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Abstract

The crystalline basement of the Sierra de San Luis, which belongs to the Eastern Sierras Pampeanas in central Argentina, consists of
three main units: (1) Conlara, (2) Pringles, and (3) Nogolı́ metamorphic complexes. In the Pringles Metamorphic Complex, mafic–ultra-
mafic bodies occur as discontinuous lenses along a narrow central belt concordant with the general NNE–SSW structural trend. A meta-
morphic gradient from granulite to greenschist facies is apparent on both sides of the mafic–ultramafic bodies. This work focuses on the
characteristics of the mylonitization overprinted on the mafic–ultramafic intrusives in the Pringles Metamorphic Complex and their
gneissic–migmatitic surroundings, both previously metamorphosed within the granulite facies. Petrogenetic grid and geothermobarom-
etry applied to the paragenesis equilibrated during the mylonitic event, together with mineral deformation mechanisms, indicate that
mafic and adjacent basement mylonites developed under upper amphibolite transitional to granulite facies metamorphic conditions at
intermediate pressures (668–764 �C, 6.3–6.9 kbar, 0.3 < XCO2 < 0.7). However, the following mylonitic assemblages can be distinguished
from the external limits of the Pringles Metamorphic Complex to its center: lower amphibolite facies) middle amphibolite
facies) upper amphibolite transitional to granulite facies. Geothermobarometry applied to mylonitic assemblages indicate a tempera-
ture gradient from 555 �C to 764 �C and pressures of 6–7 kbar for the mylonitic event. This event is considered to have developed on a
preexisting temperature gradient attributed to the intrusion of mafic–ultramafic bodies. The concentration of sulfides in mylonitic bands
and textural relationships provide evidence of remobilization of primary magmatic sulfides of the mafic–ultramafic rocks (+PGM) dur-
ing the mylonitic event. A lower-temperature final overprint produced brittle fracturing and localized retrogression on mafic–ultramafic
minerals and ores by means of a water-rich fluid phase, which gave rise to a serpentine + magnetite ± actinolite association. Concordant-
ly in the adjacent country rocks, fluids channeled along preexisting mylonitic foliation planes produced local obliteration of the mylonitic
texture by a randomly oriented replacement of the mylonite mineralogy by a chlorite + sericite/muscovite + magnetite assemblage.
Observed mineral reactions combined with structural data and geothermobarometry suggest a succession of tectonometamorphic events
for the evolution of the Pringles Metamorphic Complex of Sierra de San Luis, developed in association with a counterclockwise P–T–d

path. The most likely geological setting for this type of evolution is a backarc basin, associated with east-directed Famatinian subduction
initiated in Mid-Cambrian times and closed during the collision of the allochthonous Precordillera terrane in Mid-Ordovician times.
� 2006 Elsevier Ltd. All rights reserved.
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Resumen

La Sierra de San Luis forma parte de las Sierras Pampeanas Orientales situadas en la región central de Argentina. Su basamento cri-
stalino está constituı́do por tres unidades principales: (1) Complejo Metamórfico Conlara, (2) Complejo Metamórfico Pringues, y (3)
Complejo Metamórfico Nogolı́. En el Complejo Metamórfico Pringles, los cuerpos máfico-ultramáficos se disponen en una angosta faja
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central concordante con la estructura regional NNE–SSW, a ambos lados de la cual se hace evidente un gradiente metamórfico variable
entre facies de granulitas y esquistos verdes. En el presente trabajo se presta especial atención a las caracterı́sticas de la milonitizacion
sobreimpuesta a los intrusivos máfico-ultramáficos y las rocas de caja gnéisicas-migmatı́ticas adyacentes, ambos tipos litológicos
previamente afectados por metamorfismo en facies de granulitas. Las condiciones de estabilidad de las paragénesis equilibradas en el
transcurso del evento milonı́tico analizadas a través de una grilla petrogenética adecuada, las determinaciones geotermobarométricas
(668–764 �C, 6.3–6.9 kbar, 0.3 < XCO2 < 0.7) y el análisis de mecanismos de deformación en minerales, indican que las milonitas máficas
y del basamento adyacente se desarrollaron bajo condiciones metamórficas en facies de anfibolita alta transicional a granulita y a
presiones intermedias. Sin embargo, las siguientes asociaciones milonı́ticas pueden identificarse desde los lı́mites externos del Complejo
Metamórfico Pringles hacia su parte central: facies anfibolitas baja) facies anfibolitas media ) facies anfibolitas alta transicional a
granulitas. La geotermobarometrı́a aplicada a estas asociaciones milonı́ticas, indican un gradiente térmico de 555 �C a 764 �C y presiones
en el rango 6–7 kbar para el evento milonı́tico. Se considera que este evento milonı́tico tuvo lugar sobre un gradiente térmico desarrol-
lado previamente y atribuido a la intrusión de los cuerpos máfico-ultramáficos. La concentración de sulfuros en las bandas milonı́ticas y
las relaciones texturales, proveen evidencias indudables de la removilización de los sulfuros magmáticos y elementos del grupo del platino
de las rocas máficas-ultramáficas durante el evento milonı́tico. Un evento póstumo de baja temperatura dio lugar a un fracturamiento
frágil y a la retrogradación localizada de los minerales máfico-ultramáficos y de las menas asociadas, por medio de una fase fluı́da rica en
agua evidenciada por el desarrollo de la asociación serpentina + magnetita ± actinolita. Concordantemente, en las rocas de caja adya-
centes los fluı́dos canalizados a través de los planos de foliación milonı́ticos preexistentes, dieron lugar a la obliteración localizada de la
textura milonı́tica a través del reemplazo masivo de su mineralogı́a por la asociación clorita + sericita/moscovita + magnetita. Sobre la
base de las reacciones minerales observadas en combinación con los datos estructurales y geotermobarométricos, se propone la sucesión
de eventos tectonometamórficos acaecidos en el Complejo Metamórfico Pringles de la Sierra de San Luis, desarrollados en asociación
con una trayectoria P–T–d antihoraria. El ambiente geotectónico más probable para una evolución de estas caracterı́sticas es una cuenca
de retroarco, cuya apertura podrı́a vincularse con la subducción Famatiniana (dirigida hacia el Este) iniciada en el Cámbrico Medio, y su
cierre relacionado con la colisión del terreno alóctono de Precordillera en el Ordovı́cico Medio.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

The Sierras Pampeanas Range, located in central western
Argentina, can be divided on the basis of differences in lith-
ologic composition and magmatic–metamorphic evolution
into two contrasting units: the Western and Eastern Sierras
Pampeanas (Caminos, 1973, 1979; Dalla Salda, 1987). This
range formed part of the western margin of Gondwana
during the Late Proterozoic–Early Paleozoic, and four
geological cycles (see; Pankhurst and Rapela, 1998) inter-
vened in its formation: (1) Pampean (Neoproterozoic–Late
Cambrian), (2) Famatinian (Early Ordovician–Early Car-
boniferous), (3) Gondwanian (Early Carboniferous–Early
Cretaceous), and (4) Andean (Early Cretaceous–present).

Located between latitudes 32�–34�S and longitudes
66�–68�W, the Sierra de San Luis represents the southern-
most exposure of the Eastern Sierras Pampeanas. Accord-
ing to Sims et al. (1997) and Hauzenberger et al. (2001), the
crystalline basement of the Sierra de San Luis (Fig. 1) con-
sists of three main units, from east to west: (1) the Conlara
Metamorphic Complex, comprising mainly high-grade
gneisses and migmatites; (2) the Pringles Metamorphic
Complex, which varies in metamorphic grade from greens-
chist to granulite facies and comprises phyllites, micas-
chists, gneisses, migmatites, intercalated mafic–ultramafic
rocks, and tonalitic–granodioritic bodies and pegmatites;
and (3) the Nogolı́ Metamorphic Complex, consisting
mainly of migmatitic and high-grade gneisses with amphib-
olite lenses.
The Pringles Metamorphic Complex is clearly distinct
from the other units due to the change in metamorphic
grade, the occurrence of metabasites within a sequence of
quartz–feldspathic and pelitic metasediments, and the pres-
ence of a widespread mylonitization event that affects all
lithological types and imprints the dominant structural pat-
tern onto this region. These contrasting characteristics, in
addition to the differences in the structural configurations
(von Gosen, 1998; Sims et al., 1998; Delpino et al., 2001;
González et al., 2002), indicate that the tectonometamor-
phic evolution of the Pringles Metamorphic Complex must
have been, at least temporarily, independent of the evolu-
tion of the Conlara and Nogolı́ metamorphic complexes
located to the east and west, respectively. Thus, a better
knowledge of the geology of this region is essential when
attempting to reconstruct the geological history of the Sier-
ra de San Luis and establish correlations with the neighbor-
ing areas of the Sierras Pampeanas.

Given their significance in the reconstruction of the
tectonometamorphic evolution, the characteristics of
the mylonitization event overprinted on the mafic–ultra-
mafic intrusives and their high-grade gneissic–migmatitic
surroundings in a selected area of the Pringles Meta-
morphic Complex represent the main focus of this work
(Fig. 1). We made several detailed cross-sections perpen-
dicular to the general trend of the mafic–ultramafic
bodies and the main penetrative structural elements
between Las Aguilas and El Fierro localities (Fig. 1).
We then compare the recognized petrological, structural,



Fig. 1. Simplified geological map of Sierra de San Luis, Sierras Pampeanas, Argentina, based on Llambı́as et al. (1998) and von Gosen and Prozzi (1998).
NMC, Nogolı́ Metamorphic Complex; PMC, Pringles Metamorphic Complex; CMC, Conlara Metamorphic Complex. The inset shows the regional
context of the Sierras Pampeanas. Rectangle indicates the area of study.
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and physical characteristics in this central sector with
others obtained for the mylonitic rocks located close
to the edges of the complex (e.g., von Gosen, 1998;
Hauzenberger et al., 2001).
Probably because detailed studies of this deformation
event are lacking, significant controversy still exists regard-
ing the timing and metamorphic grade at which the mylon-
itization event occurred. González Bonorino (1961),
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Cucchi (1964), and Sabalúa et al. (1981) were among the
first to work on the mylonitization process affecting
the mafic–ultramafic bodies and their country rocks in
the Pringles Metamorphic Complex. More recently, a
broad spectrum of physical conditions, varying from
greenschist facies (Brogioni, 1994; Brogioni and Ribot,
1994; von Gosen and Prozzi, 1998) to amphibolite facies
(Brogioni, 1992; Malvicini and Brogioni, 1993, 1996; Hau-
zenberger et al., 1997, 1998, 2001; Delpino et al., 2002),
have been attributed to the mylonitization event. Its tem-
poral relationships with other tectonometamorphic events
operating in this region are not clear, probably due to the
disparities in interpretations of the physical conditions of
deformation and the structures reported by different
authors (Sims et al., 1998; Hauzenberger et al., 1998,
2001; von Gosen and Prozzi, 1998; Delpino et al., 2001,
2002; Brogioni, 2001).

In response to these discrepancies, this contribution
aims to provide a detailed petrographic–microstructural
analysis, combined with essential structural and petrologi-
cal studies, to perform a reliable evaluation of the physical
conditions of development of this significant event and its
implications for the tectonometamorphic history of the
region. The relationships of other geological processes with
the mylonitic event are also discussed in detail. Previous
works have proposed a postmagmatic remobilization of
sulfides + platinum group minerals due to hydrothermal
fluids channeled along the shear zones (Malvicini and
Brogioni, 1993; Bjerg et al., 1997; Felfernig et al., 1999),
but textural evidence linking the remobilization in the base-
ment and mafic–ultramafic rocks with a given tectonic
event are scarce (Ferracutti and Bjerg, 2002; Delpino
et al., 2002). We consider the relationships of this and other
geological processes with the mylonitic event herein.

On the basis of the results of the present and previous
works, we present a succession of tectonometamorphic
events along a defined P–T–d path, as well as the most
probable tectonic setting in which it took place.

2. Geotectonic setting

Most authors have suggested Late Precambrian–Early
Paleozoic ages for the Sierras Pampeanas basement and
associated granitoids. The most recent geochronological
studies (Sims et al., 1998; Rapela et al., 1998; Pankhurst
et al., 1998; von Gosen et al., 2002; Sato et al., 2002,
2003) indicate that the majority of the geological events
took place during the Pampean and Famatinian cycles.

According to Rapela et al. (1998), Early Cambrian
(�530 Ma) reconstruction of the proto-Andean margin of
South America is characterized by the formation of a pas-
sive margin sedimentary basin when subduction of oceanic
crust started, forming an accretionary prism and a calc-
alkaline volcanic arc along the eastern edge of the Sierras
Pampeanas. The subsequent closure of this ocean due to
collision of a microcontinent (Pampean terrane) marked
the onset of the Pampean Orogeny (Aceñolaza and Toselli,
1976) during early Middle Cambrian times, followed by
extensional collapse in the Late Cambrian at the end of
the Pampean orogenic cycle.

The Famatinian orogenic cycle, a major accretional and
orogenic episode, started with subduction along the new
Cambrian proto-Pacific margin (�490 Ma; Pankhurst and
Rapela, 1998; Dalla Salda et al., 1992). Subsequent events
may be grouped into a prolonged event termed the Fama-
tinian Orogeny (Aceñolaza and Toselli, 1976). Dalla Salda
et al. (1992) suggest that this orogeny culminated with the
collision of Laurentia and Gondwana in the Middle Ordo-
vician (480–460 Ma). In agreement with the proposal of
Dalla Salda et al. (1992), Ramos et al. (1998) postulate that
the beginning of the collision between the protomargin of
Gondwana and the Cuyania composite terrane (Precordill-
era terrane of Astini et al., 1995) derived from Laurentia
(Ramos et al., 1986; Astini et al., 1995) occurred in the
Mid-Ordovician (470–460 Ma). The main Famatinian oro-
genic phase was followed by a period of extensional col-
lapse and the emplacement of fracture-controlled,
undeformed Devonian–Early Carboniferous granitoids
(e.g., Brogioni, 1993; Lira and Kirschbaum, 1990; Rapela
et al., 1991; Pinotti et al., 1996; López de Luchi, 1996; Lla-
mbı́as et al., 1998).

A new subduction episode developed to the west of the
Precordillera, related to the collision of another terrane
(Chilenia; Ramos et al., 1984; see also Astini, 1996), was
associated with the broadly coeval intrusion of within-plate
plutons in the Gondwana foreland (Pankhurst and Rapela,
1998).

3. The Pringles Metamorphic Complex: petrological and

structural background

In the Pringles Metamorphic Complex, mafic–ultramaf-
ic bodies occur as discontinuous lenses along a narrow cen-
tral belt concordant with the general NNE–SSW structural
trend. According to Mogessie et al. (1994, 1995, 1998), they
are composed of orthopyroxene + clinopyroxene + horn-
blende + plagioclase + sulfides ± olivine ± phlogopite ±
Cr-spinel ± platinum group minerals, with accessories such
as apatite. On both sides of the mafic–ultramafic bodies, a
metamorphic gradient from granulite to greenschist facies
is apparent (Delpino et al., 2002). Granulite facies coun-
try-rock assemblages (garnet + cordierite + sillimanite +
biotite + k-feldspar + plagioclase + quartz + rutile + ilme-
nite ± orthopyroxene) near mafic–ultramafic bodies
grade toward both extremes to the amphibolite facies
assemblage (garnet + biotite + muscovite + plagioclase +
quartz ± staurolite ± sillimanite ± chlorite) and the east-
ernmost part of the Pringles Metamorphic Complex to
the greenschist facies assemblage chlorite + biotite +
muscovite + quartz + plagioclase + k-feldpar (Hauzenber-
ger et al., 2001). The granulite facies metamorphism
reached by the adjacent country-rocks has been attributed
to the intrusion of mafic–ultramafic bodies into a greens-
chist or amphibolite facies metamorphic sequence
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(González Bonorino, 1961; Hauzenberger, 1997; Sims et al.,
1998; Hauzenberger et al., 1998; von Gosen and Prozzi,
1998). According to Hauzenberger et al. (2001), the volume
of mafic lenses estimated through geophysical methods by
Kostadinoff et al. (1998a,b) are great enough to produce
the observed granulite facies rocks.

The structure of the Pringles Metamorphic Complex has
been discussed in detail by von Gosen and Prozzi (1996,
1998) and Delpino et al. (2001). von Gosen and Prozzi
(1998) indicate that fabrics comparable to the Dx1 to Dx3

deformations (where ‘‘x’’ refers to pre-Famatinian defor-
mational events) described for the Nogolı́ Metamorphic
Complex also appear in the Pringles Metamorphic Com-
plex. However, neither the description nor locations of
such fabrics are indicated by von Gosen and Prozzi
(1996, 1998). von Gosen and Prozzi (1998) describe a steep-
ly inclined to subvertical foliation (SF2, where ‘‘F’’ refers to
Famatinian deformational events) with a NNE–SSW
trend, associated with fold structures (FF2) with axes vari-
ably plunging to the NNE or SSW. In some parts, they also
recognize an older foliation in the amphibolites, recorded
by aligned long axes of amphibole and folded around
FF2 fold structures (directly related to the tight FF2 folding
in the metasediments). According to these authors, an
intense migmatization of the basement rocks occurred after
DF2. The formation of migmatites interferes with FF3 fold
structures around steeply inclined to vertical axes. The DF2

to DF3 history was accompanied by high-grade metamor-
phism. These authors attribute the formation of mylonite
zones to a post-Famatinian (D1) compressive event. The
mylonite foliation (Smy) strikes NNE–SSW and is vertical
or steeply dipping to the east. According to these authors,
Smy follows the Famatinian SF2 foliation, and the displace-
ment mostly follows preexisting planes. Mylonitization is
attributed to WNW–ESE compression under greenschist
facies conditions.

Delpino et al. (2001) propose that three tectonometa-
morphic events have taken place in the Pringles Metamor-
phic Complex: T1–M1, prior to the intrusion of the mafic–
ultramafic bodies, recognizable only due to compositional
layering (Ly, Fig. 2a), preserved only in sectors protected
from the mylonitization event (T3), and affected by T2,
for which the accompanying metamorphism (M1) reached
Fig. 2. Density stereograms of three main recognized planar structures in the st
event); and (c) Sm = S3 = mylonitic foliation (T3 event). Equal area lower-hem
upper greenschist or amphibolite facies (González Bonori-
no, 1961; Hauzenberger, 1997; Sims et al., 1998; Hauzen-
berger et al., 1998; von Gosen and Prozzi, 1998); T2–M2,
a second deformational event (T2) well represented in sec-
tors of the basement protected from the subsequent mylon-
itization (T3), characterized by very tight folding (F2) with
steeply plunging axes (b2), and associated with an axial
plane foliation (S2, Fig. 2b), which develops on rocks meta-
morphosed within the granulite to amphibolite/upper
greenschist facies (Mg to M1) after the emplacement of
the mafic–ultramafic rocks and migmatization of the neigh-
boring basement rocks; and T3–M3, in which T3 gives rise
to a several km wide shear zone affecting mafic–ultramafic
bodies and country-rocks of the Pringles Metamorphic
Complex. T3 produced an intense mylonitization of the
whole sequence (which varies in bands trending NNE–
SSW) giving rise to protomylonites and mylonites with
gradual contacts, and originated folds with subhorizontal
axes and a new foliation (Sm = S3, Fig. 2c). As we men-
tioned previously, the metamorphic conditions of the M3

event remain a matter of debate, which we discuss further.

4. Methodology

Oriented samples of mafic–ultramafic rocks and gneissic–
migmatitic country-rocks were collected between El Fierro
and Las Águilas localities (Fig. 1). Given that the shear zone
shows an inhomogeneous distribution of deformation, the
less deformed specimens of both rock types are identified,
which enables the partial recognition of the mineral associa-
tions and textural characteristics of the pre-mylonitization
protoliths and tracking of the mineralogical and fabric
changes undergone by rocks with increasing deformation.

A detailed petrographic-microstructural study of select-
ed representative samples was performed. Polished thin
sections were investigated by a combination of transmitted
and reflected light microscopy, electron microprobe, and
scanning electron microscope (SEM) analysis. The mineral
analyses were carried out at the Institute of Mineralogy
und Petrology, University of Graz (Austria), with a JEOL
6310 SEM equipped with a LINK ISIS energy dispersive
system and a MICROSPEC wavelength dispersive system.
Standard analytical conditions for silicates were set to an
udy area: (a) Ly = compositional layering (T1 event); (b) S2 = foliation (T2

isphere projection.
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accelerating voltage of 15 kV and a beam current of 5 nA.
Matrix corrections of silicates were made using ZAF. The
following standards were used: Si, K: adular; Al: andalu-
site; Fe, Mg: garnet or olivine; Ca, Ti: titanite; Mn: tephro-
ite; Zn: gahnite; and Cr: synthetic Mg-chromite. Detection
limits in these routine analyses vary from 0.05 to 0.1 wt.%
for the MICROSPEC wavelength dispersive system and 0.1
to 0.5 wt.% for the LINK ISIS energy dispersive system.
Relicts and recrystallized and neoformed minerals were
analyzed with careful examinations of each phase for the
presence of chemical zoning.

Physical conditions of deformation were evaluated
through internally consistent geothermobarometry and
the construction of a suitable petrogenetic grid for the min-
eral associations equilibrated during the mylonitic event.

5. Petrographic–microstructural analysis

5.1. Basement mylonites

The basement adjacent to mafic–ultramafic bodies of the
CB are mylonitized migmatitic gneisses consisting of gar-
net + cordierite + sillimanite + biotite + k-feldspar + pla-
gioclase + quartz ± orthopyroxene, plus zircon + rutile +
opaque minerals as the main accessory minerals. Deforma-
tion is strongly partitioned at the map scale and leads to two
types of deformed rocks: S/C protomylonites and banded
mylonites.

5.1.1. S/C protomylonites
S/C protomylonites are coarse- to medium-grained light

rocks that preserve a characteristic gneissic texture. The
protolith of the S/C protomylonites are migmatitic gneisses
that have developed an anastomosing to rough disjunctive
foliation (Twiss and Moores, 1992) due to mylonitization.
Biotite laths, sillimanite, and opaque minerals mainly con-
stitute the cleavage domains. Mono- or polymineralic len-
ticular to sigmoidal microlithons are composed essentially
of k-feldspar, plagioclase, quartz, cordierite, garnet, coarse
sillimanite, and biotite. Hauzenberger et al. (2001) docu-
ment the presence of orthopyroxene, a phase not observed
in the samples collected for this work.

Microscopically, the protomylonites show a typical S/C
fabric (Fig. 3a), with cleavage domains wrapping around
individual porphyroclasts or polyphase microlithons.

Quartz forms ribbons elongated parallel to the mylonitic
foliation, constituted by recrystallized polygonal or irregu-
lar new grains with straight or sutured contacts and maxi-
mum sizes of around 300 lm (Figs. 3a, b, and d). Most
quartz grains develop a good crystallographic preferred
orientation (Figs. 3a–d).

K-feldspar appears as individual porphyroclasts or con-
stitutes polyphasic microlithons, which usually are com-
posed of k-feldspar with subordinated quartz (Fig. 3b).
Despite the mylonitization imprint, microlithons preserve
some leucosome characteristics of migmatitic gneisses prior
to the mylonitic event. Within these lenses, k-feldspar
occurs as coarse, subhedral to anhedral crystals, generally
forming triple junctions and lacking any shape or crystallo-
graphic preferred orientation (Fig. 3c). The k-feldspar crys-
tals are slightly perthitic and occasionally poikilitic, with
inclusions of rounded plagioclase and quartz at their cen-
ters (Figs. 3b and c). Only small, interstitial fragments or
myrmekitic intergrowths (with poikilitic inclusions) remain
as evidence of former plagioclase crystals. In the center of
the lenses, k-feldspar crystals show undulatory extinction
and evidence of incipient recrystallization (bulging giving
rise to slightly serrated mutual contacts) (Fig. 3c). Coarse
biotites are interstitial or fill intracrystalline fractures.
Although some very small, rounded or subhedral biotite
crystals have the appearance of original poikilitic inclu-
sions, most biotite inclusions can be related to thin frac-
tures, also filled with brown-biotite and extending toward
k-feldspar crystal edges (Fig. 3c). Within these lenses,
scarce, interstitial, coarse quartz grains with undulatory
extinction occur (Fig. 3b). However, small, rounded quartz
poikilitic inclusions within k-feldspar crystals are optically
strain free (Figs. 3b and c). Near the borders of the lenses,
quartz shows intense recrystallization, giving rise to
arrangements of polygonal grains that extend in ribbons
toward the adjacent fine-grained matrix (Fig. 3b).

Outside the best preserved microlithons, k-feldspar por-
phyroclasts have irregular or rounded shapes and usually
show undulatory to patchy extinction (Figs. 3a–d). Red-
dish-brown biotites usually fill internal microfractures
and crystallize at their pressure shadows (Figs. 3a–d). Most
k-feldpar porphyroclasts show serrated grain boundaries
due to recrystallization along their margins. Recrystallized
grains are in contact with porphyroclasts through high-
angle boundaries, and no subgrains were observed. Recrys-
tallized grains form aggregates of small (up to 50 lm),
irregular to polygonal new grains. Aggregates usually
extend as thin ribbons parallel to the foliation and are lim-
ited on both sides by coarser quartz ribbons (Fig. 3d). In
some cases, small, individual porphyroclasts are entirely
surrounded by a fine-grained recrystallized matrix and
show lensoidal shapes.

Plagioclase occurs as individual porphyroclasts (up to
5 · 3 mm) or constitutes polymineralic lenticular to sigmoi-
dal microlithons. Porphyroclasts underwent intense intra-
crystalline deformation, with microfractures, undulatory
or patchy extinction, deformation bands, bending of the
primary twinning, and secondary twinning (Fig. 3d). Por-
phyroclasts are irregular or rounded and often equidimen-
sional. No remarkable flattening of relict grains is present,
and subgrains are absent or very scarce. At the contacts
with k-feldspar, myrmekitic intergrowths are frequent.
Plagioclase porphyroclasts show recrystallization at their
edges, usually extending into their pressure shadows
(Fig. 3d). Small and irregular recrystallized grains (up to
220 lm) are in mutual contact through sutured boundaries.
Recrystallized grains extend away from the porphyroclast
tails, forming ribbons of smaller thickness and grain
size than those of the adjacent quartz ribbons (Fig. 3d).



Fig. 3. Photomicrographs of the basement S/C protomylonites (a–f) and mylonites (h–i) from the central sector of the Pringles Metamorphic Complex. All
samples normal to foliation and parallel to the stretching lineation. Outcrop orientation of the mylonitic foliation (S3) is shown in Fig. 2c. (a) General
aspect of S/C protomylonites. Observe the C (subhorizontal in the photograph) and S (dipping to right) planes, marked mainly by quartz ribbons, long
prismatic sillimanite, and biotite, sweeping around mono- or poliphasic microlithons composed of k-feldspar with subordinated quartz and plagioclase.
The S/C microstructure and stair-stepping in k-feldspar porphyroclast (rb-structure) indicate a top to W–NW sense of displacement. Crossed nicols. (b)
Detail of a preserved k-feldspar and quartz microlithon. Weak intracrystalline deformation in coarse k-feldspar and quartz relict crystals and strain-free
quartz inclusions in feldspar. Note increasing quartz deformation toward the biotite-rich mylonitic matrix (top left) and formation of quartz ribbons,
composed of coarse, polygonal new grains, meeting at 120� triple junctions. Double arrow, mylonitic foliation. Crossed nicols. (c) Detail of the interior of
an almost monophasic (k-feldspar) microlithon preserving part of the rock texture (leucosome) prior to mylonitization. Coarse, subhedral relict k-feldspar
crystals form triple junctions and enclose rounded biotite and quartz inclusions (arrows). Crystals show only weak intracrystalline deformation
(undulatory extinction) and evidence of incipient grain boundary mobility. Intergranular spaces and internal microfractures filled by neoformed biotite.
Crossed nicols. (d) Rounded, bent plagioclase porphyroclast with recrystallized tails. Primary twins have been locally removed by grain boundary
migration. Coarse-grained quartz ribbons sweep around plagioclase and k-feldspar (center left) porphyroclasts and delimit finer-grained plagioclase and k-
feldspar ribbons. Crossed nicols. (e) Small garnet grains, products of disruption and distribution along mylonitic folia of bigger garnet prophyroclasts.
Crystalline phases and enclosed matrix components indicate these fragments grew during the mylonitic event. Plane polarized light. (f) Intensively altered
(pinitized) cordierite porphyroclast surrounded by neoformed biotite and sillimanite needles. Crystallization of coarser biotite at porphyroclast tails. Inset
(bottom left) shows a detail of a porphyroclast pressure shadow with crystallization of prismatic sillimanite and biotite within extension sites. Note long,
prismatic, sillimanite crystals extending into the interior of the porphyroclast. Plane polarized light. (g and h) Scanned thin sections showing general aspect
of basement mylonites. Matrix in the light bands composed of coarse quartz ribbons and recrystallized feldspars; dark bands of neoformed biotite
dominate. Predominant rounded or elliptic shapes in feldspar porphyroclasts. Note shrinkage and rounding of garnet porphyroclast in biotite-dominated
dark folia. Kinematic indicators of r and d type in feldspars and garnet and asymmetric and drag folding of quartz ribbons indicate top to W–NW
vergence during the T3 event. (i) Quartz ribbons showing varied internal textural arranges. Polycrystalline ribbons contain blocky quartz with grain
boundaries subperpendicular to ribbon’s longest dimension; polycrystalline ribbon with large subequant quartz grains contact through sutured
boundaries, comparable to Types 3 and 4 of Boullier and Bouchez (1978), respectively. Double arrow, mylonitic foliation. Crossed nicols. Mineral names
abbreviated according to Bucher and Frey (1994).
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Recrystallization occurs mainly along intracrystalline frac-
tures or at deformation band limits. Breakdown of plagio-
clase to neoformed biotite during deformation is also
evident. Biotite commonly replaces plagioclase crystals at
their edges and internal fractures and crystallizes in por-
phyroclast pressure shadows.
Poikilitic garnets show irregular shapes and sizes in the
range 1.5–3 mm and partially or totally enclose quartz or
quartz + plagioclase. Garnet grains are often disrupted
and small fragments redistributed along the mylonitic foli-
ation (Fig. 3e). These small garnet fragments tend to devel-
op crystalline external faces and incorporate matrix
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components (mainly opaque phases and biotite) as poikilit-
ic inclusions. Garnet grains show internal fracturing, usual-
ly sealed by biotite and opaque minerals. The same mineral
association also crystallizes in the pressure shadows
developed during the mylonitic event. In these locations,
biotite and opaque minerals do not show intracrystalline
deformation.

Sillimanite is a very abundant phase in S/C protomylo-
nites, with two different types of crystals: porphyroclasts
and neoformed needles. The porphyroclasts appear as rect-
angular, square or long prismatic crystals. Most show frac-
tures almost perpendicular to their long dimension and
microboudinage. Disrupted microboudins are often redis-
tributed following mylonitic foliation and, together with
long prismatic crystals, depict the S and C planes of S/C
structures (Berthe et al., 1979) (Fig. 3a). Large porphyro-
clasts usually show pressure shadows, and some asymmet-
ric rhomboidal fragments resemble the shape of sigmoidal
mica-fishes.

Most very abundant neoformed sillimanites appear
in the form of aggregates of fine needles following the
mylonitic foliation and preferentially replacing or man-
tling cordierite (Fig. 3f), k-feldspar, and plagioclase por-
phyroclasts. Acicular prisms and needles with random
orientations also can be observed in the interior of cor-
dierite porphyroclasts or parallel to foliation aggregates
that partially penetrate the grains concordant with the
mylonitic matrix. Small, euhedral, neocrystallized sillima-
nite crystals with random orientations are often observed
in the pressure shadows of altered cordierite crystals
(Fig. 3f, inset). Abundant sillimanite needle aggregates
commonly develop in high-strained faces of porphyro-
clasts (e.g., where two k-feldspar porphyroclasts are in
mutual contact).

Cordierite is abundant in the S/C protomylonite and
occurs, without exception, entirely retrogressed (pinitized,
Fig. 3f). Hauzenberger et al. (2001) report the presence of
partially preserved fragments of fresh cordierite crystals
within the mylonitic zone studied herein, which we did
not identify. Neoformed biotite and sillimanite more often
form a mantle around cordierite clasts or crystallize within
their pressure shadows (Fig. 3f).

Biotite is mainly associated with mylonitic foliation (S
and C planes) and extension sites (Figs. 3a, d–f). Coarse
biotite crystals principally occur in intracrystalline frac-
tures, pulled apart grain fragments, or pressure shadows
of almost all relict grains (garnet, plagioclase, k-feldspar,
cordierite, sillimanite), as well as interstitially in the best
preserved polyphasic microlithons. Some coarse tabular
crystals in strongly mylonitized bands show bending and
fracturing. Zircon inclusions with well-developed pleochro-
ic haloes can be observed in some crystals. However, most
biotite crystals lack intracrystalline deformation and
replace relict phases (essentially k-feldspar, garnet, cordie-
rite, and plagioclase). Fine-grained matrix biotites (up to
200 lm) and coarse-grained biotites (up to 450 lm) crystal-
lized in extension sites are reddish brown, except for
biotites replacing cordierites, which have a distinctive
green-brownish color.

Zircon, oxides, pyrrhotite, and chalcopyrite constitute
the main accessory phases. The modal amount of opaque
minerals reaches 1%. They occur mainly in the porphyro-
clast pressure shadows and as neocrystallized grains within
the matrix (Fig. 3e), in both cases generally associated with
biotite. Oxides and, in lower proportions, anhedral to sub-
hedral sulfides (pyrrhotite and chalcopyrite) have been rec-
ognized filling intracrystalline fractures of silicates. Oxides
are ilmenite and magnetite with sizes that reach up to
550 lm, whereas the sulfide maximum size is approximate-
ly 130 lm.

5.1.2. Mylonites

Hand specimens of mylonites are banded rocks with
alternating light and dark domains (Figs. 3g–h), which,
according to Twiss and Moores (1992), can be classified
as a compositional foliation. Dark bands are composed
of a fine- to medium-grained, biotite-bearing matrix,
usually enclosing individual garnet, plagioclase, or k-feld-
spar porphyroclasts. Light bands either preserve a similar
textural appearance and assemblage as the S/C proto-
mylonites or more often show a fine lamination consist-
ing of alternating bands of recrystallized quartz and
feldspar grains. Thus, depending on the location of the
sample, mylonites show dissimilar aspects due to differ-
ences in the deformation intensity (heterogeneously dis-
tributed in bands) and variations in the local
deformation conditions (modal composition of the proto-
lith, circulation of fluids), which are common features in
shear zones.

Microscopically, light bands usually preserve the miner-
alogy and textures observed in S/C protomylonites and, as
a consequence, the mineral phases of the protolith. In con-
trast, in the dark bands, a matrix of recrystallized and neo-
crystallized phases predominates, enclosing individual
porphyroclasts or polyphase lenses of relict protolithic
minerals. Thus, textural differences are obvious for the
same phase depending on the location within the sample
(light or dark bands).

Quartz is present in the form of large elongate ribbons
and lenses consisting entirely of recrystallized grains. The
ribbons mark the mylonitic foliation, wrap around other
phases, and are frequently asymmetrically folded (drag
folds, quarter folds, Figs. 3i and 4g–h). Ribbons or lens-
es can consist of (1) aggregates of irregular new grains
with sutured boundaries, (2) subpolygonal new grains
with slightly curved or straight limits forming 120� triple
junctions, or (3) elongated (often referred to as blocky)
new grains of up to 850 lm, which constitutes the whole
ribbon width, laterally in contact with the neighboring
grains through straight or lobated boundaries at a
high-angle or normal to the long dimension of the rib-
bon (Figs. 3i and 4h). The recrystallized grains show
scarce or null intracrystalline deformation and often
develop a good crystallographic preferred orientation



Fig. 4. Photomicrographs of basement mylonites from the central sector of Pringles Metamorphic Complex. Thin section orientation as in Fig. 3. (a)
Almost perfectly rounded garnet porphyroclast in a biotite-rich matrix with subordinated recrystallized quartz and feldspars and opaque minerals. Garnet
encloses quartz poikilitic inclusions and shows intracrystalline fractures sealed with neoformed biotite. Coarse neoformed biotite and opaque minerals
crystallized in porphyroclast pressure shadows. Biotite sealing intracrystalline fractures, crystallized in porphyroclast tails, or forming the fine-grained
matrix does not show noticeable compositional differences. Double arrow, mylonitic foliation. Crossed nicols. (b) Several aspects of garnet porphyroclasts;
(1) rounded garnet porphyroclast showing intense intracrystalline fracturing and crystallization of coarse strain-free biotite. Each coarse biotite crystal can
be linked to one or more fractures sealed with fine-grained biotite and reaching porphyroclast edges; (2 and 3) garnet porphyroclasts with synmylonitic
crystallized coarse biotite and opaque minerals at tails; (4) garnet and plagioclase porphyroclasts in contact, example of a strain-induced reaction. This
phenomenon is observed between touching feldspar porphyroclasts. In most cases, needle-shaped sillimanite crystals develop at the porphyroclast contacts
parallel to the mylonitic foliation (site of high normal stress around the grains). Crystallization of coarse biotite and opaque minerals in plagioclase tails
and at low-pressure sites between both porphyroclasts. Plane polarized light. (c) Rounded k-feldspar porphyroclast with serrated edges and recrystallized
tails extending parallel to the mylonitic foliation. Virtual lack of intracrystalline deformation and bulging; high-angle boundary to a new grain without
visible subgrains (arrow). Bottom right corner, irregularly shaped k-feldspar porphyroclast with ragged boundaries due to replacement by biotite, which
constitutes asymmetric tails. Crossed nicols. (d) Recrystallized k-feldspar grains in an extension site developed between two fragments of a big
porphyroclast (only right fragment is shown). Coarse polygonal new grains meet at triple junctions, characteristically developed at these sites. Weak
intracrystalline deformation in the porphyroclast, high-angle boundaries between the relict and recrystallized grains, absence of subgrains. Some lobated
grain boundaries between new grains, evidence of grain boundary mobility. Crossed nicols. (e) Elliptic plagioclase porphyroclast elongated parallel to
foliation (double arrow) and intensively recrystallized. Recrystallization advances from the edges and intracrystalline fractures of porphyroclasts.
Dissimilar new grain shapes and sizes, grain boundary mobility, and presence of scarce subgrains. Crossed nicols. (f) Detail of plagioclase recrystallization.
High grain boundary mobility between relict fragments to bulges limited by high-angle boundaries and localized homogenization of primary twinning.
Recrystallized grains tend to develop polygonal with 120� triple junctions. Crossed nicols. (g) Elongated, parallel to foliation plagioclase porphyroclast
showing evidence of both GBMR and RR. New grains separated from porphyroclast by high-angle boundaries (without visible subgrains), bulging from
intracrystalline microfracture (center), and subgrains with slight deviation of primary twins when passing through a low-angle boundary (center left).
Double arrow, mylonitic foliation. Crossed nicols. (h) Mylonitic texture and mineral assemblage overprinted during low-temperature event (T4).
Retrogression occurs along thin bands, at both sides of which the mylonitic texture and paragenesis are unaltered. Thin, continuous microfractures
traverse the mylonitic arrangement; intense replacement of feldspars (porphyroclasts and recrystallized grains) by sericite, chlorite, and opaque minerals.
Crossed nicols. (i) Another sector (center of band) showing obliteration of the mylonitic texture and intense replacement of mineralogy by lower-
temperature assemblage. Remnants of mylonitic texture (folded quartz ribbons) and replacement of the original biotite and feldspars by chlorite and
sericite. Plane polarized light. Mineral name abbreviations according to Bucher and Frey (1994).
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(Figs. 3i and 4h). Quartz also appears as inclusions in
poikilitic garnet, showing only very weak intracrystalline
deformation.
Garnet within mylonites shows dissimilar aspects. Most
of the original crystals in quartz–feldspar-rich domains
preserve irregular shapes and have quartz and plagioclase
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as dominant inclusions (Fig. 3h). These garnets have very
similar characteristics to those observed in the S/C proto-
mylonites. Garnets located within dark (biotite-rich)
domains show the following characteristics: (1) very frac-
tured garnet porphyroclasts with almost perfect circular
or slightly elliptical shapes, which usually show abundant
biotite sealing intracrystalline fractures (Figs. 3g, h, 4a,
b); (2) less commonly, irregularly shaped original garnet
grains elongated subparallel to foliation, which are mainly
deformed by fracturing subparallel to the flow plane, that
show abundant coarse biotite sealing fractures; and (3)
small, almost perfectly rounded porphyroclasts, internally
less fractured or not fractured and with few or no biotite
inclusions, though coarse biotites are commonly observed
at their edges and pressure shadows. Some of these small
garnets show incipient development of crystalline external
faces and incorporation of fine-grained matrix quartz, bio-
tite, and opaque inclusions close to their edges.

Garnets with higher densities of internal fractures are
also richer in coarse biotite inclusions. Internal fractures
are sealed either with single coarse biotite crystals or aggre-
gates. In most cases, one or more visible microfractures can
be related to a given crystal or biotite aggregate (Fig. 4b1).
Sometimes, biotite crystals form decussate textures at the
intersection of several fractures. Biotites sealing fractures
generally show greater sizes than matrix biotites (Figs.
4a, b1). Crystals with comparable sizes are present within
the pressure shadows and extension sites between pulled-
apart garnet grains (Figs. 4a, b2, and b3) and highly
strained feldspar and cordierite porphyroclasts and their
tails (Figs. 3f, 4b4, c and e). In all cases, biotite inclusions
lack almost all internal deformation. Garnet porphyro-
clasts and biotite inclusions are optically homogeneous
and show equilibrium contacts. Garnet porphyroclasts
often contain fine sillimanite needle inclusions, mainly lim-
ited to the center of the crystals, and small sillimanite
prisms crystallized in extension sites close to the borders
of the relict grains. Rounded or elliptic garnet porphyro-
clasts located within the dark bands are commonly sur-
rounded by asymmetric biotite pressure shadows
resembling d-shaped porphyroclast systems (Fig. 4a).

In the strongly banded mylonites, abundant sillimanite
occurs in low-strain domains, usually the light bands. As
in protomylonites, both coarse relict and thin neoformed
crystals can be recognized. In some cases, the same textural
arrangements described for S/C protomylonites are pre-
served. In sectors dominated by a fine recrystallized matrix
(scarce relict grains), remnant coarse sillimanite porphyro-
clasts usually show sigmoidal mica-fishes shapes. Fine,
needle-shaped sillimanite crystal aggregates commonly
develop at the mutual contacts between porphyroclasts, as
in garnet–feldspar (Fig. 4b4) and feldspar–feldspar pairs.
In such cases, sillimanite needles grow at high-angle to the
mylonitic foliation and toward the interior of porphyro-
clasts – a good example of a reaction induced by deforma-
tion. In the dark, biotite-bearing bands, sillimanite
commonly is restricted to small, needle-shaped crystals
within garnet porphyroclasts and, as mentioned previously,
to small, euhedral sillimanite grains crystallized in extension
sites close to their edges.

Cordierite has been recognized only in the light bands of
the mylonites (low-strain domains), where it appears as
intensively retrograded porphyroclasts. It is never present
as a free phase in the dark bands (high-strain domains),
where fine biotite is the essential constituent of the matrix.
However, small, altered relics are sometimes preserved as
inclusions together with sillimanite and ilmenite in the
cores of garnet porphyroclasts.

K-feldspar porphyroclasts are irregular or rounded and
show undulatory to patchy extinction and sutured contours
due to recrystallization along their boundaries (Fig. 4c).
High-angle contacts separate recrystallized grains from
porphyroclasts, and subgrains are absent (Figs. 4c and
d). Depending on the sample, recrystallized grains can
show irregular shapes and sizes of up to 50 lm (e.g., S/C
protomylonites) or form aggregates of polygonal crystals,
frequently meeting at 120� triple junctions whose sizes
range between 150 and 170 lm. Larger, subhedral new
grains are mainly developed in porphyroclast borders fac-
ing pressure shadows and in intracrystalline fractures
(Fig. 4d), whereas in the mylonitic matrix, they usually
show smaller grain sizes and irregular shapes (Fig. 4c).
Although scarce, some subgrains located close to porphyr-
oclast edges or intracrystalline fractures can be observed.
Recrystallized grains often show cross-hatched twinning.
In some mylonitic samples, k-feldspar porphyroclasts are
absent. However, small, recrystallized grains can be recog-
nized in the matrix, mixed with recrystallized plagioclase
grains, neocrystallized biotite, sillimanite needles, and opa-
que minerals.

Most plagioclase porphyroclasts are rounded or elliptic
(Figs. 3g, h, and 4e). No remarkable flattening has been
observed, and some relicts of strongly recrystallized original
plagioclase porphyroclasts are totally irregular. However,
in some mylonitic samples, scarce flattened porphyroclasts
(Fig. 4g) coexist with rounded or elliptic porphyroclasts in
the same sample. Elliptic porphyroclasts show variable
major/minor axis ratios. Major and minor axes often reach
5 and 3 mm, respectively. Porphyroclasts can show undula-
tory to patchy extinction, bending and homogenization of
the primary twins, and secondary twinning (Figs. 4e–g).
The contact between relict fragments is commonly serrated
due to bulging, which mainly develops from the borders and
internal fractures of the strained grains toward the center of
the relict portions (Figs. 4e–g). Recrystallized aggregates
show unequal grain sizes and dissimilar shapes. Equant
new grains reach up to 185 lm, but some elongated grains
reach 225 lm for their longest dimension. Although some
subhedral new grains tend to develop triple junctions by
sectors, most grains are irregular and in contact through
lobated grain boundaries. Some flattened porphyroclasts
and rounded/elliptic plagioclase grains show patchy extinc-
tion due to the presence of kink bands and subgrains
delimited by low-angle boundaries (Fig. 4g). Subgrain
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rotation is often demonstrated by the continuity of the
primary twinning from the relict into the rotated subgrain,
though with a slight angular deviation (Fig. 4g). Subgrains
of similar sizes as the new grains are located either at the
edges of the relict crystals or next to intracrystalline frac-
tures, where aggregates of almost equally sized (up to
200–250 lm) polygonal grains, frequently meeting at 120�
triple junctions, can be observed. Small relict fragments
entirely surrounded by a recrystallization mantle often
show deformation bands, subgrains, and ‘‘core and mantle’’
structures. Sometimes, subgrains and bulging both clearly
developed on the same plagioclase crystal (Fig. 4g). In many
cases, plagioclase porphyroclasts have been fully recrystal-
lized, forming monomineralic lenses or ribbons developed
parallel to foliation. Recrystallized plagioclase crystals
always show smaller grain sizes than the surrounding quartz
ribbons. Plagioclase porphyroclasts show asymmetric tails
(Figs. 3g and h), resembling d, r, or complex d–r-shaped
porphyroclast systems (Passchier and Trouw, 1996). Tails
consist mainly of recrystallized plagioclase with scarce k-
feldspar recrystallized grains and neocrystallized biotite,
opaque minerals, and prismatic sillimanite. These tails do
not extend far from the porphyroclasts but often are
replaced by the coalescence of two foliation-parallel quartz
ribbons.

Small remnants of relict plagioclase crystals surrounded
by finer recrystallized plagioclase, k-feldspar grains, and
neocrystallized biotite can also be recognized as thin strips
or lenticular intercalations within quartz ribbons. Larger
plagioclase relicts within these lenses often develop kine-
matic indicators of the r-type with fine-grained neocrystal-
lized biotite in the pressure shadows.

Main accessory minerals are zircon and opaque phas-
es. The latter comprise oxides and sulfides and occur in
low-pressure sites (porphyroclast pressure shadows and
intracrystalline fractures, Figs. 4a and b), as well as dis-
seminated in the matrix, following and enhancing the
mylonitic foliation. The amount and size of opaque min-
erals decrease with distance from the mafic–ultramafic
bodies. Sulfides prevail over oxides in mylonites located
close to the mafic–ultramafic lenses; this relation is
reversed away from the bodies. In basement mylonites
immediately adjacent to mafic–ultramafic bodies, the
identified sulfides are pyrrhotite, chalcopyrite, and pent-
landite. Pyrrhotite with a maximum size of 630 lm is
the most abundant sulfide and is partially replaced by
chalcopyrite and pentlandite. Ilmenite and magnetite
are preferentially located in the matrix, reaching a max-
imum size of 450 lm along the foliation. Most sulfides
and opaque phases show subhedral shapes. Away from
the mafic–ultramafic bodies where oxides predominate
over sulfides, ilmenite is the most abundant oxide (some-
times with exsolution of hematite), shows subhedral to
anhedral shapes, and occurs in low-pressure sites with
a maximum size of 500 lm or disseminated in the matrix
with sizes of up to 60 lm. Recognized sulfides are pyr-
rhotite and chalcopyrite; the latter replaces pyrrhotite.
They are disseminated in the matrix with sizes usually
less than 30 lm but occasionally reach 130 lm in por-
phyroclast intracrystalline fractures.

5.2. Mafic mylonites

Unlike the surrounding basement country-rocks, where
mylonitization is universally distributed and a totally unde-
formed protolith cannot be identified, the mafic–ultramafic
bodies are strongly affected only at their margins and along
thin bands (cm to m scale) within the bodies. Mafic mylo-
nites are limited by weakly or almost undeformed coarse-
grained rocks, preserving their magmatic mineralogy and
texture. Thus, mafic mylonites can be easily correlated with
their immediately adjacent protoliths. A mylonitic band
(mafic mylonite) developed on a norite (mafic protolith)
from Las Águilas River mafic–ultramafic bodies was select-
ed for the analysis.

5.2.1. Mafic protolith

Mesoscopically, the protolith is a dark gray to black,
coarse- to medium-grained norite containing orthopyrox-
ene–plagioclase–hornblende–biotite–opaque minerals. Mafic
minerals and plagioclase are arranged in a granular texture
without any preferred orientation, and the rock shows a
rough disjunctive foliation (Twiss and Moores, 1992).
Pale-brown biotite shows a tabular {001} habit or pseudo-
hexagonal outlines. Small sulfide grains are also mesoscop-
ically recognizable.

Coarse-grained hypidiomorphic-granular norites are
optically characterized by texturally equilibrated subhedral
orthopyroxene and plagioclase grains (Fig. 5a).

Orthopyroxene crystal sizes are in the range 3–3.5 mm
and often show minute clinopyroxene exsolution lamellae.
Intracrystalline deformation is shown by slight bending of
the exsolution lamellae and patchy extinction due to
microfracturing.

Most plagioclase crystals (2–2.5 mm) show intracrystal-
line deformation, indicated by undulatory to patchy extinc-
tions, bending and homogenization of the primary
twinning, deformation bands, and secondary twinning
(tapering twins) (Fig. 5a).

Anhedral hornblende grains crystallize in the intergran-
ular spaces between preexisting orthopyroxene and
plagioclase crystals. Subhedral hornblende crystal sizes
range 1–3 mm. Optically continuous hornblende crystals
partially surround or totally enclose fragments of orthopy-
roxene and plagioclase (Figs. 5b and c). Hornblende also
crystallizes in orthopyroxene fractures. This textural char-
acteristic indicates a late magmatic origin for hornblende.
Greenish-yellow hornblende crystals show weak internal
deformation, as indicated by slight undulatory to patchy
extinction. Its almost undeformed character is also demon-
strated by the preservation of straight, simple-twin bound-
aries in some grains.

Biotite grains crystallized interstitially virtually without
preferred orientation and show varied shapes, from slightly



Fig. 5. Photomicrographs of mafic protolith (a–c) and mafic mylonites (d–i) from the central sector of the Pringles Metamorphic Complex. (a) Partially
preserved magmatic granular hypidiomorphic texture between orthopyroxene and plagioclase. Moderate intracrystalline deformation evidenced mainly by
plagioclase crystals. Orthopyroxene crystals show clinopyroxene exsolution lamellae. Interstitial hornblende and tabular biotite crystals. Crossed nicols.
(b) Interstitial hornblende crystal showing optical continuity and enclosing and replacing orthopyroxene grains. Almost total absence of intracrystalline
deformation in hornblende; orthopyroxene crystals show undulatory to patchy extinctions and microfractures. Crossed nicols. (c) Interstitial biotite crystal
(basal section) and opaque minerals replacing orthopyroxene and hornblende. Plane polarized light. (d) Mafic mylonite showing plagioclase,
orthopyroxene, and hornblende porphyroclasts in a matrix composed of recrystallized plagioclase, orthopyroxene, and hornblende grains, neocrystallized
biotite, and opaque minerals. Grain sizes in biotite and opaque minerals crystallized in porphyroclast pressure shadows. Double arrow, mylonitic foliation.
Plane polarized light. (e) Highly strained plagioclase porphyroclast showing bending and homogenization of primary twinning and intense
recrystallization at margins. Rounded plagioclase porphyroclast and bulging, giving way to new grains separated from the relict by high-angle
boundaries without visible subgrains. Crystallization of coarse biotite and opaque minerals in the porphyroclast pressure shadow. Double arrow,
mylonitic foliation. Crossed nicols. (f) Recrystallized plagioclase new grains showing dissimilar sizes, shapes, and strain intensity. Subhedral grains with
straight twins developing triple junctions; other irregular untwinned new grains showing undulatory extinctions. New grains separated from the
porphyroclast by high-angle boundary without visible subgrains (arrow). Crystallization of coarse biotite and opaque minerals in the low-pressure site
generated between the two plagioclase porphyroclasts located at the bottom left and bottom right corners. Crossed nicols. (g) Hornblende porphyroclasts
showing serrated borders and irregular shapes. Lack of strain and filling of the cleavage planes with red-brown biotite. Coarser grain size in the biotite and
opaque minerals crystallized in the pressure shadows of hornblende and plagioclase porphyroclasts, opposite the finer grain shown by the same phases
disseminated in the matrix. Plane polarized light. (h) Detail of hornblende recrystallization characteristics. Hornblende new grain separated from the
porphyroclast through high-angle boundary (arrow) without visible subgrains and arrangements of polygonal new grains (externally intermixed with
coarser plagioclase new grains). Greater crystalline size of opaque minerals in the embayment (low-pressure site) in relation to the finer grain developed by
opaque minerals in the matrix. Crossed nicols. (i) Detail of orthopyroxene recrystallization characteristics. Polygonal new grains meeting at 120� triple
junctions at the border of an orthopyroxene porphyroclast. A detail of the recrystallized orthopyroxene grains disseminated in the matrix in the inset (top
right corner). Almost equidimensional orthopyroxene and plagioclase new grains intermixed with neocrystallized biotite and opaque minerals usually
elongated parallel to the mylonitic foliation (double arrow). Plane polarized light. Mineral name abbreviations according to Bucher and Frey (1994).
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pleochroic basal sections with their contours defined by the
intergranular spaces between preexisting minerals (ortho-
pyroxene, plagioclase, hornblende) (Fig. 5c) to highly pleo-
chroic euhedral to subhedral tabular crystals elongated
parallel to the {001} cleavage (Fig. 5a). Tabular crystals
are up to 1.5 mm long. Biotite crystals are inhomogeneous-
ly distributed in the rock, practically absent in some sectors
and very abundant in others. Biotites do not show evidence
of intracrystalline deformation and occasionally partially
replace hornblende crystals (Fig. 5c).

Opaque minerals (sizes up to 0.7 mm) crystallized inter-
stitially and are inhomogeneously distributed in the rock.
The opaque phases are more abundant in the biotite-
rich portions. Some opaque phases fill fractures within
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orthopyroxenes (Fig. 5c). The dominant opaque minerals
are pyrrhotite, chalcopyrite, pentlandite, pyrite, and ilmen-
ite. The modal amount does not exceed 1%. These minerals
are located along the contacts between silicate grains,
cleavage planes, and intragranular microfractures. Pyrrho-
tite is the most abundant sulfide, which occurs as anhedral
and subhedral grains up to 0.72 mm in size, and carries
pentlandite ‘‘flame-like’’ exsolutions. Chalcopyrite crystals
are scarce in this rock and most often occur associated with
pyrrhotite crystals; the grains have anhedral shapes and a
maximum size of approximately 0.17 mm. Pentlandite is
present as flame-like exsolutions and very thin veins in
pyrrhotite. Only scarce anhedral grains of pyrite have been
identified. Ilmenite is the only identified oxide phase, which
occurs as anhedral crystals not exceeding 0.02 mm.

5.2.2. Mafic mylonites

Mesoscopically, these rocks are moderately to intensely
foliated, dark to almost black porphyroclastic mylonites.
Pyroxene, hornblende, plagioclase, and garnet porphyro-
clasts show variable sizes and shapes. Very small sulfide
grains (<0.1 mm) and biotite laths are abundant, mainly
distributed along mylonitic foliation planes.

Microscopically, mafic mylonites display a porphyroclas-
tic microstructure (porphyroclasts constitute approximately
40% of the sample) and are composed of plagioclase,
hornblende, orthopyroxene, and garnet porphyroclasts,
surrounded by a fine-grained matrix of recrystallized (orth-
opyroxene–plagioclase–hornblende) and neocrystallized
(biotite–opaque minerals) phases (Fig. 5d). The mineralogy
and texture of the adjacent protolith is partially preserved in
scarce polyphasic microlithons.

Plagioclase porphyroclasts are mainly rounded to ellip-
tic in shape (Figs. 5d and e), though some irregular clasts
can be observed at sizes of up to 2 mm. The porphyroclasts
display undulatory extinction, bending, partial homogeni-
zation of the primary twinning in highly strained crystalline
sectors, secondary twinning (tapering twins or cross-
hatched twinning), and intense recrystallization (Figs. 5e
and f). Recrystallization occurs at porphyroclast borders,
in intracrystalline fractures between separated fragments
of boudinaged grains, and in pressure shadows. New grains
have dissimilar grain sizes (20–110 lm), most in the range
50–60 lm. Recrystallization gives rise to the local forma-
tion of polygonal grain aggregates meeting at 120� triple
junctions (Figs. 5e and f). Some recrystallized grains are
euhedral to subhedral and show straight twinning and uni-
form extinction, whereas irregular and smaller grains show
undulatory extinction (Fig. 5f).

Hornblende porphyroclasts, with a maximum size of
2.5 mm, exhibit elliptic or irregular shapes and serrated
borders (Figs. 5d–g). The intracrystalline deformation of
porphyroclasts is hardly noticeable except for the weak
undulatory extinction shown by some crystals. Evidence
of recrystallization can be recognized in some porphyro-
clasts by the presence of bulges and formation of polygonal
new grains, separated from the relictic ones by high-angle
boundaries (Fig. 5h). Aggregates of polygonal new grains,
joining at triple junctions, can be recognized close to por-
phyroclasts. However, the most common situation is that
of new grains rapidly forming a fine polyphase intermix
with other matrix constituents (Figs. 5d–g). Grain sizes in
the matrix vary between 30 and 80 lm. Hornblende por-
phyroclasts often show neominerals, such as biotite and
opaque phases at their margins, cleavage planes, microfrac-
tures, and pressure shadows (Figs. 5d, g and h).

Orthopyroxene porphyroclasts (Fig. 5d) are irregular in
shape and of variable sizes, reaching 3–3.5 mm. The intra-
crystalline deformation is indicated by weak undulatory
extinction and fracturing. Some crystals are bent, as indi-
cated by slightly curved exsolved clinopyroxene laths.
Recrystallization occurs at the margins of some porphyro-
clasts, where aggregates of almost perfect polygonal crys-
tals of up to 80–90 lm in size and meeting at 120� triple
junctions can be observed (Fig. 5i). Subhedral recrystal-
lized matrix grains often range in size between 15 and
50 lm (Fig. 5i, inset).

Garnet porphyroclasts have textural characteristics sim-
ilar to those observed in the mylonites developed in the
gneissic–migmatitic country rocks. Elliptic or irregular por-
phyroclasts, up to 4–4.5 mm long, have plagioclase inclu-
sions, which indicate their original poikiloblastic growth.
This characteristic represents the unique difference with
garnet crystals of the country rocks, in which quartz is
the dominant inclusion with subordinate plagioclase. As
in the country rocks, porphyroclasts show a high density
of internal fractures filled with biotite and opaque phases.
These phases are also abundant in the pressure shadows
of the porphyroclasts. In these low-pressure sites and in
internal fractures, biotites and opaque phases virtually lack
intracrystalline deformation and develop grains with great-
er sizes than the same phase disseminated in the matrix.
Small satellite garnets (0.5 mm) with irregular shapes are
often associated with big porphyroclasts. Separated from
the porphyroclasts, they develop crystalline faces and
enclose abundant amounts of fine-grained biotite and opa-
que inclusions from the matrix.

Some sectors of the matrix show a predominance of
recrystallized grains (plagioclase, hornblende, orthopyrox-
ene), whereas in other areas, these phases are intermixed
with abundant neoformed biotite and opaque minerals.
Recrystallized plagioclase grains usually have greater sizes
(up to 110 lm) than hornblende (80 lm) and orthopyrox-
ene (50 lm) new grains (Figs. 5d–i, inset). These recrystal-
lized phases are more or less equidimensional, whereas fine-
grained biotites (150 lm) and opaque minerals usually
develop elongated grains, with their longest dimension par-
allel to the mylonitic foliation (Fig. 5i, inset). Although
opaque phases are abundant in the rock as a whole, they
seem to be spatially linked to biotite (in both modal pro-
portion and crystal size). The neoformed biotite and opa-
que grains have greater sizes when they fill internal
porphyroclast fractures or are crystallized in low-pressure
sites (e.g., porphyroclasts embayments, extension fractures,
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between boudinaged grain fragments, pressure shadows,
Figs. 5d–i). In these sites, tabular biotite crystals reach
0.5–0.6 mm in length.

Sulfides and oxides (10–12 modal% of the sample) are
disseminated in the matrix with a maximum size of
30 lm and oriented parallel to rock foliation. They also
occur in fractures affecting porphyroclasts and in low-
pressure sites, where they usually develop greater grain siz-
es. Pyrrhotite is the most abundant sulfide and occurs as
anhedral to subhedral grains that do not exceed 100 lm.
Generally, it is located in extension sites between porphyr-
oclasts. Pentlandite occurs as crystals and in the form of
flame-like exsolutions, always associated with pyrrhotite.
Chalcopyrite crystals do not exceed 80 lm and display
anhedral shapes. This mineral frequently occurs associated
with pyrrhotite, with textural evidence indicating that chal-
copyrite replaces it. Anhedral pyrite crystals not exceeding
60 lm are associated with pyrrhotite and chalcopyrite, in
the latter case replacing it. Both magnetite and ilmenite
(average maximum sizes of 30 lm) are present in the mylon-
itic matrix. Magnetite is the most abundant oxide phase and
usually replaces sulfides. Some sulfide clusters (pirrhotite–
chalcopyrite–pyrite) are surrounded by biotite crystals.

6. Geothermobarometry

The TWEEQU program (Berman, 1991) – with thermo-
dynamic data of Berman (1988) updated in March 1997
(version 2.02 b) with internally consistent solid solution
and end-member data for (1) garnet, olivine, orthopyrox-
ene, cordierite, and ilmenite from Berman and Aranovich
(1996); (2) clinopyroxene (Berman et al., 1995); and (3) bio-
tite and Mg–Fe spinel based on Berman and Aranovich
(unpublished data) – was used to evaluate the physical con-
ditions of the mylonitic event.

Six representative mylonites from different localities
within the studied shear zone were selected. Five belong
to the mylonitized gneissic–migmatitic basement (a proto-
mylonite and four mylonites) and the other to a mafic myl-
onite adjacent to mafic–ultramafic bodies.

Microprobe chemical analyses of selected relict, recrys-
tallized, and neocrystallized minerals were performed to
test the phases for internal zonation. Because garnet fre-
quently develops zonation in response to changes in the
physical conditions of metamorphism, we performed
detailed profiles on several porphyroclasts of different
basement mylonitic samples. These profiles show that gar-
nets are compositionally homogeneous (Figs. 6a and b), a
common characteristic of garnet subjected to very high-
grade metamorphic conditions (upper amphibolite to
granulite facies) due to the rapid diffusion of elements at
very high temperatures (e.g., Yardley, 1989; Spear,
1995). These extreme conditions usually eliminate all evi-
dence of zonation developed during progressive metamor-
phism. However, the garnet in Fig. 6c shows a very slight
increase of manganese and calcium and a clear increase of
Fe# in a zone located less than 50 lm from the porphyr-
oclast border. A commonly observed characteristic in the
studied samples is a Fe# increase in garnet and decrease
in biotite at the borders of crystals in mutual contact. This
characteristic disappears away from the mutual contact,
and both minerals become homogeneous. This behavior
is expected for garnet–biotite pairs undergoing an
exchange reaction of the type almandine + phlogopite ¡

pyrope + annite; it enables them to maintain partitioning
equilibrium with decreasing temperatures (e.g., Spear,
1995). The compositional garnet profile in Fig. 6c ends
on both extremes at contacts with biotite crystals, whereas
garnet profiles in Figs. 6a and b end at contacts with other
phases. Thus, the apparent zonation shown by garnet in
Fig. 6c is not a real zonation but the result of a subsequent
reequilibration by the interchange of elements through
diffusion at the borders between garnet and biotite in
mutual contact, during cooling following the mylonitic
event.

Like garnet porphyroclasts, relict and recrystallized
plagioclase grains are homogeneous. Plagioclase recrystal-
lized grains may show small differences in composition with
respect to porphyroclasts, usually a weak increase in Na2O
and K2O.

Except for cordierite in basement mylonites, which
appears intensely retrogressed, the rest of the minerals
are fresh and not zoned.

These characteristics indicate that all phases in each of
the samples equilibrated during the mylonitization event,
and only local mineral chemical variations exist due to
exchange reactions between suitable phases (e.g., garnet–
biotite) during the cooling period that followed the mylon-
itic event. Reequilibration is also clearly shown by mafic
mylonites, for which the parental relationship with proto-
liths is demonstrated by their common modal composition
and field relationships. The chemical composition of relict
phases in mafic mylonites (porphyroclasts) has been entirely
reequilibrated to mylonitization conditions (e.g., orthopy-
roxene–plagioclase–hornblende of M67-SL versus M68-
SL, Tables 1 and 2). As with the basement mylonites,
no mineral chemical zonations are observed in mafic
mylonites.

For all basement mylonites, the following mineral
association was used for the TWEEQU calculation:
garnet + biotite + sillimanite + k-feldspar + plagioclase +
quartz + fluid (H2O–CO2) in the KCFMAS-HC system.
P–T and T–XCO2 calculated diagrams for one of the base-
ment mylonites (M3-SL) appear as an example in Fig. 7.
The rest of the samples gave equivalent degrees of fitting
in the calculated reactions. P–T–XCO2 determined for
the five basement mylonites based on eight reactions (three
independent) (lower left side of Fig. 7), with the same sys-
tem and assemblage, appear on the lower right-hand side of
the figure. The mineral compositions used for the calcula-
tions are presented in Tables 1 and 2. A comparison of
the five samples shows slight dispersion in the pressure val-
ues (6.28–6.85 kbar) and a greater scatter in the tempera-
tures (687-762 �C).
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Fig. 6. Microprobe traverses on garnets from basement mylonites. Lack of chemical zonation in samples M11-SL and M8-SL. Apparent zonation in
sample M9-SL is due to local Fe/Mg exchange reaction, implying biotite crystals at both extremes of the profile. No calcium zonation, as occurs in
homogeneous garnets.
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Table 1

Representative electron microprobe analysis of garnets, biotites, hornblendes, and orthopyroxenes

Garnets Biotites Hornblendes Orthopyroxenes

Sample M3-SL M7-SL M9-SL M11-SL M14-SL M67-SL Sample M3-SL M7-SL M9-SL M11-SL M14-SL M67-SL M68-SL Sample M67-SL M68-SL Sample M67-SL M68-SL

SiO2 38.13 38.24 37.14 38.23 37.41 38.48 SiO2 36.35 35.46 35.55 35.74 35.24 37.10 38.49 SiO2 46.84 47.82 SiO2 53.04 54.56

TiO2 0.05 0.01 0.06 0.04 0.02 0.04 TiO2 4.81 3.16 2.70 4.47 4.09 3.40 3.3 TiO2 1.26 0.98 TiO2 0.06 0.05

Al2O3 20.99 21.09 21.34 21.02 21.05 21.73 A12O3 16.59 17.76 17.64 16.5 16.72 16.45 16.08 A12O3 9.73 9.97 A12O3 1.45 1.60

FeO 29.99 32.93 29.85 31.42 33.51 27.07 FeO 14.15 16.50 13.75 16.27 16.21 14.15 7.55 FeO 10.99 6.79 FeO 21.38 14.56

MnO 1.18 1.24 2.88 1.86 1.48 1.61 MnO 0.06 0.02 0.07 0.03 0.05 0.03 0.03 MnO 0.20 0.12 MnO 0.57 0.32

MgO 6.62 4.48 5.90 6.16 4.44 6.57 MgO 12.76 10.51 12.25 11.2 10.44 14.83 19.73 MgO 14.82 17.45 MgO 22.05 28.53

CaO 1.30 2.21 1.50 1.19 1.53 4.88 CaO 0.02 0.00 0.04 0.02 0.03 0.21 0.05 CaO 11.38 11.73 CaO 0.35 0.23

Na2O 0.16 0.00 0.02 0.02 0.03 0.02 Na2O 0.23 0.17 0.16 0.16 0.11 0.27 0.46 Na2O 1.17 1.26 Na2O 0.03 0.01

K2O 0.02 0.02 0.02 0.04 0.02 0.00 K2O 9.68 9.96 9.29 9.93 9.81 8.90 8.89 K2O 0.53 0.42 K2O 0.02 0.01

Cr2O3 0.05 0.00 0.04 0.00 0.00 0.04 Cr2O3 0.09 0.00 0.06 0.02 0.00 0.06 0.66 Cr2O3 0.15 0.73 Cr2O3 0.03 0.15

Total 98.49 100.22 98.74 99.98 99.50 100.44 Total 94.74 93.54 91.51 94.34 92.70 95.40 95.24 Total 97.07 97.27 Total 98.98 100.02

Number of ions on the basis of 12 Ox. and 8 Cat. Number of ions on the basis of 22 Ox. Number of ions on the basis of 23

Ox

Number of ions on the basis of 6

Ox. and 4 Cat.

Si 3.033 3.040 2.967 3.022 3.000 2.983 Si 5.451 5.452 5.490 5.451 5.467 5.243 5.280 Si 6.763 6.762 Si 1.992 1.951

Al 0.000 0.000 0.033 0.000 0.000 0.017 Al 2.549 2.548 2.510 2.549 2.533 2.738 2.598 Al 1.237 1.238 Al 0.008 0.049

Sum 3.033 3.040 3.000 3.022 3.000 3.000 Sum 8.000 8.000 8.000 8.000 8.000 7.981 7.878 Fe3+ 0.000 0.000 Fe3+ 0.000 0.000

Ti 0.000 0.000 Sum T 2.000 2.000

Al 1.967 1.975 1.976 1.957 1.989 1.966 Al 0.381 0.668 0.698 0.415 0.521 0.000 0.000 Sum T 8.000 8.000

Fe3+ 0.000 0.000 0.000 0.000 0.000 0.000 Ti 0.543 0.365 0.314 0.513 0.477 0.361 0.341 Al 0.056 0.018

Ti 0.003 0.001 0.004 0.002 0.001 0.002 Cr 0.011 0.000 0.007 0.002 0.000 0.007 0.071 Al 0.417 0.423 Ti 0.002 0.001

Cr 0.003 0.000 0.003 0.000 0.000 0.002 Fet 1.770 2.120 1.780 2.080 2.100 1.672 0.866 Cr 0.017 0.082 Fe3+ 0.000 0.025

Sum 1.973 1.975 1.983 1.959 1.990 1.971 Mg 2.853 2.409 2.820 2.547 2.414 3.124 4.035 Fe3+ 0.375 0.352 Fe2+ 0.000 0.000

Mn 0.008 0.003 0.009 0.004 0.007 0.004 0.003 Ti 0.137 0.104 Cr 0.001 0.004

Fe2+ 1.994 2.182 1.987 2.064 2.240 1.756 Sum 5.566 5.565 5.628 5.561 5.519 5.168 5.316 Mg 3.190 3.679 Mg 0.941 0.952

Mg 0.785 0.531 0.703 0.726 0.532 0.759 Fe2+ 0.852 0.354 Sum M1 1.000 1.000

Mn 0.080 0.084 0.196 0.125 0.101 0.106 Ca 0.003 0.000 0.007 0.003 0.005 0.032 0.007 Mn 0.012 0.007

Ca 0.111 0.188 0.128 0.101 0.130 0.405 Na 0.067 0.051 0.048 0.047 0.033 0.074 0.122 Ca 0.000 0.000 Mg 0.294 0.569

Na 0.025 0.000 0.003 0.003 0.006 0.003 K 1.852 1.954 1.830 1.932 1.941 1.605 1.556 Sum C 5.000 5.000 Fe2+ 0.671 0.411

Sum 2.994 2.984 3.017 3.018 3.009 3.029 Sum 1.922 2.005 1.885 1.982 1.979 1.711 1.685 Mn 0.018 0.010

Mg 0.000 0.000 Ca 0.014 0.009

Mg# 0.28 0.20 0.26 0.26 0.19 0.30 End-members (mol %) Fe2+ 0.100 0.097 Na 0.002 0.001

Mn 0.012 0.007 K 0.001 0.000

End-members (mol %) Ann 38.29 46.81 38.70 44.95 46.52 34.86 17.67 Ca 1.760 1.777 Sum M2 1.000 1.000

Phl 61.71 53.19 61.30 55.05 53.48 65.14 82.33 Na 0.127 0.118

Alm 66.60 73.12 65.86 68.39 74.44 57.97 Sum B 2.000 2.000

Adr 0.00 0.00 0.00 0.00 0.00 0.00 End-members (mol %)

Grs 3.56 6.30 4.09 3.35 4.32 13.27 Ca 0.000 0.000

Prp 26.22 17.79 23.30 24.06 17.68 25.06 Na 0.200 0.227 Wo 0.73 0.45

Sps 2.67 2.82 6.50 4.14 3.36 3.50 K 0.098 0.076 En 63.69 77.01

Uv 0.15 0.00 0.15 0.00 0.00 0.10 Sum A 0.298 0.303 Fs 35.58 22.54

M3-SL, basement protomylonite; M7-SL, M9-SL, M11-SL, and M14-SL, basement mylonites; M67-SL, mafic mylonite; M68-SL, mafic protolith. Fe2+/Fe3+ calculated stequiometrically.
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Table 2
Representative electron microprobe analysis of plagioclases, K-feldspars, sillimanites, and ilmenites

Plagioclases K-feldspars Sillimanites Ilmenites

Sample M3-SL M7-SL M9-SL M11-SL M 14-SL M67-SL M68-SL M3-SL M7-SL M9-SL M11-SL M 14-SL Sample M3-SL M11-SL Sample M3-SL M15-SL

SiO2 59.92 56.97 56.79 60.87 60.46 47.23 46.94 64.03 64.39 63.19 63.44 63.23 SiO2 37.37 37.76 SiO2 0.47 0.36
TiO2 0.02 0.04 0.05 0.03 0.00 0.04 0.01 0.18 0.23 0.29 0.27 0.15 TiO2 0.06 0.00 TiO2 52.88 52.46
A12O3 24.99 27.32 25.49 23.91 24.89 33.40 33.45 18.32 18.42 17.95 17.93 18.04 A12O3 61.41 61.42 A12O3 0.24 0.12
FeO 0.05 0.15 0.11 0.10 0.23 0.28 0.09 0.1 0.16 0.06 0.02 0.20 FeO 0.22 0.71 FeO 41.86 40.78
MnO 0.04 0.04 0.00 0.03 0.01 0.01 0.02 0.02 0.00 0.00 0.03 0.02 MnO 0.01 0.00 MnO 0.26 4.15
MgO 0.00 0.00 1.24 0.00 0.72 0.15 0.08 0.15 0.00 0.00 0.06 0.71 MgO 0.04 0.00 MgO 0.88 1.73
CaO 6.90 9.28 7.63 6.06 6.14 16.74 17.29 0.06 0.00 0.06 0.10 0.03 CaO 0.03 0.02 CaO 0.03 0.08
Na2O 7.43 5.81 7.58 7.83 8.09 2.05 1.93 1.12 0.54 0.86 0.96 1.09 Na2O 0.06 0.06 Na2O 0.21 0.00
K2O 0.14 0.20 0.12 0.19 0.11 0.13 0.02 14.9 15.68 15.24 15.33 15.13 K2O 0.02 0.00 K2O 0.08 0.01
Cr2O3 0.00 0.00 0.03 0.01 0.00 0.00 0.00 0.03 0.00 0.01 0.00 0.00 Cr2O3 0.05 0.03 Cr2O3 0.06 0.22
Total 99.49 99.81 99.04 99.03 100.65 100.03 99.83 98.91 99.42 97.66 98.14 98.60 Total 99.26 100.00 Total 96.97 99.79

Number of ions on the basis of 8 Ox. and 5 Cat. Number of ions on the basis
of 20 Ox. and 12 Cat.

Number of ions on the basis
of 6 Ox. and 4 Cat.

Si 2.681 2.558 2.576 2.730 2.676 2.171 2.162 2.983 2.989 2.987 2.986 2.966 Si 4.067 4.085 Si 0.024 0.018
Al 1.317 1.445 1.362 1.263 1.297 1.808 1.815 1.005 1.007 0.999 0.994 0.996 Ti 0.005 0.000 Ti 2.050 1.962
Fe3+ 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 Al 7.877 7.833 Al 0.015 0.007
Ti 0.001 0.001 0.002 0.001 0.000 0.001 0.000 0.006 0.008 0.010 0.010 0.005 Fe3+ 0.000 0.007 Fe3+ 0.000 0.024
Fe2+ 0.002 0.006 0.004 0.004 0.009 0.011 0.003 0.004 0.006 0.002 0.001 0.008 Fe2+ 0.020 0.057 Fe2+ 1.804 1.672
Mn 0.002 0.002 0.000 0.001 0.000 0.000 0.001 0.001 0.000 0.000 0.001 0.001 Mn 0.000 0.000 Mn 0.011 0.175
Mg 0.000 0.000 0.084 0.000 0.048 0.010 0.005 0.010 0.000 0.000 0.004 0.050 Mg 0.007 0.000 Mg 0.068 0.128
Ca 0.331 0.446 0.371 0.291 0.291 0.824 0.853 0.003 0.000 0.003 0.005 0.002 Ca 0.004 0.002 Ca 0.002 0.004
Na 0.645 0.506 0.667 0.681 0.694 0.183 0.172 0.101 0.049 0.079 0.088 0.099 Na 0.013 0.013 Na 0.021 0.000
K 0.008 0.011 0.007 0.011 0.006 0.008 0.001 0.885 0.928 0.919 0.921 0.905 K 0.003 0.000 K 0.005 0.001
Sum 4.987 4.975 5.073 4.982 5.021 5.016 5.012 4.998 4.987 4.999 5.010 5.032 Cr 0.004 0.003 Cr 0.000 0.009

Sum 12.000 12.000 Sum 4.000 4.000

End-members (mol %)
Ab 65.50 52.50 63.80 69.30 70.00 18.00 16.80 10.20 5.00 7.90 8.70 9.80
An 33.60 46.30 35.50 29.60 29.40 81.20 83.10 0.30 0.00 0.30 0.50 0.20
Or 0.80 1.10 0.70 1.10 0.60 0.80 0.10 89.50 95.00 91.80 90.80 90.00

M3-SL, basement protomylonite; M7-SL, M9-SL, M11-SL, M14-SL, and M15-SL, basement mylonites; M67-SL, mafic mylonite; M68-SL, mafic protolith. Fe2+/Fe3+ calculated stequiometrically.
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Fig. 7. P–T–XCO2 conditions for the mylonitic event determined with sample M3-SL (basement protomylonite). Equivalent fitting of the same curves on
P–T–XCO2 diagrams, obtained with samples M7-SL, M9-SL, M11-SL, and M14-SL (basement mylonites), using same chemical system and phase
association. List of calculated reactions (three independent) and mineral compositions used shown at base.
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For the mafic mylonite adjacent to mafic–ultramafic
bodies, the following association was used: garnet +
biotite + orthopyroxene + plagioclase + quartz + k-feldspar
+ fluid (H2O–CO2). K-feldpar is not observed in these myl-
onites, but the abundant crystallization of biotite requires a
potassium phase or the supply of this chemical component
during the mylonitization event. The presence of garnet
Fig. 8. P–T and T–XCO2 diagrams showing the conditions of mylonitizatio
independent) and mineral compositions used shown at base.
(absent in the adjacent mafic protolith) indicates that the
mylonitic band developed on or close to the contact
between the mafic body and the migmatitic country-rocks.
Thus, k-feldspar (similar to garnet) could have been pres-
ent as a solid phase as a result of the interaction between
mafic bodies and migmatitic country-rocks before myloni-
tization, or potassium may have been incorporated in
n for the mafic mylonite (M67-SL). List of calculated reactions (three
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solution from the k-feldspar–bearing adjacent migmatitic
country-rocks during mylonitization. Because k-feldspar
is a pure end-member, its incorporation into the calculation
does not affect the thermobarometric results, which are
governed mainly by the exchange reaction [3] (Grt-Bt geo-
thermometer) and the net-transfer reaction [6] (GAES geo-
barometer). P–T and T–XCO2 calculated diagrams for the
system KCMFAS-HC appear in Fig. 8, and we provide the
mineral compositions used in the calculation in Tables 1
and 2. Pressure and temperature results (6.3 kbar, 764 �C)
based on ten reactions (three independent) (lower left side
of Fig. 8), agree with the P–T conditions obtained for the
basement mylonites.

7. Petrogenetic grid

The P–T conditions obtained through thermobarometry
can be verified by constructing a suitable petrogenetic grid
Fig. 9. Petrogenetic grid for basement mylonites adjacent to mafic–ultramafic
(Connolly and Kerrick, 1987; Connolly, 1990) using the thermodynamic datab
determined from geothermobarometry. Small circle, lower right corner of rectan
for XH2O from Johannes and Holtz (1996). Al2O3 triple point after Holdawa
that constrains the stability field of the phase associations
equilibrated during the mylonitic event. We created a phase
diagram corresponding to the basement rocks adjacent to
mafic–ultramafic bodies with the updated version (2003)
of the PERPLEX program (Connolly and Kerrick, 1987;
Connolly, 1990) and the database of Holland and Powell
(1998). On the basis of petrographic observations, the fol-
lowing phases were considered for the system TKFMAS-
HC: cordierite–orthopyroxene–biotite–k-feldspar–sillima-
nite–quartz–muscovite– rutile–ilmenite-fluid (H2O + CO2).

The stability of the association k-feldspar + sillimanite
and the total absence of muscovite/sericite indicate that
the reaction muscovite + quartz ¡ k-feldspar + sillima-
nite + H2O (Fig. 9) defines the minimum temperature con-
ditions for the mylonitic deformation. This reaction,
usually called the second sillimanite isograd, requires tem-
peratures in excess of 660 �C at the calculated pressures
(6.3–6.9 kbar; rectangle in Fig. 9). However, petrographic
bodies, constructed with updated version (2003) of PERPLEX program
ase of Holland and Powell (1998). Rectangle with squares, P–T conditions
gle, P–T conditions determined for mafic mylonite. MELT, granite solidus

y (1971).
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observations show that cordierite appears, without excep-
tion, intensively replaced by biotite + sillimanite. Accord-
ing to Hauzenberger et al. (2001), orthopyroxene is very
rarely observed in metapelites and always occurs with an
alteration rim of amphibole together with garnet, biotite,
and feldspar. Thus, both phases are clearly retrogressed
in mylonites. Considering that biotite + quartz + sillima-
nite and biotite + garnet + quartz are the observed equilib-
rium associations in basement mylonites adjacent to
mafic–ultramafic bodies, the reactions biotite + quartz +
sillimanite ¡ cordierite + k-feldspar + H2O and biotite +
garnet + quartz ¡ orthopyroxene + sillimanite + k-feld-
spar + H2O (Fig. 9) establish the upper temperature limit
for the mylonitization event. Petrographic evidence clearly
indicates that mylonitization occurred after migmatite crys-
tallization (neosomes are affected by the mylonitization
event), which fixes an upper limit for the mylonitization
event in the conditions of the granite melt solidus curve
(MELT curve, Fig. 9), namely at approximately 760 �C
with the estimated pressures and water activities.

All calculated temperatures for mylonites (including the
mafic mylonite shown as a reference in Fig. 9) plot in the
stability field of the associations observed in equilibrium
during this event (rectangle with squares, Fig. 9). Thus,
both phase relations and geothermobarometry indicate
that the mylonitic deformation in mafic and adjacent coun-
try-rocks took place at high to very high temperatures, with
conditions of upper amphibolite transitional to granulite
facies and at intermediate pressures (Yardley, 1989; Spear,
1995).

Hauzenberger et al. (2001) determine pressures in the
range 6.2–7.4 kbar for granulite facies assemblages at a
reference temperature of 750 �C. They also establish
temperatures in the range 745–825 �C by applying the geo-
thermometers clinopyroxene–orthopyroxene, olivine–clin-
opyroxene, and olivine–spinel and using the cores of the
phases of a weak deformed metagabbronorite. This tem-
perature range agrees with the thermometric determina-
tions on peridotites of the Pringles Metamorphic
Complex (Ferracutti, personal commun.), with cooling
temperatures in the range 780–790 �C. The P–T conditions
representing the metamorphic peak are shown by a rectan-
gle (M2-G) in Fig. 10.

As we show in Fig. 10, the established conditions of
mylonitization for mafic–ultramafic and adjacent coun-
try-rocks are very close to the conditions reached during
the metamorphic peak obtained by Hauzenberger et al.
(2001). Thus, the mylonitic event probably developed
not long after the emplacement of mafic–ultramafic bodies
that caused granulite facies metamorphism and crustal
anatexis.

However, the presence of mylonites bearing musco-
vite ± chlorite as stable phases in rocks distant from the
mafic–ultramafic bodies (Hauzenberger et al., 2001) indi-
cates that the mylonitization event developed on a
sequence of rocks characterized by a thermal gradient gen-
erated during the mafic–ultramafic intrusion.
8. Discussion

8.1. Deformation mechanisms

Given that, for example, plagioclase and garnet in both
mafic and country-rock mylonites behave in the same way
during mylonitization, we analyze mineral-by-mineral
deformation mechanisms together for all types of rocks
to avoid unnecessary repetitions. Quartz, k-feldspar, silli-
manite, and cordierite are present only in basement mylo-
nites, whereas hornblende and orthopyroxene are found
only in mafic mylonites.

8.1.1. Quartz
Quartz ribbon appearances can be compared with types

B3 and B4 of Boullier and Bouchez (1978). The high grain
boundary mobility within the ribbons usually occurs at
very high temperatures (e.g., Simpson and De Paor,
1991), where the dominant deformation mechanism is
grain boundary migration recrystallization (GBMR), and
well above the beginning of the experimentally derived
Regime 3 of Hirth and Tullis (1992). According to Stipp
et al. (2002), in naturally deformed quartz-rich rocks, the
transition from the subgrain rotation recrystallization
(SGRR) mechanism to the dominant GBMR mechanism
occurs at approximately 500 �C. Recrystallized grain sizes
and 100% recrystallization indicate minimum temperatures
for the mylonites of the CB of around 550 �C (Stipp et al.,
2002).

8.1.2. Feldspars

The discrimination between SGRR- and GBMR-domi-
nated microstructures is based mainly on the homoge-
neously flattened porphyroclasts, polygonization, new
grains of similar size and intragranular strain to preexisting
subgrains, and the development of core and mantle micro-
structures for SGRR versus the relatively unstrained irreg-
ular or rounded porphyroclasts with serrated boundaries,
irregular new grain shapes (low-temperature deformations)
to polygonal new grains with dissimilar sizes (high-temper-
ature deformations), and variation in intragranular strain
for GBMR (Poirier and Nicolas, 1975; White, 1976; Hobbs
et al., 1976; Guillopé and Poirier, 1979; Means, 1983; Urai,
1983; Tullis and Yund, 1985; Hirth and Tullis, 1992; Lloyd
and Freeman, 1994).

Textural characteristics observed for both k-feldspar
and plagioclase indicate that the dominant deformation
mechanism was GBMR. Evidence for GBMR can be sum-
marized as follows: first, dominantly rounded or elliptic
porphyroclasts (Figs. 3d, g, h, 4c–e, 5d, e), bulging from
the borders or intracrystalline fractures that give rise to
new grains separated from the relict by high-angle bound-
aries and no visible subgrain in the adjacent sector of the
relict crystal (Figs. 4c–e, g, 55f); second, serrated and lobat-
ed boundaries between porphyroclasts and between recrys-
tallized grains, suggesting high grain boundary mobility
(Figs. 3c, 4e and f); and third, new grains with dissimilar
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sizes, shapes, and intracrystalline deformation intensity
(Figs. 4d, e, g, 5f). (Some plagioclase new grains show sub-
hedral contours, straight twins, and lack of intracrystalline
deformation, whereas others show undulatory extinction,
lack of twins, and very irregular shapes with lobated
boundaries; Fig. 5f.)

The presence of very scarce subgrains in k-feldspar por-
phyroclasts of some mylonitic bands indicates that SGRR
has taken place at least incipiently in this mineral. Sub-
grains develop in the strongest strained crystalline sectors
(borders, intracrystalline fractures) of rounded or elliptic
porphyroclasts. The occurrence in some mylonitic samples
of strongly flattened plagioclase crystals (Fig. 4g) showing
kink bands, subgrains, or development of core and mantle
structures containing polygonal new grains of the same size
as the adjacent subgrains, indicate that climb was even
more active in this mineral than in k-feldspar. This behav-
ior is consistent with the fact that the activation energy of
dynamic recrystallization and dislocation glide is lower for
plagioclase than for K-feldspar in middle to high homolo-
gous temperatures (e.g., Fitz Gerald and Stunitz, 1993;
Schulmann et al., 1996). Plagioclase new grains (up to
225 lm) formed by either GBMR or SGRR are greater
than recrystallized matrix k-feldspar grains (50 lm), consis-
tent with the preceding statement.

In summary, textural evidence indicates that both
GBMR and SGRR deformation mechanisms contributed
to dynamic recrystallization of feldspars, though the form-
er clearly is dominant in most studied basement mylonites.
Snoke et al. (1998) indicate that at natural strain rates,
GBMR appears to be the dominant deformation mecha-
nism in feldspars from about middle greenschist through
middle to upper amphibolite facies conditions. The transi-
tion from GBMR and SGRR is not well understood (Tullis
and Yund, 1991). Tullis and Yund (1985) suggest that in
upper amphibolite and granulite facies rocks, feldspar
usually exhibits subgrains and thus may undergo SGRR.
Therefore, the observed deformation mechanisms for feld-
spar indicate high to very high temperatures for the mylon-
itic event.

K-feldspar porphyroclasts develop coarser subpolygo-
nal new grains (up to 150–170 lm), mainly in borders fac-
ing pressure shadows and intracrystalline fractures, in
contrast to the finer and more irregular new grains
(50 lm) of the mylonitic matrix (compare Figs. 4c and d).
This characteristic also is observed for recrystallized quartz
grains. If fluids are present during deformation, they nor-
mally migrate to low-pressure sites. Trace amounts of
water can profoundly affect the strength of silicates exper-
imentally deformed by dislocation creep (Farver and Yund,
1990; Hirth and Tullis, 1992; Kronemberg and Tullis,
1994). The presence of a fluid phase enhances diffusion at
the borders of the grains (diffusion creep, Tullis and Yund,
1991), favoring grain boundary migration and, consequent-
ly, the growth of recrystallized grains (Tullis and Yund,
1982; Hirth and Tullis, 1992). Therefore, dissimilar grain
sizes of recrystallized grains in the matrix and extension
sites could indicate the migration of fluids to low-pressure
sites, favoring grain boundary migration and faster growth
of new grains. This supposition is valid for the dissimilar
grain sizes in synmylonitization neominerals (biotite and
opaque phases), which are coarser grained in extension
sites than in the surrounding matrix (e.g., Figs. 4a–c,
5d–g). Thus, partitioning deformation with different
rheological responses between highly sheared domains
and protected areas is apparent and generates different
microstructures simultaneously.

Some mylonite basement samples have only plagioclase
porphyroclasts. The presence of abundant neocrystallized
biotite strongly suggests that in addition to the intense
recrystallization, the shrinkage and disappearance of origi-
nal k-feldspar porphyroclasts may be attributed to reac-
tions to secondary biotite due to the presence of fluids
during the mylonitic event. However, in other mylonite
samples, plagioclase remnants are rarer than k-feldspar
porphyroclasts. Both phases have undergone grain size
reduction by recrystallization and chemical destabilization,
due to the presence of fluids during the mylonitization.
Although the described process could not have affected
both phases with the same intensity, modal protolithic pla-
gioclase could have been locally reduced by replacement
(plagioclase is a common constituent of poikilitic inclu-
sions in garnet and k-feldspar) during the migmatization
of the gneisses developed prior to the mylonite event. Thus,
the predominance of plagioclase or k-feldspar as porphyr-
oclasts in different mylonitic bands could be an inherited
premylonitization characteristic that reflects different
degrees of melting and amounts of migmatitic neosomes.

8.1.3. Sillimanite

Sillimanite porphyroclasts reflect brittle behavior during
mylonitic deformation. Long tabular crystals show fractur-
ing orthogonal to their long dimension and redistribution
of the fragments along the mylonite foliation (Fig. 3a).
Some original rhomboidal porphyroclasts underwent
rounding of their apex and acquired sigmoidal shapes, ori-
ented to resemble mica fishes (Passchier and Trouw, 1996),
often with development of pressure shadows.

8.1.4. Garnet

Garnet behaved in a brittle way during the mylonitic
event, as shown by the presence of abundant intracrystal-
line fractures (Fig. 4b) and, occasionally, the disruption
in small fragments redistributed along the mylonitic folia-
tion (Fig. 3e). Almost perfect circular or slightly elliptical
shapes of garnet porphyroclasts enclosed in a biotite-bear-
ing matrix (Figs. 3g, h, and 4a) are attributed to smoothing
and rounding of the original irregular porphyroclasts due
to fluid-assisted reaction to biotite (±opaques) during por-
phyroclast rotation. Small, internally unfractured garnet
are considered fragments of once larger crystals that were
able to rotate freely in a softer matrix (fine recrystallized
quartz and feldspars and newly formed biotite and opa-
ques), without interactions with other equivalently sized
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grains in an advanced stage. Subhedral small grains with
poikilitic inclusions indicate that some of the separated
fragments were able to grow during the mylonitization
event and incorporated matrix constituents (Fig. 3e). Irreg-
ularly shaped original garnet grains elongated subparallel
to foliation, deformed mainly by fracturing subparallel to
the flow plane, are considered a consequence of an unfa-
vorable shape and orientation for rotation, which favored
fracturing with displaced crystal edges.

8.1.5. Biotite

Textural relationships show that most biotites are asso-
ciated with the mylonitic event. They fill porphyroclast
intracrystalline fractures and crystallize in pressure shad-
ows (e.g., Figs. 3–5). These biotites do not show signs of
intracrystalline deformation in most mylonites. However,
some coarse tabular crystals show bending and kinking in
S/C protomylonites. Very small, rounded or subhedral
inclusions, apparently unrelated to intracrystalline
fractures (original poikiloblast inclusions?) and observed
in the centers of k-feldspar porphyroclasts, have been not-
ed. Both inclusions and deformed biotite laths could be
remnants of biotites formed prior to the mylonitic event.
However, no remarkable optical or compositional differ-
ences between deformed and undeformed biotites are
noticeable.

8.1.6. Cordierite

No fresh cordierite is recognized in the studied samples.
Only porphyroclast shapes have been partially preserved
after intense retrogression and replacement by synmyloniti-
zation mineralogy (Fig. 3f). Therefore, no evidence of
deformation mechanisms is preserved.

8.1.7. Hornblende

Hornblende shows evidence of recrystallization and the
absence of brittle fracturing, which suggest it was deformed
mainly by dislocation creep. Rounded or elliptic porphyro-
clasts with serrated borders (Figs. 5d–g), associated with
recrystallized grains separated from the relict by high-angle
boundaries and without visible subgrains (Fig. 5h), point to
GBMR as the dominant deformation mechanism. As with
garnet porphyroclasts, the rounded to elliptic shape of the
hornblende porphyroclasts can be attributed to a combina-
tion of recrystallization and smoothing and rounding due
to fluid-assisted reaction to form neominerals (mainly bio-
tite), combined with rotation of porphyroclasts during the
mylonitic event.

8.1.8. Orthopyroxene

Orthopyroxene shows irregularly shaped porphyroclasts
with slight undulatory extinction and bending of clinopy-
roxene exsolution lamellae and microfractures. Porphyro-
clasts recrystallized to aggregates of polygonal new
grains, meeting at 120� triple junctions (Fig. 5i). These
characteristics indicate that orthopyroxene has undergone
ductile deformation by dislocation creep. The absence of
subgrains and flattened porphyroclasts point to GBMR
as the most probable recrystallization mechanism.

8.2. Remobilization of sulfides, platinum group minerals

Sulfides can be found elsewhere in the studied basement
mylonites and mafic mylonite. Sulfide mineralogy (pyrrho-
tite, pentlandite, chalcopyrite, and pyrite) and oxides
(ilmenite and magnetite) constitute up to 10–12% of the
mafic mylonites and only 1% of the adjacent, almost unde-
formed mafic protolith. They are more abundant and
develop greater sizes in basement mylonites near mafic–
ultramafic bodies, decreasing in proportion and grain size
away from the bodies where oxides (magnetite, ilmenite)
predominate.

The concentration of sulfides in the mylonitic bands and
their textural relationships (e.g., distribution along folia-
tion planes, crystallization within porphyroclast extension
sites, boudinaged grain fragments) provide unequivocal
evidence of remobilization of primary magmatic sulfides
of mafic–ultramafic rocks (+PGM) during the mylonitic
event. Like other neominerals (biotite, oxides), sulfides
crystallized in the extension sites develop greater sizes than
those in the matrix and do not show evidence of deforma-
tion. Several examples of the characteristics and distribu-
tion of opaque minerals appear in Figs. 3–5.

8.3. Low-temperature event

A low-temperature event, separated from the mylonitic
event, was first proposed by Delpino et al. (2002). This
low-temperature final overprint produced brittle fracturing
and localized retrogression on mafic–ultramafic minerals
and ores, with serpentine + magnetite ± actinolite as the
most representative association. Microfracturing affected
mafic–ultramafic minerals and their recrystallization enve-
lopes, which were generated during the mylonitization
event. In ultramafic domains, continuous microcracks
affecting relict and recrystallized olivine grains are sealed
mainly by serpentine ± magnetite, as shown by Ferracutti
and Bjerg (2002, Fig. 2a).

This low-temperature process is also recognized in the
adjacent country rocks, where the mylonitic texture is
locally obliterated along preexisting mylonitic foliation
planes by a randomly oriented replacement of mylonite
mineralogy by the assemblage chlorite + sericite/musco-
vite + magnetite. This low-temperature event is mainly
responsible for the partial replacement of sulfides by
oxides.

Some authors relate the low-temperature paragenesis to
the mylonitic event in this central portion. Although later
fluids associated with this low-temperature event seem to
have moved, at least partially, along the pathways previ-
ously opened by the mylonitic event, the following charac-
teristics argue against that interpretation: (1) There is clear
evidence of obliteration of mylonitic textures and replace-
ment of synmylonite mineralogical associations (Figs. 4h,
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i); (2) low-temperature paragenesis is incompatible with the
temperatures required to produce the observed ductile
deformation in mylonitic minerals of this sector; and (3)
well-constrained P–T conditions obtained through equili-
brated synmylonitic paragenesis are above the stability
field of low-grade paragenesis, and some phases, such as
serpentine, are not stable in the determined range of fluid
composition.

8.4. Origin of fluids

The fluid phases accompanying the metamorphic peak,
the mylonitic event, and the low-temperature event differ
compositionally.

Through microthermometric investigations and Raman
spectroscopy on primary fluid inclusions from metapelites
and gabbronorites, Felfernig et al. (1999) establish that
granulite facies peak metamorphic fluids are nearly pure
CO2, with small amounts of CH4 and N2. Calculated iso-
chors for these primary fluid inclusions (Fig. 3 in Felfernig
et al., 1999) give pressures of 6–7 kbar for the peak meta-
morphic temperature range of 745–825 �C calculated by
Hauzenberger et al. (2001) with classical geothermometers
and geobarometers to mineral cores of gabbronorites. This
pressure range agrees with that calculated by these authors
(6.2–7.4 kbar) and confirms that these fluid inclusions rep-
resent the composition of the fluid phase accompanying the
metamorphic peak.

Internally consistent geothermobarometry applied to
the mineralogical associations equilibrated during the
mylonitic event suggests fluid compositions ranging from
0.3 < XCO2 < 0.7 (most values between 0.5 and 0.6) for
basement mylonites to XCO2 = 0.89 for mafic mylonites
(Figs. 7 and 8). The migmatization of basement rocks
around mafic–ultramafic bodies has been attributed to
the intrusion of these high-temperature magmatic rocks.
Because the generation of in situ granitic melts usually
consumes water but rejects carbon dioxide (e.g., Carrol
and Holloway, 1994; Clemens et al., 1997), this situation
may have contributed to the generation of an almost pure
CO2 residual fluid phase. Further crystallization of neo-
somes during cooling liberated water-rich fluids. The deter-
mined P–T conditions for the mylonitic event are close to
and under the granite melt solidus (Fig. 9), so the crystalli-
zation of migmatite neosomes and granitic segregates rep-
resent a suitable source for the fluid phase accompanying
the mylonitic event. Intense deformation of the preexisting
phases could have contributed to the liberation of CO2-rich
fluids trapped in fluid inclusions. Further mixing with
water-rich fluids released from the crystallization of neo-
somes would give rise to the mixed CO2–H2O fluids found
in mylonites. Because both neosome proportions and
deformation intensities are variable, this characteristic
could explain the variable range of compositions of the
fluid phases accompanying the mylonitic event. A more
constant composition would be expected for fluid supplied
by an external source; therefore, this compositional vari-
ability also could support in situ generation of this fluid
phase.

The crystallization of serpentine during the low-temper-
ature event indicates the presence of a water-rich fluid
phase, because this mineral is stable only with very high-
water activities. At a fluid pressure of 1 kbar, serpentine
is stable at XCO2 < 0.1, and its stability field is displaced
even to lower XCO2 values with increasing pressures
(e.g., Yardley, 1989; Spear, 1995). Thus, serpentine could
not be stable in the range of fluid phase compositions deter-
mined for the mylonitic event, and another source must be
invoked. A suitable source for a water-rich fluid phase
could be the large, undeformed, postkinematic plutons
(Las Chacras–Piedras Coloradas, El Volcán, La Totora)
that span the Devonian–Early Carboniferous interval and
whose emplacement was fracture controlled (Brogioni,
1987, 1992, 1993; López de Luchi, 1993; Llambı́as et al.,
1998; von Gosen et al., 2002).

8.5. Physical conditions of mylonitic event: implications for

constructing a P–T–d path

Textural evidence and mineral chemistry indicate that
both mafic and adjacent basement mylonites attained
chemical equilibrium during deformation and did not expe-
rience, other than locally, retrogression during cooling.
High to very high temperatures and the presence of a fluid
phase during mylonitization could facilitate intracrystalline
diffusion rates and reaction kinetics to attain equilibration
in the imposed P–T–Xf conditions. As we discussed previ-
ously, this possibility is indicated by the differences in the
chemical compositions of porphyroclasts of mafic mylo-
nites and their parental phases of the immediately adjacent
and almost undeformed noritic protolith. Relict and recrys-
tallized hornblende, plagioclase, and orthopyroxene grains
within mafic mylonites do not show noticeable chemical
differences. Hence, porphyroclast compositions were fully
reseated to match the prevailing conditions during the
mylonitic event.

The P–T obtained for mafic mylonites and adjacent
basement mylonites (6.28–6.85 kbar, 687–762 �C) of the
central sector of the Pringles Metamorphic Complex indi-
cate conditions of deformation in the upper amphibolite
transitional to granulite facies with medium pressures.
These conditions are consistent with the stable presence
of orthopyroxene (unaltered porphyroclasts and fine-
recrystallized grains) in mafic mylonites. However, the fol-
lowing basement mylonites were recognized from the
extremes of the shear zone to the mafic–ultramafic central
bodies: lower amphibolite facies (muscovite + k-feld-
spar1 + plagioclase + quartz + biotite ± garnet ± chlorite;
M3-Ph of Hauzenberger et al., 2001)) middle amphibo-
lite facies (garnet + biotite + muscovite + plagioclase +
quartz + sillimanite; M3-A of Hauzenberger et al.,
2001)) upper amphibolite transitional to granulite facies
(garnet + biotite + k-feldspar2 + plagioclase + quartz + sil-
limanite and garnet + biotite + plagioclase + hornblende +
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orthopyroxene; basement and mafic mylonites, respec-
tively, this contribution). Garnet–biotite thermometry on
lower (M3-Ph) and middle (M3-A) amphibolite facies myl-
onites indicate temperatures of 555 �C and 585–680 �C,
respectively (Hauzenberger et al., 2001). Thus, a tempera-
ture gradient from 555 �C to 762 �C can be estimated for
the mylonitic event that affected the Pringles Metamorphic
Complex.

These characteristics strongly suggest that the myloniti-
zation event developed on a geothermal gradient generated
by the intrusion of mafic–ultramafic bodies. This interpre-
tation is supported by the P–T conditions of mylonitization
determined for mafic and adjacent basement mylonites
(668–764 �C, 6.3–6.9 kbar), very close to peak metamor-
phic conditions (745–825 �C, 6.2–7.4 kbar) determined by
Hauzenberger et al. (2001).

Therefore, if a wide temperature metamorphic gradient
was present during the mylonitization event, we must be
cautious in assigning unique physical conditions to this tec-
tonothermal event and in constructing the P–T path for
the tectonometamorphic evolution of the area. Because rock
units located marginal to the central portion never reached
metamorphic peak temperatures, more than one P–T path
is required to represent the trajectories followed by the rock
units located at different distances from the mafic–ultramafic
bodies. We provide two probable paths in Fig. 10.

Both progressive trajectories start within the andalusite
stability field; according to von Gosen (1998), chiastolite
formed as a result of contact metamorphism on unde-
formed metapelites due to the intrusion of tonalitic bodies,
considered of early Famatinian age (Llambı́as et al., 1998).

Path 1, essentially constructed from our data and obser-
vations, describes the behavior of basement rocks adjacent
to mafic–ultramafic bodies that have reached anatexis con-
ditions within granulite facies. It comprises migmatitic
gneisses with k-feldspar, cordierite, orthopyroxene, and
coarse prismatic sillimanite, on which upper amphibolite
transitional to granulite facies mylonites develop. The
reconstructed P–T trajectory is based on the following
aspects: peak metamorphic conditions must be above Crd
and Opx stability fields and the beginning of melting
in metapelitic rocks, and garnet shows poikiloblastic
growth at the expense of cordierite and ilmenite and, there-
fore, the reaction ilmenite + cordierite ¡ rutile + garnet +
quartz + sillimanite is crossed in the sense of increasing
pressures. Although orthopyroxene is extremely rare in
relation to cordierite, its presence indicates that the meta-
morphic path must pass through the stability field of this
phase. Thus, the invariant point [2] fixes the minimum
P–T conditions reached by these rocks. This trajectory is
consistent with the P–T conditions for the metamorphic
peak obtained by geothermobarometry (M2-G, Fig. 10).
During retrogression, the orthopyroxene and cordierite
phases are retrograded, and the stable assemblages in the
higher-grade mylonites are: biotite + quartz + sillimanite
and biotite + quartz + garnet. Therefore, the metamorphic
trajectory must cross the reactions biotite + quartz +
sillimanite ¡ cordierite + k-feldspar + H2O and biotite +
garnet + quartz ¡ orthopyroxene + sillimanite + k-feld-
spar + H2O, in the sense of decreasing temperatures.
Moreover, mylonitization must occur at higher tempera-
tures than those corresponding to the conditions of the
reaction muscovite + quartz ¡ k-feldspar + sillimanite +
H2O (second sillimanite isograd), which mark the upper
stability of muscovite, absent in these rocks, consistent
with the obtained geothermobarometric results.

Path 2, which is based essentially on published referenc-
es in combination with our observations, describes the
behavior of rocks that, having undergone thermal input
due to the intrusion of mafic–ultramafic bodies, have
not reached conditions for anatexis. These rocks are
mylonitized gneisses composed of garnet + biotite
+ muscovite + plagioclase + quartz ± staurolite ± sillimanite
(Hauzenberger et al., 2001). Chlorite is also present but
appears as partly concordant and partly discordant grains
in relation to foliation, and thus, a younger origin can not
be excluded. The total absence of k-feldspar indicates that
the upper stability limit for muscovite (second sillimanite
isograd) was never exceeded during the progressive stage.
The overlapped mylonitization on retrogression has
muscovite and garnet as stable phases and a lack of k-feld-
spar, indicating that mylonitization did not reach the P–T

conditions of the second sillimanite isograd. The thermal
maximum indicated by thermobarometry for mylonites
developed from these protoliths (M3-A, Fig. 10), which
corresponds with the minimum temperatures obtained for
the higher-grade mylonites (HGM, Fig. 10) indicate a con-
tinuous gradation, though average estimated pressures
appear more or less in the same range. Lower-grade mylo-
nites include chlorite. As we observed in the higher-grade
mylonites, textural relations indicate that chlorites usually
show random growth at the expense of biotite, which,
together with muscovite, depicts mylonitic foliation (von
Gosen, 1998). In Fig. 10, chlorite is not stable in the range
of P–T conditions obtained through geothermobarometry
except with very high water activities. Thus, most chlorites
could have been formed during the later low-temperature
event, together with muscovite–sericite. The reaction chlo-
rite + muscovite ¡ biotite + quartz + silimanite + H2O
(XH2O = 1.0) in Fig. 10 represents the retrogression of the
stable assemblage in mylonites in the presence of a water-
rich fluid phase, as we estimated for the low-temperature
event, and approximately marks the upper limit for this
later event.

Absence of kyanite precludes the possibility that the final
stage of retrograde Path 2 passed through the stability field
of this phase. However, the lack of muscovite in higher-
grade mylonites indicates that the second sillimanite isograd
was not crossed on retrogression by Path 1, which suggests
rapid exhumation of the whole sequence and therefore may
contribute to the preservation of medium pressure assem-
blages. This trajectory is consistent with a scenario charac-
terized by decompression and cooling during postcollisional
crustal uplift, as proposed for the origin of postorogenic



Fig. 10. Proposed P–T–d paths for evolution of Pringles Metamorphic Complex. HGM, P–T conditions for higher-grade mylonites close to mafic–
ultramafic bodies. M3-A(H)/M3-Ph(H), P–T conditions for lower-grade mylonites away from mafic–ultramafic bodies (Hauzenberger et al. (2001).
M2-G(H), P–T conditions for the metamorphic peak (Hauzenberger et al., 2001). MELT, granite solidus for XH2O from Johannes and Holtz (1996).
Al2O3 triple point after Holdaway (1971).
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batholiths by López de Luchi (1996) and Llambı́as et al.
(1998). Rising during extensional collapse, epizonal (frac-
ture-controlled) emplacement (Brogioni, 1993) at about
4–5 kbar (López de Lucchi, 1993), and crystallization of
the bodies offers a suitable source of water-rich fluids for
the later (localized) low-temperature event.

8.6. Succession of tectonometamorphic events

On the basis of our previous and present work and pub-
lished data, we propose the following succession of tec-
tonometamorphic events for the evolution of the Pringles
Metamorphic Complex:

1. T1–M1 (extensional regime): A N–S trending rift opened,
and sedimentation (530 Ma based on U–Pb zircon core
detrital ages from pelitic gneisses of Pringles Metamor-
phic Complex, Sims et al., 1998) was followed by the
intrusion of tonalitic bodies (Early Famatinian, Late
Cambrian–Early Ordovician pre-orogenic granitoids,
Llambı́as et al., 1998). Crustal thinning, mantle upwell-
ing, and emplacement of layered mafic–ultramafic
bodies (478 Ma, magmatic crystallization age for Las
Águilas intrusion, Sims et al., 1998) led to isotherm ris-
ing, metamorphism, and crustal anatexis of pelitic sedi-
ments, as well as the generation of migmatites and
anatectic melts and the establishment of a geothermal
gradient from greenschist to granulite facies. This first
stage is similar to that proposed by Bohlen (1987) for
trajectories characterized by isobaric cooling paths
(IBC), where magma underplating in an extensional
regime produces granulite facies metamorphism.

2. T2–M2 (early compressional regime): Crustal thickening
associated with regional folding with steeply dipping
axes (b2) affecting S0 and the migmatitic layering,
and the development of an axial plane foliation (S2).
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S-type anatectic granites–granodiorites were emplaced
(Famatinian, Ordovician, early to synorogenic grani-
toids, Llambı́as et al., 1998).

3. T3–M3 (late compressional regime): A wide NNE–SSW–
trending shear zone developed with reverse (top to
WNW) displacement, associated with folding with sub-
horizontal axes (b3) and the development of the S3

(mylonitic) foliation. The conditions of mylonitization
grade from upper amphibolite to granulite in the center
of the CB to lower amphibolite facies near the eastern
and western extremes.

4. T4–M4 (extensional regime): Postorogenic extensional
collapse and emplacement of fracture-controlled, unde-
formed postorogenic granitoids occurred (Late Fama-
tinian, Devonian–Early Carboniferous granitoids,
Brogioni, 1993; López de Luchi, 1996; Llambı́as et al.,
1998), after a rapid exhumation of the sequence. Low-
temperature retrogression (greenschist facies) channeli-
zed along brittle fractures and preexisting S2-S3 foliation
planes.

The most likely geological setting for this type of evolu-
tion is a backarc basin, as suggested by Ramos (1988), Sims
et al. (1998), Hauzenberger et al. (2001), and López de
Luchi et al. (2003).

9. Conclusions

Petrogenetic grid and geothermobarometry applied to
paragenesis equilibrated during the mylonitic event, togeth-
er with mineral deformation mechanisms, indicate that
mafic and adjacent basement mylonites developed under
upper amphibolite transitional to granulite facies condi-
tions of metamorphism at intermediate pressures (668–
764 �C, 6.3–6.9 kbar, 0.3 < XCO2 < 0.7).

A temperature gradient of 555–764 �C and pressures of
6–7 kbar can be established for the mylonitic event from
the external limits of the Pringles Metamorphic Complex
to its center (mafic–ultramafic bodies): lower-amphibolite
facies mylonites (muscovite + k-feldspar1 + plagioclase +
quartz + biotite ± garnet ± chlorite)) middle amphibo-
lite facies (garnet + biotite + muscovite + plagioclase +
quartz + sillimanite)) upper amphibolite transitional to
granulite facies (basement: garnet + biotite + k-feld-
spar2 + plagioclase + quartz + sillimanite; mafic: garnet +
biotite + plagioclase + hornblende + orthopyroxene). The-
refore, the mylonitic event developed on a preexisting
temperature gradient caused by the intrusion of mafic–
ultramafic bodies.

The concentration of sulfides in mylonitic bands and the
textural relationships (distribution along foliation planes,
crystallization within porphyroclast extension sites) pro-
vide undisputed evidence of remobilization of primary
magmatic sulfides of the mafic–ultramafic rocks (+PGM)
during the mylonitic event.

A low-temperature final overprint produced brittle frac-
turing and localized retrogression on mafic–ultramafic min-
erals and ores by means of a water-rich fluid phase, which
formed a serpentine + magnetite ± actinolite assemblage.
Concordantly, in the adjacent country-rocks, fluids chan-
neled along preexisting mylonitic foliation planes and
locally obliterated the mylonitic texture by a randomly ori-
ented replacement of the mylonite mineralogy by the
assemblage chlorite + sericite/muscovite + magnetite.

Observed mineral reactions combined with structural
data and geothermobarometry enable us to propose a
counterclockwise P–T–d path for the tectonometamorphic
evolution of the Pringles Metamorphic Complex. The first
stage of the trajectory (T1–M1) is characterized by rifting in
an extensional regime, early intrusion of tonalitic bodies,
and emplacement of mafic–ultramafic bodies, which pro-
duce granulite facies metamorphism and crustal anatexis.
This low-pressure/high-temperature stage is followed by a
compressional stage with crustal thickening in a collisional
setting (early T2–M2). A postpeak period of isobaric cool-
ing (late T3–M3) is followed by rapid exhumation of the
sequence and a final extensional regime (T4–M4) associated
with the intrusion of undeformed granitoids and local ret-
rogression of the sequence. The most likely geological set-
ting for this type of evolution is a backarc basin, associated
with east-directed Famatinian subduction initiated in Mid-
Cambrian times (Dalla Salda et al., 1992; Pankhurst et al.,
1998), that closed during the collision of the allochthonous
Precordillera terrane in Mid-Ordovician times (Dalla Salda
et al., 1992; Ramos et al., 1998).
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Llambı́as, E., Sato, A., Ortiz Suárez, A., Prozzi, C., 1998. The granitoids
of the Sierra de San Luis. In: Pankhurst, R. J., Rapela, C. W. (Ed.),
The Proto-Andean Margin of Gondwana. Geological Society, Lon-
don, Special Publication 142: 325–341.

Lloyd, G.E., Freeman, B., 1994. Dynamic recrystallization of quartz
under greenschist conditions. Journal of Structural Geology 16,
867–881.

Malvicini, L., Brogioni, N., 1993. Petrologı́a y génesis del yacimiento de
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