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ABSTRACT

Back-arcs are hot regions of enduring
weakness in the hinterland of subduction
zones that are commonly sites of strain lo-
calization, forming mobile belts that, in some
cases, develop into mountain belts. Their
evolution results from their strength, a func-
tion of thickness, heat flux, and stresses.
Contractional back-arcs may be too weak
to form thick crusts, whereas in other cases,
they can thicken considerably and lead to
mountain building. The stress and thermal
histories of back-arcs can be retrieved from
investigation of the relationships between
deformation and metamorphism. The 490-
430 Ma Famatinian orogen of the Sierras
Pampeanas is associated with a back-arc that
has a complex development. We focus on the
Sierra de Quilmes within the northern sec-
tion of the back-arc and present new struc-
tural data tied to anatexis and constrained by
geochronology. We find that low-pressure—
high-temperature conditions prevailed over
an ~35 m.y. thermal peak between 497 and
461 Ma, as indicated by U/Pb ages of mona-
zite. Anatexis coincided with thrusting to the
west and northwest, as evidenced by leuco-
somes in axial planes of folds and in thrust
planes. As rocks were thrust upward, they
cooled, melt solidified, and deformation lo-
calized into two major thrust zones. These
record the same thrust-to-the-west or north-
west kinematics as the earlier syn-anatectic
deformation and ultimately placed hot rocks
over cold ones. Continuous thrusting during
cooling from peak metamorphism, accom-
panied by strain localization, is consistent
with a number of shear zones in the northern
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Sierras Pampeanas. The low-pressure meta-
morphic assemblages indicate that shorten-
ing was not accompanied by pronounced
crustal thickening, suggesting that the litho-
sphere was too hot, and the partially melted
crust was too weak for substantial stacking.

INTRODUCTION

During subduction, strain partitions into mo-
bile belts in back-arcs because they are enduring
sites of weakness, commonly active over several
orogenic events (Katz, 1985; Hyndman et al.,
2005). Their weakness is a result of high heat flux
(Hyndman et al., 2005), often ascribed to litho-
spheric thinning due to extension in the back-arc
(e.g., Wickham and Oxburgh, 1985). However,
many mobile belts in back-arcs are hot despite
recording crustal shortening. This could be a re-
sult of (1) inheritance of heat from an early exten-
sional event (e.g., Loosveld and Etheridge, 1990;
Forbes et al., 2008; Lister and Forster, 2009),
(2) contact metamorphism with magmatic rocks
(e.g., Alasino et al., 2014), or (3) upwelling of the
asthenosphere below the back-arc, or increased
rates of shallow convection of the asthenosphere
due to the addition of volatiles from the down-
going plate, independent of whether the litho-
sphere was extending or shortening (Loosveld
and Etheridge, 1990; Hyndman et al., 2005).
The heat source may be understood in ancient
back-arcs by investigating their structural and
metamorphic evolution. However, the long-lived
nature of mobile belts typically means that early
events may be obscured by subsequent ones.

The Famatinian back-arc (490430 Ma;
Rapela et al., 1998a) in NW Argentina outcrops
in a series of discontinuous mountain blocks over
1000 km along strike (between 22°S and 33°S;
Coira et al., 2009). The evolution of the back-arc
was complex and possibly responded to different

events along its length: Southern sections show
evidence for terrane collision, but such evidence
is absent north of ~26°S (Lucassen et al., 2000),
in the Puna, Cordillera Oriental, and the northern
Sierras Pampeanas (Fig. 1A), perhaps suggesting
the collisional terrane was a ribbon that did not
extend to the north. According to the literature,
the northern section (the Puna and the Cordillera
Oriental; Fig. 1A) underwent an early period of
extension that caused deposition of thick sedi-
mentary sequences onto the back-arc in the Early
to Middle Ordovician (ca. 485-460 Ma; Bahl-
burg, 1990, 1991). This was followed by a period
of shortening, the Ocloyic tectonic phase (450—
430 Ma; Turner and Méndez, 1975; Bahlburg and
Hervé, 1997; Rapela et al., 1998a), as a result of
collision of the Laurentia-derived Cuyania ter-
rane with the continental margin (Thomas and
Astini, 1996; Astini and Davila, 2004), or accel-
erated approach of the terrane prior to collision
in the southern Sierras Pampeanas (Rapela et al.,
1998a). However, in some regions in the northern
Famatinian back-arc, thrust shear zones were ac-
tive early in the Famatinian (e.g., the 480-424 Ma
Agua Rosada shear zone, 25°S-26°S; Hongn and
Riller, 2007; Wegmann et al., 2008), contempo-
raneous with sedimentation. The back-arc in the
northern Sierras Pampeanas, Puna, and Cordi-
llera Oriental is interpreted as a mobile belt that
localized deformation related to subduction on
the paleo-Pacific margin of Gondwana (Lucassen
et al., 2000; Becchio and Lucassen, 2002), but
our understanding of its complex development is
incomplete.

This study examined a representative section
of the northern back-arc exposed in the Sierra de
Quilmes, focusing on the structural and thermal
evolution together with geochronology. This
region records crustal shortening that occurred
much earlier than other sections of the back-
arc (e.g., Coira et al., 2009, Hongn et al., 2014).
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Figure 1. (A) Schematic outline of cratons and terranes of NW Argentina (modified from Rapela
et al., 2016; Larrovere et al., 2016). (B) Outline of the Sierra de Quilmes mountain block with the
region shown in C boxed. (C) Metamorphic zones of the Tolomb6n complex and its contact with
the Agua del Sapo complex. Box corresponds to the area in Figure 2, lines A-A’ and B-B’ mark
cross sections in Figure 3, and waypoints (gray circles) noted near the El Pichao shear zone are
the locations of samples used for dating. For a detailed map of El Pichao shear zone, see Finch
et al. (2015a). Crd—cordierite; Sil—sillimanite; Grt—garnet; Opx—orthopyroxene.

GEOLOGIC SETTING

The Famatinian mobile belt consists of sedi-
mentary rocks deposited from the late Neo-
proterozoic to the Early Ordovician. The more
voluminous and basal sedimentary sequence
is the Puncoviscana Formation, which was
deposited on the southwest margin of Gond-
wana between 670 and 530 Ma, forming an
interbedded psammite and pelite turbidite se-
quence (Turner, 1960; Rapela et al., 1998a).
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The 550-510 Ma Pampean orogeny (Acefiolaza
and Toselli, 1973) accreted the Puncoviscana
Formation onto the Rio de la Plata craton and
caused deformation and granulite facies meta-
morphism in the southern Sierras Pampeanas
(Rapela et al., 1998b) and low- to medium-
grade metamorphism in the north (Kniiver and
Miller, 1981). Early Ordovician sedimentary
rocks were deposited on the shallow-marine
Ordovician foreland and were derived from
the Famatinian volcanic arc (Bahlburg, 1991),

which was a result of the Famatinian orogeny
that commenced ~20 m.y. after the end of the
Pampean orogeny (Acefiolaza and Toselli,
1973). The arc is now exposed as a 200 km wide
band trending N-S roughly at ~67°W (Fig. 1A;
Pankhurst et al., 1998). U-Pb zircon geochro-
nology in magmatic rocks indicates the arc
was active between ca. 490 and 460 Ma, with
the most voluminous activity around 470 Ma
(Pankhurst et al., 1998; Bellos et al., 2015). It
includes S-type granites, voluminous I-type
granitic rocks at the top ranging downwards
to diorites, gabbros and mafic and ultramafic
cumulates, minor intrusions of tonalite-trond-
hjemite-granodiorite sequences (Pankhurst
et al., 2000), and kilometer-wide contact
aureoles (Alasino et al., 2014). East of the Fama-
tinian arc, between 65°W and 67°W (Fig. 1A),
high-temperature—low-pressure metamorphism
and anatexis (Larrovere et al., 2011) and bi-
modal volcanism (Coira et al., 2009) charac-
terize the back-arc zone. Thick sedimentary
sequences deposited into a back-arc basin in
the Early to Middle Ordovician (485-450 Ma;
Bahlburg, 1990, 1991) are preserved in the Puna
and the Cordillera Oriental (Fig. 1A) and in-
clude the Santa Victoria Group, which consists
of shallow-water pelites and arenites (Turner,
1960; Moya, 1988). In the Puna, Early Ordovi-
cian (ca. 485470 Ma) sedimentary packages,
including the Tolar Chico, Tolillar, and Diablo
formations, are overlain by the Middle to Late
Ordovician (ca. 470-450 Ma) Puna turbidite
complex, which contains rocks that record a
progressively deeper marine setting upward,
indicative of basin subsidence (Bahlburg, 1990;
Zimmerman et al., 2002). The upper section of
the turbidite complex contains volcaniclastic in-
put thought to be sourced from the Famatinian
volcanic arc (Zimmerman et al., 2002).

The Ocloyic tectonic phase generated perva-
sive mylonitic shear zones in the Sierras Pam-
peanas, including the Tres Arboles shear zone
(Simpson et al., 2003), the Arenosa Creek shear
zone (Castro de Machuca et al., 2012), the
Tinogasta-Pituil-Antinaco shear zone (Hocken-
reiner et al., 2003, their TIPA shear zone), and
late stages of shearing on the Agua Rosada shear
zone (Wegmann et al., 2008). This has led to the
suggestion that the Ocloyic tectonic phase was
related to shortening and closure of the Fama-
tinian back-arc (Rapela et al., 1998a; Astini
and Ddvila, 2004). Once the Cuyania terrane
finished colliding with the continent margin
south of 29°S (Fig. 1A), the Famatinian orogeny
ended (Thomas and Astini, 2003, and references
therein; Varela et al., 2011).

The Sierra de Quilmes is a 140 km long
mountain range located in the northern Sierras
Pampeanas, west of the town Cafayate (Fig. 1;
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Rossi de Toselli et al., 1976). It consists of the
metamorphic equivalents of the Puncoviscana
Formation, divided in two complexes accord-
ing to metamorphic facies: the amphibolite
facies Agua del Sapo complex in the south of
the range, and the granulite facies Tolombdn
complex to the north (Fig. 1C; Toselli et al.,
1978). The El Pichao—Ovejeria shear zone
thrusts the Tolombdn complex over the Agua
del Sapo complex. The eastern part of this
shear zone, the El Pichao shear zone, is a NW-
trending, 3.5 km thick mylonitic-ultramylonitic
shear zone located west of the village Colalao
del Valle (Figs. 1B and 1C; Finch et al., 2015a,
2016). The Ovejeria section of the shear zone,
to the west, is equally thick and varies between
NW-trending sections that record thrusting to
the west, and E-W—trending sections with a
strong sinistral component, which act as trans-
form shear zones.

The Agua del Sapo complex consists of
garnet- and cordierite-bearing gneisses and
schists that are intruded by pegmatite dikes
(Toselli et al., 1978). The Tolombén complex is
a tilted metamorphic sequence (Figs. 1-3) with
increasing metamorphic grade from northeast
to southwest (Biittner et al., 2005). According
to Biittner et al. (2005), metamorphic grade
increases from the chlorite zone to the biotite-
muscovite zone, then into the garnet-cordierite-
sillimanite zone, and finally into the ortho-
pyroxene zone. Evidence for anatexis is first
apparent in their biotite-muscovite zone, with
muscovite-dehydration melting reactions. Evi-
dence for biotite-dehydration melting is found
in the higher grade zones (Biittner et al., 2005).
Migmatites are mainly stromatic metatexites,
with diatexites more common in the higher
grade zones in the southwest (Figs. 2 and 3). To
the east of the complex, the composite Cafayate
pluton intruded into sillimanite-cordierite mig-
matites (Rapela and Shaw, 1979).

Biittner et al. (2005) dated migmatites from
the Tolombdén complex and found that mona-
zite growth occurred between 485 and 450 Ma
(range incorporates uncertainties on ages
from U/Pb thermal ionization mass spectrom-
etry [TIMS] dating), better constraining earlier
Rb-Sr ages (Rapela et al., 1982; Miller et al.,
1991). Lucassen et al. (2000) dated garnet from
a deformed gneiss from Anchillo gorge (in the
Tolomb6n complex and immediate hanging
wall of the El Pichao shear zone) to 442 + 9 Ma
(Sm-Nd mineral isochrons). The data of
Biittner et al. (2005) suggest a high-temperature
regime between 485 and 450 Ma, with cool-
ing through muscovite closure by ca. 442 Ma
(Ar-Ar). Using the mean of the high-tempera-
ture age range, Biittner et al. (2005) suggested
peak metamorphism occurred at 470 Ma and
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was accompanied by ductile shearing, which
continued as cooling proceeded to amphibolite
facies and localized to major shear zones (Finch
et al., 2015a). Ductile shearing ended with the
thrusting of migmatites onto lower grade rocks
(Finch et al., 2015a), which Biittner et al.
(2005) suggested was at ca. 440 Ma based on
the age of undeformed pegmatites that crosscut
ductile shear zones.

Biittner (2009) described a zone of intense
shearing in the Tolomb6n complex, separating
the biotite-muscovite zone in the hanging wall
from the garnet-cordierite-sillimanite zone in
the footwall. He interpreted this as a detachment
that allowed the lower grade rocks to deform dif-
ferently than the migmatites. He estimated the
paleopressure of key samples in the migmatitic
terrane using multi-equilibrium methods and
found that the current distance between samples
was less than the vertical distance that should
separate them based on pressure determina-
tions. From this, he inferred that the package
as a whole had been thinned, indicating crustal
extension. Biittner (2009) recognized that the
shear sense throughout the Sierra de Quilmes
is top-to-the-W and top-to-the-NW thrusting,
and suggested that the shear zones were origi-
nally horizontal, accommodating crustal exten-
sion, and rotated to their current dip during the
Andean orogeny.

Finch et al. (2015a) studied the El Pichao
shear zone, where the granulite facies migma-
tites of the Tolombdn complex are on the hang-
ing wall, above lower grade rocks of the Agua
del Sapo complex. They interpreted this hot-
over-cold sequence as a result of the regional
top-to-the-W and top-to-the-NW thrusting, indi-
cating shortening rather than extension. Biittner
(2015) argued that Finch et al. (2015a) did not
date movement on the El Pichao shear zone and
were therefore unable to relate movement on the
El Pichao shear zone to shearing in the rest of
the Tolombdn complex, and that thrusting of the
high-grade package could have occurred after
peak metamorphism and extension. However,
Finch et al., (2015a, 2015b) argued that the am-
phibolite facies El Pichao shear zone recorded
the same kinematics as that recorded during ana-
texis in the migmatites, suggesting continuity of
thrusting. In this paper, we expand on this argu-
ment by introducing new data and return to this
question in the discussion. An integral part of this
controversy is an understanding of the nature of
the heat source in the Sierra de Quilmes. If peak
metamorphism occurred during extensional
shearing, the high heat flux was likely a result of
lithospheric thinning. However, if the region was
under shortening for most of its history, another
heating mechanism could have been involved in
generating the voluminous magmatic products.

ANALYTICAL METHODS

Mineral compositions were analyzed using
the HyperProbe field-emission gun electron
probe microanalyzer at the Microbeam Labora-
tory at the Commonwealth Scientific and Indus-
trial Research Organisation (CSIRO) in Clay-
ton, Victoria, Australia, in point beam mode and
the Tescan Vega scanning electron microscope
equipped with an X-Max 50 energy-dispersive
(EDS) detector at Charles University in Prague,
Czech Republic. Mineral compositions are
listed in Table 1, and mineral abbreviations are
after Kretz (1983).

Samples for geochronology were crushed
and milled, and monazite was separated using
magnetic and heavy liquids separation tech-
niques. Grains of a variety of appearances were
handpicked under a binocular microscope and
mounted on a 25 mm epoxy disk along with the
monazite standard IND-1 (509 Ma, 2°Pb/**U =
0.082133; Korhonen et al., 2011). The mount
was polished, and prior to analysis, all monazite
grains were photographed in transmitted light;
after gold coating, samples were imaged using
backscattered electron (BSE images) micros-
copy on the scanning electron microscope, which
revealed that grains did not exhibit any zoning
(so images are not presented here). Monazites
are rounded to irregular, light yellow in color and
vary in size from ~100 to 1000 um. Monazites
were dated using the sensitive high-resolution
ion microprobe (SHRIMP)-II at the John de
Laeter Centre at Curtin University in Western
Australia. The procedure for monazite dating
followed the method described in Korhonen
et al. (2011). For each sample, three grains were
re-analyzed at the end of the run using a different
spot to ensure accuracy was maintained over the
run. Common Pb was corrected using **Pb, after
24Ph was corrected for the interference correla-
tion with Th concentration (Stern and Berman,
2001). The mean ages were weighted, and the
error shown for each mean age incorporates
the error in the standard (Table 2).

Selected trace and rare earth element con-
centrations of monazites were determined via
laser-ablation—inductively coupled plasma—mass
spectrometry (LA-ICP-MS). The mount used
was the same from the SHRIMP geochronology,
polished to remove the gold coating. The analy-
ses were carried out using a New Wave UP 213
nm N:YAG laser-ablation microprobe coupled
with a Thermo Finnigan X series II quadru-
pole ICP-MS at Monash University’s School of
Earth, Atmosphere and Environment. Analyses
were in helium atmosphere, employing a pulse
rate of 5 Hz and beam energy of ~8 J/cm? at the
sample and laser spot size of 30 um diameter.
For each analysis, background readings were
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Figure 3. (A) Schematic cross section of the Tolombén complex showing repetition of metamorphic zones by thrust
zones and locations of samples for geochronology. (B) Schematic representation of structures and their intensity
in the metamorphic zones of the Tolomboén complex. The line of the section is shown in Figure 1C. Insets: Stereo-
nets comparing orientations of C-planes (S) and stretching lineations (Lx) for mylonitic rocks of the El Pichao
shear zone (PSZ; Finch et al., 2015a) and deformed rocks of the Tolombén complex between Laguna and Cafayate
(Fig. 2). Crd—cordierite; Sil—sillimanite; Grt—garnet; Opx—orthopyroxene.

collected for 30 s, followed by 60 s ablation
time. The LA-ICP-MS raw data were reduced
using the GLITTER 4.0 software package (Van
Achterbergh et al., 2001), and quantitative re-
sults for the trace elements were obtained using
NIST610 glass as a primary external standard
and U.S. Geological Survey (USGS) BHVO 2G
as a secondary standard. Ca concentrations of
monazite obtained from Biittner et al. (2005, see
the electronic supplement) were used for internal
standardization. The USGS standard BCR 2G
was analyzed throughout the analytical session
to check for precision and accuracy.

METAMORPHISM IN THE
TOLOMBON COMPLEX

In this section, we use the term migmatite
to describe any rocks that have been partially
melted, metatexite for migmatites that retain
their original coherence and typically have
stromatic layering, diatexite for rocks that have
lost coherence due to high melt fraction, leuco-
some for the crystallized product of the melt,
and melanosome for the solid or residual part
of the rock left behind after melt was extracted
(Sawyer, 2008). The melanosome usually has a
high concentration of biotite, commonly accom-
panied by peritectic minerals.

1606

Metamorphic Zones in the
Tolombén Complex

We describe metamorphic rocks from a re-
gion that extends 20 km west into the mountain
range between the town of Cafayate and the
village of Colalao del Valle (Fig. 1C). Similar
to Biittner et al. (2005), we observed metamor-
phic zones that are marked by the appearance of
index minerals. We defined six zones oriented
approximately NNW-SSE that generally in-
crease in metamorphic conditions to the west,
except when this trend is broken due to repeti-
tion caused by shear zones (Figs. 2 and 3). The
zones are: (1) biotite + chlorite (Bt + Chl) zone,
(2) cordierite (Crd)—subsolidus zone, (3) sillima-
nite + cordierite (Sil + Crd)-migmatite zone,
(4) garnet (Grt)—migmatite zone, (5) Tolombén
thrust zone, and (6) orthopyroxene (Opx)-mig-
matite zone. These are simplified zone names
based on their most significant minerals (zones
14 and 6).

Bt + Chl Zone

Low-grade metasedimentary rocks are ex-
posed north and east of San Antonio (Fig. 1B).
They comprise two interbedded lithologies:
pelite forms brown to green layers, and psam-
mite forms brown to gray layers. Pelite layers

contain Qtz + Chl + Ilm + Bt + Ms + Kfs + PI,
and psammite layers contain Qtz + Kfs + Pl +
Bt + Chl + lithic fragments. These rocks re-
tain primary structures such as cross-bedding,
Bouma sequences, and compositional layer-
ing (Biittner et al., 2005). A bedding-parallel
cleavage, S1, is defined by aligned micas and
is more pronounced in pelitic layers. These
rocks are intruded by Ms + Tur + Grt pegma-
tite and tonalitic and two-mica granitic dikes
that are parallel to bedding. The base of this
zone has not been identified in the field area
of this study, but it is defined by the absence of
chlorite, broken down to form biotite and mus-
covite (Biittner et al., 2005).

Crd-Subsolidus Zone

This zone consists of a >1.5 km thick sec-
tion characterized by the disappearance of
chlorite and the appearance of Crd in the ab-
sence of leucosomes (Fig. 4A). Like the Bt +
Chl zone, these rocks are intruded by granitic
dikes (Fig. 4B). Magma intrusion is more volu-
minous in pelitic layers, where it occasionally
disaggregates the country rock. In these regions,
pelite rafts and biotite-rich schlieren are evident
within “dirty” granites, which form mappable
units. Table 1 summarizes the mineralogy for
this and all other zones described herein.
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TABLE 2. U/Pb ANALYTICAL DATA

U Th Radiogenic ratios Age (Ma)
Sample Spot name (ppm) (ppm) Th/U 27Pp/2BU +%  2%Pb/2BU +%  2BUR%Pb 1%  27Pb/2®Pb  +% 206Pp/238 Discord. %
Mylonite from El Pichao shear zone after stromatic metatexite
SQ37d 371 3951 43,253 1 0.621 1.3 0.0798 1.1 12.53 1.1 0.05642 0.78 495+5 —6
n=25 37.2 7346 39,783 5 0.590 1.3 0.0764 1.1 13.09 1.1 0.05597 0.64 475+5 -6
37.3 2533 38,833 15 0.616 1.3 0.0785 1.1 12.74 1.1 0.05690 0.69 487 +5 -0
37.4 5334 43,594 8 0.598 1.7 0.0766 1.7 13.05 1.7 0.05660 0.46 476+ 8 -1
375 3534 44,492 13 0.588 14 0.0754 1.2 13.25 1.2 0.05650 0.62 469 +£5 +0
37.6 4094 47,642 12 0.614 1.2 0.0784 1.1 12.76 1.1 0.05684  0.51 487 +5 -1
37.7 2973 45,934 15 0.596 22 0.0761 21 13.13 21 0.05674  0.67 473 +9 +1
37.8 2809 46,166 16 0.597 1.3 0.0772 1.1 12.96 1.1 0.05616  0.72 479+5 -5
37.9 2867 46,349 16 0.596 1.9 0.0765 1.8 13.07 1.8 0.05650 0.64 475+ 8 -1
37.11 4228 42,598 10 0.592 1.8 0.0758 1.8 13.20 1.8 0.05664  0.54 471+8 +1
37.12 2763 56,726 21 0.584 1.3 0.0746 1.1 13.40 1.1 0.05679  0.71 464 £ 5 +4
37.13 3654 42,813 12 0.593 1.3 0.0768 1.2 13.02 1.2 0.05601  0.59 4775 -6
37.14 1277 50,887 40 0.603 1.8 0.0789 1.1 12.67 1.1 0.05545 1.40 490 + 5* -15
37.15 3412 47,232 14 0.582 14 0.0765 1.2 13.07 1.2 0.05513  0.67 475 + 5* -15
37.16 6054 48,305 8 0.570 1.7 0.0738 1.7 13.54 1.7 0.05602  0.49 459 +7 -2
37.17 4025 43,115 11 0.602 1.2 0.0781 1.1 12.81 1.1 0.05594  0.58 485+ 5 -9
37.18 3659 32,798 9 0.614 1.6 0.0796 1.4 12.56 14 0.05598 0.64 494 £7 -10
37.19 1289 57,095 44 0.606 2.3 0.0768 21 13.01 21 0.05724  0.97 477 £10 +4
37.21 656 53,718 82 0.596 22 0.0776 1.2 12.89 1.2 0.05576  1.84 482+ 6 -10
37.22 2161 45,386 21 0.583 1.6 0.0747 1.3 13.39 1.3 0.05659 0.89 464 + 6 +2
37.23 5319 45,340 9 0.592 14 0.0764 1.3 13.08 1.3 0.05621  0.49 475+6 -4
37.24 2165 50,640 23 0.585 1.5 0.0756 1.3 13.22 1.3 0.05606 0.82 470+ 6 -4
37.1R 4733 37,937 8 0.593 1.8 0.0762 1.8 13.13 1.8 0.05642  0.47 473+ 8 -2
37.19R 1030 56,717 55 0.599 2.0 0.0774 1.5 12.91 1.5 0.05612  1.33 481+7 -6
37.23R 4218 52,617 12 0.596 1.3 0.0772 1.1 12.95 1.1 0.05597  0.61 479+5 -7
Weighted mean 477 +5
Ultramylonite from El Pichao shear zone after granitic diatexite
SQ32c 32.1 1667 33,252 20 0.576 2.4 0.0763 2.0 13.11 2.0 0.05477 117 474 £ 9* -19
n=17 32.2 2199 34,395 16 0.614 1.6 0.0809 1.3 12.36 1.3 0.05501  0.91 501 + 6* -23
325 1887 35,004 19 0.589 1.6 0.0760 1.3 13.15 1.3 0.05617  0.92 472+ 6 -4
32.6 1981 36,910 19 0.626 14 0.0816 1.1 12.26 1.1 0.05568  0.82 505 + 6* -16
32.7 894 35,083 39 0.588 29 0.0789 1.2 12.67 1.2 0.05401  2.58 490 + 6* -34
32.8 941 34,190 36 0.566 4.2 0.0754 29 13.26 29 0.05442  3.01 469 + 13* -22
32.11 4920 47,649 10 0.643 1.2 0.0815 1.1 12.27 1.1 0.05724 0.46 505+ 5 -1
323 3705 30,874 8 0.617 1.3 0.0788 1.2 12.70 1.2 0.05679  0.58 489+ 6 -2
324 1461 35,661 24 0.618 1.7 0.0782 1.4 12.79 1.4 0.05731  0.90 485+ 7 +3
32.12 832 35607 43 0.632 21 0.0769 1.6 13.01 1.6 0.05961 1.38 477 £ 7* +19
32.13 1037 34,095 33 0.527 3.7 0.0740 3.0 13.52 3.0 0.05171  2.18 460 + 13* -73
32.14 2055 33,884 16 0.560 24 0.0730 2.2 13.69 22 0.05567  0.81 454 £ 10 -4
32.15 1389 34,529 25 0.577 2.2 0.0754 1.9 13.27 1.9 0.05556  1.12 468 +9 -9
32.16 2460 32,169 13 0.500 2.0 0.0688 1.5 14.53 1.5 0.05263 1.22 429 + 6* -39
32.7R 1046 36,912 35 0.589 1.9 0.0758 1.5 13.19 1.5 0.05629 1.20 4717 -2
32.9R 2508 33,401 13 0.558 14 0.0736 1.1 13.58 1.1 0.05500 0.88 458 + 5* -12
32.1R 937 36,120 39 0.574 2.1 0.0754 1.5 13.25 1.5 0.05522 147 469 £ 7* -12
Weighted mean 483 + 15
Mylonitic garnet-schist from El Pichao shear zone
SQ84a 84.1 2888 34,317 12 0.607 1.3 0.0781 1.1 12.81 1.1 0.05637  0.73 485+5 -4
n=14 84.2 2292 37,066 16 0.596 1.7 0.0784 1.1 12.75 1.1 0.05517  1.31 487 + 5* -17
84.3 2414 37,160 15 0.579 1.8 0.0748 1.7 13.37 1.7 0.05614 0.72 465+ 8 -2
84.4 2155 32,214 15 0.589 2.0 0.0742 1.9 13.48 1.9 0.05755 0.73 461+8 +10
84.5 3630 39,369 11 0.570 1.5 0.0741 1.2 13.50 1.2 0.05583 0.75 461+6 -4
84.7 2310 29,184 13 0.605 1.4 0.0780 1.1 12.83 1.1 0.05629 0.77 484 +5 -5
84.8 2235 37,562 17 0.576 1.5 0.0750 1.3 13.33 1.3 0.05565 0.78 466 £ 6 -7
84.9 2086 35,404 17 0.583 1.6 0.0777 1.1 12.87 1.1 0.05442 1.16 482 + 5* -26
84.10 4375 31,347 7 0.566 1.5 0.0734 1.4 13.63 14 0.05598 0.53 457 £ 6 -2
84.11 2873 33,094 12 0.605 1.3 0.0778 1.1 12.86 1.1 0.05644  0.67 4835 -3
84.13 1927 37,240 19 0.609 1.4 0.0785 1.1 12.75 1.1 0.05630 0.88 487 +£5 —6
84.2R 2170 35,617 16 0.567 1.5 0.0743 1.3 13.45 1.3 0.05534  0.90 462+ 6 -9
84.9R 2095 36,082 17 0.587 1.5 0.0749 1.3 13.35 1.3 0.05687  0.71 466 + 6 +4
84.7R 2359 32,528 14 0.586 1.4 0.0755 1.3 13.24 1.3 0.05625 0.70 470+ 6 -2
Weighted mean 472+ 7
Muscovite-garnet schist from Agua del Sapo complex
SQ181a 181.1 4920 26,203 6 14.29 1.1 0.05570 0.49 0.537 1.2 0.0700 1.1 436 +5 +1
n=15 181.2 4621 27,999 6 14.38 1.1 0.05561 0.52 0.533 1.2 0.0695 1.1 4335 +0
181.3 3843 20,208 5 14.64 1.2 0.05445 0.78 0.513 14 0.0683 1.2 426 £5 -10
181.4 3103 30,649 10 14.99 1.5 0.05501 0.80 0.506 1.7 0.0667 1.5 416 £ 6 -1
181.5 3557 23,526 7 15.01 1.5 0.05536 0.68 0.509 1.6 0.0666 1.5 416 £ 6 +2
181.6 3881 28,225 8 14.74 1.2 0.05496 0.73 0.514 14 0.0678 1.2 423+5 -4
181.7 3147 19,565 6 14.93 1.2 0.05625 0.66 0.519 14 0.0670 1.2 418+5 +9
181.8 4583 26,434 6 14.47 1.1 0.05493 0.60 0.523 1.2 0.0691 1.1 431+5 -6
181.9 2428 29,437 13 14.04 1.1 0.05513 0.82 0.541 14 0.0712 1.1 443+ 5 -7
181.10 3954 11,996 3 14.32 1.2 0.05479 0.69 0.527 1.4 0.0698 1.2 4355 -9
181.11 4781 23,851 5 14.65 14 0.05528 0.57 0.520 1.5 0.0682 14 426 £ 6 -1
181.12 5265 26,722 5 14.96 1.6 0.05545 0.54 0.511 1.6 0.0669 1.6 417 +6 +3
181.1R 4767 27,913 6 14.38 1.1 0.05492 0.61 0.527 1.3 0.0696 1.1 4335 -7
181.3R 3422 10,409 3 14.69 1.2 0.05525 0.68 0.518 1.4 0.0681 1.2 424 +£5 -1
181.7R 4847 27,588 6 15.05 1.6 0.05523 0.56 0.506 1.7 0.0664 1.6 415+7 +1
Weighted mean 428 +£5

Note: Common Pb was corrected using 2°*Pb, after 2**Pb was corrected for the interference correlation with Th concentration (Stern and Berman, 2001). All errors on ages

are 2c. Discord.—discordance.

*Age >10% discordant and not included in the weighted mean calculation.
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Figure 4. Typical features of rocks of the Tolombén complex. (A) Contact between psammite and pelite layers in cordierite-subsolidus zone.
Pelitic layers contain porphyroblasts of cordierite and two well-developed dissolution cleavages, S1 and S2. S1 is parallel to SO and is also
seen in psammitic layers. (B) Upright F2 fold in psammo-pelite in cordierite-subsolidus zone. SO and S1 are folded, and S2 is a dissolution
cleavage that defines the axial plane. Thin granitic dikes are parallel to S0/S1 and link to the axial plane of the fold. (C) Cordierite (Crd)
with garnet (Grt) corona in pelitic layer in garnet-migmatite zone. (D) Cordierite diatexite with 3-cm-long porphyroblasts of garnet (arrow)
surrounded by cordierite now partly retrogressed to biotite in the garnet-migmatite zone. (E) Patchy leucosome with orthopyroxene in
psammitic layer from the orthopyroxene-migmatite zone. (F) Stromatic metatexite with garnet + orthopyroxene (Opx) leucosome from the
orthopyroxene-migmatite zone. Photographs in A and E are parallel to stretching lineation; B is perpendicular to S2 and to the fold axis.
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Sil + Crd-Migmatite Zone

This 4 km thick zone is structurally be-
low the rocks of the Crd-subsolidus zone,
and it is marked by the first appearance of
leucosomes (1-5 cm wide) and the first ap-
pearance of fibrous sillimanite (Figs. SA and
5B). Typically, leucosomes comprise 10%—
20% of the rock and are mostly parallel to
S0/S1. Beyond sillimanite, they contain
occasional grains of cordierite, and sparse
grains of muscovite (Fig. 5A). These mig-
matites are intruded by leucogranites, which
are differentiated from in situ leucosomes by
the absence of sillimanite and melanocratic
selvedges, as well as their greater width (up
to 50 cm; Fig. 6A). Melanosomes comprise
most of the rock and are rich in Bt + Sil +
Ms. Occasional films of P1 + Qtz appear on
the edges of biotite grains close to leuco-
somes. When replacing biotite, muscovite
forms a corona around Ilm + Rt, or the three
minerals are intergrown (Fig. 5B).

The NE-SW-trending, 4 km wide Cafayate
pluton (Rapela, 1976; Rapela and Shaw, 1979;
Biittner et al.,, 2005) intrudes this zone and
grades from leucogranite to leucotonalite across
strike toward the west (Rapela and Shaw, 1979).
The eastern contact is marked by an increase
in the proportion of intrusions until metasedi-
mentary rocks form rafts up to a meter long.
The western contact with the Sil + Crd migma-
tites is sharp, and layer-parallel sills intrude the
migmatite.

Grt-Migmatite Zone

The first appearance of garnet signals the
beginning of this ~1.5 km thick zone. In com-
parison to the previous zone, the proportion of
cordierite increases, sillimanite and muscovite
decrease, and metatexites have a higher propor-
tion of leucosomes (~30% of the rock). Pelitic
layers contain foliation-parallel leucosomes,
whereas those in psammitic layers crosscut the
weakly developed foliation and form patches.
While garnet is mostly restricted to leucosomes,
cordierite appears in both melanosomes and
leucosomes (Figs. 4C, 4D, and 5C). Occasion-
ally garnet leucosomes contain only one kind
of feldspar, that is, they comprise either Kfs +
Qtz + Grt or PI + Qtz + Grt.

Melanosomes contain Bt + Sil, and green
spinel appears for the first time (Table 1). Biotite
and quartz intergrowths occur on the edges of
leucosomes at the expense of K-feldspar. Like
previous zones, this zone is intruded by granitic
dikes that show sharp to diffuse boundaries with
the stromatic metatexite.

Toward the west, the proportion of melt in-
creases, and metatexites transition into dia-
texites over 300 m (Fig. 2). This is the first oc-
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currence of diatexites, and several outcrops
preserve evidence of melt segregation and ex-
traction (Figs. 6B—6F). In this zone, melano-
somes generally associated with diatexites can
be very rich in peritectic minerals, with some
layers or pockets with >80% Crd, Crd + Bt, or
Crd + Grt + Bt (Figs. 6E and 6F), with grains
surrounded by thin leucosomes interpreted to be
residual melt-derived material. Restitic layers
are meter-wide and can comprise up to 5% of
the total outcrop (Figs. 6E and 6F).

Tolombon Thrust Zone

The gradual westward increase in meta-
morphic conditions is interrupted by a 1.5 km
thick zone marked by mylonitic rocks that
thrust the Grt-migmatite zone over cooler
rocks of the Sil + Crd—migmatite zone. These
mylonites contain Qtz (30%) + Bt (30%) + Pl
(20%) + Ms (15%) and accessory Ap, Mnz,
and Fe- and Ti-oxides. They are finely banded
Bt + Ms schists that are strongly sheared with
top-to-the-west thrust shear sense, named here
the Tolombé6n thrust. Within the intensely
foliated, recrystallized, micaceous matrix
(Figs. 5D and 5E), there are bands of P1 + Qtz
up to 1.5 cm wide where plagioclase shows
simple concentric zoning sometimes truncated
by the sheared matrix. Typical markers of in
situ melting present in other zones, such as
peritectic minerals, biotite and quartz inter-
growths, and melanosomes with a high pro-
portion of restitic minerals, are absent from
this zone.

In the footwall of this thrust, the Sil + Crd—
migmatite forms a 200-m-thick zone followed
by a return to the Grt-migmatite zone (Fig. 2).
Compared to the same zone in the hanging wall,
the footwall Sil + Crd—migmatite zone shows an
increase in sillimanite, and thin Sil + Crd-bear-
ing leucosomes appear. The Grt-migmatite zone
is ~1 km thick and becomes diatexitic toward
the west, until the first appearance of ortho-
pyroxene signals the beginning of the Opx-mig-
matite zone.

Opx-Migmatite Zone

This >3 km thick zone is characterized by
the appearance of orthopyroxene and disappear-
ance of sillimanite from leucosomes (Table 1).
Metatexites generally consist of 30%—-50%
leucosome and lose coherence at >50% leuco-
some, forming diatexites. Peritectic minerals are
larger and comprise a higher proportion of the
rock than in the previous zone. Orthopyroxene
is more common in leucosomes in psammitic
layers (Figs. 4E and SF), cordierite in pelitic
layers, and garnet is common in both (Fig. 4F;
see further detail in Table 1). As in the Grt-
migmatite zone, here there are leucosomes that

contain only one feldspar, either Kfs + Qtz +
Grt or P1 + Qtz + Grt. Leucosomes have melano-
cratic selvedges comprising coarse flakes of
biotite, two to three times larger than in the sur-
roundings.

Kyanite appears in melanosomes for the first
time here and forms small, subhedral porphyro-
blasts that are randomly oriented with respect to
the foliation. As in previous zones, there are oc-
casional melanocratic layers that contain >80%
residual minerals in different combinations,
including Bt + Sil, Crd + Bt + Opx, Grt + Bt
+ Opx, or Grt + Crd + Bt = Opx. Occasionally,
over a distance of a few meters, there are restitic
rocks with different modal contents (e.g., Grt +
Bt restite meters away from Crd + Opx + Bt
restite).

Within this zone, there are voluminous layers
of garnet diatexite containing Qtz + Kfs + Pl +
Bt + Grt = Ms = Chl + Sil £ Ap with schollen
of garnet-bearing psammite and pelite. The pro-
portion of leucosome varies between 70% and
90% and contains tabular feldspar up to 3 cm
in length. Garnet in diatexites is up to 1 cm
diameter, of a similar composition to the Grt-
migmatite zone (almandine; Table 1), and
widely spaced, suggesting it is peritectic.

Summary and Interpretation of
Metamorphic Zones

The Tolomb6n complex exposes a tilted high-
temperature—low-pressure metamorphic terrane
with a gradual westward increase in metamor-
phic grade from greenschist to granulite facies.
Biittner et al. (2005) suggested that cordierite in
the Crd-subsolidus zone was a result of contact
metamorphism with the Cafayate pluton and
defined this zone as a Bt + Ms zone. The plu-
ton is emplaced structurally below, within the
Sil + Crd-migmatite zone, and it is difficult to
distinguish whether cordierite is a result of re-
gional or contact metamorphism. The presence
of Crd + Bt + Ms and disappearance of chlo-
rite in the Sil + Crd—-migmatite zone indicate
upper greenschist facies conditions (Powell
and Holland, 1990). Melting starts in the Sil +
Crd—migmatite zone, and the gradual increase
in metamorphic grade into the Grt-migmatite
zone is interrupted by the Tolombén thrust,
which repeats part of the sequence. The plagio-
clase zoning within this thrust may be igne-
ous or metamorphic (Vernon, 2004), and its
truncation indicates zoning occurred prior to
deformation. The absence of K-feldspar and
high proportion of plagioclase suggest this rock
may have been a tonalite, similar to rocks in the
western section of the Cafayate pluton. How-
ever, the intensity of the deformation makes
petrogenesis uncertain.

Geological Society of America Bulletin, v. 129, no. 11/12
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Figure 5. Photomicrographs showing relationships between metamorphic minerals in the Tolombén complex. (A) Leucosome from the
Sil + Crd-migmatite zone. Biotite is partially replaced by Ilm + Rt, and cordierite is partially replaced by Ms + Sil. (B) Leucosome from
the Sil + Crd-migmatite zone that contains myrmekite close to the boundary with melanosome. Muscovite forms coronas around Ilm + Rt,
and they replace biotite. (C) Restitic rock from the Grt-migmatite zone with >80% cordierite, partially retrogressed at edges to biotite and
sillimanite. Restite also contains occasional porphyroblasts of garnet and remnant biotite. (D-E) Microstructures of the Tolombén thrust
zone: (D) flakes of muscovite define S-C fabric, and very fine-grained layers of Bt + Qtz + Fsp define C’ planes indicating top-to-the-W shear
sense; and (E) quartz in monomineralic layer shows bulging recrystallization (arrows) and chessboard extinction. (F) Orthopyroxene-
bearing leucosome from the Opx-migmatite zone. Edges of orthopyroxene grain have reacted with melt to form Bt + Qtz symplectite. All
thin sections are oriented parallel to stretching lineation and perpendicular to foliation. Images in A and F are plane-polarized light; images
in B-E are cross-polarized light.
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The dominant melt-producing reactions in
the anatectic zones of the Tolomb6n complex
change from NE to SW. In the Sil + Crd—
migmatite zone, the relatively large modal
proportion of sillimanite indicates the Ms-
dehydration melting reaction was dominant.
Sparse grains of muscovite in leucosomes are
euhedral, suggesting they are either igneous or
a result of retrogression. The minor presence
of cordierite (Fig. 5A) and films of Pl + Qtz
on edges of biotite grains indicate incipient
dehydration melting of biotite, although cor-
dierite could also represent metamorphic cor-
dierite grains. These features suggest melting
occurred at pressures below 6 kbar and tem-
peratures above 650 °C (Green, 1976; Vielzeuf
and Holloway, 1988). In the Grt-migmatite
zone, the presence of Kfs + Crd + Grt + Sil
indicates Bt- and Ms-dehydration melting re-
actions (Vielzeuf and Holloway, 1988; Viel-
zeuf and Montel, 1994) and temperatures of
>650 °C (Biittner et al., 2005). As for the Sil +
Crd-migmatite zone, muscovite in this zone
is sparse and euhedral, suggesting it is a re-
sult of retrogression. The disappearance of Sil
in the Opx-migmatite zone indicates melting
occurred dominantly through Bt dehydration
(Vielzeuf and Holloway, 1988; Vielzeuf and
Montel, 1994), suggesting granulite facies
conditions, with temperatures above 750—
850 °C and pressures ~5.5-6.5 kbar (Biittner
et al., 2005).

In the migmatitic zones, biotite and quartz
intergrowths on the edges of leucosomes indi-
cate retrogression due to reaction with crystal-
lizing melt (Kriegsman, 2001). The appearance
of coarse flakes of biotite in melanosomes may
have been caused by water infiltration from the
crystallizing leucosome, which may have also
prevented the retrogression of peritectic min-
erals in leucosomes (Kriegsman, 2001; White
and Powell, 2010). In the Opx-migmatite zone,
the replacement of orthopyroxene by garnet
(Table 1) suggests a reduction in the stable
modal content of orthopyroxene late in the
metamorphic history. The random orientation
of retrograde kyanite in this zone indicates that
deformation ceased before the stability field of
kyanite was reached, as interpreted by Biittner
et al. (2005).

The high proportion of restitic rocks in all
migmatitic zones implies significant melt re-
moval (Figs. 6B—6F). The presence of leuco-
somes with only one type of feldspar suggests
magma fractionation, with the Kfs leucosomes
perhaps representing the mobile fraction and
Pl leucosomes representing cumulates of early-
formed minerals (Sawyer, 1998). This suggests
not only that migmatites and leucosomes were
open systems.
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STRUCTURAL GEOLOGY
Structural Features

In the subsolidus zones (Fig. 1), two main
metamorphic foliations are well developed in
pelitic layers: a bedding-parallel foliation S1,
and a crosscutting foliation S2 (Fig. 4A). S1 is
defined by the alignment of micas and dissolu-
tion cleavage and dips moderately SE (Figs. 4A
and 4B). S2 is defined by dissolution cleavage
(Figs. 4A and 4B) and dips steeply west or occa-
sionally moderately east (Figs. 2 and 4A). S2
can be traced into folded regions, where it is the
axial plane of F2 folds (Figs. 2 and 4B). Folds
are upright and isoclinal to open, with fold axes
that plunge gently SSE, subparallel to the inter-
section lineation between S0/S1 and S2 (Fig. 2).
No overprinting relationships between folds of
different geometries were observed. Grt-Tur
leucogranite intrusions are dominantly foliation-
parallel in pelitic layers and crosscut or pool
underneath and above psammitic layers.

Down sequence to the west, the migma-
tites in the Sil + Crd—migmatite zone show
centimeter-scale ptygmatic folds, S-C fabric,
leucosomes sheared into o-clasts, and meter-
scale, upright folds in the same orientation as
subsolidus rocks. Leucosomes are parallel to
the main foliation (S0/S1) and are linked con-
tinuously with leucosomes on the axial planes
of folds (S2), which cut through fold hinges
(Fig. 7). Toward the west of this zone, there are
fewer folds, and asymmetrical structures become
more pervasive (Fig. 3B). Migmatitic zones
contain W- or NW-verging asymmetrical folds,
S-C-C' fabric defined by biotite-rich planes,
feldspar o-clasts, showing core-mantle structure
with myrmekite on foliation-parallel edges, and

quartz ribbons that show grain boundary migra-
tion recrystallization and chessboard extinction
(in Grt-migmatite and Opx-migmatite zones
only). The stretching lineations in all zones are
E- or SE-plunging (Fig. 2), defined by elongate
grains of biotite, feldspar, and quartz.

Rocks in the Tolomboén thrust are mylonites
with well-developed o-clasts, mica fish, and
S-C-C’ fabric defined by thin planes (<0.1 mm)
of fine-grained, recrystallized quartz, biotite,
feldspar, and muscovite (Fig. 5D). The geom-
etry and kinematic indicators of this shear zone
are similar to those in the hanging wall and foot-
wall, but they are more intensely developed here.
Quartz ribbons show bulging recrystallization or
chessboard extinction (Fig. SE, arrows) and thin
or pinch out on C' planes (Fig. 5D). Bands and
c-shaped porphyroclasts of P1 + Qtz have strain
shadows containing Qtz + Pl + Ms + Bt.

Locally within the Opx-migmatite zone, there
are lithons marked by a steepening of C planes
to ~60°E, concomitant with a decrease in fo-
liation intensity (Fig. 8). These areas show only
S-C fabric, whereas the surrounding regions
with shallower dips have S-C-C' fabric, recum-
bent, west-verging isoclinal folds, leucosomes
sheared into c-clasts, as well as a higher pro-
portion of leucosome and granitic dikes (Fig. 8).
In more extreme and rare cases found in diatex-
ites, leucocratic sections show little deformation
and have a massive appearance, while higher
strain is recorded in melanocratic areas. Other
lithons in the Opx-migmatite zone (e.g., at
26°10'46.70"S, 66°0520.40"W) contain thrust
shear planes that dip W, opposite to the general
trend, with a NW-plunging stretching lineation.

In the southern part of the Tolombén com-
plex, the Opx-migmatite zone is overprinted by
the 3.5 km thick El Pichao shear zone (Fig. 1),

»
>

Figure 6 (on following page). Examples of magma intrusion, segregation, and extraction.
(A) Intrusive cordierite-bearing granite sill with sharp to diffuse contacts against a stro-
matic migmatite. Surrounding stromatic migmatite has in situ melt pods and leucosome
layers with diffuse boundaries with melanosome. (B) Homogeneous gray granitic rock, rep-
resenting magma extracted from leucosomes in metatexite, akin to dewatering features in
sedimentary rocks. (C) In situ segregation of leucosome disrupting a layered pelite-psam-
mite block on left-hand side. Leucosome is rich in garnet and cordierite and is associated
with an irregular residual region on the right-hand-side, which is rich in peritectic garnet
and cordierite, and which lacks layering. (D) Stromatic migmatite. Pelitic layers have aggre-
gates of garnet + cordierite + biotite up to 10 cm long in a leucocratic matrix and surround
a psammitic layer with little peritectic minerals or leucosomes. This suggests that the pelitic
layers were more fertile, and melt was extracted, leaving the residue behind. (E) Residual
layer rich in garnet + biotite + cordierite surrounded by leucosome-rich bands. (F) Residual
layer rich in cordierite + biotite forming a band in the center of the photograph, surrounded
by bands richer in leucosome and large peritectic garnet. Note narrow leucosome network
through residual layer surrounding aggregates of cordierite + biotite and directly linked
with leucosome-rich areas above and below. These are interpreted to represent extraction

pathways of interstitial melts.
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detailed in Finch et al. (2015a). The significant
aspect of the El Pichao shear zone relevant here
is that it has the same kinematics as those re-
corded in the Tolombdén complex (Fig. 3) and
thrusts the granulite facies migmatites to the
west onto amphibolite facies metasedimentary
rocks of the Agua del Sapo complex.

Geological Society of America Bulletin, v. 129, no. 11/12

Figure 6.

Summary and Interpretation of
Structural Data

The structures change with metamorphic
grade defining two domains. The transition be-
tween the two structural domains takes place
within the Sil + Crd—migmatite zone. Structur-

ally above this zone, subsolidus rocks have up-
right folds, whereas below this zone, migma-
tites are dominated by structures indicative of
simple shearing, showing pervasive S-C-C' fab-
ric, W- and NW-verging asymmetric folds, and
o-shaped leucosomes, reflecting thrusting to the
W or NW (Fig. 3).
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Figure 7. Relationship between leucosomes and folds and shearing indicative of synkinematic anatexis. (A) Layered and folded
psammite with layer-parallel, thin leucosomes, linked to and bounded by leucosomes parallel to the axial planar orientation of the
folds. (B) Layered pelite-psammite sequence with leucosomes cutting across layering, preferentially oriented parallel to axial planar
foliation. (C) Folded psammite with early-formed crosscutting leucosomes that define ptygmatic folds. A younger set of leucosomes
developed at high angle to these (arrows) and subparallel to axial planar foliation. These have diffuse boundaries with the surroundings
and truncate layering and the early-formed, folded leucosomes. (D) Leucosomes in fold limbs linked with thicker leucosomes on axial
planes of folds. Views in A to D are approximately perpendicular to the axial plane, and features are interpreted to represent folding
and disaggregation of the metasedimentary sequence during melting. (E) Residual metatexite in contact with diatexite and interpre-
tative sketch on the right. Photograph is naturally divided into three horizontal sections: The lower third has a fold that increases in
amplitude from left to right, together with an increase in leucosome volume that is concentrated where the fold is tallest on the right,
suggesting a response of melt migration to fold growth. The middle third comprises residual, cordierite + garnet-rich pelitic layers,
interlayered with psammite, showing asymmetric undulations indicative of top-to-right shearing. The upper band is a heterogeneous
cordierite + garnet—diatexite where schlieren define a magmatic flow foliation horizontal across the image. This outcrop shows the many
processes of magma migration in response to folding and shearing, leaving behind the complex residual and sheared rocks of the lower
part of the photograph, and forming diatexites that flow parallel to the shear plane. View in E is parallel to stretching lineation.
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shown in the lower left of Figure 2, in the vicinity of Laguna (see
Fig. 2 legend for explanation of symbols).

Shear planes are reasonably consistent in
orientation, dipping approximately east, with
stretching lineations plunging SE or E, gently
to steeply (Fig. 2). Occasional west-dipping
shear planes, such as those found in lithons in
the Opx-migmatite zone, may represent back
thrusts or may be related to an earlier shearing
event rotated during thrusting. The alternation
of steeply and shallowly dipping thrust planes
in the Opx-migmatite zone is interpreted as a
thrust duplex comprising steeper, less-deformed
“horses,” which bend into the shallower roof
and floor thrusts, forming an S-shaped geometry
in cross section (Fig. 8).

In summary, folds and thrust planes devel-
oped contemporaneously with melting in the
Tolombdn complex and have vergence indica-
tive of top-to-the-west and top-to-the-northwest
movement, parallel to the well-defined stretch-
ing lineation. As the system cooled, west-
directed thrusting localized to the EI Pichao
shear zone, which thrust these hot rocks over
cooler ones (Fig. 3).

GEOCHRONOLOGY AND MONAZITE
GEOCHEMISTRY

Biittner et al. (2005) provided U-Pb, Sm-Nd,
RD-Sr, K-Ar, and “Ar-*Ar age data for rocks be-
tween Cafayate and Colalao del Valle (Fig. 1). To
complement this data set, we dated rocks close
to and within the El Pichao shear zone. Two
samples were from intensely sheared rocks from
the Tolomb6n complex: a mylonite (SQ37d:
26°18'59.3"S, 66°01'07.1"W) and an ultra-
mylonite (SQ32c: 26°18'37.2"S, 66°04'05.7"W).
The third sample was an intensely sheared Grt-

Geological Society of America Bulletin, v. 129, no. 11/12

schist (SQ84a: 26°20'20.3"S, 66°02'18.3"W) at
the base of the El Pichao shear zone from the
top of the Agua del Sapo complex, intruded by
pegmatite dikes that were mylonitized, but lacked
evidence for anatexis. We also dated a fourth sam-
ple from the footwall of the El Pichao shear zone
in the Agua del Sapo complex, an amphibolite
facies Bt-Ms-Grt schist (SQ181a: 26°23'37.2"S,
66°01'27.4"W). This sample was located 1 km
below (perpendicular to strike) the base of the El
Pichao shear zone. After dating, monazites were
analyzed for trace elements to determine relation-
ships between their composition and ages.

Sample SQ37d is a mylonitic stromatic mig-
matite that contains leucosomes of Qtz + Kfs +
PI1 + Grt + Crd and melanosomes of Bt + Qtz +
Kfs + P1 + Sil + Ky + Chl with accessory Mnz +
Ap + Ilm + Mag. Garnet forms porphyroblasts
up to 5 mm in diameter, and the edges of some
porphyroblasts are partially replaced by Bt
+ Chl. A small proportion of biotite (<5%) is
partially replaced by chlorite. Sample SQ32c
is an ultramylonitic rock formed after granitic
diatexite (Finch et al., 2015a) that contains por-
phyroclasts of Kfs + PI + Tur in a matrix of Bt +
Kfs + Pl + Ms, with accessory Mnz + Ap. Bio-
tite is partially retrogressed to chlorite. Sample
SQ84a is a Grt-schist of the Agua del Sapo com-
plex that contains Bt + Qtz + Kfs + PI + Grt.
Garnet porphyroblasts are up to 1 cm in diam-
eter, and biotite and garnet are not retrogressed.
Sample SQ181a is a schist from the Agua del
Sapo complex and contains Bt + Qtz + Kfs +
Pl + Ms + Grt + Tur + Mnz. Garnet porphyro-
blasts are up to 5 mm in diameter and are par-
tially replaced at their edges by Bt + Chl. Biotite
is partially replaced by chlorite.

Geochronologic Results

Isotopic data are presented in Table 2 and
Figures 9 and 10. Twenty-three monazites
(25 spots) from SQ37d were analyzed, and they
had a range of ages between 501 and 452 Ma,
with a mean of 477 + 5 Ma (mean square of
weighted deviates [MSWD] = 9.3 from the
line of best fit, probability of fit [p] = 0.00;
all mean errors reported are 2o, and diagram
ellipses are 15). Two of the analyses were >10%
discordant (Table 2), and their exclusion did
not change the mean. Fifteen grains in sample
SQ32c¢ were analyzed (17 spots) and revealed
a range of ages between 510 and 423 Ma, with
a weighted mean of 478 + 12 Ma (Figs. 9 and
10). Ten of the analyses were >10% discordant
(Table 2). Without these points, the range was
reduced to 510460 Ma, with a weighted mean
of 483 = 15 Ma (MSWD = 24, p = 0.00). Thir-
teen monazites (14 spots) were analyzed from
SQ84a, and they showed a spread of ages be-
tween 492 and 451 Ma, with a weighted mean
age of 475 =7 Ma (Figs. 9 and 10). Three analy-
ses were >10% discordant (Table 2), and without
these, the range was the same, but the mean age
was slightly lower, 472 + 7 Ma (MSWD = 15,
p =0.00). Twelve monazites (15 spots) were ana-
lyzed from sample SQ181a, the Agua del Sapo
schist, and they showed a range of ages between
441 and 410 Ma, with a mean age of 428 + 5 Ma
(Figs. 9 and 10; MSWD = 11.2, p = 0.00). None
of the analyses were >10% discordant (Table 2).

The high MSWD values indicate that scatter
in the data is high, and the low p values indicate
a low probability that the mean age explains the
variation in the data, suggesting that it is not rep-
resentative of the range of age determinations
and their errors. This may be a result of multi-
ple age populations within the data set, which
can be distinguished using the mixture mod-
eling approach of Sambridge and Compston
(1994). This was tested for each data set using
the Unmix function of Isoplot (Ludwig, 2008).
Two age components were determined for each
sample, excluding any results >10% discordant.
Each component explained at least 40% of the
age population, and the two components were
not within error of each other (Fig. 11), indicat-
ing the data reflect two age populations. In order
to check for additional age populations, models
with further components were calculated but
found to be redundant, resulting in at least two
almost identical ages. The three samples from
the El Pichao shear zone showed similar age
groups, with an older group with mean ages
between 497 and 482 Ma and a younger group
between 472 and 461 Ma (Fig. 11). Sample
SQ181a also showed two peaks, but the ages
were younger, at ca. 435 and 421 Ma (Fig. 11D).
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In order to determine whether the two age
groups in each sample were related to mona-
zite grains that grew at different pressure-tem-
perature conditions, perhaps on the prograde
or retrograde path (Rubatto et al., 2013; Kohn,
2014), we analyzed their trace-element compo-
sition. The rare earth element (REE) data show
wide variation in heavy (H) REEs and a nega-
tive Eu anomaly (Fig. 12; GSA Data Repository
item DR1!), with no systematic geochemical
difference between the two age components for
any of the samples (Fig. 12).

DISCUSSION

The origin of high-temperature—low-pres-
sure rocks in back-arcs is the subject of much
research and debate, particularly in back-arcs
dominated by crustal shortening (e.g., Thomp-
son, 1989; Loosveld and Etheridge, 1990; Col-
lins, 2002; Schulmann et al., 2002; Hyndman
et al., 2005; Forbes et al., 2008; Franke, 2014).
Questions range from the source of heat in com-

'GSA Data Repository item 2017188, supple-
mentary table, is available at http://www.geosociety
.org/datarepository/2017 or by request to editing@
geosociety.org.
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pressive environments (e.g., Lister and Forster,
2009), to the role of tectonic switching between
periods of extension and shortening (e.g., Col-
lins, 2002), and the ability of hot back-arcs to
sustain mountain belts (Franke, 2014). In this
regard, the controversial evolution of the back-
arc of the Famatinian orogen could be enlight-
ening. This back-arc is characterized by rocks
that reached granulite facies temperatures at
pressure not exceeding 6 kbar (e.g., Biittner
et al., 2005; Sola et al., 2013). Establishing the
relationship between its structural and metamor-
phic evolution is fundamental to understanding
the dynamics of the Famatinian orogeny in par-
ticular, and of back-arcs in general.

Syn-Anatectic Crustal Shortening and
Post-Anatectic Strain Localization

The presence of leucosomes parallel to the
axial planar orientation of upright and inclined
folds and within thrust planes (Fig. 7) sug-
gests that anatexis was contemporaneous with
deformation, and that magma migration was
controlled by ongoing deformation. Magmas
flowed preferentially into those planes and as-
sisted strain accommodation by decreasing

0.57

overall flow resistance, and facilitating mass
transfer (Weinberg and Mark, 2008). Weinberg
et al. (2015) demonstrated that melt accumula-
tion in axial planar orientations, perpendicular
to G, can be a result of the compaction of a
nonlinear solid rheology with melt-filled pores.
‘When migmatites are shortened, and the rate of
fluid flow is lower than the rate of compaction,
bands of increased porosity develop that evolve
into leucosomes and alternate with compacted
bands of decreased porosity (melanosome and
mesosome). In addition to these features, there
are examples of a coincident increase in fold
amplitude with leucosome volume (Fig. 7E),
indicating interaction between melt migration
and folding. Figure 7 also shows that some of
the earlier leucosomes were folded, which we
interpret as indicative of an evolving folding
event during melting, although more complex
alternatives for their origin are possible (e.g.,
multiple folding events).

The Tolombén thrust and the El Pichao shear
zone (Figs. 1 and 2) were post-anatectic and
active at amphibolite facies conditions, as indi-
cated by their mineral paragenesis and quartz
recrystallization microstructures (Finch et al.,
2015a). They record the same kinematics as

Geological Society of America Bulletin, v. 129, no. 11/12
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Figure 10. U-Pb monazite age of each spot
(concordant samples only) with 16 error
bars for samples from the El Pichao shear
zone (PSZ).

those preserved in the high-grade migmatites
(stereonets in Fig. 3). We infer therefore that
these shear zones represent a period of localiza-
tion of the early, syn-anatexis thrusting event,
possibly as a result of exhumation and cooling
of the package in response to thrusting.
Contrary to this interpretation, Biittner (2009)
suggested that shearing was a result of crustal
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extension and that the current thrust sense was
a result of tilting of subhorizontal planes. He
inferred an extensional regime on the basis of
telescoped isograds, indicative of crustal thin-
ning. However, telescoping can result from
thrusting with a component of shortening per-
pendicular to the isograds. This process has
been reported in the Famatinian Agua Rosada
shear zone (50 km NW of Sierra de Quilmes),
which also places hotter rocks on cooler rocks
(Wegmann et al., 2008). Furthermore, volume
loss due to magma removal, as recorded by the
residual rocks in migmatites, must also be in-
cluded when considering the spacing between
isograds (Figs. 6B—6F). Thus, our results sug-
gest that peak metamorphism and anatexis oc-
curred during folding, thrusting, and magma
extraction related to crustal thickening, and that
cooling led to strain localization into amphibo-
lite facies shear zones, which thrust the high-
grade Tolombén complex over the lower grade
Agua del Sapo complex.

Geochronology and Peak Metamorphism

Biittner et al. (2005) dated the metamorphic
peak in the Tolombén complex migmatites,
using U/Pb in monazite (TIMS), and found
a single broad age range between ca. 485 and
455 Ma (Fig. 13). Three of their analyses were
performed on single large grains, while the
others consisted of three or four grains dissolved
together. In contrast, U/Pb monazite SHRIMP
spot analyses carried out here distinguished two
monazite age populations.

Each of the three samples from the El Pichao
shear zone show an older and a younger age
group. The older group has two almost identical
values of 484.8 + 2.3 Ma and 484.6 + 2.6 Ma
(samples SQ37d and SQ84a) and a third value
~10 m.y. older, constrained by only three spot
analyses (sample SQ32c). These ages coincide
with the onset of bimodal magmatism in the
Famatinian magmatic arc in the northern Sierras
Pampeanas and the Puna at ca. 485480 Ma
(Hongn and Riller, 2007; Hauser et al., 2011;
Hongn et al., 2014), suggesting that this group
records increased regional heat flux.

The younger group of ages may simply be
a result of partial resetting during a prolonged
hot orogeny. Alternatively, the two groups may
be meaningful and represent two periods of
monazite growth due to (1) two thermal peaks
or (2) monazite growth in the prograde path
before anatexis (Kohn, 2014), followed by
growth during crystallization of the magma in
the retrograde path. The lack of clear systematic
differences in HREESs or Y between age groups
(Fig. 12) suggests that there was no significant
change in the partitioning of these elements be-
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Figure 11. U-Pb monazite age probability
density plots of the four samples from the
El Pichao shear zone (PSZ) analyzed in this
study. The ages were calculated using the
mixture modeling approach of Sambridge
and Compston (1994), where the two ver-
tical lines in each plot represent the mean
ages, and the curve is the best fit to the data.

tween garnet and monazite. We therefore sug-
gest that the two age groups either mark two
thermal peaks within a long period of metamor-
phism, or else they may be a result of partial re-
setting during a prolonged period of orogenesis.

The younger age group of the three El Pichao
shear zone samples shows a systematic increase
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Figure 12. Chondrite-normalized (Boynton, 1984) rare earth element
(REE) spidergrams for monazite from (A) the three samples from the El
Pichao shear zone (PSZ), and (B) the footwall sample. Note that there is
no systematic relation between REE pattern and age groups.

Figure 13. Summary of geochronology data
for Sierra de Quilmes; Grt—garnet; Ms—
muscovite; Pl—plagioclase; wr—whole rock;
Ttn—titanite; Mnz—monazite.
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in mean age toward the hanging wall, from 463.6
+ 2.2 Ma (SQ84a) at the base of the shear zone,
to 468.7 = 3.7 Ma (SQ32c¢) in the middle, and
470.7 +2.2 Ma (SQ37d) at the top. It is possible
that these ages represent the same central age,
and their difference relates to an underestima-
tion of real uncertainties, or that individual spots
reflect mixed ages between older and younger
sections of the monazite grain. The lack of zona-
tion in BSE images, and the similarity in com-
positional range, independent of spot age, do not
allow elimination of this possibility. Despite this
limitation and accepting that the three younger
age groups are different, there are a number of
possible geological explanations for this trend.

Thrusting on the El Pichao shear zone may
have led to rocks cooling from the top down,
so that monazite crystallized earlier at the top,
as documented in other major thrusts (e.g., the
Main Central Thrust in the Himalayas; Kohn,
2014, and references therein). Alternatively,
young ages at the base of the shear zone could in-
dicate it was active longer or activated later than
the top due to strain localization. The presence
of water and its migration through the El Pichao
shear zone may have controlled strain localiza-
tion (Finch et al., 2016), a process that could also
cause monazite resetting. The closure tempera-
ture of monazite in the presence of an aqueous
fluid is as low as 450 °C (Williams et al., 2011).
Thus, the availability of water during shearing at
amphibolite facies conditions supports the inter-
pretation that the younging-down ages indicate
the progression of shearing toward the footwall.
The absence of chemical and textural differences
between monazites of different ages does not
allow us to explore this hypothesis further, so
interpretation of the meaning of the younger age
groups remains speculative.
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The two age groups determined for the
Agua del Sapo sample SQ181a are markedly
younger, suggesting that the footwall stayed
hot for longer than the hanging wall, resetting
monazite once again. This suggests either a
metamorphic response to the thrusting of the
Tolombén complex ~30 m.y. after monazite
growth in the hanging wall, or that the Agua del
Sapo complex was involved in and recorded re-
newed tectono-metamorphic activity. Delayed
timing of peak metamorphism in the footwall
compared to the hanging wall is typical of thrust
zones. However, the time gap is usually on the
order of 5-10 m.y. (e.g., Crowley and Parrish,
1999; Kohn et al., 2001; Mottram et al., 2014),
not ~30 m.y. This suggests that thrusting may
have continued beyond the time recorded by the
monazites in the shear zone and hanging wall,
remaining active between ca. 460 and 435 Ma,
consistent with other shear zones in the region.
For example, the Agua Rosada shear zone was
active during granitoid emplacement, dated
to 480-455 Ma (Hongn and Riller, 2007), and
continued shearing to greenschist facies at 437—
428 Ma (Rb-Sr syntectonic white mica; Weg-
mann et al., 2008). The Arenosa Creek shear
zone (~500 km S of Sierra de Quilmes) also be-
gan as a high-temperature shear zone and cooled
to upper greenschist facies by ca. 445435 Ma
(*Ar/Ar hornblende; Castro de Machuca
et al., 2012).

Famatinian Orogen and the
Ocloyic Tectonic Phase

Previous work (e.g., Bahlburg, 1990; Bahl-
burg and Hervé, 1997; Coira et al., 2009; Hongn
et al., 2014) found that the Famatinian back-arc
underwent extension and then shortening, with
the switch occurring at ca. 450 Ma. This tim-
ing is not borne out by our findings of thrust-
ing contemporaneous with anatexis between
497 and 461 Ma. One-hundred kilometers north
of Sierra de Quilmes, in the Sierra de Cachi, a
migmatite, a granite, and a gabbro boulder were
dated to within error of each other, between 480
and 470 Ma (zircon U/Pb SHRIMP; Hongn
etal., 2014). Hongn et al. (2014) interpreted that
migmatization and emplacement of granites and
gabbros occurred during extension. They based
this interpretation on telescoped isograds and
high-temperature—low-pressure metamorphism,
just as Biittner (2009) did for Sierra de Quilmes.
They suggested that the gabbro boulders were
indicative of bimodal magmatism, further sup-
porting the interpretation of extension in a
back-arc basin. As per our previous discussion,
neither the nature of metamorphism nor the tele-
scoping of isograds requires an extensional set-
ting. The finding of gabbro boulders in Sierra
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de Cachi reflects the findings of norite blocks in
Sierra de Quilmes (Rossi de Toselli et al., 1976),
and the inference of bimodal magmatism re-
quires further investigation. We note that Hongn
et al. (2014) also described thrusting in Sierra
de Cachi, indicating a period of shortening post-
dating extension and peak metamorphism, plac-
ing already cool higher grade rocks structurally
above lower grade rocks. A similar switch could
have occurred in Sierra de Quilmes (but earlier
than in Cachi), but any period of extension left
little structural evidence. While we are unable
to tightly constrain the onset of thrusting in
Sierra de Quilmes, it demonstrably began dur-
ing or before peak metamorphism (>460 Ma),
preceding the start of the Ocloyic tectonic phase
at ca. 450 Ma. Adding support to our findings,
several other Famatinian thrusts seem to predate
the Ocloyic tectonic phase, including the 515—
417 Ma shear zones in Sierra de Pie de Palo
(SW Sierras Pampeanas; Mulcahy et al., 2011)
and the 480424 Ma Agua Rosada shear zone.

While a period of Early Ordovician exten-
sion is well defined in some regions (e.g., Puna
and Cordillera Oriental bimodal volcanism and
thick sedimentary sequences; Bahlburg, 1990,
1991; Coira et al., 2009), in others, evidence
for extension is unclear, and the “Ocloyic tec-
tonic phase” cannot be differentiated from the
rest of the Famatinian orogeny. This may be a
result of the preservation of shallower crustal
levels in the Puna and the Cordillera Oriental,
while the southern Sierras Pampeanas preserves
only deeper sections, where pervasive ductile
deformation during shortening may have oblit-
erated earlier structures. Alternatively, it is pos-
sible that some areas of the Famatinian back-arc
were undergoing shortening while others were
extending, suggesting a complex spatial and
temporal distribution of deformation.

Heat in the Sierra de Quilmes

High-temperature—low-pressure metamor-
phism in convergent mobile belts may be a result
of (1) an earlier period of lithospheric thinning
including convective thinning (e.g., Loosveld
and Etheridge, 1990), (2) contact metamorphism
with arc magmas (e.g., Alasino et al., 2014), or
(3) devolatilization of the downgoing slab, caus-
ing increased rates of shallow asthenospheric
convection (Hyndman et al., 2005). We find that
all three are possible, but evidence for extension
and arc-related intrusive rocks, at least in Sierra
de Quilmes, is lacking, although hot intrusions
could have underplated the extensive migmatite
with little evidence (see Riel et al., 2016).

Ancient back-arcs are purported to be a pre-
requisite for the development of an orogenic
root, because their hot, thin lithospheres allow

strong strain localization (Schulmann et al.,
2002). However, through most of the Fama-
tinian Orogen, the exposed crustal level lacks
high-pressure rocks, suggesting either that the
deepest crustal levels are not exposed, or that
pronounced crustal thickening did not occur.
Crustal thickening may be prevented where
there is intensive partial melting, which weak-
ens the crust and prevents significant stacking
(Franke, 2014). Most likely, there is a spectrum
of back-arc heat flux conditions: At one end of
the continuum, heat flux is moderate, and the
crust can be stacked, leading to mountain build-
ing, whereas at the other extreme, high heat flux
renders the crust too weak, resulting in “failed
orogens” (Franke, 2014). We suggest Sierra
de Quilmes lies between these two extremes:
Rocks were competent enough to allow thrust-
ing and modest stacking, but they were too weak
to form a thick orogenic root.

CONCLUSION

The geology of the Sierra de Quilmes suggests
that deformation started during peak metamor-
phism contemporaneous with granulite facies
anatexis. Deformation was characterized by
top-to-the-W or -NW thrusting and verging folds,
and continued as the rocks cooled to amphibo-
lite facies and shearing localized to major thrust
zones. Synkinematic anatexis led to magma mi-
gration through networks in which magma frac-
tionated during migration, accumulating to form
diatexites and granites and leaving behind highly
residual rocks.

Two periods of monazite crystallization are
recorded in the mylonitic rocks of the El Pichao
shear zone at 497-482 Ma and 472-461 Ma.
These groups may be the result of partial reset-
ting during a prolonged, hot orogenesis. Alterna-
tively, they may represent two distinct periods of
monazite growth, suggesting either two thermal
peaks or monazite rejuvenation during shearing
within the El Pichao shear zone. The consider-
ably younger ages of monazite in the Agua del
Sapo complex (435-420 Ma) suggest monazite
resetting or growth in the footwall in response
to either thrusting of the Tolombdn complex
or a renewed tectono-thermal event. This pos-
sible late movement on the El Pichao shear zone
could have coincided with the activation of other
shear zones in the region, suggesting a wide-
spread shortening event throughout the Sierras
Pampeanas, perhaps coincident with collision
of the Cuyania terrane in the southern Sierras
Pampeanas. The high heat flux responsible for
the high-temperature—low-pressure metamor-
phism substantially weakened the crust, imped-
ing significant crustal thickening, and resulting
in wide exposures of cordierite-bearing migma-
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tites. We suggest that Sierra de Quilmes was part
of a compressional back-arc section during most
of the Famatinian orogeny, contrary to other re-
gions within the back-arc, where extension was
dominant. It seems likely that the evolution of
the Famatinian back-arc was characterized by a
nonuniform spatial distribution of extension and
shortening varying through time.
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