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Rare remnants of a Mesozoic subduction high pressure (HP) accretionary complex are exposed on Diego de
Almagro Island in Chilean Patagonia. We herein focus on the Lazaro unit, a coherent slice of oceanic crust exposed
on this island that has been first affected by high temperature (HT) metamorphism followed by a lower temper-
ature deformation event (LT). Its Pressure-Temperature-time (P-T-t) evolution is reconstructed using field and
petrographic observations, phase relations, thermobarometry and geochronology. Remnants of a primary am-
phibolite to HP granulite-facies event in mafic rocks comprising garnet (with ilmenite exsolutions), diopside,

Keywords:
Hciv‘s/ubduction trondhjemitic melt, pargasite, plagioclase + epidote are reported for the first time in neosomes, indicating
Patagonia peak P-T conditions of 1.1-1.3 GPa and c. 750 °C. This peak T paragenesis has been thoroughly overprinted by

a phengite-chlorite-actinolite assemblage during isobaric cooling down to c. 450 °C. U-Pb dating of zircon meta-
morphic rims from a metasedimentary rock yielded a homogeneous age population of 162 + 2 Ma for the HT
event. Sm-Nd dating of two peritectic garnet-bearing samples yield ages of 163 + 2 Ma and 163 + 18 Ma for
the HT event. Multi-mineral Rb-Sr dating of a metasedimentary rock overprinted by LT deformation suggests ret-
rograde shearing between 120 and 80 Ma. Our results show that the HT event in the Lazaro unit took place at
around 160-165 Ma, shortly before the onset of Patagonian Batholith emplacement. Partial melting of subducted
oceanic crust reported in the Lazaro unit is related to the early stages of hot subduction along the Gondwana
western margin. The Lazaro unit remained at c. 40 km depth along the subduction interface for >80 Ma, recording
the deformation and long-term cooling of the subduction channel environment until the upper Cretaceous.

© 2016 International Association for Gondwana Research. Published by Elsevier B.V. All rights reserved.
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1. Introduction

During the consumption of oceanic lithosphere, fluids and melts
from the lower plate are transferred to the upper plate, leading to partial
melting of the ultramafic wedge and the formation of volcanic arcs, ul-
timately contributing to the chemical differentiation of the Earth
(Tatsumi and Eggins, 1995). Mass transfer processes across the subduc-
tion interface have been extensively studied via geochemical, petrolog-
ical and geophysical investigations (Peacock et al., 1994; Oncken et al.,
2003; Maruyama et al., 2009; Spandler and Pirard, 2013; Schmidt and
Poli, 2014). Although subject to contamination during migration
through the upper plate, arc magmas and volcanic rocks yield valuable
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information on chemical differentiation and volatile transport
highlighting the contribution of various lithological compounds to the
melting process (e.g. Plank and Langmuir, 1993; Walowski et al.,
2015). Furthermore, high pressure rocks and exhumed former subduc-
tion interfaces have the potential to provide in situ insights into natural
processes taking place within the mantle wedge region and beneath
volcanic arcs (e.g. Hermann et al., 2006; John et al., 2012).

Only a few natural examples documenting partial melting processes
and trondhjemite-tonalite genesis in oceanic subduction zones have
been reported (e.g. Catalina Schists: Sorensen and Barton, 1987; Cuba
mélanges: Garcia-Casco et al., 2008, Lazaro and Garcia-Casco, 2008; N.
[ran: Rossetti et al., 2010). The apparent scarcity of such occurrences
can be explained by the rarity of material exhumed from sub-arc depths
(>100 km) where temperatures are high enough (>700 °C) to enable
partial melting of the oceanic crust along normal subduction gradients
(e.g. Syracuse et al., 2010). Known occurrences of melt-bearing, ex-
humed oceanic crust localities correspond to shallower rocks subducted
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along a hot prograde pressure-temperature (P-T) path (c. 20°/km). Such
conditions may have been reached (i) during Archean times (e.g. Van
Hunen and Moyen, 2012), (ii) shortly after subduction initiation (e.g.
Stern, 2004) or (iii) during subduction of young oceanic lithosphere
(e.g. Blanco-Quintero et al., 2011).

We herein report a new occurrence of high-pressure partial melting
of subducted oceanic crust on the remote Diego de Almagro Island (Fig.
1; DAI, Chilean Patagonia) and discuss the meaning of this event in the
light of new thermobarometric, geochemical and geochronological data.
This island represents a unique vestige of a fossil accretionary system
developed at the southwestern margin of Gondwana (Hervé and
Fanning, 2003; Willner et al., 2004a), where different slices of oceanic
crust were underplated between c. 120 Ma and c. 80 Ma and metamor-
phosed under blueschist to eclogite-facies conditions (Hyppolito et al.,
2016). The new results presented here open a window for better under-
standing the origin of partially molten rocks in this paleo-subduction
system and their tectonic significance in a regional context.

2. Geological setting

A very lengthy mountain chain, the Chilean Coastal Cordillera, is ex-
posed almost continuously between latitudes 28° S and 55° S, and in-
cludes subduction complexes of Late Paleozoic and Mesozoic ages
developed at the southwestern margin of the Gondwana continent via
basal and frontal accretionary processes (Hervé, 1988; Glodny et al.,
2005; Willner, 2005; Kato and Godoy, 2015). Only three occurrences of al-
bite-epidote amphibolite-facies subduction channel rocks (with counter-
clockwise P-T paths) have been described along these coastal complexes
(Los Pabilos: Willner et al., 2004b; Kato et al., 2008; Punta Sirena: Willner,
2005; Hyppolito et al., 2014; Los Caldos: Willner et al., 2012). South of ca.
46° S, on the western side of the South Patagonian Batholith, isolated ex-
posures of Mesozoic accretionary complexes occur (e.g. Madre de Dios,
Diego de Almagro and Diego Ramirez complexes) (e.g. Hervé et al.,
2008). Diego de Almagro Island (DAI) is a remote locality (51° 30’ S)
close to the Strait of Magellan in Chilean Patagonia (Fig. 1a), which em-
braces outcrops of Mesozoic metamorphic complexes formed during sub-
duction of the paleo-Pacific ocean beneath the western margin of
Gondwana (e.g. Charrier et al., 2007; Hervé et al., 2007; Willner et al.,
2004a). To the East of the DAI is exposed the Madre de Dios Accretionary
Complex (MDAC), a frontally accreted Triassic actinolite-pumpellyite-
facies accretionary prism (Forsythe and Mpodozis, 1979; Hervé et al.,
1999; Septlveda et al., 2010) where peak metamorphic conditions of
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~290-310 °C and 0.4-0.6 GPa have been determined (Willner et al.,
2009; Fig. 1a). The DAI is formed by the Cretaceous accretionary Diego
de Almagro Metamorphic Complex (DAMC) (Hervé and Fanning,
2003; Willner et al., 2004a; Hyppolito et al., 2016). The MDAC and
DAMC, which formed by diachronic tectonic processes, are now sepa-
rated by a ductile NNW-trending shear zone (the Seno Arcabuz Shear
zone: SASZ; Hervé and Fanning, 2003; Olivares et al., 2003; Willner et
al., 2004a, 2009). Sinistral strike-slip transport along this shear zone
led to partial reworking of the eastern part of the DAI and juxtaposition
of the MDAC (Fig. 1b; e.g. Hervé et al., 1999; Olivares et al., 2003;
Willner et al., 2009). The main amphibolite-facies deformation event
along the SASZ has been estimated from orthogneisses by Willner et
al. (2004a) to be around 580-690 °C and 0.5-0.6 GPa. A K-Ar analysis
of muscovite yielded an age of 122 + 4.6 Ma for a garnet mica schist
from the SASZ. Willner et al. (2004a) interpreted the HT metamorphism
of the SASZ as a consequence of heat advection from the coeval mag-
matic arc suggesting the formation of a paired belt system in the
DAMC (coeval HP-LT and LP-HT belts).

Some DAMC rocks have revealed mid- to late Jurassic protoliths
metamorphosed during the early Cretaceous (Hervé et al., 1999;
Hervé and Fanning, 2003; Olivares et al., 2003; Willner et al., 2004a). Re-
cent investigations (Hyppolito et al., 2016) have shown that the DAMC
is divided into two main parts: the Almagro HP-LT Complex (AC) to the
SW and the Lazaro unit to the NE. The Lazaro unit is limited to the E by
the SASZ (Fig. 1c). Both the Almagro HP-LT Complex (AC) and the
Lazaro unit underwent HP metamorphism and are separated by a
major, 50-100 m thick shear zone: the Puerto Shear Zone (PSZ; Fig.
1c; Hervé and Fanning, 2003; Hyppolito et al., 2016). The AC is domi-
nantly composed of N- and E-MORB-type mafic meta-tuffs and meta-
pillow lavas with minor intercalations of metasediments (spessartine
quartzites and pelitic schists) (Willner et al., 2004a; Hyppolito et al.,
2016). Peak pressure metamorphic conditions have been estimated be-
tween 1.5 and 1.8 GPa (Hyppolito et al., 2016). Below the PSZ thrust,
bodies with relics of eclogite-facies metamorphism with a strong am-
phibolite-facies overprint (the garnet amphibolite unit) yield multi-
mineral Rb-Sr ages of c. 120 Ma (Hyppolito et al., 2016). The garnet am-
phibolite unit overlies (and is locally tectonically imbricated with)
blueschist-facies rocks devoid of an amphibolite-facies overprint that
yield much younger Rb-Sr deformation ages of c. 80 Ma (Hyppolito et
al, 2016).

The Lazaro unit, on the other hand, has barely been investigated. A
few orthogneiss samples have been studied by Hervé et al. (1999),
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Fig. 1. Geological map of the Lazaro unit. a. Location of Diego de Almagro Island in Chilean Patagonia. b. Simplified geological map of the island showing the main units forming the Diego de
Almagro Metamorphic Complex (DAMC) and the Seno Arcabuz Shear Zone (SASZ) that partly reworked the structure in the Lazaro unit (MDAC: Madre de Dios Accretionary Complex). c.

Satellite image showing the sampling localities as well as the main structural features.
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Hervé and Fanning (2003 ) and Willner et al. (2004a). These authors no-
ticed that some samples from the Lazaro unit rocks record metamor-
phism under a relatively warm thermal gradient and also proposed
that an orthogneiss body exposed along the SASZ may represent a crust-
al fragment tectonically eroded from the upper plate that was juxta-
posed with HP-LT metamorphic rocks during subduction. The U-Pb
age range of 165-170 Ma obtained for zircon rims from a metagranite
has been interpreted as a record of pre-subduction extension-related
magmatism associated with the break-off of Gondwana during the
late Jurasic (Hervé and Fanning, 2003), which culminated with the
early development of mafic oceanic-type crust (e.g. the Rocas Verdes
basin) at c. 155 Ma (Calderon et al., 2013).

3. Rock types and field relationships of the Lazaro unit

Two field missions focusing on the southern coast of the Diego de
Almagro Island were organized in 2007 and 2015. Sampling, petrologi-
cal observations and structural measurements led to the characteriza-
tion of the Lazaro unit, a coherent unit forming the eastern and south-
eastern part of the island where abundant amphibolite and orthogneiss
bodies have been reported (Hervé and Fanning, 2003). Our observa-
tions, in line with Hervé and Fanning (2003) and Willner et al.
(2004a), show that the Lazaro unit has been affected by an early perva-
sive HT tectono-metamorphic stage followed by a LT overprint. The first
HT metamorphic event led to the formation of a subvertical

& = lamphibolite [

metamorphic foliation striking N-S to NE-SW (Fig. 1c; Electronic Ap-
pendix 1). These primary structures are cross-cut by a series of NW-SE
striking, greenschist-facies shear zones sub-parallel to the main PSZ
structure (Fig. 1c). High Temperature fabrics within the lowermost hun-
dred meters of the Lazaro unit have been transposed along the PSZ lead-
ing to the formation of C-S greenschist-facies mylonites as well as
rotation-recrystallization of garnet into chlorite. Top-to-NW kinematic
indicators as well as evidence of back-shearing have been observed
along this thrust contact, which dips 30° to the SE. Similar mylonites
are visible in the hanging wall of the underlying Almagro HP-LT Com-
plex, which is also affected by this mylonitization stage.

Evidence for an early high-temperature metamorphic event in the
Lazaro unit is attested by the ubiquitous presence of garnet amphibolite
and felsic gneiss in all sampling localities (Fig. 1c; Fig. 2a and b). The
most frequent rock type in the studied area is a coarse-grained amphib-
olite with large amounts (>50 vol.%) of dark amphibole crystals be-
tween 1 and 3 mm in size. At locality #21 (Fig. 1¢) a pluri-hectometric
orthogneiss body occurs with coarse-grained intergrowths of horn-
blende crystals and fibrous epidote that exhibit a pegmatite-like struc-
ture (Electronic Appendix 1; see also Willner et al., 2004a, 2004b). At
several localities (e.g #25 and #2-31), relics of a garnet-
clinopyroxene-plagioclase assemblage suggest that peak metamorphic
conditions reached the high pressure granulite facies of Pattison
(2003) (stage 1; see Fig. 3a, and petrological results below). All studied
localities also exhibit evidence of partial melting of amphibolite with

i
garnet
megablas

Fig. 2. Field pictures of Lazaro unit exposures. a. Representative Lazaro unit outcrop showing a dark, garnet amphibolite containing numerous decimeter-thick strongly folded leucosomes.
b. Coastal exposure of a garnet amphibolite (locality #25) showing 10-cm sized peritectic garnet associated with a yellowish leucosome. c. Representative field view (locality #29) of a
garnet amphibolite matrix comprising garnetite layers that can continuously be followed over hundreds of meters. d. Outcrop view of a garnet amphibolite (locality #26) in which

garnet megablasts of 15 to 25 cm in diameter can be observed (hammer for scale).
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Fig. 3. Hand specimen photos of Lazaro unit HP-HT rocks. a. Polished slab of sample #25 showing a garnet-bearing leucosome comprising peritectic garnet in equilibrium with green
diopside and recrystallized melt (mainly formed by quartz and epidote). b. Polished slab of a quartz-epidote-feldspar leucosome cutting through the amphibolite matrix (sample #23).
c. Representative view of a sample from a garnetite layer (garnet-bearing residuum) showing high garnet content (>40 vol.%) and abundant hornblende crystals (sample #25c). Note
that garnet has been partly replaced by chlorite during cooling. d. Polished section of one of the garnet megablasts shown in picture 2d. This garnet crystal has been wrapped later by
an amphibolite-facies matrix (sample #26b). e. Scanned rock slab of a heterogeneous lithological sequence comprising a diopside-epidote assemblage (left), a hornblendite layer
(middle) and a pinkish spessartine quartzite (right). This sample (#25a) probably corresponds to a former oceanic volcano-sedimentary rock. f. Polished sample showing the
preferential growth of peritectic garnet with quartz-epidote assemblages (former melt) in the middle of an amphibolite (locality #25).

two distinct types of neosomes (following the nomenclature of Sawyer,
2008). Leucosomes contain whitish, cm-sized folded leucocratic bands
mainly formed by (saussuritized) plagioclase, quartz, epidote and local-
ly mm-sized titanite crystals (Figs. 2a and 3b). Such leucosomes have
been named trondhjemites by Hervé and Fanning (2003 ). Melanosomes
are characterized by garnet, quartz and epidote and local clinopyroxene
(Figs. 2b, c and 3c). The proportion of garnet in the melanosomes can be
very variable depending on the degree of melt extraction. Some of the
garnet bearing melanosomes that contain >50 vol.% garnet are named
hereafter garnet-bearing restites (Fig. 3c). The latter form 10 to 50
cm-thick reddish layers that can be continuously tracked over hundreds
of meters (Fig. 2c). These networks strike mainly N-S, parallel to the HT
fabric, in the two localities where they have been identified (Fig. 1c). At
sampling locality #26, several boulders on the seashore exhibit very

large, facetted euhedral garnet megablasts (up to 20 cm in diameter)
within an amphibolite facies matrix (Figs. 2d and 3d).

Importantly, our field observations revealed the presence of felsic
gneiss derived from metasedimentary rocks within the Lazaro unit, in-
terleaved with hornblende-bearing mafic lithologies (Electronic Appen-
dix 1). These rocks are very retrogressed and now characterized by a
large amount of quartz, white mica and, to a lesser extent, hornblende
porphyroblasts (e.g., sample #24). Two distinct sampling localities
(#22 and #25) also exhibit cm-thick silica-rich layers interbedded
with amphibolites and containing numerous garnet crystals that give
the rock a reddish appearance (Fig. 3e). This texture recalls coticules
(spessartine quartzites) reported in various localities along the Chilean
paleo-accretionary wedge as well as within the underlying blueschist-
facies Almagro Complex (Willner et al., 2001; Hyppolito et al., 2016).
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We finally remark that (i) the Lazaro unit comprises an alternation
of decameter-thick metasedimentary layers interbedded within mafic
lithologies, (ii) partial melting products are restricted to meter to deca-
meter-thick leucosomes, and (iii) mantle lithologies (e.g. peridotite,

serpentinite) are lacking in the studied area.

4. Analytical methods

Petrological study has been performed on a set of 20 representative
samples located on Fig. 1c. Electron probe microanalyses were
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performed at the GFZ Potsdam with a JEOL-JXA 8230 probe under com-
mon analytical conditions (15 kV, 20 nA, wavelength-dispersive spec-
troscopy mode), using a 10 pm beam. Standards used for the
calibration as follows: orthoclase (Al, Si, K), fluorite (F), rutile (Ti),
Cr,03 (Cr), wollastonite (Ca), tugtupite (Cl), albite (Na), MgO (Mg),
Fe,03 (Fe) and rhodonite (Mn). Table 1 offers selected analyses of
major phases. Elemental XR maps were obtained with the same ma-
chine and with a CAMECA SX-100 microprobe (Center of Scientific Facil-
ities of the University of Granada), using albite (Na), periclase (Mg),
SiO, (Si), Al,03 (Al), sanidine (K), Fe,03 (Fe), MnTiO3; (Mn), SO4Ba

Table 1
Representative minerals analyses for both stage 1 (HT) and stage 2 parageneses (LT).

Sample 2-21d 2-21d #22  Sample #25A #25  #25A Sample #25A Sample 2-36D #21A1 Sample #24 #25A Sample #27
Label Amp Amp Amp Label Px Px Px Label Zol Label Core Core Label White mica White mica Label Fsp
Class. Par Par Par Class. Di Di Di Class. Ep Class. Grt Grt Class. Ms Ms Class. Olig.
Point 1549 1552 5494 Point 5306 5338 5382 Point 5296 Point 667 5024  Point 5457 5312 Point 6377
Stage HT HT HT Stage HT HT HT Stage HT Stage HT HT Stage HT HT Stage HT
SiO, 4239 42778 41.75 SiO, 5222 4946 50.92 SiO, 37.98 SiO, 3925 38.16  SiO, 44,99 45.26 Si0, 62.38
TiO, 074 076 085 TiO, 018 025 0.16 TiO, 0.03 TiO, 0.09 0.07 TiO, 0.51 0.00 TiO, 0.01
Al,05 1461 14.05 1297 AlLO; 334 202 258 AlLO; 29.15 AlL03 2227 2133 AlLO; 3581 37.82 Al,03 2297
FeOt 15.68 15.14 18.73 FeOt 1331 15.88 19.88 Fe,0O3 723  FeOt 25.00 2549  FeOt 1.29 0.93 Fe,0;5  0.26
MnO 010 012 064 MnO 040 024 039 MnO 0.17 MnO 0.73 0.92 MnO 0.00 0.05 Ca0 491
MgO 919 956 932 MgO 1575 992 1251 MgO 0.06 MgO 7.85 7.34 MgO 0.81 0.44 Na,0 8.80
Ca0 1097 11.07 1151 CaO 1342 2092 1228 (a0 2399 Ca0 6.39 6.96 Ca0 0.00 0.07 K>0 0.03
Na,O0 248 242 1.68  Na,O 042 046 029 Total 98.62 Total 101.58 100.27 BaO 0.36 0.18 Total 99.36
K,0 050 0.62 1.19 K0 0.10 0.06 0.19 Si 294 Si 2.97 2.94 Na,0 1.05 1.34 Si 2.78
Total 96.67 96.61 98.64 Total 99.14 9921 9929 Ti 000 Ti 0.01 0.00 K,0 9.48 8.88 Ti 0.00
Si 635 641 622 Si 195 191 196 Al 266 Al 1.99 1.94 Total 94.34 94.96 Al 1.21
Al 258 248 228 Ti 001 001 000 Fe*" 042 Fe’™ 0.06 0.18 Si 3.03 3.00 Fe’+ 0.01
Ti 008 0.09 010 Al 015 0.09 0.12 Mn 001 Fe*™ 1.52 1.46 Ti 0.03 0.00 Ca 0.23
Fe3* 014 009 056 Fe** 0.00 0.12 000 Mg 001 Mn 0.05 0.06 Al 2.84 2.95 Na 0.76
Fe?* 1.82 180 178 Fe’* 042 040 064 Ca 199 Mg 0.89 0.84 Fe?* 0.07 0.05 K 0.00
Mg 205 214 207 Mn 001 0.0.1 001 XCz 086 Ca 0.52 0.57 Mn 0.00 0.00 XAb 0.76
Mn 0.01 0.01 0.08 Mg 088 0.57 072 XPs 014 mg# 0.37 0.37 Mg 0.08 0.04 XAn 0.24
Ca 1.76 178 184 CQa 054 0.86 051 XAlm  0.51 0.50 Ca 0.00 0.00 XOr 0.00
NaB 020 020 009 Na 003 0.03 0.02 XPyp 0.30 0.29 Ba 0.01 0.00
NaA 052 051 040 K 0.00 0.00 0.01 XGrs 0.17 0.20 Na 0.14 0.17
K 010 012 023 mg# 068 0.59 053 XSps 0.02 0.02 K 0.81 0.75
sumA 062 063 063 q 968 964 977 mg# 0.53 0.46
mg# 053 054 054 ]d 32 1.6 2.3

Acm 0.0 2.0 0.0

Na/Na +Ca 0.1 0.0 0.0

Jd 0.02 0.03 0.02

CaTs 003 0.08 0.03

Di 064 052 051

Hd 030 036 045
Sample #28 #29 Sample #25A Sample #25A #25A Sample #25A #22 Sample #25C #25A
Label Amp Amp Label Z02 Label Grt Grt Label White mica White mica Label Fsp Fsp
Class. Act Act Class. Ep Class. Grt Grt Class. Phg Phg Class. Ab Ab
Point 5185 5186 Point 5298 Point 5728 5733 Point 5302 5504 Point 5090 5297
Stage LT LT Stage LT Stage LT LT Stage LT LT Stage LT LT
Si0, 53.80 53.01 Si0, 37.82 Si0, 37.08 36.84 Si0, 48.07 50.38 Si0, 67.83 65.64
TiO, 0.08 0.05 TiO, 0.00 TiO, 0.04 0.09 TiO, 0.06 0.23 TiO, 0.00 0.00
Al,05 2.60 2.74 Al,03 26.47 Al,03 20.11 19.82 Al,05 2737 25.57 Al,03 20.56 2043
FeOt 16.15 16.24 Fe,04 10.51 FeOt 21.20 22.41 FeOt 4.56 4.66 Fe,03 0.24 0.48
MnO 0.25 0.27 MnO 0.15 MnO 7.15 522 MnO 0.07 0.07 Ca0 0.32 1.80
MgO 13.15 13.43 MgO 0.01 MgO 1.76 2.35 MgO 2.95 3.27 Na,O 11.89 10.88
Ca0 11.39 11.11 Ca0 23.44 Ca0 12.17 12.58 Ca0 0.07 0.02 K,0 0.05 0.06
Na,O 0.85 1.09 Total 97.38 Total 99.62 99.46 BaO 0.32 0.24 Total 100.91 99.32
K,0 0.13 0.14 Si 2.96 Si 2.96 293 Na,0 0.13 0.10 Si 293 2.89
Total 98.39 98.07 Ti 0.00 Ti 0.00 0.01 K;0 10.67 10.76 Ti 0.00 0.00
Si 7.77 7.69 Al 244 Al 1.89 1.86 Total 94.33 95.32 Al 1.05 1.06
Al 0.44 0.47 Fe*+ 0.62 Fe*+ 0.19 0.26 Si 3.30 3.42 Fe*+ 0.01 0.02
Ti 0.01 0.01 Mn 0.01 Fe? 1.23 1.23 Ti 0.00 0.01 Ca 0.01 0.08
Fe3* 0.12 0.23 Mg 0.00 Mn 0.48 0.35 Al 2.22 2.04 Na 0.99 0.93
Fe?* 1.83 1.74 Ca 1.97 Mg 0.21 0.28 Fe?* 0.26 0.26 K 0.00 0.00
Mg 2.83 2.90 XCz 0.80 Ca 1.04 1.07 Mn 0.00 0.00 XAb 0.98 0.91
Mn 0.03 0.03 XPs 0.20 mg# 0.15 0.18 Mg 0.30 0.33 XAn 0.01 0.08
Ca 1.76 1.73 XAlm 0.41 0.42 Ca 0.00 0.00 XOr 0.00 0.00
NaB 0.20 0.21 XPyp 0.07 0.10 Ba 0.01 0.01
NaA 0.04 0.10 XGrs 0.35 0.37 Na 0.02 0.01
K 0.02 0.03 XSps 0.16 0.12 K 0.94 0.93
sumA 0.06 0.12 mg# 0.54 0.56
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(Ba), Cr,03 (Cr), diopside (Ca), TiO, (Ti) and vanadinite (Cl) as calibra-
tion standards. The images were processed with the software
DWImager (Torres-Roldan and Garcia-Casco, unpublished) (Fig. 6). To
highlight the minerals and textures of interest, other mineral phases
were masked out, and the color images of the phases of interest were
overlain onto a grayscale image base-layer calculated with the expres-
sion Y [a.p.fu./nA/s)i *Ai, (where A is the atomic number and i corre-
sponds to Si, Ti, Al, Fe, Mn, Mg, Ca, Na, Ba, K, P, F and Cl) that contains
the basic textural information of the scanned areas. Ternary phase dia-
grams were calculated using the software CSpace (Torres-Roldan et
al,, 2000).

Amphibole compositions were normalized following the scheme of
Leake et al. (1997) with Fe** estimated using the average normaliza-
tion-factor. Chlorite and white mica were normalized to 28 and 11 oxy-
gens, respectively, assuming Fe, = Fe? ™. Garnet and clinopyroxene
compositions were normalized to 12 oxygens and 8 cations and to 6 ox-
ygens and 4 cations, respectively, with Fe>* estimated by stoichiome-
try. Plagioclase, epidote and titanite were normalized to 8, 12.5 and 5
oxygens, respectively, assuming Fea as Fe> . Mineral abbreviations
used in this work are after Whitney and Evans (2010).

Major elements (and some trace elements) were analyzed at GFZ
Potsdam by X-ray fluorescence (XRF) prepared as fused discs of Li
tetraborate-metaborate (FLUXANA FX-x 65, sample-to-flux ratio 1:6),
and at ACME Analytical Laboratory (Vancouver, Canada) Ltd., where
lithium metaborate fusion and XRF spectrometry were also used. The
trace elements were analyzed at GFZ Potsdam and ACME Analytical Lab-
oratory by inductively coupled plasma mass spectroscopy (ICP-MS)

Table 2

after lithium metaborate/tetraborate fusion and nitric acid digestion of
0.2 g of the sample. Loss on ignition was determined gravimetrically
after heating the sample powder to 1050 °C for 1 h. The analyses are
given in Table 2.

In order to provide age constraints for the timing of ductile deforma-
tion of the Lazaro unit, we investigated Rb-Sr multi-mineral isotope sys-
tematics in samples of white mica-bearing mylonites. Isotopic data was
obtained at GFZ Potsdam using a Thermo Scientific TRITON thermal-ion-
ization mass spectrometer. Rb isotope dilution analysis was done in static
multicollection mode, and Sr isotopic compositions were measured in dy-
namic multicollection mode. Standard errors for age calculation of
+0.005% for 87Sr/36Sr and 4 1.5% for 8’Rb/%°Sr ratios have been assigned
to the results, provided that individual analytical uncertainties were
smaller than these values. Mineral separates handling and analytical pro-
cedures are described in detail in Glodny et al. (2008). Uncertainties of
isotope and age data are quoted at the 20 level. The program ISOPLOT/
EX 3.71 (Ludwig, 2009) was used to calculate regression lines. We used
the Rb decay constants recommended by Villa et al. (2015).

For the Sm-Nd work, minerals were recovered from small (~50 g)
rock fragments using a roll mill for crushing, followed by heavy liquid
and magnetic separation techniques. Garnet separates were purified
by treatment in 6 N HCl in an ultrasonic bath in order to remove adher-
ent apatite. All mineral separates including garnet, apatite, amphibole,
titanite and feldspar were finally handpicked under a binocular
microscope.

Sm-Nd isotopic data were generated at GFZ Potsdam using a Thermo
Scientific TRITON thermal ionization mass spectrometer. Nd isotopic

Bulk-rock compositions of studied samples from the Lazaro unit. (*): analysis made in ACMElabs, Canada. (**): analysis made in GFZ Potsdam, Germany.

Sample #23** 2-19G*  #22** #28** 2-36C* #26B**  2-20C*  #25*"

Rock type Amp. Amp. Amp. Amp Amp.

Si0, (wt.%) 4870 48.18 5554 43.74 4433 43.79 47.03 45.47

TiO, 1.68 095 105 241 194 1.68 1.88 2.44
Al,03 1427 1121 1265 1347 19.00 18.32 14.66 14.28
FeO(t) 1426 14.08 12.09 1636 1030 12.50 16.22 17.40
MnO 019 017 036 020 0.15 0.13 0.27 0.29
MgO 743 11.25 5.13 11.53 844 8.67 5.67 5.05
Ca0 10.14 1148 10,57 1070 1437 1354 11.56 12.97
Na,O 291 232 181 083 121 1.05 2.15 1.16
K,0 026 033 068 0.71 0.06 0.03 0.33 0.70
P,0s 0.15 0.02 012 004 020 0.30 0.24 0.25
LOI 041 170 232 075 310 4.03 1.00 0.95
Na,0 + K0 3.17  2.66 248 155 1.28 1.08 2.48 1.86
mg# 048 059 043 056 0.59 0.55 0.38 0.34
Ba (ug/g) 35 30 118 102 17 5.0 45 237
Rb 5.0 5.9 12 15 0.7 5.0 24 13
Sr 121 154 86 125 332 311 144 253
Y 46 18 30 40 3 b.d.l 41 49
Zr 113 23 64 61 20 26 96 137
Nb 100 15 bdl 76 5.0 b.d.l 7.0 119
Th 1.5 b.d.l. n.a. 0.2 b.d.l. n.a. 0.2 1.6
Cu 100 42 na. 33 1 na. 113 20
Ni 47 81 67 24 55 31 93 82
\ 379 574 326 1308 457 429 471 482
Cr 71 226 89 136 171 175 130 121
Hf 0.9 1.1 n.a. 1.0 0.8 na. 3.2 1.5
Sc 51 65 40 126 40 na. 55 57
La 145 07 7.5 53 3.0 na. 5.5 12.8
Ce 305 24 150 189 100 na. 16.1 30.3
Pr 39 0.6 2.2 3.6 1.7 na. 2.6 43
Nd 169 39 100 204 89 na. 13.8 20.5
Sm 4.5 1.6 3.0 7.0 2.0 na. 43 6.1
Eu 1.5 0.6 0.9 1.5 12 na. 1.5 2.2
Gd 53 2.3 3.8 7.2 1.5 na. 5.9 7.0
Tb 0.9 0.5 0.8 1.2 0.2 na. 1.1 1.2
Dy 6.1 2.8 4.6 7.5 0.9 na. 6.9 8.0
Ho 14 0.6 1.0 1.5 0.1 n.a. 1.5 1.8
Er 39 2.1 31 4.0 0.3 na. 45 5.0
Tm 0.6 0.3 0.5 0.5 0.0 na. 0.7 0.7
Yb 3.8 2.2 32 34 0.3 na. 42 4.7

Lu 0.6 0.3 0.5 0.5 0.0 na. 0.6 0.8

2-21D*  #25C**  2-31B* #21A1*" 2-21C*  #21"" #25B*"  #24™
Grt Amp Grt Amp Di-Grt Amp Grt Amp Grt Amp Di-Grt Amp Grt Amp Grt Amp Peg.  Trondh. Sedim.

46.01 47.00 44.63 44.08 43.18 4490 60.92 73.08
1.30 1.19 1.72 1.46 1.64 154 0.11 0.55
17.62 22.65 14.80 19.38 1545 23.01 2250 14.40
18.77 12.28 19.92 12.16 21.21 8.88 1.27 4.04
0.57 0.22 0.37 0.20 0.52 0.11 0.02 0.06
538 2.63 6.04 8.76 7.53 6.66  0.59 135
8.19 10.35 12.02 12.99 8.97 1441 5.76 1.55
1.46 2.86 0.30 0.82 0.59 033 8.02 222
0.22 0.60 0.04 0.06 0.31 0.13 0.68 2.64
0.49 0.20 0.17 0.09 0.60 0.02 0.13 0.09
1.60 3.60 2.15 4.83 1.70 401 081 2.55
1.67 3.47 0.34 0.89 0.90 046 8.70 4.87
0.34 0.28 0.35 0.56 0.39 057 045 0.37
32 93 4 32 38 41 104 485
1.8 23 0.3 5.0 23 5.0 12 118
178 184 66 340 87 552 96 167
150 33 51 b.d.L 110 11 4 26
382 45 34 29 441 21 14 230
10.5 10.0 22 5.0 133 bdl 22 12.0
0.8 n.a. 0.2 na. 0.7 n.a. 1.9 n.a.
6 n.a. 20 n.a. 19 n.a. 6 n.a.
24 107 97 30 27 38 21 16
238 194 534 355 319 457 32 77
68 360 103 81 103 180 76 54
9.4 n.a. 13 n.a. 114 n.a. 0.3 n.a.
71 46 72 n.a. 92 n.a. 7 27
12.2 11.0 33 1.2 15.7 43 7.1 24.0
37.8 27.0 11.0 5.0 53.0 11.0 108 51.0
6.2 4.7 1.8 0.9 8.6 1.2 1.1 6.2
32.7 21.0 9.7 5.1 43.8 5.4 4.1 24.0
9.2 5.5 3.7 14 124 14 0.9 4.8
1.5 14 1.2 0.8 1.5 0.6 0.6 13
14.4 5.7 6.0 1.5 15.1 1.7 0.8 43
32 09 13 0.2 2.8 0.2 0.1 0.7
219 49 83 0.9 17.6 1.2 0.6 3.8
5.5 0.9 19 0.2 4.0 0.3 0.1 0.7
171 2.8 5.9 0.5 13.1 0.7 03 23
3.1 0.4 0.9 0.1 2.1 0.1 0.1 0.3
20.5 2.6 5.9 0.5 14.5 0.6 0.3 23
3.6 0.4 0.9 0.1 23 0.1 0.0 0.4
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compositions were measured in dynamic multicollection mode. Nd and
Sm concentrations were determined by isotope dilution using a mixed
1495m-150Nd tracer, and measured in static multicollection mode. The
value obtained for **Nd/***Nd in the La Jolla Nd standard prior to anal-
ysis of samples was 0.511850 + 0.000004 (n = 7). For age calculation,
standard errors of 4+0.002% for '**Nd/'#*Nd ratios, and =+ 0.5% for
1475m/1*4Nd ratios were assigned to the results, provided that individu-
al analytical uncertainties were smaller than these values. Otherwise,
individual analytical uncertainties were used. Uncertainties of isotope
and age data are quoted at 20 throughout this work. The program
ISOPLOT/EX 3.71 (Ludwig, 2009) was used to calculate regression
lines. Ages quoted here are based on a decay constant \'4’Sm =
6.54 x 10~ 2 year—! (Villa et al., 2015).

Two kilograms of metasedimentary rock sample #24 were proc-
essed to obtain zircons for dating. The U-Th-Pb SHRIMP zircon analyses
were performed at the CIC (Centro de Instrumentacion Cientifica) of the
University of Granada. 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, zircons were handpicked
using a binocular microscope. The zircons were cast on “megamounts”
(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 ions ex-
traction plate. The minerals were carefully studied with optical
(reflected and transmitted light) and scanning electronic microscopy
(backscattering and cathodoluminescence) prior to SHRIMP analyses
with the IBERSIMS SHRIMP Ile/mc ion microprobe.

Zircons were analyzed for U-Th-Pb following the method described
by Williams and Claesson (1987). The mount was coated with a
¢.12 nm thick gold layer. Each spot was rastered with the primary
beam for 120 s prior to analysis and then analyzed for 6 scans following
the isotope peak sequence '°°Zr,0, 2°4Pb, 2°4Pb background, 2°°Pb,
207pp, 208pp, 238y 248Th(, 2540, All peaks of every scan were 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 for mass 207. The primary oxygen beam was set
to an intensity of about 5 nA, with a 120 pm Kohler aperture, which gen-
erated 17 x 20 um elliptical spots on the target. The secondary beam exit
slit was fixed at 80 pm, achieving a resolution of about 5000 at 1% peak
height. All calibration procedures were performed on the standards in-
cluded on the same mount. Mass calibration was done on the REG zircon
(ca. 2.5 Ga, very high U, Th and common lead content). The analytical
session started by measuring the SL13 zircon (Claoue-Long et al.,
1995), which was used as a concentration standard (238 pg/g U). The
TEMORA zircon (416.8 + 1.1 Ma; Black et al.,, 2003), used as an isotope
ratios standard, was then measured in between every 4 unknowns. Data
reduction was done with the SHRIMPTOOLS software (available from
www.ugr.es/~fbea), which is a new implementation of the PRAWN soft-
ware originally developed for the SHRIMP. Errors are reported at the
95% confidence interval (=2 0). Standard errors (95% C-I) 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 2°”Pb/2°Pb.

5. Petrology
5.1. Microtextures and mineral chemistry

5.1.1. Garnet amphibolite and garnet-bearing restites

All the 17 mafic samples from the Lazaro unit studied here were var-
iably affected by retrogression and deformation. In the most re-equili-
brated samples, the peak T event is nearly erased and the rocks have
been transformed into greenschist facies mylonites (e.g. sample #29a;
Electronic Appendix 2). Only samples where the HT event is best pre-
served exhibit rounded diopside crystals included within garnet (Figs.
3a, e and 4a), since matrix diopside is usually pseudomorphed by horn-
blende (Fig. 4a). When preserved, clinopyroxene is diopside-rich

(Xp; = 0.51-0.64) with Ca-tschermak contents comprised between
0.02 and 0.10 (see Table 1 for representative analyses).

Amphibole comprises brown to deep greenish crystals with compo-
sitions varying between pargasite, edenite and hornblende (Fig. 5). In
strongly mylonitized samples hornblende porphyroclasts locally pre-
serve Stage 1 pargasite compositions in the cores as patches, indicating
growth of Stage 2 hornblende during cooling after HT conditions (Fig. 5a
and b). The compositional zoning is characterized by nearly constant
Nag (~0.25 a.p.f.u.) and decreasing Na + K(a) (~0.70-0.10) (Fig. 5a) sug-
gesting cooling at relatively constant pressure. Hornblende is frequently
observed at the rims of diopside (Figs. 4a and 5a, b) or completely re-
placing former diopside due to the pervasive fracture network affecting
garnet crystals. The garnet-diopside peak T assemblage in melanosomes
is closely intergrown with leucocratic domains now composed of quartz
and a fine-grained mixture of albite and epidote (Figs. 3a, f, 4b and 6a).
This mixture defines rounded to quadrangular shapes and exhibits inte-
grated composition roughly corresponding to a Na-Ca plagioclase. Pla-
gioclase is almost systematically replaced by this mixture except one
small inclusion in a garnet core with oligoclase composition (An,4;
Table 1). Fig. 6¢ shows one former plagioclase inclusion replaced by a
Na-rich feldspar included within a garnet crystal that shows enrichment
in Grs component (Grsg;Alm;Sps,) around the inclusion, likely by
means of the decomposition of the pristine plagioclase (plagioclase =
albite + epidote + grossular-rich garnet).

Two generations of epidote have been texturally identified. The first
generation (Ps;o_15) is tightly intergrown with quartz forming a
myrmekite-like texture (cf. Shelley, 1967) around peritectic garnet
(see below) within garnet bearing restites (Fig. 6b). The second gener-
ation (Psqs_»5) is ubiquitous in Lazaro rocks and forms after replace-
ment of Na-Ca plagioclase. It typically exhibits two pseudomorphic
habits: (i) fine grained intergrowths of albite and epidote (Fig. 6a), (ii)
coarse grained radiating epidote crystals.

We also report the presence of rounded polymineralic inclusions
(20-40 pm in diameter) within garnet grains (Fig. 6d). The inclusion
shown in Fig. 6d contains albite, titanite, muscovite and chlorite. The
size, presence of low-angle boundaries and composition of these inclu-
sions contrast with those of the aforementioned pseudomorphs after
plagioclase in garnet. Retrogression-related microfracturing is responsi-
ble for retrogression and the growth of LT minerals within the inclusion.

A network of exsolved 2 pm ilmenite and rutile needles are locally
present within garnet (Fig. 4c), in particular within megablasts (Fig.
3d). These megablasts also contain numerous, 50-500 pm apatite crys-
tals as well as numerous ilmenite crystals (Fig. 4d). [Imenite is frequent-
ly observed in Lazaro unit garnet amphibolites, locally rimmed by rutile
(Fig. 6e). Rutile forms euhedral grains and needles included within
pargasite. In sample #25, 100-250 um titanite porphyroblasts are in-
cluded within garnet, pargasite cores and leucocratic domains.

Garnet occasionally exhibits some zoning. Garnet | generation
(cores) is weakly zoned. It is often rimmed by a variably thick garnet
Il generation with lower Mg content (typically 0.05-0.15; Fig. 7). Com-
plex networks of healed fractures with much lower XMg compositions
and higher Mn and Ca contents are present in garnet II (Figs. 7a,band c).

Zoned white mica crystals exhibit muscovite cores rich in Ti and Na,
in contrast to phengite-rich rims (Si = 3.35-3.4 a.p.f.u.) that developed
around them (Fig. 5¢, d and e). Biotite is rare and only observed included
in garnet or pargasite cores (Table 1).

Mineral assemblages developed during cooling comprise combina-
tions of phengite, chlorite, epidote (Ps,o_30), hornblende, actinolite
and titanite (Fig. 8). Phengite (Si = 3.4-3.45 a.p.f.u.) is visible along gar-
net cracks in the least deformed samples and parallel to the foliation in
the most sheared samples (Table 1). Chlorite frequently replaces garnet
along cracks and also defines the foliation intergrown with phengite
flakes. In sample #25c, two chlorite generations (XMg = 0.6 and 0.4)
suggest multiple re-equilibration stages during cooling. Actinolite is sys-
tematically observed around hornblende crystals (Figs. 5a, b). Titanite
replaces ilmenite-rutile aggregates (Fig. 6e). The paragenetic evolution
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Fig. 4. Optical microscope pictures. a. Rounded diopside inclusions within garnet, partly replaced by hornblende (sample #2-31). Note the strong fracturing of garnet and the partial
replacement by chlorite. b. Image showing microtextural relationships between garnet, the leucosome and hornblende (sample #25). Plagioclase crystals are now replaced
(‘saussuritized’) by a fine-grained mixture of albite and zoisite-rich epidote. c. Cross-polarized view of a garnet crystal (sample #26b) showing exsolved ilmenite and rutile needles
defining a geometric network. Note that this garnet is compositionally homogeneous (no zoning). d. View showing the abundance of apatite inclusions in the garnet megablast used
for Sm-Nd dating (sample #26b; crossed-polarized view).
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Fig. 5. Electron probe data on amphibole and white mica. a and b. Chemical composition of amphibole according to the classification of Leake et al. (1997). The arrow symbolizes the core-
to-rim composition zoning observed in analyzed amphibole. ¢, d and e. Plot of white mica composition showing the variation of Al, Ti and Na contents as a function of silica content. The
dashed line in c indicates the ideal Tschermak substitution.
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Fig. 6. Back scattered electrons images obtained at the scanning electronic microscope. a. Inclusions of former Ca-Na plagioclase in garnet now fully replaced by a mixture of albite,
epidote + quartz (sample #25). b. View of a myrmekitic (“vermicular”) zoisite-rich epidote crystal showing intergrowth features with quartz (dark grey; sample #25a). c. Inclusion of
Na-feldspar in a garnet crystal (sample #25a). A discontinuous rim of grossular garnet forms at the contact between the inclusion and the host. d. Rounded, poly-mineralic inclusion
included in garnet from sample #25c. e. HT ilmenite is rimmed by rutile, which is overgrown and replaced by titanite during cooling.

of mafic samples as a function of the main metamorphic stages identi-
fied here is summarized in Fig. 8. Importantly, orthopyroxene has not
been found despite extensive investigation and a systematic check of
garnet inclusions.

A texturally late generation of pargasite has been observed in three
samples (Electronic Appendix 1, Fig. 5a and b). It comprises post-kine-
matic crystals with sub-silicic composition, low Nag (<0.10 apfu) and
Na + K contents varying from ~0.70 to 0.35, likely recording discrete
and later shallow heating (see below).

5.1.2. Trondhjemitic leucosome

Sample #25b (Fig. 3b) corresponds to a fine-grained mixture of 10—
20 um crystals of epidote, albite, muscovite and quartz with locally large
porphyblasts of titanite. The presence of diffuse quadrangular shapes in
the leucosome suggests the former presence of mm-sized plagioclase
crystals now dominantly replaced by epidote and albite. Muscovite
crystals are small (<50 pm; 3.05-3.1 Si a.p.f.u.), rare (<2 vol.%) and
rimmed by phengite (typically 3.35-3.4 Si a.p.f.u.). Epidote (Psq5_20)
often preserves Fe-poorer cores (Pss_1p).

5.1.3. Metasedimentary rocks

Three metasedimentary samples interleaved with mafic lithologies
have been studied in detail: a mica schist (#24) and two spessartine
quartzites (#22 and #25a; Fig. 3e). The mica schist exhibits abundant
muscovite crystals (3.01-3.07 Si a.p.f.u.) rimmed by phengite-rich com-
positions (3.3-3.47 Si a.p.f.u.; Figs. 5c,d and 9a). These Si-rich rims are in
textural equilibrium with chlorite that replaces garnet crystals. In the
spessartine quartzite (sample #25a), a former K-feldspar micro-domain
is replaced by aggregates of white mica with Ba-rich muscovite cores
(up to BaO = 3 wt.%, Si = 3.1 a.p.f.u.) and Ba-depleted phengite rims
in textural equilibrium with interstitial albite (Fig. 9b). Garnet crystals
from such layers typically range between 10 and 35 mol% spessartine
component. In the X-ray maps from Fig. 7a, it is clearly visible that HT

Mg-rich garnet I cores are rimmed by 100-200 pm thick Ca-Mn-Fe
richer garnet II rims which, in turn, are partly replaced by chlorite.
Note that chlorite Mg content spatially varies in Fig. 9a suggesting pro-
gressive and partial re-equilibration during cooling. Epidote cores (Ps;_
12) exhibit minor zoning with slight increase in ferric iron towards the
rims (Ps;o_22). When present, amphibole shows a compositional zoning
similar to the one described for garnet amphibolites with edenitic-
pargasitic cores grading to hornblende rims (Fig. 5). Other accessory
minerals are titanite (overgrowing ilmenite/rutile), apatite, pyrite and
zircon. Graphite has not been observed.

5.2. Phase relations

The projections presented below have been calculated with software
Cspace (Torres-Roldan et al., 2000) and a similar approach to that used
by Garcia-Casco et al. (2008) has been applied to the graphical repre-
sentation of melting phase relations in mafic systems at peak metamor-
phic conditions. The diagrams are projected from coexisting phases and
exchange vectors that allow for complete representation of the compo-
sitional space and peak metamorphic mineral compositions. For sim-
plicity, all projections have been made through H,0, implying Py,0 =
Piotal., and Fe is treated as FeO,;. Note that projection along the plagio-
clase exchange vector SiNa(AlCa)_ ; makes albite and anorthite colinear
in the ACF diagram, hence preventing discrimination between HT Na-Ca
plagioclase and LT albite.

5.2.1. ACF diagram

The near-peak metamorphic event for garnet amphibolite is repre-
sented by the assemblage pargasite + epidote 4 garnet + diopside +
Na-Ca plagioclase. Peak topologies are mainly defined by whole rock
compositions plotting along the tie-line epidote-amphibole and inside
the tie-triangles epidote-pargasite-garnet and epidote-clinopyroxene-
garnet (Fig. 10a). The high extent of greenschist facies overprint
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Grtinmeta- /o ©
sedimentary rocks

Fig. 7. Garnet chemical zoning and composition. a. Triangular plot showing the composition of Lazaro unit garnet crystals. Garnet from spessartine quartzite plot closer to the Sps corner
while Ca-rich garnet observed around the inclusion shown in Fig. 5¢ corresponds to a grossular composition (green circles). Three X-ray maps (Ca, Mn, Mg) provide a representative view
of dismembered HT garnet crystals rimmed by higher Ca-Mn and poorer Mg rims. b. BSE image of a fossilized fracture network (white arrows) cutting through a HT garnet from sample
#21. c. X-ray map of the same crystal showing a decrease of the XMg content along the healed fracture network.

prevents concluding whether epidote and/or plagioclase were stable at
peak conditions or if the phase relations shown in the ACF diagram rep-
resent near-peak conditions slightly after reaching peak temperature.
The presence of myrmekite-like intergrowths of epidote and quartz
around garnet confirms that epidote has likely been involved in both
garnet forming and garnet consuming reactions. As in other instances
of (hydrous) melting of mafic rocks, plagioclase may have been totally
consumed during melt formation (e.g., Garcia-Casco et al., 2008, and ref-
erences therein). Samples plot within the tie-triangle plagioclase-am-
phibole-garnet suggesting that for these bulk compositions plagioclase
should have been present during peak conditions. This implies retention
of partial melt and crystallization of plagioclase (and epidote minerals)
during melt crystallization.

The trondhjemite sample #25b (former melt) plots close to the line
separating metaluminous and peraluminous fields of the ACF projection
(Fig. 10b), showing that plagioclase, epidote and pargasite can crystal-
lize from this melt composition. Muscovite may also crystallize from
this melt, as shown in the ACF diagram of Fig. 10b by the tie-triangle
PI-Ms.-Ep (note that crossing of tie-lines in Fig. 10b represents an

artefact of the condensation of the composition space due to projection
along the KNa_; exchange vector rather than potential reactions be-
tween these phases). The local observation of muscovite inclusions
within garnet corroborates this statement.

5.2.2. AFN diagram

For peak conditions the larger part of Lazaro samples plots along the
tie-line Prg-Grt and within the tie-triangle Grt-Prg-Di in the AFN diagram
projected from (clino)zoisite/epidote (Fig. 10c). This projection also
shows that for compositions slightly richer in Na,O and/or Al,O3, plagio-
clase can coexist in equilibrium with pargasite and garnet (upper right tri-
angle in Fig. 10c). This suggests that samples plotting in the tie-triangle
Grt-Prg-Di have experienced a certain amount of melt extraction with re-
spect to potential MORB protoliths, if plagioclase was totally consumed to
generate melt. The presence of numerous Na-Ca plagioclase crystals (now
pseudomorphed) suggests that plagioclase was in equilibrium with high-
T phases shortly before peak conditions. This projection also reveals that
for a melt composition plotting within the tie-triangle Grt-Prg-Pl the
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Fig. 8. Occurrence table summarizing the petrological evolution of Lazaro unit samples throughout their metamorphic evolution.

composition of the plagioclase should be around Abg, similar to the relict
inclusions of plagioclase within garnet.

5.2.3. NaAlO, — CaMgO, — CaFeO, diagram

In order to track the composition of the plagioclase involved in melt-
producing reactions in mafic rocks, an “AFM-like” projection has been
used simulating a possible garnet-absent reaction (Fig. 10d). The latter
type of reaction provides a unique analytical solution for the composi-
tion of plagioclase, provided that melt composition is fixed
(trondhjemite #25b) and considering the colinearity of the phases in-
volved (plagioclase, melt and amphibole) (see Garcia-Casco et al.,
2008 for details). For a plagioclase composition of Ab;7, a degenerate
phase relation is defined of the form:

Pl + Qtz + Ep + Amp (+H,0) = melt + Ttn.

This reaction is characterized by colinearity of plagioclase-pargasite
and melt in Fig. 10d, implying a large amount of plagioclase was used
to form the melt composition and no formation/consumption of garnet
and diopside (i.e., it applies only to garnet/diopside-lacking rocks such
as leucosomes; cf. Garcia-Casco et al., 2008). It is worth noting that

this degenerate phase relation was likely the exception rather than
the rule. There is no reason to claim a prevalence of colinear relations
in such a high-variance metamafic chemical system. For Na-richer pla-
gioclase compositions, the phase relationships change from a colinear
plagioclase-melt-pargasite topology to the peritectic relation depicted
by the reaction:

Amp + Pl + Ep + Qtz (+H,0) = melt + Grt,
while the garnet consuming reaction:
Amp + Pl + Grt + Qtz (+H,0) = melt + Ep

occurs for Ca-richer plagioclase (cf Garcia-Casco et al,, 2008). In the case
of the Lazaro unit, the peritectic garnet-forming reaction took place, as
indicated by the formation of porphyroblastic and megablastic garnet
in melanosomes.

The approach presented above graphically confirms the involve-
ment of sodic plagioclase (Ab77) in the peritectic garnet-forming reac-
tions. This inference can be extended to the case of diopside-bearing
assemblages and for the general case of either H,O-saturared or H,0-
subsaturated systems (e.g., Green, 1982; Garcia-Casco et al., 2008).

[~ —3 3 r
Ba (counts) S v &% Ba-poor
" e ) Al-poor =
\ ﬁ'” . g rim sl

%
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Fig. 9. X-ray maps of metasedimentary rocks from the Lazaro unit. a. Mg content map showing the effect of Tschermak substitution visible as high Mg, Fe and Si contents in the rims that
form around muscovite rims (sample #24). Note the heterogeneous zoning pattern of chlorite, partly replacing garnet. b. X-ray map showing the barium content of a pseudomorph after K-
feldspar in sample #25a. Barium-rich zones match with Al-richer muscovite cores while Ba-depleted crystals exhibit lower aluminum contents.
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Fig. 10. ACF, AFN diagrams (a-c) and AFM-like diagram (d) showing peak near-metamorphic and melt-related assemblages of representative samples of mafic rocks from Lazaro unit.
Some mineral end-members and analyzed mineral compositions are plotted. Also bulk trondhjemite compositions from Sierra del Convento (Cuba; Garcia-Casco et al., 2008) and from
the Catalina Island (samples 3755 and 3754 from Sorensen, 1988) are plotted for comparison. a. ACF diagram of garnet amphibolite and amphibolite. Dashed green lines: tielines
connecting epidote, garnet and pargasite. Dashed brown lines: tielines connecting epidote, diopside, pargasite and garnet. Dashed purple lines: tielines connecting plagioclase, epidote,
pargasite and garnet (see text for explanation). b. ACF diagram representing magmatic minerals that can crystallize from the melt. The black cross represents the MORB composition. c.
AFN diagram of garnet amphibolite and amphibolite. Dashed grey lines connecting diopside, garnet and pargasite (left lower triangle), and garnet, pargasite and plagioclase (Angg)
(right upper triangle). The area defined by the black dashed line comprises the MORBs position in the projection. See text for explanation. d. AFM-like diagram representing partial
melting assemblages. The red dashed line represents the degenerated phase relationships defined by the alignment of pargasite, melt and plagioclase (An;7). The green dashed line
connects pargasite, melt, garnet and plagioclase (Abgs) representing a peritectic reaction with melt and garnet as products. See text for explanation.

5.3. Bulk rock geochemistry

5.3.1. Mdfic rocks

Garnet amphibolite and amphibolite show basic compositions with
SiO, varying between 41 and 52 wt.%, corresponding to tholeiitic basalt
and picro-basalt (Na;O + KO = 0.34 to 4.26, Table 2). One mafic
orthogneiss is richer in SiO, (55.54 wt.%) and plots in the basaltic andes-
ite field due to the presence of a thin metachert band (which does not
impact the trace element pattern typical of a MORB). To constrain the
tectonic setting in which the protoliths of garnet amphibolite and am-
phibolite formed, the pattern of trace elements with relatively immobile
behavior during (low temperature) seafloor alteration and high

temperature metamorphic conditions have been considered (mainly
HREE and some HFSE).

Garnet amphibolite and amphibolite have a nearly flat chondrite-
normalized REE pattern and are distributed between average N-MORB
and E-MORB compositions (Fig. 11a and b). Their composition overlaps
with blueschists and garnet amphibolites from the underlying HP-LT
Almagro Complex (Fig. 11a). Samples with anomalous patterns have
been plotted separately (Fig. 11b). These patterns suggest modifications
due to (i) melt extraction/garnet fractionation in garnet-bearing rocks
(relatively higher HREE concentrations with respect to enriched
MORBs and negative Eu anomaly); (ii) late hydrothermal/metasomatic
processes (positive Eu anomalies and fractionated pattern characterized
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Fig. 11. Geochemical data on Lazaro unit rocks. a. REE plot of garnet amphibolite and amphibolite from the Lazaro unit. This data is compared with underlying metabasalt from the Almagro
Complex (Hyppolito et al., 2016). OIB, N-MORB and E-MORB compositions from Sun and McDonough (1989). b. REE plot for more samples from the Lazaro unit departing from the global
trend. Those anomalous compositions may be related to melt extraction and/or garnet crystallization processes. c-d. Y-La-Nb diagram of Cabanis and Lecolle (1989) and Th/Yb versus Nb/

Yb diagram of Pearce (2008), respectively, showing the oceanic affinity of Lazaro rocks.

by lower HREE contents in “pegmatite-like” samples); (iii) retrogres-
sion-related contamination characterized by slightly higher LREE con-
centrations in garnet amphibolites with evidence of melt loss (e.g.,
samples of case (i)).

The Y-La-Nb diagram (Cabanis and Lecolle, 1989) is useful for dis-
criminating basalts formed in convergent and extensional settings. Fig.
11c reveals the non-orogenic affinity of the Lazaro unit rocks, which
mainly plot in the field of extension-related oceanic basalts, and are dis-
tributed along the N-MORB-E-MORB-OIB trend. Three samples plot
within the field of possibly contaminated undifferentiated basaltic
magmas or continental basalts, likely reflecting local La enrichments.
The Th/Yb versus Nb/Yb diagram of Pearce (2008) (Fig. 11d) is suited
to track mantle sources (Nb/Yb) and the effects of crustal components
(Th/Yb), making use of two highly and nearly equally incompatible ele-
ments in basaltic magmas (Th and Nb). However, these two elements
have different behaviors during subduction, being non-conservative
and conservative, respectively, hence defining a sensitive indicator of
crustal involvement due to magma-crust interaction or to inheritance
of subduction components (Pearce, 2008). In the Th/Yb vs Nb/Yb dia-
gram (Fig. 11d) Lazaro rocks are distributed between N-MORB and E-
MORB, confirming their oceanic affinity (with minor crustal contamina-
tion for some samples).

5.3.2. Trondhjemitic leucosome
Sample #25b belongs to the trachyte field in the TAS classification
(total alkalis-silica), with 61 wt.% SiO,, high Na,0 (8.02 wt.%) and very

low K,O (0.68 wt.%) contents, low contents of FeO; and MgO
(1.27 wt.%, 0.59 wt.%, respectively), and high mg# (0.45, Table 2). This
sample is classified as trondhjemite, following the molecular normative
(CIPW) Ab-An-Or diagram of O'Connor (1965) and the fields of Barker
(1979) (not shown), and it is slightly peraluminous with an Alumina
Saturation Index (ASI) of 1.17, plotting at the transition between
metaluminous (0 < ASI < 1) and peraluminous fields (1 < ASI < 3) (not
shown). The chondrite-normalized REE pattern shows enrichment in
light REE (LREE) revealing a fractionated pattern (Fig. 11b). The positive
Eu anomaly corroborates the presence of plagioclase in melt forming re-
actions. It is also in agreement with negative Eu anomalies in garnet
bearing samples with evidences of melt loss.

6. Thermobarometry
6.1. Single-equilibrium thermobarometry

In order to constrain the temperature reached by the Lazaro unit
rocks during the HT metamorphic event, the garnet-clinopyroxene
thermometers of Ravna (2000) and Ellis and Green (1979) have been
used for samples #25 and #2-31b, in which peak metamorphic diopside
has been preserved during retrogression. These temperatures have
been calculated for a fixed pressure of 1.2 GPa. This pressure estimate
was obtained on a garnet amphibolite sample (#27) following the cali-
bration of Kohn and Spear (1990) for Grt-Amp-PIl-Qz assemblages. Av-
eraged results are given in Table 3. Temperature estimates based on
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Table 3

Thermobarometric results on Lazaro unit garnet amphibolites and granulite-facies rocks using the calibrations of [1] Kohn and Spear (1990), [2] Ravna (2000) and [3] Ellis and Green

(1979). Average P calculations have been made following Powell and Holland (1994).

Sample Method Average mineral composition Fixed parameter Results (min-max)
#27 Grt-Amp-P1-Qz barometer [1] AlmsgPrp,oGrs,,/Anys/Amph: Si = 6.18, Na(A) = 0.32 T =750 °C P =1.11-132GPa
#25 Grt-Cpx thermometer [2] AlmsePrpgGrss,Spsa/DissCa-TsgHeds,)d3 P = 1.2 GPa T = 707-741 °C
#25 Grt-Cpx thermometer [3] AlmsePrpgGrs3;Spsa/DissCa-TsgHeds,]ds P =1.2GPa T = 769-792 °C
#2-31b Grt-Cpx thermometer [2] AlmsoPrp;4Grs,6Spsy/DissCa-TssHedss]dg P =1.2GPa T = 682-692 °C
#2-31b Grt-Cpx thermometer [3] AlmsgPrp14Grs,eSpst/DissCa-TssHedss]dg P = 1.2 GPa T = 754-763 °C

Ravna (2000) yield c. 50 °C cooler temperatures than those based on
Ellis and Green (1979). These results suggest that the Lazaro unit
reached peak temperatures in the range 700-780 °C.

6.2. Chlorite-phengite thermobarometry

In order to estimate the P-T conditions for the retrogression of
Lazaro unit rocks, we used for sample #29a an approach similar to the
one initially developed by Berman (1991) (see detailed results and ap-
proach in Electronic Appendix 2). The MATLAB software “Kit Chl-Phg”
has been used here to perform these calculations (method and thermo-
dynamic database used is described in Vidal et al., 2001, Dubacq et al.,
2010 and Angiboust et al., 2014). This software enables a statistical ex-
ploration of chlorite-phengite pairs and the identification of equilibria
between end-members. The multivariant reactions are manually plot-
ted and P-T conditions for curve intersection are derived. For sample
#293, 28 equilibria satisfying validity criteria have been found. The aver-
age of these estimates yields a temperature of 541 4+ 59 °C and a pres-
sure of 1.12 4 0.19 GPa. Despite a relatively large spread, these results
indicate that the retrograde path (Stage 2) proceeded under relatively
high pressures, similar to stage 1 pressure conditions.

6.3. Pseudosection modeling

The P-T location of the peak metamorphic assemblage and the na-
ture of melt-producing reactions have been investigated using the
pseudosection modeling approach and the software package Perplex
(v.6.7.2; Connolly, 2005). Evaluating the effective bulk rock composition
is difficult because these rocks have been subject to variable degrees of
melt extraction/infiltration. Therefore, none of the bulk rock composi-
tions given here can be used to model phase relationships at pre-peak
conditions. Trace-element composition and phase relationships (Fig.
11) have shown that most Lazaro rocks originally derive from a
protolith close to a MORB composition. Hence, we decided to use an av-
erage of c. 5000 glass analyses compiled from the PetDB database
(http://www.earthchem.org/petdb; composition given in Fig. 11). The
thermodynamic modeling has been performed in the NCKFMASH sys-
tem (manganese and ferric iron have been neglected for simplicity). Ac-
tivity models used here are the following: garnet and biotite (White et
al., 2007), clinopyroxene (Holland and Powell, 1996), orthopyroxene
(Powell and Holland, 1999), amphibole (Dale et al., 2005), chlorite
(Holland et al., 1998), white mica (Smye et al., 2010), melt (White et
al,, 2001 and White et al., 2007), and feldspar (Fuhrman and Lindsley,
1988).

The amount of H,O in the system is a critical parameter as it influ-
ences the position of the solidus as well as the amount of melt produced
(e.g. Vielzeuf and Schmidt, 2001). We first ran a T-[H,0] pseudosection
for a fixed pressure of 1.2 GPa in order to assess the optimal amount of
water needed to accurately reproduce petrogenetic observations (Fig.
12a). This diagram shows that the observed peak paragenesis of horn-
blende-garnet-diopside-feldspar + quartz is achieved for a T range be-
tween 670 and 780 °C and initial water amounts between 1.5 and
3.5 wt.%. Fig. 12b shows modal amounts of peak metamorphism mineral
phases as a function of initial water content. Our results indicate that in-
creasing the amount of H,O in the system leads to a decrease of feldspar
modal amount (Fig. 12b; see also Green, 1982). Given the apparent

scarcity of feldspar within amphibolite to HP-granulite-facies assem-
blages (between 5 and 15 vol.%; e.g. Fig. 3a), we believe that an amount
of 3 wt.% H,0 is a reasonable estimate for calculating a P-T grid for this
bulk composition. The result of this calculation for a fixed amount of 3%
H,O0 is shown in Fig. 12¢. The P-T field obtained for peak metamorphic
conditions is in agreement with peak P-T estimates yielded by conven-
tional thermobarometric methods (see Section 6.1). These calculations
imply that a fluid infiltrated the Lazaro unit during peak metamorphism
and this triggered partial melting ciose to the solidus. At this stage under
fluid flux, hornblende is stabie at near 750 °C, but was partially con-
sumed to form diopside, garnet and melt (Fig. 12d). This statement is
in agreement with petrological observations demonstrating the amphi-
bole has not been completely consumed at the time of partial melting at
peak T (e.g. Fig. 3f). The calculated Nag content of peak amphibole at
750 °C and 1.2 GPa is 0.25 a.p.f.u,, in agreement with EMP data (Table
1; Fig. 5). The calculations presented here show that both amphibole
and epidote were the hydrous phases involved in melting reactions, in
agreement with natural and experimental observations at pressures
higher than 1.0 GPa (e.g. Vielzeuf and Schmidt, 2001; Garcia-Casco et
al., 2008). On the other hand, the presence of hornblende and feldspar
in the peak metamorphic assemblage indicates that temperature
never exceeded ca. 790 °C (Fig. 12c and d).

6.4. Average P-T

Additional P-T calculations have been carried out using the multi-
equilibrium thermobarometric approach. Optimal thermobarometry
(Powell and Holland, 1994) was performed using the software
THERMOCALC (Holland and Powell, 1998, version 3.33). End member
activities and their uncertainties were calculated with the software AX
(Holland, unpublished). Calculations were performed with a pure
Hzo-ﬂuid.

Due to large error bars obtained with average P-T calculations, we
fixed the temperature to evaluate pressure during peak T metamor-
phism. We calculated the average-P for a temperature series between
650 °C and 850 °C with 25 °C steps on sample #25 (epidote-
clinopyroxene-hornblende-garnet-quartz), which resulted in a pres-
sure of 1.37 GPa (sd = 0.314 GPa, fit = 0.71 < 1.61;s¢). This P estimate
yields a P range in agreement with the results from the other methods
presented above.

7. Geochronology
7.1. Rb-Sr geochronology

The Rb-Sr internal mineral isochron approach is particularly well
suited for dating ductile deformation events in white-mica bearing
metamorphic rocks. Deformation-induced recrystallization and re-
equilibration of mineral phases (such as white mica, albite, apatite and
titanite) leads to complete Sr-isotopic re-equilibration and reset of
ages under moderate and high temperature (Inger and Cliff, 1994). Iso-
topic inheritance due to incomplete resetting of the pre-deformation
isotopic system may lead to isochron patterns showing partial disequi-
librium (e.g. Angiboust et al., 2014). We analyzed different grain-size
fractions in order to (i) better evaluate the importance of incomplete re-
setting of white mica isotopic composition and (ii) detect potentially
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Fig. 12. Pseudosection modeling results performed on a MORB composition in the NCKFMASH system using the software Perplex. a. T-[H,0] pseudosection calculated at 1.2 GPa for a
MORB composition showing theoretical phase assemblages in the best-fit region (determined using conventional thermobarometry; see text). The HT-limit of the best-fit region is
based on Fsp disappearance. The bulk composition (in wt.%) used for the modeling is the following: SiO,(50.9)Al,03(14.5)Fe0(10.8)Mg0(8)Ca0(10.95)Na,0(2.78)K,0(0.16). b. Modal
evolution of mineral abundances near peak conditions calculated along the path depicted in figure a (grey arrow). The observation of coeval garnet, diopside, amphibole, melt and
feldspar (<10 vol.%) in best-preserved samples (e.g. #25) suggests that around 3 wt.% of water was present during melting in the best-fit P-T window. c. P-T pseudosection calculated
using 3 wt.% free H,0 and the same MORB composition. The transparent box corresponds to the best-fit range based on conventional thermo-barometric approach (see text). The grey
arrow corresponds to the hypothetical prograde P-T gradient assumed for Lazaro unit HP rocks. Given the mobility of the fluid phase and the opening of the system, we emphasize
that this diagram is only shown as an indication since the location of the fields depends on the amount of fluid in the system which can substantially vary a function of fluid influx and
melt extraction. Note that the unexpected presence of melt in the upper left corner of the pseudosection may arise from the use of a haplogranitic melt model for this mafic bulk
composition. d. Modal evolution of mineral abundances near peak conditions calculated along the prograde path localized in figure c. The best-fit P-T range corresponds to the box
shown in figure c. Calculated mineral compositions are shown for comparison to mineral EPM analyses.

evidence that indicates multi-stage deformation events (see Section 6;
Fig. 13). Sample #24 (metasedimentary rock), showing large muscovite

protracted recrystallization or deformation histories of the studied
rocks. This approach generally yields younger apparent ages for smaller

grain-size white mica fractions (Angiboust et al., 2014). Thus, younger
apparent ages calculated using small grain-size mica fraction can be
considered as maximum age estimates for the end of ductile deforma-
tion. For Rb-Sr dating of the tectonic overprint we selected samples
with pervasive, fine-grained mylonitic foliation and devoid of
porphyroclasts in order to avoid isotopic relics.

Three metasedimentary samples from the Lazaro unit showing
white-mica bearing mylonitic deformation were processed for multi-
mineral Rb-Sr geochronology in order to constrain the timing of the LT
tectonic overprint reported here (stage 2; complete dataset available
in Electronic Appendix 3). The three datasets obtained here show vari-
able degrees of isotopic disequilibrium confirming microtextural

crystals rimmed by phengite, exhibits disequilibrium textures and ages
(as expected from micro-chemical mica zoning imaging; Figs. 9a and
13a). An age calculation attempt using the smallest analyzed muscovite
fraction (160-125 um) and apatite leads to a maximum age for the end
of deformation at 116.3 £ 1.8 Ma. Similar disequilibrium has been ob-
tained for sample #23-b3 (Fig. 13c). The age of 83.1 & 1.4 Ma, calculated
using the smallest analyzed phengite fraction and albite-quartz aggre-
gates, is considered to be a reliable estimate for the maximum age for
the end of LT deformation. An age of 94.6 &+ 7.2 Ma has been calculated
for sample #29a, a LT-mylonite located on the contact between the
Lazaro unit and the Almagro blueschist complex (Puerto shear zone;
Fig. 1c). The 116.3 Ma age for sample #24 was obtained from muscovite
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Fig. 13. Geochronological results using Rb-Sr (a, b, ¢) and Sm-Nd (d, e) techniques.

that formed by replacement of stage 1 K-feldspar during cooling (Fig.
9a). This age is clearly older than the two other younger ages of 82-
85 Ma and 87-101 Ma (respectively samples #23b3 and #29a), calculat-
ed using phengite crystals from the mylonitic foliation (and not musco-
vite as for #24). This distribution therefore shows that Lazaro unit rocks
underwent at least two stages of tectonic overprint between c. 120 Ma
and c. 80 Ma leading to incomplete re-equilibration that yields the
large age spread for end-of-deformation estimates.

7.2. Sm-Nd geochronology

In order to constrain the age of peak T metamorphism, we processed
two samples: a garnet megablast-bearing sample (#26b; Fig. 3d) and a
garnet-bearing melanosome (sample #25; Fig. 3a). Petrological investi-
gations have shown that these garnet crystals are only made of Grt 1
generation and are only barely zoned. The isochron shown in Fig. 13d,
calculated combining two fractions of garnet fragments, the whole
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rock and the apatite crystals (see Fig. 4d) yielded a precise isochron age
of 163.7 £+ 2.1 Ma. This age is consistent with 163 4 18 Ma derived for
granulite-facies sample #25 using different garnet fractions, titanite, ap-
atite, hornblende and feldspar (Fig. 13e). The large uncertainty associat-
ed with this age is due to the low spread between '*’Sm/!**Nd ratios in
the analyzed mineral fractions (see complete dataset in Electronic Ap-
pendix 3).

7.3. Zircon U-Pb geochronology

SHRIMP U-Th-Pb results are presented in Fig. 14 and the complete an-
alytical dataset given in Electronic Appendix 4. Metasedimentary sample
#24 contains zircon with a wide range of sizes and morphologies, as ex-
pected for metasedimentary zircon. In this sample we measured 71
spots, 62 of which yielded concordant ages (discordance < + 5%). The
ages obtained may be divided into three groups.

The first group consists of Precambrian zircons with colorless round-
ed cores and rare rims, with a size of up to 125 um x 50 um. Under the
electron microscope most grains show bright cathodoluminescence
(CL) signals and oscillatory zoning (Fig. 14a). Eight U-Th-Pb
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measurements on 6 zircon grains yielded concentrations of U in the
range 71-827 pg/g and Th in the range 14-177 pg/g with Th/
U ~ 0.02-0.75 (Fig. 14d). They do not contain common lead
(f206 =~ —0.01 to 0.38%) and are concordant (discordance ~ — 3.4 to
2.4%). The 2°°Pb/?38U age comprises two Mesoproterozoic, 1277-
1062 Ma, one Neoproterozoic (Tonian), 723 + 40 Ma, one
Neoproterozoic (Cryogenian), 678 4 30 Ma, and four Neoproterozoic
(Ediacaran), 629-552 Ma, zircons (Electronic Appendix 4 and Fig. 14b).

The second group is of Paleozoic-Triassic age and is made of stubby
medium-sized cores, 75 um x 50 pm, with oscillatory zoning, irregular
terminations and bright CL signals (Fig. 14a). Twenty-five U-Th-Pb mea-
surements on 25 zircon grains yielded high concentrations of U (124-
1132 pg/g) and Th (15-630 pg/g) with Th/U ~ 0.02-1.8 (Fig. 14d).
They contain small amounts of common lead (206 ~ — 0.22 to 0.54%)
and all are concordant (discordance ~ — 0.8 to 3.4%). The 2°5Pb/2*8U
age comprises two Cambrian, 524-495 Ma, three Ordovician, 472-
455 Ma, one Silurian, 431 £ 6 Ma, three Devonian, 414-360 Ma, two
Carboniferous, 350 4+ 5 Ma and 320 + 5 Ma, and fourteen Permian,
298-266 Ma, zircons (Electronic Appendix 4 and Fig. 14b). This 298-
266 Ma core age group represents a prevalent age signal in the
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sedimentary zircon record. Two zircon grains show highly luminescent
cores, 100 pm x 50 pm, with Triassic 2°°Pb/?*8U ages of 251-250 Ma
(Fig. 14a).

The third group is Middle-Late Jurassic (Callovian-Oxfordian) and
comprises small (60 um x 30 um), dark cathodoluminescence rims
overgrowing all zircons in the sample, independent of their age (Fig.
14a). Some of these rims also show oscillatory zoning (Fig. 14a). Twen-
ty-seven of these rims contain high concentrations of U (751-1604 pg/
g) and low Th (6-15 pg/g), with the lowest Th/U ~ 0.006-0.01, com-
bined with only small proportions of common lead (f206 < 0.34%). All
of them are concordant (discordance ~ — 1.4 to 3.2%). The weighted
mean (errors reported at 20) of the uncorrected 2°°Pb/23%U ages,
162 4+ 1 Ma (MSWD = 0.39), is virtually identical to the 2°7Pb/?3°U
age of 163 + 1 Ma (MSWD = 0.19; Electronic Appendix 4 and Fig. 14c).

8. Discussion
8.1. Pressure-Temperature-time history of Lazaro unit

Lazaro unit rocks reveal a two-fold tectono-metamorphic history
visible in the structural record in the field and in the mineral zoning pat-
terns. The prograde, burial history has not been preserved due to the
high temperature of peak metamorphism and a long-term re-equilibra-
tion during cooling and exhumation (see also Willner et al., 2004b). Our
P-T estimates show that peak metamorphic conditions reached c.
1.2 GPa and 750 °C (~40 km depth using an integrated rock density of
3) at the transition from the albite amphibolite facies to the HP granulite
fields (O'brien and Rétzler, 2003). This metamorphic event led to the
formation of variable amounts of melt due to hydrous fluid influx and
to the crystallization of a large amount of peritectic garnet associated
with garnet-bearing melanosomes. Some of these HT garnet crystals
preserve oriented ilmenite and rutile exsolution needles, which are typ-
ical features of HT/HP and UHT terranes worldwide (Fig. 4c; e.g.
Snoeyenbos et al., 1995; Ague and Eckert, 2012). Rounded, poly-
mineralic inclusions in garnet also recall the texture of melt inclusions
(“nanogranites”) increasingly reported in migmatitic and granulitic ter-
ranes worldwide (Fig. 4g; Cesare et al., 2009). Some samples (e.g. #25a;
Fig. 6b) exhibit myrmekite-like intergrowths of epidote and quartz spa-
tially associated with peritectic garnet in melanosomes. Such texture
has been observed in magmatic, migmatitic and pegmatitic rocks and
interpreted to have formed by the crystallization of phases from a sili-
cate melt at pressures exceeding 0.8 GPa in the presence of a hydrous
fluid (Zen and Hammarstrom, 1984 and references therein; Jones and
Escher, 2002). The absence of this magmatic epidote in some samples
may be related to local H,O-undersaturation during the stage 1 event
or, more likely, to insufficient pressure. The latter could indicate that
these rocks stayed just in the limit of the “epidote-in” reactions, at c.
1.2 to 1.3 GPa (e.g. Garcia-Casco, 2007), which may have precluded
the formation of epidote from some bulk compositions.

The SHRIMP U-Th-Pb zircon rims from the metasedimentary rock
sample #24 yield near-peak metamorphic ages of c.161-164 Ma around
detrital grains, in good agreement with multimineral Sm-Nd ages of
samples containing peritectic garnet (163 + 2 Ma and 163 4 18 Ma;
Figs. 13d, e and 14). Altogether our results demonstrate that peak meta-
morphic conditions were reached at around 163 Ma at c. 40 km depth in
a hot subduction environment (c. 19 °C/km). U-Th-Pb zircon rim ages of
160-175 Ma obtained by Hervé and Fanning (2003) on siliceous
gneisses from the Lazaro unit were interpreted as related to acidic
magmatism during extension of the upper continental crust (Gondwa-
naland). We believe, instead, that these ages, which overlap our range,
reflect zircon growth associated with the crystallization of the melt at
the deep subduction interface. Temperature estimates (~750 °C)
obtained for garnet amphibolite, combined with the finding of magmat-
ic epidote and pseudomorphs after K-feldspar, confirms that
metasedimentary rocks also underwent anatexis. Partial melting pro-
cesses in felsic rocks triggers zircon dissolution and its subsequent

precipitation during melt crystallization (Rubatto et al., 2009 and
Kohn et al., 2015). Our cathodoluminescence images of zircons, together
with those shown by Hervé and Fanning (2003), confirm that dissolu-
tion of detrital zircon cores most likely took place during stage 1 and as-
sociated melt production.

As also noticed by Hervé and Fanning (2003) and Willner et al.
(2004a), Lazaro unit rocks have been massively affected by cooling-re-
lated metamorphic recrystallization and deformation. The stage 2 LT
metamorphic event overprinting Lazaro unit rocks is characterized by
growth of blue Na-rich hornblende rims around brown peak T amphi-
bole, the formation of Si-rich phengite rims around muscovite and the
pervasive replacement of garnet by chlorite. Chlorite-phengite P-T esti-
mates show that cooling took place between 0.9 and 1.3 GPa. The forma-
tion of Si-rich phengite rims around muscovite flakes is in agreement
with isobaric cooling down to 450-500 °C under epidote-blueschist fa-
cies conditions before decompression and exhumation (Fig. 15). Even
though some uncertainty exists on the pressure experienced by the
Lazaro unit throughout the cooling process, no significant vertical dis-
placement can be inferred from the petrological record. In particular,
the absence of orthopyroxene confirms that these rocks have not under-
gone near-isothermal decompression after peak metamorphism (e.g.
Pattison, 2003).

An interesting feature is the observation of a low XMg garnet gener-
ation (Grt2) overgrowing the HT garnet and sealed fracture networks
(Fig. 7b). Since the growth of garnet is hampered by cooling (Fig. 12),
we postulate here that the pattern visible in Fig. 7b indicates (i) fractur-
ing, breakdown and chloritization of garnet during cooling at HP (ii)
short-lived warming up and healing of garnet fractures, and (iii) later
cooling, fracturing and replacement by chlorite along new fracture net-
works. This episode of heating may be correlated with the short-lived
increase of the thermal gradient from 10 to 13°/km associated with
amphibolitization of the underlying Almagro blueschist complex at c.
120 Ma reported by Hyppolito et al. (2016).

Isotopic disequilibrium in Rb-Sr geochronological results indepen-
dently confirms that the pervasive (but incomplete) retrogression of
the Lazaro unit was a long-lasting process that took place over ca.
40 Myr between 120 and 80 Ma. Our oldest Rb-Sr age of 124 + 27 Ma
is close to the age of 117 4 28 Ma obtained by Willner et al. (2004a)
on a Lazaro unit orthogneiss (DA37) using K-Ar on amphibole and
interpreted as a cooling age after HT metamorphism. These two ages
suggest that the T range 550-600 °C (i.e. the assumed closure T range
for K-Ar in amphibole; Villa, 1998) has been crossed at around
¢.120 Ma during cooling in the subduction zone environment (Fig.
15). This temperature range coincides with peak-temperatures (550-
600 °C) estimated by Willner et al. (2004a, 2004b) for garnet amphibo-
lite samples buried along a prograde metamorphic path. These garnet
amphibolites (together with some retro-eclogites amphibolitized at
120 Ma from Hyppolito et al., 2016) are now exposed in the footwall
of the Lazaro unit along the Puerto shear zone (Fig. 1c). This observation
suggests that the Lazaro unit and the underlying garnet amphibolites
from the Almagro complex probably shared a common tectono-meta-
morphic history since their juxtaposition at c. 120 Ma.

Last, the static sub-silicic pargasite forming over the garnet amphib-
olite fabric (Electronic Appendix 1; see also Willner et al., 2012 for the
Choapa complex in central Chile) may be related to a later warming
event, such as the emplacement of a magmatic intrusion affecting shal-
low levels of the wedge (<0.4 GPa), linked to the South Patagonian
Batholith (e.g. Hervé et al., 2007).

8.2. Evidence for partial melting of oceanic crust

Natural occurrences exposing vestiges of subduction-related melt-
ing of oceanic crust are rare on Earth (e.g. Cuba: Garcia-Casco et al.,
2008; Catalina Schists: Sorensen and Barton, 1987; Iran: Rossetti et al.,
2010). Our results provide insight on the nature of the material that ex-
perienced melting during subduction. Bulk and trace element
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geochemical results clearly point to MORB signatures largely similar to
the underlying Almagro Complex rocks (Fig. 11). The low Zr content
of the trondhjemitic sample #25b (14 pg/g; Table 2) corroborates its
derivation from MORB-like rocks. This also confirms that hornblende
and rutile retain Zr during prograde metamorphism and melt produc-
tion in mafic rocks (Kohn et al., 2015). The finding of a phengite-quartz
metasedimentary rock (#24) with a detrital zircon population with ages
between 1200 Ma and 280 Ma (Fig. 14) indicates that metasedimentary
lenses were interleaved with mafic lithologies in the Lazaro unit. The
detrital zircon pattern shows a noticeable Permian peak which is similar
to those recognized in sandstones and greywackes of the Madre de Dios
Accretionary Complex (MDAC; Fig. 1; Herve et al., 2003; see also Castillo
et al.,, 2016). We do not consider these micaceous schists to derive from
an upper plate granite (as proposed by Hervé and Fanning, 2003) but
rather from metasedimentary rocks. In addition, the preservation of
thin spessartine quartzite bands interleaved with amphibolites (Fig.
3e) supports the idea that Lazaro unit rocks correspond to a tectonic
slice of ocean-floor affinity. The formation of trondhjemitic leucosomes
is also a reliable indication supporting partial melting of mafic material
(Fig. 10; see also Rapp et al.,, 1991 and Blanco-Quintero et al., 2011).
Field investigations revealed the existence of hornblende-rich am-
phibolites within the Lazaro unit (Fig. 3). Phase relationships and trace
element patterns (Figs. 10 and 11) have shown that some of these
rocks underwent melt extraction as shown by the residual geochemical
signature of some samples (“picrites”; see also Fig. 11a). The large gar-
net crystals, however, are due to abundant water influx (Fig. 2d)
confirming the residual nature of these garnet amphibolites and sug-
gesting melt loss during stage 1 metamorphism (see also Powell and
Downes, 1990). Petrological relationships and pseudosection modeling
confirm that an aqueous fluid infiltrated during, and triggered, the melt-
ing process. The formation of a garnet-hornblende-bearing residue also

suggests that melting proceeded before dehydration of prograde am-
phibolite (Figs. 3¢ and f; Drummond and Defant, 1990; Foley et al.,
2002). The presence of 2 to 4 wt.% H,0 during the melting process
(see Fig. 12) implies a contribution from external fluids since (i) high
grade mafic rocks do not generally contain >1.6 wt.% H,0 (Clemens
and Vielzeuf, 1987), and (ii) free fluids are needed to enable the forma-
tion of a Na-rich melt such as a trondhjemitic melt (Prouteau et al.,
2001).

Hornblende-rich amphibolites and the associated garnetite domains
correspond to residual solid phases and shed light on melt extraction in
subduction environments (Figs. 2c and 3; Wolf and Wyllie, 1993;
Sawyer, 2014). Positive volume change during melt production is
known to lead to embrittlement and micro-fracturing (e.g. Connolly et
al., 1997; see field evidence for micro-cracking in Electronic Appendix
1). Local melt may have collected along HT shear zones enabling melt
extraction and leaving a garnetite behind (Brown, 2004). Similar
garnetite has been reported by Daczko et al. (2001) in high-pressure
granulites (750 °C, 1.4 GPa) from the Fjordland region (New Zealand)
and by Yamamoto and Yoshino (1998) for the Jilal complex in the
Kohistan arc (735-949 °C, 1.0-1.7 GPa). The generated melt escaped
along these Grt-bearing restites and migrated upwards towards
shallower magmatic reservoirs feeding andesitic and adakitic volcanoes
(e.g. Condie, 2005; Martin et al., 2005). Therefore the Lazaro unit consti-
tutes an interesting field analogue highlighting the nature of the source
material producing Tonalitic-Trondhjemitic-Granodioritic suites (TTG)
in Phanerozoic subduction zones.

8.3. A hot subduction during the Jurassic

The partial melting of the Lazaro unit took place along an 18-20 °C/km
prograde thermal gradient (Fig. 15). Such a gradient is much warmer than
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the one proposed for “normal” warm, present-day subduction zones
where young oceanic lithosphere subducts (e.g. SW Japan: around 12°/
km; Peacock and Wang, 1999). It is known that the entrance of very
young oceanic lithosphere into the mantle shortly after subduction initia-
tion can lead to very high metamorphic gradients and temperatures as
high as 800 °C at 40 km depth along the interface (Defant and
Drummond, 1990; Peacock, 1991; Nikolaeva et al., 2010). Numerical
models confirm that after subduction initiation (typically 4-5 Ma; see
Electronic Appendix 5) of an oceanic plate with a thermal age of 3 Ma,
only a few millions of years are needed to reach a prograde thermal gra-
dient of 18-20°/km. However, in the case of the south central Chile and
Patagonia it is likely that subduction along the SW margin of the Gondwa-
na continent had already started in Paleozoic times (Glodny et al., 2005;
Charrier et al., 2007; Willner et al,, 2009; Herve et al., 2013).

The fragmentation of the Gondwana supercontinent between mid-
dle Triassic and early Cretaceous times was characterized by an alterna-
tion of extensional regimes with subduction rate decrease and/or
cessation (e.g. Gorczyk et al., 2007; Charrier et al., 2007) and synchro-
nous extension and subduction (e.g. Stern and De Wit, 2003;
Mpodozis and Ramos, 2008). Between ca. 170 and 150 Ma, extension-
related intracontinental volcanic deposits covered a great part of austral
Patagonia coeval with the opening of the Weddell Sea and the incipient
drifting of the Antarctica Peninsula to the south (Ghidella et al., 2002;
Pankhurst et al., 2000; Hervé and Fanning, 2003; Jokat et al., 2003).
Our new data, in line with these models, confirm that the drift of the
Antarctica Peninsula to the south, closely associated with the opening
of the Weddell sea (Ghidella et al., 2002; Mpodozis and Ramos, 2008),
started in the middle/late Jurassic. We hypothesize that the Lazaro
unit rocks constitute remnants from hot oceanic subduction subse-
quently developed along the southwestern Gondwana margin in a re-
gionally extensional regime. This late Jurassic subduction event
correlates with the onset of magmatism in the forearc at c. 160 Ma
when the Patagonian Batholith started to form (Hervé et al., 2007;
Parada et al., 2007). An analogue of this process has been described by
Kay et al. (2004) in the triple junction region (c. 49°S) where c. 12 Ma
slab-melt adakites are related to the partial melting of the young and
hot subducting Nazca plate (Patagonian Cordillera, Cerro Pampa). Sim-
ilarly, it has been demonstrated that the SW Japanese margin evolved
from a transform to a hot subduction margin over the last 30 Ma, lead-
ing to the generation of adakitic volcanoes and extension in the upper
plate (e.g. Kimura et al.,, 2005 and references therein).

8.4. Regional implications and open questions

Diego de Almagro Island constitutes a valuable and (nearly) unique
witness documenting the nature and dynamics of the South Chilean
subduction zone during Mesozoic times. First, we have shown that the
Lazaro unit records an early stage of accretion of hot and young oceanic
crust that proceeded at c. 40 km depth along the interface (see also sim-
ilar observations in E. Cuba; Blanco-Quintero et al., 2011 and Catalina is-
land: Sorensen and Barton, 1987). Our P-T-t reconstruction suggests
that the Lazaro unit (i) remained at around 40 km depth, after accretion
along the hanging wall of the subduction channel, for >80 Ma (Fig. 15),
and (ii) recorded the long-term thermal evolution of the Patagonian
subduction zone. The time gap (160-120-80 Ma) existing between the
various accreted elements on Diego de Almagro Island indicates tran-
sient episodes of underplating throughout the tectonic history of the is-
land (e.g. Hyppolito et al., 2016; Platt, 1986; Angiboust et al., 2016).

Yet, episodes of tectonic erosion of the upper plate may have preced-
ed or co-existed with this accretionary regime. It is striking to note the
similarities between the Madre de Dios basin ages (c. 270 Ma for the
youngest detrital zircons; Hervé and Fanning, 2003; Septlveda et al.,
2010; Fig. 1¢) and a marked age cluster at 270-290 Ma found in zircon
cores from mica schist sample #24. From this perspective, the Lazaro
unit may represent a coherent fragment of the Madre de Dios accretion-
ary wedge consumed by tectonic erosion slightly before c. 160 Ma,

followed by accretion at c. 40 km depth (see also Hervé and Fanning,
2003 and Angiboust et al., 2014).

Another similarity with previous work lies further south in the
Cordillera Darwin where medium to high grade (0.9-1.2 GPa, ~620 °C)
Cretaceous rocks have been described (~90 Ma to 65 Ma, 4°Ar->Ar
cooling mica ages and U-Th-Pb on monazite; Kohn et al., 1995 and
Maloney et al., 2011). Interestingly, a Jurassic Rb-Sr whole rock isochron
age of 157 4+ 7 Ma (Hervé et al,, 1981) and an U-Pb zircon age of 164 +
1 Ma (Mukasa and Dalziel, 1996) were obtained on a peraluminous
orthogneiss from the Cordillera Darwin. It remains uncertain whether
these rocks and the Lazaro unit on Diego de Almagro Island were formerly
part of the same tectonic element during middle to late Mesozoic defor-
mation along the Patagonian margin. Future investigations should help
to (i) better understand the tectonic origin of the protoliths and the gen-
esis of this cordillera and (ii) reconstruct the location of the Jurassic plate
boundary and the paleogeographic link between Darwin Cordillera, Diego
de Almagro and Diego Ramirez Islands (e.g. Kohn et al., 1995; Hervé et al.,
2008).

Finally, the significance of the Seno Arcabuz Shear Zone, which de-
limits the Lazaro unit to the east, remains unclear (Fig. 1c). The fact
that this shear zone was undergoing LP-HT deformation (<0.6 GPa,
500-600 °C; Willner et al., 2004a, 2004b) at c. 120 Ma while the Lazaro
unit was still at HP conditions (c. 1.2 GPa; this work) needs clarification.
An understanding of the evolution and significance of the Seno Arcabuz
Shear Zone will be an important research target in the future as it may
represent the former plate boundary prior to accretion of the Lazaro
unit to the Gondwana margin.

9. Conclusions

Evidence for partial melting of subducted oceanic crust has been dis-
covered in the Lazaro unit (Diego de Almagro Island). Thermo-
barometric results show that wet melting took place at around
1.2 GPa and c. 750 °C, leading to the formation of trondhjemitic melts
and peritectic garnet. U-Pb dating of zircon rims and Sm-Nd geochro-
nology on garnet-bearing HP granulite-facies assemblages reveal an
age of ¢. 162 + 2 Ma for this HT event. Combined with other ages show-
ing that emplacement of the Patagonian batholith started at c. 160 Ma,
we propose that the high temperature metamorphic overprint visible
in the Lazaro unit records a stage of subduction of a hot and young oce-
anic plate along the W margin of the Gondwana continent coeval with
regional extension after a period of quiescence during the Triassic. Our
results also suggest that the Lazaro unit remained along the subduction
interface from c. 165 Ma to 80 Ma. This long-lasting residence time ex-
plains the pervasive retrogression during isobaric cooling through epi-
dote amphibolite and upper greenschist-facies conditions. The record
of long-term deformation on Diego de Almagro Island constitutes a
valuable witness to a better understanding of the structural and thermal
evolution of the roots of the Chilean accretionary system from Jurassic
to upper Cretaceous times.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.gr.2016.10.007.
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