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Petrological vestiges of the Late Jurassic—Early Cretaceous transition from
rift to back-arc basin in southernmost Chile: New age and geochemical data
from the Capitan Aracena, Carlos |11, and Tortuga ophiolitic complexes
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The ophiolitic remnants of the Upper Mesozoic Rocas Verdes basin in southernmost South Americawere studied from
the perspectives of petrography, chemistry of minerals, bulk-rock geochemistry, and U-Pb geochronology. The study
aimed to unravel the tectonic, magmatic, and metamorphic evolution of a suprasubduction rift zone that underwent a
transition to a back-arc basin. The rifting phase and bimodal magmatism within the Rocas Verdes basin started prior to or
during the Late Jurassic, as indicated by a gabbro in contact with pillow basalts that dated at 154 Ma. In the Late Jurassic
Capitan Aracenaand Carlos |11 complexes, tholeiitic basalts are geochemically comparable to enriched mid-oceanic ridge
basalts. Back-arc basin development continued for 35 myr until the Early Cretaceous, as suggested by the ages of detrital
zircons in cherty layers within pillow basalts and metamorphic titanite that crystallized during seafloor metamorphism
near the spreading/magmatic axis. In the Early Cretaceous Tortuga Complex, tholeiitic basalts are comparable to normal
mid-oceanic ridge basalts. Non-deformative metamorphism converted the primary mineralogy of the ophiolitesto low- to
intermediate-grade metamorphic assemblages formed during ocean-floor type alteration in a suprasubduction setting.
Fossilized bacteria, preserved as rounded aggregates of titanite microcrystals, were identified in the pillow basalts up to
the Early Cretaceous. The Rocas Verdes basin closed during the Andean orogeny, which started during the Late Creta-
ceous, and ophiolites were tectonically juxtaposed and thrust over the sedimentary infill of the quasi-oceanic basin in
which they developed. The tectonic emplacement of the ophiolitic complexes was complete before the latest Cretaceous,
asindicated by crystallization ages of granites intruded into the ophiolitic complexes.

Keywords: Rocas Verdes ophiolites, rift to back-arc basin transition, U-Pb dating, geochemistry, mineral chemistry, microbes

INTRODUCTION

Ophiolite complexes, the igneous constituents of ide-
alized oceanic crust and upper lithospheric mantle, con-
sist of metamorphosed basaltic lava flows grading down-
ward to the level of sheeted dike complexes, massive
diabase and gabbroic units, and ultimately ultramafic
rocks at the base (Penrose-type ophiolite; Anonymous,
1972). Initially interpreted as allochthonous oceanic frag-
ments formed at mid-oceanic ridges, most documented
ophiolites display distinctive lithological associations,
architecture, and geochemistry that have been attributed
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to tectonomagmatic evolutionin fore-arc, embryonic arc,
or back-arc regions of suprasubduction zone environments
(cf., Miyashiro, 1973; Pearce et al., 1984; Stern and de
Wit, 2003; Dilek and Furnes, 2011). Suprasubduction zone
ophiolites are constituents of most Phanerozoic orogenic
belts, indicating that oceanic-type crust has been gener-
ated in subduction rollback cycles and tectonically em-
placed over continental rocks through collisional/accre-
tionary processes (Dalziel, 1986; Dilek, 2003).

It is noteworthy that ophiolites include fossil and
subaerial remnants of seafloor spreading systems and bear
record of the earliest documented forms of microbial life
in the Earth (Furnes et al., 2004). The interaction of hy-
drothermal fluids with basaltic rocks at temperatures be-
low ca. 113°C (Stetter, 2006) allows extremophile mi-
croorganisms (Thorseth et al., 2001) that obtain energy
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Fig. 1. A geological sketch map showing the distribution of ophiolitic rocks in the archipelagos of southernmost Chile. The
location of the Chon Aike silicic large igneous province (LIP) is also indicated. Abbreviations—CM, Canal de las Montafias; CB,
Canal Beagle; EM, Estrecho de Magallanes; ICT, Isla Carlos|11; ICA, Isla Capitan Aracena; IN, Isla Navarino; MFTF, Magallanes
Fagnano transform fault. For the names of other places, please refer to the corresponding references. Locations of samples dated

by U-Pb methods are highlighted.

by catalyzing reduction-oxidation reactions in disequi-
librium with the seawater environment to colonize
seafloor extrusive volcanic rocks.

The Jurassic to Early Cretaceous Rocas Verdes basin
(Katz, 1964; Dalziel et al., 1974; Dalziel, 1981; Stern and
deWit, 2003; Calderdn et al., 2007a) is represented by
discontinuous exposures of ophiolitic complexes along
the southernmost Andes of South America (Fig. 1). The
Rocas Verdes basin is globally associated with a major
ophiolite pulse and coeval with the emplacement of the
Jurassic Chon Aikesilicic large igneous province and the
early break-up of Gondwana in eastern Patagonia (Fig.
1; Bruhn et al., 1978; Dalziel et al., 2000; Pankhurst et
al., 2000; Vaughan and Scarrow, 2003). The Rocas Verdes
ophiolites (nomenclature of Stern and de Wit, 2003) host
critical information about back-arc basin evolution at the
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southwestern convergent margin of South America, which
has a reconstructed basin configuration anal ogous to the
present-day Sea of Japan marginal basin (as suggested
by Dalziel et al., 1974; Wilson, 1991; Fildani and Hessler,
2005; Romans et al., 2010) and/or the Gulf of California
(Alabaster and Storey, 1990). The Rocas Verdes ophiolites
are particularly well suited for examining the petrologi-
cal transition from rift to back-arc basin that preceded
the mid- to Late Cretaceous basin closure and orogenesis
in the Patagonian Andes (Dalziel, 1981; Cunningham,
1994; Fildani et al., 2003; Klepeis et al., 2010; Calderén
et al., 2012).

To date, geochemical and isotopic studies of the Rocas
Verdes ophiolites have focused mainly on the Sarmiento
and Tortuga complexes (Saunders et al., 1979; Stern,
1979, 1980, 1991; Fildani and Hessler, 2005; Calderon et



al., 2007a, b) that represent rifting and back-arc basin
stages, respectively. This paper presents new petrologi-
cal, geochemical, and geochronological datafor ophiolitic
rocks of the less-studied Capitan Aracena and Carlos |11
complexes and discusses their significance for the
geodynamic evolution of the southernmost margin of
South America. U-Pb dating of zircon and titanite pro-
vides a precise time frame of magmatic and metamor-
phic processes through the evolution of the basin. Addi-
tionally, structures similar to microbial fossils in Early
Cretaceous mid-ocean-ridge-type basalts from the Tortuga
ophiolite are reported for the first time.

GEOLOGICAL BACKGROUND

The Rocas Verdes ophiolites are tectonically incorpo-
rated into the Andes of southern South America and the
island of South Georgia (51°-55°S) and preserve an in-
complete (lacking ultramafic rocks) ophiolite
pseudostratigraphy. They have been interpreted as the
igneous remnants of the Late Jurassic to Early Cretaceous
Rocas Verdes back-arc basin that developed along the
southwestern convergent margin of Gondwana (Katz,
1964; Dalziel et al., 1974; Mukasa and Dalziel, 1996;
Stern and de Witt, 2003; Calderdn et al., 2007a). Mafic
magmatism within the Rocas Verdes basin was accompa-
nied, in neighboring areas, by voluminous ignimbrite
volcanism of the Tobifera Formation, which consists in
part of basal breccias and conglomerates interpreted as
syn-rift clastic deposits; these deposits unconformably
overlie the Paleozoic metamorphic complexes (Bruhn et
al., 1978; Allen, 1982; Pankhurst et al., 2000; Calderén
et al., 2007a). Although the depositional contact between
the Rocas Verdes ophiolites and the overlying hemipelagic
sedimentary successions (Zapataand Yaghan formations)
is mostly obscured by subsequent thrust-fold deforma-
tion and intrusion of plutons, exceptional outcrops exist
where it is preserved (Allen, 1982; Suarez et al., 1985;
Fildani and Hessler, 2005; Calderdn, 2006). Thus, the age
of the ophiolitesisindirectly constrained as Tithonian to
Valanginian (ca. 150-134 Ma) by biofacies associations
in the overlying sedimentary successions (Fuenzalidaand
Covacevich, 1988; Suarez et al., 1985). The ophiolites
underwent seafloor-type hydrothermal metamorphism
(Sternet al., 1976; Elthon and Stern, 1978) and were sub-
sequently buried and obducted onto the margin of South
Americaduring the ensuing phases of Andean orogenesis
in the mid-Cretaceous (Katz and Watters, 1966; Dott et
al., 1977; Dalziel, 1981; Cunningham, 1994; Fildani et
al., 2003; Fosdick et al., 2011; Calderdn et al., 2012).
Granitoids consisting of hornblende—biotite tonalite,
granodiorite, and restricted monzonite and monzodiorite
(Katz and Watters, 1966; Godoy, 1978; Allen, 1982) in-
truding the ophiolite complexes are of earliest Late Cre-

taceous age (Hervé et al., 1984, 2007a; Cunningham,
1994; Calderon et al., 2012).

METHODS

Chemical compositions of minerals were obtained
from selected rock samples using a CAMECA SX100
electron microprobe (EMP) with five wavel ength-disper-
sive spectrometers at Universitét Stuttgart, Germany.
Operating conditions were an acceleration voltage of 15
kV, a beam current of 15 nA, a beam size of 7-10 um or
afocused beam (for very small crystals), and 20 s count-
ing time on the peak and on the background for each ele-
ment. The standards used were natural wollastonite (Si,
Ca), natural orthoclase (K), natural albite (Na), natural
rhodonite (Mn), synthetic Cr,O4 (Cr), synthetic TiO, (Ti),
natural hematite (Fe), natural barite (Ba), synthetic MgO
(Mg), synthetic Al,O5 (Al), and synthetic NiO (Ni). The
PaP correction procedure of CAMECA was applied. Rep-
resentative data are reported in Supplementary Table S1.

Bulk-rock compositions of major and trace elements
were measured with an optical ICP spectrometer at
Universidad de Chile. The Th, Ta, Nb, and Hf concentra-
tions of specific samples were determined using an ICP-
MS at Servicio Nacional de Geologiay Mineriain Chile.
The data are listed in Supplementary Table S2.

U—Pb dating was performed on zircons separated from
plutonic rocks and from a cherty rock and titanite grains
in polished sections using a SHRIMP. After grinding the
rock, zircons were recovered using a Wilfley table and
by subsequent magnetic and heavy liquid separation at
Universidad de Chile. The zircons were then mounted in
epoxy and polished to about half their respective thick-
nesses at The Australian National University.
Cathodoluminescence (CL) images were obtained for
every sample. SHRIMP U-Th—Pb analyses were then
conducted following the procedures described in Williams
(1998). The data were processed using the SQUID Excel
macro of Ludwig (2000) (Supplementary Table S3). Un-
certainties are reported at the 1o level. Corrections for
common Pb were made using the measured 238U/2%Ph
and 2°"Pb/?%Pb ratios following Tera and Wasserburg
(1972) as outlined in Williams (1998). Titanite grains on
a polished section were similarly dated by U-Pb in the
same laboratory (Supplementary Table S4a). The geologi-
cal time scale used is that of the IUGS-ICS (http://
www.stratigraphy.org).

U-Pb dating of titanite was also performed using a
Nu Plasma MC-ICP-MS (Nu Instruments, Wrexham,
North Wales, UK) coupled to a UP213 |aser ablation sys-
tem (New Wave Research, Portland, Oregon, USA) at the
University of Alberta (Supplementary Table S4b). Details
of the analytical protocols employed, which include ex-
ternal calibration, monitoring of laser-induced elemental
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fractionation, and data reduction were described by
Simonetti et al. (2006).

PETROGRAPHY OF THE OPHIOLITIC COMPLEXES

During the period 2002—-2010, the authors visited
ophiolite localities of the Sarmiento and Tortuga com-
plexes and those of the less-studied Capitan Aracena and
Carlos |11 ophiolitic complexes (Prades, 2008). The
ophiolite pseudostratigraphy, as described in earlier stud-
ies (Godoy, 1978; Stern and de Wit, 2003), was recog-
nized, sampled in the field, and complemented with pet-
rographic data, EMP mineral compositional data, and
whole-rock geochemistry.

Sarmiento Complex

The Sarmiento Complex occurs in a north—south-
trending 10-20-km-wide belt bound by the South
Patagonian batholith in the west and the Canal de las
Montafias shear zone in the east (Fig. 1). It preserves an
incomplete ophiolite pseudostratigraphy, lacking the
ultramafic component. Calderon (2006) distinguished
three main lithological layers: (1) athick mafic extrusive
layer of pillow basalts and breccias with intercal ations of
radiolarian chert; (2) a mafic—felsic extrusive layer con-
sisting predominantly of layers of pillow basalts, includ-
ing intercalations of rhyolitic tuffs, hyaloclastites, and
rhyolitic and dacitic dikes, which isin turn cut by mafic
intrusive bodies; and (3) a mafic—felsic intrusive layer
consisting mainly of medium-grained granophyre cut by
fine-grained gabbro and late subhorizontal plagiogranite
dikes. The base of this unit is composed of metagabbro
and amphibolite. These rocks are exposed in two north—
south trending steeply dipping thrust sheetslocated in the
central and western portions of the Sarmiento Cordillera
(Rapalini et al., 2008; Calderdn et al., 2012). The rocks
are foliated and metamorphosed in a discontinuous way;
parts of the rocks preserve original textures and struc-
tures.

Capitan Aracena Complex

To the south of and in the middle of the main trace of
the Magallanes—Fagnano strike-slip fault, the Capitan
Aracena Complex crops out in a northwest—southeast-
trending 20-km-wide belt located to the northeast of
Cordillera Darwin (Fig. 1). The mafic rocks of the
ophiolite complex on Isla Capitan Aracena were mapped
by Otzen (1987). They form abody elongated in a south-
east—northwest direction that is thrust northward over
metasedimentary rocks of the Yaghan Formation. The
rocks are associated with diverse granitoid bodies that
intrude them and with rhyolitic rocks of the Tobifera For-
mation that have field relationships that could not be es-
tablished in detail during fieldwork, but that in the
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Sarmiento ophiolite are interbedded with the mafic rocks
(Calderon et al., 2007b).

In at least five visited locations on Isla Capitan
Aracena, basaltic pillow lavas with a maximum pillow
diameter between 30 and 100 cm were observed, which
are occasionally cut by mafic dikes. Bedding attitudes
vary from subhorizontal to subvertical. There are also
short tracts of green aphanitic foliated rocks, which de-
spite their occasional intense foliation appear in the field
to be mafic dike complexes. Coarse-grained gabbroswere
observed at several localities and, at some of these, were
close to pillow basalts with no apparent discontinuity
between them. Thefoliation strikes N68°—85°W with dips
of 49-56°S. Even though this foliation predominates in
some outcrops, it is not penetrative, and areas with
strongly foliated rocks alternate with areas of unfoliated
or slightly foliated rocks.

When viewed through a microscope, the mafic rocks

show variable degrees of obliteration of the original tex-
ture. Primary variolitic, amygdaloidal, porphyritic, and
glomerophyric textures were observed in pillow lavas, and
seriate, intersertal, microgranular, and ophitic textures
were observed in the dikes. In rocks having obliterated
primary textures, nematoblastic, lepidoblastic, and
nematolepidoblastic arrangements of neoformed miner-
alswere observed. The primary minerals, represented only
by rare relict pyroxene, are almost completely replaced
by secondary minerals. The secondary minerals in the
amygdaloidal pillow basalts include albite, chlorite,
guartz, epidote, prehnite, rare pumpellyite, and calcitein
rocks from the southeastern sector of the island; whereas
these include albite, amphibole, epidote, quartz, biotite,
traces of chlorite, titanite, and clinozoisitein Seno Ménica
(Fig. 2). Stilpnomelane is restricted to foliated
metabasalts. Pyrite and occasional chalcopyrite are also
present.
Mineral chemistry Microprobe datafor the pillow basalt
FO0626 from Isla Capitan Aracena indicate the presence
of plagioclase, epidote, and amphibole. Selected mineral
analyses are listed in Table S1. The plagioclase is almost
purealbite (Ang g » oAby 7_99 201 5). The epidote contains
11.3t0 12.6 wt% Fe,O5 with XFe®* = (Fe¥*/(Fe** + Al'™))
values between 0.22 and 0.25. The amphibole is
magnesi ohornblende and ferrohornblende according to the
Leake et al. (1997) diagram.

Carlos 11 Complex

At the four visited locations on Isla Carlos I11, pillow
lavas with amygdal es (some having spherulitic textures)
were observed as massive green-colored rocks intruded
by dikes. Foliated black shaleswere intercalated with the
volcanic rocks. The development of secondary minerals
did not obliterate the original igneous textures of these
rocks and no foliation is present; consequently,
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Fig. 2. Distribution of metamorphic minerals in the Tortuga and Capitan Aracena ophiolitic complexes. Pseudostratigraphy is

indicated on the left-hand coordinate.

porphyritic, intersertal, amygdaloidal, spherulitic,
glomerophyric, and subophitic textures were recognized.
The relict primary minerals are plagioclase and
clinopyroxene. The secondary minerals are albite,
amphibole, chlorite, quartz, epidote, titanite, occasional
clinozoisite, andradite-rich garnet, and pumpellyite (Fig.
2). Pyrite and chalcopyrite are also present.

Mineral chemistry Primary (pyroxene and plagioclase)
and secondary minerals were analyzed in samples
FO0335B, FO0335C, and FO0335D by EMP. A selection
of the mineral analysesislisted in Table S1.

Andesine (An,gAbs,Or,), labradorite (Ang,Abys0r,),
and potassic feldspar (AnyAb,Oryg) were observed in one
of the samples. Labradorite is probably the primary
plagioclase phase in the basalts, whereas andesine may
represent partially albitized precursor plagioclase. The
pyroxenes are diopside, based on the Morimoto et al.
(1988) classification, which is consistent with pyroxene
compositions from the Sarmiento Complex (cf., Calderdn
et al., 2007b). The metamorphic minerals are albite,
amphibole, chlorite, epidote, titanite, occasional garnet,
and trace amounts of K-feldspar. The amphiboles are ac-

tinolite and magnesiohornblende.

The chlorite that was analyzed belongs to the
clinochlore—chamosite series and has atetrahedral Si con-
tent of 5.4 to 6.3 per formula unit, based on abase of O =
28. Small amounts of Ca, Na, and K could be due to the
presence of tiny inclusions of other minerals. The com-
positions of the chlorites from metabasalts of the Rocas
Verdes ophiolites (including those from the Sarmiento
Complex; Calderdn, 2006) were compared in an XFe vs.
Si diagram (Fig. 3) with chlorites from the present sea
floor (Laverne et al., 1995), the Horokanai ophiolite
(I'shizuka, 1985), and Archean rocks taken by Kitajima et
al. (2001), and these all show a comparable dispersion
pattern.

Epidote in the three analyzed samples contains 9.7 to
16.5 wt% Fe,0,, and XFe** is between 0.21 and 0.38.

Tortuga Complex

The Tortuga ophiolite is exposed in an east—west-
trending 20-km-wide belt extending from the southwest-
ern part of the Isla Navarino (Fig. 1) to the region south
of the Canal Beagle. The southern border of the ophiolite
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Fig. 3. (a) Chemical compositions of chlorite plotted on an
XFevs. SO, Hey diagram (Hey, 1954) for chlorites of the Rocas
Verdes ophiolites and from different related environments:
DSDP Hole 504B (Alt et al., 1982; Laverne et al., 1995) and
the Horokanai ophiolite (Ishizuka, 1985); and (b) Al-Fe-Ti/10
diagram for titanite of the Sarmiento and Tortuga complexes
compared with that from other metamorphic facies/environ-
ments.

isin fault contact with atightly folded and weakly foli-
ated package of turbiditic rocks. To the north, the possi-
ble depositional contact between the Tortuga ophiolite and
sedimentary rocks is obscured by subsequent thrust-fold
deformation and earliest Late Cretaceous plutons (Hervé
et al., 1984). The Tortuga ophiolite is remarkable for its
exceptional exposures of mafic oceanic-like crustal
pseudostratigraphy, which grades upward from cumulate
gabbros to pillow and sheet-flow basalts (Godoy, 1978;
Stern, 1979). The extrusive unit of the Tortuga ophiolite
consists of a more than 2000-m-thick succession of sub-
marine volcanic rocks, including massive and pillowed
basalts, volcanic breccias, hyal oclastites, and intercal ated
horizons of chert and siltstones. The basalts bear
plagioclase and clinopyroxene, and some contain subor-
dinate pseudomorphs after discernible primary
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orthopyroxene and olivine. Pillow basalts preserve afine-
grained variolitic texture, with skeletal plagioclase laths
and fans of dendritic clinopyroxene. Massive lava flows,
or diabase sills, with characteristic columnar structures
have medium-grained ophitic and variolitic textures of
plagioclase intergrown with pyroxene granules. Massive
diabase screenswithin a1-km-thick level of sheeted dikes
consist of medium-grained plagioclase and clinopyroxene
and orthopyroxene and have ophitic, subophitic,
intergranular, and poikilitic textures. The exposed base
of the Tortuga ophiolite consists of an igneous complex
made up of slightly altered massive and layered gabbros,
most of which are two pyroxene and olivine gabbros,
leucogabbros, and clinopyroxene troctolites intruded by
dikes of basalt and fine diabase with chilled margins.

In the uppermost extrusive levels of the ophiolite,
Godoy (1978) described the coexistence of chlorite,
pumpellyite, albite, and carbonate in amygdales and
pumpellyite, prehnite, quartz, and zeolites in veins. The
igneous mineral assemblage of the examined samples is
replaced to varying degrees (30—90%) by combinations
of chlorite, titanite, epidote, carbonate, actinolite, and rare
hornblende. Plagioclase is albitized and is replaced by
epidote, titanite, and subordinate chlorite, actinolite, and/
or white mica. Clinopyroxene displays narrow rims of
epidote, actinolite, titanite, and localized chlorite.
Orthopyroxene and olivine are pseudomorphed by
chlorite. Serpentine and traces of titanite and carbonate
also occur as a result of olivine alteration. The primary
interstitial groundmass has been recrystallized to chlorite,
titanite, epidote, and carbonate. Various generations of
veins are filled mostly by chlorite in combination with
titanite, prehnite, quartz, epidote, hornblende, actinolite,
biotite, and carbonate. Amygdales consist of combina-
tions of chlorite, epidote, plagioclase, actinolite, horn-
blende, quartz, titanite, prehnite, and opague minerals. A
summary of the secondary mineralsis shown in Fig. 2.

In the diabase bodies, metamorphism has affected ap-
proximately 40 to 80% of the rocks and the mineral as-
semblages consist of albite, chlorite, titanite, actinolite,
hornblende, epidote, quartz, traces of white mica, and
leucoxene. Plagioclaseis albitized and partially replaced
by epidote and chlorite and subordinate titanite, actino-
lite, and white mica. The same secondary phases, together
with quartz and subordinate titanite, occur in the
groundmass or in interstices between primary igneous
phases. Pyroxene is replaced by chlorite and actinolite.
These rocks are intruded by fine diabase and aphanitic
basaltic dikes, having similar alteration products, and are
affected locally by brittle faults. Widespread narrow veins
consist of prehnite with quartz, epidote, and chlorite.
Opaque minerals are widespread.

In the gabbros, metamorphic phases are restricted to
microstructures, such as microveins and fine crystal co-
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Fig. 4. (a) A photomicrograph and (b), (c), (d) back-scattered el ectron images of pillow basalt (sample TNO715) mostly replaced
by secondary metamor phic mineralsbut retaining its original igneous texture. Abbreviations are Amp, amphibole; P, plagioclase.

ronae. Epidote, clinozoisite, and titanite are the most com-
mon secondary phases in plagioclase, which is also re-
placed by varying amounts of white mica and actinolite.
Pyroxenes host patches that include actinolite, chlorite,
epidote, and rare aggregates of titanite; however,
pyroxenes are replaced by biotite and white mica in
weakly banded gabbroic hornfelses. Olivine commonly
hosts microfractures filled with clay aggregates
(iddingsite) and occasionally serpentine, talc, and subor-
dinate actinolite and titanite. Microveins consist of vary-
ing amounts of chlorite, epidote, clinozoisite, serpentine
and rare white mica, actinolite, and pumpellyite. Rare and
restricted amphibolites and biotite-bearing hornfelsic
rocks occur adjacent to basaltic dikes, evidencing proc-
esses of contact metamorphism. Although the widespread
metamorphic overprint in the ophioliteis essentially non-
deformational, centimeter-thick bands of brecciated
gabbroic rocks with veins of epidote, chlorite, prehnite,
tremolite, and calcite are also present.

Mineral chemistry Secondary minerals from sample

TNO715 were analyzed. A selection of the mineral analy-
ses is given in Table S1, and textural relationships are
illustrated in Fig. 4.

Phenocrysts of plagioclase are pure albite. Plagioclase
in the rims of veins has a composition of andesine or
albite. The amphiboles in the groundmass and in veins
correspond to magnesiohornblende and
magnesi ohastingsite.

METAMORPHISM

The mineral assemblages and textural relationshipsin
the examined rocks vary, so it is difficult to determine
accurate pressure-temperature metamorphic conditions.
Hence, we discuss metamorphic grade constraints using
phase relations calculated for typical mid-ocean ridge
basalts, which according to Massonne and Willner (2008)
indicate that (1) prehnite occurs at pressures <4 kbar and
at temperatures <250°C; (2) epidote is stable at tempera-
tures >200°C; (3) pumpellyite is stable at temperatures
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Fig. 5. (a) Pillow basalts from the Tortuga ophiolite with aphanitic “ devitrified” margins from which sample TNO715 was
collected; and (b) a microscopic image of the spherical microaggregates of titanite (sample TNO715A2) from the Tortuga Com-

plex considered to represent fossil bacteria.

<300°C; (4) biotite crystallization begins at temperatures
of about 320°C; (5) titanite disappears at temperatures
>550°C; and (6) chlorite is stable at temperatures up to
about 600°C. It isworth mentioning that pressure condi-
tions of approximately 2 kbar during non-deformative
burial metamorphism can be explained by the overlying
turbiditic succession of the Yaghan Formation that reaches
thickness of more than 3000 m (Katz, 1964) and as much
as 6000 m in some areas (Winn and Dott, 1978); the For-
mation has concordant diabase sills and basalt intercala-
tions. Higher-pressure conditions could have existed in
foliated metabasalts, which have mineral assemblages
indicative of greenschist-facies dynamic metamorphism
related to obduction and deformation of ophiolitic com-
plexes.

Mineral assemblages in undeformed rocks of the
Capitan Aracena and Carlos |11 complexes are indicative
of prehnite—pumpellyite facies metamorphism, in which
the coexistence of epidote, prehnite, and pumpel lyite per-
mit estimation of temperatures of metamorphism between
200 and 250°C. Another group of undeformed rocks has
mineral assemblagesthat include albite, actinolite, biotite,
chlorite, epidote, clinozoisite, quartz, titanite, rare gar-
net, and hornblende, which is indicative of greenschist-
facies metamorphic conditionswith intermediate tempera-
ture conditions of between 350 and 500°C.

Inthehighly recrystallized extrusive and diabase dike
levels of the Tortuga Complex, chlorite, epidote, titanite,
and actinolite are ubiquitous phases and biotite, white
mica, and hornblende occur in minor amounts. A well-
examined sample from this complex (TNO715A) contains
Mg-rich hornblende and hastingsite, biotite, titanite,
chlorite, epidote, andesine, and albite, which are distinc-
tive of the greenschist facies and/or the greenschist—
amphibolite metamorphic facies transition (temperatures
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between 320 and 550°C). Conversely, the gabbroic level
islessrecrystallized and hosts minor amounts of titanite,
epidote, actinolite, hornblende, biotite, and clinozoisite.
Late prehnite-bearing veins in the diabase dike and
gabbroic levels are associated with retrograde products
that crystallized at temperatures below 250°C.

Local variations of the mineral assemblages in
undeformed rocks could reflect particular pressure-
temperature conditions of formation and/or changes in
fluid composition during prograde and/or retrograde meta-
morphism (e.g., sample TNO715A). The presence of
epidote, titanite, and amphibol e suggests the invol vement
of Ca—Al rich metamorphic fluids. These elements and
K, required for the crystallization of biotite (in veins and
pyroxene) and white mica (in plagioclase), were prob-
ably leached from intermediate-to-calcic plagioclase of
igneous origin or derived from metasomatism during the
emplacement of mafic ophiolitic magmas (or, in the case
of K, later granitoid plutons). Conversely, in the least-
recrystallized gabbroic level, we suggest that the cooling
of gabbroic rocks and the associated heat rel ease produced
a thermal barrier that prevented circulation of percolat-
ing fluids closeto the lowermost ophiolitic portionswhere
crystallization occurred proximal to the spreading axis.
This suggestion is in agreement with previous observa-
tions (cf., Stern et al., 1976; Godoy, 1978)

BIOALTERATION OF BASALTS

Biogenetic microstructures are common features in
glassy volcanic rocks recovered from the upper portion
of the oceanic crust at more than thirty localities in the
major oceans and a few marginal basins and have been
documented in several ophiolites and greenstone belts (see
GSA Data Repository Table DR1, 2006). Microbiotic al-
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teration is generally documented at the edges of fractured
glassin pillow basalts, where circulation of seawater pro-
motes microbial growth (Staudigel et al., 2006). Accord-
ing to Furnes and Staudigel (1999), bioalteration can be
traced to depths of nearly 550 m in the oceanic crust but
predominates at depths of about 300 m.

Spherical and concentric aggregates of titanite (Fig.
5b) and rare tubular microstructuresfound in veinswithin
the chilled margin of pillowed metabasalts (Fig. 5a; sam-
ple TNO715A) have sizes and shapes that are comparable
to those of microorganismsfound in modern oceanic crust
and structures in other ophiolites. The spherical
polycrystalline bodies consist mainly of cryptocrystalline
(0.5 um) titanite and subordinate silicate and opaque
phases, as determined by EMP analysis, back-scattered
electron images, selected-area electron diffraction analy-
sis, and transmission electron microscopy images
(Avendarfio, 2008). The mineral chemistry of the titanite

is shown in an Al-Fe-Ti/10 diagram (Fig. 3), in which
the compositions of the titanite are compared with those
from different environments. The bodies may record proc-
esses of microbial colonization at temperatures and depths
compatible with the existence of life. Microbial tests may
be preserved by aggregates of microcrystalline titanite
that crystallized during the greenschist- to amphibolite-
facies metamorphic overprinting.

GEOCHEMISTRY

Geochemical data from mafic rocks of the Rocas
Verdes ophiolites provide constraints on compositional
features of the mantle source of mafic magmas derived
during rift to back-arc basin evolution. Existing data are
combined here with new major, trace, and rare earth ele-
ment (REE) bulk-rock compositions from the Capitan
Aracena, Carlos |11, and Tortuga complexes (Table S2).
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One common feature among these is that the metabasalts
have a high degree of alteration that is reflected in the
loss on ignition (LOI), some varying from ca. 3-5%. All
samples, including lavas, dikes, and gabbros, show a
tholeiitic differentiation trend (Fig. 6a) in the AFM dia-
gram of Irvine and Baragar (1971), which is confirmed
by other diagrams shown below.

Capitan Aracena and Carlos |11 complexes

Seven samples from Isla Capitan Aracena and three
from Isla Carlos Il were analyzed. Six samples from
Capitan Aracena complex are basalts and one correspond
to a basaltic andesite; two samples from Carlos Il com-
plex are basalts and one is a basaltic andesite.

Ti abundances are very useful for distinguishing
tholeiitic and calc—alkaline basalts because these reflect
crystallization processes that occur during magmatic evo-
lution (Miyashiro, 1973; Pearce, 1982). Tholeiitic mag-
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mas are characterized by increasing Ti contents during
the early stages of differentiation (reflecting the
fractionation of olivine and pyroxene * plagioclase) fol-
lowed by decreasing contents in the later stages because
of fractionation of magnetite (cf., Miller et al., 1994). In
contrast, Ti abundances of calc—alkaline magmas decrease
consistently during differentiation due to early
fractionation of Fe-Ti oxides with olivine and
clinopyroxene (xplagioclase) (Sisson and Grove, 1993).
Figure 6b shows Ti vs. Zr abundances of samples from
the Capitan Aracena Complex, which define trends char-
acteristic of tholeiitic magmas. A similar differentiation
pattern was noted for published datafor the Rocas Verdes
ophiolites (Stern, 1979, 1980). The Ce/Y vs. SiO, dia-
gram (cf., Mantle and Collins, 2008) is compatible with
the concept of athinned crust resulting from extension in
arift or back-arc environment (Fig. 6¢), and the Sm/Yb
vs. SiO, plot suggests differentiation that was controlled
by clinopyroxene (Fig. 6d).

REE diagrams normalized to the composition of nor-
mal mid-oceanic ridge basalts (Fig. 7) show agreat simi-
larity between the Sarmiento and Capitan Aracena com-
plexes; these are more enriched in large-ion lithophile
elements than is the Tortuga Complex, which suggests
that the former have a greater affinity with enriched mid-
oceanic ridge basalts. Basaltic rocks of both localitiesin
the Capitéan Aracena Complex have relatively flat REE
patterns; however, those of the Carlos IIl Complex are
steep and more enriched in light REEs and hence display
enriched mid-oceanic ridge basalt affinities.

Tortuga Complex

The Tortuga ophiolite, the southernmost ophiolitic
remnant of the Rocas Verdes basin, has been considered
to record the most advanced evolutionary stage of the
basin opening to a mid-ocean ridge-type setting (cf.,
Saunders et al., 1979; Stern, 1979). Mafic rocks crystal-
lized from tholeiitic basaltic magmas with mid-oceanic
ridge basalt geochemical affinities (Stern, 1979;
Avendafio, 2008) probably generated by decompression
melting of the sub-back-arc mantle. These relationships
are well shown by the diagrams of Fig. 7, in which rocks
from the Tortuga and Capitédn Aracena complexes are
compared with rocks from the Sarmiento Complex.

U-Pb GEOGHRONOLOGY

The Rocas Verdes ophiolites are considered to have
formed during the Late Jurassic, based on U—Pb zircon
crystallization ages for plagiogranites of the Sarmiento
Complex in the southern Patagonian Andes (Calderdn et
al., 2007a) and from the Larsen Harbor ophiolitic com-
plex of theisland of South Georgia (Mukasaand Dalziel,
1996).
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Calderén et al. (2007a) reported additional zircon crys-
tallization ages relevant to the timing of bimodal mag-
matic activity associated with the generation of the
Sarmiento Complex. These indicate ages of 149.1 + 1.5
Mafor aplagiogranite intruded into gabbros and 151.0 =
1.5 Mafor adacite dike crosscutting pillow basalts. These
ages are older and more precise than the results of 147 +
10 Ma for a trondjhemite and 139 + 2 Ma for a
plagiogranite dike reported by Stern et al. (1992).
Calderon et al. (2012) reported U-Pb datafor zircons and
4OAr/39Ar data for amphiboles from plutons and
lamprophyric dikes, respectively, that cut deformed rocks
of the Sarmiento Complex. These undeformed intrusives
yielded crystallization ages of about 80 Ma, thus placing
constraints on the time of deformation of the ophiolites.
A similar zircon crystallization age of 80 Mawas reported
for acoarse-grained granite that intrudes the basaltic rocks
at Puerto Tilly, Isla Carlos 111 but also shows strong in-
heritance of 150 Ma zircons (Hervé et al., 2007a).

U-Pb zircon ages

There has been a lack of geochronological data for
the mafic rocks from the Capitan Aracena and Tortuga
complexes; however, three new SHRIMP U-Pb agesfrom
zircon are presented in this paper (Table S3).

One of the samplesis amedium-grained gabbro from
Seno Elisa (FO0671), which was collected 100 m below
pillow basalts having no discontinuity with the underly-
ing rocks (Fig. 8). This gabbro yielded a weighted mean
age of 154.2 +£ 1.9 Ma, which is the oldest age obtained
for ophiolitic rocks from the Rocas Verdes ophiolites. The
other igneous sample is from a vaguely foliated coarse-
grained leucogranite (FO0667; Fig. 8), which isintruded
by foliated mafic dikes at the northwestern end of Fjord
Dyneley. This sample yielded a weighted mean age of
154.7 + 1.3 Ma. These ages indicate that the early rifting
stage of Rocas Verdes basin development was accompa-
nied by bimodal magmatism south of the Magallanes—
Fagnano transform fault, a major tectonic boundary since
the pre-Jurassic (Hervé et al., 2010).
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A cherty layer directly overlying pillow basalts on the
east coast of Isla Thomson (sample FO0829) yielded two
dominant groups of zircon ages, about 136 and 143 Ma
(Fig. 8). Other detrital zircons from the rock have
Permian, Cambrian, latest Neoproterozoic, and
Grenvillian ages. This outcrop at Isla Thomson is an
outlier of the main body of the Tortuga ophiolitic com-
plex.

U—Pb titanite ages

Titanite from pre-tectonic relics in phyllonites
(FC0851) of the basal, low-grade metamorphic sole of
the Sarmiento Complex yielded a SHRIMP U-Pb mean
crystallization age of roughly 135 Ma (Figs. 9a and b;
Table S4a). The high uncertainty is due to the high con-
tents of common Pb in titanite. On the basis of textural
relationships and chemical composition (Fig. 3), thisre-
sult probably represents the age of seafloor-like metamor-
phism in a back-arc setting.
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Sixteen spherical aggregates of titanite (microbe-like
structures; sample TNO715A) with a mean diameter of
40 um were dated by U-Pb LA-MC-ICP-MS (Table $4b).
The in situ analyses yielded a latest Early Cretaceous
mean crystallization age of 118.3 + 3.5 Ma (Figs. 9c and
d). The uncertainties of the ages propagate and include
all sources of error (at the 2 sigmalevel; cf., Simonetti et
al., 2006). Because the titanite is in association with
amphibole, epidote, chlorite, plagioclase, and quartz in
veins within the outer zone or margins of pillow basalts,
this age constrains an Aptian episode of high-
temperature greenschist facies metamorphism.

DiscuUssiON

Seafloor metamorphism in a suprasubduction setting
Mineral assemblages and textural relationshipsin the

studied rocks indicate prevalent fluid-assisted, low-to-

intermediate temperature, non-deformational metamor-



phism throughout the extrusive and diabase levels of the
ophiolitic complexes, which were progressively covered
by thick successions of hemipelagic sediments and
volcanoclastic turbidites. It has been documented that
volcanic rocks in mid-ocean ridge settings are less rap-
idly covered by sedimentary successions and so are com-
monly altered to low-temperature zeolite facies assem-
blages (Alt, 1999; Shibuya et al., 2007). In contrast, the
predominance of prehnite—pumpellyite and higher tem-
perature greenschist facies parageneses documented in
volcanic rocks from suprasubduction ophiolites (Gillis
and Banerjee, 2000) are thought to be related to rapid
burial under thick sedimentary successions. Thus, the
early tectono/metamorphic evolution of the Rocas Verdes
ophiolites, before basin closure and intrusion of earliest
Late Cretaceous plutonic rocks, can be attributed to
seafloor hydrothermal metamorphism in a
suprasubduction setting.

Aptian upper age limit for mafic back-arc magmatism

Stratigraphic and sedimentological constraints from
the Rocas Verdes basin (Katz, 1964; Watters, 1965; Suérez
and Pettigrew, 1976; Winn and Dott, 1978; Suarez et al.,
1985; Fildani and Hessler, 2005) indicate that ophiolitic
crust was progressively covered by successions of
hemipelagic sediments and volcanoclastic turbidites de-
rived from the erosion of a proximal active (or remnant)
volcanic arc and pre-Jurassic continental basement rocks
having zircon detrital components of Permian, Cambrian,
and latest Neoproterozoic ages (cf., Calderon et al.,
2007a). The absence of precise geochronological datain
the mafic rocks and a precise biostratigraphic record in
the sedimentary rocks make it difficult to establish an
upper age limit of mafic back-arc magmatism. Thistopic
is discussed below.

Asafirst approximation, the detrital zircon agesfrom
the cherty layer intercalated within the pillow basalts at
Isla Thomson (an outlier of the Tortuga Complex) sug-
gest a maximum of Valanginian or younger age of back-
arc mafic magmatism. Thisis consistent with detrital zir-
con ages reported for fine-grained turbidites from the
Zapata and Yaghan formations (Calderon et al., 20073;
Hervéet al., 2010), indicating maximum depositional ages
of Hauterivian for the sedimentary successions and a 25
myr minimum time period of continuous sedimentation
in the Rocas Verdes basin.

Additional evidence is provided by the U-Pb age,
roughly 118 Ma, for the concentric spheroids of titanite
related to an Aptian episode of high-temperature
greenschist-facies hydrothermal metamorphism. It iscon-
ceivable that magmatism and intermediate-temperature
alteration were contemporaneous with high thermal gra-
dients associated with major extension of the back-arc
lithosphere. The latter is also suggested by geochemical
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Fig. 10. Schematic reconstructions of the environment of depo-
sition of the Rocas Verdes basin based on data presented in
this work and previous studies (Cunningham, 1994; Hervé and
Fanning, 2003; Stern and de Wit, 2003; Fildani and Hessler,
2005; Calderon et al., 2007a, 2007b, 2007c, 2012; Klepeis et
al., 2010; Maloney et al., 2011).

datafrom the ophiolitic rocks (Fig. 6¢). Although titanite
precipitation could have occurred immediately or up to
20 my after the bioalteration processes, as noted in other
ophiolitic complexes (Furnes et al., 2001), on the basis
of mineralogical and textural evidence from metabasalts
of the Tortuga Complex, it isthought that the titanite was
probably precipitated soon after the mafic magmatism
near the spreading/magmatic axis. This scenario supports
the possibility that the oceanic-like crust of the Rocas
Verdes basin was generated within a period of about 35
myr, during which the latest back-arc basin stage prob-
ably overlapped with the onset of the Aptian—Albian An-
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dean orogeny in Tierra del Fuego (Dott et al., 1977)
signaled by the deposition of the conglomerates of the
Tekenika Beds. Thus, during the early phase of basin clo-
sure, which was probably related to changes in subduc-
tion parameters along a continental margin on the Pacific
side and opening of the Atlantic Ocean, waning mafic
back-arc magmatism was followed by underthrusting of
the Rocas Verdes basin seafl oor beneath the drifted mag-
matic arc.

Tectonic emplacement of the ophiolites

In ophiolitic complexes in which rocks are foliated
and metamorphosed in a discontinuous way, the overprint
of deformation eventsis probably associated with thrust-
fold deformation and shearing and strike-slip faulting
during basin closure (cf., Cunningham, 1993; Klepeis et
al., 2010). The petrological study of the Canal de las
Montafias shear zone and the identification of the meta-
morphic sole of the Sarmiento Complex (Calderon et al.,
2012) both provide insights into the tectonic processes
related to the closure of quasi-oceanic basins developed
at convergent margins. The tectonic emplacement of the
Sarmiento Complex resulted in different generations of
shear zones and folds associated with several thrust-
deformation events. In particular, acontinent-ward reverse
sense of shearing and thermobarometric constraints of ca.
5-6 kbar and 230-260°C for mylonites indicate that the
primary shearing event was related to a west-dipping
underthrusting in a subduction zone setting (Hervé et al .,
2007b; Calderon et al., 2012). Although theinception age
of underthrusting or subduction within the Rocas Verdes
basin is a matter for further study, combined zircon U—
Pb and phengite “°Ar/**Ar age data reveal that the main
ophiolitic obduction phase and juxtaposition of the
Sarmiento Complex and its metamorphic sole occurred
before 80 Ma. Similar crystallization ages of about 80
Ma obtained from granites crosscutting ophiolite com-
plexes at Carlos Il and the Gordon and Navarino islands
suggest a regional tectono-magmatic event.
Paleogeographic reconstructions based on our data (Fig.
10) and theinterpretations summarized above indicate the
generalized evolution of the Rocas Verdes basin and a
possible fate of ophiolitic complexes developed in a
suprasubduction setting.

CONCLUSIONS

The Rocas Verdes ophiolites represent aL ate Mesozoic
analogue for Archean greenstone belts and present-day
marginal basins developed at convergent margins. The
tectonic evolution of ophiolitic complexes in southern
Chile entails an interplay between processes of seafloor,
burial, shearing, and contact metamorphism during the
evolution of the Late Mesozoic Rocas Verdes basin. Late
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Jurassic (ca. 154 Ma) ophiolite generation was coeval with
abundant siliceous magmatism inside, or in the surround-
ings of, the nascent ophiolite in an extensional environ-
ment related to the break-up of Gondwana. Bimodal
magmatism during the initial rift stage was followed by
tholeiitic mafic magmatism, comparable to mid-oceanic
ridge basalts, in the back-arc region. This mafic
magmatism was active until the earliest Cretaceous (ca.
118 Ma). New geochronological data indicate that sub-
marine mafic magmatism within the Rocas Verdes basin
persisted for at least ca. 35 myr in mid-oceanic ridge-
type spreading systems that were sites of microbial colo-
nization of seafloor hydrothermal environments. The tec-
tonic emplacement of the ophiolite bodies involved the
underthrusting of the continental edge of South America
beneath the drifted arc sliver and was completed before
the latest Cretaceous (ca. 80 Ma), as indicated by crys-
tallization ages of crosscutting granitoids.
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