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ABSTRACT

Diego de Almagro Island was formed by
the subduction and accretion of several sea-
floor-derived tectonic slices with very hetero-
geneous ages and pressure-temperature-time
(P-T-t) paths. The highest element of the pile
(the Lazaro unit) evidences subduction in the
high-P granulite field (~1.3 GPa, 750 °C) at
ca. 163 Ma. Below it, a thin tectonic sliver (the
Garnet Amphibolite unit) preserves eclogite-
facies remnants (~570 °C and ~1.7 GPa)
formed at ca. 131 Ma (in situ U-Pb zircon rim
ages). Peak assemblages were nearly fully
amphibolitized during decompression down
to ~1.2 GPa and ~600 °C at 125-120 Ma
(Rb-Sr multimineral dating). The underlying
Blueschist unit has ~50 m.y. younger meta-
morphic ages and exhibits slightly cooler
peak burial conditions (~520 °C, 1.7 GPa;
ca. 80 Ma, in situ white mica Ar-Ar ages and
multimineral Rb-Sr dating) and is devoid of
amphibolitization. The mylonites from the
sinistral strike-slip Seno Arcabuz shear zone
bounding Diego de Almagro Island to the
east also exhibit amphibolite-facies (~620 °C
and ~0.9 GPa) deformation at ca. 117 Ma
(multimineral Rb-Sr ages). In situ white mica
Ar-Ar dating and multimineral Rb-Sr dating
of low-T mylonites (~450 °C) along the base
of the Lazaro unit reveal partial resetting of
high-T assemblages during tectonic displace-
ment between 115 and 72 Ma and exhuma-
tion of the slice stack.
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Detrital zircon U-Th-Pb ages indicate
that the material accreted on Diego de Al-
magro Island has been mostly recycled from
a Permian-Triassic accretionary wedge
(Madre de Dios accretionary complex) ex-
posed along the subduction buttress. Geologi-
cal and geochronological constraints suggest
that the rocks of the Seno Arcabuz shear zone
and the Lazaro unit were tectonically eroded
from the buttress, while the underlying Gar-
net Amphibolite and Blueschist units instead
derive from the subducted oceanic basin,
with increasingly younger maximum deposi-
tional ages. The very long residence time of
the rocks (~90 m.y. for the Lazaro unit) along
the hanging wall of the subduction interface
recorded long-term cooling along the Patago-
nian subduction zone during the Mesozoic.
Diego de Almagro Island therefore repre-
sents a unique window onto long-term tec-
tonic processes such as subduction interface
down-stepping, tectonic erosion, and episodic
underplating near the base of an accretion-
ary wedge (40-50 km).

INTRODUCTION

Exhumed metamorphic high-pressure—low-
temperature (HP-LT) complexes provide an
opportunity to understand the deep structure of
present-day subduction zones between 30 and
80 km depth (e.g., Ernst and Dal Piaz, 1978;
Cloos and Shreve, 1988; Ring and Brandon,
1999). Exhumation is a transient and discon-
tinuous process over the duration of an entire
subduction event (e.g., Maruyama et al., 1996;
Agard et al., 2009). Although large volumes of
oceanic lithosphere may be coherently exhumed

after detachment from the downgoing plate (40—
70 km along strike; Angiboust et al., 2009), such
arare event likely represents a perturbation in the
normal subduction regime, which normally does
not involve steady-state return flow of material
back to near-surface conditions. In other words,
only a very small fraction of the total subducted
oceanic material escapes from subduction in the
mantle via decoupling from the slab and a sub-
sequent forced return flow and accretion to the
upper plate (“underplating”; e.g., Platt, 1983;
Ring and Layer, 2003). Field studies reveal that
the depth range 30-40 km is particularly prone
to underplating and stacking of crustal slices of
continental and oceanic affinities (Willner et al.,
2004a; Angiboust et al., 2014; Plunder et al.,
2015). Multiple accretion events are believed
to trigger the formation of crustal-scale duplex
systems, where tectonic slices are vertically
transported through the forearc crust, and up
to the surface in some rare cases (e.g., Willner,
2005; Glodny et al., 2005; Konstantinovskaya
and Malavieille, 2011). Despite the importance
of tectonic processes taking place in the 30—
40 km depth region (e.g., slow-slip events, base
of the seismogenic zone, “transition zone”), the
mechanisms controlling transient underplating
processes are only partially understood. Since
the resolution of geophysical seismic and tomo-
graphic images in this depth range hampers the
observation of bodies thinner than ~2 km (e.g.,
Rondenay et al., 2008; Hilairet and Reynard,
2009), field studies on exhumed HP-LT com-
plexes are crucial to improve our understanding
of the structure of the subduction hanging wall in
this region of the interface.

The southern Chilean subduction zone rep-
resents an interesting target because subduction
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has proceeded (nearly) continuously since Paleo-
zoic times along the SW margin of the South
American plate (formerly the SW Gondwana
margin; e.g., Hervé, 1988). The HP-LT tectonic
sequence forming the fossil accretionary system
(“the Western Series”) corresponds to a continu-
ous, ~2500-km-long metamorphic belt where
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oceanic rocks were accreted by basal accretion
to the upper plate toward the end of the Paleo-
zoic (e.g., Kato, 1985; Glodny et al., 2005; Will-
ner et al., 2005, 2009). Younger, Mesozoic seg-
ments from the base of this paleo—accretionary
wedge have been reported and studied further
south on Diego de Almagro Island, a remote
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island in Chilean Patagonia (Fig. 1; Hervé and
Fanning, 2002; Willner et al., 2004a). Recent in-
vestigations have shown that this island consists
of a stack of slices of oceanic crust underplated
at ca. 160 Ma, ca. 120 Ma, and ca. 80 Ma and
metamorphosed under very different thermal
gradients (Hyppolito et al., 2016; Angiboust
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Figure 1. Geological map of the units forming Diego de Almagro Island. (A) Location of Diego de Almagro Island and Paleozoic and
Mesozoic igneous and metamorphic complexes in Patagonia (modified form Hervé et al., 2007; Calderén et al., 2016). (B) Simplified
geological map of the island showing the main units forming the Diego de Almagro metamorphic complex. DAI—Diego de Almagro
Island, LU—Lazaro unit, AMC—Almagro high-pressure-low-temperature (HP-LT) metamorphic complex, SASZ—Seno Arcabuz
shear zone, MDAC—Madre de Dios accretionary complex, DYC—Duke de York complex. (C) Detail of the Diego de Almagro meta-
morphic complex showing the contacts between the different units: the Puerto shear zone (PSZ) and the sinistral strike-slip Seno
Arcabuz shear zone. BS—Blueschist unit; GA—Garnet Amphibolite unit. Stars are studied sample locations (global positioning
system [GPS] coordinates given in Table DR4 [see footnote 1]).
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et al., 2017). Some slivers forming Diego de
Almagro Island reached depths greater than the
base of the accretionary wedge (>40 km) and
therefore possibly represent remnants from
a paleo—subduction channel that were later
basally accreted (Hyppolito et al., 2016). Yet,
a unifying tectonic model that reconstructs the
emplacement of these slices along the interface,
as well as their individual tectonic histories, is
missing. Further geochronological and pressure-
temperature (P-7) constraints are herein pro-
vided to better understand the age distribution
at the scale of the island and the migration of
deformation along the major shear zones identi-
fied in the field. Zircon age distribution patterns
were used to track the source and the fate of
subducted material and therefore improve our
vision of deformation processes rooted at the
base of the accretionary wedge. We demonstrate
why Diego de Almagro Island provides a unique
record of the long-term geological evolution of
the SW Gondwana margin in Patagonia across
the entire Mesozoic Era.

REGIONAL GEOLOGICAL SETTING

The Chilean Coastal Cordillera, composed of
late Paleozoic and Mesozoic subduction com-
plexes, crops out between latitudes 28°S and
55°S and was formed via basal and frontal ac-
cretionary processes at the southwestern margin
of the Gondwana continent (Kato, 1985; Hervé,
1988; Glodny et al., 2005; Willner, 2005). Most
of these rocks reached high-pressure green-
schist-facies conditions during late Paleozoic
subduction, but only three occurrences exhibit
rocks that reached slightly deeper peak burial
conditions in the albite-epidote-amphibolite fa-
cies (~40 km), with evidence for counterclock-
wise pressure-temperature-time (P-7-r) paths
(Los Pabilos—Willner et al., 2004b; Kato et al.,
2008; Punta Sirena—Willner et al., 2005; Hyp-
polito et al., 2014; Los Caldos—Willner et al.,
2012). Rare exposures of the Mesozoic accre-
tionary complexes formed during the subduc-
tion of the proto-Pacific seafloor under the west
Gondwana margin occur further south (46—
55°S), flanking the western edge of the South
Patagonian Batholith (Fig. 1; Madre de Dios,
Diego de Almagro, and Diego Ramirez com-
plexes; Mpodozis and Forsythe, 1983; Mpodozis
and Ramos, 1990; Willner et al., 2004a, 2009;
Charrier et al., 2007). The South Patagonian
Batholith represents a composite assemblage
of granitic plutons that were emplaced between
155 and 15 Ma across the Patagonian forearc
(Fig. 1A; Hervé et al., 2007). Hervé et al. (2007)
have shown that the position of pluton emplace-
ment migrated toward the west between 144 and
127 Ma. The Madre de Dios accretionary com-

plex comprises an actinolite-pumpellyite-facies
accretionary prism that is exposed over sev-
eral hundreds of kilometers, west of the South
Patagonian Batholith (Fig. 1B). The Madre de
Dios accretionary complex, which exhibits
very low-grade metamorphism (290-310 °C
and 0.4-0.6 GPa) and upper-crustal deforma-
tion style, has been interpreted by Willner et al.
(2009) as a frontally accreted wedge. It is com-
posed of a continent-derived detrital succession
(Duque de York complex) tectonically inter-
leaved with slices of oceanic crust (enriched
[E] and normal [N] mid-ocean-ridge basalt
[MORB], radiolarian and metalliferous cherts,
pelites, and calcarenites) and platform carbon-
ates (Forsythe and Mpodozis, 1983; Hervé
et al., 1999; Sepulveda et al., 2008). Ar-Ar ages
from phengite reveal a Triassic accretion stage
(ca. 233 Ma; Willner et al., 2009), and zircon
U-Pb data, combined with palynological asso-
ciations, restrict the maximum depositional age
of the Duque de York complex to Permian times
(ca. 270 Ma; Sepulveda et al., 2010). We herein
focus on Diego de Almagro Island, which is lo-
cated west of the Madre de Dios accretionary
complex, and which corresponds to a younger
segment of the Mesozoic Western metamorphic
complex (Hervé et al., 1999; Fig. 1B).

GEOLOGICAL STRUCTURE OF DIEGO
DE ALMAGRO ISLAND

Almagro HP-LT Complex

Diego de Almagro Island is formed by an
~150 km? fragment of the basis of the Jurassic
and Cretaceous accretionary wedge (Fig. 1A;
Hervé et al., 1999; Hervé and Fanning, 2002;
Willner et al., 2004a; Hyppolito et al., 2016;
Angiboust et al., 2017). The southwestern half
of Diego de Almagro Island is formed by the
Almagro HP-LT complex (Figs. 1B and 1C),
which consists of N- and E-MORB-type mafic
meta-tuffs and meta-pillow lavas of mid- to Late
Jurassic protolith ages, with minor intercalations
of metasediments (quartzites and pelitic schists;
Hervé and Fanning, 2002; Olivares et al., 2003;
Willner et al., 2004a; Hyppolito et al., 2016).
Hyppolito et al. (2016) have shown that the Al-
magro HP-LT complex can be subdivided into
two subunits: the Garnet Amphibolite unit in
the Puerto de Almagro area, and the Blueschist
unit, which forms the southwestern half of the
island (Fig. 1C). Evidence for HP metamor-
phism has been largely erased by a pervasive
retrograde greenschist-facies event (Willner
et al., 2004a). Diego de Almagro Island is cross-
cut by a major, 50-100-m-thick, east-dipping
shear zone: the Puerto shear zone, which delin-
eates the base of the Lazaro unit (Figs. 1C and
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2A; Hyppolito et al., 2016). Below the Puerto
shear zone, bodies with relics of eclogite-facies
metamorphism (~1.7 GPa and ~550 °C) and a
strong amphibolite-facies overprint, in the Gar-
net Amphibolite unit, yield multimineral Rb-Sr
ages of ca. 120 Ma, which are interpreted as
dating the amphibolitization stage (Hyppolito
et al., 2016). The Garnet Amphibolite unit over-
lies (and is locally tectonically imbricated with)
rocks from the Blueschist unit, in which this
amphibolite-facies overprint is absent (Fig. 2B).
Significantly younger Rb-Sr deformation ages
of ca. 80 Ma have been reported by Hyppolito
et al. (2016) for the mafic rocks from the Blue-
schist unit, which were metamorphosed during
subduction at ~1.6 GPa and ~520 °C.

Lazaro Unit

The Lazaro unit, on the eastern part of Diego
de Almagro Island (Figs. 1B and 1C), exhibits
seafloor-derived mafic and metasedimentary
rocks subducted down to ~1.2 GPa and ~750 °C
conditions at the transition to the high-pressure
granulite facies (Angiboust et al., 2017). Field
evidence points to widespread partial melt-
ing, migmatitization, and trondhjemite forma-
tion and segregation (Fig. 2C; Angiboust et al.,
2017). Several orthogneissic samples from this
unit were studied by Hervé et al. (1999), Hervé
and Fanning (2002), and Willner et al. (2004a).
It has also been proposed that an orthogneiss
body exposed along the eastern side of the
Lazaro unit may represent a granitic fragment
tectonically eroded from the upper plate that has
been lately juxtaposed with HP-LT metamor-
phic rocks during subduction (Hervé and Fan-
ning, 2002). The U-Pb age range of 170-165 Ma
obtained for zircon rims from this material has
been interpreted as a record of presubduction,
extension-related magmatism associated with
the breakup of Gondwana during the Late Ju-
rassic, which culminated with the formation of
mafic oceanic-type crust (e.g., the Rocas Verdes
Basin; Fig. 1A) at ca. 155 Ma in a back-arc
position (Hervé and Fanning, 2002; Calderén
et al., 2013). Angiboust et al. (2017) proposed,
based on sensitive high-resolution ion micro-
probe (SHRIMP) U-Pb zircon ages and multi-
mineral Sm-Nd dating, that these rims more
likely relate to a granulite-facies metamorphic
event (~18 °C/km) that affected the base of the
accretionary wedge at ca. 162 Ma. The zircon
age distribution pattern (n = 35) shows that the
maximum depositional age for the Lazaro unit
metasediment is around ca. 250 Ma (Angiboust
et al., 2017). Rocks from the Lazaro unit have
been extensively affected by HP-LT metamor-
phic recrystallization after the peak-T event, as
shown by LT amphiboles after pargasitic horn-
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Figure 2. Field pictures of the Lazaro unit and Almagro high-pressure-low-temperature (HP-LT) complex. (A) Field photograph
showing the contact between the Lazaro unit and the underlying HP-LT complex (Puerto shear zone). The star represents sample
29a location. (B) Representative Almagro HP-LT complex Blueschist unit outcrop showing the mafic tuff interlayered with cherts.
(C) Lazaro unit outcrop containing numerous decimeter-thick strongly folded leucosomes and melanosomes (field of view: ~10 m).
In both units, we indicate the conditions and ages of metamorphism.

blende and phengite rims around muscovite-rich
cores (Angiboust et al., 2017; see also Willner
et al., 2004a).

At least three deformation events can be iden-
tified in the Lazaro unit. A primary subvertical
HT metamorphic foliation striking N-S to NE-
SW and comprising numerous peritectic garnet
crystals (related to partial-melting extraction
processes) is crosscut by a series of NW-SE-
striking, greenschist-facies shear zones sub-
parallel to the main Puerto shear zone structure.
In the lowermost hundred meters of the Lazaro
unit (Fig. 2A; Hyppolito et al., 2016; Angiboust
et al., 2017), the HT fabric has been transposed
along the Puerto shear zone, leading to the for-
mation of C-S greenschist-facies mylonites
(e.g., sample 29a; Fig. 2A). Both top-to-the-NW

kinematic indicators and back-shearing kine-
matic indicators have been observed along this
thrust contact, which dips on average 20° to the
SE. The upper part of the Garnet Amphibolite
unit, along the Puerto shear zone, has been also
affected by this LT mylonitic deformation stage.
The eastern part of the Lazaro unit has been af-
fected by a pervasive strike-slip mylonitic defor-
mation stage along the Seno Arcabuz shear zone
(see Fig. 1C and following text).

Seno Arcabuz Shear Zone

In the Diego de Almagro Island region,
the Madre de Dios accretionary complex is
bounded to the west by a multikilometer-thick
sinistral, NNW-trending subvertical strike-slip
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shear zone, the Seno Arcabuz shear zone, along
which mylonitic deformation caused partial
reworking of the eastern part of Diego de Al-
magro Island and juxtaposition with the Madre
de Dios accretionary complex (Fig. 1C; Hervé
et al., 1999; Olivares et al., 2003; Willner et al.,
2004a, 2009). The amphibolite-facies deforma-
tion stage visible in Seno Arcabuz shear zone
rocks has been estimated to have at conditions
around 580-690 °C and 0.5-0.6 GPa (Willner
et al., 2004a). K-Ar dating of muscovite yielded
an age of 122 + 4.6 Ma for a garnet mica schist
from the Seno Arcabuz shear zone (Willner
et al., 2004a). The HT metamorphism along the
Seno Arcabuz shear zone has been interpreted
by Willner et al. (2004a) as evidence for heat ad-
vection associated with the coeval emplacement
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of the magmatic arc as expected in a paired belt
system where HP-LT and low-pressure—high-
temperature (LP-HT) belts coexist.

The Seno Arcabuz shear zone consists of
a subvertical sequence showing an alterna-
tion of very dark mafic schists and meter-thick
metapelitic intervals. The mafic layers from
the Seno Arcabuz shear zone mainly exhibit
N-MORB signatures (raw data shown in Hyp-
polito, 2010). No sharp lithological and tec-
tonic boundary has been identified in the field
between the Seno Arcabuz shear zone and the
eastern part of the Lazaro unit. Unlike in the
adjacent Lazaro unit (Angiboust et al., 2017),
no macroscopic evidence for trondhjemite gen-
esis or partial melting is visible along the Seno
Arcabuz shear zone. Ultramafic rocks have not
been observed along this shear zone. At the
microscopic scale, the mylonites from the Seno
Arcabuz shear zone are characterized by a perva-
sive flattening, and by a relatively homogeneous
grain-size diameter between 50 um and 200
um (see a full petrological description given as
Data Repository Appendix DR1).! Plagioclase
and hornblende “augen” are volumetrically rare
(<1 vol% on average). Mafic layers are charac-
terized by an alternation between hornblende-
and plagioclase-rich layers aligned along the
main N-S-striking foliation. Locally, layers
richer in biotite and muscovite are visible (Data
Repository Appendix DR1 [see footnote 1]).
Garnet is extremely rare in mafic lithologies,
while it is very common in metapelitic layers
(Willner et al., 2004a). Staurolite porphyroclasts
(100-300 pm long) are also present in pelitic or
quartzofeldspathic lithologies associated with
micas and garnet (Data Repository Appendix
DRI [see footnote 1]). Importantly, very thin
phengite rims around muscovite cores, actino-
litic rims around hornblende, and stilpnomelane
needles in the matrix suggest that a HP-LT event
statically overprinted the amphibolite-facies
foliation (counterclockwise P-T path; see Will-
ner et al., 2004a; see also microscopic images in
Data Repository Appendix DR1 [footnote 1]).

ANALYTICAL METHODS
Rb-Sr Multimineral Geochronology

In order to provide age constraints for the
timing of ductile deformation along the Seno
Arcabuz shear zone, we investigated Rb-Sr mul-
timineral isotope systematics in a mylonitic sam-

!GSA Data Repository item 2018101, full geo-
chronological data set, global positioning system
(GPS) coordinates, and petrological information on
the Seno Arcabuz shear zone, is available at http://
www.geosociety.org/datarepository/2018 or by re-
quest to editing @ geosociety.org.

ple (48b; Fig. 1C) containing biotite and white
mica. Isotopic data were obtained at the Deutsches
GeoForschungsZentrum (GFZ) Potsdam, Ger-
many, using a Thermo Scientific TRITON
thermal-ionization mass spectrometer (TIMS).
Rb isotope dilution analysis was done in static
multicollection mode, and Sr isotopic composi-
tion was measured in dynamic multicollection
mode. For ¥’St/Sr isotopic compositions, we
used the variance of values obtained from long-
term reproducibility tests of the NBS SRM 987
reference material on the GFZ Potsdam TIMS
mass spectrometer and applied an uncertainty of
+0.005%, provided that the individual analytical
uncertainties were smaller than that value. Other-
wise, measured analytical uncertainties were
applied. The age uncertainty in isochron calcula-
tions is commonly (and in our case) dominated
by uncertainties in Rb/Sr ratios. Based on re-
producibility tests for 8Rb/*Sr ratios of spiked
white mica samples, we applied a (conservative)
estimate of +1.5% for ¥Rb/*Sr ratios. Mineral
separation techniques and analytical procedures
followed those described in detail in Glodny et al.
(2008). Uncertainties of isotope and age data are
quoted at a 26 level. The program Isoplot/Ex 3.71
(Ludwig, 2009a) was used to calculate regression
lines. We used the Rb decay constant recom-
mended by Villa et al. (2015).

In Situ “Ar/*Ar White Mica Dating

To establish the age of the metamorphic
events in the different units from Diego de Al-
magro Island, we obtained **Ar/*Ar in situ ages
of: (1) three samples of the Almagro HP-LT
complex (one from Garnet Amphibolite unit,
39c, and two from Blueschist unit, 223j and
18a; Figs. 1B and 1C), and (2) two samples
from the Lazaro unit (24 and 29a; Fig. 1C).
The “°Ar/*Ar in situ laser-ablation method was
developed by Megrue (1973) and upgraded
by York et al. (1981) and Maluski and Monié
(1988) (see also McDougall and Harrison, 1999,
and references therein). The five polished rock
sections of 2 mm thickness and 1 cm? area were
irradiated in the Triga Mark II nuclear reactor
(Pavia, Italia) with several aliquots of the Fish
Canyon sanidine standard as flux monitor.
Measurements were performed at Geosciences
Montpellier using (1) a pulsed ultraviolet laser
of 100 kHz, (2) a lens system for beam focus-
ing, (3) a camera connected to the monitor for
beam focusing and selection of ablated zones,
(4) a steel chamber with a copper plate where
samples were loaded, (5) an inlet line for purifi-
cation of gases, including two Zr-Al getters,
(6) a multicollector mass spectrometer (Argus
VI from Thermo-Fisher), and (7) software that
controlled the timing of extraction/purification
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and the data acquisition. For each analysis, ar-
gon was released from an ablated zone of 200
um diameter and 10-30 pum depth (ablation
time: 4 min). The proportion of *Ar and *’Ar
isotopes that result from nuclear reactions with
chlorine and calcium during irradiation reveals
the contribution of Cl minerals/Cl-rich inclu-
sions or Ca minerals/Ca-rich inclusions to the
argon release and then to the calculated age. A
blank analysis was done every three analyses
to evaluate the argon background based on the
algorithms described in Faure (1986), McDou-
gall and Harrison (1999), and Min et al. (2000).
Atmospheric “°Ar was corrected using a value of
initial “Ar/**Ar of 295.5. Isotopic results were
computed with the ArArCalc software (Kop-
pers, 2002). The full analytical data set is pre-
sented in Table DR2 (see footnote 1), and the
locations of spot analyses are provided in Data
Repository Appendix DR2 (see footnote 1).

Zircon SHRIMP Analyses

Zircon crystals were separated from repre-
sentative samples from: (1) the Almagro HP-LT
complex: two from the Garnet Amphibolite unit
(47a and 39) and one from the Blueschist unit
(43); and (2) the Seno Arcabuz shear zone (48c;
see sample location in Fig. 1C). The U-Th-Pb
SHRIMP zircon analyses were performed at
the Scientific Analytical Centre (Centro de In-
strumentacién Cientifica [CIC]), University of
Granada, Spain. Zircon was separated using
panning, first in water and then in ethanol. This
was followed by magnetic extraction of Fe-
rich minerals with a Nd magnet. Finally, zircon
grains were handpicked using a binocular mi-
croscope. The zircon grains were cast on “mega-
mounts,” i.e., 35 mm epoxy discs fixed on the
front of a mount holder so that no metallic parts
or surface discontinuities faced the secondary
ion extraction plate. The minerals were carefully
studied with optical (reflected and transmit-
ted light) and scanning electronic microscopy
(backscattering and cathodoluminescence [CL])
prior to SHRIMP analyses with the IBERSIMS
SHRIMP Ile/mc ion microprobe.

Zircon crystals were analyzed for U-Th-Pb
following the method described by Williams
and Claesson (1987). The mount was coated
with an ~12-nm-thick gold layer. Each spot
was rastered with the primary beam for 120 s
prior to analysis and then analyzed for six scans
following the isotope peak sequence: Zr,0,
204pp, 2”‘“backgr0und, 206ph, 207pp,, 205ph, 2387,
28ThO, and »*UO. Every peak of every scan
was measured sequentially 10 times with the
following total counting times per scan: 2 s for
mass 196; 5 s for masses 238, 248, and 254;
15 s for masses 204, 206, and 208; and 20 s
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for mass 207. The primary beam, composed
of *0'*0*, was set to an intensity of ~5 nA,
with two Kohler apertures: (1) at 120 pm and
(2) at 70 um, which generated 17 x 20 and 9 x
12 um elliptical spots on the target, respec-
tively. We used the small spot to obtain data in
small areas in selected zircon, such as meta-
morphic rims. The secondary beam exit slit was
fixed at 80 pm, achieving a resolution of ~5000
at 1% peak height. All calibration procedures
were performed on the standards included on
the same mount. Mass calibration was done on
the REG zircon (ca. 2.5 Ga, with very high U,
Th, and common Pb content). The analytical
session started by measuring the SL13 zircon
(Claoué-Long et al., 1995), which was used
as a concentration standard (238 ppm U). The
Temora I zircon (416.8 = 1.1 Ma; Black et al.,
2003), used as an isotope ratio standard, was
then measured after every four unknowns. Data
reduction was done with the SHRIMPTOOLS
software (available from www.ugr.es/~fbea),
which is a new implementation of the PRAWN
software originally developed for the SHRIMP.
Errors are reported at the 95% confidence in-
terval (~20). Standard errors (95% confidence
intervals) on the 37 replicates of the Temora
standard measured during the analytical ses-
sion were +0.35% for 2°°Pb/**®U and +0.83%
for 27Pb/**Pb. The SHRIMP U-Th-Pb data are
reported in Table DR3 (see footnote 1).

GEOCHRONOLOGICAL RESULTS
Rb-Sr Geochronology

Mylonitic deformation events in mica-bearing
metamorphic rocks can generally yield well-
constrained multimineral Rb-Sr isochrons. Sr-
isotopic re-equilibration and reset of ages are
achieved via HT, deformation-induced recrystal-
lization and re-equilibration of mineral phases
(such as mica, albite, apatite, and titanite; e.g.,
Inger and Cliff, 1994; Angiboust et al., 2016). In
the selected sample from the Seno Arcabuz shear
zone (48b), two grain-size fractions of biotite
were analyzed in order to detect potentially pro-
tracted recrystallization or deformation histories
of the studied rocks (Fig. 3). In sample 48b, bio-
tite is tightly intergrown with muscovite, and it
is therefore likely that analyzed fractions corre-
spond to mixtures of biotite with minor amounts
of muscovite. This sample is particularly suited
for Rb-Sr geochronology because the mylonitic
fabric is very pervasive, and microscopic por-
phyroclasts (susceptible to yield disequilibrium
patterns) are volumetrically rare (<1%). A rela-
tively well-defined regression line, calculated
combining two biotite fractions, hornblende,
plagioclase, and epidote, yielded an age value of
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Figure 3. Rb-Sr analytical result from sample 48b, Seno Arcabuz
shear zone (SASZ), for the mylonitization stage prevailing dur-
ing high-temperature (HT) deformation in the amphibolite facies
(~620 °C, 0.9 GPa). MSWD—mean square of weighted deviates.

117.1 £ 2.6 Ma (mean square of weighted de-
viates [MSWD] = 219). The reason for the ele-
vated MSWD value is the slight but significant
Sr-isotopic disequilibria between the low-Rb/Sr
phases epidote, amphibole, and plagioclase. The
calculated initial ¥Sr/*Sr isotopic compositions
for t = 117 Ma vary between 0.70473 (epidote)
and 0.70546 (albite), with amphibole (0.70528)
in between. This scatter is beyond analytical un-
certainties and must have geologic reasons, ei-
ther in the fluid-rock interaction history or in the
metamorphic reaction history of the rock. Never-
theless, individual regression of the two biotite
points with the data for the three low-Rb/Sr
phases formally yielded ages between 118.0 Ma
(epidote) and 116.7 Ma (albite), with each three-
point regression yielding low MSWD (<1.7)
isochron correlations. It appears that the age
information is hardly sensitive to the observed
initial Sr-isotopic disequilibria. We therefore re-
gard the age estimate of 117.1 + 2.6 Ma derived
from the combined data set as accurately dating
the mylonitic deformation stage that affected the
Seno Arcabuz shear zone during sinistral strike-
slip displacement (Fig. 3).

YAr-*Ar Geochronology

The two selected samples from the Blueschist
unit came from upper part and lower part of the
unit, respectively: 18a and 223j (Fig. 4). The
Garnet Amphibolite unit sample came from the
core of the unit (39¢; Figs. 1C and 4). Samples
from the Lazaro unit were located in the center
and base of that unit, respectively, 24 and 29a
(Figs. 1C and 4). The results of more than 60
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in situ analyses are shown in Figure 4, where
obtained white mica ages are correlated with
silica contents and microtextural position. A
first event can be identified in samples 24 and
39c, where low-Si white mica cores exhibit vari-
able ages between 110 and 125 Ma (Fig. 4). A
second group of mica with a higher silica con-
tent that defines the main schistosity of these
samples provides ages of 100 + 3 Ma and 103
+ 5 Ma. This indicates that mica initially formed
under amphibolite conditions remained unaf-
fected during the HP-LT overprint. Conversely,
a single well-defined metamorphic event is vis-
ible in the Blueschist unit sample 18a. In the two
other samples (29a and 223j), the dispersion of
ages between 60 and 80 Ma (Fig. 4) suggests the
presence of small-scale heterogeneities, partial
phengite recrystallization, and mixing of white
mica core and rim domains during in situ laser
ablation. Sample 29a from the Puerto shear zone
at the base of the Lazaro unit displays six mini-
mum ages of 70 + 2 Ma, which mark the end of
activity of this shear zone, while recrystalliza-
tion proceeded until 60 Ma at the base of the
Blueschist unit.

Zircon U-Th-Pb Geochronology

For some of the samples studied, the mea-
sured U-Th-Pb isotope systematics indicate
discordance resulting from a common Pb con-
tribution. We applied a 2*®Pb-based correction
algorithm (Ludwig, 2009b) that corrected the
majority of data to concordia quite well and
are virtually identical to ’Pb-corrected data
(Table DR3 [see footnote 1]). For geochrono-
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Figure 4. In situ white mica geochronological Ar-Ar age results from the Lazaro unit and the Almagro metamorphic complex. Location of
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logical evaluation, we considered only data with
discordance <+10% after correction of common
Pb contributions (Fig. S1 [footnote 1]).

Seno Arcabuz Shear Zone

Sample 48 contained zircon grains with a wide
range of sizes and morphologies. For this sam-
ple, we measured 79 spots, 55 of which resulted
in concordant age information (Table DR3 [see
footnote 1]). The ages obtained may be divided
into three groups. The first group consists of
Precambrian colorless rounded cores and thin
rims, with a size of ~100 um x 50 pm and oscil-
latory zoning pattern (Fig. SA). Nineteen U-Th-
Pb measurements on 19 zircon crystals yielded
a wide 2°°Pb/**U age range, from Paleoprotero-
zoic to Ediacaran, i.e., 1626-542 Ma (Figs. 5A
and 6A). The second group consists of Paleo-
zoic stubby ~75 um x 50 pm grains with irregu-
lar terminations (Fig. 5A). Thirty-two U-Th-Pb
measurements on 29 zircon crystals yielded
206Pp/238U ages from Cambrian to Permian, 538—
253 Ma (Figs. 5A and 6A). The third group is
Mesozoic in age. These zircon grains appear as
~100 um x 50 pm prismatic crystals with oscil-
latory zoning and as small rims, ~30 um x 15
um (Fig. 5A). Four measurements, performed
on four grains, gave Early to Middle Triassic,
249-235 Ma, °Pb/*8U ages (Figs. 5A and 6A).

In this sample, late Paleozoic (Permian) and
early Mesozoic (Triassic) ages formed a well-
defined cluster (Fig. 6A). The weighted mean
(n = 11, errors reported at 26) of the 2°Pb/>8U
ages is 255 = 8 Ma (MSWD = 4.88), and that of
the 2"Pb/**U ages is 261 + 10 Ma (MSWD =
0.12; Fig. 6A).

Almagro HP-LT Complex, Garnet
Amphibolite Unit

Sample 47A contained abundant zircon grains
with a small range of sizes but very hetero-
geneous morphologies (Fig. 5B). For this sam-
ple, we measured 81 spots, 51 of which resulted
in concordant age information (Table DR3 [see
footnote 1]). The data may be divided into two
groups based on the texture and the age of each
grain. The first group included colorless to trans-
lucent bipyramid-terminated prisms to rounded
grains. These grains, ~100 um x 50 um in size,
comprised cores and scarce rims with oscilla-
tory and patchy zoning (Fig. 5B). Twenty-eight
U-Th-Pb measurements on 27 grains yielded
206pp/238U Precambrian (1303-607 Ma), Paleo-
zoic (534-259 Ma), and Mesozoic (181—
172 Ma), ages (Figs. 5B and 6B). The second
group included small, 40 pm x 20 um, low-CL
rims, all overgrowths on previous group zircon
grains (Fig. 5B). Twenty-three U-Th-Pb measure-
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ments were carried out on 23 different grains and
showed a 2%Pb/>U age range of 138-124 Ma
(Fig. 6B). The weighted mean (errors reported at
26, n = 23) of the 2*Pb/>8U ages is 131 + 2 Ma
(MSWD =3.21), and that of the >”Pb/**U ages is
135 +2 Ma (MSWD = 0.05; Fig. 6B).

In sample 39, the grains had small sizes and
heterogeneous morphologies. For this sample,
we measured 48 spots, 27 of which yielded
concordant age information (Table DR3 [see
footnote 1]). Two groups were recognized based
on textural and age criteria. The first group con-
sisted of prismatic euhedral, ~125 um x 50 ym
grains with evidence for magmatic oscillatory
zoning (Fig. 5C). Sixteen measurements on
16 grains were carried out and gave **°Pb/>8U
ages from Precambrian (1131-604 Ma), to
Paleozoic (508-254 Ma), to Mesozoic (234—
178 Ma; Figs. 5C and 6C). The second group
was made up of rims that overgrew all previ-
ous zircon groups (Fig. 5C). These rims were
thin, 30 um X 15 um, without visible internal
structure (Fig. 5C). Eleven U-Th-Pb measure-
ments performed on 11 different rims gave a
205Pb/238U age range of 140-120 Ma (Fig. 6C).
The weighted mean (errors reported at 20,
n = 11) of the 2*Pb/*¥U ages is 132 + 6 Ma
(MSWD = 6.63), and that of the 2°’Pb/>U ages
is 127 + 4 Ma (MSWD = 0.14; Fig. 6C).
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Figure 5. Cathodoluminescence images and 2**Pb-corrected 2*Pb/>*8U ages of representative analyzed zircon grains from: (A) Seno
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Almagro HP-LT Complex, Blueschist Unit

The grains from the Blueschist unit sample
43 (graphitic schist) presented heterogeneous
sizes and morphologies. For this sample, we
measured 58 spots, 53 of which resulted in
concordant age information (Table DR3 [see
footnote 1]). The ages obtained may be divided
into three groups. The first group consisted of
Precambrian colorless rounded cores and thin
rims with size ~120 ym x 60 pum (Fig. 5D).
Twelve U-Th-Pb measurements on 12 zircon
crystals yielded a 2°Pb/>*U age range of 1740—
579 Ma (Figs. 5D and 6D). The second group
is made of Paleozoic stubby ~100 um x 50 pm
grains with prismatic and irregular terminations
(Fig. 5D). Thirty-four U-Th-Pb measurements
on 34 zircon grains gave 2°°Pb/>*¥U ages from
Cambrian to Permian, 539-253 Ma (Figs. 5D
and 6D). The third group consisted of Meso-
zoic zircon crystals, with variable morphologies
and sizes (~75 pm x 50 pm; Fig. 5D). Seven
measurements, performed on 7 grains yielded
a 2%Pb-corrected 2°°Pb/**U age range from Tri-
assic to Late Cretaceous, 250-85 Ma (Fig. 6D).
Younger zircon grains yielded a weighted mean
(errors reported at 26, n = 5) 2Pb/?*®U age of
97 + 5 Ma (MSWD = 7.10), and the weighted
mean of *Pb/>SU ages was 100 + 12 Ma
(MSWD = 1.02; Fig. 6D). Last, most of the
grains from sample 43 were surrounded by very
thin rims (<10 pm width) that were too narrow
to be analyzed (Fig. SD). Notably, these rims are
also present in Cretaceous zircon crystals and
therefore likely correspond to a zircon growth
event younger than ca. 100 Ma.

DISCUSSION
Interpretation of Zircon Ages

Zircon Provenance Analysis and
Tectonic Implications

Premetamorphic zircon age patterns were
evaluated here in order to trace the source of
sediments forming the protoliths of accreted
metamorphic units of Diego de Almagro Island
and the relation with other metamorphic com-
plexes in the Patagonian Andes. We compiled a
data set of potential basement sources of south
Chilean metamorphic complexes (cf. Hervé
et al., 2007, 2006), including Ordovician to
Permian igneous rocks and Cambrian—Ordovi-
cian and Late Triassic—Early Permian metasedi-
mentary rocks from the Deseado and Somun
Cura massifs (Fig. 7A; Pankhurst et al., 2003,
2006; Moreira et al., 2013). For comparison, we
also added to this database the Late Devonian
to Early Triassic metasedimentary rocks from
comparable metamorphic complexes of south-
ern Chile: the Eastern Andes, Main Range, and
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Chonos metamorphic complexes and the Duque
de York complex (Fig. 7B; Hervé and Fanning,
2001; Hervé et al., 2003; Augustsson et al.,
2006; Septlveda et al., 2010; Calderén et al.,
2016). In addition, we completed the database
with available U-Th-Pb zircon ages of metamor-
phic rocks from the Lazaro unit and Almagro
HP-LT complex forming Diego de Almagro Is-
land (Figs. 7C-7E; Hervé and Fanning, 2002;
Angiboust et al., 2017).

The U-Th-Pb zircon ages from pre-Jurassic
zircon grains older than 200 Ma in the differ-
ent units forming Diego de Almagro Island have
a broadly comparable distribution, with abun-
dant Triassic to late Carboniferous ages (310—
200 Ma), Middle Devonian to Cambrian zircon
crystals (540-360 Ma), minor Neoproterozoic
Ediacaran to Cryogenian ages (790-580 Ma),
and Neoproterozoic (Tonian) to Mesoprotero-
zoic (Stenian) ages (1160-920 Ma; Figs. 7C—
7E). Given this zircon age pattern, we consider
that there was a similar provenance source for
pre-Jurassic zircon crystals for the different
metamorphic units forming Diego de Almagro
Island. Other metamorphic complexes of south-
ern Chile exhibit zircon age distribution pat-
terns that are fairly similar, with Triassic to late
Carboniferous, Middle Devonian to Cambrian,
Neoproterozoic, and Mesoproterozoic ages
(Fig. 7B; cf. Hervé and Fanning, 2001; Hervé
et al., 2003; Augustsson et al., 2006; Sepuilveda
et al., 2010). The provenance of Cambrian to
Permian zircon crystals is attributed to the gra-
nitic intrusions (540-290 Ma) in eastern Patago-
nia, which are well exposed in the Somun Cura
and Deseado massifs (Fig. 7A; Pankhurst et al.,
2003, 2006). Neoproterozoic and Mesoprotero-
zoic detrital zircon grains have been related to
a Patagonian origin, with a minor contribution
from cratonic areas such as the Sao Francisco,
Brazil, or the Rio de la Plata, Uruguay, i.e.,
Gondwana cratons (e.g., Hervé et al., 2003;
Augustsson et al., 2006).

Hervé et al. (2003) have shown that the
variable maximum depositional age range of
metasedimentary rocks from metamorphic
complexes of southern Chile spans Early Trias-
sic to Late Permian, 280-240 Ma (Fig. 7B; e.g.,
Augustsson et al., 2006; Sepulveda et al., 2010).
The maximum depositional age of the Duque de
York complex, 289-272 Ma (Hervé et al., 2003;
Sepilveda et al., 2010; Castillo et al., 2016), is
older than the maximum sedimentation cluster
age of sample 48c from the Seno Arcabuz shear
zone (ca. 255 Ma; present work) and that for the
Lazaro unit (ca. 251 Ma; Angiboust et al., 2017;
Figs. 7B-7E). This ca. 255 Ma age cluster is
also recognizable in Almagro HP-LT complex
samples (Figs. 7B-7E), although a younger
maximum sedimentation age has been identi-
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fied (see following). The absence of younger
detrital zircon grains in sample 48c from the
Seno Arcabuz shear zone and samples from the
Lazaro unit (sample 24 from Angiboust et al.,
2017; sample AL12 from Hervé and Fanning,
2002), as well as their zircon age distributions
(see Electronic Appendix DR3 [see footnote 1]
for a Cawood cumulative diagram), suggests
that this sample is derived from the adjacent
Permian—Triassic Madre de Dios accretionary
complex, part of the Duque de York complex
(Figs. 1B and 1C).

Based on similar zircon age distribution and
bulk-rock geochemistry, and considering that the
high-temperature-medium-pressure (HT-MP)
overprint recorded by the Seno Arcabuz shear
zone and Lazaro unit samples is absent from
Madre de Dios accretionary complex lithologies,
we propose that coherent, shallow fragments of
the Permian—Triassic wedge were tectonically
eroded during the early Mesozoic and subducted
down to ~35 km depth (the protolith of the Seno
Arcabuz shear zone) and beyond (Lazaro unit).
Such an erosive mechanism is a common pro-
cess along the Chilean margin, and it is gener-
ally interpreted as reflecting changes in subduc-
tion coupling (e.g., seamount subduction) or as
related to a decrease in sediment influx into the
trench (e.g., Von Huene and Lallemand, 1990;
Kukowski and Oncken, 2006). The finding of a
similar zircon population signature in all Diego
de Almagro Island tectonic units also confirms
that the frontally accreted Permian—Triassic
Madre de Dios accretionary complex wedge
remained in a buttress position along the west
Patagonian margin over the entire Mesozoic Era,
despite episodic events of tectonic erosion of
coherent fragments.

Zircon Record of Subduction Evolution
Lazaro unit rocks (sample 24 from Angi-
boust et al., 2017; sample AL12 from Hervé
and Fanning, 2002) exhibit a cluster of zircon
ages of 178-157 Ma, including low-Th/U ratio
overgrowths rimming older zircon crystals,
such as 298-266 Ma cores (Fig. 8A; Hervé and
Fanning, 2002; see also fig. 14 from Angiboust
et al., 2017). Angiboust et al. (2017) interpreted
these zircon rims as a result of a HT partial
melting event that took place in a hot subduc-
tion setting at ca. 165 Ma (Figs. 8A and 9). By
contrast, the Almagro HP-LT complex samples
39 and 47a (this work) and the quartz-rich mica
schist AL16 from Hervé and Fanning (2002)
from the Garnet Amphibolite unit have a wide
range of ages that range from Early Jurassic
to Early Cretaceous (Fig. 8B). The zircon age
distribution can be classified into two groups
(Fig. 8B). The first group comprises prismatic
crystals with oscillatory zoning and ages of
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Figure 7. Frequency and density distribu-
tion of U-Pb sensitive high-resolution ion
microprobe (SHRIMP) zircon ages. (A) Pre-
Triassic basement from east Patagonia,
with compiled data from (1) Pankhurst
et al. (2003); (2) Pankhurst et al. (2006);
and (3) Moreira et al. (2013). DAI—Diego
de Almagro Island; DM—Deseado Massif;
SCM—Somun Cura Massif; TIMS—ther-
mal ionization mass spectrometry. (B) Late
Devonian to Early Triassic metasedi-
mentary rocks from metamorphic com-
plexes (MC) of southern Chile, compiled
data from: (1) Hervé and Fanning (2001);
(2) Hervé and Fanning (2002); (3) Hervé
et al. (2003); (4) Augustsson et al. (2006); and
(5) Sepiilveda et al. (2010). (C) Seno Arcabuz
sample 48c from (1) present work. (D) Lazaro
unit, compiled data from (1) Hervé and Fan-
ning (2002) and (2) Angiboust et al. (2017).
(E) Almagro high-pressure-low-temperature
(HP-LT) complex Garnet Amphibolite unit
(GA) samples 47a and 39 (present work)
and compiled data from Hervé et al. (2003),
and Blueschist unit (BS) sample 43 (present
work). To facilitate comparison in all plots,
vertical bands indicate comparable ages
in all considered data. N—number of indi-
vidual samples; n—zircon point ages. Sche-
matic maps indicating the sample locations
are shown at right. STA—Statherian; CA—
Calymmian; EC—Ectasian; ST—Stenian;
TO—Tonian; CR—Cryogenian; ED—Edia-
caran; CM—Cambrian; O—Ordovician;
S—Silurian; D—Devonian; C—Carbonifer-
ous; P—Permian; T—Triassic.
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193-157 Ma (Figs. 5B and 5C; see also fig. 2A
from Hervé and Fanning 2002). We consider
this 193-157 Ma zircon population as detrital
and related to the episodic silicic volcanism in
Patagonia and Antarctic Peninsula that occurred
from the Early to Late Jurassic (192-145 Ma;
Fig. 8C; Pankhurst et al., 2000; Calderén et al.,
2007; Riley et al., 2017). The erosion and dis-
mantling of volcanic edifices favored the trans-
port of these zircon crystals into basins. The
sedimentary rocks of these basins were later
subducted and affected by a HP event. Sample
AL16 in Hervé and Fanning (2002) corresponds
to a discrete siliceous layer intercalated in the
sequence of metabasalts exposed in the Puerto
de Almagro area (Fig. 1C). In our view, the zir-
con groups with ages of 183 + 4 Ma (n = 7),
174 £ 2 Ma (n = 10), 166 + 2 Ma (n = 26), and
157 + 3 Ma (n = 5; Fig. 8B) that these authors
report suggest that this layer may record a se-
quence of massive ignimbritic, ash-flow events
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Figure 8. Summary of Mesozoic zircon data
for the Diego de Almagro metamorphic com-
plex. (A) Lazaro unit, compiled data from:
(1) Hervé and Fanning (2002) and (2) Angi-
boust et al. (2017). HT—high temperature.
(B) Almagro high-pressure-low-temperature
(HP-LT) complex Garnet Amphibolite unit
(GA) samples 47a and 39 and compiled data
from Hervé and Fanning (2002), and Blue-
schist unit (BS) sample 43. HP—high pres-
sure. (C) Frequency and density distribution
of U-Pb ion microprobe and whole-rock ages
of volcanic rocks from Jurassic silicic vol-
canism (JSM) event in Patagonia, compiled
data from (1) Rapela and Pankhurst (1993);
(2) Pankhurst et al. (1993); (3) Pankhurst
and Rapela (1995); (4) Alric et al. (1996);
and (5) Pankhurst et al. (2000). DAI—Diego
de Almagro Island. (D) Frequency and
density distribution of U-Pb sensitive high-
resolution ion microprobe (SHRIMP) zir-
con ages from South Patagonian Batholith
(SPB), with compiled data from Hervé et al.
(2007). Schematic map indicates the sample
locations. To facilitate comparison in all
plots, vertical bands discriminate the meta-
morphic and magmatic events, as well as the
maximum sedimentation ages. N—number
of individual samples; n—zircon ages. LC—
Late Cretaceous; EC—Early Cretaceous;
LJ—Late Jurassic; MJ—Middle Jurassic;
EJ—Early Jurassic.

deposited in the oceanic basin during an exten-
sive volcanically active interval (e.g., Miller and
Wark, 2008). The maximum sedimentation age
can therefore be established at 157 + 3 Ma for
the Garnet Amphibolite unit (Fig. 8B).

The second zircon group is characterized by
Early Cretaceous ages (144-120 Ma; Fig. 8B).
Zircon domains of this age cluster are rims
with low Th/U ratio (0.003-0.03) overgrowing
older zircon grains, including a ca. 172 Ma core
(Figs. 5A, 6B, and 6C). Thus, we consider the
zircon rims formed on samples 39 and 47a as
metamorphic in origin. These metamorphic zir-
con domains from the garnet amphibolite unit
yield a weighted mean (errors reported at 20,
n = 34) *8Pb-corrected *Pb/**U age of 131
+ 2 Ma (MSWD = 4.36) and *"Pb/**U age of
133 + 2 Ma MSWD = 0.05). This age range is
~10 m.y. older than the ca. 120 Ma amphibolite-
facies overprint recorded in the Garnet Amphib-
olite unit (see Rb-Sr data in Hyppolito et al.,
2016; Fig. 9A). We propose here that the meta-
morphic rims visible on zircon crystals from
samples 39 and 47a record a stage of zircon
growth during prograde metamorphic condi-
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Figure 9. Summary of pressure-temperature-time (P-7-t) data. (A) Approximate evolution of the subduction thermal gradient from
Early Jurassic to Late Cretaceous based on individual igP-T-¢ estimates for the four units identified on Diego de Almagro Island. See
also the summary of the geochronological results below for each unit. The K-Ar (W04) and zircon fission-track (ZFT) data are from
Willner et al. (2004a). H16—age data from Hyppolito et al. (2016); A17—age data from Angiboust et al. (2017); H99—K-Ar data from
Hervé et al. (1999). The thick, gray shaded line reflects an estimate of the uncertainty on the thermal gradient estimate. SASZ—Seno
Arcabuz shear zone. (B—C) Summary of the proposed P-T-¢ paths for the Lazaro unit (Angiboust et al., 2017), the Seno Arcabuz shear
zone (Data Repository Appendix DR1 [see text footnote 1]), and the Almagro high-pressure-low-temperature (HP-LT) Blueschist (BS)
and Garnet Amphibolite (GA) units (Hyppolito et al., 2016). Note that all the P-T paths apparently converge toward the 1.0 GPa region
(~35 km depth). ECL—Eclogite facies; BS*—Blueschist facies; EBS—Epidote Blueschist facies; GS—Greenschist facies; AE-Amp—
Epidote Amphibolite facies; AMP—Amphibolite facies; GRA—Granulite facies.
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tions (Fig. 9C). Prograde breakdown of ilmenite
to rutile or titanite could represent a good can-
didate to explain the release of the Zr needed
to form these overgrowths (e.g., Bingen et al.,
2001). These new age results enable completion
of the P-T-t path proposed by Hyppolito et al.
(2016) for the garnet amphibolite unit, yield-
ing an approximate residence time estimation
of ~10 m.y. under HP metamorphic conditions
(i.e., between 130 and 120 Ma; Fig. 9).

The Blueschist unit sample 43 exhibits
some zircon grains with prismatic morpholo-
gies, oscillatory zoning, moderate Th/U ratios
of 0.5-0.97, and the youngest U-Th-Pb ages
from Diego de Almagro Island (110-90 Ma;
Figs. 5D and 6D). These zircon grains are con-
sidered as detrital, possibly originating from the
dismantling of the South Patagonian Batholith
(emplaced between ca. 150 Ma and ca. 15 Ma;
Hervé et al., 2007; Fig. 8D) or their associated
volcanic products. These zircon grains were
transported over large distances in the oceanic
basin, followed by subduction and metamor-
phism under blueschist-facies conditions. The
absence of detrital zircon crystals within the age
range 150-115 Ma (Fig. 6D) could be related to
the presence of a topographical barrier triggered
by pluton emplacement and associated uplift
(e.g., Willner, 2005) and/or result from surface
uplift generated by tectonic accretion along the
subduction interface (e.g., Willett et al., 2001).
Hence, we provide a tentative estimate of the
maximum sedimentation age at 97 = 5 Ma for
the Blueschist unit (Fig. 8D). The relatively
young maximum sedimentation ages yielded
by the Blueschist unit demonstrate that this unit
was the last from the Diego de Almagro Island
slice stack to enter the subduction channel.

Angiboust et al.

Last, zircon age patterns for Garnet Amphib-
olite unit and Blueschist unit samples reveal a
common origin for these two units, which is
further supported by analogous lithological
and geochemical affinities (Hyppolito et al.,
2016). We propose that both units represent
distinct segments from the same oceanic basin
(the proto-Pacific ocean floor; e.g., Mpodozis
and Forsythe, 1983). An approximate horizon-
tal distance of ~2000 km between the Garnet
Amphibolite unit and Blueschist unit locations
can be estimated, considering a continuous,
~40 m.y. subduction and an average and con-
stant ~5 cm/yr subduction rate. This statement
confirms that the basal part of Diego de Al-
magro Island was formed by accretion of open-
sea sediments during the Late Cretaceous.

Long-Lasting Record of
Subduction History

Diego de Almagro Island represents a unique
window onto the different structural levels of the
Mesozoic paleo—accretionary wedge in Chilean
Patagonia. As already recognized by Willner
et al. (2004a), Diego de Almagro Island consists
of several bodies that witnessed heterogeneous
thermal histories. The recent work from Hyp-
polito et al. (2016) and Angiboust et al. (2017)
combined with the new results presented here
enable the reconstruction of individual P-T-t
paths for the different elements that constitute
Diego de Almagro Island (Table 1; Fig. 9). The
earliest metamorphic event recorded on the is-
land is preserved in the Lazaro unit, where sea-
floor material metamorphosed under HP-HT
conditions was decoupled from the downgoing
slab and accreted at a depth of ~45 km under

a hot prograde subduction thermal regime (16—
20°/km; Fig. 9; Angiboust et al., 2017). P-T-t
reconstructions have shown that the Lazaro
unit underwent a long-lasting stage of isobaric
cooling along the hanging wall of the subduc-
tion interface (down to 8-10°/km; Fig. 9). The
coeval, ca. 120 Ma amphibolite-facies imprint
recorded by Seno Arcabuz Shear zone rocks, by
the Lazaro unit, and by the garnet amphibolite
unit (Willner et al., 2004a; Hyppolito etal., 2016;
Table 1; Fig. 9A) indicates that the juxtaposition
of each of these slices occurred ca. 120 Ma in
the amphibolite facies. These findings confirm
the importance of the 30-40 km depth range for
juxtaposing tectonic slices from various depths
prior to the onset of forced return flow across
the forearc crust (e.g., Willner et al., 2005). The
slight maximum pressure differences recorded
by Seno Arcabuz shear zone and Lazaro slices
for the amphibolitization stage suggest some
complex interface-parallel tectonic transport
processes in the 0.9-1.3 GPa range, which need
further detailed investigations in order to be
more precisely resolved (Figs. 9B and 9C).
Later, an upper-greenschist-facies to epidote-
blueschist-facies metamorphic event affected
these three units to variable extents, as shown
by the heterogeneous development of thin,
phengite-rich rims around coarse-grained
amphibolite-facies white mica crystals (Angi-
boust et al., 2017; Willner et al., 2004a; Data
Repository Appendix DRI [see footnote 1]).
This process led to (1) the tectonic reworking
of primary kinematic indicators, blurred by this
younger and pervasive event, and (2) partial re-
setting of the isotopic signature, as visible, for
example, in the Ar-Ar and Rb-Sr age data along
the Puerto shear zone, at the base of the Lazaro

TABLE 1. SUMMARY OF SAMPLES USED FOR GEOCHRONOLOGICAL WORK

Main paragenesis

Maximum sedimentation age

Metamorphic ages

Sample Unit Rock name (+Qz) Method (Ma) (Ma)
48b SASZ Mafic schist Hbl-Ep-Ms-Bt-PI-lim Multimineral Rb-Sr 117 +2.6

(amphibolite-facies shearing)
48¢c Mafic schist Hbl-Ep-Ms-Bt-PI-llm  U-Th-Pb Zrn (SHRIMP) ca. 255 No Mesozoic Zrn
24 Lazaro unit LU Paragneiss Ms-Grt-Chl-PI-Ttn Ar-Ar (WM) ca. 251 (1) 100-130

(cooling of Lazaro HP granulites)
29a PSz Mica schist Ms-Chl-Ab-Ttn Ar-Ar (WM) 73+3
(retrograde shearing)
47a Almagro GA Mica schist Phg-Grt-Hbl-Ab-Ttn  U-Th-Pb Zrn (SHRIMP) ca. 157 (2), ca. 175 (3) 130-135
HP-LT (peak burial metamorphism)
39 complex Mica schist Phg-Grt-Hbl-Ab-Ttn ~ U-Th-Pb Zrn (SHRIMP) ca. 180 (3) 125-135
1 (peak burial metamorphism)
39c Mica schist Ms-Grt-Hbl-Ab-Ttn Ar-Ar (WM) 103+5
] (cooling of GA unit)
43 BS Mica schist GIn-Ep-Chl-Ab-Phg  U-Th-Pb Zrn (SHRIMP) ca.97 <10 ym Zrn rims (too thin for
SHRIMP analysis)

18a Mafic tuff Gin-Ep-Chl-Ab-Phg Ar-Ar (WM) 802
1 (peak burial metamorphism)
223j Mica schist Ms-Grt-Chl-Ab-Ttn Ar-Ar (WM) 67 4

(peak burial metamorphism)

Note: Data from (1) Angiboust et al. (2017), (2) Hervé and Fanning (2002), (3) present work. HP-LT—high-pressure—low-temperature; SASZ—Seno Arcabuz shear zone;
LU—Lazaro unit; PSZ—Puerto shear zone; GA—Garnet Amphibolite unit; BS—Blueschist unit. SHRIMP—sensitive high-resolution ion microprobe; WM—white mica; Zrn—
zircon; HP—high pressure. Mineral abbreviations follow the nomenclature of Whitney and Evans (2010).
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unit (Figs. 2A, 4, and 9A). While the timing of
the ca. 80 Ma blueschist-facies event has been
precisely constrained based on consistent Rb-Sr
and Ar-Ar age data (Hyppolito et al., 2016; this
work), the apparent Ar-Ar age span between
110 Ma and 90 Ma in Lazaro unit and Garnet
Amphibolite unit rocks is rather believed to
reflect partial age resetting during incomplete re-
equilibration of the ca. 120 Ma signal during the
ca. 80 Ma deformation event (Table 1; Fig. 9).
The Ar-Ar ages younger than ca. 80 Ma (29a
and 223j) may also be explained by the partial
reopening of the blueschist-facies fabric during
a younger deformation event. In the Puerto shear
zone, this post-80 Ma event may correspond to
the deformation that triggered the juxtaposition
and the underplating of the Blueschist unit below
the Garnet Amphibolite unit near ~40 km depth,
some millions of years after peak burial condi-
tions at ~60 km depth and ca. 80 Ma (Fig. 10).
Our widely distributed age data reveal that the
Diego de Almagro Island nappe stack fossilized
the evolution of subduction interface deforma-
tion between 165 Ma and 70 Ma, i.e., over nearly
~100 m.y. (for similar observations on Paleozoic
rocks in central Chile, see Willner et al., 2005).
Natural occurrences of paleo—subduction zones
with such a long-term metamorphic record are

rare and include HP metamorphic complexes
in Cuba (e.g., Lazaro et al., 2009; Despaigne-
Diaz et al., 2016), Dominican Republic (Krebs
et al., 2008), and California (e.g., Platt, 1986;
Grove et al., 2008; Ducea et al., 2009; Waka-
bayashi, 2015). We interpret the discrete defor-
mation-recrystallization pulses identified in
our new geochronological data as evidence for
transient episodes of underplating that led to
the construction of Diego de Almagro Island
as it is now visible in the field. The finding of
the oldest metamorphic ages in the core of the
Lazaro unit (ca. 165 Ma) and the youngest in
the southwestermost end of Diego de Almagro
Island (“Cabo Jorge”; point 223 on Fig. 1B;
ca. 65 Ma) conforms with the idea that progres-
sive down-stepping of plate interface defor-
mation with ongoing accretionary processes
is a common process in long-lived subduction
zones (Fig. 10; Platt, 1986; Kimura et al., 1996;
Glodny et al., 2005; Willner et al., 2005; Angi-
boust et al., 2014; Wakabayashi, 2015). This
sequence of discrete accretion events is con-
firmed by the progressively younger maximum
sedimentation ages observed from the Seno
Arcabuz shear zone and Lazaro units (255—
250 Ma) to the Almagro HP-LT complex Garnet
Amphibolite unit (ca. 157 Ma) and lowermost

Blueschist unit (ca. 97 Ma). The metamorphic
history of Diego de Almagro Island is remi-
niscent of the long-term tectonic and thermal
evolution reported for Catalina Island in the
Franciscan complex in California, where coeval
underplating and subduction thermal gradient
cooling have been proposed (e.g., Grove et al.,
2008, and references therein). This observation
suggests that such long-term dynamics in the
35-40 km depth region may be the rule in most
subduction zones worldwide (for such example
in the Cascades region, see Calvert et al., 2011).
Out-of-sequence tectonic reactivation of former
thrust contacts during exhumation may have
partially reset geochronological markers (as
shown by relatively young Ar-Ar ages along the
Puerto shear zone; Fig. 9A) but did not modify
the overall deep duplex architecture remarkably
recorded on Diego de Almagro Island.

Seno Arcabuz Shear Zone Deformation and
Exhumation of Diego de Almagro Island

Understanding the evolution and the geologi-
cal meaning of the Seno Arcabuz shear zone is
critical because this first-order structural ele-
ment may represent the former plate bound-
ary prior to accretion of the Lazaro unit to the
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Figure 10. Tectonic sketch showing the inferred architecture of the deep accretionary wedge in the basal accre-
tion region and the location of Diego de Almagro Island (DAI) at ca. 70 Ma, after underplating of the Blueschist
unit exhumed in a subduction channel from greater depths. The horizontally ruled material along the plate
interface represents the sediment-rich subduction channel. Note that the Permian—Triassic Madre de Dios ac-
cretionary complex composes a large part of the forearc crust. Seno Arcabuz shear zone (SASZ) and Lazaro
units are colored in purpled and derive from the tectonic erosion of the Permian—Triassic wedge, while Garnet
Amphibolite unit (GA) and Blueschist unit (BS) represent accreted material from the Mesozoic proto-Pacific
ocean floor. The upward arrows represent the forced return flow of basally accreted rocks traveling through
the forearc. Our results do not permit discrimination regarding whether the sliver corresponding to the Seno

Arcabuz shear zone was accreted before or after the Lazaro unit. Zrn—zircon.
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Gondwana margin. The zircon population sig-
natures of Seno Arcabuz shear zone and Lazaro
unit samples suggest that both units formed
by tectonic erosion at the trench of fragments
of the Permian—Triassic Madre de Dios accre-
tionary complex, followed by underplating at
35-40 km depth (Figs. 9 and 10; Data Reposi-
tory Appendix DR3 [see footnote 1]; Angiboust
et al., 2017). Prograde actinolite inclusions are
found in hornblende from Seno Arcabuz shear
zone samples (Data Repository Appendix DR1
[see footnote 1]) but are absent from Lazaro unit
amphibolites due to a higher metamorphic de-
gree (Angiboust et al., 2017). In addition, peri-
tectic garnet crystals that are widespread in the
Lazaro unit have not been observed as cores in
Seno Arcabuz shear zone samples. These two
points suggest that the rocks forming the Seno
Arcabuz shear zone represent a separate sliver
(on the hanging wall of the Lazaro unit) derived
from the Madre de Dios accretionary complex
(Fig. 10). Microstructural observations com-
bined with a Rb-Sr deformation age on sample
48b indicate that the amphibolite-facies defor-
mation responsible for the juxtaposition with
the underlying Lazaro unit occurred at around
117 Ma under a pressure of ~0.9 GPa and in
the temperature range 600-640 °C (Figs. 3 and
10; Data Repository Appendix DR1 [see foot-
note 1]). The observation of a discrete and static
HP-LT overprint over this mylonitic fabric sug-
gests that the HT sinistral strike-slip deforma-
tion apparently ended along the Seno Arcabuz
shear zone in the Late Cretaceous between
ca. 117 Ma and ca. 65 Ma (see zircon fission-
track ages of Willner et al., 2004a; Fig. 9A). We
therefore hypothesize that the major part of Seno
Arcabuz shear zone strike-slip deformation was
related to oblique convergence and deformation
partitioning during the Early Cretaceous sub-
duction event. A younger white mica K-Ar age
of 89 + 8 Ma reported by Hervé et al. (1999;
see also Olivares et al., 2003) may reflect partial
recrystallization along the Seno Arcabuz shear
zone during the Late Cretaceous associated with
ongoing underplating in the basal accretion site
under HP-LT conditions (Fig. 9).

Zircon and apatite fission-track ages given by
Olivares et al. (2003) and Willner et al. (2004a)
indicate that Seno Arcabuz shear zone rocks
reached subsurface conditions during the Eo-
cene. Some younger and cooler deformation is
required to explain the present-day juxtaposition
of Seno Arcabuz shear zone rocks at the same
level as the adjacent Permian—Triassic LP-LT
Madre de Dios accretionary complex. Since
fault zones generally narrow with decreasing
temperature, the missing structure probably lies
in the Seno Arcabuz shear zone bay and is ac-
tually hardly visible on the shore (see Olivares

Angiboust et al.

et al., 2003; Fig. 1C). Further field investiga-
tions are needed to identify the structure that
enabled the exhumation of the Seno Arcabuz
shear zone from ~35 km depth to the subsurface.
Given the similarity between exhumation paths
for the Seno Arcabuz shear zone, the Lazaro
unit, and Garnet Amphibolite unit (all these
units exhibit, for instance, the same type of thin
phengite overgrowths around muscovite crys-
tals; see, e.g., Willner et al., 2004a; Data Reposi-
tory Appendix DR1 [see footnote 1]), it is likely
that the entire Diego de Almagro Island nappe
stack was exhumed along this hidden structure
(Fig. 10). Normal-faulting displacement along
this structure also enabled the apparent juxta-
position of the South Patagonian Batholith to-
gether with the Diego de Almagro Island nappe
stack. We stress that the depth (~35 km) of the
processes recorded on Diego de Almagro Is-
land during amphibolitization at ca. 120 Ma is
more than four times greater than the inferred
emplacement depth for the granitoids from the
South Patagonian Batholith (~7 km depth; e.g.,
Parada et al., 2007, and references therein). In
other words, a >25 km section of (accreted) ma-
terial was removed above the Diego de Almagro
Island slice stack between the mid-Cretaceous
and late Eocene to enable its juxtaposition
with the adjacent South Patagonian Batholith
(Fig. 1). Vertical exhumation of the Diego de
Almagro Island nappe stack through the forearc
crust (e.g., Platt, 1986; Willner, 2005) implies
that a very broad (>100-km-wide) Permian—Tri-
assic wedge was present in a forearc position
until the early Cenozoic (Fig. 10). This setting
recalls the structure proposed by Willner (2005)
for the Western series in central Chile, where
such a thick Paleozoic wedge has been identi-
fied. The late exhumation of the Diego de Al-
magro slice stack, characterized by a massive
greenschist-facies overprint and a crenulation
cleavage (Willner et al., 2004a; Richter et al.,
2007; Hyppolito et al., 2016), suggests a slug-
gish uplift rate during the crossing of the forearc
crust, probably associated with ongoing under-
plating of younger units in the basal accretion
site (Fig. 10).

CONCLUSIONS

Diego de Almagro Island represents an ex-
humed section composed of four tectonic
slivers from the basal accretion region. Exten-
sive petrological, geochemical, and geochrono-
logical investigations have led to the following
conclusions:

(1) The four tectono-metamorphic units
identified were successively accreted in the 35—
40 km depth range at the base of a huge accre-
tionary prism over a nearly 100 m.y. interval, be-
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ginning with HP granulite-facies metamorphism
at ca. 165 Ma and terminating with an epidote
blueschist event at ca. 80 Ma. Each shear zone
separating the different slices can be viewed as
a transient plate interface contact that was used
until episodic down-stepping of the main defor-
mation front and associated underplating of a
new slice occurred. Our observations, which
are similar to the mechanisms and the overall
architecture described for Catalina Island in the
Franciscan complex, shed light on a unique,
large-scale window into the physical nature of
the southern Chilean subduction interface region
near the base of the seismogenic zone.

(2) Despite heterogeneous maximum burial
depths (in the range of 40-60 km), the elements
of the slice stack document the long-term evo-
lution of the subduction thermal gradient from
~20°/km in the Middle Jurassic down to ~8°/km
in the Late Cretaceous. The Lazaro unit records
protracted metamorphic evolution of more
than ~90 m.y.

(3) The provenance of the rocks now form-
ing the island remained constant over the entire
Mesozoic Era: All the units exhibit a zircon dis-
tribution signature very similar to the one from
a Permian-Triassic paleo—accretionary wedge
exposed in the forearc buttress. Evidence for
tectonic erosion of this older wedge is observed
in the two uppermost tectonic slivers (Seno
Arcabuz shear zone and Lazaro unit), while the
younger, lowermost units (Almagro HP-LT com-
plex Garnet Amphibolite and Blueschist units)
derive from the proto-Pacific ocean floor and
exhibit younger zircon maximum sedimentation
ages (up to ca. 97 Ma). The structure and mecha-
nisms described on Diego de Almagro Island can
be viewed as a representative, fossilized image
of the deformation and the long-term thermal
evolution of the southern Chilean forearc. These
results will also shed light on the structure of the
deep segments of accretionary wedges studied
by geophysical methods and improve our under-
standing of crustal recycling along convergent
margins through geologic time.
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