vent
and/or serpentinization, abiotic hydrocaob formation is associated with the release of H

and this kind of system can also be accompanied by other volatile elements such as sulfur and
nitrogen. Molecular hydrogen or sulfates are candidates as a possible energy source to be
processed to fuel pritive metabolism, and along with nitrogen can be building blocks of

organic compounds.

Hydrothermal vents located at midcean ridge are good candidates for the study of the
emergence of life on Earth, as they provide copious amount0fG®, and otherlight
St SYSyitaz LINRRdzZOAY 3 K@t eéal.y20d L Martireet al.,2R0B)A | y A O

scientists stumbled upon a hydrothermal field called Lost City, located in the Atlantic Ocean
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at 750 to 900 m depth at more than 15km frothe Mid-Atlantic Ridge, and hosting
carbonateNA OK OKA Yy Sea Ol f(FgSiR)(Kelley ke 8.5 20G5)WiegeS NE
hydrothermal chimneyemit alkaline higkpH hydrothermal fluid cooler (2300 °C) than
those emitted by blacksmokers (360°C) from the underlyingserpentinized mantle
peridotites. These systems were found to support their own microbial communities related

to the methanecycling, such as Archaea and macrofaunal ecosystems.

chalk beds over
N sedimentary breccia B S
unconformity mylonitic
Top of Platform serpentinites active & inactive
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mound of spire

ot fragments
South-Facing
Fault Scarp & hydrothermal
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& metagabbro
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Carbonate net veins
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Fig.1.7: A: 10 m tall actively venting carbonate growing directly out of a serpentinite cliff. Lost
City hydrothermal field, Atlantis Massif. B: Sketch showing geologic and tectonic relationships
at Lost City. Hydrothermal structures are located on a faulted einopped block of variably
altered and deformed crust composed predominantly of serpentinite. Rebay et al., 2005
Becauseof its potential to produce favorable settings fos &hd CH abiotic production, the

hydration of mantle rocks has been the subject of several studies over the past decades

(Nisbet and Sleep, 2001; Schulte et al., 2006; Sleep et al., 2004; Sleep and BirdAt2€6W)
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to ultraslow spreading ridges (<40 mni {Carbotte and Scheirer, 20Q4inantle rocks can be
unroofed and react with seawater to form serpentinite, Hnd abiotic CHKelley et al., 2005;
Klein et al., 2013; Konn et al., 2009; McCollom and Seewald,. 2004z et al., (2018)ere
ableto detect from natural samples from the Lost City abiotienfation of amino acids
through mineral reaction catalyzed metals. Several studies have focused on the emergence
of microbial communities at hydrothermal conditioflakamura et al., 2009; Takai et al.,
2006; Ueno et al., 2006potential links between abiotic hydrocarbons and the emergence of
life also extend to the deep subsurfac@$phere(Schrenk et al.,@L.3) The investigation on

life habitability at depth supported by serpentinization processes has also been explored and
hint at the possibility of deep microbial life in subseafloor conditions and at convergent
margins(Curtis et al.2013; Ohara et al., 2012; Plimper et al., 2017b; Reveillaud et al., 2016;

Vitale Brovarone et al., 2017)

1.4 Geological settings of this study

1.4.1 Lanzo massif

The Lanzo Massif is a lar@160 kn¥) body of ultramafic rocks located in the internal part of

the Western Italian Al It features occurrence of abiotic methanogenesis and carbon
mobility (Giuntoli et al., 2020; Vitale Brovarone et al., 202 was one of the study zones

of this Ph.D Numerous field sessions and analysis on samples from this locality have been

conducted, but due to inconclusive results, they are not presented in this manuscript.

1.4.2 BelvidereMountain Complex

The BelvidereMountain complex (BMC) area is part of a Ne&buth trending belt of

mafic/ultramafic rocks belonging to the Appalachian Mountain system and extending f
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Newfoundland to GeorgiéGale, 2007; Hibbard et al., 20(ey.4.1). These ultramafic bodies
mainly consist of variably serpentinized peridotites, and associated metabasic and metafelsic
rocks tectonically embedded within Camb@rdovican metasedimentary and metavolcanics
formations (Chidester et al., 1978; Gale, 1986, 1980; Laird et al., 1984; Van Baalen et al.,
2009) The BMC, as well as other mafic/ultramafic complexes such asltbeson Peak and

the Pennington complexes, are interpreted to represent remnants of an eceatinent
transition zone associated with the extension of the Laurentian mdf@irew and van Staal,
2014) These terranes were successively involved in the closure of the lapetus Ocean during
the Ordovican Taconic orogefpoolan et al., 1982; Honsberger et al., 2017; Karabinos et al.,
1998; Laird et al., 1984; Stanley et al., 198Me BMC forms a 6.5 km long bodhatt
structurally overlies the metasedimentary Ottauquechee and Stowe Formations to the East
and is overlain by the Hazen Notch formation to the West. The Stowe Formation is late
Cambrian, composed of grayeen quartz-chlorite-sericite +f/ magnetite schis. The
Ottauquechee Formation is middle Cambrian consistfr@arbonaceous pyritiferous phyllite.

The Hazen Notch Formation is dated from Neoproterozoic to Cambrian, graphitic and non
graphitic quartzalbite-scleritechlorite schist, along mediwgrained massive, quartalbite-
muscovite gneiss. The internal architecture of the BMC comprises, from top to bottom,
variably serpentinized dunite and harzburgite, coagsained and finegrained amphibolite,
greenstone, muscovite schist, and albite gné(Sale, 1986, 1980; Van Baalen et al., 2009)
Lenticular bodies composed of tatarbonate rocks and steatite, often including cores of
relatively unserpentinized peridotite, are observed within the BMC, and rangee from a

few meters to several tens of mete(Chidester et al., 1978)r/he BMC rocks underwent
Taconic blueschidacies peak metamorphic conditions constrained atD.9 GPa and 510

520 °C in metabasic rockdonsberger, 2015; Laird et al., 1998)ightly higher P, blueschist
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to-eclogitefacies metamorphic conditions are recorded by the Tilliston Peak mafic rocks
located just north of the BMQaird et al., 1993, 19847 his tectonometamorphic event has
been dated at 50873 Ma by*%3°Ar amphibole and mica geochronolofyastonguay et al.,

2012; Laird et al., 1993)

2 Aims and thesis outline

2.1 Aims

The main goal of this Ph.D. thesis is to improve our understanding of the formation of
hydrocarbons from abiotic processes in subduction zones, and in particular the role of
occurring from the subduction serpentinization in controlling the mobility oragerof deep
carbon under reducing conditions. Subduction zones are the main drivers of element recycling
on Earth, acting as an interface between shallow envelopes and deep Earth reservoirs. In the
context of subduction, the mantle overlying the subductipigte, the secalled mantle
wedge, acts as the receptor of aqueous fluids resulting from the dehydration of the subducted
slab. Assessing the potential of peridotite in subduction to releaseard hydrocarbon

by fluid interaction in the presence of carbas the main aim of this study to fill gaps in the
current state of knowledge on deep fluxes, sinks and sources of carbon in subduction. To

advance in this overall research goal, the Ph.D. thesis is aiming to:

I. Understand peridotite hydration alongubduction zones with the study of
ultramafic bodies in subduction.
il Constrain the mobility and storage of carbon species in the presence of

serpentinization and graphite associated to ultramafic context.
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iii. Develop numerical tools to calculate the compositeord model the behavior
of carbonbearing fluid in subduction through various interactions and

systems.

To address the first aim (i), | have carried out a detailed field, petrographic, petrologic, fluid
inclusions and isotopic study of partially preserwdttamafic complex displaying variably
serpentinized dunites from the Belvidere Mountain Complex (BMC), Vermont, USA. This study
provides new insight on HP (higinessure) serpentinization showing incipient serpentine
growth in the antigorite stability fiel associated with methanrdach fluid inclusion.
ThermodynamienodelingDeep Earth Water (DEW) model was used to confirm the possibility

of H, and CHformation.

To approach the second aim (ii), the graphite deposit associated to fluid channelization and
serpentinization was investigated on the BMC, Vermont, located near the evidence of HP
serpentinization and abiotic methane formation. | studied field microstructural, fluid
inclusion, geochemical and isotopic data to investigate the mechanism of gragipitesitl as

well as the formation and migration of carbon compounds.

Finally, to understand carbon bearing fluid in subduction, | developed a software using python
able to calculate carbon isotope equilibrium and fractionation, to calculate the molar
composiion CarbonrOxygenHydrogen (COH) fluid and to model interaction leading to the
precipitation or mobilization of solid carbon. By exploring variabld FRonditions
corresponding to various settings, the user can model different processes such as mixing of
fluid or changes in pressure or temperature and explore the effect on the molar and isotopic
composition of the fluid. In order to be used by a wide range of users, this software does not

require installation and is available on Windows OS and MacOS.
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2.2  Structure of the thesis

The thesis comprises four main parart |contains an introduction to the background and
state-of-knowledge of the subjecQhapter ), the aims and overview of the structure of the
thesis Chapter 3, and a description of the appliemethodology Chapter 3. For clarity and
consistency, part of the introduction and methodology that are specific to the research

addressed in the result section are provided in their respective chapteartil

Part IIshows the main findings and results of this Ph.D. th&hsipter 4addresses the first

aim of the thesis, presenting field, microstructural, thermodynamic, and fluid inclusions data
to investigate the patterns and timing of serpentinization of the Belnadultramafic complex,
Vermont, with particular focus on the HP fluidck interactions recorded by these rocks. The
results of this study have been published in the JCR jowitiads Chapter 5is dedicated to

an interesting example of carbon mobilitp the upper subduction from the Belvidere
Mountain Complex (BMC), Vermont, which exhibits intense graphite deposit and methane
rich inclusions. This work integrates field, microstructural, fluid inclusion, geochemical and
isotopic data to investigate the @ehanism of graphite deposit as well as the formation and
migration of carbon. These results are the subject of the draft of the manuscript soon to be
ready for submissiorChapter 6s a draft of a manuscript that addresses the third aim of this
thesis aml consists of the description of the Thermotop€®H software different features

and method with an example from a case study.

Part lllpresents the main conclusions of the three studies and open questions for the future
investigations Chapter 7, followed by a list of the references cited throughout the thesis

(Part 1\).
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In addition to the publications cited above, the results of this thesis have been presented at

the EGU conference (Austria, 2020) and the Goldschmidt (France, 2021).

3 Methodology

3.1 Rocksamging

Mafic and ultramafic rocks from the Belvidere Mountain Complex (Vermont, USA) were
sampled during a field campaign in August 2018. The site is a former asbestos mining facility
which provides remarkably fresh outcrop exposures. Several rock typessamsmgled, from
variably serpentinized ultramafic rocks, to amphibcoléeies mafic rocks and various
metasomatic rocks showing evidence of carbon mobility (see Table 1 of the Appendix to Ch.
5). Two targets were considered: relatively fresh peridotite keocshowing incipient

serpentinization, and graphitgch rocks.

3.1.1 Bulk rock and trace analysis

WholeNR O1 FylfeasSa 2F al YL Sa 6SNB LISNF2NX¥SR
Minéraux (SARM, Centre de Recherches Pétrographiques et Géochimiques Axamcgy) by

alkali fusion of rock samples (LiBO2), followed by concentration measurements using an ICP
OES Icap 6500 (Thermoscientific) for major elements, and ad 8207 (Thermoscientific) for

minor elements (protocol by Carignan et al., 2001lhttp://helium.crpg.cnrs

nancy.fr/'SARM/pages/roches.htrfdr details on uncertainty and detection limits.

3.1.2 Stable isotope C of carbonates and graphite

Portions of samples were cut to remove from weathered surfaces and organic contamination,
and then crushed and pulverized wigthattnerand an agate mortar. Considering the very high
amount of graphite, the potential effect of organic contaminants by gobater circulation

was considered to be negligible. Analyses of total organic carbon (TOC) were performed on
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aliquots of about 1 g dried, decarbonated samples (HCI, 6 mol/L, attacked at ambient
temperature for one night) using a Flash EA1112 elementalyasakoupled to a Thermo
Finnigan DELTA plus XP isotope ratio mass spectrometer via a ConFlo IV interface at IPGP,
Paris. Aliquots of the companion, nolecarbonated sample were also analyzed for Total
Carbon (TC=TIC+TOC). Graphitic C concentrations plesapiesented here correspond to

the measuredfOC valuesEach sample was analyzed in triplicagror bars on thse

concentrationscorrespond to the standard deviation on the triplicates (see 5.6.3).

¢ K3¥ 1 Iy RIBO{oKcarbonhate were obtained ahé Institute of Geosciences and Earth
Resources, Pisa, on a GasBench Il with a contirilmudRMS setup, after the method of
Breitenbach and Bernasconi, (2011)a 2 4 21LJS NI} A 2a I NBS NBLIZ2NILSR
02 y @Sy indtatighlahd with respect to the BMOW for oxygen and Vienna Pee Dee

BelemniteM 5. 0 F2NJ OFNb2y® {GFyRINR RS®AHIAZ2Y &I

3.1.3 Stable isotope C and H of methane from inclusions

¢ K3¥ 1 | yHROf GHwas obtained at IFP energies nouvelles by extracting the gas after
crushing inclusiomich samples in a sealed modified planetary crusher. Once the sample was
placed, thebowl was flushed with a flux of.¥or around 60 seconds, then sealed and crushed

at 700 rpm for 240 seconds. The gas was then extracted from the bowl by connecting
exetainer sample vials under vacuum. Three different vials were collected for each sample.

The first vial of each sample was then injected in triplicate in a Picarro @228bpe

Lyl t@l SNE TSI GdzNRAy 3 Ay BSHGHarid th©CLICR ratiITheavdy = (i 2
20KSNJ Al fa ¢SNB NBaaSandiverity$s BC ofizbiR aG@S. y I £ &1

Analyses by GMIS were calibrated using two gas internal standards.

3.1.4 Strontium and bore isotope analysis
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Sample preparation of Sr analysis was done in a similar fashion to that of carbon analysis. Sr
isotope analyses were perfoed using a Finnigan MAT 262 nmualtillector mass
spectrometer (at IGE&NR, Pisa) running in dynamic mode, afteramohange purification
through Srspec resin. MeasuredISrf8Sr ratios have been normalized 8&srf8Sr = 0.1194.
Values are corrected f8fSrfSr of NBS 987 =0.710248. Interferenc& @b onf’Sr, andf®Kr

on 8Sr were corrected according to average natufaRbF’Rb and 8Kr/®Kr ratios,
respectively. Blanks were measured and corrected. Sample/Blank ratios vary typically from 5

103 and5 10

¢ K 1B was collected at the IGGNR Pisa, Italjp0.2 g of sample powder was fused with
K2CQ in platinum crucibles with a 4:1 flux to sample ratio. Boron was then extracted from
the fusion cakes by repeated crushing and centrifuging of the dakeigh pH Bree water.

It was further purified by passing the solution through anion and cation exchange columns.
Anion columns were packed with Amberlite HR#3 boronspecific anion exchange resin,
while cationrexchange columns were packed with AG 58®/resin. The procedure used an
anion column step, followed by a cation column step and then a final (repeat) anion column
step to produce the final purified boron solution, as described bgarini et al., (1997)he

B isotope compositions were measured on a Thermo Sciéttifieptune series muki
collector (MCGICRMS in Pisa, specially tuned f8iB/1°B analysigfollowing Foster, 2008)
Samples were diluted to contaid20 ppb B and were then brageted with NBS 951 boric acid
standard solution of the same concentration, to correct for machine induced mass

fractionation.

3.2 Micro-analytical methods

3.2.1 Raman spectroscopy
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MicroRaman spectroscopy of minerals and fluid inclusions was done at the Department of

Earth Sciences, University of Turin, with a LabRAM HR (VIS) (HORIBA Jobin Yvon) equipped

with a 532.11 nm, solidtate Nd laser, a Super Notch Plus filter with spectral resolution of 1

cnPl, and a grating of 600 grooves/mm. The laser of emission poweseatas 80 mW and

F20dzaSR G2 p >Y 6AGK + mMnnE 2028S0GA0S 6AGK

was performed using the 520.6 &hband of a silicon standard for the 1:@000 cm' range,
and the 2331 cmband of atmospheric MNor the 20004000 cm* range. Four accumulations
of 30c60 s were collected for each spectrum. Raman spectra of fluid inclusions were

performed on doublepolished thick sections unless otherwise specified.

3.2.2 Scanning Electron microscopy (SEM, EDS)

Quantitativeenergydispersive Xay spectroscopy (EDS) analyses and backscattered electron
(BSE) imaging were carried out using the -JJBBO0OLV Scanning Electron Microscope Oxford
Inca Energy Dispersive Spectrometer at the Department of Earth Sciences of Turinitynivers
Data was processed with the INCA software from Oxford Instruments. Quantitative analysis
employed 15kV accelerating voltage and 20 s to 40 s counting time. Natural and synthetic
mineral and oxide standards were employed. EDS calibration was made Qslalt

standard.

3.2.3 Electron microprobe analysis

Quantitative wavelengtidispersive spectrometer (WDS) analyses were carried out using a
WOh[ yHnan {dzZLJSNJ t NRo6S +d GKS 5SLI NILYSy
University. The microprobe was usingl8kV accelerating voltage under 5 nA, with 30s

counting time under maximum emission peak. Sixteen oxide composition were measured,

using synthetic and natural standards: grossular (Si, Al and Ca), omphacite-{&d3pHr
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(K), fayalite (Fe), forsteritdg), rhodonites (Mn), niccolite (Ni), ilmenite (Ti), galena (Pb and

S), pure Cr, pure Zn and pure Cu.
3.3 Thermodynamics modeling (phase, aqueous speciation and isotope)

3.3.1 Deep earth water model

Thermodynamic modeling was performed using the Deep Earth Wat&vModel(Huang

and Sverjensky, 2019; Sverjensky et al., 20asd)the EQ3/EQ6 softwafg/olery and Jarek,
2003)with a modified Berman databag8erman, 1988)The speciatin-solubility code EQ3

was used to calculate the composition of a fluid in equilibrium with a given mineral
assemblage at fixetD,, P and T, and in the-Ka-CaMg-FeAl-StO-H-GN-SCI system. The
reaction path modeling code EQ6 was used to modelittezersible reaction between 1kg

of fluid as derived from EQ3, and a given number of moles of minerals constituting a rock
reservoir and determining an initial fluid/rock (F/R) ratio for each calculation. The chosen EQ6
mineral assemblage corresponds tadanite with mineral modal proportions comparable
with the most preserved study samples and consisting of 92% olivine (forsterite 90%, fayalite
10%), 5.4% orthopyroxene (enstatite 90%, ferrosilite 10%), 2.5% clinopyroxene (diopside

90%, hedenbergite 10%Mhd 0.1% spinel.

3.3.2 Isotopemodeling(ThermotopesGOH

A thermodynamic model called Thermotop€®H was developed in the frame of this Ph.D
allowing modeling of conventional carbon isotopic exchanges and more advanced
thermodynamic and isotopic processes e tCO-H system and in the 36M00 °C and 150

kbar pressurdemperature range. Details of the principle of the software is available in

Chapter 6 and full details of the Python code of the software is available in the appendix.
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Part II- Results
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Serpentinization is the process of hydroxylation of oliviiled ultramafic rocks to produce
minerals such as serpentine, brucite and magnetite. This process is commonly accompanied
by Fe oxidation and release of,kvhich can be involved irbaotic reaction pathways leading

to the genesis of abiotic light hydrocarbons such as methana)(@ktamples of this
phenomenon exist at the seafloor, such as at the serpentindsted Lost City hydrothermal
field, and on land in ophiolites at relativeghallow depths. However, the possibility for
serpentinization to occur at greater depths, especially in subduction zones, raises new
guestions on the genesis of abiotic hydrocarbons at convergent margin and its impact on the
deep carbon cycle. Highressue ultramafic bodies exhumed in metamorphic belts can
provide insights on the mechanisms of Hgtessure serpentinization in subduction zones
and on the chemistry of the resulting fluids. This study focuses on the ultramafic Belvidere
Mountain complex ba&inging to the Appalachian belt of northern Vermont, USA.
Microstructures show overgrowth of both primary (Mg# 0.91) and metamorphic (Mg# 0.95)
olivine by delicate antigorite crystals, pointing to at least one stage of serpentinization at high
temperature onditions and consistent with the higbressure subduction evolution of the
Belvidere Mountain complex. Formation of ubiquitous magnetite and locaNiFalloys
testifies to the partial oxidation of Péinto Fe* and generation of reduced conditions. Flui
inclusion trails crossutting the primary olivine relicts suggest their formation during the
antigorite serpentinization event. MicroRaman spectroscopy on the fluid inclusions reveals a
CHe-rich gaseous composition, as well ag NH and HS. Moreoverthe precipitation of
daughter minerals such as lizardite and brucite in the fluid inclusions indicate the initial
presence of D in the fluid. Higkpressure serpentinization driven by the infiltration of
metasedimentderived aqueous fluids is proposedtiae origin of Ckand other reduced fluid

species preserved in the fluid inclusions. This suggests the Belvidere Mountain complex as an
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example of deep abiotic hydrocarbon genesis related to-pigissure serpentinization in an

early Paleozoic subductiaone.

Keywords:HP Serpentinization, Abiotic methane, C fluxes at subduction zones, Belvidere

Mountain Complex, Metamorphic olivine.

4.1 Introduction

Alteration of ultramafic rocks by aqueous fluids, or serpentinization, produces serpeitine
rocks and maype accompanied by redox reactions leading to the formation arid abiotic

light hydrocarbongMével, 2003; Moody, 1976; Seyfried Jr et al., 20@&idation of F& in
mantle minerals and formation of Feminerals such as magnetite produces Which may

then promote the conversions of dissolved carbmgaring species into abiotic ¢fndreani

et al., 2013; Berndt et al., 1996 erpentinization is well documented at rodean ridges and

on land (Andréani et al., 2007; Cannat et al., 2010; Etiope et al., 2011; Klein et al., 2014;
Schrenk et al., 2013where H and CH produced through serpentinization camumport
biological communities and could be linked to the emergence of early life on Katley et

al., 2005; Ménez et al., 2018; Sleep and Bird, 208&ypentinization processes may also
happen at much greater depths and affect subducted mantle sections and the overlying
mantle wedge at convergent margi(Guillot et al., 2015, 2000; Vitale Brovarone et al., 2017;
Wada et al., 2008pwing to the availability of aqueous flui(Bebout and PennisteBorland,

2016; Deschamps et al., 2018)Jowever, the patterns of serpentinization reactions at high
temperature (HT) and higpressure (HP) conditions, here defined with respect to the
serpentine stability field, and th associated fluilock redox budgets are still largely
unconstrained. The possibility that HHP serpentinization may not involve Fe oxidation and

genesis of Hat 400600°C has been proposéBHvans, 2010However, natural case studies
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of slab and mantle wedgderived serpentinized peridotites suggest that matjee H> and
abiotic CH can be produced at these conditio(€itale Brovarone eal., 2020) Ultramafic
bodies in metamorphic belts can provide insights on the mechanisms eHTHP
serpentinization and the resulting fluiggvans et al., 2017and therefore make good case

studies for the investigan of the mechanisms of serpentinization in subduction zones.

The Belvidere ultramafic complex, Vermont, USA, is a fragment of the former lapetus ocean
that was involved in the Taconic orogeny and recorded subductt@ied HP metamorphism
during Cambria-Ordovician(Chew and vataal, 2014; Gale, 1980; Honsberger et al., 2017)
This complex includes variably serpentinized peridotites containing antigorite, the HT
serpentine minerals stable at subduction zone HP condit{ierts, Evans, 2004; Schwaetz

al., 2013) therefore making a potential example of P serpentinization. In this work, we
integrate field, microstructural, thermodynamic, and fluid inclusions data to investigate the
patterns and timing of serpentinization of the Belvidere uiti@fic complex, with particular

focus on the HP fluidock interactions recorded by these rocks.

4.2 Geologic setting

The Belvidere Mountain complex (BMC) area is part of a Neothth trending belt of
mafic/ultramafic rocks belonging to the Appalachian Mountain system and extending form
Newfoundland to GeorgiéGale, 2007; Hibbard et al., 20(6)y.4.1). These ultramafic bodies
mainly consist of variably serpentinized peridotites, and associated metabasic and metafelsic
rocks tectonically embedded within Cambfrdovician metasedimentary dn
metavolcanics formationgChidester et al., 1978; Gale, 1986, 1980; tkdand Albee, 1979;

Laird et al.,, 1984; Van Baalen et al., 200)e BMC, as well as other mafic/ultramafic

complexes such as the Tillotson Peak and the Pennington complexes, may represent
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remnants of an oceawontinent transition zone associated witthe extension of the
Laurentian margiffChew and van Staal, 2014heseerranes were successively involved in
the closure of the lapetus Ocean during the Ordovican Taconic ord@&mjan et al., 1982;
Honsbergert al., 2017; Karabinos et al., 1998; Laird et al., 1984; Stanley et al., T9&4)
BMC forms a 6.5 km long body that structurally overlies the metasedimentary Ottauquechee
and Stowe Formations to the East and is overlain by the Hazen Notch forrtatios \West.

The Stowe Formation is late Cambrian, composed of-greagn quartzchlorite-sericite +/
magnetite schists. The Ottauquechee Formation consists of middle Cambrian carbonaceous
pyritiferous phyllites. The Neoproterozoic to Cambrian Hazen IN&ermation includes
graphitic and norgraphitic quartzalbite-scleritechlorite schist, along with mediwgrained,
massive, quartalbite-muscovite gneiss. The internal architecture of the BMC comprises,
from top to bottom, variably serpentinized dunited harzburgite, coarsgrained and fine
grained amphibolite, greenstone, muscovite schist, and albite gii@iake, 1986, 1980; Van
Baalen et al., 2009)_enticular bodies composed of talarbonate rocks and steatite, often
including core of relatively unserpentinized peridotite, are observed within the BMC, and
rangein size from a few meters to several tens of metéChidester et al., 1978Yhe BMC
rocks underwent Taconic blueschfaties peak metamorphic conditions constrained at 0.9
1.3 Pa and 51620 °C in metabasic rockdonsberger, 2015; Laird et al., 199B)jgher P
metamorphic conditions, up to coesite ultra highessure (UHP) conditions, are recorded by
the Tillotson Peak mafic rocks located just north of the B@nzalez et al., 2020; Laird et
al., 1993, 1984)In the BMC, the HP tectonometamorphic event has been dated a4535

Ma by“%3°Ar amphibole and mica geochronolo@yastonguay et al., 2012; Laird et al., 1993)
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E' Ultramafic rocks (serpentinites) -and Green ec\ggne - Schist/Gneiss

Hg. 4.1 A: Simplified geological map of Vermont, modified fidibbard et al., (2006)B:
Simplified bedrock geologic map of the Belvidere Mountain Complex and the surrounding
formations. Modified afteHibbard et al., (2006)Jnits description frorflibbard et al., (2006)
andGale, (2007)

4.3 Methods

Quantitatve energydispersive Xay spectroscopy (EDS) analyses and backscattered electron
(BSE) imaging were carried out using the -JBBOOLYV Scanning Electron Microscope Oxford
Inca Energy Dispersive Spectrometer at the Department of Earth Sciences of Tuensityniv
Data wasprocessed with the INCA softwafi®m Oxford Instruments. Quantitative analysis

employed 15kV accelerating voltage and a beam current of 50 nA and 20 s to 40 s counting
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total time. Natural and synthetic mineral and oxide standards wereleyga. EDS calibration

was made using Cobalt standard.

Quantitative wavelengthdispersive spectrometer (WDS) analyses were carried out using a
WOh[ yunn {dzZISNJ tNRo6S G GKS 5SLI NIYSyi
University. The microprobe wassing a 15kV accelerating voltage under 5 nA, with 30s
counting time under maximum emission peak. &xt oxide composition were measured,
using synthetic and natural standards: grossular (Si, Al and Ca), omphacite-{&d$pKr

(K), fayalite (Fe), formrite (Mg), rhodonites (Mn), niccolite (Ni), ilmenite (Ti), galena (Pb and

S), pure Cr, pure Zn and pure Cu.

MicroRaman spectroscopy of minerals and fluid inclusions was done at the Department of
Earth Sciences, University of Turin, with a LabRAM HR(BWORIBA Jobin Yvon) equipped

with a 532.11 nm, solidtate Nd laser, a Super Notch Plus filter with spectral resolution of 1
cm? Mand a grating of 600 grooves/mm. The laser of emission power was set at 80 mW and
F20dzaSR (2 p >Y ¢ Aailéer power ontHe sainple<SOnivA Galbration (i K
was performed using the 520.6 &tband of a silicon standard for the 12000 cm! range,

and the 2331 cm band of atmospheric Mor the 20004000 cm! range. Four accumulations

of 30¢60 s were collectedor each spectrum. Raman spectra of fluid inclusions were

performed on doublepolished thick sections unless otherwise specified.

Isotopic composition measurements of methane were performed on a MAT 253 (Thermo
Fisher) mass spectrometer, coupled with gasomatography (GGIRMS) device as CO2 gas,
Fd F aLSOATAO NBGOGSYdR DY 0¥ Y08 A 2R/ BaglaffeafseiNg nin

methane is completely oxidized into €trough combustion at 1000°C. This is because it is
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not possible to diredy measure methane isotopologued?GH4, 13CH4, 1°CHD) on a

GOt laaArAllrtéeé YIFIAySGAO aSO02N) Lwa{X Rdz2S G2 Ayl
(suchas CGff kh X0 ® ¢ KS @iirtedzd refrénceligisSvas determined using

multiple IAEAcarbonate standards (IAEBO3, 610, 611, 612) on an HHRAMS device. On the
GCARMS, the efficiency of Gkxidation into C@is checked before each analytical session

by injecting, as a sample, two different commercial external methane isotopic stas(@aich

as Air Liquide Thermo 1.2 and Air Liquide Bio 1.0 gases). If the analytical value of the
O2YYSNOALFf &adGFyRIFENRa Aa GAGKAY nom: 2F GKSA
combustion process is deemed valid and without fractionation. The sampliested from

fluid inclusions can then be analyzed. The gas phase was extracted and measured after

crushing 20 to 30 gr of rock sample under vacuum.

Thermodynamic modeling was performed using the Deep Earth Water (DEW) (Wodelg

and Sverjensky, 2019; Sverjensky et al., 20add)the EQ3/EQ6 softwaf@/olery and Jarek,
2003)with a modified Berman databag8erman, 1988)Thespeciationsolubility code EQ3

was used to calculate the composition of a fluid in equilibrium with a given mineral
assemblage at fixetD,, P and T, and in theMaCaMg-Fe AFStO-H-GN-SCI system. The
reaction path modeling code EQ6 was used to mdkelirreversible reaction between 1kg

of fluid as derived from EQ3, and a given number of moles of minerals constituting a rock
reservoir and determining an initial fluid/rock (F/R) ratio for each calculation. The chosen EQ6
mineral assemblage correspontts a dunite with mineral modal proportions comparable
with the most preserved study samples and consisting of 92% olivine (forsterite 90%, fayalite

10%), 5.4% orthopyroxene (enstatite 90%, ferrosilite 10%), 2.5% clinopyroxene (diopside
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90%, hedenbergite@®no) and 0.1% spinékdditional details regarding the modeling strategy

are presented in Sectiof.4.5.

4.4 Sample description and mineral chemistry

In this section, we present the petrography, microstructures and mineral chemistry of
samples collected in theBMC (Fig.4.2). The selected samples range from weakly
serpentinizeddunite (V182a and V1&b) to partially serpentinized dunite including layers of
boudinaged metgyroxenite (V18a and V1&b), to fully serpentinized peridotite (ViB3).

One sample ofrodingites consisting of carbonates, garnet, epidote and chlorite is also

presented.

4.4.1 Microstructural characterization

Sample V1a (least serpentinized dunite) consists of oliviD8@ vol.%), antigorite[¥10

vol.%), Gspinel (>5 vol.%), magnetite (<5 vol.%), chlorite (<1 vol.%), sulphides (<1 vol.%), and
alloys (<1 vol.%) determined from visual estimate in thin section. Primary olivine forms
crystals ranging in size from 0.25 to 1 mm (Bi§A) partiallyreplaced by antigorite, as
identified by MicroRaman spectroscopy (Fgt), along fractures (Fig.3A-C) Antigorite is
present as elongated crystals, up to 200 um in length, which statically overgrew the olivine
(Fig.4.3C). Magnetite is present in theemicrostructural domains: as large, millimeter scale
crystals rimming chromite relicts, as grains30 pum, and as millimeter scale crystals in
antigorite veins. Chlorite is found, together with magnetite, arounesg@nel relicts (Fig.

4.3B).

45



Fig. 4.22 AB: Photographs of the Belvidere serpentinized peridotite in outcrop. C: Weakly
serpentinized dunite (samples V28 and V1&b). D: Serpentinized dunite, with boudinaged
meta-gabbro (samples V18a and V183b).

Sample V1&b (serpentinized duniteonsists of antigorite§40 vol.%), olivinel¥40 vol.%,
including primary and metamorphic olivine), magnetite (>5 vol.%), chlorite (>5 vol.%), brucite
(<5 vol.%), and alloys (<1 vol.%). The structure is similar t@&/1t8ut in this case the extent

of sepentinization is higher. SEM backscattesddctron imaging reveals the presence of a
second generation of olivine, hereafter metamorphic olivine (see Seétn for discussion)
growing in two different sites: epitaxially on the primary olivine and aeplg former
orthopyroxene (Fig4.5A-B). Striped zoning is observed in primary olivine (FigA), as

described irPlumper et al., 2012aalternating thin forsteritericher and forsteritepoorer
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Fig. 4.3 A: Photomicrograph of a partially serpentirdzdunite. B: Partial replacement of primary chromian
spinel by magnetite and chlorite. C: Partial replacement of olivine by antigorite. D: Inferred primary
orthopyroxene being pseudomorphically replaced by metamorphic olivine. See also Figure 4.5B. E:
Phobmicrograph of a pyroxenite layer included in the Belvidere peridotite. The photomicrograph shows radial
diopside aggregate pseudomorphic on primary clinopyroxene. Partially serpentinized olivine is also visible. F:
Magnetite-rich diopside pseudomorphosis primary clinopyroxene. Note the growth of metamorphic olivine at

the rim of the clinopyroxene site. See Figure 4.5A forlsSEd backscattered electron image. G: Metamorphic
diopside replacing primary clinopyroxene. In this case, note the growth @inmogphic olivine along fractures
cutting the pseudomorphosis. See Figure 4.5F for-I$3d backscattered electron image. H: Relict of
metamorphic olivine pseudomorphic on primary clinopyroxene. The metamorphic olivine is then partially
replaced by serpeirte + brucite + magnetite.-B: Sample V12b, EG: Sample V18a; H: sample V1B3. POI:

primary olivine, MOI: metamorphic olivine, Atg: antigorite, Chl: chlorite, Mgt: magnetite, Di: diopside, Chr:
chromite, Br: brucite, Ctl: chrysotile.
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olivine compotgion. The initial presence of orthopyroxene in the rock is inferred based on the
presence of clinopyroxene exsolutions preserved in metamorphic olnehegpseudomorphs
(Fig.4.3D and4.5B). Antigorite is present as elongated (0.5 mm in length) crystals and as fine
grained aggregates in the matrix. The elongated antigorite crystals are chemically zoned, with
bright core and dark rim in backscattered electron imaging &5d\). Raman s#ra of both
generations exhibit the characteristic 1043 “¢fpand of antigorite, whereas the main OH
stretching is at 3664 crhin the bright core and at 3673 chin the dark rim (Figd.4C), both
consistent with antigorite Raman features. The higher Barshift of the dark rim may be
linked to variation of pressure conditigAuzende et al., 2004)he dark antigorite generation
appears the sameforming the finegrained aggregates. Only the dark generation was
observed in contact with primary and metamorphic olivine (Bi§A). Magnetite is more
abundant relative to sample Vi&a. Brucite was ideifted by SEM EPMA, and Raman (Fig.
4.4B) in veins, sometimes associatedth metamorphic olivine (Fig4.5C). Alloys and
sulphides are present in association with antigorite and are locally assoevitecthagnetite

(Fig.4.5D).

Samples V18a and 3b arerom a boudinaged layer of clinopyroxenite included in an
intensely serpentinized dunite (Fi4.3EG). The mineral assemblage and microstructures of
the serpentinized dunite part of the sample is similar to sample-2H,8/et more intensely
serpentinizedThe primary clinopyroxene is fully replaced by diopside aggregates in both the
clinopyroxenite layer and the host dunite. The primary clinopyroxene sites in this sample are
slightly different from the serpentinized dunite, with less abundant magnetite and
characteristic farshaped diopside aggregates in the former compared to the latter.

Metamorphic olivine is present at the rim of primary clinopyroxene and along its cleavages,
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together with antigorite (Figd. 5EF). In the latter case, metamorphic oliviisdocalized along

thin arrays encircled by antigorite (F®§5F). Antigorite shows the same chemical zoning as
observed in the dunite, with brighter cores and darker rims in backscatter electron imaging
(Fig.4.5G). Backscattered electron imaging regetiiat the dark antigorite shows similar
overgrowth microstructural relationships with both primary and metamorphic olivine (Fig.
4 5E). The microstructures reflect either equilibrium between antigorite and the two olivine
generations, or overgrowth of bbtolivine generations by the antigorite. Considering that the
amount of primary olivine strongly decreasedanor of antigorite in several samples, which
suggests serpentinization of the primary olivine, it is suggested that the dark antigorite
generation formed after the growth of metamorphic olivine. It is possible, even though the
microstructures could not confirm it, that the first antigorite generation grew prior to or
together with the metamorphic olivine. Magnetite is present in four different stowal sites:

as arrays oD50 pm size crystals scattered in the rock, as trai@=ff um crystals in primary
olivine and clinopyroxene pseudomorphoses, as aggregates rimming the primapyn€lr,

and as millimeter scale aggregates along discordant veins. Tepir@ sites are
characterized by three different layers: a rather presercede, a mantle of ferritchromite,

and a rim of magnetite (Fig.5E; see Sectioh.4.2).

Sample V183 is a fully serpentinized peridotite. The matrix is composed of a mixture of
antigorite and chrysotileidentified by MicroRamanwith magnetite. Brucé is observed
replacing pyroxene sites and is associated with magnetite and/or metamorphic olivine (Fig.
43H and 45H). Based on the microstructural observations on sample-2618these
pseudomorphoses are interpreted as former orthopyroxene crystals aoenl by

metamorphic olivine and successively hydrated to form serpentine + brucite + magnetite.
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Fig. 4.4 Raman spectra of solid phases. A: Antigorite core (Atgl) and rim (Atg2) (see Fig. 4.5A).
B: Brucite.

4.4.2 Mineral chemistry

Primary olivine has Mg# of 0.9192 [Mg# = Mg/(Fe+Mg)], whereas metamorphic olivine is
enriched in Mg (Mg# of 0.95) (Tablel, Fig.4.6). TheMn# [Mn# = Mn/(Mn+Fe+Ni)] of
metamorphic olivine@.0040 +0.0006(s much higher than primary olivir(8.0015 +00005)
Metamorphic olivine analyses in sample VBBshow slightly lower Mg# and higher Mn#
content relative to metamorphic olivine from other samplé&detamorphic olivine rimming

the primary orthopyroxene sites in sample VY38 has higher CaO content Z6. wt.%)
compared to the metamorphic olivine overgrowing primary olivine in-2.80.02 wt.%). The
NiO content of primary olivine (0.38 to 0.49 wt.%) and metamorphic olivine (0.39 to 0.46

wt.%) are similar.
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Fig. 4.5 SEMBSE images of samples VA8 V183a and V183. A: Microstructural patterns

of serpentinization. Two generations of serpentine can be observed based on the BSE contract,
a bright core (Atgl) and a dark rim (Atg2). Note also the striped zonation of primary olivine
and the formation of metamorphic olivine. B: Replacement of an inferred primary
orthopyroxene crystal by metamorphic olivine. The elgseshows the preservation of
clinopyroxene relicts interpreted as exsolutions inside the former orthopyroxene. C: Formation
of brucite at theexpense of metamorphic olivine. D: Composite aggregate-iii Bad FeCu

Ni alloys and Ni sulphide. E: Growth of metamorphic olivine around a diepdiderimary
clinophyroxene pseudomorphosis. A primary chromina spinel partially converted into
magnette can also be observed. F: Metamorphic diopside replacing primary clinopyroxene.
Note the presence of antigorite + metamorphic olivine £ magnetite along the fractures. In this
case, metamorphic olivine occupies the centre of the fractures and is nohtactavith
diopside, whereas the metamorphic olivine rimming the primary clinopyroxene site is in
contact with it. G: Metamorphic olivine growing at the expense of metamorphic diopside
(former primary clinopyroxene). The microstructure suggests the forpnesence of
serpentine needles replacing the clinopyroxene and successively replaced by metamorphic
olivine. Both Atgl and Atg2 antigorite generations are present. H: Relict of metamorphic
olivine formed at the expense of a primary orthopyroxene site 83%1 The metamorphic
olivine is partially converted into brucite + serpentineOIP primary olivine MOI:
metamorphic olivine Px: pyroxene Di: diopside Mtg: magnetite Chr: chromite Atg: antigorite
Br: brucite Ctl: chrysotile NiFeS: nickel and iron delpiihe presence of antigorite was
confirmed by Raman spectroscopy.

The incorporation of Mn in olivine appears to be characteristic of metamorphic olivine from
several localities worldwide regardless of the olivine formation conditions (dehydration vs.
hydration) (Fig4.6) (e.g., Frost and Beard, 2007; Majumdar et al., 2016; Nozaka, 2018, 2003)
The Mg# of metamorphic olivine relative to primary olivimey depend upon several
parameters such as the stability of different-Bearing minerals, the Fe partitioning among
them, and PT and redox conditions. An increase in Mg# (and MnO) in metamorphic olivine
relative to primary olivine has been observednferred mantle wedge peridotites recording
HP serpentinizatio(Dandar et al., 2019; Guillot et al., 2000ur data, together with previous
work, indicate that iron was not preferentially partitioned into olivine during HT
serpentinization (Evans, 2010put other Febearing minerals, such as serpentine and
magnetite, could formPlimper et al., 2012eeport striped Mg# zoning similar to the BMC

samples in hydrated suprsubduction mantle rocks as e¢hresult of chemical interaction
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during antigorite serpentinization at high temperature conditions. Metamorphic olivine
formed through prograde antigorite + brucite dehydration shows either lower or higher Mg#
compared to mantle olivin€Arai et al., 2012; Debret et al., 28 llyer et al., 2008; Kempf and
Hermann, 2018; Nozaka, 2018; Plumper et al., 2012b; Scambelluri et al., 1995; Shen et al.,

2015)Fig.4.6).

In samples V12b and V18a, the core of individual, elongated antigorite crystkhibits

higher FeO (1.6 to 2.6 wt.% [Mg# 0:946]), Qs (1.45mM ®T T Sl @3>0 wa3dl T a3k
and Cs03 (0.250.61 wt.%) than the rim (1-2.35 wt.% [Mg# 0.97], 0.40.52 wt.%, 0.1@.13
wt.%,respectively) Table4.1). In both samples, unzoned matartigorite has a composition

equivalent to the rim of the elongated antigorite crystals. The Mn# [Mn# = Mn/(Mn+Fe+Ni)]

of antigorite is 0.0006 (£0.0004).
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Table 4.1MicroProbe analysis. Absence of SD value when n>1 indicates SD<0.01. *EDS analyseschath@fz

Minerals Primary Olivine Metamorphic Olivine Pyroxene  Serpentine (Bright core) Serpentine (Matrix) Chlorite

Sample V182b V183a V182b V183a V18B3* V183a V182b V183a V182b V183a V182b V183a
(n) 14 11 28 15 25 20 6 2 9 4 11 1
SiIG 40.91 (0.25) 40.83 (0.46) 41.31 (0.49) 41.95 (0.63)42.00 (0.12) 54.96 (0.98) 42.87 (1.21)43.41 (0.1) 44.15(0.17)43.1 (1.35) 32.61(1.34)32.03
Ti& 0.01 (0.01) 0.02(0.02) 0.02(0.01) 0.02(0.02) 0.03 (0.02) 0.01(0.01) 0.02(0.01) 0.02(0.01) 0(0) 0.02 (0.02) 0.00
AlOs 0.01 (0.01) 0.01(0.01) 0.01(0.02) 0.04 (0.09) 0.15(0.11) 1.77 (1.22) 1.45(0.78) 0.52(0.21) 0.47 (0.26) 14.34 (2.39)11.78
Cr0s 0.01 (0.02) 0.01(0.02) 0.06(0.18) 0.04 (0.03) 0.17 (0.11) 0.61(0.85) 0.25(0.19) 0.13(0.09) 0.1(0.1) 1.07 (0.56) 4.07
FeO (tot) 8.97 (0.34) 7.93(0.22) 4.83(0.30) 5.05(0.57) 4.71(0.19) 0.76 (0.16) 2.60(0.26) 1.58 (0.27) 1.35(0.22) 1.2 (0.29) 3.31(0.46) 2.79
MnO 0.15(0.04) 0.12(0.06) 0.45(0.08) 0.37(0.06) 1.02 (0.18) 0.05(0.03) 0.04 (0.02) 0.05(0.05) 0.04 (0.02) 0.02(0.02) 0.06 (0.10) 0.07
NiO 0.38 (0.03) 0.49(0.06) 0.43(0.07) 0.39(0.06) 0.46 (0.08) 0.03(0.03) 0.16 (0.02) 0.18 (0.06) 0.15 (0.04) 0.19 (0.02) 0.22 (0.05) 0.24
ZnO 0.04 (0.04) 0.03(0.04) 0.03(0.04) 0.03(0.04) 0.01 (0.02) 0.02 (0.04) 0.00
MgO 50.23 (0.22) 50.91 (0.22) 52.8 (0.64) 51.8(1.57) 51.80 (0.28) 18.75 (1.15) 37.97 (1.30)39.81 (0.59) 39.6 (0.77) 40.07 (0.61) 34.34 (1.11)35.08
CaO 0.02 (0.01) 0.01(0.02) 0.02(0.02) 0.25(0.37) 24.87 (1.43) 0.02 (0.02) 0.05(0.04) 0.02 (0.02) 0.02 (0.01) 0.02 (0.01) 0.05
NaO 0.09 (0.22) 0.01(0.01) 0.02(0.02) 0.01(0.01) 0.04 (0.02) 0.02 (0.03) 0.03
K20 0.01 (0.02) 0.01(0.01) 0.01(0.01) 0.01(0.01) 0.01 (0.01) 0.02 (0.02) 0.02
Total 100.82 (0.36) 100.37 (0.70) 100.06 (1.10)99.96 (1.63) 100 99.83 (1.12) 86.2 (0.63) 86.93 (0.4) 86.07 (0.82)85.25 (1.66) 86.14 (0.65)86.17
Cations

02 4.0 4.0 4.0 4.0 4.0 6.0 6.8 6.8 6.8 6.8 28.0 28.0
Si 0.990 0.988 0.991 1.012 1.013 1.989 1.984 2.010 2.044 1.995 6.232 6.165
Ti 0.000 0.000 0.000 0.000 0.001 0.000 0.001 0.001 0.000 0.004 0.000
Al 0.000 0.000 0.000 0.001 0.006 0.091 0.079 0.028 0.026 3.229 2.672
Cr 0.000 0.000 0.001 0.001 0.005 0.026 0.009 0.005 0.004 0.162 0.619
Fe* (tot) 0.181 0.161 0.097 0.102 0.095 0.023 0.104 0.061 0.052 0.046 0.529 0.404
Mn 0.003 0.003 0.009 0.008 0.021 0.002 0.001 0.002 0.002 0.001 0.010 0.012
Ni 0.007 0.010 0.008 0.008 0.009 0.001 0.006 0.007 0.006 0.007 0.034 0.037
Zn 0.001 0.001 0.000 0.001 0.000 0.003 0.000
Mg 1.812 1.837 1.891 1.861 1.862 1.012 2.486 2.747 2.733 2.765 9.782 10.06
Ca 0.000 0.000 0.001 0.006 0.964 0.001 0.002 0.001 0.001 0.003 0.011
Na 0.004 0.000 0.001 0.000 0.003 0.007 0.012
K 0.000 0.000 0.000 0.000 0.000 0.005 0.005
Mg# 0.91 0.92 0.95 0.95 0.95 0.98 0.94 0.96 0.97 0.97 0.95 0.96
adl ' adkdadby CS0O
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The preserved spinel core in sample \88has Cr# [Cr/(Cr+Al)] of 0.79 £0.001 (T&t2¢.
The mantle overgrowing the primary spinel has a ferritchromite mantle -@h&ynetitewith
a Cr# of 0.91 and higher MnO relative to the core. The magnetite rims with@g But high
Cp03(1.87 £1.16 wt.%). The composition of the disseminated and vein magnetite differs from

magnetite found in the spinel sites, with very little Qs (Takle 4.2).
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Fig. 4.6 Mg# versus MnO (wt%) diagram showing the compositional variation of primary and
metamorphic olivine. The Mrchest cluster of metamorphic olivine belongs to sample- V18
B3 (fully serpentinized peridotiteBackground data fromfrai etal., (2012); Dandar et al.,
(2019); Debret et al., (2013); lyer et al., (2008); Nozaka, (2018); Plumper et al., (2012b);
Scambelluri et al., (1995); Shen et al., (9015
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Table 4.2MicroProbe analysis. Absence of SD value when n>1 indicates SD<0.01

Minerals Spinel (nucleus Spinel (intermediate) Magnetite (rim) Magnetite (mesh and veins Brucite

Sample V183a V183a V183a V183a V182b V182b

(n) 7 7 7 1 4 10

SiQ 0.02 (0.02) 0.03 (0.01) 0.06 (0.07) 0.07 0.05 (0.03) 0.78 (2.20)
Ti® 0.09 (0.02) 0.23 (0.05) 0.03 (0.02) 0.04 0.01 (0.01) 0.01

AROs  12.63(0.94) 3.87(1.34) 0.00 0.03 0.01 (0.01) 0.01 (0.01)
CrOs 47.51(0.57) 41.6(1.29) 1.87 (1.16) 0.01 0.02 (0.02) 0.04 (0.05)
FeO (tot)34.12 (1.1)  48.32 (2.02) 91.45(0.75) 92.44  92.57 (0.28) 2.91 (0.18)
MnO  0.34(0.04) 0.95 (0.36) 0.16 (0.03) 0.12 0.19 (0.05) 0.22 (0.04)
NiO 0.09 (0.02) 0.27 (0.05) 1.05(0.1) 1.11 0.82 (0.09) 0.38 (0.09)
ZnO 0.49 (0.08) 0.3(0.1) 0.04 (0.06) 0.10 0.04 (0.08) 0.01 (0.02)
MgO  5.99(0.32)  3.37(0.22) 0.71 (0.09) 0.62 0.82 (0.19) 75.88 (3.93
CaO  0.01(0.01)  0.00 0 (0.01) 0.00 0.00 0.02 (0.03)
NzO 0.03(0.04)  0.02(0.02) 0.03 (0.03) 0.03 0.02 (0.04) 0.02 (0.02)
K20 0.00 0.01 (0.01) 0 (0.01) 0.01 0.00 0.01 (0.01)
Total 101.4 (0.56) 99.03 (0.6) 95.46 (0.5) 94.63  94.56 (0.45) 80.33 (2.70
Cations

o* 4.0 4.0 4.0 4.0 4.0 2

Si 0.00 0.00 0.00 0.00 0.00 0.01

Ti 0.00 0.01 0.00 0.00 0.00 0.00

Al 0.49 0.16 0.00 0.00 0.00 0.00

Cr 1.24 1.17 0.06 0.00 0.00 0.00

Fet 0.26 0.66 1.94 1.99 2.00 0.00

Fe* 0.68 0.78 0.92 0.92 0.92 0.02

Mn 0.01 0.03 0.01 0.00 0.01 0.00

Ni 0.00 0.01 0.03 0.03 0.02 0.00

Zn 0.01 0.01 0.00 0.00 0.00 0.00

Mg 0.29 0.18 0.04 0.03 0.05 0.97

Ca 0.00 0.00 0.00 0.00 0.00 0.00

Na 0.00 0.00 0.00 0.00 0.00 0.00

K 0.00 0.00 0.00 0.00 0.00 0.00

Cr# 0.79(0.01) 0.92(0.2) 1.00

Cr# = Cr/(Al+Cr)

*As per normalization
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Diopside in sampl¥183a has a Mg number [Mg# =Mg/(Mg+Fe)] of 0.98. Chlorite ir2618

and V183a has an Mg# [Mg# =Mg/(Mgre)] of 0.95, and &z up to 4.07 wt.% (Tablé.1).

Brucite has up to 3 wt.% FeO (as total Fe), Mg# [Mg# =Mg/(Mg+Fe)] of 0.974Pabidloys

and sulfides are Ni rich, with various amounts of S, Fe and trace amounts of Pb, Cu, et Co
(Table4.3). Alloys mainly consist of @earing FeNi alloy (taenite) (Tabde3). Sulphides
include Ni, Cu, and Fe sulphides. Only heazlewoodite (NiS) was analyseasfugrother
sulphides proper analyses could not be ob&diowing to the small grain sizes.

Table 4.3MicroProbe analysis of alloys

Sample V182b V183a

Alloy NiFeCu NiS NiS NiS NiFeCu NiFeCu NiS NiS NiS
S 24.06 24.25 24.12 2459 2452 2450
Fe 1221 090 051 135 1335 20.07 0.84 0.95
Pb 0.13 0.18

Ni 86.23 72.68 72.71 7355 86.05 80.03 7297 72.85 73.30
Cu 1.94 1.75 1.49

Total 10045 979 9759 99.18 101.28 101.71 98.70 97.72 99.04

4.4.3 Fluid inclusion analysis

Primary olivine in all samples is rich in fluid inclusions forming secondary traild.7lrid.he
fluid inclusion trails are confined within individual crystals and show two alternative structural
relationships relative to the antigorite veins, being either cut by them (&igA) or
propagating from them (Figd.7B-C). These patterns suggestsacondary fluid inclusions
entrapment during the antigorite serpentinization event, which apsetar bethe dominant

hydration event in the rock.
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CftdzAR AyOfdzaizya 2F nodp (2 p >Y Ay aAirl § 66SNB
(Fig.4.7D-E). Optical microscope observations at room conditions suggest that the fluid
inclusions are either singighase and gaseous, or-pihase with solid and gas. MicroRaman

spectra of fluid inclusions are presented in Bi§. The spectra show the presence of ke

CH bands (2912 crb, as well as N(2327 cmt), NH (3324 cmt), SH/H:S (2575 cr). Free

H20 in the fluid inclusions was not detected by MicroRaman. However, the presence of tiny
amounts of free BD in the fluid inclusions undetectable by MicroRaam at room

conditiong cannot be exclude@Berkesi et al., 2009; Lamadrid et al., 2017)

The molar fraction of gas in the gas mixture was estimated using the Raman scattering cross
section and the instrumental efficiency of each species. Using equation preseriied zotti

et al., 2012 we obtain the following molar proportion: GH 92+6%, N= 6+5%, b6 = 1+1%

and NH = 1+2% for the mean composition of twenty inclusions in olivine from all samples
(supplementary materiah.1). Composition within the same inclas trail shows molar
fractionation variation smaller than 1% but different teaiithin the same crystal can exhibit

up to 10% othe molar fraction of CkHand could reflect fluid heterogeneity. Alternatively,

this effect can be the result of differentystal orientation during data acquisitiqg€aumon

et al., 2019)No clear pattern was observed linkedthe relationship between inclusion trails

and antgorite veinlets.
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Fig. 4.7 Photomicrographs of methargch fluid inclusion trails in olivine from sample V18
2a. Black arrows indicate fluid inclusion trails. A: Inclusion trail being cut by lizardite* veinlets.
B: Inclusion trail limited by lizardite* veins. C: Secondary tfdiiliol inclusions propagating
from a lizardite* veinlet. D: Photomicrograph showing a finidusionrich olivine aggregate.

E: Close up of the methamieh fluid inclusions. F: Close up of a graphite bearing fluid inclusion
(red arrow), as confirmed Byaman spectroscopy in (Fig. 4.8B). *antigorite in the original text

Solid phases were identified in large2 > Y0 Ff dzAR Ay Of dziAAz2yad ai ON

the presence of lizardite and brucite but no magnetite was detected. Some inclusions contain
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graphite as a solid phase in the inclusion in addition &id. and Figt.8B). The only sporadic
presence of graphite in the fluid inclusions, and in particular in inclusions resulting from
necking processes, suggest that this mineral precipitated reswt of local respeciation of
the fluid inclusions, such as post entrapment hisgtlusion reaction with the inclusion wall
and resulting respeciation of the fluid inclusion composit{@esare, 1995)This feature is
also suggested by the presence of hydrous phaseghe inclusions, which indicates
interaction of the inclusion fluid with the host olivine. However, the presence of-step
daughter minerals in the inclusion is not systematsuggesting that the initial fluid was
already rich in CH-N>-NH:-H:S) at the time of trapping, and that the reduced fluid species

did not form only inside the fluid inclusions.

4.4.4 Rodingites

Rodingites have been identified inside the BMC and consigiagiet, diopside, epidote,
carbonate + graphite. While not being the focus of this study, the carbonate in the rodingites
has abundant fluid inclusions. Fluid inclusions exhibit negative crystal shape and are single
phase gaseous at room conditions. Tlenposition of the carbonatdéosted fluid inclusions,

as revealed by Raman spectroscopy, is essentialya@HN. The analyses of the collected
Raman spectra in carbonates (see section 5.4.3) yield molar fractions=06R®t4%, CH=

33+4% on four diffexnt inclusions.
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4.4.5 Thermodynamienodeling

Thermodynamic calculations were performed in orderctmstrain the mineralogical, fluid

and redox evolution of the HP serpentinization. The calculations were done at temperatures
consistent with the peak metamorphic conditions estimated for the BMC, i.e., 400 °C to 500
°C and 1 GP@donsberger, 2015; Laird et al., 1998hd for different F/R ratios (from 0.5 to
100). The selected partially serpentinized samples are embedded in strongly serpentinized
rocks and, in turn, are included in metasedimentary sodkor this reason, either ultramafic

or metasedimentary were considered to calculate the EQ3 fluid compositions and as possible
fluid sources responsible for the metamorphic serpentinization of the BMC rocks. The
interaction of EQ3 fluids equilibrated \Witmetasedimentary sources or-&h ultramafic
sources (e.g. steatite) with the EQ6 dunitic assemblage (cf. Sdc2prhowever, resulted in
mineral assemblages inconsistent with the natural samples (Supplementary méat2yidtor

this reason, in thdollowing are presented in detail only the results obtained for EQ3 fluid
compositions equilibrated with an ultramafic assemblage consisting of antigorite + magnetite
+ brucite + chlorite + olivine. TH®, of the infiltrating fluid was set at the quarayalite
magnetite (QFM) buffer. Figuré.10 shows the mineralogical evolution as a function of
reaction progress at 450 °C and 1GPa for a F/R ratio of 1. The model reaction proceeds with
progressive transformation of, from the first to the last reactinghemal, mantle spinel,
clinopyroxene, orthopyroxene, and olivine. Magnetite starts to form during the early stages
of the reaction along with chlorite in response to spinel consumption. Reaction of mantle
pyroxenes marks the precipitation of metamorphic nolpyroxene (diopside 93%,
hedenbergite 3.35% and clirenstatite 3.65%), metamorphic olivine, antigorite, and

additional magnetite. The late formation of antigorite marks the partial consumption of
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metamorphic olivine and a decrease in its Mg#, from M@0 Q@o Mg# 0.83. These patterns
reflect the microstructural features observed in the natural samples. For example, spinel
appears intensely replaced by chlorite in rather unserpentinized portions of the rock (Fig.
49A). Similarly, mantle olivine adjacentfully replaced mantle pyroxenes is commonly little
affected by the serpentinization. Both mantle and metamorphic olivine in the natural samples
appear texturally replaced by antigorite, as also suggested bmtdelingwhile approaching
reaction completion. With the chosen bulk composition and used thermodynamic data set,
the formation of antigorite is limited to T < 470 °C. The obtained antigorite stability field may
be dependent on the absence of iron in the antigerihermodynamic model considered in
the database. The evolution of dissolved elements in the fluid 4(9&) indicates that the
total Mg content decreases during the reaction, while Si and Ca increaséOJdtlecreases
progressively during the reactigorogress, with a steep decrease during the formation of
FYGAI2NRGS R24.9(FigsdD)kMethahe, nitly adout 1 order of magnitude
less concentrated than G@ the reacting fluid, becomes a dominant species at reaction
completion (aboutl order of magnitude more concentrated than £ONevertheless,
variations of parameters such as F/R ratio, mineralogy, or temperature, were found to affect
the proportion of Chland CQ. As an example, increasing the modal proportion of either
orthopyroxene or clinopyroxene in the initial rock or decreasing the F/R ratio appears to favor
a higher proportion of CHn the fluid in respect to COThe model predicts high relative
concentration of Hin the fluids, however Fwas not detected in natural sartgs by micre
Raman spectroscopy. This may be due to leakage.dfdrh the inclusions or internal
respeciation. Sulphur and nitrogen speciation were also assessed, wigméHBS and NEl

being the dominant Sulphur species relative thFisnd N and N &, respectively (Figt.9C).
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Fig. 4.9 Thermodynamic modeling of HP serpentinization of dunite and related mineralogical
and fluid evolution. A: Mineralogical evolution during serpentinization at 450 °C and 1 GPa. B:
Evolution of total dissolved elemenits the fluid as a function of the reaction progress
presented in A. C: Evolution of the nitrogen and sulphur fluid speciation as a function of the
reaction progress presented in A. D: Evolution of theafd B, CH, and C@concentrations

in the fluid @& a function of the reaction progress presented in A.

4.5 Discussion

4.5.1 Patterns and timing of serpentinization

The timing of serpentinization of slaterived, exhumed HP serpentinized rocks can span
(sub)seafloor or trench conditions prior to subduction, prograde hydration during subduction,
or retrograde hydration during exhumation. The BMC complex has been iatethas a

fragment of subducted lapetus lithosphere, and therefore may have recorded different stages
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of serpentinization. Although the possibility of at least some (sub)seafloor serpentinization
prior to the Taconic subduction cannot be excluded, ouradadnnot provide any proof of
such a presubduction event and, instead, suggest a main hydration event & HEonditions

in the subduction zone.

Besides late chrysotile veinlets, antigorite is the only serpentine mineral identified in the BMC
rocks. Altlough formation of antigorite may occur in a wide range &f Bonditions also as a
function of chemical parameters such as the silica actifRpuméjon et al., 2019)
serpentinites dominated by antigorite are generally referred to the HT temperature part of
the serpentine stability field, generally abol2800-400 °Qe.g., Evans, 2004; Schwartz et al.,
2013) In most subduction zone settjs, these conditions also correspond to relatively HP
conditions above 1 GPa. However, the presence of antigorite does not necessarily imply the
serpentinization event to have happened at-HFP conditions because it could also have
formed as a result ofne prograde transformation of lizardite or chrysotile following the

reaction:

17 Lizardite/Chrysotile = Antigorite + 3 Brucite (4.1)

Nevertheless, several lines of evidence indicate that the BMC rocks recorded a stage of HP
HT serpentinization. As a firggeneral consideration, the presence of fresh mantle
assemblages throughout the compléhidester et al., 1978; Labotka and Albee, 1979, this
study)represents a suitable condition to promote #H serpentinization in the subduction
zone, if aqueous fluids are available. Such a process has already been praoposest HP
ultramafic massifs preserving fresh mantle assembl&ges, Dandar et al., 2019; FrBreen

et al., 2004; Nozaka, 201&cambelluri and Tonarini, 2012; Vitale Brovarone et al., 2020,

2017) The BMC rocks provide evidence for such a HP hydration event. Hdure
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summarizes the proposed fluidck evolution of the BMC rocks as inferred from the studied
samples. The fit indication of serpentinization (stage | in Fgl0) is suggested by the
growth of elongated metamorphic olivine on the primary clinopyroxene sites {B&),
which suggests the former presence of serpentine blades overgrowing the primary
clinopyroxene. The selective growth of serpentine at the expense of clinopyroxene rather
than primary olivine places this hypothetical event at HT condit{#tsin et al., 2013and
possibly in the antigorite stability field (Fig11). Metamorphic olivine is mostommonly
interpreted to form in responséo serpentine dehydration during prograde metamorphism
(Plumper et al., 2017a; Scambelluri et al., 19¢igure4.11 provides a compilation of generic
antigorite dehydration reactions leading to the formation of metamorphic olivine.oMltjin
these reactions may be shifted to higher or lower temperatures depending on compositional
features (e.g.PadrénNavarta et al., 2013 the peak metamorphic conditions proposed for
the BMC 0.9-1.3 GPa and 520 YG@re consistent with the first olivinforming reaction
involving antigorite + brucite as reactants. Moreover, several studies have shown that olivine
can form at T conditions lower than the reactions shown in Figure as a resultfdocal bulk
compositional featuregPlumper et al., 2017a)Alternatively, metamorphic olivine after
orthopyroxene may also have formed masponse to hydration rather than dehydration
reactions, as already proposed for serpentinized mantle wedge r@z&sdar et al., 2019)

following the reaction:

Orthopyroxene + 0.46 Water + 0.35 g

0.59 Molivine +0.06 Antigorite + 0.29 Silica + 0T{4R)

The thermodynamic modeling results support this reaction, as suggested by the decrease of

total dissolved Mg and the increasé ®i in the fluid during the early growth of metamorphic
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olivine (Fig.4.9A and4.10B). In either case (hydration or dehydration), the amount of
serpentinization predating the formation of metamorphic olivine must have been very low

and, if any, related ta HT event.

The second, more robustly constrained stage of transformation (stage Il i.E@). is
characterized by the formation of metamorphic olivine after primary orthopyroxene, and as
rim around primary clinopyroxene (now recrystallized into didpki This reaction was
observed in rocks containing rather undisturbed primary olivine, which again point to HT
serpentinization conditiongKlein et al., 2013)The partial preservation of clinopyroxene
exsolution lamellae inside metamorphic olivine pseudomorphic on orthopyroxeag m
suggest nearly isovolumetric replacement during this e@timper etal., 2012b; Viti et al.,
2005) The thermodynamic modeling results suggest that, at 450 °C and 1 GPa, a transient
antigorite generation may have formed together with metamorphic olivine early in the-fluid
rock interaction, along with spinel breakdown. TheC&tich antigorite cores (#y1) observed

in the studied samples may testify to this transient antigorite formation. Measured
distribution coefficients between antigorite and olivine also suggest different stages of
antigorite formation (Supplementary materiads3). The third stagdstage Ill in Figl.10) is
characterized by the growth of a matrix antigorite (Atg2) at the expense of both primary and
metamorphic olivine. This event may mark either retrograde hydration along the exhumation
path of the BMC, or the progression of theiifl-rock interaction. As indicated by the
thermodynamic modeling results, a second antigorite generation is expected to form at 450

°C and 1 GPa after the precipitation of metamorphic olivine {F9d\).

The fourth stage of serpentinization (IV in Hgl0) is characterized by the complete

serpentinization of primary olivine and partial to full serpentinization of metamorphic olivine.
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The partial preservation of metamorphic olivine after orthopyroxene in sasfpée of any
primary olivine relict indicate that the largest event of serpentinization of the BMC rocks
took place after the formation of metamorphic olivine. The presence of both antigorite and
chrysotile + brucite at the expense of metamorphic olivine after orthopyroxene suggests that
this eventprotracted during the cooling of the BMC metamorphic path to temperatures lower

than 400 °C (Fid.11).

In summary, based on the collected petrographic and thermodynamic data, the dominant
serpentinization event observed in the BMC complex is interpraidthve taken place in the

Taconic subduction zone.
4.5.2 Timing of fluid inclusion formation and origin of £CH
4.5.2.1 Timing of fluid inclusion entrapment

Fluid inclusions in the BMC ultramafic and related metasomatic rocks contain reduced fluid
species such as GMIH, and HS. The timing of fluid inclusion formation, as well as the origin

of their reduced speciation, is discussed in this section.
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Fig. 4.10 Reconstruction of the mineralogical evolution of t{Peridotite
BMC partially serpentinized peridotite. An early step
serpentinization is proposed based on the nedidkegrowth
of metamorphic olivine on primary clinopyroxene, suggest
the presence of serpentine prior to the formation
metamorphic olivine. The successive growth of antigorite
the expense of bothprimary and metamorphic oliving
constrains the main serpentinization event to metamorp
conditions. Finally, a late serpentinization event is propos
based on the growth of brucite + antigorite + chrysotile
relict metamorphic. Chr : chromite;® :primary olivine, M
Ol : metamorphic olivine, Opx : primary orthopyroxene, C
primary clinopyroxene, Chl : chlorite, Mgt : magnetite, At
antigorite, Di : diopside, Brc : brucite, Ctl : chrysotile.

Reduced fluids have been found to form in ultrama'I
systems in a wide range of geologic conditions spanning r

ocean ridges, obducted ophiolitic massifs, orogel

Prograde

peridotite bodies, in subduction, and in the upper mant

(Andréani et al., 2007; Etiope et al., 2011; Schrenk et

2013; Vitale Brovarone et al., 2020n the BMC rocks, the

fluid inclusions may have formed in three different stages

the evolution of the masif and corresponding to three
different geodynamic settings: (i) in the mantle prior to tt

formation of the lapetus Ocean, (ii) during the (sub)seaflc

Retrograde

evolution prior to subduction, and (iii) in the subductic

Zone.

A primary mantle origin can be ruleout because the observed fluid inclusions occur as
secondary trails propagating from the antigorite veinlets crossing olivine crystal. A
(sub)seafloor origin would match the identification of £¢h fluid inclusions in oceanic

peridotite (Cannat et al., 2010; Holm and Charlou, 20BH9wever, in this case, the fluid
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inclusions would have been preserved during prograde metamorphism to at leasC&ad°

1 GPa, which is unlikel{fouret, 2001) Moreover, the BMC fluid inclusions are rich in N
species (Nk Np), which seems to be an uncommon feature in fluidusmns from oceanic
peridotites (Grozeva et al., 202Klein et al., 2019)Instead, Nich, NH-bearing fluid
inclusions have been recently documented ing@Eh fluid inclusions in HP serpentinized
peridotites from the Alpine belt and proposed to represent a distinctive feature of subduction
zone serpennizing fluids relative to mantle or (sub)seafloor fluids, especially in the presence
of metasedimentderived fluids (Vitale Brovarone et al., 2020)Considering the
microstructural and petrologic features discussed in Section 5.1, and the abundance of N
species, a metamorphic origin in the Taconic subduction is proposed for tdeedttluid

inclusions.

The formation of lizardite and brucite as stdpughter minerals inside the fluid inclusions can
be interpreted (1) as a prograde, pamtigorite inclusiorhost interactions, (2) as a retrograde
reequilibration of antigorite during cooling of the BMC bel®400 °C with excess brucite
(Reaction4.1), or (3) as a retrograde hestclusion interaction belowp400 °C (Figd.11).
Excluding lizardite (meta)stability due to local equilibrium/kinetic features or faster
antigorite-lizardite conversion in the inclusis relative to the host rock, we interpret the
formation of stepdaughter lizardite and brucite as a retrograde hostlusion interaction.
Similar interpretations have been proposed for analogous inclusions from Alping/itale

Brovarone et al., 2020)

4.5.2.2 Origin of the reducing potential and fluid sources

Another important quesbn is the origirof the identified reduced fluids species. In particular,

several studies over the last decades have investigated the biotic or abiotic origin of geological
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CH and associated reduced fluid specigdope et al., 2011; Etiope and Sherwood Lollar,
2013; McCollom, 2016; Ménez et al., 2018)jtramafic systems are generally favorable
environments for the genesis of abiotic {{8ection4.5.2.1), but other interpretations are

also possible.

Cold subduction
gradient
Stability field:
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LI antigorite (Atg)
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Fig. 4.1: Simplified stability field of serpentine type minerals and olivine, modified from
Guillot et al., (201p(see references therein for details on the main reactions). The retrograde
P-T path of BMC frortlonsberger, (200)5s also shown for reference. Atgntigorite, Brc :
brucite; Ctl : chrysotile; Ilm : ilmenite; Ol : olivine; Tlc : talc; Ticl : titanian clinohumite. Diamond
graphite transition fronDay, (2012)
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For example, the abundance of metasedimentary rocks in the study area may have promoted

the formation of thermogenic gaes during their prograde evolution. This hypothesis would

be also consistent with the production of Blithrough degassing of organic matter in
metasedimentary rock@Bebout and Fogel, 1992; Li et al., 20@iptic processes, including
thermogenic gas formation, typically show ved K &CcissignatureqEtigpe and Sherwood
Lollar,20131 6 KSNBIF & 1 6A20GA0 LINROSaaBBu(3HodNI f f & N
(Etiope and Sherwood LollaR013) In order to test this hypothesis, we performed

NB O2 y Yy | RGaadlygishSGHkt the fluid inclusionssge section b The analyses yielded
113Cintherangeofm s O p H': 0 FT2NJ AY Otmdri A Dypavw -0y FTR2INA DA yNS
hosted methae-rich inclusions from the rodingites. Even though these results must be
considered as preliminary test data, they seem to exclude the possibility of a pure

thermogenic source.

Following the hypothesis of an abiotic origin, two possible mechanisms fdothetion of

CH can be considered with either external or internal sources, respectively. External sources
correspond to the infiltration of CHand other reduced species formed abiotically in other
geological reservoirs. A deep mantle origin for theueel fluids detected in the BMC fluid
inclusions appears unlikely if the syrtlusion, watesrich nature of the serpentinizing fluid is
considered. The metasedimentary formations adjacent to the BMC contain carbonate,
graphitic carbon, sulphides, and plodilicates as potential sources of theNeSH fluid
identified in the fluid inclusions. Previous studies along the Appalachian belt have reported
evidence of carbon mobilization from these metasedimentary formations or their edtrige
equivalents. Foexample,Zhang et al., 2018ocumented metamorphic loss of isotopically
light carbon from the Wepawaug schists, Connecticut. The possibility for these carbonate

bearing formations to generate strongly reduced fluids abiotically is not obviofoy
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reference, watermaximum conditionsn graphitesaturated fluids contain roughly equal
proportions of Ckand CQ (Connolly, 1995; Holloway, 1984). Neverthelessevidence for

the circulation of CHrich fluids in equivalent formations in East Central Vermont and New
Hampshire has been reportgi&vans et al., 2002; Rumble and Hoering, 1986yertheless,
most petrological studies focusing on New England metasedhdenved fluids point to
more oxidized, C&dominated aqueous fluidéFerry, 2007; PennisteDorland and Ferry,
20006). Alternative external sources of reduced fluids would require unidentified processes,
including mixing of different carbon reservoirs, or wateck interactions equivalent to those

that took place in the BMC.

A reducing potential internal to the BM@nd in particular the hydroxylation of fresh mantle
peridotites during the Taconic subduction, appears the most likely interpretation for the
genesis of the identified reduced fluid species. The presence -0fi dloys in the BMC
partially serpentinizeceridotites indicates that the rock recorded reducing conditions, as
already observed in several oceanic and ophiolitic, and some subduction zone serpentinites
(Evans et al., 2017; Frost, 1985; Klein and Bach, 2009; Vitale Brovarone et al., 2020)
Alternatively, reducing fluidmay also be produced by serpentinite dehydrati&vans and
Frost, 2021; Piccoli et al., 2018)owever, the small amount of metamorphic olivine observed

in the BMC rocks seems to contradict this hypothesis. {digesure sysserpentinization
reducing conditions are also suggested by the thermodynamaidelingresults presented in

this study, which indicate®; values aslowasgo ®H npvCa |0 nnmde/ pv g
at 450 °C and 1 GPa, and the formation of significant amountsiofthie fluid (Fig4.9D)(see
alsoLabotka and Albee, 19Y9The interaction of this HWwith dissolved carbon, nitrogen, and
Sulphur species present in the serpentinizing fluid, could have favored the formatior, of CH

H>S, and NEfrom more oxidized species. For BJHhe modelingalso indicates that this
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species is already the dominant N species in the infiltrating fluid buffered at QFM. This feature
suggests that the Ndetected in the fluid is most likely formed through pesitrapment
respeciation of Nkj unless the serpentinizing fluid was more oxidized than QFM. The absence
of detectable HO in the fluid inclusions is interpreted to result from hastlusion interaction

and formation of stepdaughter lizardite and brucite, or by thegderential entrapment of
immiscible reduced gases relative to aqueous fljidigang et al., 2017; Vitale Brovarone et
al., 2017) The absence of residuab ki the fluid incisions may be explained by the much
faster diffusionof Hy relative to other fluid species through the host olivine, or by selective

leakage.

The most plausible sources of serpentinizing fluid were the metasedimentary formations
surrounding the BMC complex. These rock types host substantial amounts of subducted
carbon, sulphur, and nitroge(Bebout and Fogel, 1992; Evans et al., 2014; Kelemen and
Manning, 2015; Plank and Manning, 2018 ultramafic source internal to the BM@uld

not be consistent with the general retention of N during prograde metamorphism and
dehydration of serpentiniteHalama et al., 2014The hypothesis of a metasedsmt-derived
serpentinizing fluid was also suggested by previous oxygen and hydrogen isotopic data on
antigorite from the BMC comple§Wenner and Taylor, 1974, 197 Moreover, the authors
proposed antigoritemagnetite equilibration T in the range of 2280°C, which is consistent

with the prograde PT of the BMC (Fig.11). This supports the interpretation of a subduction
related serpentinization related to the infiltration of metasedimentatgrived fluids in a

rather dry ultramafic body.
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4.7 Appendices

4.7.1 Fluid inclusions composition

The compositions of the fluid inclusions were estimated for samples2dlshd V18! using

the instrumental efficiency and the intensity of observed species following the method by
Frezzotti et al., 2012The results are presented in Supplementary Tabl8alnple V1&a,
corresponding to the least serpentinized dunite, has @bininated (around 90%) olivine
hosted fluid inclusions, and notable presence ef Nace amourgof HS and NEklare also
present. Sample V18, a carbonate bearing rodingites, hashmanate-hosted fluid inclusions

rich in N and CH (N>-CH ratio = 2:1).

Supplementary Table 1: Calculated molar fractions af RHHS and NH

Sample V182a V184
Composition (%)

N2 6 (5) 67 (4)
HS 1(1)

CH 92 (6) 33 (4)
NH; 1(2)

Numberof inclusions 20 4

4.7.2 Thermodynamic modeling

Besides an external fluid equilibrated with a serpentine (presented in section 4.4 of the main
text), Siricher fluid sources were also considered for the EQ3/EQ6 modeling of the hydration
of the BMC. Because the BMC is embedded in metasedimentary racksttier assemblages
were considered. Firstly, a steatite, corresponding teer8iched ultramafic rocks, and
secondly a metasedimentary assemblage. In the first case, the infiltrating fluid was
equilibrated with a steatite composition of antigorite, cleidore, talc and magnetite. The
interaction with a dunite produces olivine, chlorite,-Clanopyroxene, antigorite, tremolite

and magnetite (Supplementary Fig. 1A). In the second case, the infiltrating fluid was
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log{moles) Minerals

equilibrated with a metasedimentary assemidaconsisting of muscovite, chlorite, calcite

and quartz. The interaction with a dunite produces quartz, chlorite, talc, tremolite, calcite,

antigorite and magnetite (Supplementary Fig. 1B). The mineral assemblages shown in Figure

A and B do not match theatural samples. For these reasons a fluid source equilibrated with

steatite or metasedimentary rocks is not privileged.
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Supplementary Figure 1: Moles of newformed minerals as a function of reaction progress for
infiltrating steatite (A) or metasedimentg (B) fluid compositions interacting with a dunite at
450°C andO, at QFM as a result of EQ3/EQ6 modeling.

4.7.3 Partition coefficient

The application of empirical distribution coefficiens #r antigorite and olivine byvans,
(2008) and Trommsdorff and Evans, 19&upport the hypothesis of transient antigorite
generation forming together with metamorphic olivine early in the fltodk interaction,
along with spinel breakdown. The empirical Mg distribution coefficierjaktigorite/olivine,
Kol 6 H GF(FeiMip)] proposed by Evans, 2008 is 0@LB5 upon consideration of ferric
iron in the antigorite. The Atgl/metamorphic olivine apparepis0.490.25, which agrees

with the value proposed by Evans, 2008 for equilibrium, compared with other

antigorite/olivine pairs (Atgl/primary olivine = 0.4%25; matrix antigorite (Atg2)/primary
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olivine = 0.11; Atg2/metamorphic olivine = 0-Q25). The Mn distribution between
antigorite and olivine gives similar results. The empirical Mn distribution coefficients for
antigorite/olivine equilibria is 0.18Trommsdorff and Evans, 1974)he Atgl/metamorphic
olivine pair hasan apparent I of 0.140.18, thus consistenwith the predicted equilibrium.

The modeling predicts the second antigorite and metamorphic olivine to be stable together.
However, the apparent K for matrix antigorite and metamorphic olivine suggest
disequilibrium (equilibrium Mg d= 0.45, measured 8.17-0.25; equilibrium Mn K= 0.18,
measured = 0.09.14). This feature suggests that stage Il marks the beginning of retrograde

hydration.

Table 2: Calculated partition coefficient between antigorite and olivine for Mg and Mn

Ko Mg Ko Mn
Calculated V182 V183b V182 V183b
Ko
Atgl / POI 0.25 0.14 0.42 0.54
Atg2 / POI 0.11 0.11 0.42 0.27
Atgl / M-Ol 0.49 0.23 0.14 0.18
Atg2 / M-Ol 0.21 0.17 0.14 0.09

Ko Atg/Ol from bibliography
0.450.35 0.18
Ko Atg/Ol Mg from Evans et al., (2008) and Mn from Trommsdorff and Evans, (1

78



5 Redoxdependent recycling of carbon in subduction zones: a
petrological and isotope study from the Belvidere Mountain

complex ultramafic body

Antoine Boutiet?, Alberto Vitale Brovaron&, Isabelle Martinez Olivier Sissmanin

Samuele Agostifilsabelle Daniél Sara Man&

Dipartimento di Scienze della Terra, Universita degli Studi di Torino, Via Valperga Caluso 35,

Torino, Italy

?Institut de Physique dGlobe de Paris, Sorbonne Paris Cité, Université Paris Diderot, UMR

7154 CNRS, 1 rue Jussied5B05 Paris, France
3Dipartimento di Scienze biologiche, geologiche e ambientali, Via Zamboni, 67, Bologna, Italy

4Institut de Minéralogie, de Physique des Maéxk et de Cosmochimie (IMPMC), Sorbonne
Université, Muséum National d'Histoire Naturelle, UMR CNRS 7590, IRD UR206, 75005 Paris,

France
SIFP Energies Nouvelles, Risdlimaison Cedex, France
SIstituto di Geoscienze e Georisorse, Pisa, Italy

‘Université Lgn, Université Lyon 1, Ens de Lyon, CNRS, UMR 5276, Laboratoire de Géologie de

Lyon, Villeurbanne, France

8Department of Geological Sciences, Salem State University, Salem, MA 01970, USA

79



Abstract

The fate of carbon in subduction is explored by considefling-rock interactions in slab

derived ultramafic rocks as potential proxies for metasomatism and carbon recycling in the
mantle wedge at convergent margins. Ultramafic rocks may record intense redox variations
affecting the exchanges between solid arldid carbonbearing phases. The Belvidere
Mountain Complex (BMC) is an ultramafic body that underwent Ordovician Taconic
subduction metamorphism up to 51820 °C and 0-2.3 GPa. Previous investigations indicate

that the BMC experienced partial serpentatiion and carbon recycling in the subduction

zone | SNB B dzf'Biand S¥/Srédata, inda A Gdz >wl YIy &aLISOGNRAaO2L
113Cepal Y RHcrqon fluid inclusions, and numerical modeling results aimed at constraining

the pathways of carbon recyoh in the BMC. MicroRaman spectroscopy on the fluid
inclusions reveals Ghich gaseous compositions, along with, Nli, and SH compounds.
Methanerich fluid inclusions can be observed in partially serpentinized peridotites, in
carbonate veins, and imgphibolite bodies associated with the ultramafic body. The BMC also

hosts a remarkable example of graphite deposit, with up to 3.90 wt% graphite, aDégra

GKAOl T2yS 6AGKAY GKS &SNILISyiGAyATl SR & GNJ YI °
compasition of the graphite clusters amp :: 6+t . 50d /I Nb2yl GSa LI
dzt G NI YIF FA O | y RECWAlUBArangingBrdpl.26 tofld@S i & Ly @SadAal
113Cand1 2H of methane in fluid inclusions show a wide range of values inmbfa rocks

from-n p ®H 3 H Bddricarbon and226: to -140: for hydrogen Bulk8’SrReSr ratios

Iy RIB suggest infiltration of metasedimederived fluids, which is further suggested by

the abundance of nitrogen and carbon in the fluid inclusiobe mixing between
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metasedimentderived and serpentinizatierelated methane is proposed as the mechanism
leading to graphite precipitation. Further complexity is suggesigaarbonate reduction
evidencedin the samples. The BMC rocks highlight the valiighof carbon recyclingluring
subductionin a dynamic fluidtock system, with carbon mobilization and sink adapting to

evolving redox conditions.

5.1 Introduction

Subduction is a major actor in the cycling of carbon between surface and deep reservoirs. As
material is brought down along the subducted slab, fluid release and interaction with the
overlying mantle wedge creates complex pathways for element mobilityelaw/ fluid intake

and outtake (Dasgupta, 2013; Dasgupta and Hirschmann, 2010; Manning, .2014)
Metamorphic reactions along the subduction path can regulate element mobility as well as
fluid speciation(e.g, Evans, 2012; Hayes and Waldbauer, 2@4pon in subduction can be
present under different valence states, fro to +4, in various formsuch as carbonate,
organic matter, and several fluid species such as CB, as well asmany others Carbon
mobilization is subduction is known to produce different carbonic fluids;.ricl fluids
resulting from decarbonation reaction&orman et al., 2006; Kerrick and Connolly, 1998,
2001a, 2001b; Stewart et al., 2018arbonate dissolutiofAgue and Nicolescu, 201HBacq et

al., 2014, Frezzotti et al., 201 Hrich fluids from serpentinization of preserved peridotite

in the slab and of the overlying mantle wed@outier et al., 2021; Peng et al., 2021; Vitale
Brovarone et al., 2020, 201@) from organic matterich metasedimentary rock<lift, 2017,

Poli, 2015; Sverjensky et al., 2014 mantle derived C&CH; fluids (Dasgupta, 2013 and

references therein; Green et al., 198@nderstanding carbon speciation and migration is key
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to understanding deep carbon cycling on earth and on other celestial bodies where
subduction is or was once active. The formation and mignadf CHand associated reduced
fluid speciexmost notably Hc is of particular interest in the study of how life emerged on
Earthcand potentially elsewhereand how deep it could extend in the subsurface biosphere
(Plumper et al., 2017b; Schrenk et al., 20T8)e fate of meamorphic methane in subduction

is strongly dependent upon multiple fluidck interactions that may take place in slab and
mantle wedge forming rocks, including redox related respeciation precipitaticarbbn as
carbonate, elemental carbon (graphite diamond), or preserved in fluid inclusio(fsorster

et al., 2017; Malaspina and Tumiati, 2012; Sapienza et al., 2088)fluids released by
subduction may have different redox states, and the metasomatic reactions resulting from
the migration of such fluids can modify the stability of carti@maring mmnerals. For instance,
reducing fluids derived from serpentinization may lead to the reduction of carbonate
minerals, the formation of abiotic methane, and/or the precipitation of graplialvez et

al., 2013; Vitale Brovarone et al., 201Hpwever, field examples recording interaction of
carbonrich fluids remain insufficient to understand the fate of carbon at depth. Here we
present results from the Belvidere Mountain complex (BMC). The BMC consists of an
ultramafic/mafic body that was interpreted as a fragment of the lapetus ocean that was
involved in the Taconic orogeny and recorded HP metamorphism during Carabdanician
(Chew and van Staal, 2Q01&ale, 1980; Honsberger et al., 201This locality also hosts a
remarkable example of fluithediated graphite deposition and methameh inclusions,
making it relevant to carbon mobility in the upper subduction. This work integrates field,
microstructural, fluid inclusions, major and trace element and isotopic geochemical data to
investigate the mechanisms of deep carbon migration and transformation in a subduction

setting.
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5.2 Geological settings

5.2.1 Regional settings

The Belvidere Mountain Complex (BM&)a body of mafic/ultramafic rocks located in
Northern Vermont and belonging to the Appalachian Mountain system. The complex has
been interpreted as a remnant of an oceaontinent transition zone associated with the
extension of the Laurentian margin thahderwent peak blueschidacies metamorphism
during the Ordovician Taconic subducti@hew and van Staal, 2014; Gale, 19B8®@xhibits
variably serpentinized peridotites, mainly dunite amazburgite, associated with metabasic
and metafelsic rocks. The BMC is tectonically embedded within Ca®@dowgician
metasedimentary and metavolcanics formations (Fig. 5.1). Taconic, ljaekchistfacies
metamorphic conditions of the BMC are constrainedd 0.91.3 GPa and 51520 °C in
metabasic rockgHonsberger et al., 2017; Laird et al., 1993)e rocks preserve features of
interactions with fluids both during seafloor hydrothermalism and in the subduction zone,
leading to presert pervasive serpentinization (1000% vol% serpentine). This
tectonometamorphic event was dated at 5@33 Ma by“#%3°Ar amphibole and mica

geochronologyCastonguay et al., 2012; Laird et al., 1993)
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Fig. 5.1:A: Simplified geological map of Vermont, modified from Hibbard.e{2006). B:
Simplified bedrock geologic map of the Belvidere Mountain Complex and the surrounding
formations. Modified afteHibbard et al., (2006 Units description frorHlibbard et al., (2006

and Gale, (200y.

5.3 Methods

MicroRaman spectroscopy of minerals and fluid inclusionspeg®rmedat the Department

of Earth Sciences, University of Turin, with a LabRAM HR (VIS) (HORIBA Jobin Yvon) equipped
with a 532.11 nm, solidtate Nd laser, a Super Notch Plus filter with $daesolution of 1

cmP Yand a grating of 600 grooves/mm. The laser of emission power was set at 80 mW and
F20dzaSR (2 p >Y 6AGK + mMnnE 2062S00GA0S 6AGK |
was performed using the 520.6 &tband of a silicon stadard for the 1062000 cm! range,

and the 2331 cmband of atmospheric Mor the 20004000 cm' range. Four accumulations
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