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Figure 13. 40Ar∕39Ar inverse isochrons for Loma de Las Chacras samples: (a and b) amphibole from Grt-Czo amphibolite
from the Rio Las Chacras Formation in the northern portion of the region, (c) amphibole from Grt-Czo amphibolite from
the Rio Las Chacras Formation in the southern portion of the region, and (d) biotite from Bt amphibolite of the Villarcan
Gneiss.

to produce plateau ages (Figures 12e and 12f). An inverse isochron, however, resulted in an age of 439 ± 10
Ma (MSWD = 2, p = 0.06) with an initial 40Ar/36Ar = 3400 ± 200 (Figure 13c).

Sample LLC10-2 is a boudinaged amphibolite body within the Villarcan Gneiss (Figure 5f ) and is intruded
by sample 03-327, a trondhjemitic sill with a U-Pb zircon age of 457 ± 1 Ma. Two amphibole separates from
the sample failed to produce plateau or isochron ages probably due to heterogeneous excess 40Ar* and
converge toward an approximate maximum age of ∼ 500 Ma (Figures 12g and 12h). Four biotite separates
were analyzed yielding two well-behaved plateau ages of 433 ± 8 Ma (MSWD = 1.40, p = 0.20), and 432 ± 8
Ma (MSWD = 0.58, p = 0.81) with 96% and 100% of the total 39Ar released, respectively (Figures 12i and
12j). An inverse isochron for the latter of the two analyses resulted in an age of 373 ± 26 Ma (MSWD = 1.0,
p = 0.40) with an initial 40Ar/36Ar = 10, 000 ± 1800 (Figure 13d). The plateau ages and the inverse isochron
age are taken as bracketing the maximum and minimum age for cooling through the closure temperature
for biotite in this sample. Two additional grains (Figures 12k and 12l) yielded 40Ar/39Ar age spectra showing
40Ar* loss, probably by thermally activated diffusion. The two spectra converged toward miniplateau ages of
445 ± 7 Ma (MSWD = 1.14, p = 0.34) and 444 ± 6 (MSWD = 2.13, p = 0.05).

The data imply rapid cooling of the Rio Las Chacras Formation from peak metamorphic temperatures of
∼ 637◦C to beneath the accepted closure temperature for the 40Ar/39Ar system in hornblende (∼ 550◦C) at
∼ 407 Ma.

5. Discussion
5.1. Metamorphism and Deformation in the Loma de Las Chacras
The above data require a more complex structural and metamorphic history for Las Chacras than pre-
viously recognized. The region contains migmatites from two distinct episodes of lower crustal melting
preserved within discrete lithotectonic units that experienced different metamorphic, magmatic, and
structural histories (Figure 14). Ordovician granulite facies metamorphism within the Villarcan Gneiss
resulted from the intrusion of mafic and intermediate melts and culminated in peak metamorphic con-
ditions of ∼850◦C at lower crustal conditions of ∼12 kbar at ∼465 Ma. Our calculated PT conditions
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Figure 14. Pressure-temperature-time path for the Villarcan Gneiss
and Rio las Chacras Formations. Mineral reaction curves are taken from
[Spear et al., 1999].

for the Villarcan Gneiss and age of
migmatization are consistent with previ-
ous estimates [Baldo et al., 2001; Casquet
et al., 2012]. Cooling from peak meta-
morphic conditions was nearly isobaric
and resulted in a counterclockwise PT
path. Slow cooling from peak meta-
morphic conditions is suggested by a
garnet Lu-Hf ages of ∼ 434 Ma and a
U-Pb titanite age of ∼407 Ma. In contrast,
the Rio Las Chacras formation shows no
evidence of experiencing Ordovician
granulite facies metamorphism. Peak
amphibolite facies metamorphism and
melting within the formation occurred
from ∼411–407 Ma as indicated by zir-
con U-Pb, garnet Lu-Hf, and amphibole
40Ar/39Ar ages. The data suggest that
the two units were juxtaposed along
the Rio Las Chacras–Villarcan shear

zone by ∼ 407 Ma. The maximum age of metamorphism in the Don Juan Formation is constrained to be
∼ 421 Ma. Like the Rio Las Chacras Formation, the unit did not experience the Ordovician granulite facies
event The Rio Las Chacras–Villarcan shear zones are strongly overprinted by fabrics of the Don Juan–La
Flechal shear zone, which experienced extension at ∼ 405 Ma as recorded by zircon ages of melt within
extensional fabrics.

5.2. Regional Cooling From Ordovician Granulite Facies

The metamorphic and magmatic history within the Villarcan Gneiss is consistent with granulite facies meta-
morphism to the east of Valle Fertil lineament. The counterclockwise PT path, age of migmatization, and
age of mafic and intermediate intrusive bodies are equivalent. In contrast to granulite facies rocks to the
east, which preserve midcrustal conditions of ∼ 5–7 kbar in the sillimanite stability field, the Villarcan Gneiss
records metamorphism at lower crustal conditions of ∼ 12 kbar in the kyanite stability field (Figure 14).
The combined data suggest that the middle and lower crust of the Famatina arc margin was isothermal
(∼850◦C) at ∼465 Ma. Gallien et al. [2010] estimated cooling rates between 3 and 6◦C/Ma from ∼477 to
396 Ma; however, the number of data points and the regional extent of the data were limited. Despite
the well-documented shape of the pressure-temperature paths and ages of peak metamorphism and
migmatization, the duration that melt was present in the middle and lower crust and the cooling his-
tory from peak granulite conditions with respect to regional convergence and extension remains
poorly constrained.

Figure 15. Modeled diffusion profiles for XMg in garnet from
migmatites of the Villarcan Gneiss using a linear cooling rate of 5◦C/ Ma
and the cooling histories derived from one-dimensional step-shaped
temperature distribution as in Figure 16.

In order to constrain the thermal evolu-
tion within middle and lower crust of the
Famatina arc, we have combined mod-
eled thermal profiles with the diffusive
zoning of Fe and Mg in garnet within the
Villarcan Gneiss. Compositional zoning
profiles from garnet within melanosome
of the Villarcan Gneiss display patterns
that are indicative of diffusive zoning
that arises as a consequence of cooling
via Fe-Mg exchange within garnet grains
in contact with biotite (Figure 16). Such
zoning profiles can be modeled through
analytical and numerical approaches to
estimate the cooling history of a given
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Figure 16. (a) Modeled cooling history for regional granulites of the Famatina arc derived from one-dimensional
step-shaped temperature distribution [e.g., Stüwe, 1995]. (b) Distribution of regional magmatic and metamor-
phic/cooling ages from the Famatina margin. Isotopic ages are taken from literature and the sources are reported in the
supporting information.

sample [e.g., Ehlers et al., 1994a, 1994b; Florence and Spear, 1995; Ganguly and Tirone, 1999; Hauzenberger
et al., 2005]. We have modeled the diffusive zoning of Fe and Mg in garnet of the Villarcan Gneiss using the
program THERMAL HISTORY [Robl et al., 2007]. The model assumes (1) garnet crystals can be approximated
as spherical, (2) garnet is surrounded by biotite, (3) the amount of garnet to biotite is constant, (4) chemical
equilibrium between the two minerals is achieved through binary exchange of Fe and Mg, and (5) diffusion
in biotite is infinitely fast with respect to garnet. A modeled profile for a linear cooling history of 5◦C/Ma
is shown in Figure 15. The model reasonably matches the measured element concentration at the rim of
garnet but somewhat overestimates the garnet core composition.

In order to asses more realistic and complex thermal histories from peak granulite facies, we have mod-
eled the cooling history as described by the thermal relaxation of an initial one-dimensional step-shaped
temperature distribution [e.g., Stüwe, 1995] and combine the results with regional age data and the above
temperature dependent element distributions in garnet. The modeled temperature-time history is shown in
Figure 16, and the details of the model are given in Appendix E. We model the thermal history for a partially
melted heat source using a modified heat capacity that accounts for the effects of latent heat in partially
molten rocks [Stüwe, 1995]. A modeled temperature-time history that assumes a constant value of latent
heat fails to reproduce the observed zoning profile in garnet (Figure 15). In contrast, a model that incor-
porates the effects of latent heat not only reproduces the observed zoning profile at the garnet rim but
also best fits the observed garnet core composition (Figure 16). Rather than assume accepted average clo-
sure temperatures for regional isotopic age data, the closure temperatures for multiple mineral phases
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and isotopic systems are calculated via the Dodson equation [Dodson, 1973] using the parameters listed
in Appendix E, the reported mineral grain sizes, and the cooling rates calculated from the above thermal
model (Figure 16) that accurately reproduces the observed diffusion profiles in garnet from the Villarcan
Gneiss. The majority of high temperature (≥500◦C) isotopic ages cluster between 420 and 450 Ma. A coarse
grained (2–4 cm) garnet Sm-Nd age of 465±5 Ma [Galindo et al., 2004] likely records peak metamorphic con-
ditions, while finer grained garnet samples record cooling ages for the Sm-Nd and Lu-Hf systems. The ages
are consistent with the modeled cooling paths from peak metamorphism at ∼ 465 Ma through ∼ 420 Ma,
after which cooling ages for multiple mineral phases and isotopic systems deviate substantially from the
temperature-time paths, requiring increased cooling rates via exhumation.

The results of the modeling suggest that the middle and lower crust of the Famatina arc remained partially
molten for at least 20–30 Ma following Ordovician migmatization. Migmatization at peak temperatures
occurred at ∼465 Ma, and garnet, titanite, and amphibole do not record cooling below the solidus (∼650◦C)
until ∼445–435 Ma. Regional cooling ages of amphibole, muscovite, and biotite deviate from the modeled
cooling histories after ∼420 Ma and suggest more rapid cooling at that time.

5.3. Ordovician Melting and the Evolution of the Famatina Orogen
Synconvergent extension is a well-recognized process in both active and ancient convergent margins [e.g.,
Burchfiel and Royden, 1985; Wallis et al., 1993; Wells et al., 2012]. Transitions from convergence to extension
during an orogenic cycle result from the linked interaction between plate bounding forces, the thermal and
rheologic evolution of the lithosphere, and contrasts in gravitational potential energy within an orogen [e.g.,
England and Thompson, 1986; Dewey, 1988]. Melting of the middle and lower crust is often associated with
enhanced crustal weakening, and numerous studies have linked partial melting with strain localization [e.g.,
Hollister and Crawford, 1986; Brown and Solar, 1998]. In addition, the presence of partial melt and resulting
buoyancy can drive extension and/or orogenic collapse [e.g., Hollister, 1993; Brown and Dallmeyer, 1996;
Vanderhaeghe and Teyssier, 1997; Teyssier and Whitney, 2002]. Our results from this study combined with
existing regional data, however, indicate that weakening and enhanced buoyancy of long-lived partial melt
in the middle and lower crust of the Famatina orogen was not sufficient to drive extension or exhumation,
thus requiring and alternative mechanism to trigger extension.

The Famatina margin experienced Ordovician granulite facies migmatization of the middle and lower crust
during terrane accretion. Figure 16b summarizes the regional igneous and metamorphic ages throughout
the Famatina margin with respect to significant deformation episodes and tectonic events. Peak migma-
tization throughout the middle and lower crust of the Famatina margin was synchronous with regional
convergence and initial collision of the Precordillera terrane. Zircon and monazite ages throughout the
Famatina margin record peak granulite facies migmatization at ∼475–460 Ma [e.g., Grissom et al., 1998;
Baldo et al., 2001; Büttner et al., 2005; Steenken et al., 2006; Gallien et al., 2010; Ducea et al., 2010; Casquet et
al., 2012]. This period coincides with voluminous magmatism in the Famatina arc (∼485–465 Ma) [Ducea et
al., 2010], initial collision of the Precordillera terrane (∼470 Ma) [Fanning et al., 2004], retro-arc east-vergent
thrusting (∼470 Ma) [Astini and Davila, 2004], and oblique top-to-the-west thrusting in the middle to lower
crust [Mulcahy et al., 2011].

The modeled cooling history requires that melt was present in the middle and lower crust of the Famatina
margin throughout continued convergence and collision. The cooling ages of garnet, titanite, and amphi-
bole suggest that granulite facies migmatites cooled from peak temperatures to below the solidus (∼650◦C
for an average pelite composition in the system NCKFMASH) [White et al., 2001] by ∼ 445–435 Ma. The
convergence history recorded in top-to-the-west ductile shear zones of the Sierra de Pie de Palo [Mulcahy
et al., 2011] and regional stratigraphic evidence [Astini et al., 1995; Astini, 1998; Thomas and Astini, 2007]
suggest the final stages of Precordillera terrane collision and accretion occurred in the Late Ordovician
(∼458-449 Ma).

While the timing of melting and convergence were coeval, there is no evidence of extension or signifi-
cant regional exhumation recorded during the time of widespread melting. Synconvergent extension on
top-to-the-east shear zones is recorded in the Sierra de Pie de Palo at ∼ 436 Ma, following crystallization of
middle and lower crustal migmatites. Continued extension and exhumation is recorded through ∼417 Ma as
evidence by 40Ar/39Ar cooling ages across the Sierra de Pie de Palo [Ramos et al., 1998; Mulcahy et al., 2011].
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Throughout the time period of extensive cooling from peak granulite conditions and crystallization of
regional migmatites, the middle and lower crust of the Famatina arc margin would have strengthened sig-
nificantly [e.g., Burg and Vigneresse, 2002]. A thick crust of mafic material and/or partial eclogite underlying
the western Sierra Pampeanas is supported by geophysical evidence [Gilbert et al., 2006; Alvarado et al.,
2007; Gans et al., 2011]. The presence of this thickened mafic crust implies that crustal delamination was not
a driving factor of extension.

The fact the regional migmatites would have crystallized prior the onset of extension and the lack of evi-
dence for delamination requires an alternative mechanism of extension and exhumation. As discussed
above, time period of ∼ 436 Ma coincides with the end of Precordillera terrane accretion outboard of the
Famatina margin. Decreased regional compressive stress associated with the end of collision may have
facilitated the onset of regional extension at that time period.

5.4. Devonian Melting and Deformation
In contrast to the protracted and regionally extensive Ordovician granulite facies metamorphism, melting,
metamorphism, and exhumation of the Rio Las Chacras Formation occurred over a short time interval and
was regionally localized. Our combined PT data, geochronology, and thermochronology indicate metamor-
phism and migmatization occurred at lower crustal conditions between ∼ 411 and 403 Ma. This time period
was contemporaneous with deformation east of the Valle Fertil lineament where strike-slip and transpres-
sive shear zones have been documented between ∼ 419 and 402 Ma [von Gosen et al., 2002; Hockenreiner
et al., 2003; Whitmeyer, 2004; Miller and Sollner, 2005; Steenken et al., 2010]. The localized and rapid burial,
metamorphism, and exhumation of the Rio Las Chacras Formation and regional tectonic setting are consis-
tent with models proposing the initiation of strike-slip deformation along the Valle Fertil lineament at that
time period [Roeske et al., 2008]. In addition, layered gabbros and mafic sills along the western margin of the
Precordillera suggest that a new plate boundary was established by the Late Silurian (≥ 418 Ma) and was
subsequently followed by collision of the Chilenia terrane in the Early to Middle Devonian (∼385 Ma) [Davis
et al., 1999, 2000; Willner et al., 2011].

6. Conclusions

The Loma de Las Chacras preserves individual lithotectonic units that experienced distinct metamor-
phic, magmatic, and deformation histories. At the lowest structural levels, the kyanite-K-feldspar pelitic
migmatites of the Villarcan Gneiss record a counterclockwise PT path that culminated in peak granulite
facies metamorphism at ∼ 12 kbar and ∼ 868◦C at ∼ 465 Ma, followed by near isobaric cooling. In contrast,
the Rio Las Chacras Formation did not experience the Ordovician granulite event. The unit underwent peak
metamorphism at ∼ 411–407 Ma, followed by rapid cooling, synchronous with exhumation of the Villarcan
Gneiss. The two units were juxtaposed along the Rio Las Chacras-Villarcan shear zone and experienced a
shared metamorphic history post ∼ 407 Ma, when they were deformed and overprinted by the lower grade
Don Juan–Flechal shear zone.

Ordovician migmatization occurred relatively early in the orogenic cycle, synchronous with voluminous arc
magmatism and magmatic underplating. Lower-crustal kyanite-bearing migmatites west of the Valle Fertil
lineament in Las Chacras and middle-crustal sillimanite bearing counterparts to the east remained at tem-
peratures above the solidus for ∼ 20–30 Ma following peak granulite facies metamorphism, during a period
marked by regional oblique convergence and collision of the Precordillera terrane. Synconvergent extension
occurred after regional migmatites cooled beneath their solidus and was synchronous with the end of Pre-
cordillera terrane accretion at ∼ 436 Ma. A second, local phase of Devonian melting within the high-pressure
amphibolite facies Rio Las Chacras Formation, however, does appear to have been associated with localized
extension and exhumation. Geochronology from multiple isotopic systems require rapid burial and exhuma-
tion of the Rio Las Chacras Formation at a time scale that is mostly consistent with localized deformation
within a strike-slip zone. The timing of melting and deformation is synchronous with the onset of regional
strike-slip deformation related convergence and accretion of the Chilenia terrane. The regional deformation,
metamorphic, and magmatic histories imply that Ordovician middle and lower crustal migmatization did
not result in exhumation and extension within the Famatina margin. Instead, the onset of synconvergent
extension and continued exhumation was synchronous with the establishment of new plate margin and
successive terrane accretion, consistent with a change in plate boundary forces as the driving mechanism
of extension.
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Appendix A: Mineral Compositions

Mineral compositions determined by electron microprobe and used in the thermobarometry calculations
and for dating by various isotopic systems are provided in the following tables:

Table A1. Representative garnet compositions from the Rio Las Chacras Formation
Table A2. Representative garnet compositions from the Villarcan Gneiss
Table A3. Representative biotite compositions from the Rio Las Chacras Formation
Table A4. Representative biotite compositions from the Villarcan Gneiss
Table A5. Representative feldspar compositions from the Rio Las Chacras Formation
Table A6. Representative feldspar compositions from the Villarcan Gneiss
Table A7. Representative amphibole compositions from the Rio Las Chacras Formation
Table A8. Representative amphibole compositions from the Villarcan Gneiss
Table A9. Representative epidote/clinozoisite compositions

 Table A10. Representative staurolite and gahnite compositions from the schist of Rio Las Chacras Formation
 Table A11. Representative titanite compositions

Appendix B: U-Pb Geochronology

All analyses were performed on the SHRIMP-RG ion microprobe at the United States Geologi-
cal Survey-Stanford Microanalytical Center at Stanford University. The analytical routine followed
Williams [1998]. Data reduction utilized the SQUID program of Ludwig [2003]. Data are provided in the
following tables:

Table B1. U-Pb zircon geochronologic data
Table B2. U-Pb titanite geochronologic data

Appendix C: Lu-Hf Geochronology

Data are provided in the following table.

Table C1. Lu-Hf isotopic data for garnet geochronology.

Appendix D: 40Ar/39Ar Geochronology

All analyses were performed at the Berkeley Geochronology Center. 40Ar/39Ar ages were calculated
following the calibration of Renne et al. [2010].

Table D1. Isotopic data for 40Ar/39Ar geochronology.

Appendix E: Thermal Modeling

Cooling of Ordovician migmatites from peak granulite conditions within the Famatina arc was modeled
by the thermal relaxation of an initial one-dimensional step-shaped temperature distribution using the
following explicit finite difference element scheme as described by Stüwe [1995]:

T+
n = T−

n +
(

kΔt
𝜌cmodΔx2

)
+
(

T−
n+1 − 2T−

n + T−
n−1

)

where T is temperature (K), k is thermal conductivity (J s−1 m−1 K−1), t is the time, 𝜌 is density (kg m3),
and cmod is the modified heat capacity (J kg−1 K−1) that is defined in the temperature region of the melt-
ing interval (TL > Tn > Ts, where TL is the liquidus temperature and TS is the solidus temperature) as
cmod = cp + LAe𝛼T−

n where cp is the heat capacity (J kg−1 K−1), L is the latent heat of fusion (kJ kg−1),
𝛼 is a parameter that describes the melt volume production with change in temperature, and A is constant
defined as

A = 𝛼

e(𝛼TL) − e(𝛼TS)
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Modeled temperature-time and cooling-rate evolutions were combined with equations of
closure-temperature of a cooling system [e.g., Dodson, 1973] to calculate model closure temperatures from
reported ages and mineral grain sizes in the literature. Model parameters and regional isotopic data plotted
in Figure 16 are provided in the following tables:

Table E1. Model parameters for the Famatina arc.
Table E2. Regional isotopic data and calculated closure temperatures in Figure 16a.

The histograms and density plots in Figure 16b were constructed from ages reported in the following
references: Sims et al. [1998], Pankhurst et al. [1998], Pankhurst and Rapela [1998], Grissom et al. [1998],
Stuart-Smith et al. [1999], Rapela et al. [2001], Baldo et al. [2001], von Gosen et al. [2002],
Hockenreiner et al. [2003], Lucassen and Becchio [2003], Porcher et al. [2004], Galindo et al. [2004],
Büttner et al. [2005], Steenken et al. [2006], Mulcahy et al. [2007], Dahlquist et al. [2008], Castro de
Machuca et al. [2008], Steenken et al. [2008], Morata et al. [2010], Ducea et al. [2010], Gallien et al. [2010],
Chernicoff et al. [2010], Mulcahy et al. [2011], and Varela et al. [2011].
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