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1.1 Abstract:

The hinterland Western Domain of the Magallanes Fold-".ia Thiost Belt (MFTB) between 52°-54°S is part of a poorly studied
region of the southernmost Andean Cordillera. This doi. 2ir consists of NNW-SSE trending tectonic slices of pre-Jurassic
basement units and Late Jurassic-Early Cretaceous ophioliu > complexes and volcano-sedimentary successions of the Rocas
Verdes Basin (RVB). New detrital zircon U-Pb ages ¥ metatuffs and metapsammopelites constrain episodes of Late Jurassic rift-
related volcanism (ca. 160 Ma) followed by Early Z. ~tac ous sedimentation (ca. 125 Ma) during the opening of the RVB. Shear
bands developed in the RVB units further record v inual phases of the Andean Orogeny. The 30-km wide thrust stack located
on top of the Eastern Tobifera Thrust consists o1 My.unitic metatuffs, metapelites and metabasalts with a NE-verging brittle-
ductile S;* foliation. Phengite-bearing metetu, ‘s commonly record pressure-temperature (P-T) conditions between ~ 3-6 kbar and
~ 210-460°C, consistent with underthrustin, of trie RVB beneath the parautochthonous magmatic arc in the west. Peak
metamorphic conditions of ~ 6 kbar and 4.7°C are derived from a metapsammopelitic schist with textures of contact
metamorphism overprinting early mylo, ‘tic structures (at least S;*). A back-arc quartz-diorite, intruded at ca. 83 Na, is in contact
with the metapsammopelites and crnsti. in the minimum age of deformation at deep crustal depths. Campanian-Maastrichtian (ca.
70-73 Ma) “°Ar/*°*Ar phengite .. *es *or a mylonitic metapelite indicate the timing of thrusting and backthrusting during the
initial uplift of the underthrusted ci. stal stack. These findings reveal a ~ 400 km along-strike connection of mylonite belts in a
continent-verging thrust structure *".at became active at the onset of the Andean orogeny during the closure of the Rocas Verdes
back-arc marginal basin.

KEYWORDS: Rocas Verdes Basin; Patagonian Andes; fold-and-thrust belt; shear zones.

1.2 1. Introduction

The Andes constitute the archetype of a subduction-related orogen, where compressional stresses
due to ocean-continent subduction control mountain building throughout shortening and thickening of the
upper continental lithosphere (Dewey and Bird, 1970; Dalziel, 1986; Ramos, 1999; Schellart, 2008; Horton
et al., 2018). However, extensional stresses were dominant during Gondwana tectonic dispersal in the early
Mesozoic (Cox, 1992, Pankhurst et al., 1998; Dalziel et al., 2013; Braz et al., 2018). At this time, Pacific
marginal and back-arc basins opened, leading to seafloor spreading at the northern and southern tips of
South America (Dalziel et al, 1974; Stern and De Wit, 2003; Braz et al., 2018) and development of tectonic
environments similar to those in present-day East Asia (Schellart and Lister, 2005). Tectonic inversion and
closure of a proto-oceanic basin in southernmost South America occurred in the Late Cretaceous, possibly
due to accelerated spreading rates in the opening of the South Atlantic (Dalziel, 1981). This shift resulted in
ophiolite-bearing thrust sheets emplaced on the South American continent (Dalziel et al., 1974, Klepeis et
al., 2010; Calderdn et al., 2012). These deformed remnants of back-arc basin lithosphere preserve the
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America (Dalziel et al., 1974; Stern and De Wit, 2003; Kraemer, 2003; Calderon et al., 2007; Poblete et al.,
2016).

The Andean fold-and-thrust belts are generally segmented along-strike, with thrust sheets involving
just the sedimentary cover, versus those that include crystalline basement, known as thin- or thick-skinned
sectors, respectively (Coward, 1983; Pfiffner, 2006; Lacombe and Bellahsen, 2016). The typical Andean
configuration includes deeper (i.e., thick-skinned) structures to the west-hinterland, which became
progressively shallow (i.e., thin-skinned) cratonward to the east. Commonly, initially thin-skinned sectors
have been affected by re-activation of deep-seated structures and initiation of thick-skinned deformation
(Lacombe and Bellahsen, 2016). Therefore, pre-Cenozoic inherited structures appear to have exerted a
major control on the style of deformation during Andean crustal shortening (Winslow, 1982; Allmendinger
etal., 1983; Kley et al., 1999; Ramos et al., 2004; Fosdick et al., 2011; Likerman et al., 2013). In this
context, shear zones that developed at different crustal depths played an important role in accommodating
contractional deformation during Andean orogenesis, and may have transferred shortening between different
fold-and-thrust belt domains in a time-progressive construction (Price ~1d McClay, 1981; Davis et al., 1983;
Platt, 1986; Selzer et al., 2007). Estimates of pressure-temperature (P- ™) v nditions coupled to the study of
the structures are crucial to resolving the polarity and depth of tectoi ic b irial and exhumation of the fold-
and-thrust belts (Ernst, 1972; Miyashiro, 1973; Platt, 1986; Jami~.su. etal., 1998; Ernst, 2005; Agard et al.,
2009; Massonne and Willner, 2008; Jolivet et al., 2010).

This study focuses on the early history of the Andear 2rcaeny in southernmost Patagonia, where the
changes in stress conditions from an extensional to compre.rive regime, thereby closing the proto-oceanic
Late Jurassic-Early Cretaceous Rocas Verdes Basin (RVB Da.~iel et al., 1974). Remnants of this back-arc
basin are currently exposed in the hinterland domain cr t:1e Magallanes Fold-and-Thrust Belt (MFTB),
located to the east of the Patagonian Batholith (Fig. ). Czveral paleogeographic models have been proposed
to explain the closure and inversion of the RVP (L alz.=l, 1981; Cunningham et al., 1991; Kraemer, 2003;
Fildani and Hessler, 2005; Calderdn et al., 200" "<apalini et al., 2008, 2015; Klepeis, 2010; Calderon et al.,
2012; Fosdick et al., 2011; Poblete et al., 2116; Eagles, 2016). This tectonic event resulted in the ~ 90°
counter-clockwise rotation of the southern tip >f South America, where the orogenic belts change in
orientation from north-south to west-east, @ fe.cure known as the Patagonian Orocline (Cunningham et al.,
1991; Kraemer, 2003; Rapalini et al., ~uCR; ~oblete et al., 2016; Eagles et al., 2016). The onset of thrust
loading of RVB units during its tect;ni2 inversion promoted topographic loading of the foreland lithosphere
and development of the Magallancs-+ istral Basin to the east (Wilson, 1991; Fildani and Hessler, 2005;
Romans et al., 2011; Fosdick et 1., »314). Generally, models agree that the RVB was closed by mid-
Cretaceous time due to the re’dau ‘e inotion of a microplate against the South American Plate (cf. Eagles,
2016). However, many fu.."ai ~eral aspects of this tectonic transition remain poorly known, including the
plate kinematics, the consumy.ion (or not) of the oceanic floor by a west-directed subduction, the
mechanisms of basin shorterung, and the overall timing of events. The segment under investigation connects
the N-S oriented Patagonian Andes and the E-W oriented Fuegian Andes (52°-54°S, Fig. 1A),
encompassing the Seno Skyring and Seno Otway (Fig. 2). This segment is less studied compared to the
northern and southern parts of the deformed RVB.

We bring new regional and local structural observations, geochronology, and thermobarometry
datasets to reconstruct the early history of the study region. The regional structure of the thick- and thin-
skinned domains of the MFTB at this latitude is constructed from seismic-reflection data and surface
exposure field data (Fig. 1 B). Stratigraphic and structural field observations allow construction of local
cross sections at Canal Gajardo (Fig. 3 A) and Estero Wickham (Fig. 3 B), where initial east-vergent thin-
skinned deformation is superimposed by thick-skinned deformation. New Sensitive High Resolution lon
Micro Probe (SHRIMP) U-Pb analyses in detrital zircons provide constraints on the timing of deposition of
the volcanic and sedimentary units of the RVB. SHRIMP U-Pb zircon crystallization ages of dioritic plutons
that cross-cut mylonitic rocks of the MFTB provide a bracket for the timing of deep ductile deformation,
which correlates with the timing of tectonic emplacement of the Sarmiento Ophiolitic Complex. The P-T
constraints obtained from silicic mylonites and metapsammopelitic schists allow us to estimate the tectonic
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phengitic white mica from a mylonitic metapelite constrains the age of out-of-sequence thrusting and
backthrusting in the hinterland Western Domain of the MFTB, which was responsible for the Late
Cretaceous uplift of the orogenic belt. Based on these new data, we propose and discuss a geodynamic
reconstruction of the along-strike exhumation history of the RVB units between the southern Patagonian and
the Fuegian Andes.

1.3 2. Geological setting

1.4 2.1. Stratigraphy of the Magallanes-Fold-and-Thrust Belt

The early phase of Jurassic tectonic dispersal of Gondwanan landmasses was accompanied by the
development of a wide volcanic rift zone in southwestern South America (Dalziel et al., 1974; Bruhn et al.,
1978; Pankhurst et al., 1998, 2000). In this context, the inception of the RVB occurred in the Middle
Jurassic by rifting of the pre-Jurassic basement complexes, which were overlain by Jurassic pyroclastic,
volcaniclastic and sedimentary successions (Bruhn et al., 1978; Forsythe and Allen, 1980; Dalziel, 1981,
Stern and De Wit, 2003, Calderdn et al., 2007; Hervé et al., 2008, 201Na).

The continental basement in Patagonia comprises Paleozoic to ..>rly Mesozoic accretionary
complexes of the proto-Pacific subduction zone (Nelson et al., 1980 kchn et al., 1993; Hervé et al., 2003,
2008, 2010a; Hervé and Fanning, 2003; Willner et al., 2004; Hyprnli:n <t al., 2016, Angiboust et al., 2017,
2018; Suérez et al., 2019). The Paleozoic-Early Triassic Eastern Ana.'s Metamorphic Complex extends from
the Ultima Esperanza region (~ 51°S) to the Estrecho de Magz:'anes (Fig. 1A), and consists of low-grade
metapsammopelitic schists with minor intercalations of marvie. aind metabasic bodies (Forsythe and Allen,
1980; Allen, 1982; Hervé et al., 2003, Hervé et al., 2008; Be.'“2 et al., 2015). To the east, the basement of
the Magallanes-Austral Basin consists of the high-grad= T.erra del Fuego Igneous and Metamorphic
Complex overlain by Jurassic rift-related silicic volcai i~, rc cks (Hervé et al., 2010a). To the south of
Estrecho de Magallanes, the Paleozoic-Mesozoir Ccvdiliera Darwin Metamorphic Complex comprises
medium to high-grade metapelitic schists, met-as ilts, and Jurassic metarhyolites metamorphosed in the
Late Cretaceous (Nelson et al., 1980; Kohn et a1., 1993, 1995; Hervé et al., 2008; Hervé et al., 2010b;
Klepeis et al., 2010, Maloney et al., 2011).

During the early rift-stage of the P'v R ti.e depocenters were filled with silicic lava flows,
volcaniclastic successions (mostly tuffs anc iyjnimbrites), and sedimentary fluxes of coarse- and fine-grained
siliciclastic detritus belonging to the Tobnicra Fm. (Fig. 2; Dalziel et al., 1974; Bruhn et al., 1978; Forsythe
and Allen, 1980; Dalziel, 1981; Allon, 1282; Wilson, 1991; Pankhurst et al., 1998, 2000; Calderén et al.,
2007). Rift volcanism and sedimen.~tiun lasted from ca. 170 to 140 Ma (Pankhurst et al., 2000; Calderdn et
al., 2007; Hervé et al., 2007a; Macwski et al., 2015a) and fossiliferous siltstones (with ammonites,
belemnites, and inoceramids’ ina. cate a predominant submarine deposition during the Early Cretaceous
(Allen, 1982; Fuenzalida an.' Cuvacevich, 1988; Wilson, 1991). Volcanism was partially coeval with the
first phase of plutonism of the South Patagonian Batholith, represented by granites and gabbros of 157 to
144 Ma (Hervé et al., 2007a), which bounds the RVB to the west (Figs. 1 and 2).

Progressive lithospheric stretching within the back-arc region resulted in oceanic-type lithosphere
formation along mid-ocean-ridge spreading centers, located between the South America cratonic margin and
a microplate bearing the southwestern magmatic arc, represented by the Early Cretaceous components of the
South Patagonian and Fuegian batholiths (Katz, 1964; Dalziel et al., 1974; Stern, 1979; Dalziel, 1981; Hervé
et al., 1984; Stern and De Wit, 2003; Hervé et al., 2007a). In the southern Patagonian Andes, mafic and
bimodal igneous suites were emplaced along-strike within the Sarmiento Ophiolitic Complex (Calderon et
al., 2007; Fig. 1 A). The oceanic remnants consist of pillow and massive basalts with intercalations of cherts
and siltstones, underlain by sheeted dyke complexes, minor gabbros and rare plagiogranites (Dalziel et al.,
1974; Dalziel, 1981; Allen, 1982; Stern and De Wit, 2003; Calderon et al., 2007). In the Fuegian Andes, the
northwestern edge of the Scotia Plate, these remnants are referred as the Tortuga and Capitan Aracena
ophiolitic complexes (Fig. 1 A; Calderén et al., 2013).

The following regional sag phase of basin evolution constituted a Late Jurassic to Early Cretaceous
marine transgression recorded by deposition of hemipelagic successions of the Zapata (Patagonian Andes),
Erezcano (Isla Riesco) and Yaghan/Beauvoir (Fuegian Andes) formations, covering the ophiolitic and the
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Calderoén et al., 2007; McAtamney et al., 2011). These units are are dominated by shale-rich successions
over ~ 1000 m in thickness in the Patagonian Andes, and nearly ~ 3000 m in thickness in the Fuegian Andes
(Cortés, 1964; Suarez and Pettigrew, 1976; Allen, 1982; Wilson, 1991; Fildani and Hessler, 2005). The
upper stratigraphic section bears intercalations of sandy turbidites that progressively increase in thickness
towards the overlapping Canal Bertrand (Fig. 2; Mpodozis et al., 2007; McAtamney et al., 2011). The facies
transition to turbidites is interpreted to reflect an increase in sediment supply and higher depositional energy
linked to the beginning of Andean deformation, resulting in cratonward thrusting of the MFTB and
subsidence in the east-foreland (Wilson, 1991; Harambour, 1998; Fildani et al., 2003, 2008; Fildani and
Hessler, 2005; McAtamney et al., 2011; Malkowski et al., 2015b). These diachronous Aptian-Albian to
Turonian maximum sedimentation ages delimitate the end of deposition in the RVB and onset of the
foreland stage in the Magallanes-Austral Basin, from north to south (Fildani et al., 2003; Barbeau Jr. et al.,
2009; Fosdick et al., 2011; Ghiglione et al., 2015; Malkowski et al., 2015b).

The Upper Cretaceous sedimentary successions of the Magallanes-Austral Basin vary
stratigraphically along-strike due to changes in the geometry of the de,v.centers, controlled by the geometry
of inherited extensional faults and the structural evolution of the fold-~nau *hrust belt (Winslow, 1982;
Kraemer, 1998; Fildani and Hessler, 2005; Ghiglione et al., 2009; B rnh.irdt et al., 2011; Fosdick et al.,
2011, McAtamney et al., 2011; Romans et al., 2011; Malkowski :t«', 2015b). In the study area, the
interface between the RVB and Magallanes-Austral Basin is gene.~!'y dominated by sand-rich turbidites of
the Canal Bertrand Fm. (Wilson, 1991; Fildani and Hessler, 2702 McAtamney et al., 2011), interbedded
with mafic volcanic and volcaniclastic rocks of La Pera Co. 'ole < (Stern et al., 1991; Prades, 2008; Anguita,
2010). These units are capped by deep marine shale-rich si’cce_<ions of the Latorre Fm. (Fig. 2; Mpodozis et
al., 2007; McAtamney et al., 2011). The turbidites witir. the upper section of the Latorre Fm. represent the
transition from hemipelagic sedimentation to deep-ruar.»2 turbiditic clast-supported conglomerates of the
Escarpada Fm., deposited at ca. 80 Ma (McAtar.ny e* al., 2011). The overlying Maastrichtian Fuentes and
Rocallosa formations, which consist of intercaioted mudstones, sandstones, and limestones, record the
transition from a shelf to deltaic environment (Cha.rier and Lahsen, 1969; Castelli et al., 1992; Mpodozis et
al., 2007), reflecting the regional shallowinn ¢ the Magallanes-Austral Basin during the Late Cretaceous.

1.5 2.2. Structural segmentation of e I.1agallanes Fold-and-Thrust Belt

The MFTB can be divided ir (0 \"ree main structural domains (Figs. 1 B and 3; after Alvarez-Marron
etal., 1993): (1) The Western Dor.>an.. which is the focus of this study, comprises Jurassic-Lower
Cretaceous RVB units and pre-J.'ras: .c basement complexes deformed by thick-skinned tectonics; (2) the
Central Domain, which expo.es * Jpper Cretaceous foredeep units of the Magallanes-Austral Basin within a
thick-skinned system dor n.2aw~ by basement-involved inversion structures; and (3) the Eastern Domain,
defined by outcropping Paleol ene foredeep units of the Magallanes-Austral Basin, dominated by thin-
skinned deformation.

The Western Domain transferred shortening towards the external domains by linking upper crustal
thrust faults to deep detachment faults within the pre-Jurassic basement and near the top of the Tobifera Fm.
(Alvarez-Marron, 1993; Harambour, 2002; Kraemer, 2003; Klepeis et al., 2010; Fosdick et al., 2011; Betka
et al., 2015). East-vergent detachment faults formed in the earliest Late Cretaceous due to inversion of the
RVB, accommodated 30-40 km of shortening of the MFTB in the Patagonia sector (Fosdick et al., 2011;
Betka et al., 2015) and 50-100 km of shortening in the Fuegian sector (Kohn et al., 1995; Klepeis et al.,
2010; Rojas and Mpodozis, 2006). This phase may have included partial consumption of the proto-oceanic
lithosphere by west-directed subduction (Kraemer, 2003). Out-of-sequence thrusting and backthrusting
within the RVB succession may have initiated in the Late Cretaceous and continued throughout the
Paleogene, leading to deformation of the Upper Cretaceous foreland units of the Magallanes-Austral Basin
(Kohn et al., 1995; Harambour, 2002; Kraemer, 2003; Rapalini et al., 2008; Klepeis et al., 2010; Fosdick et
al., 2011; Betka et al., 2015). Inversion of inherited-basement faults from the rift phase is taken as an
important uplift mechanism during this phase (Winslow, 1982; Alvarez-Marron, 1993; Harambour, 2002;
Kraemer, 2003; Rapalini et al., 2008; Fosdick et al., 2011; Likerman et al., 2013; Betka et al., 2015). From
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to overall less shortening and lower foreland propagation rates (Fosdick et al., 2011). Along the margins of
the thrust domains, shallow thrusts rooted in the pre-Jurassic -Tobifera Fm. interface (Fig. 1 B) exhibit a
forward-breaking sequence (Alvarez-Marrén et al., 1993), and contributed to exhumation of the MFTB
(Fosdick et al., 2011, 2013) .

1.5.12.2.1) Western Domain of the MFTB

The Upper Jurassic Rocas Verdes ophiolites show mutual cross-cutting relationships with the
intrusive bodies of the South Patagonian Batholith in the westernmost part of the MFTB (Dalziel, 1981;
Stern and De Wit, 2003; Herve et al., 2007a; Calderdn et al., 2007). North of the study zone in the
Cordillera Sarmiento (~ 51-52°S; Fig. 1 A), the Canal de las Montafias Shear Zone places the ophiolites in
thrust contact with the Zapata and Tobifera formations, resulting in a regional cratonward tectonic vergence
(Calderon et al., 2012). This km-wide shear zone is defined by mylonitic metatuffs, metapelites and
metabasalts derived from the RVB volcano-sedimentary successions. The P-T metamorphic constraints
recorded in felsic mylonites of ~ 250-400°C and ~ 5-7 kbar are addres.”-d to a phase of underthrusting of the
oceanic and thinned continental lithosphere of the RVB before ca. 85 *1a (Zalderdn et al., 2012). In the
Fuegian Andes (~ 54-56°S) the Tortuga and Capitan Aracena ophiol tic complexes are thrusted over the
basement and volcano-sedimentary units of the RVB, and intrudr d L, * several back-arc plutons at ca. 90-80
Ma (Fig. 1 A; Nelson et al., 1980; Hervé et al., 1984; Cunningt an., 2995; Klepeis et al., 2010; Calderdn et
al., 2013).

The mylonitic belts within the RVB successions are ~ros;-cut by out-of-sequence cratonward thrusts
and trenchward backthrusts, dated between ca. 70 and 40 M ia (x“ohn et al., 1995; Harambour, 2002;
Kraemer, 2003; Rapalini et al., 2008; Klepeis et al., 2(111,; osdick et al., 2011; Maloney et al., 2011; Betka
et al., 2015). The trench-parallel imbricated arrangenei.. of the Western Domain of the MFTB is constituted
by structural duplexes of the Tobifera and Zapr.a drn.ations, tectonically intercalated with the pre-Jurassic
basement complexes (Allen, 1982; Fosdick et a: 2011; Calderdn et al., 2012). The apatite and zircon
fission tracks and (U-Th)/He cooling ages -how a protracted history of deep exhumation of the Western
Domain of the MFTB until the Miocene (Thoi.son et al., 2001; Fosdick et al., 2013).

In the Fuegian Andes, the Cordillcr 1 1,arwin Metamorphic Complex comprises high-grade kyanite-
and garnet-bearing schists, Jurassic or'noaneisses and metamorphosed volcano-sedimentary rocks of the
RVB (Hervé et al., 2010b; Klepeis €. ai.. 2010). Metamorphic petrology and geochronological studies
indicate that the metamorphic con.nle.-es were buried to ~ 35 km depths, during collision of the
parautochthonous magmatic arc ~aai st the South American continental margin, before ca. 73 Ma (Dalziel,
1986; Kohn et al., 1993, 199%; C nningham, 1995; Klepeis et al., 2010; Maloney et al., 2011). The
exhumation is interpretec > h.*'< resulted from a late deep-seated thrusting phase in the Paleogene (Nelson,
1982; Kohn et al., 1995; Klep. is et al., 2010; Maloney et al., 2011).

1.5.22.2.2) Central Domain of the MFTB

The La Pera Thrust fault places the Zapata Fm. onto the Upper Cretaceous volcano-sedimentary
rocks of the Canal Bertrand, Latorre, and Escarpada formations (Fig. 1 A and B; Mpodozis et al., 2007;
McAtamney et al., 2011). The Upper Cretaceous units record east-verging thrusts and open-to-closed folds
of regional scale, gradually decreasing in amplitude from west to east.

Seismic surveys across the Central Domain show the west-to-east structural transition from inverse
steep, east-verging faults to high-angle west-and-east dipping normal faults rooted in the pre-Jurassic
basement, which seemingly represent deep-seated inherited horst-graben structures (Winslow, 1982;
Wilson, 1991; Harambour, 1998; Fosdick et al., 2011; Likerman et al., 2013; Betka et al., 2015).

1.5.32.2.3) Eastern Domain of the MFTB

The Rocallosa Thrust bounds the Central and Eastern domains, defining the transition between thick-
skinned to predominantly thin-skinned deformation (Fig. 1 B). The Eastern Domain comprises the Upper
Cretaceous Fuentes and Rocallosa formations, both of which are affected by shallow thrust faults, and the
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McAtamney et al., 2011; Betka et al., 2015).
1.6 3. Methods

1.7 3.1. Structural and petrographic analysis

Field descriptions were collected from 36 outcrops to the west of Seno Otway and Seno Skyring
(Fig. 2). Analysis of 70 thin sections yielded the determination of the mineral assemblages, textures, and
microstructures in different samples belonging to the West and Central domains of the MFTB; 9 of these
thin section samples were oriented to determine microscopic kinematic shear sense indicators (Table 1).

The structural data of foliations, lineations, and volcano-sedimentary bedding were plotted in
stereographic diagrams, at equal-angle projections (Fig. 3), and in the geological map of Fig. 2
complemented with previously published geological and structural data (SERNAGEOMIN, 2003; Betka,
2013).

The structural cross section of the MFTB of Fig. 1 B is based on field data and 2-D seismic surveys
done by ENAP (cf. Harambour, 1998). The structural cross section at " inal Gajardo (Fig. 3 A) and Estero
Wickham (Fig. 3 B) are proposed on the basis of new field and geock:~nc!ogical data and data from
previous works (Harambour, 2002; Betka et al., 2015).

1.8 3.2. SHRIMP zircon U-Pb geochronology

In an attempt to constrain the maximum depositiona’ u2e of the different tectonic slices of the
Western Domain of the MFTB, zircon grains have been sep. vatr.d from a silicic metatuff of the Tobifera
Fm. (FC1727) at Estero Wickham, and a metapsammopeli’ic rock of the Zapata Fm. (FC1754) at Canal
Gajardo. To constrain a relative age of deformation in R'VB units, zircon grains were separated from a
quartz-diorite pluton (FC1759) intruding the Tobife'a ai.u Zapata thrust sheets in Canal Gajardo (Figs. 2 and
3 A). The U-Pb analyses were carried out usinc, St RIP 11 (FC1727 and FC1759; six scan data) and
SHRIMP RG (FC1754; four scan data) at the k.<carch School of Earth Sciences, Australian National
University, in Canberra. Analytical technig.'es essentially follow those given in Williams (1998), the U/Pb
ratios calibrated using analyses of the Temrzra ,~ference zircon (Black et al, 2003). The data have been
processed using the SQUID Excel Macro ¢ L.udwig (2000) with corrections for common Pb made using the
measured 23U/2°°Ph and 2°’Pb/*Pb rtio: tollowing Tera and Wasserburg (1972) as outlined in Williams
(1998); see Table 2 A-C. Uncertaint es .~ weighted mean age calculations are reported at the one c level.
The geological time-scale used foi!2w: the Chronostratigraphic Chart 2018 by IUGS-ICS
(www.stratigraphy.org).

1.9 3.3.“Ar/* Ar geoci.mo ~logy

To constrain the age o' deformation in the Western Domain of the MFTB, up to 500 um-long and
100 um-wide phengite mats (mix of crystals) from a mylonitic metapelite of the Zapata Fm. (SHP141) in
Canal Gajardo (Fig. 2) were analyzed by in situ “*Ar/**Ar analysis. The in-situ dating provides textural
control, and the range of yielded ages provide insights into the metamorphic and structural
evolution of the sample. The analysis was performed in the Open University “°Ar/**Ar Laboratory.
Polished thick sections of this sample were broken into 5x5 mm? squares, washed in acetone and distilled
water before packing into foil packets, and air dried at ambient temperature. Mica mats were analyzed by
spot-dating using an SP1 SP25C 1090 nm laser focused through a Leica microscope, coupled to an
automated extraction system and a Nu Noblesse mass spectrometer; laserprobe diameter is 50 ym. Neutron
fluency was monitored using the GA1550 biotite standard with an age of 98.79 + 0.54 Ma (Renne et al.,
1998). J values were calculated by linear interpolation between two bracketing standards (and given in
Table 3); a standard was included between every 8 and 10 samples in the irradiation tube. Results were
corrected for blanks, ¥ Ar decay and neutron-induced interference reactions. Typical blank measurements
are included for each sample and sample run in Table 3; tabled data are blank corrected. Background
measurements bracket every 1-2 spots. The correction factors used were: (**Ar/*’ Ar)Ca=0.00065,
(°Ar/* Ar)Ca=0.000265, (“°Ar/*’Ar)K=0.0085 based on analyses of Ca and K salts. Analyses were also
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major-element composition of white mica crystals was measured with the electron probe micro analyzer,
described below.

1.10 3.4. Bulk-rock X-ray fluorescence spectrometry

Three silicic metatuffs of the Tobifera Fm. (FC1723, FC1727, and FC1749) and one
metapsammopelite of the Zapata Fm. (FC1757) were selected to constrain the P-T conditions of
metamorphism at different structural levels within the MFTB (Fig. 2) through the construction of phase
diagrams (cf. Massonne and Willner, 2008). The whole rock major-element composition was determined
with a PHILIPS PW 2400 X-ray fluorescence (XRF) spectrometer at Universitat Stuttgart, using glass discs
prepared from rock powder and Spectromelt®. The results are presented in Table 4. The procedures of
thermodynamic modeling are described below (section 3.6). All samples show dynamic recrystallization and
syntectonic growth of very fine-grained white mica and chlorite defining the main foliation. A brief
petrographic description of mineral assemblages and textures is provided in section 4.2.

1.11 3.5. Mineral analyses with the electron probe micro analyzer (E>MA)

We analyzed the major-element compositions of phengite, ct.'ori' 2, epidote, feldspar, and biotite
present in four selected samples. The white mica composition on san 9le SHP141 was also analyzed to
discuss the meaning of “°Ar/**Ar in situ dating. The mineral chmicz composition was determined using the
EPMA CAMECA SX100 at Universitat Stuttgart, with 5 we 2'er.gth-dispersive spectrometers and an
energy-dispersive system. Operating conditions were an acu>ler ition voltage of 15 kV, a beam current of 15
nA, a beam size of 1-3 um or a focused beam (for very sirall ¢ sstals), and 20 seconds counting time on the
Ka peak (Ba: La)) and on the background for each eleincat The standards used were natural wollastonite
(Si, Ca), natural orthoclase (K), natural albite (Na), “atu. at rhodonite (Mn), synthetic Cr,O3 (Cr), synthetic
TiO; (Ti), natural hematite (Fe), natural baryte Bé), synthetic MgO (Mg), synthetic Al,O3 (Al) and
synthetic NiO (Ni). The PaP correction procedu.< provided by CAMECA was applied. Analytical errors of
this method are given by Massonne (2012). Representative mineral compositions are given in Table 5.

1.12 3.6. Thermodynamic modeling

P-T isochemical phase diagrars (».2., pseudosections) contoured by isopleths regarding the chemical
composition and modal contents of « yniwoctonic minerals (e.g. white mica, chlorite, epidote) were calculated
using the software package PERPL= .7 6.8.0 (cf. Connolly, 1990) to constrain P-T conditions of regional
metamorphism in the four seleci. sz.mples. We used the thermodynamic input parameters provided by
Holland and Powell (1998, udawd 2002) for minerals and aqueous fluids. The solid-solution models,
selected from those included n, TeRPLE_X 6.8.0, were by (1) Holland et al. (1998): ChI(HP) for chlorite;
(2) Holland and Powell (1998 : Ctd(HP) for chloritoid, Ep(HP) for epidote, Gt(HP) for garnet, Omph(HP)
for Na-bearing clinopyroxene, Pheng(HP) for potassic white micas, TiBio(HP) for biotite; (3) Massonne and
Willner (2008) and Massonne (2010): Act (M) for actinolite, Mica(M) for paragonite, Stlp(M) for
stilpnomelane, Carp(M) for carpholite, Pu(M) for pumpellyite; (4) Fuhrman and Lindsley (1988): feldspar
for plagioclase and alkali feldspar; and (5) Andersen and Lindsley (1988): MtUI(A) for ulvospinel and
magnetite. The model 1IGkPy for ilmenite-geikielite-pyrophanite is based on ideal mixing of the three end
members. The calculated mineral assemblages for the analyzed samples are shown in Table 6 with the
respective modal compositions.

1.13 4. Results

In the study region, the NNW-SSE-trending thrust sheets of volcano-sedimentary rocks of the
Tobifera and Zapata formations are imbricated to the northeast in a cratonward thrust wedge, with variably
shallow to steep dip angles. The tectonic repetition of the Tobifera Fm. over the older Zapata Fm. is
characteristic of duplex structures in the Western Domain of the MFTB. The hanging wall of the
easternmost duplex of the Western Domain, the Eastern Tobifera Thrust (Figs. 2 and 3) is characterized by
moderately strained phengite-bearing mylonites suitable for P-T metamorphic constraints. To the east, the
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formations along the La Pera Thrust.

The ophiolitic complexes consist of tectonic slices of pillow basalts and foliated metabasalts
intercalated within the Tobifera thrust sheets at Canal Gajardo. The pre-Jurassic basement rocks are thrust
onto Tobifera thrust sheets. Plutonic rocks of the South Patagonian Batholith are located to the west of the
MFTB, and satellite plutons cross-cut the MFTB (Figs. 2 and 3).

Metamorphic/mylonitic foliations S;* and S,* in the Tobifera and Zapata formations and Sarmiento
Ophiolitic Complex are distinguished by an asterisk (*) to separate them from S; and S, foliations of the pre-
Jurassic basement rocks because they may have different tectonic origin. However, S;* in RVB units and S,
in the pre-Jurassic basement are related to the same tectonic event, as discussed below.

1.14 4.1. Mesoscale Structures

In the westernmost area of Canal Gajardo, a thrust sheet containing the Zapata Fm. consists of
metapsammopelitic rocks with a S;* foliation crenulated by mm-to-cm closed folds. An axial planar Sy*
foliation is NW-SE-striking and dips ~ 70° to the northeast. These roc. . are thrust over crenulated silicic
metatuffs and metapsammitic rocks of the Tobifera Fm. and show a PM:*A/-CE-trending S;* foliation dipping
between 40° and 80° to the west and to the east (Figs. 2 and 3 Al). he ¢ oubly dipping structure of S;* is
due to open folds with tens of meters wavelength.

The greenish foliated metabasalts of the Sarmiento Ophio1.:*2= Complex in the western area of Canal
Gajardo show a NW-SE-striking S;* schistosity, variably dizying ~ 15-20° either to the southwest and
northeast (Figs. 2 and 3 Al). To the east, a thrust sheet con. inir.g silicic metatuffs of the Tobifera Fm. is
backthrust over the ophiolites by NW-SE-striking fault zores vu.at dip 45° to the northeast. Further east the
S;* foliation in metatuffs dips to the southwest. These recks are thrust over a second tectonic slice of mafic
rocks of the Sarmiento Ophiolitic Complex (Figs. 2 -\na C Al), constituted of metabasalts with locally
preserved pillow structures of up to 30 cm diar.cte -, n.*erleaved within metatuffs of the Tobifera Fm. (Figs.
2 and 3 Al).

To the east of the ophiolitic slices i, the ceitral area of Canal Gajardo, metarhyolites, silicic
metatuffs, and shales of the Tobifera Fm. »re v rust onto mylonitic metapsammopelitic rocks of the Zapata
Fm. (Figs. 2 and 3 A1), resembling the gco ne-uwry of an imbricated duplex. The metapsammopelitic rocks
show a crenulated NW-SE-striking S:™ 1. tauon that dips ~ 25° to the southwest (e.g. FC1754). Near
satellite quartz-diorite plutons (e.g. [FC.759; Figs. 2 and 3 Al) the S;* foliation in metasedimentary rocks is
overprinted by a hornfels texture gnss hly generated by contact metamorphism (e.g. FC1757).

At the central area of Ca. 2l C gjardo the western Zapata and Tobifera duplex is thrust over a tectonic
slice of the pre-Jurassic baser.ier,* complexes (Figs. 2 and 3 A2). The pre-Jurassic basement rocks consist of
metapsammopelitic schicis ‘2. TC1753) with an early S; foliation tightly folded by an up to 5 cm
wavelength asymmetric crenu ation cleavage S, that may present a S-C geometry. The S, foliation strikes
NNW-SSE and dips ~ 25-50~ to the southwest (Figs. 2 and 3 A2), being subparallel to the
metamorphic/mylonitic S;* schistosity in the juxtaposed Tobifera and Zapata thrust sheets. The fold hinges
trend NW-SE and plunge from 30° to 70° to the northwest, asymmetry of fold limbs suggest a tectonic
transport to the north.

At the eastern area of Canal Gajardo, mylonitic silicic metatuffs with metric intercalations of dark
metapelitic rocks of the Tobifera Fm. (e.g. FC1749) constitute the hanging wall of the NW-SE-striking
Eastern Tobifera Thrust (Figs. 2 and 3 A2). The S;* foliation is subparallel to the sedimentary bedding and
dips ~ 20-40° to the southwest. NE-trending stretching lineations with asymmetric sigma-shaped
porphyroclasts contained in the volcano-sedimentary interface indicate a shear sense to the northeast (Table
1).

At Isla Escarpada in Seno Skyring (Fig. 2) the N-S trending eastern flank of the Escarpada Syncline
exposes a thick succession of clast-supported conglomerates and conglomeratic sandstones of the Escarpada
Fm. Where studied, the strata dip between 50° and 65° to the west.
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intercalations of shales and greywackes are mapped as part of the Sarmiento Ophiolitic Complex (Figs. 2
and 3 B1). The mafic volcaniclastic rocks are variably folded showing steep stratification.

At the central area of Canal Jerénimo the pre-Jurassic metamorphic basement rocks crop-out in the
hanging wall between two thrust sheets of the Tobifera Fm. (Figs. 2 and 3 B1). The NW-SE-striking S;
schistosity in metapelitic schists is tightly folded (of ~ 30 cm wavelength) with subvertical axial planes
defining the S, crenulation cleavage. This cleavage strikes NW-SE and dips from 20 to 65° generally to the
southwest, but with some limbs dipping to the northeast, parallel to the thrust zone juxtaposing it onto the
Tobifera Fm. (Fig. 3 B1).

At the northern area of Canal Jeronimo (Isla Santa Maria) silicic metatuffs of the Tobifera Fm. (e.g.
FC1723) preserve the volcaniclastic bedding subparallel to the S;* mylonitic cleavage, striking NNW-SSE
and dipping ~ 80° to the west (Figs. 2 and 3 B1). A group of NNE-SSW-striking 1-10 cm thick quartz veins
and tension gashes cut obliquely the mylonitic planes (S;1*), present echelon geometries and monoclinal cm-
sized folds with sinistral east-vergence. Brittle normal faults, which have resulted in ~ 1-3 cm displacements
of quartz veins and the S;* cleavage, strike to the NNW-SSE and dip - 35° to the east.

At the southern area of Estero Wickham folded successions of <ilicic metatuffs with intercalations of
shale-rich siliciclastic rocks of the Tobifera Fm. (e.g. FC1727 and F ~17. 8) are internally folded and
imbricated (Fig. 4). A ~ 20 m wavelength anticline of these succr.ssions is in the hanging wall of a NW-SE-
striking thrust zone dipping ~ 40° to the west (Fig. 4 A). The NN\'/-SSE-striking axial plane is nearly
subvertical. A brittle-ductile NW-SE-striking mylonitic S-C-*mc cleavage (S1*) dips 30-60° to the
southwest, and is oblique to the volcano-sedimentary bedd..»a (+'igs. 3 B1 and 4). In the footwall, the shale-
rich beds bear 15 cm- thick layers of sandstones, which are bowinaged and dip ~ 30° to the southwest (Fig.
4 D). The S;* mylonitic cleavage is oblique to the sed m:ntary bedding, strikes NW-SE and dips ~ 40° to
the southwest. Further east, the Tobifera Fm. is thri.t u2<a the Zapata Fm. through the Eastern Tobifera
Thrust and dips ~ 35° to the southwest (Figs. 2 und 3 °1).

At the northern area of Estero Wickhan. tke hundred-meter thick successions of siltstones belonging
to the Canal Bertrand Fm. (Figs. 2 and 3 B) are b.ckthrusted onto the Zapata Fm. The sedimentary bedding
(So) in Canal Bertrand Fm. strikes WNW-FSt_ and dips ~ 20-30° to the north and to the south. Siltstones
show a NW-SE-trending cleavage, dippir g ~ +J° to the southwest and northeast, in which few granitic lithic
grains up to 0.7 cm in size are rotated un.' siow shear sense indicators to the northeast (Table 1). Variations
in the dip direction of Sy and the cle w2 reveal open folds of tens of meters wavelength.

1.15 4.2. Microstructures

1.15.14.2.1. Pre-Jurassic “as me it rocks

In metapsammopelitic schists at Canal Gajardo the S; foliation is defined by discontinuous up to 1
cm thick, discontinuous miciolithons, mainly composed of up to 100 um-sized polycrystalline quartz, and
discontinuous mm-thick cleavage domains of up to 100 pum wide crystals of white mica with minor
proportions of chlorite and opaques. The S; foliation is crenulated into up to 1 cm asymmetric tight folds
with a 1 mm- spaced axial planar S, crenulation cleavage, defined by irregular planes of opaques. S, planes
cross-cut perpendicularly the S; foliation causing reverse displacements of S; fold limbs to the north,
interpreted as shear-sense indicators accordingly to meso-scale structures. The S, foliation is oblique and
subparallel to the S;* foliation observed in metatuffs and metasedimentary rocks of RVB, suggesting a
common deformational event in the pre-Jurassic basement and the RVB units.

Metapelitic schists at Estero Wickham are composed of up to 100 um-sized quartz, white mica,
chlorite, opague minerals and accessory apatite. Anastomosed cleavage domains constituted mainly of white
mica present two oblique preferential planes, suggesting a S-C-type mylonitic foliation with shear sense to
the northeast (Fig. 5 A, Table 1). Sigmoidal microlithons of polygonal quartz show undulose extinction and
subgrains with core-mantle texture, which are indicators of dynamic recrystallization.



Remnants of ophiolitic rocks at the central area of Canal Gajardo correspond to greenish pillow
basalts composed of up to 100 um-sized tremolite-actinolite, plagioclase, chlorite, epidote, white mica, and
titanite; carbonate is restricted to inter-pillow domains. Foliated metabasalts in the westernmost ophiolitic
slice at Canal Gajardo contain up to 2 mm-sized porphyroblasts of actinolite and matrix consisting of up to
500 um-sized plagioclase, chlorite, actinolite, titanite, epidote, quartz, carbonate, and traces of opaques.
Cleavage domains (~ 100-300 pum thick) composed of preferentially orientated mats of chlorite and
actinolite define the S;* foliation; these domains are discontinuous with sigmoidal geometry, suggesting a
shear sense to the northeast (Fig. 5 B). Asymmetrically deformed porphyroblasts of actinolite indicate a
shear sense to the north (Table 1). The S;* foliation is crenulated into disharmonic open mm-folds with an
incipient axial planar S,* foliation, and cross-cut by up to 1 mm thick veins of carbonate.

1.15.34.2.3. Tobifera Fm.

Mylonitic silicic metatuffs at Canal Gajardo (e.g. FC1749) bear up to 1 mm-sized porphyroclasts
(15-20%) of quartz and minor plagioclase; sigma-shaped quartz porph: ‘oclasts show asymmetric strain
shadows of quartz, white mica, and opaques (Fig. 5 C); plagioclase i~ vominonly fractured and exhibits
trails of fluid inclusions truncated by cleavage domains of white mic. ard chlorite. Cleavage domains are
anastomosed and define the mylonitic S;* foliation with shear se 1se \1dicators to the northeast (Fig. 5 C;
Table 1). The matrix is composed of up to 100 um-sized quart= feiuspars, white mica, chlorite, and
opaques. The dark metapelitic rocks intercalated within metaw. s bear up to 700 pm-sized porphyroclasts of
microcrystalline quartz and subhedral opaques surrounded L' asymmetric strain fringes of quartz, and
fragmented by domino-type structures suggesting shear se:se tu the northeast (Fig. 5 D). The matrix is
composed of preferred-oriented platy quartz, clay mir.2rals and opaque crystals smaller than 100 um
defining the S;* mylonitic cleavage.

Mylonitic silicic metatuffs at Canal Jernin o (e.g. FC1723) bear mm-to-cm-sized porphyroclasts
(<5%) of quartz, feldspar, and rhyolitic lithics la”<ing intracrystalline deformation, surrounded by
asymmetric strain shadows of quartz with 1.~kes ot white mica. The recrystallized matrix is composed of up
to 100 um-sized quartz, white mica, chloriic p.agioclase, and non-oriented radial zoisite. Preferred
orientation of mica in two oblique planes s'1gjests an S-C-type mylonitic cleavage (S;*) with shear sense to
the northeast (Table 1). Late brittle st* ictu~es such as quartz tension-gashes, show dextral and sinistral
shear-sense indicators. At Canal Jernirn.2 a sedimentary breccia belonging to the Tobifera Fm. is
constituted of mm-to-cm-sized rec.~nyular clasts of polydeformed schist in a quartzose recrystallized
matrix.

Mylonitic silicic mete wfi. at Estero Wickham (e.g. FC1727) consist of up to 1 mm-sized and sigma-
shaped porphyroclasts (570, m quartz, alkali feldspar and plagioclase, which are internally fractured; their
rims are truncated by cleavaar domains of preferred-oriented micaceous and opaque minerals, formed
through pressure-solution processes. Two oblique preferential planes define a S-C-type mylonitic cleavage
(S1*) with shear-sense indicators to the northeast (Fig. 4 B-C; Table 1). The matrix is dynamically
recrystallized and composed of aggregates of up to 100 um-sized quartz and feldspar, and preferred-oriented
flakes of white mica and chlorite, opaques, and traces of titanite. The intercalated shale-rich metapelitic
rocks bear sigma-shaped micron-sized grains of quartz, surrounded by anastomosed domains of preferred-
oriented white mica, plagioclase, and accessory epidote, chlorite and opaques, defining a S;* mylonitic
cleavage (Fig. 4 E). Early quartz veins are crenulated and disrupted by cleavage domains of S;*. Late quartz
veins are undeformed and crosscut S1*.

1.15.44.2.4. Zapata Fm.

Mylonitic metapsammopelites at Canal Gajardo (e.g. FC1754) are composed of 1-2 mm-thick
microlithons of up to 500 um-sized microcrystalline quartz with polygonal contacts, and anastomosed 0.5-1
mm-thick cleavage domains of up to 100 pum-sized crystals of white mica, chlorite, epidote, and opaques
defining the S;* foliation. This is crenulated into 1-to-10 mm wavelength open folds, with an axial planar
S,* crenulation cleavage defined by opaque-rich discontinuous layers. The rocks affected by contact
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mica, plagioclase, quartz, epidote, and chlorite with no preferential orientation overprinting a relict fabric of
S:* (Fig. 5 E-F). The domains with relict S;* foliation are 0.5 mm-wide bands with up to 300 um-sized
preferred oriented quartz with bulging and subgrain rotation, indicating dynamic recrystallization, with
disharmonic folds of 1 mm wavelength (Fig. 5 E).

Metapsammopelitic rocks at the westernmost thrust sheet of Canal Gajardo are composed of up to
100 pm-sized quartz, white mica, opaques, and traces of chlorite and epidote. The preferred orientation of
micas define the S;* foliation that is crenulated; opaque-rich cleavage domains define an axial planar
foliation Sy*. Mylonitic metapelites (e.g. SHP141) show a foliation defined by cleavage domains composed
of up to 500 pum-long and 100 um-wide aggregates of white mica, and chlorite smaller than 100 um; and up
to 100 um-thick microlithons of quartz, albite, and traces of epidote and actinolite smaller than 100 pm.

1.15.54.2.5. Satellite plutons of the South Patagonian Batholith

The Western Domain of the MFTB is intruded by different igneous bodies (plutons and dykes) of
quartz-diorite (e.g. FC1759), composed of up to 1 cm-sized crystals 0\ “ubhedral plagioclase, uralitized
clinopyroxene and variably chloritized hornblende, and up to 500 um cize interstitial quartz, and traces of
subhedral magmatic titanite and opaques. Sample FC1759 was colle *ted from an undeformed part of the
pluton there the unit does not exhibit recrystallization textures.

1.15.64.2.6. Upper Cretaceous Units of the Magallanes-Aust-a1 Rasin

The fine-grained siltstones of Canal Bertrand Fm. aic co nposed of mm-sized detrital plagioclase and
quartz in a matrix of up to 100 pum-sized clay minerals, wb:te n.’ca, chlorite, and opaques, cemented by
carbonate. A cleavage defined by preferred orientatior ¢« chlorite, white mica, and opaque minerals is
oblique to the sedimentary bedding. Rotated mm-tc -cm-.ized granite clasts in coarse-grained rocks show
asymmetric strain shadows of micaceous and csaq le 1..inerals, indicating a sense of shear to the northeast
(Table 1).

Clast-supported conglomerates of ti.» Escarpada Fm. show imbricated well-rounded up to 10 cm-
sized clasts of low sphericity. The main lithnty~es of the clasts are shales, foliated rhyolites, aphanitic and
porphyritic igneous rocks, and metasedin.e ite 1y rocks. The matrix is composed of crystals of white mica,
clay minerals and carbonates smaller thai, Tu um. The compositional diversity of clasts is akin to those
lithologies observed in the Western o1 ain of the MFTB, and thus considered here as a potential sediment
source to submarine conglomerate. aeosited during the Late Cretaceous phase of sedimentation in the
Magallanes-Austral Basin (cf. v.~Atamney et al., 2011). Further provenance analysis and stratigraphic study
of these units is necessary to -on.*rm this correlation.

1.16 4.3. Geochronology

1.16.14.3.1. Zircon U-Pb Geochronology

The zircon grains from the mylonitic silicic metatuff of the Eastern Tobifera Thrust (FC1727)
predominantly show oscillatory zoning, indicating igneous crystallization, although many grains also have
darker cathodoluminescent (CL) cores (higher U; Fig. 6 A). As the aim of this study was to determine the
zircon crystallization age, 22 analyses were made on the brighter CL outer areas and whole grains, with only
4 darker CL cores analyzed (Table 2 A; Fig. 6 A). The dominant age grouping is at ca. 160 Ma with a
subordinate tail at ca. 168 Ma and two other scattered Lower Jurassic and Upper Triassic analyses (Table 2
A; Fig. 6 A). Importantly, the calculated radiogenic 2°Pb/*®U ages do not vary significantly between rim
and core in few analyzed grains. Analysis of one diffuse core records the presence of an older Triassic age
(Table 2 A; Fig. 6 A). In terms of the dominant age grouping for analyses of the oscillatory zoned zircon, a
weighted mean 2°°Pb/?*®U age for 21 analyses gives 159.9 + 1.1 Ma (MSWD=1.4).

For the mylonitic metapsammopelite of the Zapata Fm. (FC1754), a random sampling of the total
zircon fraction was poured onto double sided tape and prepared for detrital zircon analyses. The zircons
range from euhedral prisms with bipyramidal terminations to sub-rounded/rounded grains; the CL images
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range in detrital ages with significant Early Cretaceous, Permian, and Ordovician groupings (Fig. 6 B). The
predominant Early Cretaceous grouping, comprising 28 analyses, can be arbitrarily unmixed in three groups
(Fig. 6 C): there is a more prominent subgroup at ca. 130 Ma (n=14); a lesser sub-grouping around 125 Ma
(n=12) and a minor cluster near 135 Ma (n=2). Minor components of Devonian, early Cambrian,
Neoproterozoic, Mesoproterozoic and Archean ages are recorded in 12 analyzed grains (Table 2 B, Fig. 6
B). The scattered dates of 15 grains, ranging between 250 Ma and 290 Ma, suggest the presence of a
Permian cluster near ca. 280 Ma. There are minor scattered clusters at ca. 410 Ma (n=4), ca. 470 Ma (n=8),
and ca. 540 Ma (n=3).

Only five zircon grains were recovered from the heavy mineral concentrate for the hornblende
quartz-diorite at Canal Gajardo (FC1759). All 5 grains show zoned igneous CL internal structures and
record upper Cretaceous *°Pb/>*®U ages around 84-80 Ma (Fig. 6 D). Excluding a high U analysis with the
youngest “°Pb/?**U age, the weighted mean is 83.2 + 1.0 Ma (MSWD = 0.45; Table 2 C, Fig. 6 D).

1.16.24.3.2. “Ar/*°Ar geochronology

Mats of white mica from the mylonitic metapelite of the Zapa*z Fi.> (SHP141) from the western
Canal Gajardo (Fig. 7 A) were dated in situ using an IR laserprobe for * Ar/*Ar analyses. Representative
major-element compositions of the analyzed white mica crystals sec Table 5) indicate their phengite
composition with Si a.p.f.u. (atoms per formula unit) > 3.3, as <no. ™ in the classification diagram of Fig. 8
A, and Mg# = Mg*?¥/(Mg*?+Fe*?) between 0.7 and 0.85. In c%!ri:= Mg# is ~ 0.6.

Ten of eleven analysis spots (Table 3) on mats of ~ .00 um-sized phengite yielded a weighted mean
of 71.1 + 1 Ma (MSWD =5.9). The asymmetric distributic.1 or Hata and MSWD higher than 1 (Fig 7 B)
suggest more than one population within the dataset. ™ h~. five youngest dates form a consistent group with a
mean age of 70.2 + 0.4 Ma; six dates can be groupe: in i1 interval between 71 and 73 Ma, and one
significantly older 75.5 = 1.6 Ma date was excl.de 1 fiom the analysis due to its high error.

1.17 4.4. P-T Constraints

The P-T pseudosection modeling of fou~ samples was used to constrain the depth of tectonic burial
and temperature during the development uf mylonitic bands in the hanging wall of the Eastern Tobifera
Thrust and in the westernmost part of he “TB. The metatuff samples were chosen because they present a
well-preserved mylonitic foliation d :fi,.>d by metamorphic minerals that allow to constrain the P-T
conditions of dynamic recrystallizctio,> The metapsammopelite sample was chosen because it exhibits a
hornfels texture defined by bioti.> wite mica, chlorite, and plagioclase, caused by contact metamorphism
overprinting the S;* foliatior wi dynamic recrystallization microstructures in quartz. This sample is
located near the quartz-dio, ‘te 2'uton that was dated, allowing thus the relative dating of the different
tectonic events in the Western Domain of the MFTB. To construct the P-T pseudosections we used the bulk-
rock major-element composition (Table 4) and the mineral chemistry (Table 5) of these samples.

1.17.14.4.1. Petrography and mineral composition

Representative chemical compositions of white mica, chlorite, feldspar, biotite, and epidote of the
analyzed samples are presented in Table 5. Classification diagrams for white mica (Ernst, 1963), chlorite
(Foster, 1962) and feldspar (Deer et al., 1963) are shown in Figure 8 A-C, respectively. To characterize
feldspar, we used the molar fraction Xy, = Na*/(Na*+Ca*™?+K™). Epidote is characterized by the
Fe*3/(Al+Fe*®) ratio = XFe®*". Approximated modal compositions of analyzed samples are listed in Table 6
with the calculated compositions obtained from the P-T pseudosection modeling.

The silicic metatuff of the Tobifera Fm. at Canal Gajardo (FC1749) consists of quartz (~ 55%;
including 15% of porphyroclasts), plagioclase (~ 25%; including 5% of porphyroclasts), white mica (15%),
chlorite (5%) and traces of opaques. The Si and Al contents of phengitic white mica vary between 3.20 and
3.60 a.p.f.u. and 2.05 and 2.30 a.p.f.u., respectively (Fig. 8 A). The 5 um-sized laths of chlorite (mostly
absent in the mineral assemblage) have Si content of 3.13 a.p.f.u. and Xwg of 0.8, and can be classified as
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recrystallized matrix are albite in composition (X, of 0.95- 0.99; Fig. 8 C).

The mylonitic metapsammopelite of the Zapata Fm. at Canal Gajardo (FC1757) is composed by
quartz (55%), plagioclase (25%), white mica (10%), biotite (5%), chlorite (4%), epidote (1%) and traces of
opaques. Biotite is characterized by Mg# varying between 0.41 and 0.44. White mica shows Si and Al
contents ranging between 3.12 and 3.30 a.p.f.u. and 2.15 and 2.60 a.p.f.u., respectively (Fig. 8 A). Chlorite
Is classified as ripidiolite with Xyg of ~ 0.50 and Si contents around 2.78 a.p.f.u. (Fig. 8 B). Plagioclase is
oligoclase with Xy, varying between 0.69 and 0.73 (Fig. 8 C).

The mylonitic silicic metatuff at Canal Jerénimo (FC1723) is composed of quartz (~ 55%; including
5% of porphyroclasts), white mica (30%), chlorite (10%), plagioclase (4%), epidote (1%) and traces of
opaques. The phengitic composition of white mica is characterized by Si and Al contents varying between
3.10 and 3.30 a.p.f.u. and 2.35 and 2.60 a.p.f.u., respectively (Fig. 8 A). Two main groups of chlorite
compositions were identified and correspond to clinochlore (Si = ~ 2.9 a.p.f.u.; Xug =~ 0.8) and ripidiolite
(Si=~2.6a.p.fu.; Xug =~ 0.4) (Fig. 8 B). Few grains show high Xuqg (~ 0.8) and higher Si content (>3.1
a.p.f.u.) (Fig. 8 B). Albite composition (X, 0f 0.95- 0.99; Fig. 8 C) w.< determined in porphyroclasts and
within the quartz-rich recrystallized matrix. Epidote is classified as clino.isite (sensu Seki, 1959), with
XFe** = 0.10-0.12.

The mylonitic silicic metatuff at Estero Wickham (FC1727) cansists of quartz (~ 50%; including 5%
of porphyroclasts), plagioclase (25%), K-feldspar (5%), white iniv~ 115%), chlorite (5%) and traces of
opaques. The white mica is phengite, with Si and Al content< ‘/a,*/ing between 3.30 and 3.45 a.p.f.u. and 1.9
and 2.1 a.p.f.u., respectively (Fig. 8 A). Chlorite is classific ' as “ipidolite with Xyg between 0.40-0.44 and
low Si contents (~ 2.8 a.p.f.u.; Fig. 8 B). Plagioclase is alb?.e .. composition (Fig. 8 C).

1.17.24.4.2. P-T Pseudosection Modeling

In the four selected samples the thermor.yn..mic modeling was achieved in the TIMNCKMFASHO
(Ti0,—MnO-Na,0-Ca0-K,0-FeO-MgO-Al, O -SiO,-H,0-0,) system, within the range of pressures
between 2 and 7 kbar and temperatures bet »een 150 and 550°C. Bulk-rock compositions are presented in
Tables 4 A (raw data) and 4 B (with corrertioi,~ and normalization). The O, content is related to 10% of the
iron to be trivalent suggested by the presen e uf magnetite in the rock. CaO was corrected due to presence
of apatite. The percentage of oxides was . 2rmalized to 100% (Table 4 B). The H,O content of each sample
was based on the loss on ignition frcm ‘e XRF analysis, with a maximum 4 wt% to guarantee a free
hydrous fluid phase in the P-T pse 'duection.

For the mylonitic silicic .neta.uff at Canal Gajardo (FC1749) the isopleths for Si = 3.36 a.p.f.u. in
white mica (average value) a«d »"™g = 0.75 in chlorite (average value) intersect at ~ 3-4 kbar and ~ 210-
250°C (Fig. 9 A). This is cons.~tont with Xy, > 0.95 in plagioclase, predicted to be stable at temperature
above 190°C. At 3.5 kbar and 230°C the calculated volume percent of the mineral assemblage is quartz
(46%), plagioclase (27%), wnite mica (16%), chlorite (3%), stilpnomelane (1%), clinopyroxene (0.2%),
titanite (0.1%), plus water (6.7%). No rutile was detected under the microscope, but a good correspondence
exists for major phases. Stilpnomelane and clinopyroxene were also not identified under the microscope;
these minerals may have been decomposed by weathering, but other reasons for the presence of these phases
in the calculation result such as imperfect solid-solution models are possible as well.

In the P-T pseudosection for the metapsammopelite with textures of contact metamorphism
belonging to the Zapata Fm. at Canal Gajardo (FC1757) the intersection of the isopleths for Si = 3.18
a.p.f.u. in phengitic white mica (average value), the Xy, 0f 0.70 in plagioclase (average value), and Mg# of
0.44 in biotite (average = 0.42) match at ~ 5-6 kbar and 430-460°C (Fig. 9 B). At 5.5 kbar and 440°C the
calculated volume percent of the mineral assemblage is quartz (55%), feldspar (19.5%), white mica (7%),
biotite (2%), chlorite (3%), epidote (5%), and titanite (0.5%) plus water (8%). The isopleths of Mg# in
chlorite (average = 0.48) do not intersect this field, probably because chlorite is not in equilibrium with
biotite, phengite and plagioclase. According to the diagram, chlorite with of Mg# = 0.48 occur between
temperatures of 230-250°C and may be result of retrograde metamorphism. Magnetite may be present as
opaque mineral.
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of the isopleths for Si = 3.21 a.p.f.u. in phengite (average value), Xna = 0.99 in plagioclase (average value),
Mg# = 0.82 in chlorite (clinochlore, average value) match at ~ 5.3-6.3 kbar and 420-460°C (Fig. 9 C). At 6
kbar and 450°C the calculated mineral assemblage is: quartz (55%), white mica (31%), chlorite (10%),
plagioclase (0.5%), clinopyroxene (0.5%), plus water (3%). The disappearance of trace amounts of
predicted clinopyroxene could be related to thermal increase accompanied by rising albite and epidote
modal contents. However, an imperfect thermodynamic solid-solution model for Na-bearing clinopyroxene
or other factors (e.g., selected O, content) could also account for the appearance of low amounts of
clinopyroxene in the calculation results.

In the P-T pseudosection calculated for mylonitic silicic metatuff FC1727 the intersections of the
isopleths for Si = 3.36-3.45 a.p.f.u. in phengite (average = 3.38), and Mg# between 0.40 and 0.42 in chlorite
(average = 0.40) occur in the range 3-4 kbar at 300-340°C (Fig. 9 D). In consideration of plagioclase being
almost pure albite, these conditions probably refer to the metamorphic peak. The calculated mineral
assemblage at 3.8 kbar and 330°C is quartz (42%), plagioclase (30%), alkali feldspar (7%), white mica
(13%), chlorite (2%), clinopyroxene (0.4%), titanite (0.2%), plus wate - {5.4%). Clinopyroxene and titanite
were not identified in the petrographic thin section, maybe due to we~*he,ing. A good correspondence exists
for major phases.

1.18 5. Discussion

1.19 5.1. Episodic magmatism and paleogeography of the kocas Verdes Basin

The timing of magmatism during the Late Jurassic ¢ voi.'tion of the RVB sheds important light on
along-strike development of the extensional marginal "sa«in during its ca. 40-50 myr history in southern
South America. Our new ca. 160 Ma U-Pb zircon ac.e 1,271 the silicic metatuff at Estero Wickham (FC1727
of the Tobifera Fm., Fig. 2 and 6 A) constrains “iie me/imum depositional age of precursor silicic tuffs of
the Tobifera Fm. It brings the age of Tobifera v‘r.osive silicic volcanism to the early Late Jurassic
(Oxfordian) at this latitude of the orogenic system {~ 53°30°S). At this time, the Patagonian continental
block (linked to South America) must have ha continental connection with the Kalahari Craton to the
northeast and the East Antarctic Craton tc t'ie couthwest (Fig. 10 A, Dalziel et al., 2013). Three older
zircons of ca. 168 Ma and one of ca. 155 M (Fig. 6 A) likely reflect xenocrystic inheritance or reworking
of zircons from different Jurassic vcica0-sedimentary sources. The Upper Triassic date in the diffuse core
of one zircon was either incorpora*eu ‘nto the original rhyolitic magma by upper crustal assimilation
processes, or included into the g /roc astic and/or volcanoclastic deposits, during erosion of pre-Jurassic
basement complexes.

Near Canal Jeroni..n \ - 53°S) the ca. 157 Ma crystallization age of gabbros belonging to the South
Patagonian Batholith (Hervé ot al., 2007a) — at that time representing the parautochthonous magmatic arc to
the west of the RVB (Fig. 1u A) — suggest coeval bimodal magmatism between 160-155 Ma. Clearly
younger silicic magmatism is reported in northern areas (~ 49°-52°S), with Tithonian-Berriasian U-Pb
zircon ages from metatuffs and hypabyssal rhyolitic rocks of the Tobifera Fm. ranging between ca. 154 and
140 Ma (Pankhurst et al., 2000; Calderon et al., 2007; Malkowski et al., 2015a; Zerfass et al., 2017), and ca.
150 Ma bimodal igneous suites of the Sarmiento Ophiolitic Complex (~ 51°30°S; Calderon et al., 2007). In
extra-Andean Patagonia, silicic volcanic and volcaniclastic rocks buried beneath the sedimentary in-fill of
the Magallanes-Austral basin (~ 53°S) have been dated at ca. 176 Ma (Pankhurst et al., 2000). Farther south,
coeval and slightly older metatuffs at Cordillera Darwin (~ 55°S, Fuegian Andes) range in age between ca.
168 and ca. 162 Ma (Hervé et al., 2010b; Klepeis et al., 2010).

In this context, our ca. 160 Ma age reveals older rift-related volcanic events to the south of the RVB,
and an episodic character of silicic volcanism during continental rifting. This finding may indicate that
silicic magmatism and basin accommodation for deposition of volcanic rocks was controlled by the pre-
Jurassic lithosphere-scale structures within the continental basement. Furthermore, our chronological data
agree with northward younging ages that support the south to north unzipping mode of the opening of the
RVB (cf. Stern and De Wit, 2003; Malkowski et al., 2015a), at least for the Patagonian sector of the
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in Larsen Harbor (South Georgia Island), constrained by U-Pb zircon in plagiogranites, yielded
crystallization ages of ca. 150 Ma (Mukasa and Dalziel, 1996), similar to the northern Sarmiento Ophiolitic
Complex (Calderon et al., 2007). The progressive widening of the RVB and development of mid-ocean-
ridge type spreading centers was established in Tierra de Fuego even later, with the emplacement of the
Tortuga Ophiolitic Complex between 130-120 Ma (Calderon et al., 2013). Therefore, the silicic magmatism
within the RVB seems to have been episodic during the rift-related opening of the RVB controlled by
inherited basement structures, and subsequent seafloor spreading in mid-ocean-ridge type centers to the
south-west (Fig. 10 A). The opening of the RVB is partially coeval with the opening of the Weddell Sea and
the massive extension between South America and Africa that starts at ca. 130 Ma (Dalziel et al., 2013,
Poblete et al., 2016).

The youngest cluster of detrital zircon dates of the metapsammaopelite at Canal Gajardo (FC1754;
Zapata Fm.) indicates a maximum depositional age of ca. 125 Ma at these latitudes (~ 52°30°-53°S). This
age is coherent with the Barremian-Albian (ca. 130-100 Ma) age interval of the sandy upper sections of the
Zapata/Erezcano and Beauvoir/Yaghan formations (Fildani et al., 200."* Calderdn et al., 2007; Fosdick et al.,
2011; Barbeau Jr. et al., 2009; Klepeis et al., 2010; Hervé et al., 2010"* \.~lkowskKi et al., 2015b), in
southern Patagonia and Tierra del Fuego, respectively. The dominar.* dei ital zircon age clusters (ca. 130 £ 1
Ma and 124 + 1 Ma) suggest their derivation from volcanic and fuw nic rocks from the westernmost
magmatic arc now exposed in the South Patagonian Batholith ‘H.Z et al., 2007a). The secondary
Paleozoic and subordinate older zircon populations indicate ~~cycling of the pre-Jurassic basement
complexes, with similar pre-Jurassic detrital zircon age dis. tbw.on to those of metamorphic complexes in
southern Patagonia (Hervé et al., 2003, 2008). This correla*:on ~ccounts for incipient exhumation of the
basement complexes during continental lithospheric s're”ching (Fig. 10 A), which may have shed sediments
to the depocenters of the RVB (Fildani et al., 2003; “aiJ<.6n et al., 2007).

1.20 5.2. Mylonites from the Western Doma.n ~f the MFTB and the Eastern Tobifera Thrust:
underthrusting of the RVB and craton-we.rd transfer of shortening

Retro-arc deformation across the M~Tb is linked to closure and inversion of the RVB that transferred
shortening from southwest to northeast, l.e Jiiy to orogenic widening and consolidation. However, few
through-going tectonic structures asso .la.~a with RVB closure have been correlated along this orogenic
belt. The mylonitic rocks from the Tob. “era and Zapata formations located in the hanging wall of the
Eastern Tobifera Thrust (~ 52°-54°S, ~igs. 2, and 3 A2 and B2) and from the Canal de las Montafias Shear
Zone (~ 51°-52°S; Calderén eta! 2012, Fig. 1) share craton-ward sense of shearing, low-grade
metamorphic conditions, and a L te Cretaceous age. Taken together, we thus interpret these shear zones as a
single continuous structu: e *hat extends from 51°S to 54°S within Tobifera and Zapata lithotypes, formed
during the tectonic burial of tt 2 RVB successions. The Canal de las Montafias Shear Zone represents the
sole thrust of the tectonic emplacement of the Sarmiento Ophiolitic Complex over the continental margin
(Calderon et al., 2012). Here, we suggest that the mylonitic zones on top of the Eastern Tobifera Thrust also
have a relevant role in the progressive underthrusting of oceanic and continental crust of the RVB (Fig. 10
B).

A partitioned deformation is observed in the mylonites of the Western Domain, where more
competent quartz-feldspathic metatuffs experienced brittle-ductile deformation whereas less competent
mica-rich metapelites and metapsammaopelites exhibit dominant ductile features (sensu Hirth and Tullis,
1994). The coexistence of brittle and ductile structures suggest deformation at intermediate depths (~ 10 —
20 km depth, according to Stipp et al., 2002; Fossen and Cavalcante, 2017). The pervasive S;* foliation in
these lithotypes is seemingly related to northeast-vergent simple shearing dominated by pressure-solution
processes.

The westward increase in the magnitude of ductile deformation across the strike of the Western
Domain of the MFTB is interpreted from mesoscopic and microscopic observations at Canal Gajardo,
regardless of the lithology. At the innermost part of the Western Domain tight folding of the S;* foliation
occurred, and transposition zones developed through the axial planar S,* foliation. The S;* and S;*
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formations, mafic ophiolitic bodies, and the pre-Jurassic basement complexes (Figs. 2 and 3 Al). Enhanced
ductile deformation can be due to a release of fluids from dehydrated protoliths (metasedimentary and
metavolcanic rocks) through deep shear zones, which may form an underthrusting interface (Tullis et al.,
1982, 1996; van Staal et al., 2001; Massonne and Willner, 2008; Roche et al., 2018). In addition, magmatic
hydrothermal fluids and increasing temperature may be due to the emplacement of satellite plutons of the
South Patagonian Batholith. Thus, the development of S;* and S,* must have occurred in deep shear zones
with hot fluid circulation within the RVB succession being underthrusted westwards beneath the
parautochthonous magmatic arc (Fig. 10 B).

A critical wedge geometry is proposed from mechanical models of fold-and-thrust belts (Davis et al.,
1983; Dahlen, 1990) and previous hypotheses regarding the RVB closure (Nelson et al., 1980; Gealey et al.,
1980; Kohn et al., 1995; Harambour, 2002; Hervé et al., 2007b; Calderon et al., 2009, 2012; Klepeis et al.,
2010). In pre-Jurassic metasedimentary rocks the S, foliation is subparallel to the RVB S;* foliation. The
time of formation of the S, foliation in the pre-Jurassic basement is not clear, but the correlation with the
ductile structures of the RVB suggest a common Andean deformation. ! event, in which the pre-Jurassic
basement was underthrusted together with the RVB successions.

The Eastern Tobifera Thrust delimitates the mylonitic zones »f tt e Western Domain of the MFTB in
the east, emplacing brittle-ductile sheared rocks from the RVB o' er the Zapata rocks that show no ductile
deformation nor metamorphism (Figs. 2 and 3). The uplift of d :ep. d.ctile structures of the MFTB is
ascribed to out-of-sequence craton-vergent thrusting and trer~h-ergent backthrusting from the end of Late
Cretaceous to the early Oligocene (Nelson et al., 1980; Koi.n et il., 1995; Harambour, 2002; Kraemer, 2003;
Hervé et al., 2007b; Calderdn et al., 2009, 2012; Klepeis et al., 2010; Maloney et al., 2011; Fosdick et al.,
2011; Betka et al., 2015). The origin of the Eastern Tcnizera Thrust may be associated with this protracted
deformational event of uplift of the MFTB, and repr 2se.:*s an important surface of juxtaposition of the
deeply deformed successions with shallowly delor ned successions (Fig. 10 C). Cross-cutting structures
between the first-generation structures, resultin.> f.om the phase of deep underthrusting of the RVB, and the
second-generation structures, resulting frorm the up.:ift of the MFTB are locally found (Betka et al., 2015).
Inherited structures from the rift phase in the L2sement are reactivated during thrusting and backthrusting
(Fig. 10 C), allowing the transfer of defoirat un to the east onto the Upper Cretaceous foreland basin
(Nelson et al., 1980; Harambour, 2002, r2aualini et al., 2008; Fosdick et al., 2011; Betka et al., 2015). The
reactivation of inherited faults in the ba>ement and imbrication of the basement slices in the Western
Domain of the MFTB resulted in ¢ th.~k-skinned deformation superimposed to an early thin-skinned
deformation (sensu Lacombe ard Be :asen, 2016).

1.21 5.3. Timing and tb_n.~b~zrometric conditions during the closure of the Rocas Verdes Basin

The development of bi ttle-ductile and ductile mylonitic fabrics in tectonically buried supracrustal
rocks is controlled by the local geothermal gradient, plate boundary conditions, and the lithology of buried
rocks (Ernst, 1971, 1972; Miyashiro, 1973; Tullis et al., 1982; Maruyama et al., 1996; Hirth and Tullis,
1994; Stipp et al., 2002; Wakabayashi and Dilek, 2003; Massonne and Willner, 2008; Fossen and
Cavalcante, 2017). The mylonitic metatuffs of the Western Domain present a
phengite+chlorite+quartz+albite metamorphic assemblage forming the S;* foliation, typical of low-
temperature metamorphic belts (McNamara, 1965; Vidal and Parra, 2000; Massonne and Willner, 2008;
Bucher and Grapes, 2011). Pseudosection modeling shows that the metatuff at Canal Gajardo (FC1749)
experienced prehnite-pumpellyite-facies metamorphism (~ 3-4 kbar and 210-250°C), whereas the metatuff
at Estero Wickham (FC1727) was metamorphosed at greenschist-facies conditions (~ 3-4 kbar and 300-
340°C). Higher P-T conditions of greenschist-facies metamorphism (~ 5.3-6.3 kbar and 420-460°C)
compared with the other analyzed metatuffs were estimated for the metatuff at Canal Jeronimo (FC1723).
These P-T conditions are similar to those derived for the metapsammopelite at Canal Gajardo (FC1757, ~ 5-
6 kbar and 430-460°C) based on the compositions of non-oriented biotite, muscovite, and plagioclase that
overprinted oriented and folded bands of dynamically recrystallized quartz. From this textural feature, we
interpret the estimated P-T conditions as recording local contact metamorphism in the metapsammaopelite.
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metatuff of Canal Jeronimo was slightly affected by contact metamorphism as well, explaining the
occurrence of randomly oriented epidote in the metatuff. Although contact metamorphism may have
affected these rocks locally, systematic pressure increases with temperature suggest a geotherm of regional
metamorphism through about 3.5 kbar and 280°C, and 5.5 kbar and 430°C.

P-T constraints broadly agree with those derived for rocks in the Canal de las Montafias Shear Zone
(~ 250-400°C, 6-7 kbar; Hervé et al., 2007b; Calderdn et al., 2012). Thus we associate these and the studied
rocks with a ~ 400 km long mylonitic and metamorphic belt of the Patagonian sector of the MFTB.
Assuming intermediate geothermal gradients (~ 20°C/km; Miyashiro, 1973; Maruyama et al., 1996; Zheng
et al., 2016) these rocks reached crustal depths between 10-23 km (Fig. 10 B). The dehydration of volcanic
and sedimentary successions at depths of ~ 20 km would have released fluids that circulated along major
thrusts, thereby favoring the offscraping and imbrication of ophiolitic tectonic slices in the underthrusted
crustal stack (Massonne and Willner, 2008). These units crop out at Canal Gajardo (Figs. 1 and 2 A).

The metapsammopelite belonging to the Zapata Fm. at Canal Gajardo is located near the ca. 83 Ma
quartz diorite pluton (FC1754), which is hypothesized here as the sou. ~2 of local thermal perturbation. With
this interpretation on the timing of the thermal perturbation, combiner " the fact that both the dated
quartz diorite and the metamorphic minerals in the metapsammopeli e ar : undeformed, we use this age
constraint as the minimum age of dynamic recrystallization of th’; 10 tated bands (at least S1*) at Canal
Gajardo. Similarly, Santonian-Campanian crystallization ages «f v>teite plutons emplaced in the Western
Domain of the MFTB to the north of the study area (ca. 85-82 N~ between 51-52°S) and in the Fuegian
Andes (ca. 86 Ma between 54-55°S), were interpreted as th. miniimum age of RVB underthrusting (Klepeis
et al., 2010; Calderon et al. 2012). However, some of the L ite Cretaceous satellite plutons near the study
region show anisotropic fabrics near pluton margins, i 10 cating that crustal deformation proceeded during
the magmatic arc construction (Hervé et al., 2007a; <lez2is et al., 2010; Fosdick et al., 2011; Betka et al.,
2015). Deep shear zones may control the ascen* or the hack-arc plutons especially during the extensional
phases after orogenic thickening (Laurent et ai., 215). In this context, the analyzed quartz-diorite was likely
emplaced after (or possible during the later stages uf) the phase of underthrusting of the RVB units (that
generated the S;* foliation). The absence of acformational fabrics observed within the quartz diorite sample
suggests that deformation migrated to shelluv.cr crustal levels some time before 83 Ma, and/or that the
deformed parts of the intrusion and imur.~awed units of RVB were eroded or obscured by cover. Finally, we
note that the ca. 83 Ma age is coeva! w.*h a pronounced zircon U-Pb age peak (ca. 80-66) present in detrital
zircon age spectra from the Cenoznic Magallanes-Austral Basin successions (Fosdick et al., 2020), thereby
providing additional indirect evidenc. for this phase of Late Cretaceous arc magmatism.

The syntectonic phenr,ite m a mylonitic metapelite from the western part of Canal Gajardo yields a
cluster of “’Ar/**Ar dates «* c.. 7% Ma, with an older single-grain ages as old as ca. 73 Ma. We note that the
grain size of phengite (up to 170 um) is too small for any chemical zoning of micas relating to different
episodes of crystallization to pe recognized. Additionally, this age variability also may have been caused by
a combination of analytical uncertainty, deformation, grain boundary effects and geological variability in the
micas. The mineral assemblage in the sample is phengite+chlorite+zoisite+albite, which is consistent with
greenschist-facies conditions of regional metamorphism, in accordance with P-T constraints from mylonitic
rocks of the Western Domain (of ~ 3-6 kbar and ~ 210-460°C). Under the assumption that Ar mobility is
mainly linked to thermally controlled volume diffusion, the retention of radiogenic Ar depends on the
crystal size and temperature of metamorphism (Warren et al., 2012). In 100 pum grains, the retention of
radiogenic Ar at temperatures < 350°C (the average estimated regional temperature) over 2 mya is between
90-95%. However, at ~ 460°C (the maximum regional temperature), Ar retention would decrease to ~35%
over the same time interval (Warren et al., 2012). A possible reheating event may therefore have caused
partial resetting of the deformational age. However, the recorded age is considerably younger than the
nearby intrusion (ca. 83 Ma), what also reinforces the fact that the analysed quartz-diorite sample is from the
inner undeformed part of the pluton and that its external parts could be deformed.

Our preferred interpretation is that the 70 Ma phengite age records the timing of syntectonic mineral
growth during deformation. This interpretation is consistent with Coniacian-Maastrichtian “°Ar/*°Ar dates in
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Complex, which have been interpreted as recording the timing of deformation (Kohn et al., 1995; Maloney
et al., 2011). Ductile thrusting in this complex operated at deep structural levels (~35 km) between 90-70
Ma, while backthrusting was concentrated in the shallow structural levels during the same interval (Kohn et
al., 1995; Klepeis et al., 2010; Maloney et al., 2011). We thus interpret the ca. 73-70 Ma “°Ar/**Ar dates as
recording the timing of deformation during the protracted exhumation history of mylonite belts in both the
southern Patagonian and Fuegian Andes, but without further data the meaning of the dates older than 71 Ma
cannot be tested. Campanian-Maastrichtian dynamic recrystallization in shallow crustal depths is consistent
with the phase of out-of-sequence thrusting and backthrusting occurring until the early Oligocene (Kohn et
al., 1995; Kraemer, 2003; Klepeis et al., 2010; Maloney et al., 2011; Fosdick et al., 2011; Betka et al.,
2015), associated with the formation of the Eastern Tobifera Thrust. This episode is related to the uplift and
extrusion of the underthrusted crustal stack in the Western Domain of the MFTB (Fig. 10 C). In the
paleogeographic context, the Weddell Sea was in a relatively quiet tectonic period until 60 Ma, the Antarctic
Peninsula was separated from South America and the ophiolite-bearing South Georgia Island was displaced
to the east of the Fuegian Andes (Fig. 10 B-C; Gee and Kent, 2007; D.!ziel et al., 2013; Poblete et al.,
2016).

Finally, the phases of deformation and metamorphism that oc curt 2d between the Santonian and
Maastrichtian reflects different magnitudes of hinterland exhume.io:. between the southern Patagonian and
Fuegian Andes. Along-strike of the southern Patagonian Andes (L2° 54°S), linking our study region with
the Canal de las Montafias Shear Zone, the exhumation of I~*-y~ade metamorphic rocks, dynamically
recrystallized at crustal depths ranging between ~ 10 and 2. km begins between ca. 83-70 Ma.
Contrastingly, in the Fuegian Andes (54°-56° S) the metasr diri.~ntary rocks of the Cordillera Darwin
Metamorphic Complex — a unique culmination of Pale oz i~ to Lower Cretaceous sedimentary successions
metamorphosed at upper amphibolite facies during 11e Cretaceous — indicate exhumation of deeply buried
rocks formed at ~ 35 km depth before ca. 73 M~ (»“on.~ et al., 1993, 1995; Klepeis et al., 2010; Maloney et
al., 2011). Thus, the thermobarometric constrai.>tc show that the tectonic underthrusting of the RVB
successions before the Campanian due to & c-contiient collision involved deep shear zones, which were
uplifted during the Late Cretaceous and Paleo 2ne with a higher magnitude in the Fuegian Andes.

1.22 6. Conclusions

New field data, microstructu al cnalysis, thermobarometry, U-Pb and “°Ar/**Ar geochronology from
the southern Patagonian Andes provia~ kinematic, P-T, and time constraints on the opening and closure of
the RVB. Zircon U-Pb ages con.*rain the maximum depositional ages of episodic silicic volcanism at ca.
160 Ma, and the hemipelagic seu mentation to ca. 125 Ma. The geographical distribution of silicic volcanic
rocks in sub-basins, controu:'au by, the geometry of pre-Jurassic rifting structures within the continental
basement, was followed by m. fic magmatism in mid-ocean ridge-type spreading centers located to the west
and southwest of the paleo-continental margin. New microstructural data and P-T metamorphic constraints
of 3-6 kbar and ca. 210-460°C in mylonitic silicic volcanic and metapsammopelitic rocks of RVB are
compatible with tectonic underthrusting of the RVB’s oceanic and continental crust in a deep crustal stack.
West- and southwest-ward shear zones recorded in at least one brittle-ductile foliation (S;*) in the Western
Domain of the MFTB suggests tectonic accretion during the RVB closure, indicating tectonic burial to 10-
23 km depths beneath the edge of the parautochthonous magmatic arc. The mylonitic and metamorphic belt
extending from the Canal de las Montafias Shear Zone to the study area (~ 50-54°S) constitute a ~ 400 km
long lithospheric-scale structure that accommodated east- and northeast-verging shearing beneath the
underthrusted crustal stack. Deformation migrated from this structure to shallow crustal levels prior to ca.
83 Ma, when Campanian satellite intrusions of quartz diorite caused contact metamorphism in the foliated
metavolcano-sedimentary rocks. Finally, the ca. 70-73 Ma “°Ar/**Ar syntectonic phengite ages suggest a
phase of Campaninan-Maastrichtian out-of-sequence thrusting and backthrusting, culminating with uplift
and exhumation of the Western Domain of the MFTB.
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Table 1: List of in situ oriented samples showing the attitude of foliation corresponding to S;* in RVB units, the thin

section orientation, and the respective shear sense interpreted from asymmetric microtectonic and/or mesoscale

structures. The attitudes are dip direction/dip angle.



Locality Coordinates Unit Lithology Sample S Si* Thin Plane  Shear
section sense
Canal S53° 22.038' pre-Jurassic Metapelitic FC1721 235 32 199 55 «xz NE
Jerénimo wW72° basement schist
25.660'
IslaSanta  S53°12.592'  Tobifera Fm. Mylonitic FC1723 265 85 309 31 yz NE-
Cruz W72° metatuff sinistral
(Canal 28.992'
Jerénimo)
Estero S53°25.090"  Tobifera Fm. Mylonitic FC1727 230 25 89 90 «xz NE
Wickham W72° metatuff
09.259'
Estero S53°23.663'  Tobifera Fm. Metapsammite ~ FC1729 175 28 119 60 xz NE
Wickham W72°
07.333'
Estero S53° 18.979' Latorre Fm. Slate FC1731 17¢ 2 10 22 189 75 «xz NE
Wickham W72°
06.379' \
Canal S52°43.218'  TobiferaFm.  Mylonitic metatuff FC17 9 230 25 296 80 xz NE
Gajardo W72°
(spot 1) 43.841' N
Canal S52° 45.421" pre-Jurassic ~ Metapsammopelitic FC1753 230 49 158 90 «xz N
Gajardo W72° basement schist
(spot 3) 46.252' -
Canal S52° 51.004' Sarmiento Foliated FC1763 225 20 349 85 yz N
Gajardo W72° Ophiolite metabe« alt
(spot 10) 58.737' N
Canal S52° 51.004' Sarmiento ~oli ited FC1765 25 45 159 80 yz NE
Gajardo W72° Ophiolite met."asalt
(spot 10) 58.737'

Table 2 A: SHRIMP U-Pb results for zircon civs'als within the silicic metatuff of the Tobifera Fm. (FC1727) at

Estero Wickham.
Total Radiogenic Age (Ma)

Grain. U  Th ThU *®Pb* P, 206 U/ 2Py 2%%ppy 2%%pp/

spot  (ppm) (ppm) (ppr **Pb % pp +  %pp + 28y + 28y +
11 411 249 0.61 8.9 0.000336 0.14 39.80 0.48 0.0504 0.0011 0.0251 0.0003 159.8 1.9
2.1 299 133 045 65 - 0.35 39.55 0.49 0.0520 0.0012 0.0252 0.0003 160.4 2.0
22 3035 1556 0.51 66.1 0.000090 0.68 39.47 0.44 0.0547 0.0030 0.0252 0.0003 160.2 1.9
31 154 66 043 3.3 0.000270 <0.01 39.87 0.56 0.0489 0.0019 0.0251  0.0004 159.8 2.3
3.2 476 264 055 9.9 0.000107 0.01 41.28 0.50 0.0492 0.0009 0.0242  0.0003 154.3 1.9
41 426 239 056 94 - 0.31 39.06 0.46 0.0517 0.0010 0.0255 0.0003 162.5 1.9
42 1776 922 052 38.6 0.000027 0.07 39.49 0.41 0.0498 0.0004 0.0253 0.0003 161.1 1.7
51 2689 1582 0.59 60.8 0.000012 <0.01 37.97 0.39 0.0490 0.0004 0.0263 0.0003 167.7 1.7
6.1 3119 1607 052 70.3 0.000043 <0.01 38.11 0.39 0.0489 0.0003 0.0263 0.0003 167.1 1.7
71 571 388 0.68 123 0.000022 0.11 39.82 0.46 0.0502 0.0008 0.0251  0.0003 159.7 1.8
81 262 151 058 5.6 0.000478 0.34 40.48 0.51 0.0519 0.0013 0.0246  0.0003 156.8 2.0
8.2 1563 602 0.39 33.0 0.000072 0.03 40.64 0.43 0.0494 0.0005 0.0246  0.0003 156.7 1.7
91 332 212 064 71 - <0.01 40.16 0.49 0.0492 0.0011 0.0249  0.0003 1585 1.9
10.1 831 491 0.59 184 0.000155 0.34 38.89 0.42 0.0520 0.0007 0.0256 0.0003 163.1 1.8
10.2 2490 1368 0.55 54.8 0.000024 <0.01 39.02 0.41 0.0487 0.0004 0.0256 0.0003 163.3 1.7
11.1 237 133 056 5.1 0.000256 0.26 40.22 0.53 0.0513 0.0013 0.0248 0.0003 157.9 2.1



1.9
13.1 420 215 051 9.0 0.000180 0.15 40.03 0.50 0.0504 0.0010 0.0249 0.0003  158.8 2.0
141 457 250 0.55 9.8 0.000134 0.25 39.94 0.46 0.0513 0.0009 0.0250 0.0003  159.0 1.8
151 151 70 046 3.8 0.002035 1.08 33.64 0.52 0.0584 0.0020 0.0294  0.0005 186.8 2.9
16.1 190 83 044 41 0.000334 0.34 39.95 0.54 0.0520 0.0015 0.0249 0.0003  158.8 2.2
17.1 615 387 0.63 135 0.000130 <0.01 39.20 0.44 0.0493 0.0008 0.0255 0.0003 1624 1.8
181 609 373 0.61 129 0.000156 <0.01 40.62 0.47 0.0482 0.0008 0.0246 0.0003  157.0 1.8
191 264 91 035 84 - 0.01 27.03 0.33 0.0510 0.0010 0.0370  0.0005 234.1 2.8
20.1 1250 1063 0.85 28.5 0.000022 0.03 37.70 0.40 0.0497 0.0005 0.0265  0.0003 168.7 1.8
21.1 628 463 0.74 13.6 0.000281 0.17 39.75 0.50 0.0506 0.0008 0.0251  0.0003 159.9 2.0
221 297 144 048 6.3 0.000257 0.17 40.40 0.51 0.0505 0.0012 0.0247 0.0003 1574 2.0
Notes:
1. Uncertainties given at the 10 level.
2. Error in Temora reference zircon calibration was 0.31% for the analytical session (not included in above errors but
required when comparing data from different mounts).
3. f,05 % denotes the percentage of **°Pb that is common Pb.
4. Correction for common Pb for the U/Pb data has been made using the mew.tired **U/*°°Pb and ?°’Pb/*°°Pb ratios
following Tera and Wasserburg (1972) as outlined in Williams (1998).
Table 2 B: SHRIMP U-Pb results for zircon crystals within a metapsammy neli e of the Zapata Fm. (FC1754) at Canal
Gajardo.

Total

: 1.adiogeni Age
Rastlo ¢ Ratios (Ma)
; 206 — ¥ 206 207
Grain ;o TS’ b a0app 206 228y 27ppy b/ 27ppy 27ppy /Pb /Pb %
spot (ngm (Pg’m (P?m 06py 0y 06pp 4+ 06pp oy 4 235 + 6ppy 4 o PBU + 2%pp & DCiS
0.00004 0.075 1.001 0161 0.001 0.04 0.074 0.001 0.46 1 2
11 568 76 013 79 990 007 6.186 0.0eg 0970 MO0L O-1OL 00T g oo 0.04 0.074 0001 046 965 15066 7 o
21 773 596 077 14 O'O%Ol3 0.23 46695 0.500 240 0.%00 0221 0'200 136 2
<0.0 7075 0.000 0.126 0.001 0.02 0.075 0.000 0.74 2
- Y 2Q
31 257 75 029 28 70 7.901 g.00p 975 0900 0226 0001y 5 092 0075 0000 0.7 768 9 1087 2 29
VA
41 357 337 103 000045 oo 465 . 0.051 0001 0020 0.000 151 2
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51 111 72 065 2 - 01 Y81 gg75 0.049 0.002°0.020 0.000 131 3
4 6 5 5 4
61 207 75 036 15 n o1 11549 0.146 0'358 0.%00 0'%87 0"101 538 7
0.0 13.19 0.054 0.000 0.075 0.000
71 319 36 011 21 - 001319956y 0354 0900 0975 00 472 6
0.00004 <0.0 12.65 0.056 0.000 0.079 0.001
81 251 79 031 17 009004 <00 1265 g0 0.056 0.900 0.079 0.0 490 6
0.00013 <0.0 21.84 0.052 0.000 0.045 0.000
9.1 348 120 034 14 OOP1S <D0 24 g 57y 0052 0990 0945 00 289 4
101 480 59 012 31 - 004 13919 0.151 0'%56 0'300 0275 0'%00 A71 5
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211

221
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241
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311

321

33.1

34.1

351

36.1

37.1

38.1

39.1

40.1

442

41.1

421

431

441

45.1

46.1

47.1

138

114

273

560

292

418

462

429

125

78

67

52

269

570

55

108

172

47

746

90

122

391

72

1692

929

77

81

193

749

128

169

96

57

111

216

102

113

81

94

56

75

36

22

100

313

29

38

122

25

309

39

52

245

37

778

48

30

42

356
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Notes:

1. Uncertainties given at the 10 level.

2. Error in Temora reference zircon calibration was 0.31% for the analytical session (hot included in above errors but
required when comparing data from different mounts).

3. fo06 % denotes the percentage of 2%pp that is common Pb.

4. For areas older than ca. 800 Ma correction for common Pb made using the measured 204pp/2%°pp ratio.

5. For areas younger than ca. 800 Ma correction for common Pb made using the measured **U/**°Pb and *°’Pb/**°Pb
ratios following Tera and Wasserburg (1972) as outlined in Williams (1998).

6. For % Disc. 0% denotes a concordant analysis.

Table 2 C: SHRIMP U-Pb results for zircon crystals separated from a quartz-diorite satellite pluton of the South
Patagonian Batholith (FC1759) intruding the RVB units at Canal Gajardo.

Total Radiogenic Age (Ma)

Grain. U Th Th/U ®pb* pp/ 206 28U/ 207ppy/ 206ppyy 206ppy/



40Ar

285971.96
285233.26
365927.21
331500.75
227792.46
367902.47
51762.21

243961.90
895338.53
210864.66
162905.01

11
21
3.1
41
51

452
1459
454
1840
293

Notes:
1. Uncertainties given at the 10 level.

2. Error in Temora reference zircon calibration was 0.31% for the analytical session (not included in above errors but
required when comparing data from different mounts).

353
1346
277
1077
177

0.78
0.92
0.61
0.59
0.60

51 0.000023 0.27 76.06
16.3 - 0.09 76.92
5.1 - 0.14 76.81
19.9 0.000113 0.02 79.33
3.2 - 0.15 77.85

0.99
0.84
0.96
0.85
1.07

3. f,05 % denotes the percentage of **°Pb that is common Pb.
4. Correction for common Pb for the U/Pb data has been made using the measured *®U/**Pb and ’Pb/?®Pb ratios following Tera
and Wasserburg (1972) as outlined in Williams (1998).

Table 3: “Ar/*Ar data of the mylonitic metapelite of Zapata Fm. (SHP1-:1) at Canal Gajardo.
+/-

+/-

777.91
768.11
1810.14
1212.63
573.68
2209.53
288.73
886.03
1631.85
377.74
346.13

39Ar

75407.84
77111.30
100863.27
92878.29
59978.87
101346.00
7702.62
63503.03
256476.77
57991.27
43676.13

Corrections:
Atmospheric 40/36 correction
40/36 discimination value 295
J value
calculated using standard GA1550, vith an age of 99.738 +/- 0.104Ma, Renne et al. (2011)
Potassium correction applied: 0.0us5 +/-4.25E-05
Calcium **Ar correction applied: 0.000265 +/-1.325E-06
Calcium **Ar correction applied: 0.00065 +/-3.25E-06

blank corrected using average of days blanks

+/-

140.34
130.32
290.69
210.51
110.28
210.51
33.13
150.37
290.77
93.28
78.25

38Ar

2.74
1.09
7.75
5.66
3.88
6.66
2.27
1.46
8.77
5.29
4.02

+/-

2.27
1.90
2.19
1.97
1.83
1.60
1.46
2.12
4.38
4.12
4.09

37Ar

5990.66
5497.19
13219.52
5673.16
2937.69
9301.34
2603.01
5401.96
10441.22
6743.26
3142.52

Decay constant of Renne et al. (2011)
¥"Ar and *°Ar corrected for decay between irradiation and analysis
irradiation: 100MWH
Analysis:
Nu Instruments Noblesse
*Spot 7 is an outlier and was not used to calculate the mean age

Table 4: Major-element compositions of the mylonitic silicic metatuffs of Tobifera Fm. (FC1723, FC1727, FC1749)

+/-

135.88
135.93
135.98
136.03
136.12
136.16
136.21
136.25
304.05
3716
o 125

36Ar

76.35
58.83
69.45
58.14
54.68
51.97
78.60
37.81
1.0
1,21
48.46

L.221546801 +/- 0.5%

+/-

1.72
1.53
181
1.44
14

.44
1.81
1.72
1.61
1.34
1.43

2087 (Leeetal., 2006)

0.0498
0.0484
0.0488
0.0478
0.0489

*
Son
349 0.01
3.47 RN
342 ™
228 0.02
<~3 001
"48  0.02
3.66 0.08
352 0.02
340 0.01
340 0.01
340 0.01

0.0013
0.0007
0.0013
0.0006
0.0016

Ang

Ras
716
70.6
69.8
72.7
71.7
75.5
72.6
70.2
70.1
70.1

gy A

0.4
0.4
0.5
0.5
0.4
0.6
1.7
0.5
0.4
0.4
0.4

0.0131
0.0130
0.0130
0.0126
0.0128

(noJ
error)

0.28
0.26
0.42
0.32
0.27
0.47
1.62
0.36
0.15
0.22
0.28

39/40

0.26
0.27
0.28
0.28
0.26
0.28
0.15
0.26
0.29
0.28
0.27

0.0002
0.0001
0.0002
0.0001
0.0002

+/-

O O O O o o o o o o o

84.0
83.2
83.3
80.7
82.2

36/40

O O O O O O o o o 9 o

+/-

O O O O o o o o o o o

11
0.9
1.0
0.9
11

37/39

0.08
0.07
0.13
0.06
0.05
0.09
0.34
0.09
0.04
0.12
0.07

and the metapsammopelite of Zapata Fm. (FC1757): A) Original XRF data; B) Corrected and normalized to 100%

data.
A FC1723
SiO, 72.25
TiO, 0.09

FC1727
77.48
0.12

FC1749
77.67

0.07

FC1757
79.00
0.25

B
SiO,
TiO,

FC1723

73.11

0.09

FC1727 FC1749
77.20 76.68
0.12 0.06

FC1757
78.35

0.25

+/-

o

0.01
0.01

38/

3.6E
1.4E
7.7E
6.1E
6.5E
6.6E
2.9E
2.3E
3.4E
9.1E
9.2E



Fe,0Os
MnO
MgO
Cao
Na,O
K,0
P20s
Sum

1.68

0.01

3.69

0.26

0.65

3.04

0.00
95.00

1.52
0.03
0.61
0.08
3.68
2.59
0.00
97.51

1.05

0.03

1.54

0.06

3.63

1.65

0.00
97.39

2.06
0.03
0.75
1.90
242
1.11
0.07
97.17

FeO
02
MnO
MgO
CaOo
Na,O
K,0
H,O
Sum

Corrections:
O, = Fe0*0.05*0.1113 (relative to 10% of trivalent iron)
Ca0=Ca0-(230.4/212.92)*P205
H,0 based on '1ss on ignition of each sample
Normalized <= 10C%
Table 5: Representative electron microprobe analyses (in wt%) of phengit ¢ wi ite mica (pheng), chlorite (chl), biotite
(bt), epidote (ep), and feldspar (fs) in metatuffs of Tobifera Fm. (FC177.s, ~C.1727, FC1749), metapsammopelite
(FC1727), and metapelite (SHP141) of Zapata Fm.

1.53
0.01
0.01
3.73
0.26
0.66
3.08
4.05
100

1.36
0.01
0.03
0.61
0.08
3.67
2.58
2.99
100

0.93
0.01
0.03
1.52
0.06
3.58
1.63
3.95
100

50
1.84
0.01
0.03
0.75
1.80
2.40
1.10
3.97
100
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K,0 00 196 108 16 T i ear %% 62 Y ko P om0 Y ko o004 006 O
BaO 029 014 016 016 0 Aliv 163 2i8 264 172 2{‘ BaO oiz Total 9896 BaO 002 002 0 oio
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Mn o o001 o o001 oo Mgt 083 % % 077 % mg % wms %0 k0 0 0
Mg 043 064 069 075 076 Fer 017 00 %> 028 % wme %} M 1 o2 108 1
sumé 402 41 402 41 41 ca o Compo Compo
sitions -nents
Ps
Ca 000 0 0 0 0 Na 0 [relal+ 01 A0t 0 601 00
1 ite 1
Fe)]
0.9 High 0.9
Ba 001 001 001 001 0 kK % 099 099 O
0.0 K
Na 007 002 002 003 001 Ba Feldsp 0 0 0
ar
K 177 185 178 1.95 186 sumg O
sumg 186 188 182 198 187 Ho 2
Com
H 4 4 4 4 4 >
sition
S
Components XAl J;
Ms 0.7 051 061 057 06 Mgz Y

Wm_Phi 0.01 0.05 0.01 0.05 0.05
Al_Cel 02 023 032 022 025
Fe_Al_Cel 004 015 004 001 0.04
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0.7

0.0

1.0

0.2
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0.0

Abbreviations: Ms - muscovite; Wm - white mica; Phl - ph'ng\me; Cel - celadonite; Pg - paragonite; Ps - pistacite; Structural
formulae and various parameters (mainly molar fractior-, X ¢ f en, member components) were calculated using the CALCMIN
software (Brandelik, 2009) as follows: biotite O= 11, all ™= «s divalent; white mica valences = 42, cations without interlayer
cations <12.1; chlorite O= 28, all Fe is divalent; fel 'spar O=c; ilmenite O= 3, cations = 2.

Table 6; Modal (mod) and calculated (calc) composition of the samples analyzed for P-T pseudosection
modeling showing interpreted P and T ca c'.1..t.ons. Abbreviations: Q — quartz; Pl — plagioclase; Kfs —
alkaline feldspar; Wm — white mica; B.- biucite; Ep — epidote; Tt — titanite; Op — opaques; Stlp —
stilpnomelane; Cpx — clinopyroxene

FC1749 FC1757 FTL708 FC1727

Mineral Mod Calc Mod Calc Mor. Calc Mod Calc

Q 55 46 55 55 55 55 50 42

PI 25 27 25 195 4 05 25 30
Kfs 5 7
Wm 15 16 10 7 30 31 15 13

Chl 5 3 4 3 10 10 5 2

Bt 5 2

Ep 1 5 1

Tt 0.1 0.5 0.2
Op tr. tr. tr. tr.

Stlp 1



water 6.7 8 3 5.4

P (kbar) 35 55 6 38
T(C) 230 440 450 330
1.25

Figure 1: A) Simplified geological map of the southern Patagonian and Fuegian Andes, modified after SERNAGEOMIN (2003).
Gray box indicates the study area (detail in Fig. 2) in the region of Seno Skyring and Seno Otway, and the location of cross
section A-A’-A”’ of Isla Riesco: B) geological cross section interpreted from 2-D seismic lines by ENAP. Abbreviations: IR - Isla
Riesco; CMSZ - Canal de las Montafias Shear Zone (Calderén et al., 2012); ETT - Eastern Tobifera Thrust; LPT - La Pera
Thrust; RT - Rocallosa Thrust; MFSZ - Magallanes-Fagnano Shear Zone; the front of the MFTB (Magallanes Fold-and-Thrust
Belt) is defined in Fosdick et al. (2011).

Figure 2: Geological map of the study area modified after SERNAGEOMIN (2003) and Betka (2013). Sample locations for rock
samples collected for P-T pseudosection modeling are shown in purple hexagons wi.* their respective field code. The sample
locations of new geochronologic analyses with SHRIMP zircon U-Pb and “°Ar/**Ar in v.hite mica are shown in the hexagons
containing the respective mean ages in millions of years ago (Ma) and the field cc Je is Helow. Cross sections of the Isla Riesco A-
A’-A”’, Canal Gajardo X-X’, and Estero Wickham Y-Y” are shown in Fig. 1b. ?~ a..? b, respectively.

Figure 3: Simplified geologic cross sections and structural data from the Pata 10nia 1 Andes (refer to Fig. 2 for locations): A)
Canal Gajardo (X-X’) and B) Estero Wickham (Y-Y”) modified after Hara~\bou. (2002) and Betka et al. (2015). Structural data
from volcano-sedimentary bedding, metamorphic foliations, fold axes arZ' ax..>! planes are portrayed in stereographic projections
above the respective sectors: A1) western and central areas of Canal G.'ardc A2) eastern area of Canal Gajardo; B1) western
area of Canal Jerénimo and Estero Wickham; B2) northern area of Estero .ickham. The analyzed rock samples for P-T
pseudosection modeling are shown in purple hexagons with their »_>nective tield code. The schematic location of new
geochronologic analyses with SHRIMP zircon U-Pb and “°Ar/*; r :n\ /hite mica are shown in the hexagons containing the
respective mean ages in millions of years ago (Ma).

Figure 4: Field photographs and photomicrographs of th- m ‘lon.*ic rocks of Tobifera Fm. in the hanging wall of the Eastern
Tobifera Thrust at Estero Wickham: A) internal thrust c. 1t ct within the folded Tobifera Fm.; B) photomicrograph of oriented
thin section of silicic metatuff (FC1727, plane polarized lig: *Y showing the mylonitic S-C-type foliation (S;*) in micaceous
domains, and quartz and feldspar porphyroclasts witi, ~igma-shaped strain shadows; C) photomicrograph of detail at sample
FC1727 (crossed polarized light) showing ruptures .'agi clase and sigma-shaped alkali feldspar, truncated by mica-rich cleavage
domains of S;*. D) Shale-rich intercalations within o a1fera Fm. in the foot wall of the thrust fault showed in A, cm-thick sandy
layers are boudinaged and folded, an internal ;- ™yionitic foliation is oblique to the bedding Sg; E) photomicrograph of
mylonitic metapelite (FC1728, plane polari-eu ‘'ight) showing the S;* mylonitic foliation, plagioclase and quartz porphyroclasts
have sigma shapes and can be recrystallizeu *o suograins (SG).

Figure 5: Photomicrographs of representa.. /e iithologies of the Western Domain of the MFTB: A) metapelitic schist of the pre-
Jurassic basement (FC1721, crossed noi. *iz'.d light) with two oblique preferential planes suggesting a S-C-type mylonitic
foliation with shear sense to the no thea t; sigmoidal microlithons of quartz show undulose extinction and subgrains with core-
mantle texture; B) foliated me’a. asa* »7 the Sarmiento Ophiolitic Complex (FC1765, crossed polarized light) with the S;*
schistosity defined by cleavage don 1ins of chlorite with sigmoidal geometries that suggest shear sense to the northeast; C)
mylonitic silicic metatuff of the T_uifera Fm. (FC1749, crossed polarized light) with cleavage domains of white mica defining the
S.* schistosity, quartz porphyroclasts are ruptured and displaced with strain shadows of quartz and opaques suggesting shear
sense to the northeast; D) mylonitic metapelite of the Tobifera Fm. (FC1750, crossed polarized light) with porphyroclasts of
quartz and opaques with asymmetric strain fringes of quartz, and fragmented by domino-type structures suggesting shear sense to
the northeast; E) metapsammopelite of the Zapata Fm. (FC1757, crossed polarized light) showing the folded relict foliation (S1*)
defined by quartz with bulging and subgrain rotation, it is overprinted by contact metamorphism that is characterized by non-
oriented white mica, biotite, chlorite, and plagioclase; F) zoom in the decussed biotite and white mica of sample FC1757.

Figure 6: SHRIMP zircon U-Pb results: A) Tera-Wasserburg concordia plot, age versus relative probability diagram, weighted
mean age, and demonstrative analyzed zircon grains from mylonitic silicic metatuff of the Tobifera Fm. (FC1727); B) Age versus
relative probability diagram, Tera-Wasserburg concordia plot, and representative analyzed zircon grains from the
metapsammopelite of Zapata Fm. (FC1754), and C) age versus relative probability diagram for the Cretaceous ages; D) Tera-
Wasserburg concordia plot, age versus relative probability diagram with weighted mean age, and analyzed zircon grains from
quartz-diorite (FC1759) intruding thrust sheets of Canal Gajardo.

Figure 7: A) Photomicrograph of mylonitic metapelite of Zapata Fm. (SHP141) with mats of phengite (crossed polarized light),
and B) diagram of in-situ “°Ar/**Ar dates with errors reported at the 1 o level, the light gray bar (spot 7, Table 3) is considered an
outlier.

Figure 8: Diagrams of mineral chemical classification based on major element composition of white mica, chlorite, and
feldspar, measured with the EPMA in samples FC1723. FC1727. FC1749 and SHP141: A) White mica solid solutions celadonite-



pl ersus
Si (a.p.f.u.) (Foster. 1962); C) feldspar triangular diagram based on the alkali ratio Xy, with Anorthite — Albite — Orthoclase end
members (Deer et al., 1963).

Figure 9: Calculated P-T pseudosections and selected isopleths for the analyzed samples with ellipses indicating the estimated P-
T field of regional metamorphism: A) mylonitic silicic metatuff (FC1749,Tobifera Fm.) - P-T at ~ 3-4 kbar and ~ 210-250°C; B)
metapsammopelite (FC1757, Zapata Fm.) - P-T at ~ 5-6 kbar and ~430-460°C, the maximum T may be related with contact
metamorphism; .C) mylonitic silicic metatuff (FC1723, Tobifera Fm.) - P-T at ~ - 5.3-6.3 kbar and ~ 420-460°C; D) mylonitic
silicic metatuff (FC1727, Tobifera Fm.) - P-T at ~ 3-4 kbar and ~ 300-340°C. Mineral abbreviations: Wm - white mica; Chl -
chlorite; Kf - alkali feldspar; PI - plagioclase; Cp - clinopyroxene; Ep - epidote; St - stilpnomelane; Bt - biotite; Tt - titanite; Gt -
garnet; Q - quartz; Act - actinolite; Lw - lawsonite; Stb - stilbite; Anl - analcite; IIm - ilmenite; Fc - carpholite; Mt - magnetite;
Hm - hematite; Lmt - laumontite; Zo - zoisite; Ru - rutile; And - andalusite; An - annite; Ka - kaolinite; Pu - pumpellyite; Pr -
prehnite; Pnt - pyrophanite; Pxm - pyroxmangite; W - water.

Figure 10: Schematic SW-NE geologic cross sections summarizing the proposed tectonic evolution of the RVB and the
Patagonian orogenic belt between the latitudes 52 to 54°S. Respective paleogeographic reconstructions from Dalziel et al. (2013)
and Poblete et al. (2016) are shown on the right hand side with the approximated location of cross-sections indicated by a black
bold line. Abbreviations: AP — Antarctic Peninsula. KC — Kalahari Craton, MAB — Iv" 1gallanes-Austral Basin, M/FI —
Malvinas/Falkland Islands, RPC — Rio de la Plata Craton, SG: South Georgia Islan~, SG. South Orkney Island, Pt — Patagonia,
RVB - Rocas Verdes Basin. A) Late Jurassic to Early Cretaceous phases of openi g ot RVB due to rifting and coeval silicic
volcanism of the Tobifera Fm.; seafloor spreading of the Rocas Verdes oceanir. ..*huounere; and the hemipelagic and siliciclastic
sedimentation of the Zapata Fm. from sources including the incipient South P tago yian Batholith, pre-Jurassic basement horsts,
and Tobifera topographic highs (*ages from Calder6n et al., 2007). The da.ed e in the paleogeographic reconstruction is the
approximated continental boundary between South America and Africa se.~re the opening of the Atlantic Ocean, which starts at
ca. 130 as well as the Weddel Sea opening. B) Late Cretaceous pre-Cai. nani in underthrusting of the oceanic and continental
lithosphere of the RVB beneath the parautochthonous magmatic arc. D iring this time, a northeast verging underthrusted crustal
stack developed, reaching ~ 23 km depth (as recorded by samples u, t underwent greenschist-facies metamorphism). Offscraping
of ophiolitic slices occurred along shear zones with fluids from a **.yd' ated buried rocks. The development of S,* foliation formed
due to shearing in ductile shear zones and its crenulation with,. inner zones of the belt generated transposition by the S,*
foliation. In the paleogeographic reconstruction the yellr w a 2a represents the sediments of the Magallanes-Austral Basin, the
Weddell Sea is opened and in a relatively quiet period. 1.2 Antarctic Peninsula and the South Georgia Island are separated from
the South American continent. C) Campanian to ea”ly Oligo.2ne phase of uplift and exhumation of the underthrusted crustal stack
by of out-of-sequence thrusting and backthrusting wiu in the RVB successions, the location of the Eastern Tobifera Thrust is
approximated. Inversion of inherited normal fault, ar couwnit for imbrications with the pre-Jurassic basement and resulted in a thick-
skinned arrangement of the Western Domain of the MF-TB, which transferred deformation to the Upper Cretaceous units of the
Magallanes-Austral Basin.

Highlights:

® U-Pb geochronologic constraints “ar .he opening and closure of the Rocas Verdes Basin
® Pressure - temperature esti na.~s of metamorphism in Tobifera and Zapata formations
® “Ar/*°Arin phengite age ot ‘eformation within the Magallanes fold-and-thrust belt

® Cross sections and tectonic reconstruction of the Southernmost Patagonia



