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ABSTRACT

A Late Paheozoic accretionary prism, formed at the southwestern margin of Gondwana from
Early Carboniferous to Late Triassic, comprises the Coastal AccratiGoanplex of central Chile
(34°—41° S). Thissfossil accretionary system is made up of two parallelcontempoaneous
metamorphic beltsa high pressure/low temperatuvelt (HP/LT —Western Serigsandalow
pressure/high temperatupselt (LP/HT — Eastern SerigsHowever, the timing of deformation events

associated with the growth of the accretionary piisnccessive frontal accretion and basal
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underplating) and the development of ti¥HT metamorphisnin the shallower levels of the wedge
are notcontinuously observealongthis pairedmetamorphidelt, suggestinthe former existence of
local perturbations in the subduction regimethe Pichilemu region, a weireserved segment of
the pairednetamorphidelt allows a first order correlation betwete metamorphic and
deformational evelution dhe deep accreted slices of oceanic dfisteschists and HP greenschists
from the Western Serieshd deformation at the shallower levels of the wetlye Eastern Series)
LP/HT mineral assemblages grew in response¢oelatedgranitic intrusionsand porphyroblasts
constitute time markergcordingthe evolution of deformatiowithin shallow wedgenaterial
IntegratedP—T—¢—d analysis reveals that th€/HT beltis formedbetween thatages ofrontal
accretion(D1) and basal underplatirgf basicrocks(D) formingblueschists at. 300 Ma.

A timeline/evolution relatig the formation of blueschisasidtheformationand deformation
of LP/HT mineral assemblagat shallower levels, combined with published
geochronological/thetmobarometric/geochemistry data suggests a cause—effect relation between the
basal accrain of basicrocks and the deformation tife shallowetP/HT belt The S, foliation that
formed duringhasal accretiomitiated neathe base of thaccretionarywedgeat~30 km depthatc.
308 Ma Later,.theSy foliation developed at. 300 Ma and ~15 km depth shor#fterthe
emplacement ef the graaitls and formation of th@&P/HT) peak metamorphimineral
assemblages This shallow deformation may reflect a perturbation in the long-term subduction
dynamics (e.g. entrance of a seamqumb)ich would in turn have contributed to the coeval
exhumation of theé hiearby blueschiats. 300 Ma. Finally°Ar—°Ar coolingages reveal that
foliated HP/LT rocks were already at350 °C at. 292 Ma,indicating arapid coolingfor this
metamorphic system.

Key woards:Central Chile accretionary prisnpaired metamorphic belP—T—t—d path
INTRODUCTION
Thetemporalandspatial relationshipsf thermal and mechanical processes in orogemsbeen a
topic of debate fothe past 40 yearsOur understanding ofcaretionary wedgdynamicsremains
incomplete. Moespecificallythe relation between the/o main gedynamic processes, namely (i)
the formation efithermalbgontrasted (pengcontemporaneous metamorphic bedesnsuMiyashiro,
1961; Maruyauma, 1997; and revisited by Brown, 2009, 2010, 2014, and Maruyama, 2010) and (ii)
the development of diverse deformatiofaddrics under the thermally contrasted environments (Platt,
1986; Maruyama, 1997; Feehan & Brandon, 1999; Rtrag, 1999; Gray & Foster, 2004; Richer
al., 2007). In paired metamormhsysters, the outer (oceanic) part of the accretionary prism evolves
under cold thermal gradients tlggnerateénigh-pressure/lowtemperature (HP/LTinetamorphism

while the hinterland regionaretypically associated witlgranitic §.1.) intrusions andlevelopment of
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low-pressure/highemperatur€LP/HT) metamorphisnge.g.lsozaki, 1996, 1997; Isozaét al,

2010; Brown, 2010 and references therein). During wedge growth at pletigenargin settingsthe
mechanical response to forces acting undeetdderentthermal gradients includes the

development of contrastirfgliations €.g.sub-horizontal versus swertical) and fabris (e.g.
symmetricalflatteningersus non-coaxial deformation), largeale thrushappes, shear zones, and
vertical faulthg, which can affect gradually accreted rock assembkggdifferent depths the

wedge (Cloos, 1982; Platt, 1986, 1993; Cloos & Shreve, 1988a,b; Isozaki, 1997; Ring & Brandon,
1999; Feeham& Brandon, 1999; Riepal, 1999; Gray & Foster, 2004; Glodeyal, 2005, 2008;
Willner, 2005;Richteret al, 2007 and references theréiiliner et al, 2009, 2012; Angiboust

al., 2019. In spite of such complex dynamics much of our understanding of the tectonic evolution of
deep and shallow levels of thecretionary prismstems from the determinatiar pressure—
temperaturedeformation—time (P—7—d—¢) paths and their correlation with deformation episodes
(Feehan & Brandon; 1999; Rirg al, 1999; Willner, 2005Richteret al, 2007).

The Padeozoic accretionary complex of central Chigy( 1) exhibitsac. 300 Ma paired
metamorphic heltomprisingtwo contrasting lithological/structural/metamorphic series (Gonzalez
Bonorino & Aguirre/1970; Gonzalez-Bonorino, 1971; Aguetal, 1972; Hervéet al, 1984;

Willner, 2005;Willner et al, 2005; Richteet al, 2007; Hervéet al, 2013a; Hyppolitet al,

20141. The Western Series comprises strongly deformed ocdanieed HP/LT units made of
metabasi@ndmetasedimentarsocks related to abyssal and trench environments (Willner, 2005;
Hyppolito et al, 2014,b), whereas the Eastern Series is formedréychto-forearc
metasedimentary rocklat ardess deformed and were metamorphosed at shallower levels of the
accretionary wegke (Hervé, 1988; Hervet al, 1984; Willner, 2005). The latter recorttie thermal
effects of subductiomelated granitic magmatisthat intruded the wedge (Willner, 20@8ichteret

al., 2007) and triggered thd?/HT metamorphisnfAguirre et al, 1972; ®nzalezBonorino, 1971,
Willner, 2005). Both series have been characterized as a continuous tectonic sdictismnwi
accretionary.wedge that grew under two successive modes of accretion (&iethie?007). The
progressive structural evolution betweentihie series and the change in the deformation style from
the Easterro thes\WWesterrSeries (cfHervé, 1988; Richtest al, 2007) has been related to
contrasting teetonic regimes prevailing at eliéint portions of a single wedge (Glodstyal, 2005),
and by the ongoing.change in the mode of accretion from frontal to basal undei(Métingr,

2005 Willner et al, 2005;Richteret al, 2007 Massane & Willner, 2008.

Recently, onsiderable progresss been mada determining the structural configuration
and thermatectonic evolution of the Chilean accretionary wedge, including (i) the chazattan
of contrastedabricsin the Western and Eastern series (Gloeihgl, 2005 Richteret al,, 2007), (ii)
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the correlation oP—T regime and structural position within the wedge (Willner, 2005), and (iii) the
definition of metamorphi¢ime relations in both series (Willnet al, 2005), and shermodynamic
modellingapproachas also beeappliedto explain the changes accretion mode within the wedge
overtime (Massonne & Willner, 2008). In spite of this progrdesalscale observatiand the

Chilean accretionary prismight provide additionatluesaboutthe geodynamiprocesseshat took
placealong thisactive platemargin In this context, the tectonic evolution ofgpaired belt was
investigatedyanalyzingthetemporal relationtsips betweerthe growth of porphyroblasts in the
LP/HT beltandthe developmenif differentdeformationaktagesobservedn the wedgeThus,we
evaluatehow the low strail.P/HT series vasaffected by basal accretigmocesses and exhumation-
relateddeformation:

To address these questiong characterie the evolution ometamorphidistory and
deformation of' greenschist to amphibolite facies radsociated with thiate Pakeozoic granitic
intrusionsin the Pichilemu region, central ChilEi¢. 2). This region comprises an unusual
occurrence ofhe pairedmetamorphisystem whichis formedby a metasedimentaryrich HP
segment thaincludes onlyrare oceatderivedlensegblueschists anHP greenschistsghataresub-
parallel tothe isegrads in theell-developed_P/HT belt (Willner, 2005,Figs 1& 2). The
occurrence ometaasicrocksin the HP belt mighprovidefirst-order evidence to deciphtre
nature of thesubducted oceanic crumtd its influence on the development of #ltcive margine.g.
whetherseamounisr bathymetric highsvere presentmthe subducted ocearptate Willner, 2005;
Hyppolito et al, 2014a; Halamatal., 2015).Here wepresenfield/microstructural information
recorded by garnet, biotite, chlorite, staurolite and andalusite porphysyhstthermodynamic
modeling, and*’Ar—3°Ar ages ofmuscovite and biotiteThese resulteere combined to derive
P—T-t—d paths in order to understand thgnamic and thermavolution ofthe LP/HT
metamorphiaocksin the tectonic fram&ork of anaccretionary prism (Willner 2005; Willnet al,
2005; Richeret al, 2007). This work demonstrates how porphyroblastaed at shallower levels
of the wedgauring LP/HT metamorphism can shed light ongeedynamievolution of gpaired
metamorphisystemwhen coupled to study ofthe temporabnddeformatiorrelation$ipsat
various depthgnthe accretionary prism
GEOLOGICAISETTING
The Late Pabeozeic Coastal Cordillera
Themetamorphidasemenin the Coastal Cordillerawhich formsan almost continuous
metamorphidelt extendindgrom 32° S to 54° Sncludes a Palkeozoicaccretionary prism belonging
to the circumPacific orogerocated alonghe southwestern margin of Gondwana (Gonzaléz-
Bonorino & Aguirre, 1970; Gonzalez-Bonorino, 1971; Aguetal, 1972; Ernst, 1975; Henet al.,
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1984; Glodnyetal., 2005; Willneret al, 2001, 2005, 2012; Henet al, 2013a,b). In the 1970s,$h
basement was described as a paired metamorphisensitiMiyashiro (1961) by Aguirret al

(1972). The WesternPILT and the Eastern AT series represeparallel and coeval metamorphic
belts oriented N—S (Figs 1 & 2 Willner, 2005; Willneret al, 2005).

The (EP/HT)*Eastern Series includpsammepelitic sequences that represgost-Devonian
trenchfill sediments (Herve, 1988; Richtet al,, 2007; Willneret al, 2005, 2008; Hervét al.,
2013a) and sedimeanty rocksof likely Devonianagefrom a preCarboniferous passive margie.g.
Hervé, 1988; Glodngt al, 2008) bothoff scraped against the continental buttress during the earliest
stages of Carboniferous accretiahan activeplatemargin developed at the re@Vest)of the
Chilenia terrane (Willneet al, 2008, 2011). Throughout the development of the accretionary wedge,
the Eastern Series was intruded by granitic rocks (granodiorite, togeditete) of the Coastal
Batholith betweer! 330 anct. 300 Ma, withthe main activity incentral Chileoccurrngatc. 305
Ma (Willner et al, 2005; Hervéet al, 2013a,b)which caused extensivaetamorphi®verprintng
of thevery low gradeaccretionrelated metamorphism (Willnet al, 2001; Willner, 2005). On the
other hand, the subductioalated (HP/LT) Wetern Series is composed of continental-derived rocks
(pelitesandpsammites) formed in abyssal, trench and passive margin sétitgseassociated
with rare oceastlerived rocks now preseasgreenschist, blueschist, amphibobkiedgarnet
amphibolite(Hervé;"1988; Hervét al, 1984; Willner, 2005; Hyppolitet al, 20143. The ocean
derived metabasites include OIBMEORB and NMORB types(Kato, 1985; Hervé, 1988; Kato &
Godoy, 1995; Hyppolitet al, 20143 thought to have formed in a plunredge interaction setting
(Hyppolitoet al, 20144. It is likely thatfragments of seamounts were accreted against the active
margin during Palaeozoic subduction (Willner, 2005; Hyppeital, 2014a).The metasedimentary
and metabas rocks are interdated up to the decameseale, with metabasites forming lenses of up
to kilometrein lengthdue to the tectonics of early basal accre{iilner, 2005; Willneret al.,

2009.

The contact between the Western and Eastern Series has been a mattee ¢Edetiatl975;
Hervé, 1988; Richteet al, 2007; Glodnyet al, 2006, 2008; Willneet al, 2009. At issue is
whetherthe tweseries werguxtaposed by major tectonic discontinwyitor whetherthey belongo a
single growingswedgec{. Glodnyet al, 2005;Richteret al, 2007. Recentlyin central Chile
Richteret al (2007%) proposethat the two series comprigecontinuous structural section with
deformation increasing to the west (see also, Hervé, 1B8BMassonne & Willner (2008) such
gradational changis related to the decreasiggothermal gradient the subductiosystem
(discussedurther below) Theyproposedh causkeffect relation betweetine depth ofmaximum

dehydratiorreactionghatsoftensedimentary rocks and oceanic cruigijgeringdetachmenand
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accretionof sedimentary and oceanic materiatlfferent depths undesery low- to low-grade
conditions.Willner et al. (2009 interpreted reverse faults with ahlique componerbcated along
the contact between the tweries suchasthe Pichilemu—Vichuquen Fault (Figs 1 & 9, to be
related todeformationof the accretionary wedge 100 Malater duringthe postaccretionay stage,
supporting thetransitional nature for the contact.

Mineral zones, mineral assemblages, amabrphyroblasts relations at the Eastern Series

In the Pichilemu region, the metamorphic zonation towards the batholith includes mineral
assemblages ofithe greenschist (biotite zone), amphibolite (staurolite—andalusite and sillimanite
zones) and granulitedrnet—cordierite zone) facies, with curvedmineral isogradshat areoriented
approximatelyN—S (Fig. 2 GonzalezBonorino & Aguirre, 1970, Gonzalez-Bonorino, 1971;
Aguirreet al, 1972; Gana & Hervé, 1983; Herg€al, 1984; Willner, 2005). A summary of mineral
zones and facies is givem Table 1.

The biotite zone is characterized by the coexistence of biotite + chlorite +,gardehe
staurolite—andalusite zone is essentiallydefined by the assemblages garnéictite, garnet + biotite
+ staurolite, biotite + staurolite + andalugité Aguirreet al, 1972; Willner, 2005)The muscovite-
sillimanite zone.is.characterized by the coexistence of sillimanite + garnadierger+ andalusite
(Aguirre et al,"2972; Willner, 2005)Kig. 2. The breakdown of muscovite and appearance of K-
feldspar (+/cordierite) define the sillimanite subzone 1l of Aguetral (1972),the
cordierite—sillimanite—garnet—K-feldspar zone of Gonzélez-Bonorino (1971) and Willner (2005), or
theK-feldspar-=sillimanite zone (this study)A narrow zonecharacterized by the appearance of
oligoclase and garnet observedetween the biotite and staurolite—andalusite zones (Fig. 2
GonzakezBonorino, 1971Hervéet al, 1984) In thisstudywe maintain the delimitation of this
intermediate zone and present, for the first time] estimates for these rocks.

Complexmineralgrowth anddeformation relationships characterize plogphyroblasts
formed duringhe LP/HTmetamorphism. Hervét al (1984) pointed out that the internal foliation
recorded within staurolite porphyroblasts in the staurolite—andalusite zone in the Tanumé region
differs from the"external Soliation that wraps around them. On the other hand, Willner (2005)
considered staurelite and andalusite porphyroblasts éssentially poskinematic with respect to
boththe S; ands$ foliations, and interpreted the local rotation of porphyroblasts withesS
evidence of waning deformation after the thermal overprint under the s@®®feeld that prevailed
before intrusiorof the arerelated magmadVillner et al (2009) interpreted biotite, andalusite and
staurolite as static pe§, porphyroblats that may belongaed parallel to the regional lineation,L
and proposed that the Eastern Series was affected dgfBrmation during and after the high

temperature metamorphism, reflecting the effects of deformatiorealobasal underplating. Fueth
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to the south of the studied area (38° S), Gloelngl (2008) described andalusite as sgspost-S,
and staurolite and biotite porphyroblasts as pre-datingi&vé (1977) had already described-syn
to post-$ andalusite and garnet porphyroblasts in the same area. Combining petrological and
geochronological dat&lodnyet al (2008) interpreted th@c magmaso haveintruded the Eastern
Series at 306=290-Ma, during D, deformationat the rear of thevedge. Close to this region (38 to
41° S), Martinet al. (1999) described LP/Hielated minerals (andalusite, sillimanite, cordierite) as
pre- to synS,. 'Such interpretations highlight the complex tectah&rmal history along the fossil
accretionary margin during the forearc evolution.

Previous P-T estimates

Willner (2005) providedhermobarometricesults forsamples distributed along the Eastern Sémies
central Chile (840 35° 30’ S) and a petrogenetic grid appropriate té*tiEconditions of the

lower- andhighergrade zones, suggestisignilar peakpressuresf 3.0+£0.5 kbar duringhe thermal
overprint. Using the multiequilibrium method of Berman (1988ilIiner (2005)calculatedP-T of

2-3 kbar and 400—450 °C for the biotite zone usinthe assemblage
biotite—chlorite=muscovite—quartz and assunmg K-feldsparpresen{i.e. not present in the
assemblage but.used in the calculatioRs)the staurolite—andalusite zone, P-T wasestimated at
2.5-3 kbar and 520580 °C in garnet—staurolite—biotite rocks based on the petrogentic grid®pear
& Cheney (1989)and 3.2 kbar and 555° C using the multiequilibrium method of Berman (1988)
applied to coexisting plagioclase, garnet and biotite. Temperatures wsth@mblage cordierite
biotite—garnetsillimanite-plagioclasequartzwere estimated at 65020°C and 2.5-3.5 kbarby
combining multivariant reactions and exchange thermometry (Willner, 2005). T teltwaaof
muscovitet+ quartzat temperature below the wet granite solidus indicates pressures low8rGha
kbar (Willner, 2005).

Importantly, Willneret al (2000) showed that in areas where the EasteriesSwas not
affected by the arcelated thermal overprine(g.the Chonos archipelago, 44 to 46° S),Rhd’
conditions indicate very-low grade metamorphism of the pumpedlsieelite facies (5.5 kbar and
250-280 °C)."Inthis study tlearlierlow-grade regional metamorphism is interpreted toetsgted
to frontal accretior§M1) as opposed to the thermal overprint that formed.BielT metamorphic
belt (M2).

Structural features, modes of growth and geodynamic model for wedge evolution

Major systematic differences between the Western and E&&tees include: (i) structural position
within the accretionary wedge, (ii) interrfabric, and (iii) predominant constituelithologies
(Hervéet al, 1984; Kato, 1985; Herve, 1988; Glodetyal,, 2005, 2008; Willner, 2005; Richtet

al., 2007). Theactualgeodynamic model proposed to explain such contrasting feato@gnizes
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thatfrontal and basal modes of accretion ocedsuccessively (Willner, 2005; Richtet al, 2007)
and led to the vertical gratvof the wedgealuringc. 100 Ma of subductioffrom c. 320 toc. 224

Ma, Willneret al, 2005). This model is based on the flbald concept of Feehan &randon

(1999) and Ringt al (1999), which describe how material moving within a wedge is affected by
different modes of-accreticand how this culminates in the observed architecture and internal
fabrics. The material progressively transferred to the growing wiedgganedby erosion at the top
affecting the resulting'mode of accretion. If underplating ifnérication of oceanic and sedimentary
material at the base of theedge) does not occur, deformation is concentrated at the shallower levels
of the prism and is.dominated by horizontal shortening of offscraped units, when a thidlaming
field prevails(Richteret al, 2007). On the other hand, basal accretion enhances the formation of
topographic elevations (and hence erosion) triggeringotimeaition of a more activend erosive
system and vertical shortening develops due to a thinning flow flalthe Chilean accretionary
wedge, the thickening flow field accounts for horizontal shortening of rocksrfgriine Eastern
Series, as revealed Hye vertical $ foliation related tdhe K folds. On the other hand, the ensuing
basal accretion is evidenced by the transposition of tHeli&tion by a subhorizontal and

penetrative Sfoliation (locally Ss; Richteret al, 2007).

Richteret al. (2007) proposed that the timing of change from frontal to basal accretion modes
occurred at. 300'Ma (hetamorphic peak ages of the Western Series estimated by means of
“0Ar—3°Ar dating.of phengite from blueschists at the Pichilemu region; Wi#hat 2005).More
recently, an age af 308 Ma was suggestéor the change of the accretion mode, basethen
youngestetrital zircon agefom theaccreted metasedimentary ro¢Wgiliner et al, 2008), also
corroborated b{PAr—°Ar ages in white mic&Willner et al, 2005; Hyppolitcet al, 2014b) Willner
et al (2005) indicated that tHeP/HT metamorphisnm central Chile formed at 36296Ma
(“°Ar—°Ar ages of muscovite from the Pichilemu region and further south), in response torthe mai
magmatic arc activity in this region @t305 Ma (Pb/Pb evaporation age of zirémm granite
Willner et al,,.2005, during the early stages of accretion at the base of the wedge. Condidering
transitional naturetof the structural contact, Ricbkteal (2007) suggested that changing from frontal
to basal accretionswas a gradual antlan abrupt process in time. However the paucifietaf
evidence precluded tasg this assumption.

Based on'pseudosectioalculatiors for metabasite and psamrpelite compositions,
Massonne &Villner (2008) related #asystematic change the accretionary mode the continuous
cooling of the subduction systeue to decreasg temperaturgsignificant dehydration (and
softening of the wedge rocks)ight occur ahigher pressureonditions resulting indeeper

underplating (i.ebasal accretigriMassonne & Willner, 2008). Even thouttis approaclprovides
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an explanation for thgradual change imode of accretigrtheparticulareffectsof basal accretion
on the early accreted Eastern Secasnot be explaindaly cooling of the subduction system alone,
suggeshg thattectonic/mechanical processadso controlledhe strain distributionvithin the
wedge as discusseelow.
LITHOLOGY"AND'FIELD RELATIONS IN THE PICHILEMU REGION
Greenschist andtransitional amphibolite facieszones (Chorrillos area)
Metric sequences of gray to brownish phghi, alternating with centimetrto decimetresized
guartz-and micarich layers, comprise the lithological varieties along a few kiloeaedt the coastal
zone of ChorrillosEigs 2& 3). The structure is characterizeddgub-horizontal transposition
foliation S, in'whichthe S foliation is preserved as intrafolitdlds (Fig. 39. In highly deformed
domainsthe Sfoliation is deformed by a crenulation cleavageti®at locally transposes the second
foliation (Fig. 3b,c)} pointing to continuous deformation, but remnants of thereSstill recognized
(Fig. 3¢). Greenschist facies metamorphism is characterized by the mineral aggeatibaite-
biotite-muscovite—quartztagioclase—ilmenite defining the biotite zone. Scarcefine-grainedgarnet
marks the appearance of the garrdigoclase zonendicatingtransitional metamorphic conditions
between the greenschist and amphibolite facies. Quartz veins are widespreEadantafolial F,
folds locally refolded by &folds. In the oligoclase—garnet zone fine grained bioatedalusite
occur within quartz veins folded by Folds.
Amphibolite facieszone (Tanumé area)
Quartzmicaschistgt andalusite, garnet and staurdlitendgarnetbearingpsammites are the
dominant lithatypes outcropping continuousdy kilometres dongthe coasat Tanume Fig. 3d).
The pelites and psammites are intercalated at the centisuatieeforming metriscale sequences.
Calcsilicate rocks occur as rare lenses within the sequence (etea£1984). The structure is
characterized by sub-harzontal penetrative Soliation (Fig. S1a)but, locally, the main foliation in
dominant quartz- and feldspach packages is the; $oliation and primary sedimentary structures
such as cross'stratification are still observed. Abundant quartz (+ andalasitepccur and are
isoclinally folded"by"; folds (Fig. 3d-f). Medium-grade conditionarerepresented by the
assemblagesbioti#@ndalusitestaurolite-muscovite—quartztagioclase—ilmenite and biotite—
garnetquartzplagioclase—ilmenite + staurolite £ muscovite

A prominent.feature of these rocks is the presenchiattoliticandalusite porphyroblasts of
up to 25 cm of lengthFigs 3e & S1b). Chiastolitic porphyroblasts show complex growth patterns
characterized by randomly orientgrhins that were folded, partially brokdfid. 3e,f), rotated and

wrapped Fig. S1b) during the formation of the Sansposition foliationrevealing that andalusite
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growthpreceded the maiD, event. The presence of andalusite within and at the walls of isoclinally
folded quartz veins corroborates thigerpretation(Fig. 3e,1).

ANALYTICAL TECHNIQUES

Mineral analyses were obtained Wwavelengthdispersivespectrometry using a CAMECA SX00
microprobeanalyseCenter of Scientific Facilitie€CIC), University of Granada) operated at 15
kV/15 nA beam currenwith a5 pmbeamdiameter Albite (Na), periclase (Mg), Si§XSi), Al,O3

(A, sanidine {(K), FeOs (Fe), MnTiO3 (Mn), BaSO, (Ba), CrO3 (Cr), diopside (Ca), Ti@(Ti)

and vanadinite (Chvere useds calibration standards. Representative analyses are provided in
Tables Sh—g. Chlarite and mica compositions were normalized to 28 and 11 oxygen, respectively,
assuming Fea=Fe’’. Garnet and ilmeniteompositions were normalized to 12 and 3 oxygen, and 8
and 2 cationsgtespectively, with*estimated by stoichiometriollowing Holdawayet al (1991,
1995), saurolitéCompositions wrenormalized to 48 oxygen, Si+Al+2/3Ti+Ee25.55, and Fé=

3.5% of Feya. Plagioclase andpidote compositionsere normalized to 8nd 12.5 oxygen,
respectively, assuming kg as F&". Mineral abbreviations follow the scheme of Whitney & Evans
(2010). Atoms.per formula unit and Mgsmber (Mg/(Mg+F&) are abbreviated aspaf.u. and

Mg#, respectively:

Elementalk-ray maps were obtained with the same machine operated at 15 keV and 250 nA,
with a focused beam, pixel size of 8 um and counting time of 30 ms/pixel. The images wer
processed with seftware DWImag®&.{TorresRoldan &A. GarciaCasco, unpublished) to highlight
the minerals and textures of interest. In the images, some minerals w&esl masandnineralsof
interest were oyerlain onto a grayscale image calculated with the expression Y [a.p.f.u/nA/s)i*Al,

(where A is the atomic number and i corresponds to Si, Ti, Al, Fe, Mn, Mg, Ca, Na, Ba, K, P, F and
Cl) that contains the basic textural information of the scanned areas.

Whole-rock major element (wt.%) compositions weetermired at the CIC (University of
Granada) with.a PHILIPS Magix Pro (R®M40)XRF sped¢rometer using glass beads made of 0.6 g
of powdered.samplé diluted in 6 g o£Bi,O7. The results are listed fableS2. Mineral and
whole-rock compaesition were plotted in composition phase diagrams after projection f
appropriate phases and exchange vectors using software CSpace Rbidéewt al, 2000).
Whole-rock cempositions of selected samples were used foalt@ation ofP—T pseudosections
using the software, package PERPLE_X (Connolly 1990, 2005; version 6.6.8).

“OAr/*°Ar analyses omuscovite and biotitevere performed at thérgon Geochronology
Laboratory of the University of Michigan using a continutaser for stegeating and a VG 1200S
noble gas mass spectrometguipped with a Daly detector operated in analog moderriEss

spectrometer was operated using the methods outlirfgleapeyet al. (2000) and Keanet al
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(2006). Samples were packetthin pure Al foil packs and irradiated in a medium flux location
inside the McMaster Nuclear reactor for 90OMWh within two irradiation packd@eoted ages are
calculated relative to amge of 520.4 Ma for hornblende standard MMHb-1. After irradiatiomadl s
number of grains (between two and fowr)h 150-250um were chosen from each sample for
extraction and purification of argdoy the stegheating method.
BULK COMPQOSITION OF LOW -GRADE METASEDIMENT ARY ROCKS FROM THE
PICHILEMU REGION
Whole-rock cempositions of metasedimaytrocksfrom the Eastern Series are scarce in the
literature. Heré5 new whole-rock analyses of samples ftbeChorrillos and Tanumé arease
provided TableS2).

In Fig. $2, the whole-rock compositions are plotted onAld- (Al ,O3—KAIO ,—FeQ) and
AFM (Al ,03-FeO-MgO) diagrams projected from the coexisting phases quartz, ilmenite,
plagioclase Abgs, average composition), apatite anglHusingthe exchange vectors SiNaAlga
MnFe; and MgFe, (AKF), and quartz, muscovite iE$.09,average composition), plagioclase
(Abgs, average), ilmenite, apatite and®i usingthe exchange vectors Mnff@and SiNaAICa
(AFM), in orderto.properly condense the compositional space (i.e. so the number of pttheata
equal b thenumber.of new component3he average compositions of plagioclase (varying from
albite to andesine) and muscovite (see the AFM diagram) include chemical afralysescks
belonging tahe bietite andstaurolite—andalusite zones (greenschist to amphibolite facies). The
thermodynamic validity of the projections is not fully accomplished (Greenwood, 19%)daeof
the use of average compositions and exchange vectors, but the imperfectiomoasnchthe
projections are valid for evaluating the variation in bulk-rock composition andets efi mineral
assemblages. As shown in the diagramBigfS2 the samples from greenschist and amphibolite
facies zonearepelites (AKF diagram), and have broadly constant Mg# in the range 0.29-0.39
(AFM diagram); withthe exception of one low-Al and Fe-rich sample (also showilogv KAIO ,
component).having/Mg# 0.2Apart from this sample, a rough trend of increasing Al characterizes
the sequencerfromithrotite through the garretligoclase to thandalusite-staurolitezones. kgh
Al and Fe contents-fauar formation of stauroliteandalusitébearing assemblageompatible with
the formation.ef'staurolite at lopressure mediurgrade conditions.
TEXTURAL RELATIONS AND MINERAL CHEMISTRY
Biotite zone
Psammaepelites from this zone are compos#ahlorite-muscovitebiotite-albite-oligoclase-
quartz—ilmenite, and accessory graphite, apatite, & rutile, tourmaline and zircon. These lithotypes are

characterized by a penetrativgfSliation defined by phyllosilicates that transpose thddBation
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preserved within crenulation cleavage domaimsprisingmuscovite€hlorite-quartz #plagioclase
* ilmenite Fig. 4a,h.

Biotite porphyroblasts (0.5 mm) are wrapped by muscovite and chleigtet@,h, indicating
pre-S, growth. Locally, graphite inclusions within biotite define trails orthogondidcekternal &
foliation, suggesting post.rowth. Hence, we interpret,[@s related toegional low-grade
metamorphism (M1) predatinbe LP/HTmetamorphism. In more strongly deformed samples,
biotite lies parallel'tothe main Soliation andalso forns sigmoids that record the local
development ef ductile shear zon€gy( 4c). Chlorite and muscovite form subhedral flakes and are
usualy inter-grown.along thin layers in bothy &nd $ domains, intercalated with quarfdagioclase
layers. limenite.is the maioxide phase and occurs parallel to botlai®l $. Local relics of rutile
within ilmenitercares are interpreted as vestiges otaipus M1 mineral assemblage formed before
the LP/HTmetamorphism. Retrograde chlorite replaces biotite porphyrobkagtg§).

Muscovite has Si, Mg#, Ti and Na values in the radg#&s-3.15, 0.39-0.50, 0.01-0.05 and
0.07-0.14 a.p.f.u., respectivelylableS1a).In contrast tavhat isexpected during an isobaric
heating path (Chatterje® Froese, 1975)muscovitein the biotite zondaslower Nacontentghan
muscovitefrom.medium-grade condition§ig. S3). One explanation for thigattern mighbe the
lower Al content obulk rockcompositiongrom the biotite zonecompared tahose from higher
grade zonegFig. S2), favouring Strich (Napoor) muscovite compositions. On other hand, the
chemicalzoningpreservedvithin this groupis irregular Two samples haveghengite compositions
with Si contents of 3.23 and 3.28 a.p.f.u., whaight representelicts from theM1 metamorphism
Biotite shows minor chemical variability with Mg# in the range 0.37—0.41 and Ti contents of
0.09-0.12 a.p.f.u. TableS1b) Chlorite has Mg# in the range 0.40—0.42, wherethe lower values
represent retrograde compositiofialfleS1c) Plagioclase @ins yield distinct albite (Xab=0.99)
and oligoclase (Xal3=87-0.80) compositions (TableS1d that we interpret as reggenting solvus
phases of theperisterite gap. lImenite records minor chemical varianititis characterized by
Fe?*, F€" andMn.contents of 0.94, 0.01 and 0.04 a.p faspectively.

Garnet-Oligoclasezone

The lithotypeinsthisizone compriseshlorite-muscovitebiotite-oligoclasequartz—ilmenite and
accessory garnet, graphite, apatite, tourmaline and zircon. When pgesast,is scarce (€6
mode). It forms'subhedral to euhedral crystals (~0.23 tmra in diameter) with quartz, ilmenite
andrare calcitanclusions Biotite forms porphyroblasts (<1 mm in length). Chlefiteuscovite
layers alternating with quartz—plagioclase layers defining the main $ foliation. Andalusite + biotite
occusin quartz—plagioclase veins (Fig. 4d), whichare folded by E. Muscovite has Si, Mg#, Ti and
Na contents varying in the ranges 3.03-3.15, 0.36—0.53, 0.01-0.03, and 0.11-0.25 a.p.f.u.,
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respectively(TableS1a) One analysis yielded S3-34 a.p.f.u., and likely represents Micen

Biotite has Mg# in the range 0.35-0.40, and Ti contents in the range 0.08—0.12 a.p.f.u. TableS1b)
Chlorite records minor chemical variability and has Mg# in the range 0.37—0.42 (TableS1c). Garnet
(Xprpo.o7Xgrse.oaXalmg 74Xsps.16, TableS1e) is unzoned. Plagioclase is oligoclase in composition
with Xab in thewrange of 0.77—-0.87gbleS1d) lImenite has F&, F€* and Mn contents of 0.94,
0.02, and 0.04 a.p.fuespectivelyTableS1f).

Staurolite-Andalusite Zone

Staurolite-andalusite absent rocks

This lithotype comprisebiotite—garnet—oligoclase/andesine—quartz-menitewith accessory
graphite, epidote, apatismdtourmaline * pyrite. The lack of muscovite, the predominance of
plagioclase (~45%)and biotiteZ3%), and low KAIQ contents (as indicated by the samples with
lower Al contents in the AFM and AKF diagramsFof. S2) point to plagioclaseich sedimentary
protoliths. The rockabricis characterized by a fingrained matrix (0.01 to 0.15 mm), mainly
formedof plagioclag with minor graphite, quartz and ilmenite. Graphite trails define {Hel&tion
together with granoblastic bands of plagioclase. Biotite, garnet and chlontg@d&st porphyroblasts
(<0.50, <0.50, and.<2'mm, respectively). The continuity between inclusion tdgfsned by graphite,
plagioclase and quariz biotite grains anthe matrix foliation is conspicuous and cleaidientifies
the growthaspost-S. Biotite is partiallyresorbed, whereas garneeuhedral. Compositional maps
show two generations of garnet, of which gainstiocally resorbed and replaced by gaih&b

form atolHike grains Fig. 5). Chlorite occurs as porphyroblasts and as flakes within biotite along
thecleavage or a@heedges Thischlorite isalignedapproximatelywith the hinges of the second
crenulation foliation, indicating syn- tate-S, growth.

Biotite has irregular zoning bgenerally thenner zones have slightly lower Mg# (0.33) than
therims (0.34 versus 0.3TableS1b). Ti zoning is irregular, with contents varying in the range
0.06—0.13 a.p.f.u., but differences between cores and rims are not apparent. Ti-rich halos occur
around ilmenite.inclusions. Chlorite has Mg# in the range-0.39, with lower values at the rims
(TableS1c) limenite'has F&, F€* and Mn contents in thranges of 0.92—0.98, 0.0-0.07 and
0.01-0.04 a.p.fusprespectively @leS1f). Epidote has Xcz and Xps contents of ~0.80 and ~0.20,
respectively(TableS1f). Plagioclase is zoneéig. 5) with cores obligoclase (Xab8.73—-0.82) and
rims of andesine (Xal:=58-0.60) (TableS1d).Late plagioclase is albite (Xab®1-0.97) and
concentrates along diffuse discordant strips that overprint/replacer gdalyjioclase. In general,
garnetporphyroblasts show prograde growth zoning characterized by decreasimuntdnts

towards the rimgTableS1e), which is balanced by increasing Mg, Fe and Mg#
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(XPrpo.o3—0.09Xgrso.09-0.17Xalmo 67-0.83XSPS.01-0.17 at the rims)Fig. 5). However as noted above, the
growth-dissolution history of garnet is complex.

Prograde garnet zoning walectedby a stage of garnet resorptjoavhich was followedy
continuedprogradegrowth (Fig. 5). Garnetl, which has higher Mn and Ca, alosver Mgand Fe
than garnetilicomprisesmost of the grain (core and mantl@arnet lIformsinner and external
overgrowths emarnetl and reord peak conditions as indicated the lowestVin and highest Mg
contents and highest MdFig. 5). Garnetl shows anannulus of higher Ca contef¥grs=0.11, 0.16,
and 0.09 in the core, intermediate zone, and mantle, respectively), andikiafeatures (cf.
Pattison & Tinkham, 2009, and references therein) developed whtmantles Fig. 5). Thehigh
Caannulus is'not accompanied tymplementarghangesn Mn, Mg and Mg#, suggestirignetic
effectslikely involving other Cabearing phase®(g. epidote and/gagioclaseas local
sinks/sourcedor Ca during progradgarnetgrowthrather than changas P—T" conditions ¢f.
Chernoff& Carlson,1997). Compositional maps shiglg-rich and Mn-poor zones similar in
composition to_garnet Il rims that invade garnieom the rim(cf. Faryadet al, 2010) that may
follow the internal concentric zoning of garnetnd develop atollike strudures Fig. 5). This
process involved.the formation of minor biotieehin the atoll, suggesting a
dissolution—preeipitation event of garnet | during formation othegarnetll rims. Finally, local minor
resorption of garnet'll rims by quartz did not invotlifusive modification of garnet compositions,
indicating low temperature retrograde conditions.

Staurolite—andalusite-bearing rocks

This lithotypecomprisediotite-muscovite€hlorite-quartz—phgioclasezstaurolitetandaltes-
iimenitewith accessory grdjite and tourmaline. Biotite (<0.80 mm), staurolite (<3 cm) and
anddusite (up to several centimesran length) form post-Soorphyroblasts, as evidenced by the
continuity of inclusions trails (mostly muscovite, quartz grighhite) with the matrix (<0.03 mm)
mineralfabric (Fig. 6a), truncation of the inclusion fabric and wrappinghsy S foliation (S#Se;
Fig. 6b,c). Biotite.has subidioblastic habit and occurs intergrown with andalegjt&d) or forms
stackg(Fig. 6b)=Staurolite and andalusite occur in contact along rectilinear crystal facestimgl
synchronous grewth of all three porphyroblastic minerals prior.tarid formation othe S
foliation. Andalusitewas alsdoudinaged and kinked during DAndalusite-bearing quartz veins
related to MZaretisaclinally folded by F(Fig. 6e), defining the sansructuralrelations with
respect to Sasthe porphyroblastdg. 6¢,d).

Staurolite has idioblastic haphliut showsninor resorption at its rim&ocally, it develops
sectorzoning (due to variations in Ti conterBtauroliteforms poikloblastic grains that malyave

inclusion-rich rims and inclusiofree coresor thatmayshowzonal concentration of inclusionsig.
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60), defining complex patternsith respect to the matrix foliatiomnd pressure shadowsofartz +
biotite + chlorite parallel to & (Fig. 6¢). More rardy, poikiloblastic staurolite shows slightly
crenulated quartz inclusions that lack continuity with théo8ation (S#Se), suggesting locaveak
deformation of $ prior to staurolite growth. limenite included in staurolite was not affected,by F
folds, whereaspartially included ilmenite was deformed outside the porphyrdblgstsig.?).

Fine-grained muscovite definglse S foliation. It is folded by F and is included within post-
S: porphyroblasts. Late muscovite and chlorite form flakes alignedtet, crenulation cleavage
(Fig. 6af) but also truncate SFig. 6b). Muscovite fills necks of boudinaged andaluaitd replaces
it at therims. Chlorite replaces biotite forming pe&t pseudomorphs. Such relations indicate syn-to
lateand post-8.growth of muscovite and chlorite.

Muscovite has\Si, Ti and Na values varying in the range 3.02—3.12, 0.01-0.02 and 0.14—-0.27
a.p.f.u. respectively(TableS1a), yielding the highest Na contents of all studied rocks, as indicated in
Fig. S3and in the AKF diagram dfig. S2 The chemicatoning is irregular, but a negative
correlation between higher Ti and lower NabservedTableS1a), suggesting trend of increasing
temperature (ChatterjgeFroese, 1975; Wu & Chen, 2015). Muscovite overgrowtharatalusite
are characterized.by Si, Mg# and démtents of ~3.03,0-40 and 0.22—0.26 a.p.f.u, respectively.
Biotite cores and rims have Mg# in the ranges 0.35—0.40 and 0.37-0.41, respectively (TableS1b).
Chlorite hasMg# 0f0.39—0.43, with lower values towards the rimgTableS1c).Staurolite zoning is
faint. The rims andreasaround ilmenite inclusions are richer in(0i06 to 0.15 a.p.f.u.) as shown
in compositional map dfig. 7. A number of staurolite grains have core and rimpositions
characterized by Mg#=0.12—0.14 and 0.15-0.16, and Ti=0.05—0.08 and 0.08-0.16 a.p.f.u.,
respectively(TableS1g). The highest Ti values, however, occur around ilmenite inclusions. No
chemical variations are observed between staurolite in different teptgitibns. Plagioclase is
oligoclase in composition with Xab in the range 0.78—0.84 (TableS1d).

THERMODYNAMIC MODE LLING

Pseudosections.in.the MNNCKFMASHT system

PressuretemperatureX—17) pseudosections were calculated for three sanigieghich the peak
phase relationships and whole-rock compositions are depicted in AFM diagramsepr&ject the
coexistingphasesenuscovite, quartz, plagioclase, ilmenite, apatite ag@ fuid, and the exchange
vectors MnFe and,SiNaAlCa (Fig. S4). The bulk composition of sample DTH-I@m thebiotite
zone plots orthe tieline biotite-chlorite The bulk rock composition of sample DTH-68B from the
transitional garnebligoclase zone plots within the {isangle chloritebiotite—garnet Note that
projection from oligoclase and the plagioclase exchange vector make=a@iag garnet plot with
lower Al thanchlorite (Fig. S4, DTH-68B). The bulk composition of sample DTG9A fromthe
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staurolite-andalusite zone plots within the andalusite—staurolite—biotite tie-triangle Fig. S4). These
relations and the lack of tieline intersections suggestematibrium of the respective assemblages
in a continuous petrologicadtructural section at low to medium grade conditions.

Phase equilibria were calculated with the software package PERPLE_X (Coaf8ly
2005; version 6:6:8). The thermodynamic data used in the calculations are those of Hollarell& Pow
(1998; revised in 200hp04ver.dat The solution models of the solid phases chosen for the
calculations include: garnet, potassic mitaurolite cordieriteand ilmeniteg(Holland & Powell,
1998), plagioelase (Newtast al, 1980), chlorite (Hollanét al, 1998), biotite (Powell & Holland,
1999; Whiteet al, 2000), and ldoritoid (Whiteet al., 2000).

Due to'the presence of graphite, the equilibrium composition of the fluid was tasated
belonging to the'C~O-H system (Ohmoto & Kerrick, 1977). Because dehydration reactions
dominate in peliticflithologies and the evolved®typically allows perturbations in the fluid
composition caused by addition of external fluids to be overcome (Connolly & Cesare, 893), t
H,0O, CO, and CH contents of a C—O—H fluid coexisting with graphite (C), at fixed P—7, are those
that satisfy theondition of maximum XHO in the fluid, i.e.the composition of the fluid must be
located along the.€=H,0 join of a C—O—H triangular diagram. This allowsthe fluid composition to
be constrained,ta.afixed H:O ratio of 2:1 (Ohmoto & Kerrick, 1977; Labotka, 1991; Connolly &
Cesare, 1993; Connolly, 1995), allowing the calculatioR-6f pseudosections with varying but
buffered fluid compositions.

Phase equilibria modétig wasperformedn the MnO—Na,O-CaO—-K ,0-+FeO-
MgO—Al1,03-Si0,—H2,0-TiO, (MNNCKFMASHT) system. The CaO contents of the bulk
compositions were corrected for apatite (assuminB.&k in apatite). Total iron was assumed as
FeQow and F& was not treated as a separate component, bef@use low and controlled by
equilibrium of graphite and fluid in graphite-bearing metapelites (Connolly &€e$993; Pattison,
2006). Samples with a low mode of porphyroblas&/4xwere selected for thermodynamic
modeling to diminish the effects of chemical fractionation during growth of zonptyoblasts
(Marmoet al, 2002;"Konrad-Schmolket al, 2008). TheP—T pseudosections were calculated in the
range of 2—6 kbamand 350650 °C with quartz and the fluid phase considered in excess. The
calculatedP—Z-diagrams include key isopleths of mineral composition and abundance that allow
tracking the metamorphic evolution during both M1 and M2.

Biotite Zone
In the pseudosection feample DTH1C (Fig. 89, the peak mineral assemblage chlefiietite-
oligoclase-albite-Hlmenite-muscovite—quartz is represented by a quadrivarianfield with a

maximum pressure of ~4.5 kbar and temperature range of 450-508iPGthé¢ Si and Na/Na+K
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contents of M2 muscovite (303.15 and 0.07-0.14 a.p.f.u, respectively), th®-T conditionsare
approximately3.6 kbarat 485 °C.At <450 °C rutile is stable instead ilmenite, which is in accordance
with observed relig of rutile within ilmenite cores in this sample. The bulk composition is relatively
Ferich and Al-poor Figs S2 & S4) and, as expected, chlorite is stable over a WidErange up to
~500 °C, coexisting with staurolite within a very narrow figtd/ariant field#11,Fig. 8a). Garnet is
stable at pressurésgher than ~4 kbar (>500 °C) or at low pressatre550 °C, and
andalusite—staurolite—biotite coexistin a quadrivariant fielet >3.0 but <4.4 kbarandat500-550

°C (#10,Fig. 8a).

Garnet—Oligoclase Zone

In the pseudosection feample DTH68B (Fig. 8b), the peak assemblage chlo+beotite—
oligoclasegarnetilmenite-muscovite—quartz is represented by a quadrivarianfield at 3.5-5.2 kbar
and 500-528C."Cémbining chemical isopletharfthe peak garnet rim Mg# (0.05) and Si contents
in M2 muscovite (3.06 a.p.f.u.) constrains geakP-Tto ~4.4 kbar and ~515 °C (Fig.)Bksarnet
bearing assemblages aestricted to slightly higher pressures at medium grade and low predsur
>525 °C similarto Fig. 8a. Andalusite, staurolite ahmbtite coexist withiravery narrow
guadrivariant field#9, Fig. 8b) extending from 485 to 550 °C owawide pressure rangef up to

3.8 kbar.

Staurolite—Andalusite Zone

In the pseudosection feample DTH69A (Fig. 8¢), which is AF and Ferich (Fig. S4), the peak
assemblage staurohteiotite—andalusiteeligoclaseilmenite-muscovite—quartz is represented by a
quadrivarianfield from 2.4 to 4.3 kbartsb00-560 °CThere are minor differencé®tween the
analyzed Mg# in staurolite (0.12-0.16) dhdt predictedy thermodynamic modéhg (0.10-0.14),
but the Mg#in-staurolite isopleth of 0.12 Bewithin thequadrivariant field of interest. Combining
the mmpositional isopleths fataurolite(Mg#=0.12) and plagioclas&b=0.82) constrain®—T
conditions to ~4.2 kbaat ~555 °C.

Ti in muscovitethermometer

Forilmenite- and"ASiOs-bearing assemblagése Ti in muscovite thermometeWu & Chen,

2015 has beensapplied to samples fromdtauroliteandalusite zonéDTH-69A, DTH-69C, DTH-
70A). For a pressure of 4.2 kbéFig. 8c), usingTi-rich (0.02 a.p.f.u.) antla-poor (0.14—0.20

a.p.f.u) muscovite,analyes TableS1a)yielded505 and 514 °CTable S3) Considering an
uncertaintyof £ 65 °C (Wu & Chen, 2015)hesetemperaturgare compaiale to thosepredicted
from the P—T pseudosectio(Fig. 8c). Retrograde conditions weakso estimatedsing muscovite

thatreplace andalusite (Ti poorer, 0.01 a.p.f.u., &wricher, 0.22-0.25 a.p.f.4. Forapressuref
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2.8 kbar fetrograde chloritesopleth ofMg#=0.45 Fig. 8c), temperaturesf 388-344 °C g
obtained.

Ar—Ar AGES

Threesamples werdatedusing the'®Ar/*°Ar method, including onpsammepelitic schist from the
biotite zonerin the&€horrillos area (DTHLF, muscovite separates), one psammidipeachistfrom
thestaurolite-andalusite zone in thieanumeé area (DTHOA, biotite separate)and one blueschist
from Infiernillo"beachin'theHP belt(seeFig. 2for location and Willner, 200%¢r the P-T
conditions DTH-86G, phengite separateln all samples, two runs were performed using two to four
grains per run (15@50 pum) Muscovitefrom sample DTHLF yields plateau ages ¢195.7+ 1.6 Ma
(MSWD=1.6561.24 of **Ar released) an@94.9+ 1.5Ma (MSWD=0.38 72.0% of *°Ar released)
(Fig. 9a,h. Forsample DTH70A, plateauagesfor biotite are292.1+ 1.6 Ma (MSWD=1.52 53.8%
of *°Ar released) an@91.3+ 1.6 Ma (MSWD=0.46 67.0% of *°Ar released)Fig. 9c,d. Phengite
from sample DTHBBG yields a plateau age @09.6 + 1.0Vla (MSWD=0.95; 85.6% ofAr
released) and a total gas age d.2% 0.9 Ma Fig. S5).

To evaluate the geological meaning of these agesdwptAr closue temperaturefor white
micaandbiotite.0f.420-350 € and 300 + 50 °GespectivelyMcDougall & Harrison, 1999).
Consideringhe,temperatusscalculatedor the biotite (450 °C) and andalusite—staurolite zones
(~550 °C), we interpret the Ar muscovite and biotite ages to record codlivgever, for the
blueschist sample; consideritige peak conditions of 9.5-10.7 kbar and 350-385 °C estimated by
Willner (2005),the Ar phengite ages are interpretedecord the timing gbeakmetamorphism
DISCUSSION
The chemicaltextural record and P—T-t—d paths
For the most part, metasedimanyt rocksof the Eastern Series only record the effects ofttaemal
overprint,M2, that obliteratedhe textural and mineralogical recordgloé regional lowgrade
metamorphismM1 (Hervéet al, 1984; Willner, 2005). Combining field and microstruatuata
with thermodynamic modkng of thelower-gradezones, we providgquantitative estimates tfie P—
T conditions and-relative timing dfieformation ofthe peak mineral assemblages. These data
constrain the evelution of deformation within the central Chilean waddecan be integrated with
published geodynamic models.

The pressures determined for each zone basedarsectingcompositional isopleths vary
from 3.6 kbar in the biotite zone, to 4.4 kbar in ghmet—oligoclase zone and 4.2 kbar in the
staurolite—andalusite zone. However, dsed on the mineral assemblage fields, the calculated
pseudosections yielded consistent peak estimate®f 3.6—4.4 kbar 485-555 °Cacross all three

zones. Thus, it is unclear whether there are changes in depth from zone to zone, andrie data a
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equallyconsistent with an isobaric thermal overprint. Although slightly higinessure estimates are
obtained in this study, our resuétee comparable tthose obtained by Willner (200f)r greenschist
and amphibolite facies assembla@®-3 kbar, 400—450 °C; 253 kbar 520—580 °C). The results are
alsoin generalagreement with the expected evolutiorstaurolitebearing phase assemblages
metapelitesromrlow-P thermal aureoles (Waters & Lovegrove, 2002; Pattison & Vogl, 2005;
Pattison & Tinkham; 2009).

The formation of post-Schiastolitic andalusite, staurolite and biottssemblage®.g.Figs
6, 8 & S4) reveals the static nature of the Mi2tamorphism. The texturahineralogical similarities
betweenguartz veins bearing andalusfiebiotite) and the psammo-pelitic host rodksthe Tanumé
and Chorrilosarea suggests that synmetamorphic veinirilp syndironous growth of andalusite in
thevein and hostrock (Cesare, 199¢rurred duringhe thermametamorphismas would be
expected giventhé steep/dT slopes othestrongly temperature-sensitive isopleths g+tontent
in sample DTH69A (staurolite—andalusite zone; Fig. 8c). This process involveseval
hydrofracturing and effective mass transgortercrystalline diffusiorand/orfluid-mediatedl
associated witlandalusiteproducing dehydration reactionghich allows the mobility ofAl to form
andalusitebearingguartz veingcf. Cesare, 1994 and references therein).

In addition,X<ray composition mapeveal evidence dbcal garnet dissolution folload by
newgrowth/(Fig. 5),i.e. during prograde metamorphism. Basetherextural relationgand
continuous prograde zoning evident in the garnet composition (Figidlikely that the
dissolutiongrowthprocessccurredclose topeakP—T conditions during a single continuous
metamorphic evenHence wesuggest that episodic iftfiation of (relatively local or externally
derived) fluid duringorogrademetamorphism triggerddcal dissolution of garnet-1 while buffering
thetemperatureAfter the fluid infiltration event, grnetll formed in response tmcreasing
temperaturén accordancevith the observed prograde zonirkid. 5).

Isoclinal folding of andalusite porphyroblasts and andalistaingquartz veins bearing by
F, folds (Figs3d-f &6e), wrapping and rotation of biotite, andalusite and staurolite porphyroblasts
by the S foliation=(Figs 4a & 6¢), andthe presence of syto lateS, chlorite and muscovitidicate
thatD, deformatien‘took place during cooling and exhumatteg.(10). Retrograde conditions
estimated using'samples from the staureditelalusite zone ammmpatible with decreasing
temperatur€<400.°C)associated with decreasing presginam 4.2 to 2.8 kbar).

Previous authors had proposed that porphyrobtekited to the thermal metamorphisnreve
postkinematic with respect to both &d $ foliations, and likely grew in theraningstages othe
D, deformation (Willner, 2005; Willnegt al, 2009a), implyinghatthermalmetamorphism

occurred after a changetimeaccretion mode in the accretionary pristere we have showhat
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andalusite, staurolite and biotperphyroblasgrowthwaspostthe S; and prehe S, fabric.
However, wenote that porphyroblasts grown late duringdd early during 3 mayexhibit similar
microstructuratelationsmakingit difficult to distinguish betweethese alternative timing relations
(cf. Passchie& Trouw, 2005).Theconnection between the new observations made herthand
different deformational stages that prevailed in the wedgdiscusseaextin the context of
changingmodeof aceretion

Timing relations andhe developmerdf the basal accretiorelated foliation $

Therevised microstructuraklationsand new metamorphic ageombined with datdom Willner
et al. (2005) allow the tectonic evolution of bdtie HP/LT and LP/HTseriesto be correlateth this
region “°Ar—Ar plateau agesf c. 300 Ma for muscovit@Willner et al, 2005) ana. 292 Ma for
biotite (this wark) fram stauroliteandalusite zone samples are interpreted to record cooling.
Muscovite from'thé& biotite zorsamples yield near pe&fAr—°Ar plateau ageof c. 295 Ma(this
study).The blueschist sample from Infiernillo Beach yieldédfa—3°Ar plateau agef c. 300 Ma
interpreted to date the timing of the metamorphic peagieneralagreement with previous
“OAr—3°Ar agesof c. 292 Ma andt. 298 Ma retrieved frorphengite by Willneet al (2005)from
blueschists samples from the Pichilemu region.

For aclosuretemperaturef 300 + 50 °Cor biotite in the*°Ar—Ar system, theeresult
suggesthat atc. 292 "Ma the Eastern Series Hietly cooled toa similartemperaturego the high
pressure rocks formintgpe wedgei.e. ~ 350 °C (Willner 2005Willner et al., 2005), corroborating
rapid coolingafterthethermal overprint at. 305 Ma aswas alsasuggested bWillner et al (2005)
based on the uniformity of muscovite cooling age801-296Ma). The close timing relation
between blueschist facies metamorphismh e cooling stagir the LP/HT belt suggesta
temporal correlatiobetween basal accretiamthe deepepartand cooling in the upper part the
wedge Furthermore, wénfer thatformationof the S foliation wasa consequence bgasal accretion
in the Pichilemuegionatc. 300 Ma Fig. 10).

The tectonic.evolution of the accretionary prism

Richteret al (2007):considered that only deepest portion of the Eastern Series, at depths ~20 km
where the $foliation is locally developed, asaffected by basal accretion. Our thermobarometric
calculationsandstructural and microstructural/idencandicates that thecrust affected by the

thermal metameorphism in ti&chilemuarea wasubsequentlgpffected by th®, deformationat

depths around ~11-16 kriinis study;cf. Willner, 2005).

The proposed model for the tectonic evolution of the Central accretionary prism sviide
different successivand graduamodes of accretion (frontal and basal) driving the growth of the

wedge(Richteretal., 2007). Hyppolitcet al (2014a) showed that the subducting oceanic basin at
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the rear of the southwestern margin of Gondwana had a regional composite NMORB—EMORB—-OIB
pattern, and proposed that seamolik&dy subducteapisodically along the trench. Basal
underplating started at 308 Ma, as documented biycon dating of accreted sediments (Willeer
al., 2008), and corroborated BAr—°Ar cooling ages for phengite from HP greenschiststhed
earliest subductedmatesdtom the Western Series (Willnet al, 2005, 2009, 2012; Hyppolitt
al., 2014h. Basal accretion preceded both peakof blueschistnetamorphisnatc. 300 Ma in the
Pichilemu region (Willneet al, 2005) and cooling of the Eastern Seirethe interva301-292 Ma,
Willner et al, 2005 this study. These chronological relatioasdthe interpredtion that the
blueschistsepresenaccreted fragments of seamounts (Hyppadttal, 20143 suggest possible
causal relationshipbetween seamount subduction and;tdefbrmation ashallowerevels of the
accretionary wedges(g. 10).

After the'D, 'deformation shallower levels in the wedge behaved as a low strain zone, as
indicated by thetaticnature othethermal overprinbetween the Pand D, deformations.
Subsequently, shallower levels in thedge were affected by the same deformation field as the
deeper parts of the wedgehich suggests a hidavel of coupling betweethe subducting and
overriding plategef-Richteret al, 2007).Thisincreased coupling may be explained by a seamount
chainenteringthe subduction zone, which would have leddthicerosion ¢f. Von Huene &
Lallemand,f1990; Dominguex al, 1998; Ueda, 2005) amshhanced couplinigy transferring
material from the.toe of the wedge to deapehe subduction zoné the Pichilemu regiarthe
postaccretiomry Pichilemu-Vichuquen fault juxtaposes different levels of the accretionary prism
(Willner et al.,_.2009), in contrast tthe Maule region where Richtet al. (2007) described a
continuous lithological and structural section betwidenWestern and Eastern serié€Bus, it is
plausible that/the variable effect of On shallow levels of the accretionary complex are a
consegence ofocal and discrete perturbation in the subduction regime along this active plate
margin, most likely related to the subduction of asperities on the incoming plate arattheiion
at depth in the wedge.

CONCLUSIONS

Based ommicrestructural informationphase equilibria modahg and*°’Ar—°Ar agesthat enabled an
integratedP—Z=#—d analysis, we have stwm that the shallower levels13 km depth) of the
Paleozoic accretionary prisim the Pichilemu region of the Chile margimere affected by a thermal
overprint triggered byheintrusion of granits. The thermabverprintoccurredafter the frontal
accretionrelatedD; deformation andikely before or earlyluring the development of the
penetratives, foliation. The closeéemporal relation between the formation of blueschists in the
adjacenHP/LT beltand coolingn the LP/HT belt atc. 300—-292Ma sugges that the subduction
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and accretiomf topographic highs, now represented byliheschistsenhanced coupling between
downgoing and upper pladavouring the developmentf the exhurationrelatedS, foliation at
shallower levelsn the wedge. This study demonstrates moweral assemblag@s paired
metamorphic belts maycord important information about the changshge of deformation within
an accretionargystemin circumstances whegedirectmicrostructurabndtemporalcorrelation can

be established between different levalthe wedge
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Figure S1 (a) Zone ofintense foliation transposition; note the intrafolial quartz veins marking
previous foliation $. (b) Andalusite porphyroblasts wrapped byf&iation.

Figure S2 Bulk composition of metasedimamy rocksfrom the Chorrillos and Tanumé areas

plotted on ARM«(left) and AKF (right larger symbols) diagrams (projected from coexisting phases
and appropriate compositionactors, see text for explanatjoifhe plotted end members of phases
of interest include those relevant for tbever-gradezones of théhemal overprint inthe studyarea
(Aguirre et al 41972; Willner, 2005; this work). The dashed circle in the biotite solid solution phase
field showsthe measurebiotite compositior(Table Sb). In the AKF diagrammuscovite
compositions,; which are represented by smaller symbols than whole rock compos#ions, a

IV=c"" + Si) substitution

displaced toward& ‘apex showing the influence of pyrophillitic tk+ A
and/or a paragonite component.

Figure S3 Bivariant diagram showinghemical variation in white mictom the Chorrillos and
Tanume areas. There is a tendency for thedwdent tancreag as Sidecreases from the le
pelites (biotite.zone) to Alicher pelites (staurolitandalusite zonebee text for clarification.
Figure 4. AFM.diagrams for selected samples from the biotite, garnet—oligoclase and
staurolite—andalusite zones. The equilibrium mineral assemblages are indicated by the tie lines
connecting'mineral’compositions. Bulk-rock compositions are also plotted. Olggpelalse.

Figure S5 Incremental step heating analysigpbengiteof blueschissample DTH86G. See text for
details

Table S1 Mingral composition of samples from the Chorrillos (biotite and ganiggclase zone)
and Tanuméstauroliteandalusite zone) areas.

Table S2 Bulk-rock composition of samples from tlwaver-gradezones of the thermal overprint.
Table S3. Representative estimates of temperatures usingitireMs thermometer for muscovite

coexisting with ilmeniteand ALSiOs polymorphgWu & Chen, 2015).

Received 21 August 2014; revision accepted 14 August 2015.

FIGURE CAPTIONS

Fig. 1. Geologicalimapof central Chileo show the locatioof the Pichilemu area in tHeakeozoic
paired metamorphic bekvhich comprisethe Western and the Eastern series and Late®alic
granitoids ofthe Coastal BatholitiModified dter Willner (2005) andWillner et al. (2004, 200%
Fig. 2. Geological map of thenetamorphic zones ime Pichilemu region (after GonzalBonorino,

1971, Herveet al, 1984 and Willner, 2005) with sample locatiamshe Tanumé and Chorrillos
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areas*°’Ar—>°Ar metamorphicages arshown inyellow colaur (white mica)andbrown (biotite)and
are labded asfollows: one starfrom Willner et al (2005); two stardrom this study and three
stars from Hyppolito et al (2014L). The main magmatic activity was dated by Willeeal (2005)
and is represented by the agevifite (U—Pb zircon evaporation agg. Mineral abbreviations follow
Whitney & Evans+(2010)yith Olig=oligoclase.

Fig. 3. Field relations irthe Chorrillos and Tanumé areas. (a) To show the transposition foliation S
and vestiges of the;Soliation preserved as intrafolial folds at Chorrillos beach. (b) andighly
deformed domains at Chorrilaseawith crenulation (g) of the S foliation. The insein (c) shows
vestiges of & (d) T.o show transposition of the; $oliation by F, folding, which is highlighted by
abundant isoclinally folded quartz veins. (e) aiddsoclinally folded quartz veins bearing
andalusite in a'zone of transposition of thdd@iation by S.

Fig. 4. Textural relations of biotite and garnet-oligoclase zone riocttee Chorrillos area. (a) and
(b) PreS; biotite porphyroblast wrapped by the transposition foliation§ Sigmoidal biotite in
psammepelite with S as the main foliation(d) Quartz veirwith biotite and andalusite oriented
parallel to the gfoliation.

Fig. 5. Compositional images of garnet porphyroblasts and matrix plagioclase of pgeetita

from the staurolitesandalusite zone (Tanumé beach). Colour scale bar (counts/nA/s) represemigh
(red) and low (purple) concentrations. See text for details.

Fig. 6. Textural relations of staurolite—andalusite zone rocks at the Tanumé area. (a) Metapelite with
post-S biotite and staurolite. Jcrenulation and Sspaced cleavage are show).Post-S; biotite
forming stackgparallel to $; note inclusion trails of graphite oblique to the external foliatigraSd
post-$ chlorite. (C) To show staurolite porphyroblast wrapped bwigh pressure shadow of quartz,
muscovite and chloritdNote zonal concentration of inclusiomsthin staurolite(d) To show $
wrapping around andalusite and rotated biotite marking the early foliatida)$olded andalusite-
bearingquartz vein. f) Late-chlorite and muscovite flakes growing near parallel toakial surface
of F, crenulatioss.

Fig. 7. Mapof Fireoncentration in twinnestaurolite. Colar scale bar (counts/nA/s) represents high
(red) and low (purple) concentrations. The red arrow indicates ilmenitetaafldoe to 3. See text
for details.

Fig. 8. P—T pseudesections for samples DTH-E]}, DTH-68B (b) and DTH-69A(c) from the
biotite, garnet—oligoclase and staurolite—andalusite zones, respectively. The highest variance (F=6) is
represented by the darkest gray tone and the lowest variance bynwiateow divariant fields.
Pseudo-univariant and true univariant reactions are represented by thick line®{psiariant

reactions separate fieldstisimilar variance but with F#2).
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Fig. 9. Results ofmcremental step heating analysisraiscovite andbiotite from samples DTHLF
(biotite zone) and DTH-70A (staurolite zone). See text for discussion.

Fig. 10. Temporal relations between [and D deformations in botkVestern and Eastern series and
geodynamic evolution of the accretionary wedgthe Pichilemu region (based on this study,
Willner et al72005;°Richteet al, 2007 and Hyppolitet al, 2014b). See text for discussion.
TABLE CAPTION:

Table 1L Summary émineral zones and metamorphic fadiesentral Chile compiled from
GonzélezBonerino & Aguirre (1970), Aguirret al. (1972), Hervéet al (1984), Willner (2005) and

this work.

This article is protected by copyright. All rights reserved



Table 1: Summary of mineral zones and metamorphic facies at central Chile compiled from Gonzalez-Bonorino &

Aguirre (1970), Aguirre et al. (1972), Hervé et al. (1984), Willner (2005) and this work (focused in the Pichilemu

region).

Mineral Zone/
Met. Facies

Conditions

Chi-Bt/

Greenschist

Grt-Olig/
Greeschist-

Amphibolite

*And, St-Grt/
Amphibolite

*Sil-1, Sil, *Ms-
Sil/
Amphibolite

*Sil-1l, Sil-Crd-
Grt-Kfs, *Kfs-
Sil/

Granulite

Quartz

Albite

Plagioclase

K-feldspar

Chlorite

Muscovite

Biotite

Chloritoid

Staurolite

14
Andalusite

Cordierite

¥
Sillimanite

Garnet

-
Cummingtonite

.
Clinopyroxene

.
Orthopyroxene

*Different 'denominations for similar metamorphic zones given by Aguirre et al. (1972) and Willner (2005),

respectively. In this study we denote this zone as “St-And” due to the occurrence of both minerals in the outer zone

of the LP/HT belt.We propose “Ms-Sil” and “Kfs-Sil” zones in this study (see text for clarification).

¥To the sofith of Pichilemu region, the absence of staurolite and the coexistence of these two polymorphs in

mediunsgraderconditions rocks led Willner (2005) to define the “andalusite-sillimanite zone”.

"Rare octurrences described at the Eastern Series (cf. Aguirre et al., 1972).
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