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ABSTRACT
Slab rollbackresults in the development of lemngle normal fault§detachments) and
metamorphic core complexes (MCC#) backarc domains Although the mechanical

consequences of slab dynamics on lithospheric and crustal beHsaseralready been studjed
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thermal effects have not been investigated yet. This studysstat slakrollback produces
lithospheriescale thermal perturbations intrinsically associated with emplacement of amagmatic
high-enthalpy geothermal systemdsing a multiscale numerical modeéhg approach, with
lithospheriescale 3D thermemechanicamodels ofsubduction and 2D modelsof fluid flow

at the scaleof detachments, welemonstratethat subductiorinduced extensional tectonics
controk the genesis and distribution of crussahle thermal domdsom the base of the cryst
and the location of higknergy geothermal systenWe find thatwhen slab tearing occutgloho
temperature cantemporarilyincrease by up to 250 due to significant shear heating in the
flowing uppermantle Associated thermal anomalies (with characteristic width and spacing of
tens and hundreds of km, for crustal and lithospheric scales, respectivelymigrate
systematically toward the retreating trench. Sénthermal domes weaken the crust, localize
defamation and enhance the development of crstale detachments. These thermo
mechanical instabilities mimigenesis ohigh-temperature MCCs with migmatitic cores in the
backarc domain such asthose ofthe Menderes (western Anatgli@urkey) and Larderello
(southern Tuscany) provinces in the Mediterranean reahdthosein the Basin and Range
(western United Statgsvhere detachments control the bulk of the heat trangiiditie scale of
MCCs, the bulk fluid flow pattern is controlled kppographydriven flow while buoyancy
driven flow dominates within the permeable detachmdatsisng reservoir location ofiigh-

energy geothermal systermasshallonmdepthbeneath the detachments

1. INTRODUCTION
The development ofgeothermalpower plantshas been increasing since th870s

building upon more than 100 years of history in geothermal energy extraCtiorently, the
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installedglobal capacity isestimated al2.6 GWe(Gigawatt electrial), andforecastdor 2050
point to a worldwide capacitpf 140 GWe, approximately 8.3% of total world etexsty
production Bertani, 201§ Many of the Igh enthalpygeothermatesource¢HEGRs)that make
such an ambitious goal possilale located in theicinity of subduction znesandvolcanic ars,
whereboth magmat and tectoniprocessesperatgFig. 1) 2WKHUV DUH ORFDWHG LQ
provincessuch asthe Menderes Massif in Western Turkey and the Basin and Range in the
Western United StateRarticularly mteworthyfor this studyis thatwhile gedhermal systems
associated with magmatishave beerstudied in detail ¢.g. Cumming, 200pthoselocated in
famagmatic provinceshavereceived less attentidivioecket al, 2014; Rochet al submitted.
Recent to preser(i.e. HioceneQuaternary)magmatism in the upper cruatrossthe
Menderes Massif and the Basin andrigeis rare(Blackwell et al, 2009 Fauldset al, 2010
compared to that dhe Larderello geothermal figltbcated in the southern Tuscamg (Italy)
(Santilanoet al, 2019 (Fig. 1). Open dscussions on the possible role lmtilden magmatic
intrusionson these geothermal systememains debatedEven if present, however, magmatic
intrusions alone canneixplainthe extenof thesegeohermal povinces (several thousand km?
each) and thereforeannotaccount forhigh concentration of HEGR&e mustthusidentify
other sources of heat (deeper and largescalg possibly associated with deep, laigmle

geodynamigrocesseswolved by the nearby subductionssgms
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82  Figure 1.The major subduction zones on Earth (modified from Schellai 2007). Black stars

83 show the locations of major geothernpawer stationghat are larger thaB0 MWe that are

84  currently operational or under construction. Red stars are reserved for highlighting those within
85 the study areas mentioned in this study. Geothermal stations: JE, Jermaghbyur (Armenia); Mi,
86 Miravalles (Costa Rica); AH, Ahuachapan, BE, Berlin (El SalvaddE, Hellisheidi, KR,

87 Krafla, NE, Nesjavellir, RE, Reykjanes, SV, Svartsengi (Iceland); DA, Darajat, KA, Kamojang,
88 MO, Mount Salak, SA, Sarulla, WA, Wayang Windu (Indonesi&), Larderello, SE,

89 Serrazzano, VS, Valle Secolo (ItalyjlA, Hatchobaru (Jam); OL, Olkaria (Kenya); CP, Cerro

90 Prieto (Mexico); KA, Kawerau, NAP, Nga Awa Purua, NG, Ngatamariki, OH, Ohaaki, PO,
91 Poihipi, TM, Te Mihi, WA, Wairakei (New Zealand); SJ, San Jacinto Tizate (Nicaragua); LI,
92 Linhir (Papua New Guinea); BA, Bacman |, MAH, ddanagdong, MAL, Malitbog, MI,

93 Mindanao HI, PA, Palinpinon {ll, TI, Tiwi A-B-C, TO, Tongonan 1, UM, Upper Mahiao

94 SKLOLSSLQHV 08 OXWQRYVND\D 5XVVvLD () (IHOHU .,
95 BLM, CA, Calistoga, DV, Dixie Valley, NA, Navy, & Salton Sea, TG, The Geysers (United

96 States).
97
98 Slab rollback inducesithospheric extension in the overriding plate whene-angle

99 normal faults(detachmentsontrol both the exhumation of metamorphic core complexes
100 (MCCs)andthe magma ascent afat fluid circulation €.g.Reynolds and Lister, 198Huetet
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al., 2017). Because detachmentgy correspond to permeable structures deeply rooted down to
the brittleductile transition faminet al, 2004 Mezri et al,, 2019, active extensional domains
in backarc regionouldrepregnt favaablesettings for HEGRsThe possiblesourca of heat
responsible foregionalhigh temperaturédow pressurel T-LP) metamorphic overprinecorded

in theseMCCsinclude (i)heatingassociateavith thermal diffusion okxcess hat generated by
nappe stackin@increasd radiogenic crustal heat, elgousquetet al, 19979, (ii) shearheating

in the mantle€.g. Schubert and dten, 1979, or (iii) advection of hot asthenosphere to shallow
depths during slab retre@t/annamakeet al, 2008;Jolivetet al, 2015. However, no unifying
mechanism responsible for both the generation of MCCs and emplacement -ehtiiglpy
geothermal systemism the same regionkas yet been recognized. This isMewer a crucial
guestion ;ice HEGR representh major economic interest in termsexdploration for carbon
free energyesources.

Here, wefirst document the selfonsistent formation afrustaldomes in theverriding
plate as a result of thermeamechanical instabilities ir3-D numerical simulations obcean
continentsubduction dynamic§.hese models provide crucial thermal constrdimtshe mantle
and crustand showthe importance of shear heating dadt mantleflow on the overallheat
budget Subductioninduced therral signaturein the overriding crust obtained from these
experiments is then used basal thermal boundary conditior2-D numerical modeldedicated
to the understanding of fluid flow in the upper cingiresence of detachmetitait accommodate
theformation of theselomes Resultsshow thatdeepupper crustahot fluids are drained upward
by the permeable detachmenhese results will be first compared wghological observations
from the Menderes Massif, and thenthe discussionwith other cass in the Mediterranean

realm (Anatolia and Tuscany) and in thestern Wited States.
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2. GEODYNAMIC AND GEOTHERMAL SETTINGS OF THE MENDERES MASSIF
During the Cenozoic, theastern Mediterranean region (Ei@aand2b) has undergone

a two-steptectonemetamorphic evolution. In the late Cretace&ogene, the convergence of

Africa and Eurasia first led tihe closure of the IzmiAnkara OceanAt this time,the accretion

of subducting continental and oceanic tectonic uitg.{olivet and Brun2010 led toformation

of a southverging crustakcale orogenic wedge&ince the OligeMiocene, collapse of the

HellenidesTaurides belt in this regiors mainly controlled bythe southward retreat of the

African slah further accelerateith the middle Miocenéy a majorslab tearing evergvidenced

by tomographic modelbelow western Turkey (Fig2c) (e.g. Piromallo and Morelli, 2003.

Extension in the overriding plate has thus led to exhumation of different MCCs such as the

Cyclades inhie Aegean Sea and the Menderes Massif in western Anaotiammodated by

crustalscale lowangle normal faultssuch asWKH 6LPDY $ODUHKLU DQG

detachmentgHetzel et al, 1995; Bozkurt et al, 2017 (Figs. 2b and 2c). Currenty, plate

kinematics in this regioarecharacterized by more localized extensioainly controlled by the

westward motion of AnatoliaReilingeret al, 2009 and by NS extensioraccommodated by

steepnormal faults in the Gediz and Buyik Menderes Grabka#) consequences of slab

dynamics €.g.Jolivetet al 2013;Gessneet al, 2013;Sternaiet al, 2019.

%o\
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Figure 2: (a) Global map with red box showing the location on the study area. (b) Simplified
tectonic maps showing the main metamorphic coraplexesand associated detachments faults

in the Aegean region (modifielfom Jolivetet al., (2015). SiD: Simav Detachment, AD:

Ala @hir Detachment, BD: Buytk Detachment, NAF: North Anatolian FaultT@hographic

models from Piromallo and Morell2(03) showing the Vp anomalies at the 100 km depth. White

star shows the location of a slab tear below the Menderes M@gssimplified crosssections
highlighting slab retreat and formation of crustal detachme&t& Y FRUUHVSRDGV WR

numerical mod| crosssection.
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The Menderes Massi$ also recognized as an active geothermal éeaFig. Slain
Appendix ). This region is characterized by long wavelength-e&st variations of surface heat
flow density with valuesocally exceeding 90 mwn? (Erkan, 201} At depth, it seems that a
similar eastwest long wavelength thermal anomaly is also present, as suggestesiChyie-
point isotherm map of Aydiet al (2009. According to these authors, the depth of the B30
isotherm would be lower thatD km in western AnatoliéseeFig. S1bin Appendix 1. It turns
out that most of the geothermal systems in Turkeyomagtedin the Menderes Mass{Fig. 2b)
where recent magmatisisialmostabsent. Heregeothermal fields areharacterized by medium
to high-enthalpy, with reservoir temperature values ranging from 120 t6Q8&.g.Rocheet al
in revisior). Most are used for district heating systems (e.g. Balgova and Salihli), whereas a few
are exploited for electricity pr8 XFWLRQ H J *HUPHQFLN e@mpsSomdwoO
authors have suggestétht most of the geothermal activity can be considered as amagmatic in
origin (Fauldset al, 201.0; Gessneet al, 2017. However,Ozdemiret al (2017 consideredch
probable magmatic intrusion in the crust to explain the heat sc&irm® there is presently no
evidence for the existence of such plut@mne authors suggestdeepeand largeheat source
triggeredby largescale tectonic processes such as subdugfiaya, 2015Gessneet al, 2017,
Rocheet al, submitted. In that senseKaya @015 invoked a possible lithospheric thinning a
the origin ofthe anomalously high heat flowhis example show that larggcale processes
related to lithosphere dynamicsuldbe involved in the genesis of geothermal systéifesthus
need to employa multiscale approach (lithospheri@and crustakcales), to improve the

characterization of heat transfer possesses from the mantlegedtiermal system
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3. 3-D THERMAL EVOLUTION OF SUBDUCTION

In a previous study dedicated to the analysis of surface deformation in the Aegean
Anatolian domainSternaiet al. (2014 found that mantle flow due to slab rollback and tearing
can drag the upper plate from belamd explairupper plate extension and the formation of the
North Anatolian FaultTheir results emphasize the active rolenmdntle flow in driving the
surface strain and horizontal crustal velocitldewever,the associatedhermal processes were
not describedoy these authorsBecause heat transport is inherently coupled with deformation,
mantle shearing may provide a strong heat sodices, we mustconsiderit, especially if we
want to describe in detail the thermal features associated stisubduction dynamgwhen
slab rollback and tearing occur. Indeed, while radioactive heat production is considered as the
main heat source in the continental crust, shear heaismbeesuggested to be important in the
mantle Ehubert and Yuen, 197&nd thus probablglsoin arc and baclarc settings where fast
slab dynamics may be associated with intense asthenospheric flow. Here, we perform similar
numerical simulations than Sterretial (2014), bu improve the analysis by inviégating the
effects of shear heating. We describe the numerical results from a thermal point of view, by

focusing on the localization of crustal thermal anomaiigke overriding plate

3.1. Model setup
The rumerical simulations were performedlL WK W KH F RBGHerya, ¢09))that
solves the momentum, continuity and energy equations based on a staggered finite difference
scheme combined with a markercell technique. Realisticnon-Newtonian visceplastic
rheologiesare used in the modedndincludestemperéure- and pressurdependent viscosities

(see Appendix2). The model setups shown inFigure 3. The model domain measures
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2000x 328x 1000km in the x, y and z dimensions, respectively and is resolved by
501x 165x 197 grid points resulting inr@solution of 4, 2 and 5 km in the x, y and z dimensions,
respectively. It includes three continental plat€d, C2 and C3)allowing reproduction of
similar tectonic eventthat affected th&ethysconvergent domains (subduction, collision, slab
tearing,trench retreatSternaiet al. 2014). These three continental plates defined by a crust

of 35km, 50km and 45m thick (Fig. 3). In addition to the trencparallel weak fracture zone
allowing for subduction initiatiorthe model includea trench perpendicular weédacturezone

within the oceanic domajnvhich allowsfor slab tearindFig. 3).

Figure 3: Numerical setup. (8P initial model setup where the top layetV WL F N k B12U
N P)"and the water are cut off for clarit@olours showing different rock typg®) Locationof
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the "weak zones" (i.enydrated/serpentinizemhantle) into the lithosphere to trigger subduction
(z-parallel) and to allow slab tearing-parallel) in the initial model(c) Initial vertical profiles

of viscosity (grey) and temperature (retdken at the location shown by the white star.

The initial thermal structure of C1, C2 and C3 is laterally uniform wi@ @t the surface
and 1300C at 90, 14@&nd 150 km deptfrespectively. Re initial therméstructure of the oceanic
lithosphere corresponds to the cooling afid20 Ma (e.g. Turcotteand Schubert 200R The
initial temperature gradient in the asthenospheric mantl®is *C km* (adiabatic) Boundary
conditions involve free slip on the=z0 and z= 1000 km sides of the model domain, while
uniform and constant-parallel velocities equal to 8 cm yr* (convergencepre imposed at
the x=2000km boundaryand the x= 0 km is fixed. Global mass conservation is ensured by
material outflow hrough the permeable lower boundary($28 km).Surface procgses are also
implemented using a ghly simplified gross-scde erosion-sedimentation law. The parametric
study on various boundary conditions and parameters is presented in &tatn@o14).

Heat production byiscous or plasticheaing (Hs), consisting of the dissipation of the
mechanical energy during irreversible relastic deformation, is controlled by the deviatoric
stresss &/} and strain rate Y§.as follow Gerya,2010:

"=l &%y @)
The possibility tanvestigateHsin our numerical simulations issignificantadvance with respect
to the previous magls presented in Sterneti al (2014). In order to test the possibilithatslab
tearing would enhance mantle shear heating, two series of numerical nvattelsnd without
slabtearing have been performedll othersettingsbeing equa(i.e. same boundary conditions,

material propertiessee more information iAppendix2).
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3.2.Results

Before focusingn thermal effects associated with slab dynamicsymedly present the
model evolutionThe overall sequence of eventsrobustandincludesfirst an early subduction
of the oceanic domaietween C1 and Cfith localized extensional deformation in the
overridingplate In our models, it includes the magmatic arc and the-backiomain (see video
S1 in Appendix 1)During this first subdwetion event, atoroidalmantle flowoccurs below C1
as inducel by the down-going slah This eventalso controls cruséel flow and suface
deformation. Afterward, continental collision between C1 and @&urs Jocally increasing slab
dip and thugavoring slab tearingLater subductin of the oceanic domalretween C1 and C3
induceswidespreadextensional deformation in theverriding plate This last event is highly
conditioned by the previous horizontal to gulrizontal return flow of hot asthenosphere, which
warns up theincipiently subducting lithosphere close to the diadr, enhancingpere a non
cylindrical (i.e. not parallel to the initial upper plate margin) sleddlback. Rheological
stratification of the upper plate is characteriaédhis stagdy a thinrigid lithospheric mantle
(~10 km) Deformationis localized in the overriding platevith strikeslip deformation

propagating toward the subducting plé#écrnaiet al., 20149).

3.2.1. Thermo-mechanical instabilities

The early subduction event is characterized by the developmesgvefalpositive
thermal anomaliegi.e. anomalously high temperature@) at the base of the crust with
wavelengths around 200 kiemd(ii) in theoverridinglower crust within apartially moltenlow-
viscosity layerwith wavelengths arour®D km(Figs.4aand4b). The thermal instabilitiesn the

low-viscosity crust generatedomelike structures cored byartially molten low-viscosity

12
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material(orangecolourin Figs. 4aand4b). These domeareelongated parallel to the subduction
trenchandseparatedby 200 +300 km (Fig. 48). With time, new thermal domesppeartoward
the trenchcontrolledby the flow of low viscosity mated in responséo bothslab rollback and
tearing(Fig. 4b; Videos S2S3in Appendix1). The grain ratedistributionshows thamature
crustaldomespreferentiallylocalize deformation ratherthanincipient crustaldomes closer to
the trench (Fig.4c). In addition,deformation localizearound the edgof thesedomesshowing
the importance ofateralcrustal strength contrast® strain localizatiorfVideo S4in Appendix
1). At 14.8Myr, two domes have disappeared thé thickness ofhe partially moltenlayer at
the base of the crubss tripledfrom ~ 4 km to 15km thick, Fig. 4b; Video S3in Appendix1).
Meanwhile, thénorizontal component of flow velocity in tipartially molten layehasdecrease
(from~5to~ 1cmyr?, Fig.4c). On the opposit@bove the slab teghe deformation ikcalized
(see Fig. 4b in Sternai et a((14)) and horizontal component of crustal and mantle velocities
have increasedp to~ 6 and ~9 cmyr?, respectivelyThe shear heatingndthe advective mantle

heat flowcomponentsiear the fast velocity zonaseenhanceccordingly as detailed below.
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Figure 4: Thermanechanical evolution of the model. (a) The 720 °C isotherm at 5 myr and at
14.8 myr, respectively. Colours showing different rock types: 1, 4 indicate upper and laster cr
respectively, see also FiglBel RWH WKH SRYVLWydrespdndiétfie® kubn&vicd D
model crosssection.(b) Vertical crosssections showing different rock types and isotherms.
Colours showing different rock types:213-4 as defined in Figre 3; 8-hydrated crust(c)

Vertical crosssections showing thesond invariant of the strain rate tensor and velocity vectors.

3.2.2. Slab dynamics andhear heating

The contribution of shear heating to heat production in our reference model (with slab
tearingbetween C2 and the oceanic domasicompared to similasimulations without slab
tearing Fig. 5; seeFig. S3 in Appendix1). Thefrictional heat produceth the overriding plate
locally reachesraluesof ~5.0 : m' regardless of slab tearirfgig. 5). Howevet when slab
tearing occursa largerscalethermal perturbation appears and develogsw and athe base of

the crus{~ 400 x 200 km at 12.4 Myr; see Figb). Anomalies associated with shear heating are

14
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thus distributed over a larger domairthe case of tearing because of a more widespraatien
flow around the tearand appear more localized and parallel to the subduction tvétiobut
tearing (Fig.5a, see right panglin addition, our results show that the amount of heat produced
by shearing leads to an increase of mantle heat(fyat the base of the crust, and particularly
above the teain particular for average shearelating of~2.0 : m' and mantle thickness of
30km (Fig. 5c¢, profile 1) the contribution to thaeatflow nearby the subduction froigt of ~ 60

mW m2 at 12.4Myr. Converselyfar from the subduction fronshear heatings insignificant(<

1.0 n\Wm' , seeFig. 5¢, profile 4), implyingno contributiorof this mechanisrto heatproduction

by this mechanismHjg. 5d, profile 1).

Shear heating in thmantleduring slab retreat art@aring plays a key role in increasing
temperaturestahe base of theverridingcrust wheremantlehea flow values are around 100
mW m2 and reach locally up to 130 mw? above the slab tear at 12.4 M¥ig. 5b, seeleft
panel3. We found that 466 of the heat flow at the base bétcrusis due tanantleshear heating,
theremaining part beindue to theadvection of hot materialn the absence of slab tearirige
average of mantle heat float similar timess aound 80 mWm2, reaching locallyup to 155
mW m2but over a much smaller argéFig. 5b, right). We thereforesuggest thatdvection of hot
asthenosphere to shallow depths dyrsiab retreat and tearing plags importantrole in
increasing temperatures the base of the cruéfig. 6). Furthermoremantleheat flow values

may reachsteadystateafter~ 4 Myr (valuesaround40 A50 mWwm?, Fig. 5d).
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304
305 Figure 5: Mantle heat source with and without tearing at the mamnist transition. (a) Plan view
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of shear heating (§at the mantlerust transition at 8.4 Mybashed line on both panels shows
the plan view of the overriding plate Qb) Plan view ofmantle heat flow (@) at the mantle

crust transition at 12.4 MyBlack and red dashed lines on both panels show the plan view of the
overriding mantle, and of the overriding C2, respectively. (c) Vertical espghar heatingHs)
profiles in the mantle below the stretched overriding platetafifl.8 myrtaken at the location
shown by the white squares. (d) Evolution of mantle heat flayy éQthe mantlerust transition.

The values artaken at the location shown by the wistpiares.

To summarizeslabtearingfacilitates the rollback of the subducting platedextension
within the uppr plate. Consequentlyslab tearingand its associated mantle fla@ntributesto
the increase in hedlux at the base of the crust Yy enhancing mantlshear heatingnd (ii)
controlling the return flow of hot asthenosphere (e.g. toroidal andidabl mantle flow
components Both mechanisms together appear to be able to increase the Moho temjbgrature
up to 250°C (Fig. 6). Therefore,dlab tearingmay (i) affectthe heat sourceesponsible for
regional HFLP metamorphicrocks in MCCs and (ii) &plain regional higitemperature

anomaiesacross amagmatgeothermatystemsn postsubduction setting
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324 Figure 6: Plan view of temperatumaomaly at the mantlerust transition (~ 45 km depth) in the
325 case of slab tearingsrey arrows represent the velocity vectors in the asthenospblack
326 dashed line on the left panel shows the plan view of the overriding plaiidgbt panel: vertical
327 temperature profiles atand v+ 14.8 myrtaken at the location shown by the white star. Colours
328 showing different rock types:2-3-4, as defined in Figre 3.

329

330 4. FROM SUBCRUSTAL THERMAL ANOMALIES TO GEOTHERMAL SYSTEMS

331 2-D MODEL OF FLUID CIRCULATION

332 Reasults of the 3D model showhatat 12.4 Myr, mantle heat flow can reach anomalously
333 high values exceeding 130 mWv? (Fig. 5b). At 10 kmdepth above the tearintemperature

334 values vary betweed50 and 500 °C, and are thus similar testimatedtemperaturesrom

335 aeromagnetic data at the same depth in the Menderes MaS§80 {€) (Aydin et al, 2005).

336 Using these results, we define@-® fluid flow modelin a porous medito analyse the thermal
337 consequences of anomalously high basal fieaton fluid circulationin the upper crusiThe

338 advantageof this model is agood spatial resolution (see Appendix2), representative

339 permeabiliy, and realisticock and fluid properties.

340 The model measures 12A.0 kmand isdesignedo represent a SS\NNE cross section

341 of the Menderes massif. We choose the basal heat flow in order to (1) account for pré¥ious 3
342 numerical results where mantle heat flosuld reactvaluesup t0130 mWm (Fig. 5b), and (2)

343 reproduce temperatur@dove500 °C at 10 km depth, as suggested by Gpoat depths in

344  western AnatoligAydin et al, 2009. The objective of this model is to understand the effects of
345 high basal heat flux on the fluid flow circulation pattern, in particular around permeable
346 detachments. In the following, we describe the main characteristics of the model setup and
347 present the main results.

348
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4.1.Model setup
Coupling between DarcyVaw, heat transfer equation and mass conservation is

performedusing W KH &RPVRO 0XOW leSfKitd/dldméREmetRod)V Zdialls about the
numerical procedure (benchmark experiments, model setup, fluid and rock properties) are given
in Appendix2. The modeis shown in Figur€, wheretwo detachment faut(with adip angle
varyingfrom 10 to ®°) represent the Blylk Menderes and Atte @hir Menderes detachments
(Fig. 2). Figure7a illustrategshe mesh refinement in permeable zones (close to the surface and
within the detachmentsA convective flux condition was imposed at the top ofdb&chmers;
in order to allow the emergence of hot fluids at the surficaddition, we use temperature
dependent density and viscosity ldasfluids (see Appendi2). No magmatic sourcs present
in the model, anthe choserbasal heat flow valuata depth of 10 kntorresponds ta20 mwW
m2(Fig. 7b).This value is thereforeonsistent with both criterié.e. mantle heat flow frorour
3-D model and Curigoint depthsestimations)A constant pressure of 1Pa is imposed at the
surfaceallowing fluid influx while no fow is allowed across the otlseboundarie®f the box
(Fig. 7b) At time t= 0, thermal regime is purely conductiysee white isotherms in Fig. 7c)
Then, permeability values are switch@dcolor code of Figure 7&@ppendix2) andthetransient
evolution of temperature and velocity fieldse recorded during SMyr. Permeability in the
basementks) decreaseexponentially with deptiiManningandingebritsen, 1998(seeFig. 7c
andAppendix2) while detachmenpermeability is assumed constgkd). Despite a number of
arguments in such extensional setting suggest high permeability at the surface (highly fractured
and karstified rock, see Ozenhal (2012) numerical values remain unconstrained. We therefore
dedded to test a wide range of realistic permeabilities for the basement (i.e. frdro 11D

m?2) and the detachment fault wghme range of values (Fig. 7b).
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Figure 7: (a) Geometry and mesh used @ hodels of fluid circulation in the upper crust of

the Menderes area, where MCCs and detachments are reproduced. This cross section would
correspond, from left to right, to a8l cross section, from Salihli ®O D YgedthE&dal areas.

Mesh is refined at the top surface and within detachments, where permeability is the highest. (b)
Boundary conditions and range of values for permeability (note the-depindence of the host

rock permeability). (c) Steadstateconductive regime, where isotherms in white are separated

by 100°C. Colors refer to permeability values affected at timn@ (see text) for the case detailed

in Figure 9.

4.2.Results

4.2.1. Role of basement and detachment permeabilities

Figure 8 illustratessteadystate temperature fields for different combinations of both

basement and detachmentrpeability. In Figure 8aresults show the major role kf to distort
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400

significantly the isotherms, evenkf is high (10*m?2). In theuppercase of Figure 8asotherms
remain flat ancho thermal reservoforms beneath the detachmemtkernatively,the lower case

with realistic highepermeability valueshows ageneral fluid circulation pattercharacterized

by: (i) surface meteoric fluiddhatflow from topographic highs to the tagf the detachment fault

and other topographic lows, inducing a negative thermal anomaly in the hanging walls of
detachments; (ii) at depth, hot fluids are drained upward by the permeable detachments allowing
for isotherms to risalong the fault zones (see uplifted isotherms in bottom case of Fig. 8a). A
positive thermal anomaly is due to hot fluids rising up toward the top of the detachment while a
negative thermal anomaly induced by topograghyen flow grows in he hanging wédé of
detachments, leading to the formation of hot fluid resena@reeath the detachmerftear the
surface) To synthetize, at the scale of the whole massif, thermal undulations mimicking dome
like structures are localized beneath topographic lowsisdle of a high basement perimigy

(Fig. 8a, bottom ca3e
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Figure 8: Results for thermal perturbations due to fluid circulation in permeable zones for varying
basement permeabilitief) and for varying detachment permeability) ( (a) role of the basement
permeability for a fixed value df (10 m2). (b) Zoom on the left detachment, with varying
permeabilities (smakd value in the top row; higkus value in the bottom row). Left (right) column

corresponds to a snh@high) basemerpermeability.

Whenka is varied (Fig.8b), it turns out that thermal reservoirs establish at shallow depth
when bothks and maximumks, values are important (£0 m2, bottom right case in Fig. 8b). In
the case wherk is low (10" m2, top case iffrig. 8b) two thermal reservoirs appeaty with a

high maximumk, valug suggesting that topograpllyiven flow is dominant. However,
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412 temperatures at shallow depth and fluid velocity values within the detachment are much lower
413 than in the higtka case(bottom right case in Fig. 8brustalscale permeable faults and their

414  induced high topography thus control the spatial distribution of vt thermal anomalies at

415 depth mimicking domelike structures beneath topographic lows (Fig. 8a, bottom caddsig.

416 8D, right column).

417 4.2.2. Fluid flow field and temperature profiles

418 Figure 9a illustrates the fluid flow velocity pattern in the case of Figure 8a (bottom case).
419 Fluid flow is favored by high-topograply and permeable zonesich asdetachmentsLocated

420 within detachments,igh velocity areag> 10'°m / s +or 0.32cm / yr) arerecordeddownto 5

421 km deep (red areashhe bottompanel ofFigure 9ashows a horizontal temperature profile at 1
422  km depthlt is important to note that temperature anomalies b40°C are focusedlose tathe

423 top of the detachmentg&igure 9b (left column) shows computed vertical temperature profiles at
424  different distances from the two detachments, at a given time §.&04yr). Figure 9b (right

425  column) illustratestemperature measurements at the Ay@iD O D ¢ebtheé@é field, Buyik

426 Menderes Graben, within 2 boreholes ~1.5 km apart. Although the comparagaly-oheasured

427 thermal profileswith these two setsf vertical temperature profiles is limitedne can bserve

428 some similarities with (i) a higtemperature gradient at the surface, decreasing rapidly with
429 depth, and (i) some negative values of the temperagradient. In addition, mock

430 temperatures are comparable, with emergence temperatures arout@ &0d reservoir

431 temperatures at depth around 18200°C. Because our density law is simplified (see Appendix
432 2), and because the vapour phase is not accounted for, the computed profiles show rather smooth
433 curves when compared to measurements. Howewer,typical convective signatures in

434 temperature profiles are similar.

23



435

436

437
438
439
440
441
442

Figure 9: Results for the experiment shown in the lower case of Figure 8a (and right case of
Figure 8b). (a) Fluid flow velocity field (colors, isocontours and arrows) and horizontal
temperature profile at 1 km depth (dashed line in the fluid flow pattern). Note that the largest
temperature perturbations correspond to the top of the detachment locatiamsl (). (b)
Computed vertical temperature profiles at tioxe 4 10 yr. x0 and x1 are indicated in Figure 9a.

On the right, measured temperature profiles at the Aylin O Dge@mhwr@abfield; black curves
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(plain and dashed) correspond to different measures in the same AS1 borehole (different dates of
measurements) amdd lines are measured in the AS2 borehole, 1.5 km from the AS1 borehole

(afterKaramanderesaandHelvaci, 2003.

5. DISCUSSION
5.1.Large-scale thermemechanical boudinageand emplacement of MCC in Western

Anatolia

The modetd thermemechanical instabilities (Figl) are not onlyanalogoudo crustal
and lithospheric boudinag&icard and Froidevaux, 195tut they add a thermal component to
what was generally assumed to be purely mechanitase instabilitiesleveloped inthe
overriding plate are triggeed by both shear heating anidot mantle flows.Thesemechanisms
indeedinduce a thermalweakening of the lithospher¢hus contrding the development of
boudinage at ffierent scales, and the locaition of MCCs in thextensionaktrust.It is important
to note that these domes are also promoted by the&ikm@sity crustwhich is related to the
choserinitial thermal regime imur modelsWhen the slab tear is accounted for, the crust is weak
over a wider domain aboveghear, increasing its ability to flowe.q.Block and Royden, 1990;
Reyet al, 2009 and to form HT domedn other wordsshear heating and mantle fla@ntrol
the position of positive thermal anomaliesthe overriding crustwhich, in turn, controlthe
deformationpatternin the lower crust during extensicBuch a lithospheric thermal weakening
is further enhanced by the accumulatidmm@agmas in the bae&rc domainwhich is widely
promoted by slab rollback and tearing proceg¢stsiantet al, 2016b).

In the Cyclades (Greecahe dominant wavelength of MCCs (several tens of kilomgtres
similar to the spacing between the different islamsisompatible with that expected for crustal

scale boudinag€-ig. 4). At the scale of the wholdegean domainpng-wavelength variations
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of Moho depth (irel et al, 2004;Karabulutet al, 2013 are more reminiscent of lithospheric
scale boudinageséverahundreds of kmFig. 4). This boudinage of the crust indugegmatite
cored MCCswvhichwerefirst exhumed in the northeMenderes Massif in the Micoei(€enkk
Tok et al, 2016, andthen in the central and eastern Cyclades since the lower Mioo&ne{
et al, 2019, coevally with a furtheacceleration of trench retregglated to theHellenc slab
tearing.Thisis consistent with our modelvheredomelike structures, cored by partially molten
low-viscosity material, develop first in tleverriding plate and then migrateowardthe trench,
in response to both slab rollback and tearfigg.4aand4b). In addition,we suggest also that
excessheatdue to thesesubduction dynamicsontrolled the retrogression in the greensehist
facies of highpressure metamorphic rocks in Cyclades @{oosgenic extension)onsistently
with acceleratiorof slab retreaairound 35 MaJolivetet al, 2015). Furthermorgeour numerical
experiments highlight an increase bdfoho temperatureduring a few Myrsrelated to
asthenospherapwelling below theoverriding plate(Figs. 5d and 6). We therefore suggest a
similar heating for the mantlerust boundary in the Anatoliahegean domain, which is
consistentwith the presence oHT metamorphic domeand theformation of synextension
granitesand migmatiteshroughoutthe entirevesternAnatoliarAegean domain between 20 Ma
and 8 Ma(Jolivetet al, 2015;Menantet al, 201&).

In the Menderes MCC (located above gh@btear, see FigR), strain was first localized
in the north along the Simav Detachme(darly Miocene stage 1 aftefGessneret al. 2013
accommodating the exhumation ah asymmetrianigmatitecored MCC (Rey et al, 2009
CenktToket al, 2019. Then,strainmigratedsouthwardioward the trenchndlocalizedwithin
the central part of the Menderes Massif (Rig). TheAla @hir and Blyukenderesletachments

assiseéd exhumation of the lower crust duristpbtearing(middle-late Miocene, stage 2 after

26



490

491

492

493

494

495

496

497

498

499

500

501

502

503

504

505

506

507

508

509

510

511

512

Gessneet al 2013. This implies that the central part of the Menderes Masslfbecomeeaker
than the previously activated Simarea probably due ttheextra source of heat associated with
slab tearingAccording to Labrousset al (2016, the evolution of the style of extension from an
asymmetricMCC (localized deformationcase ofthe Simav detachmehtto a doubledome
symmetric MCC (distributed deformatipoase of the Menderes detachmgmtglies that heat
input at the base of the crust is higher than heat dissipation due to streftlesgpbservatios
areconsistent witlthethermal featureshserved in our modglvhich emphaige the crucial role
of shear heatingas well agoloidal and toroidatomponerg of mantle flow to heat the lower
crust (Figs. 5 and 6). Both mechanismsare thus responsible for the presence lafgescale
thermal anomalies at deptie( 580°C at 10 km depth) and at the surface. peat flow values
around100 mW m2, Erkan, 201} As a consequencthe thermal state of the crust induced by
elevatedmantle heatlow could controlthe style of extensiofesymmetric versus symmetric
MCC).

Furthermorehot fluids circulating withircrustatscale permeable faultelp increasing
basaltemperatureground the ductile/brittle transitionsy several tesof °C(Fig. 8a), resulting
in a positive feedbackor the formation of new shear zones and MCCs at déptthis case,
magmatic bodies such as granitoids and migesatiay be developedand localizedbelow the
detachmentas it seems to be the cas¢he Menderes with th®alihli diorite and Simawgranites.

The progressive formation of HT domes topped with extensional detachments can thus
be summarized as follows: (1) mechanical (boudinage) and thermal instabilities within the
stretched lithosphere generate a series of domesdmsily spaced, producingheological
heterogeneitieqi.e. lowviscosity layes) that are likely to localize extensional shearing

deformationon their edgegl. e Pouhietet al, 2003 Huetet al, 2011 and (2) upward flow of
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513 deephot fluids anddlownwardflow of cold surface fluids further increai@rmal contrasts across

514 theshear zonesnhancing théocalization ofdeformation.

515
516 5.2. Detachmentsand localisation ofHEGRSs in Western Anatolia
517 The elationships betweethe localization othedeformationand thermatiomes (Fig4)

518 aresimilar to that documented in MGCand maybe associated with crustatcale permeable
519 faults which canprovide pathways for meteoric wateio flow into the actively deforming
520 middle crust (e.gFaminet al, 2005;Mulch et al, 2009. As shown in Figur®, the excess of
521 mantle heat flows transfeed by conductionnto the crust, affecting the fluids present in the
522 crustal porosity. Thes#uids may then undergo deformatidniven flow in ductile shear zones
523 (e.g.Oliver, 1996, but alsahermallydriven(i.e.buoyancydriven) flow through thecrust, where
524 high permeability detachments may easily collectlamagy up deep hot fluiddndeed,our 2D

525 numertal modelssuggesthat an elevatethasal temperatur€80 °C) at 10 km depth would
526 inducetemperatures of 308350°C at a depth of 6 km and thusuafficiently high fluid density
527 contrast to permiupward flow along the lowangle faultin the shallower crustn that case,
528 buoyancydriven flow is superimposetb topographydriven flow (Fig. 8). In other words, the
529 topographydriven flow, which prevails in the regional fluid flow pattern, is dominated by
530 buoyancydriven flow within highly permeable detachments.

531 Although the spatiotemporal evolution of permeatyliwithin detachmentss poorly
532 known,field observations othesegeological structure~aminet al, 2005 suggest that they
533 could represent highly permeable zonéseveral hundreds of mesethickwherefluid flow is

534 facilitated (Fig. 10. Moreover, if these channelized fluid flow systems are tectonically active,

535 earthquake faulting may be associated vadiismic pumpinghat enhancedluid migration
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toward dilation zoneéSibsonet al, 1975 Faminet al, 2009. As aconsequence, detachments
may beconsideredasthe crustatscalestructural controfor the circulation of deep geothermal
fluids related taHEGRs (e.g.Bellaniet al, 2004 Rocheet al submitted, driving thelong-term
crustatscalehistay of thegeothermal systen{&ig. 10). However, it is noteworthy thamost of
the geothermal systenmis the Menderes Massikside in fault intesectionzones where NS
transfer faults and lowangle normal faultsnostly formeddilational jogsthat seem to promote
the emergencef hot waters ath gas ventsKocheet al, submittedl. Fault interactionsvould
thusallow for fluid rising in the haging wall from the reservoilscatal below the detachment
(Fig. 8b, right column)andcontrol the location of thermal Spgs Further numerical simulations

would thereforéberequiredto confirm this hypothesisased on field observations.

Figure 10: Schematic cross section showing fluid flow associated with detachment zone in back
arc area. Red arrows indicate fluid circulation in ductile crust and circulation of meteoric fluids

in the upper crust are underlined by colored pathways (bfumfd and red for warm).
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5.3. Subduction dynamics and localisation of HRSs: the Larderello (Tuscany) and the

Basin and RanggWestern United States) area

Our 3-D and 2D model resultsare relevant tamther regions and thus may explain
relationships betweesubduction dynamics anthe location ofgeothermal pvinces; for
instance(i) in the Larderello arepostorogenic extensnh is active in baclarc domainor (ii) in
the Basin ad RangeProvince(western United Statedh both cases, MCCs are exhunabohg
low-angle normal faultsandthereforerepresent davorable settingor HEGRs. While some of
themare considered aamagmaticin origin (e.g.Bellaniet al, 2004; Fauldet al, 2010), some
authorsrequirea magmatic heat source (elgpenig andMcNitt, 1983; Santilanet al 2015.
Throughthesetwo main additional exampleswe show thatWKH 3SPDJPDWLF™ YV
classification may be ambiguous accordingtite long-term behavio of thesegeothermal
systems.

In the Northern Tyrrhenian Sead Tuscanyegions subduction dynamidsasalsobeen

controlled by slab retreat since the Olgliocene.This regionis characterized by a shallow

SbPD

Moho discontinuity (2025 km depth), and a reduced lithosphere thickness due to uprising

asthenospherand the delamination of crustal lithosphet@a(elli, 200§. At crustatscalea
saies of lowangle normal faultsrosscut the old thrus{e.g.Faccennaet al, 1997; Jolivetet
al., 1999, and thus cannot be explained by a reactivation e€gigting nherited discontinuities.
Instead, our numerical models suggest that themaohanical boudinage induced by slab
rollback triggers the formation of localized shear zones and allows the exhumation of{&1g:Cs
Elba IslandsFig. $4 in Appendix ). These skar zones are still actiy@ellaniet al, 2009 and

may control the ascerdf magmatic intrusions, such as bendhathLarderello geothermal field.
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We thereforesuggest that magmatic intrusioimsthe upper crust result directly frothe deep
thermalanomaly associated with slab dynandcsing extension.

Although subduction dynamics are quite different in the Basin and Range province (i.e.
first characterized by slab retresince the Eocenat the northern edge of the Farallon slab
(Schellartet al, 2010, and then by an asthenospheric upwelling above the Californian slab
window at 30 Ma Atwater, 197(), dmilar remarks also holtbr this regionindeed, ar results
are consistent witlgeological observations wherket presence of eonductor at 15:35 km
depth range\{Jannamakeet al, 2009 suggest thatthe central part of the Basin and Range
domain habecome weaker, probably dueatoextra source of heat associated vsidwindow
(i.e. magma underplating due teantle flowand shear heatifign light of our numerical results
we proposethat fastflowing asthenosphere also strongly Isdae lithosphericmantleand the
lower crust via shear heating and mantle upwelling procet#®spheric weakeninghus
promotes the propagation ofmajor fault zones througbut the crust leading to the connection
betweenthe weake conductive lower crusand the brittle upper crugFig. 10. Hot thermal
fluids at depthcanthen ascendithin the damage fault zosgwhich thuscontrolthe location of
HEGRsat thesurface(Fauldset al., 2010Q. It is noteworthy thathepresence of recent intrusions
(e.g. Steam BoatCasa Diablo in the Walker Lane geothermal béltenig and McNitt, 1983
locally enhancethermally-driven flow,by increasing théemperature of the geothermal systems
but this seems marginal &tle active volcanism is recognized in this regidra(ldset al.,

2010).
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6. CONCLUSIONS

3-D numerical experiments show titae mantle flowandshear heatingesulting from
dabretreat and tearg have asignificanteffecton Moho temperaturesuring5 ALOMyrs. Such
a mechanism induces lithospheric and crusit@rmal boudinage with different wavelengths,
which in turncreateshermally-drivenrheological contrasts that localideformation and leait
the formation of crustadcale permeable detachmenfhese structuredlow for the exhumation
of MCCs andor theemplacement diEGRs comparable to th@eobservedn theMediterranean
realm and in the Westerbnited StatesAlthough thereis no consensus on @orldwide
classification of geothermal systems, our reshighlight the importance ofhe spatial and

temporal scales dfubduction dynamics the control ofgenesis ofeothermabystems.
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759 APPENDIX

760 1. Supplementary Figures and Videos

761

762

763 FigureSl: Maps of the AegeaAnatolian region. (alseothermamap of eastern Mediterranean
764 region highlighting major thermal occurrences based on a compilation of several data sources
765 (from the MTA (2009; Mendrinoset al (2010 and Andritsoset al. (2019), and spatial

766 distribution ofPlioceneQuaternary volcanicocks (from the geological map of the MTA). (b)
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767 Curie-point depth map from Tselent{$991); Stampolidis and Tsokag({02 and Aydinet al

768  (2009.

769

770

771 FigureS2 Location of videos shown by tlverticalcrosssectionfrom our reference numerical

772 model Colours showing different rock types243-4-5-6-7-8 as defined in Figure.3
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773
774

775

776

777

778

779

FigureS3 Experimental setup without slab tearing.3B)initial model setup where the top layer
SVWLFNX®DL UN B and the water are cut off for clarit@oloursshowing different rock

typesas defined in Figure.3/ertical viscosity (grey) and temperature (red) profées, taken

at the location shown by the white stafb) Location of the "weak zore (i.e.

hydrated/serpentinizedantle) into the lithosphete initialise subduction ¢parallel).
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780
781

782

783

784

785

786

787

Figure S4 Simplified tectonic mapshowing the main metamorphic core complexesl
associated detachments faul{®) Map of the Northern Tyrrhenian region and Northern
Apennines, modified from Jolivedt al (1999. (b) Simplified crosssections highlighting slab

retreat and formation of crustal detachments.

Videos S1+S4showing theascent of partially molten materighe yellowish coloy, thethermal

domes, the composition atfte second invariant of the stiaiate tensor evolution, respectively.
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788 Note thatthe location of the modeled anec our numerical modeis the position ofmantle

789 upwellings(i.e. molten material) projected at the surface. Even if the distance between arc and

790 trench changesintime andBFH QRWH WKDW WKH GLVWDQFH VKRXOG EI
791 trench toward the upper plate.

792

793 2. Supplementary materials

794

795 2.1. 3-D numerical approach

796

797  Continuity and momentum equations

798 The code I3BELVIS uses a staggered finite difference scheme combineatiewitiarkesin-

799 cell techniqueGerya, 2010 Lagrangian advectingiarkersare thus combinedith an immobile
800 Eulerian grid The incompressibleontinuity equatiorescribes theonservation of masfuring
801 the deformation of a continuous medium (rocks) as:

802 @&R&LT,

803 (2

804 where Rs the local velocity and div{} the divergence operator.

805 The conservation ahomentums obtained through the solution of the Stokes equation:

D Qa 1E —
806 —2F—E&GL T,

lég !ép
807 (3)
808 wherei andj denote the coordinate indices (i.e. x, y, &fjs the deviatoric stress tensarand

809 x are the spatial coordinates amds thei" component of the gravity vectd®
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823

824

825

826

827

828

829

830

Heat conservation equation
In order to predict changes in temperature due to heat transport, the Lagizeegian
conservatiorequations solved, which consideonductiveheat transport, as well as internal heat

generation:

i I &g
A0, 2 _O %
e/gl/sz F!éUE ,

(4)

wherethe heat flux vectondlis related to the temperature gradient in space as:

ML FG- .

1ép

®)

T istemperature anklis the thermal conductivitgf the material, which depends on pressie (

T, and composition of the materi&p is the isobaric heat capacitgfz—,igis the substantive time
derivative of temperature artd is the volumetric heat productions. The latter term includes
several types of heat generation/consumption processes:

* L *aE*E*g,

(6)

whereH: is the radiogenic heat productids is the shear heating amth is the adiabatic heat
production.Hs is related tadissipation of the mechanical enerdyring irreversible nowlastic

(e.g. viscousileformation. It is calculated as:
*el élr] @Y

(7)
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where Y8s the strain rate tensotdacorresponds to heat production related to pressure changes.
It is calculated as:
* . L E
ol 6U,
(8)
wherelli/zz'js the substantive time derivative of pressure. Advection of temperature is performed

by using Lagrangian markerS¢rya, 2010

Viscous rheology of rocks

The physical properties of rocks usedin our experiments are given in Table 1. Among
them, the dnsity of solid rocks depends oR, T, and composition. In our experimentsgplid is
caculatedas follow:
brantxCrmandE U2F ;20 F U6F 6;7
(9)
where é,. 3 ig the stardard density of solid rocks at reference pressuee(10° Pa= 1 bar) and
temperaturelr (298.15 K= 25 °C); . and are respedively the therma expansion and
compresshbility of rock. As density is also modified by phase changes (such as partial melting

which is implemented in this codeffective rock density leff is cdculatedas follow:

épud €oapisF/ E/ —2ZE50 (10)
,PUxOI
where !omoiten IS the standrd density of mdten ock, andM is the volumetric melt fraction in

partially molten rock (see below for more informatidn)addition, ron-Newtonian visceplastic

rheologies used in ourexperiments are implemented by both dutile and lrittle/plastc
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873

experimentally constained laws. Effective viscosty for dislocaion creep thus depends on the

strain rate, pressue and temgrature. It is calculated as follow:
L 70 7 Y E|
Roapda VBA #4018 @ A
(11)
where Ybjis the square root of theecond invariant of the strain rate tensa, Ris thegas constnt,
n is thecreep exponent Ap is thepre-exporentia factor, E is theadivation energy) andV is the

activation volume. These parameters depend ongbyaied viscous flow law (i.e. wet quartzite,

plagioclase Anys), dry olivine and wet olivine flow laws; Table 1) (Ranali, 1999. This ductile

behavior is limitedwith a brittle/plastic one, implementedby usingthe Drucker-Prager criterion

Lield (i.e. plasticstrength) (Ranall, 1999 as follow:

Roaoddger

(12)

where ljield is calculatedas:

Gue st & + Psin (1), (13)
where %k is the compressive strength of the rdeks the dynamic pressure aids the effective

internal friction angle depending on the fluid and melt presence (see details in Gerya and Meilick

(2011).

Fluid/melt dynamics: exampleof partial melting
In our experiments, partial meling processis aso included. For al crustalrocks, the
volumetric meltfradion (Mo) is calculatedas follow:

lo=0at7< Tsoligus
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i 2ipuxoiap
| 4 L—— — ——22 at Tsoliqus< T< Tiiquidus
Ixouaofabouxoiap

(14)
o= 1at 7> Tiguidus
where My is the volumetric fradion of melt with no previous melt extraction, Teyigus @d Tiiguidus
are, respedively, the solidus and liquidus temperatures depending on the pressue and rack
compostion (Table 1). For the mantle, the degree of partial melting depends on the water
content acording to the parametrization of Katz et al. (2003). Resuling partially mdten
rocks can then undergo a suc@sson of melt extradion episodes depending on their melt
extradion threshold M, and non-extradable melt fraction M., both equal to 1%. Only the
excealing volumetric melt fradion (i.e. > 1 %) is then extraded from partially molten rocks,
thusgeneratingnagmamarkers. For each extraction episoce, the melt fraction Mg, recorded in
the partially moltenrock makers iscdculated as:
| at™® | F I min,
(15)
where M is the volumetric melt fraction in partially molten rock, accounting for previous melt
extraction events. It is calculated as:
I =10 -/ex
(16)
ZKHU Mext is the total melt fraction from previous extraction episodes. Thewaries
dynamically until remaining solid rocls no longer able to undergualditionalpartial melting

L H Mex > Mo). Magma markers resulting from these extraction episodes are then
instantaneously transmitted to the surface as free melt is assumed to propagate upward much

faster than rocks deform@wkesworth 1997.
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Table 1: Material properties used in the numerical experimektsdenotes the thermal
conductivity, Hr is the radiogHQLF KHDW S Ri@ Xiéndity, B the specific heat
capacity, kis the activation energy,a¥s the aawation volume,. LV tNéhnl expansion, is

the compressibility coefficient, n is the stresponent, o is the reference viscosity anek is

the effective internal frictiomngle.Qz. and Ol. correspond to the abbreviations of Quartzite and

Olivine.

2.2.2-D numerical approach

The numerical model presented in Figifeand &as beetbuilt on the same basis as those
published by GuillotFrottieret al (2013 'DUF\YfV ODZ LV FRXSOHG ZLWK WKI
SRURXV PHGLXP DQG ZLWK PDVV FRQVHUYDWLRQ :H KDYH XV
where temperaturdependent propersecan be easily impmented. Benchmark experiments

have already been performed and publisiigatipaldiet al, 2010.

The numerical mesh consisted in more than 32,000 triangles, with a maximum4gize of
within the detachment. Petrophysigabperties are given in Tab® Fluid density law was

chosen to fit the experimental data for pure water between 20 arti€350

(17)
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917 where T is temperature in °C andd the fluid density in kgn3. For temperature greater than

918 350°C, fluid nsity is assigned a constant value of 630 Kg Tiis choice has no fundamental

919 consequences on the results since at these high temperatures, fluid is located at depth greater than
920 5 km, where permeability does not allow fluid circulati&or the fluiddynamic viscosity, the

921 law used has been written as:

922

923 (19

924 where T is in °C and dynamic viscosi#ts in Pas.

925 The initial pressure field increases linearly with depth. The initial temperature field is
926 computed in a conductive regime, subht the surface temperature is’ZDand the bottom of
927 the box (0 km depth) isclose t0500 °C, asit is suggested by Aydiet al (2005. To reach a

928 temperature around ~ 500 °C at a depth of 10 kbasal heat flovof 120 mW m2 is imposed

929 during the transieriehaviour At t > 0, permeability values (s@able?2) are affected to thevb

930 units, and transient evolution of temperature and velocity fields are recdrbedchosen
931 permeability law accounts for deptlependence reacty a low value (~ 1€ m2) at the brittle

932 ductile transition, as suggested by Vio&tyal (2017).

Basement Detachment
Eq. thermal conductivity(*) 2.8 1.6
Porosity (%) 5 30
Permeability (**) (m?2) [1017 +10%exp((z-2000)/1000)  [10Y7 A10Y9
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Heat production ( RV.m-3)
1.0 0

933 Table 2: Material properties used in the numerical experimeff)sthe equivalent thermal
934 conductivity accounts for solid matrix and flditled pores. (**) permeability decreases

935 exponentially with deptrexcept in the detachment.
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