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a b s t r a c t

We describe a 1 km-thick ultramylonite forming the high strain base of the >3.5 km-thick El Pichao shear
zone in the Sierra de Quilmes. This shear zone thrusted granulite facies migmatites onto amphibolite
facies rocks during the 470 Ma Famatinian orogeny. Strain grades upwards from ultramylonites to weakly
sheared migmatites across the 3.5 km-zone and the mylonitic rocks define a geochemical field narrower
than the protolith, suggesting they underwent mixing and homogenization through shearing. Ultra-
mylonites this thick are uncommon. The width of a shear zone, in the absence of significant composi-
tional rheological contrasts controlling strain localization, is controlled by the balance between shear
heat generation and diffusion. Under typical crustal conditions a strain rate of 10�12 s�1 is required to
form a 1 km-thick ultramylonite, and this is achieved when large movement velocities are imposed
across the shear zone. We postulate that the El Pichao shear zone and its thick ultramylonite accom-
modated a significant fraction of convergence velocities driving the orogeny, and that the wide mylonitic
shear zones characteristic of the CambrianeOrdovician deformation of the Sierras Pampeanas result
from the convergent movement being taken up by only a few active major shear zones.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Mylonitic shear zones are localized zones of high strain devel-
oped during ductile deformation. Shear zones nucleate at sites of (i)
pre-existing heterogeneities, either compositional (e.g. layering) or
mechanical (faults, cracks, joints; inherited localization model; e.g.
Pennacchioni and Mancktelow, 2007), (ii) weak, anastomosing
micro-shear instabilities (widening model; e.g. Ingles et al., 1999),
(iii) strain softening caused by grain size reduction and change of
active deformation mechanisms and/or fluid ingress (dynamic
localization model; Mont�esi and Zuber, 2002; Jessell et al., 2005;
Oliot et al., 2010), and (iv) higher shear heating (Regenauer-Lieb
and Yuen, 1998; Regenauer-Lieb et al., 2006). After nucleation,
mylonitic shear zones may thicken if the shear zone hardens and it
becomes easier to deform itsmargins (type 1 ofMeans,1995). Shear
zones may also weaken further (type 2) due to strain softening (e.g.
White et al., 1980; Fliervoet et al., 1997; Kilian et al., 2011) which is a
result of the development of crystallographic preferred orientation
Finch).
(White et al., 1980; Ji et al., 2004), reaction softening (e.g. Hippertt
and Hongn, 1998; Jefferies et al., 2006; Oliot et al., 2010; Goncalves
et al., 2012), and shear heating (Regenauer-Lieb et al., 2006).
Weakening processes are related to fluid ingress into the shear zone
which facilitates the retrogression of minerals and enhances
recrystallization mechanisms (e.g. White et al., 1980; Stunitz and
Gerald, 1993; Hippertt, 1998; O'Hara, 2007), particularly dis-
solutioneprecipitation (e.g. Sinha et al., 1986; Jefferies et al., 2006;
O'Hara, 2007) and diffusive mass transfer (Hippertt, 1998; Hippertt
and Hongn, 1998; Jefferies et al., 2006).

Shear zones are usually narrow relative to the width of the
deforming region due to strain localization. It has been argued that
shear zone width relates to the combination of yield stress (a
function of temperature and depth), plate velocity, and strain rate,
which increases as the shear zone weakens at constant stress (Platt
and Behr, 2011). However, Vauchez et al. (2012) determined that
these variables are not independent because strain rate determines
the yield stress of rock and strain rate itself depends on thewidth of
the shear zone. Instead, they proposed that the thickness of the
shear zone is optimised to minimise work (strain rate times stress).
Shear zones are narrow in the upper crust where rocks are strong,
and widen with depth as temperature increases and rocks become
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weaker. Indeed, it has been shown that in the middle to lower crust
shear zones can be tens of kilometres wide with a concomitant
decrease in strain intensity (Vauchez and Tommasi, 2003; Vauchez
et al., 2007).

In a homogeneous rock mass, shear zone width depends on the
balance between shear heating (a function of strain rate) and heat
diffusion away from the fault, modulated by the sensitivity of rock
viscosity to temperature (Regenauer-Lieb and Yuen, 1998). Both the
strain rate and the stress distribution in shear zones can be variable
through time and space due to the contemporaneous evolution of a
set of shear zones that together accommodate lithospheric strain-
ing, as well as to the role of storage and release of elastic energy
(Regenauer-Lieb et al., 2006, 2012). Regenauer-Lieb et al. (2012),
investigating the strength of the lithosphere showed how it
weakens considerably as a network of shear zones develops to
accommodate deformation. They showed that the spatial distri-
bution and width of shear zones, as well as how effectively defor-
mation is localized into them, depend on whether the lithosphere
was initially hot or cold. Shear zone networks in hot, weak litho-
spheres are wider and less efficient at weakening the lithosphere
when compared to networks in colder lithospheres. The net effect
is that the strength of hot and cold lithospheres tends to converge
as the shear zone network matures.

In hot but sub-solidus conditions, mylonites develop readily
because of the lack of rheological bimodality between feldspar and
quartz (e.g. Tullis and Yund, 1985; Hanmer et al., 1995) so that both
minerals recrystallize without development of feldspar porphyr-
oclasts (Hanmer et al., 1995). Cases such as these may be identified
by the absence of strain gradient at the margins of the mylonitic
zone (Hanmer et al., 1995). In contrast, lower temperature ultra-
mylonites formed at greenschist or amphibolite facies are a result of
strong strain localization and most commonly occur as cm-sized
bands within mylonitic and protomylonitic shear zones
(Whitmeyer and Simpson, 2003).

Shear zones commonly show a strain gradient from low strain
protomylonites at the edge, to high strain ultramylonites in the
centre of the shear zone (e.g. Kilian et al., 2011). The degree of
mylonitization is indicated by a progressive increase in the pro-
portion of recrystallized matrix relative to porphyroclasts (Sibson,
1977). Ultramylonites, defined as rocks where more than 90% of
the crystals are recrystallized (Sibson, 1977), are the ultimate
product of mylonitization. Ultramylonites can be relatively coarse-
grained at high temperatures, and grain size decreases to very fine
at greenschist facies (Trouw et al., 2010). Ultramylonitic shear zones
are commonly fluid conduits and show mass loss or gain in com-
parison to adjacent protomylonites and mylonites (e.g. Hippertt,
1998; Hippertt and Hongn, 1998; Jefferies et al., 2006). They are
commonly enriched in phyllosilicates (mica and chlorite at low
temperatures) due to mineral hydration (Hippertt and Hongn,
1998; O'Hara, 2007) and any porphyroclasts that remain are
rounded from shear-induced erosion and recrystallization during
rotation (e.g. Hippertt and Hongn, 1998; Griera et al., 2011). In
contrast to protomylonites and mylonites, many ultramylonites
contain few quartz ribbons and lack compositional layering due to
homogenization of the matrix and mixing of the different phases
(e.g. Fliervoet et al., 1997; Kanagawa et al., 2008; Kilian et al., 2011).
This is a result of grain boundary sliding accommodated by diffu-
sion creep (e.g. Tullis et al., 1982, Garlick and Gromet, 2004)
accompanied in some cases by dissolutioneprecipitation (Kilian
et al., 2011). Although rarer, layered ultramylonites can develop if
there is high ductility contrast between layers which causes strain
to partition into theweakest layer (Ishii et al., 2007). Ultramylonites
at amphibolite to greenschist facies commonly have a fine-grained,
dark-grey to green or black matrix and consist dominantly of
quartz, feldspar, and biotite with fewer than 10% feldspar
porphyroclasts (e.g. Sinha et al., 1986; Jefferies et al., 2006; Ishii
et al., 2007). Ultramylonites are usually synonymous with high
strain. However, because they are defined by recrystallization of
grains generally accompanied by the loss of porphyroclasts, they
can form at lower strains when the protolith is fine-grained with
few porphyroclasts (Trouw et al., 2010) or when deformation is at
high temperatures and feldspar porphyroclasts become as ductile
as quartz (e.g. Tullis and Yund, 1985; Hammer et al., 1995).

Thick ultramylonitic shear zones are rare in the Earth's crust
because in the upper crust strain typically localises to thin bands,
whereas in the lower crust, strain is distributed over a wide area of
lower strain. Despite these expectations, thick sequences of ultra-
mylonites are occasionally reported. Ultramylonites 300e400 m
thick are found in the shear zones related to the Pan-African
orogeny and amalgamation of West Gondwana in NW Africa
(Ferkous and Leblanc, 1995; Arthaud et al., 2008). Similarly, the
Mulgandinnah shear zone in Western Australia contains a 500 m-
thick zone of ultramylonite which formed in response to accretion
and formation of the Pilbara terrane (Zegers et al., 1998). The Cor-
redoiras detachment in NW Spain also contains a 500 m-wide
section of ultramylonite and mylonite which accommodated at
least 10 km of thrusting during Variscan plate convergence (Díaz
García et al., 1999). Where they occur, thick ultramylonites are
related to major tectonic boundaries. This paper describes the na-
ture of a very thick ultramylonite of the El Pichao shear zone in the
Sierra de Quilmes, part of the Sierras Pampeanas mountain range in
NW Argentina.

In this paper we follow Sibson's (1977) classification, with
protomylonites consisting <50% recrystallized matrix, mylonites
consisting of between 50 and 90% recrystallized matrix, and
ultramylonites consisting of >90% recrystallized matrix. We use
‘mylonitic rocks’ as a collective term referring to rocks ranging from
ultramylonites to protomylonites and the term ‘mylonite’ according
to Sibson's definition.

2. Geological setting of the Sierra de Quilmes

The Sierras Pampeanas were exhumed in the foreland of the
Andean orogen (Fig. 1; Jordan and Allmendinger, 1986; Rapela et al.,
1998a) and dominantly consist of metamorphosed rocks of the
Puncoviscana formation (Turner,1960). This formation is a turbidite
sequence that consists of sediments eroded from the southwest
Gondwana craton (Acenolaza et al., 1988; Schwartz and Gromet,
2004) and deposited on the palaeo-Pacific margin of Gondwana
(e.g. Jezek et al., 1985). It was deposited between 600 and 530 Ma
(Rapela et al., 1998b; Sims et al., 1998; Schwartz and Gromet, 2004),
although the maximum age is unknown because the base of the
formation is nowhere seen (Jezek et al., 1985). It outcrops over an
area of 1200 km � 300 km from south Bolivia to central Argentina
(Fig. 1a; Jezek et al., 1985).

During the Palaeozoic the Puncoviscana formation was meta-
morphosed and deformed during at least two overlapping tectono-
thermal episodes on the paleo-Pacific margin of Gondwana
(Acenolaza et al., 1988). The first event was in the Early to Middle
Cambrian (535e515 Ma) and caused the Pampean orogeny which
resulted in the formation of a magmatic arc and granulite facies
metamorphism and anatexis (Rapela et al., 1998a,b). The second
event was in the Ordovician (490e450 Ma) and caused the Fama-
tinian orogeny which resulted in continental arc magmatism
(Rapela et al., 1998a; Sims et al., 1998) and the development of a
back-arc basin (Rapela et al., 1998a). The Ocloyic tectonic phase
(450e430 Ma; Bahlburg and Herve, 1997; Rapela et al., 1998a)
caused shortening and closure of the Famatinian back-arc basin
(Dalla Salda et al., 1992; Rapela et al., 1998a; Astini and Davila,
2004; Castro de Machuca et al., 2012). In the northern Sierras



Fig. 1. The Sierras Pampeanas and Sierra de Quilmes of NWArgentina. (a) The Sierras Pampeanas with the location of major faults and shear zones indicated (modified from Hongn
et al., 2010). The area shown in (b) is boxed. (b) The studied area in Sierra de Quilmes with El Pichao shear zone indicated in east of range. Granitic bodies are ultramylonitic close to
thrusts.
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Pampeanas, the absence of exotic terranes, mafic magmatism, and
high pressure metamorphism (e.g. Lucassen et al., 2000, 2011)
indicate a high-temperature, low-pressure regime between 535
and 430Ma during consecutive Pampean and Famatinian orogenies
(Lucassen et al., 2000, 2011). There is no evidence to support
models which propose continental collision and crustal thickening
processes (Ramos,1988 and references therein, Omarini et al., 1999,
Loewy et al., 2004) in the northern Sierras Pampeanas.

Shear zones resulting from these orogenies are common in the
Sierras Pampeanas and occur discontinuously over 1000 km from
33� S to at least 24� S, and spread over a width of >250 km (Fig. 1a;
H€ockenreiner et al., 2003). These shear zones are commonly thick
zones of mylonite and ultramylonite with thrust-to-west shear
sense (Fig. 1; e.g. Le Corre and Rossello, 1994; Whitmeyer and
Simpson, 2003; Lopez et al., 2007; Larrovere et al., 2008; Castro
de Machuca et al., 2010; Castro de Machuca et al., 2012). One of
the most significant shear zones in the northern Sierras Pampeanas
is the TinogastaePituileAntinaco (TIPA) shear zone (Lopez and
Toselli, 1993) part of the Las Termas belt in NW Argentina (Fig.
1a). The TIPA shear zone is ~2 km thick, 300 km long and con-
tains mylonites that are increasingly deformed toward the centre of
the zone (H€ockenreiner et al., 2003). The TIPA shear zonewas active
at ~400 Ma and thrusts PrecambrianeCambrian rocks west onto
granitoids of the Famatinian magmatic arc (H€ockenreiner et al.,
2003). It is the largest of several shear zones that trend
NNWeSSE in the region between La Rioja and Sierra de Quilmes
(Fig. 1a). Clusters of shear zones are also seen in the southern Si-
erras Pampeanas in Sierras de C�ordoba where Martino (2003)
recognised 16 shear zones that accommodated thrusting and of
these the Tres Arboles shear zone is the most significant at a length
of 150 km and width of up to 16 km (Fig. 1a; Whitmeyer and
Simpson, 2003). Like the shear zones in the north, the Tres
Arboles shear zone trends NNW and thrusts Cambrian schists onto
Ordovician rocks (Whitmeyer and Simpson, 2003). Northwest of
Sierras de C�ordoba, the Sierra de Velasco contains six shear zones
which trend NNW. One of the largest is La Horqueta shear zone,
which is up to 2 km thick and contains protomylonites and
mylonites with a sinstral-thrust shear sense (Lopez et al., 2007).
Ductile shear zones have also been recognized in southern Puna
and the Eastern Cordillera and overprint igneous and metamorphic
rocks (Hongn et al., 1996; Lucassen and Becchio, 2003) including
the Brealito shear zone (Hongn and Becchio,1999), the Agua Rosada
shear zone (Hongn and Riller, 2007), and shear zones in Sierra de
Molinos (Sola et al., 2010). Combined, these and other shear zones
cropping out in the Sierras Pampeanas accommodated major pe-
riods of convergence on the paleo-Pacific margin of Gondwana.
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The Sierra deQuilmes is a 140 km longNeS trendingmountain in
the northern Sierras Pampeanaswest of the town of Cafayate (Fig.1;
Rossi De Toselli et al., 1976). It consists of two metamorphic com-
plexes: the granulite facies Tolomb�on complex to the north and
west of the range, and the amphibolite facies Agua del Sapo complex
in the east and south of the range (Fig.1b; Toselli et al.,1978). On the
east side of the Sierra de Quilmes, the Tolomb�on complex is thrust
onto the Agua del Sapo complex along a NWeSE trending shear
zone: the El Pichao shear zone described in this paper. In the centre
of Sierra de Quilmes, the western margin of the Agua del Sapo
complex is also in fault contactwith the Tolomb�on complex forming
an NNWeSSE-trending sub-vertical greenschist facies ultra-
mylonitic shear zone that defines a long lineament (Fig. 1b). Both
Fig. 2. Geological map of El Pichao shear zone showing thrusting of granulite facies migmat
the Agua del Sapo complex. Mapping mostly followed river gorges due to limited access to
with a down-dip stretching lineation (stereonets). All stereographic projections are lower
lineationwith a grey triangle. The stereographic projection for the ultramylonitic diatexite la
these planes is parallel to the stretching lineation and defines the axis of open folds or undul
projection of poles to fault planes (black crosses) defining great circle, fold axes (black squa
great circle, grey cross). s1 and s3 are on the great circle but remain ill-defined because of lack
documented in a few of these NE through to SE dipping fault planes.
complexes consist of metamorphosed sedimentary rocks of the
Puncoviscana formation that were located in the upper to middle
crust during metamorphism and underlie the lower grade rocks
exposed in other mountains of the Sierras Pampeanas to the north
(Toselli et al., 1978; Becchio et al., 1999; Büttner et al., 2005). The
Agua del Sapo complex consists of gneisses and metasedimentary
rocks containing QtzþPlþBtþMsþKsp±Grt±Tur±Hbl±Crd±Ep
(mineral abbreviations after Whitney and Evans, 2010) intruded by
Grt-pegmatite dykes (Toselli et al.,1978). Grt-schists are common in
the north of the complex, and occasionally contain cordierite.
Nodules up to 2m in length and discontinuous layers of calc-silicate
are common.
ites of the Tolomb�on complex onto amphibolite facies meta-psammites and -pelites of
mountain ridges, waypoints are marked by black circles. The main shear plane dips NE
hemisphere equal-area, the mean plane ðxÞ indicated with a great circle and mean

yer shows a spread of foliation measurements from NE to SE dipping. The intersection of
ations of thrust planes. Map inset: zoom-in of the northern transect with stereographic
res), and mean fold axis (grey square). s2 is the intersection of all fault planes (pole to
of striations on the fault planes. s1 is inferred to plunge east because of thrusting sense
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The Tolomb�on complex consists of interbedded psammites and
pelites, including calc-silicate pods and layers, that grade from
greenschist facies in the northeast of the Sierra de Quilmes, to
granulite facies migmatites in the southwest, indicating a tilted
metamorphic sequence (Fig. 2). Anatexis is linked to the presence of
diatexiteegranite bodies including the composite Cafayate pluton
near El Divisadero (Fig. 2). Büttner et al. (2005) divided the Tol-
omb�on complex in the region of El Divisadero, west of Cafayate
town, into four metamorphic zones: from northeast to southwest
these are the low grade chlorite zone that grades into the bio-
titeemuscovite zone, followed by the gar-
netecordieriteesillimanite zone, and finally the highest grade
orthopyroxene zone. Ms-dehydration melting begins in the bio-
titeemuscovite zone and continues into the gar-
netecordieriteesillimanite zone where it is accompanied by Bt-
dehydration melting (Büttner et al., 2005). The orthopyroxene
zone contains migmatites produced through Bt-dehydration
melting with leucosomes that contain OpxþGrt±Crd±Ksp
(Büttner et al., 2005). Metamorphism was high-temperature and
low-to medium-pressure (500e800 �C, 3.5e6 kbar; Rapela, 1976;
Toselli et al., 1978; Büttner et al., 2005) and peak metamorphism
occurred at ~470Ma (UePbmonazite and titanite, ICPeMS; Büttner
et al., 2005) as part of the Famatinian orogeny. Anatexis and peak
metamorphism were coeval with ductile thrusting verging to the
west, which ended by ~440 Ma (Büttner et al., 2005). Büttner
(2009) suggested that shear zones were originally horizontal and
extensional, and later rotated by Andean uplift to show apparent
thrust shear sense. This interpretation is not consistent with our
findings and will be discussed later.

3. The El Pichao shear zone (PSZ)

The shear zone was named after El Pichao village in its prox-
imity. It thrusts the GrteCrdeOpx migmatites of the Tolomb�on
complex onto the Grt-bearing metasedimentary rocks of the Agua
del Sapo complex (Toselli et al., 1978; Figs.1 and 2). Above and NE of
the shear zone, the Tolomb�on complex consists of weakly deformed
stromatic metatexites and diatexites (described in Section 3.1).
These rocks grade to the SW into a 1 km-thick layer of proto-
mylonitic stromatic metatexite (Section 3.2), followed by a 1.5 km-
thick layer of mylonitic stromatic metatexite (Section 3.3), and at
the base of the shear zone, a 1 km-thick layer of ultramylonitic
granitic diatexite (Section 3.4). For simplicity these layers are
referred to as protomylonitic metatexite, mylonitic metatexite, and
ultramylonitic diatexite respectively. Below the ultramylonitic
diatexite there is a sharp contact with the ultramylonitic top of the
Agua del Sapo complex that grades downwards into interbedded
meta-psammite and -pelite (Section 3.5). The El Pichao shear zone
is ~3.5 km thick and comprises the protomylonitic and mylonitic
metatexite, the ultramylonitic diatexite and themylonitic top of the
Fig. 3. Schematic cross section showing the layers of the El Pichao shear zone discussed in th
and structures are means.
Agua del Sapo complex. The rocks in each section and transitions
between them are described below.
3.1. Tolomb�on complex: weakly deformed migmatites of the
hanging wall

Northeast of and structurally above the PSZ, the Tolomb�on
complex consists of weakly deformed migmatites characterized by
leucosomes and melanosomes and evidence for magma flow and
extraction (migmatite terminology after Mehnert, 1968). Leuco-
somes are thick, continuous leucocratic bands which contain per-
itectic minerals (Grt, Opx, Crd; Fig. 4a), coarse flakes of biotite
rimming peritectic minerals (Fig. 4b) interpreted to result from
reaction with melt during crystallization, symplectitic gar-
netequartz intergrowths (Fig. 4c), and leucosomes which intrude
across melanosome layers (Fig. 4a) or are aligned with SeC planes
or axial planes of folds (Fig. 4d,e). These features are interpreted to
be primary and a result of anatexis with little subsequent
modification.

Migmatites are typically stromatic metatexites (Fig. 4a) that
grade into regions of diatexite (where the rock loses coherency and
behaves as a magma, neosome > paleosome) and granitic diatexite
(neosome > 90%). Stromatic migmatites contain >20% leucosome
(Fig. 4a) and peritectic minerals appear in both leucosome and
melanosome. They also show compositional banding with layers of
sand-sized grains of quartz, feldspar, biotite, and garnet that
alternate with layers of finer grain size that contain mica, feldspar,
quartz, and garnet. This is interpreted as bedding from the protolith
which forms well-foliated, leucosome-rich pelitic layers (~80% of
total outcrop) and weakly-foliated, leucosome-poor psammitic
layers (~20%; Fig. 4a). Leucosomes contain peritectic garnet,
cordierite, and orthopyroxene in different combinations and modal
proportions: garnet is common to both the psammitic and pelitic
rocks but orthopyroxene is more common in psammite, and
cordierite in pelite (Fig. 4a,c). Garnet is also found in melanosomes
and it is almost always present in metatexites with the exception of
a small number of Opx-bearing psammitic layers. Cordierite also
appears in melanosomes (Fig. 4c) and occurs only in combination
with garnet and/or orthopyroxene. Diatexites are essentially the
same as metatexites but due to the higher melt fraction they have
lost coherence and layering is disaggregated into a chaotic mass of
magma and schollen. Granitic diatexites are porphyritic and
contain small (<30 cm long) schollen of meta-psammite and
-pelite.

The contact between weakly deformed migmatites and the
mylonitic rocks of the PSZ is gradual and marked by an increase in
the intensity of foliation towards the SW as rocks become gneissic
then protomylonitic (Fig. 5a). The boundary defining the top of the
PSZ is placed NE of Anchillo river gorge (Fig. 2) where the
e main text. Contacts between layers are transitional over 10e20 m and dips of contacts



Fig. 4. Primary anatectic structures in weakly deformed Tolomb�on complex migmatites, protoliths to the PSZ mylonitic rocks. (a) Metatexite with compositional layering inherited
from the interbedded protolith which controls leucosome composition and volume. Leucosomes intrude into and cut across foliation in top psammitic layer. (b) Peritectic Crd and
Grt porphyroblast aggregates rimmed by biotite inside a QtzþKfsþPlþBtþCrd granite. Biotite rims are interpreted to result from retrogression due to reaction with crystallizing
melt. (c) Patchy GrteOpx leucosomes with GrtþQtz symplectite in psammitic Crdemelanosome. (d) Leucosomes in thrust planes indicating possible involvement of melt during
thrusting (line drawing shows interpretation of structures). (e) Leucosomes on axial planes of folds formed during shortening related to thrusting event, indicative of syn-kinematic
anatexis. (aed) are vertical planes, parallel to stretching lineation and perpendicular to foliation, (e) is perpendicular to the axial plane of folds.
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proportion of protomylonitic metatexite is more than 50% of the
total outcrop.

3.2. Protomylonitic metatexite

Protomylonitic metatexites (Fig. 5a) outcrop in Anchillo river
gorge and form a 1 km thick-layer at the top of the PSZ. They are
differentiated from the weakly deformed rocks NE of the PSZ
(Fig. 4) by a higher proportion of dark grey recrystallized matrix
and increased foliation intensity. The latter is indicated by an in-
crease in the alignment of micas and the stretching and flattening
of quartz and feldspar phenocrysts (Fig. 5a). Quartz and feldspar
phenocrysts in the stromatic metatexite become porphyroclasts in
the protomylonite and the mica-rich matrix is deflected around
them forming SeC fabric. Many porphyroclasts in melanocratic
layers are elongate parallel to the foliation or form s- and d-clasts
with asymmetric tails that thin and recrystallize distal to the clast,
but some porphyroclasts retain their euhedral tabular shape.



Fig. 5. Features of weakly to highly sheared rocks in metatexite layers of the PSZ. (a) Garnet aggregate in protomylonitic metatexite. (b) Large garnet grains in relict leucosome that
has been asymmetrically sheared into a lens indicating top-to-SW shear in a mylonitic metatexite. (c) Ultramylonitic metatexite with naked and rounded clasts of garnet and
feldspar. (d) SeC fabric and s-clasts of feldspar indicating top-to-SW shear in GrtþCrd protomyloniticemylonitic metatexite. (e) Asymmetric SW-verging folds of GrtþOpx leu-
cosome and melanosome in mylonitic metatexite. All planes are parallel to stretching lineation and perpendicular to foliation.
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Leucosomes are generally continuous with their boundaries par-
allel to SeC fabric but show little obvious internal deformation.
Primary anatectic structures described in Section 3.1 are still
recognizable. Calc-silicate nodules present in this layer are up to
2 m long and elongate parallel to the foliation.

Within this layer of protomylonitic metatexite there are
discontinuous layers of mylonitic metatexite (Fig. 5b,d,e; described
in Section 3.3). These increase in proportion to the SW until they
form greater than 50% of the total outcrop marking a subjective
boundary with the top of the mylonitic metatexite.
3.3. Mylonitic metatexite

The main difference between mylonitic and protomylonitic
metatexites is the proportion of mylonitic layers. Mylonites are
characterized by a higher proportion of dark grey, fine-grained,
recrystallized matrix (Fig. 5b,d,e). Leucosomes and melanosomes
are still recognizable and show the same mineralogy and calc-
silicate nodules are approximately the same shape and size.
Marking the increased strain, leucosomes are sheared into asym-
metric, disrupted lenses (Fig. 5b) or folded asymmetrically and



Fig. 6. Features of weakly to highly deformed rocks in the ultramylonitic diatexite layer of the PSZ. (a) Granitic diatexite from a preserved low strain lithon. (b) Progressive
disaggregation of pegmatite dyke (top) forms disconnected dykelets and large clasts (bottom) and eventually discrete porphyroclasts (middle) in a protomylonite. (c) Mylonitic
pegmatite dyke with large K-feldspar grains. (d) d-clast (top) and s-clast resulting from shearing of pegmatite dyke in ultramylonitic diatexite. (e) K-feldspar porphyroclast with
“comet” tail and smaller naked porphyroclasts in ultramylonite (view down plunge of stretching lineation). (f) Finely interlayered garnet-bearing gneiss, protomylonite and
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Fig. 6. (continued).
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intensely (Fig. 5e), indicating their higher viscosity in comparison
to melanosome. In melanocratic layers the intensity of the foliation
is greater, SeC fabric is well developed, and porphyroclasts of
feldspar form s- and d-clasts with short asymmetric tails (Fig. 5b,d).
Garnet, cordierite, and orthopyroxene in melanocratic layers are
surrounded by remnant leucosomes that are asymmetrically
sheared (Fig. 5b). Primary anatectic structures are partially pre-
served, limited to coarse flakes of biotite rimming peritectic min-
erals, occasional tabular feldspar porphyroclasts, and symplectitic
intergrowths of garnet and quartz.

Themyloniticmetatexites forma1.5 km-thick layer that contains
occasional and discontinuous layers of protomylonitic (Fig. 5a) and
ultramylonitic metatexite (Fig. 5c). Ultramylonitic rocks form mel-
anocratic layers a few cm wide that contain >90% recrystallized
matrix and naked, rounded porphyroclasts of feldspar, garnet
ultramylonite. (g) Large K-feldspar porphyroclast disaggregated from a pegmatite dyke and
margins and circumcentric ribbons of recrystallized feldspar (view down plunge of stretchi
type clasts (ii), and, through prolonged rolling and rotation in the matrix, q-type clasts (iii)
(Fig. 5c), cordierite, and orthopyroxene. Below the 1.5 km layer of
mylonitic metatexite there is a gradational contact with the under-
lying layer of much more massive ultramylonitic diatexite (Fig. 6).

3.4. Ultramylonitic diatexite

We first describe the features of this ultramylonitic layer, before
describing the transition from the mylonitic metatexites above and
these ultramylonites.

Themylonitic metatexite layer grades downward into a massive,
homogenous ultramylonitic rock consisting of rounded feldspar
porphyroclasts in a black matrix (Fig. 6) that forms a 1 km-thick
layer at the base of the PSZ (Fig. 2). Locally the matrix is dark green
from retrogression of biotite to chlorite and in some regions the
proportion of recrystallized matrix gradually decreases with a
rotated in ultramylonitic matrix during shearing, causing high rotational strain on its
ng lineation). (h) Pegmatite sheared in ultramylonite forming asymmetric lenses (i), s-
. View in all photographs except for (e) and (g) is parallel to stretching lineation.
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concomitant increase in the proportion of porphyroclasts until a
homogenous porphyritic granitic diatexite can be recognised
(Fig. 6a). From this association, we interpret that the protolith to the
ultramylonites was a granitic diatexite and we call this layer
ultramylonitic diatexite.

Within these ultramylonites, there are discontinuous quartz-
feldspar layers that contain large feldspar crystals (up to 20 cm in
diameter), interpreted as sheared and disaggregated pegmatite
dykes. These rocks also document the gradual disaggregation of
dykes into s-clasts (Fig. 6d,h), and then into naked porphyroclasts
(Fig. 6g). There are occasional thin (0.5e15 m wide and a few
hundred metres long) lenses of protomylonitic diatexite (7% of total
width of the 1 km ultramylonitic layer) andmylonitic diatexite (13%
of total; Fig. 2) recognized by the lower modal proportion of
recrystallized matrix, generally coarser grain size, increased pres-
ervation of euhedral feldspars and other primary structures, and
less strained, continuous pegmatites. In contrast to the mylonitic
metatexites, none of the rocks are layered (Fig. 6) and calc-silicate
nodules are absent.

The top of the layer of ultramylonitic diatexite contains por-
phyroclasts of garnet (Fig. 6f) which reduce in proportion and size
downward to the SW, becoming absent 400 m from the base.
Immediately below where garnet becomes absent there is a 200 m
thick zone where ultramylonites are overprinted by brittle struc-
tures (between SQ179 and SQ180; Figs. 2 and 3) described in Sec-
tion 6. Below the brittle fault zone there is a return to the massive
ultramylonitic diatexite for 200 m until the contact with the un-
derlying meta-psammites and -pelites of the Agua del Sapo com-
plex (Fig. 2).

3.5. Transition into ultramylonitic diatexite

The transition from the overlying layer of mylonitic metatexite
(Section 3.3) to the ultramylonitic diatexite is described in two
regions with complementary information: the southern and
northern transects (Fig. 2).

The southern transect is characterized by a gradual transition
that is well preserved in a low strain lithon where we recognize
many protolith features. Approaching this lithon from the NE to the
SW, there is an increase in leucocratic layers in the mylonitic
metatexite with a concomitant decrease in the intensity of foliation
until melanocratic layers become absent, and the rock becomes a
porphyritic granitic diatexite that preserves a granitic texture with
psammitic and pelitic schollen (Fig. 6a; at point SQ183 in Fig. 2).
Further to the SW this low strain lithon of diatexite transitions into
mylonites over a region ~60 m wide where strain intensity in-
creases. This is marked by an increase in the intensity of foliation
and definition of SeC fabric and a gradual decrease in the propor-
tion of feldspar porphyroclasts (phenocrysts in the granitic dia-
texite) and in the size and proportion of garnet.

Within this sequence there is a 20 m-thick layer of a rock that
consists mostly of K-feldspar with crystals up to 5 cm in diameter
with small garnets (<2 mm diameter), and strongly stretched rib-
bons of quartz and feldspar. This rock is interpreted to be a mylo-
niticeultramylonitic pegmatite and in places the matrix is dark
grey and recrystallized and contains few rounded porphyroclasts of
K-feldspar (Fig. 6c).

Unlike the southern transect, the northern transect does not
include preserved lithons of weakly deformed diatexite. Instead the
mylonitic metatexite transitions directly into a massive ultra-
mylonite of the kind described in Section 3.4 and interpreted to
have formed after granitic diatexite. As in the southern transect, the
northern transect contains garnet 1e6mm in diameter (Fig. 6f) that
occurs in aggregates and decreases in proportion to the SW. The
northern transect also contains pegmatite dykes which transition
into a rock with large K-feldspar porphyroclasts sheared into s- and
d-clasts surrounded by dark grey matrix interpreted as myloni-
ticeultramylonitic pegmatite (Fig. 6c). In contrast to the southern
transect, here pegmatite dykes are thinner forming only metre-
thick bands.

3.6. Contact with the footwall of the PSZ

At the base of the ultramylonitic diatexite layer there is an
abrupt change to an interbedded rock that contains layers of meta-
sandstone comprised of quartz, K-feldspar, plagioclase, biotite, and
garnet that alternate with layers of finer grain size meta-mudstone
that contain biotite, K-feldspar, quartz, plagioclase, muscovite, and
garnet. This layering is interpreted to be sedimentary in origin
indicating a change in rock type from the homogenous, massive
ultramylonitic diatexite to sheared interbedded meta-psammite
and -pelite. The pelitic layers commonly form well-foliated schists
and the sequence contains calc-silicate nodules and layers. There
are no primary anatectic structures like those in the Tolomb�on
complex, indicating the rock is part of the amphibolite facies Agua
del Sapo complex.

The metasedimentary rocks contain pegmatite dykes that are
sheared into discontinuous lenses and large (up to 25 cm diameter)
porphyroclasts, similar to dykes in the ultramylonitic diatexites.
Within these rocks are layers where the matrix becomes very fine-
grained and biotite-rich, and porphyroclasts are rounded and
naked. These layers are interpreted as ultramylonitic metasedi-
mentary layers and still part of the PSZ. Further south, gar-
netecordierite bearing interbedded meta-psammite and -pelite do
not contain mylonitic layers and while pegmatite dykes are
sheared, they are generally continuous. These rocks are interpreted
to be outside of the high strain zone and accordingly their
appearance mark the base of the PSZ (Fig. 2).

4. Structures

In this section we present the full range of structures in the
shear zone. We focus first on structures in weakly deformed
through to ultramylonitic metatexites (Section 4.1) and then on
structures preserved in the 1 km-thick ultramylonitic diatexite
layer at the base of the PSZ (Section 4.2).

4.1. Structures in deformed metatexites

This layer shows a gradual transition fromweakly deformed and
gneissic metatexites into mylonitic rocks. We describe the struc-
tures in weakly deformed rocks first and then the changes as strain
increases.

Weakly deformed metatexites in the hanging wall of the PSZ
show bedding-parallel foliation that dips moderately SE or NE
(Fig. 1b; mean¼ 115/46; measurements in dip direction/dip) with a
SE-plunging stretching lineation (mean ¼ 138/34). The foliation,
defined by micaceous planes consisting dominantly of biotite, is
well-developed in pelitic layers but weak in psammitic layers
(Fig. 4a). Leucosomes are generally foliation parallel in pelitic layers
but in psammitic layers form isolated patches that are not foliation
parallel or intrude from pelitic layers and cross cut foliation
(Fig. 4a). Leucosomes are also found in shear planes, commonly
sub-parallel to the axial plane of folds and these features are
interpreted as indicative of syn-kinematic melting (Fig. 4d,e).

The foliation in the protomylonitic metatexite is defined by the
same features as in less deformed metatexites but it is better
developed and dips moderately ENE (mean foliation in proto-
mylonitic and mylonitic metatexites ¼ 73/41) with stretching lin-
eations that plunge moderately to the east (mean lineation ¼ 92/
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39; Fig. 2). Thrusting with top-to-W transport direction is indicated
in protomylonitic metatexites by asymmetric shearing of leuco-
somes into s-shaped lenses or s-shaped porphyroclasts (Fig. 5a),
SeC fabric in the melanosome, asymmetrically folded leucosomes,
and garnet, cordierite, and orthopyroxene porphyroclasts with
asymmetric strain shadows of biotite, quartz and feldspar. Garnet
aggregates are occasionally sheared into s-type shapes. Calc-
silicate nodules are flattened parallel to the foliation and may
have stair-stepping tails. Leucocratic bands are parallel to both S
and C planes and show pervasive internal deformation indicative of
solid-state deformation after anatexis ceased. The relationship
between anatexis and shearing is discussed further in Section 8.1.

Mylonitic metatexites have more intensely developed foliation
(Fig. 5b) with thicker andmore continuous layers of biotite defining
SeC fabric. Structural features are the same as for protomylonites
but leucosomes are less continuous and a greater proportion are
sheared into s-shaped lenses (Fig. 5b) and asymmetrically folded
with SW vergence (Fig. 5e). Inside these mylonites there are thin
layers of melanocratic ultramylonitic layers characterized by
rounded naked clasts of feldspar, garnet, cordierite, and orthopyr-
oxene in a fine and dark matrix. Clasts are generally smaller than
those in protomylonites and mylonites (Fig. 5c) with very few s-
clasts, s-shaped lenses of leucosomes, or asymmetric folds.

4.2. Structures in deformed diatexites

The homogeneity of the diatexite protolith and the intrusion of
pegmatite dykes into the layer of ultramylonitic diatexite caused
the development of structures that are different to those in the
layer of mylonitic metatexite. Within the layer of ultramylonitic
diatexite the thin layers of protomylonite and mylonite show
similar structures to the ultramylonite so they are discussed
together with any differences highlighted.

Similar to the attitude of the foliation in the protomylonitic and
mylonitic metatexites, foliation in the layer of ultramylonitic dia-
texites dips moderately to the east (mean ¼ 83/41) with an east-
plunging stretching lineation (mean ¼ 91/39; Fig. 2). In the
northern transect (Section 3.5) the foliation rotates gradually from
NE to SE dipping defining a broad fold (Fig. 2). The intersection of
these planes defines a fold axis which plunges moderately to the
east, approximately parallel to the stretching lineation, indicating
folding could be a result of large-scale undulations of thrust planes.

The large clasts from sheared pegmatite dykes show a range of
structures related to variable amounts of rotation. Porphyroclasts
that have experienced little rotation show asymmetric tails and
pressure shadows, form s-type clasts (Fig. 6d,h) and occasionally
have comet-like tails (Fig. 6e). With increasing rotation d-type
clasts are produced (Fig. 6d,h) or porphyroclast tails wrap around
andmantle the clast (Fig. 6g). These structures aremore common in
protomylonitic and mylonitic diatexites than ultramylonitic dia-
texites. The ultimate product of this rotation is naked q-type clasts
characteristic of ultramylonites, possibly because of shearing,
thinning, and complete recrystallization of porphyroclast tails
(Fig. 6g).

Similar to the mylonitic metatexites, this layer contains occa-
sional tabular porphyroclasts of feldspar, asymmetric shearing of
garnet aggregates, and SeC fabric in biotite-rich layers. These fea-
tures are more pronounced in mylonites than protomylonites but
less apparent in ultramylonites which are dominated by naked
clasts and strongly sheared pegmatite dykes.

5. Microstructures

Here we start with the description of primary anatectic micro-
structures (Section 5.1) and then describe the secondary
microstructures of mylonitic metatexites (Section 5.2) and diatex-
ites (Section 5.3). The microstructures at each level of the PSZ share
a broadly similar set of features characteristic of deformation at
amphibolite facies. Grain sizes were determined using digitised
maps of 300 grains which were analysed for average grain size
using the median Feret diameter (N. Hunter, pers. communication).
5.1. Primary anatectic microstructures

Primary anatectic microstructures are evident in weakly
deformed and protomylonitic metatexites in the NE of the PSZ.
These microstructures are largely absent in ultramylonitic meta-
texites but occasionally preserved in mylonitic metatexites.

Leucosomes consist of QtzþKfsþPlþGrt±Crd±Sil±Opx and me-
lanosomes of BtþSil±Crd±Ky±Grt±Ilm±Mag±Rt±Ap±Mnz±Ms
(Fig. 7a) with increasing proportions of quartz and feldspar closer to
leucosomes. In melanosomes anhedral quartz grains are interstitial
to biotite and feldspar. Feldspar occasionally forms euhedral tabular
crystals that are interpreted as igneous in origin, and plagioclase
commonly shows lamellar crystallisation twins, or two sets of
twins perpendicular to each other (Fig. 7b).

In weakly deformed metatexites peritectic minerals are found
dominantly in leucosomes. There are two types of sillimanite: Sil1
occurs in leucosomes fringing the boundaries of large feldspar
crystals (Fig. 7a), and is interpreted to be peritectic. Sil2 and Bt2
replace cordierite (Fig. 7a,b) and garnet, and are interpreted to be a
result of the reaction of garnet and cordierite with melt during
crystallization (Büttner et al., 2005; Sawyer, 2008). When replacing
cordierite, Sil2 is occasionally accompanied by kyanite which forms
small subhedral porphyroclasts that show random orientationwith
respect to the foliation (Fig. 7a) indicating that deformation ceased
before the stability field of kyanite was reached, following the
interpretation of Büttner et al. (2005).

Garnet is 0.5e30 mm in diameter and commonly poikiloblastic
with biotite-filled fractures and inclusions of bulbous quartz, coarse
biotite, euhedral zircon, and occasional wormy intergrowths of
ilmenite. All inclusions are generally larger than the size of the
same mineral in the matrix. In some cases garnet is surrounded by
orthopyroxene and in such instances garnet contains wormy in-
tergrowths of quartz forming symplectite (Fig. 7d;Waters, 2001). In
areas with a high proportion of biotite and garnet, ilmenite is
common and contains exsolved magnetite.

Cordierite is anhedral and up to 5 mm in diameter (Fig. 7a,b). It
appears in leucosomes andmelanosomes and is the most abundant
mineral in some restitic migmatites. It is poikiloblastic with in-
clusions of quartz, biotite, and zircon and sometimes has an in-
clusion-free mantle surrounding a poikiloblastic core. Cordierite
contains discontinuous lenticular twins and alteration to white
mica on microfractures.

Orthopyroxene occurs only in leucosomes and forms large (up to
40 mm), anhedral, occasionally poikiloblastic grains that contain
inclusions of quartz, biotite, and ilmenite with magnetite exsolu-
tion (Fig. 7c,d). It is replaced at its margins by biotite and occa-
sionally garnet (Fig. 7c). Biotite is partially replaced by chlorite due
to a later retrogression.
5.2. Deformation microstructures in sheared metatexites

The deformation microstructures are described for proto-
mylonitic metatexites and differences in mylonitic and ultra-
mylonitic metatexites are then highlighted. Although metatexites
show a general decrease in grain size from protomylonites to
ultramylonites, grain size estimates are not provided because the
variation is too large due to the presence of heterogeneous



Fig. 7. Metamorphic and microstructural features of deformed rocks after metatexites. (a) Leucosome containing peritectic sillimanite (Sil1) in a Crd-melanosome with kyanite and
sillimanite (Sil2; plane polarized light, PPL). (b) Leucosomes and melanosome in metatexite. Quartz in leucosomes is polygonal (top right) or forms ribbons that wrap around
peritectic cordierite and plagioclase. Plagioclase contains two sets of twins and shows recrystallization on foliation parallel boundaries. Cordierite is partially replaced at margins by
sillimanite (Sil2) and biotite (Bt2). Biotite-rich melanosome contains porphyroblasts of kyanite and interstitial quartz and feldspar (crossed polarised light, XPL). (c) Orthopyrox-
eneegarnet leucosome. Garnet partially replaces orthopyroxene, BtþIlm partially replaces garnet (PPL). (d) Orthopyroxene with inclusions of garnet and quartz. Garnet inclusion
contains wormy intergrowths of quartz (PPL). (e) Ultramylonite showing fine-grained matrix with poorly-developed foliation and rounded cordierite, garnet, and feldspar por-
phyroclasts. Cordierite rim is partially replaced by Bt2 and Sil2 and plagioclase has a recrystallised mantle (dashed line; XPL). All thin sections are cut parallel to stretching lineation,
perpendicular to foliation.
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leucocratic and melanocratic bands and abundant porphyroclasts
of garnet, cordierite, and orthopyroxene which do not recrystallize.

Quartz ribbons and leucosomes in protomylonitic metatexites
form continuous bands that, together with the micaceous bands,
are parallel to SeC fabric and deflect around porphyroclasts
(Fig. 7b). Feldspar porphyroclasts occasionally retain crystallization
twins (Fig. 7b) and euhedral tabular shape but more commonly
show sweeping undulose extinction, recrystallization at margins,
and have asymmetric strain shadowswith recrystallised quartz and
feldspar forming d- and s-clasts. Feldspar contains late patchy
sericitisation and occasionally microcracks parallel to cleavage
planes. Myrmekite is present on some K-feldspar faces parallel to
the foliation. Muscovite fish are common and show stair-stepping
wings. Quartz in leucosomes has a polygonal shape indicating
recrystallization at moderate temperatures, and quartz ribbons are
>5 cm long and contain grains of variable sizes with lobate
boundaries and pinning structures (Fig. 7b), interpreted to indicate
grain boundary migration (GBM) recrystallization indicative of
regime 3 of Hirth and Tullis (1992).

In mylonitic metatexites the well-developed SeC fabric is
defined by quartz ribbons, biotite and sillimanite, and alignment of
leucosome boundaries (Fig. 7a,b). Quartz has the same appearance
as in protomylonitic metatexites and it also shows GBM but quartz
ribbons are shorter, ~5 mm long, and deflect around porphyroclasts
(Fig. 7b).

Ultramylonitic metatexites have a weakly foliated matrix of
uniform grain size (Fig. 7e). Unlike protomylonitic and mylonitic
metatexites, layers of biotite are ill-defined and instead biotite
appears dispersed in the matrix (Fig. 7e). Feldspars have recrys-
tallized margins forming core-and-mantle structure and show late
sericitisation (Fig. 7e). Quartz ribbons showing GBM are rare and
much shorter than in mylonitic metatexites, crystallization twins in
feldspar porphyroclasts are uncommon, and s- and d-clasts are
absent.

5.3. Deformation microstructures in sheared diatexites

As mentioned in Section 4.2, the homogeneity and presence of
pegmatite dykes in the ultramylonitic diatexites gave rise to
structures absent in sheared metatexite. Here we focus only on
those microstructures which are different. While the layer is
dominantly ultramylonitic (as described in Section 3.4) it also
contains protomylonitic and mylonitic layers and these are
described first, and then compared to ultramylonitic rocks to
document the gradual increase in strain. Like for sheared meta-
texites, these rocks also record deformation at amphibolite facies
conditions with late greenschist, possibly static overprint.

Protomylonitic diatexites contain a matrix of
QtzþKfsþPlþBt±Ms±Chl±Sil±Ap with an average quartz grain size
of 95 ± 20 mm and an average mica grain size of 170 ± 60 mm.
Porphyroclasts of K-feldspar and plagioclase are tabular to rounded
with occasional inclusions of coarse flakes of biotite and muscovite
and rare monazite (Fig. 8a). Muscovite inclusions are aligned par-
allel to crystallographic planes of feldspar porphyroclasts (Fig. 8a).
Crystallization twins are evident in some feldspar porphyroclasts.
Porphyroclasts in protomylonitic diatexite show partial recrystal-
lization, similar to those in themylonitic rocks of themetatexite but
with a higher degree of recrystallization and a progression from
core-mantle structure, through to completely recrystallized por-
phyroclasts (Fig. 8b,c). They also show rotation without internal
deformation to form naked clasts although this is rare and most
porphyroclasts have strain shadows. The foliation is defined by
aligned biotite grains that form connected layers that wrap around
the porphyroclasts (Fig. 8aec). Quartz ribbons show GBM and are a
similar length to protomylonitic metatexites (Section 5.2) but also
wrap around porphyroclasts and occasionally form rootless iso-
clinal folds (Fig. 8a,c). Myrmekite occurs on some porphyroclast
grains on foliation-parallel boundaries. Evidence for porphyroclast
rolling includes d-clasts and quartz ribbons that wrap around por-
phyroclasts (Fig. 8b,c,f) and either thin out or break up close to the
porphyroclast (Fig. 8bed).

Mylonitic diatexites have the same grain size as the proto-
mylonies and contain quartz ribbons that are shorter than in the
protomylonites, reaching lengths up to 10mm but generally ~4 mm
long, and are either continuous, parallel to foliation, or wrap around
porphyroclasts (Fig. 8d). They do not show evidence for folding,
unlike protomylonitic rocks, suggesting transposition. Compared to
protomylonites, mylonitic diatexites contain a higher proportion of
recrystallized matrix and naked and recrystallized porphyroclasts
(Fig. 8d).

Ultramylonitic diatexites have an average quartz grain size of
60 ± 10 mm and average mica grain size of 120 ± 40 mm (Fig. 8e,f)
and only a few small remnant porphyroclasts. These porphyroclasts
are commonly rounded and have only weakly developed strain
shadows or form naked clasts. In some cases they are completely
recrystallized but retain the original shape of the porphyroclast
(Fig. 8e) and were later partly sericitised and chloritised. Quartz
ribbons are mostly absent but occasionally there are few aligned
quartz grains that are coarser than the matrix and show remnant
lobate boundaries. Unlike less deformed diatexites, connected
planes of biotite are missing and instead, biotite is dispersed in the
matrix. Consequently the foliation is not well developed (Fig. 8e,f cf.
8aec).

5.4. Interpretation of microstructural data

Irrespective of whether the protolith was metatexite or diatex-
ite, and independent of the intensity of shearing or position in the
shear zone, all rocks record partial recrystallization of feldspar,
GBM in quartz ribbons, and/or myrmekite on foliation-parallel
planes. These features indicate that the temperature of shearing
in all rocks and at all structural levels of the PSZ was in the range of
500e700 �C (Passchier and Trouw, 2005) above greenschist facies.

The change from protomylonites to ultramylonites for both
protoliths is marked by an increase in the proportion of recrystal-
lized matrix, a decrease in the proportion of porphyroclasts,
together with a decrease in the grain size, and length and number
of quartz ribbons (nearly absent in the ultramylonites). The folia-
tion intensity increases towards mylonitic rocks but then decreases
as rocks become ultramylonitic. In parallel, strain shadows and s-
or d-clasts grow in importance towards mylonites but then are lost
in ultramylonites, dominated by naked clasts.

While there are many microstructural commonalities between
all sheared rocks within the PSZ, the increase in intensity of por-
phyroclast rolling from proto- to ultramylonites leads to some
significant differences. Rolling causes folding of the quartz ribbons
and tend to destroy them as well as mica layers. This, together with
dissolutioneprecipitation of feldspars that may have been activated
in the fine-grained ultramylonites, disperses mica through the
matrix where it pins quartz and inhibits its recrystallization and
recovery, explaining the origin of the homogenous, weakly foliated
matrix in the ultramylonites (Figs. 7e and 8e,f).

6. Late brittle fault zone

The zone of brittle overprint that occurs in the ultramylonitic
diatexite layer (Fig. 2) includes brittle faults, breccia, cataclasite and
pseudotachylite associated with fault-related folds (Fig. 9). Breccia
(>30 vol.% angular fragments of wall rock) and cataclasite
(<30 vol.% angular fragments) contain clasts in a brown to black,



Fig. 8. Microstructures in deformed rocks after diatexites showing differences between protomylonites (aec), mylonites (d), and ultramylonites (e,f). (a) Rounded plagioclase
porphyroclast in protomylonite partially replaced by sericite with inclusions of muscovite parallel to twins. Quartz ribbons are longer than in mylonites and ultramylonites, wrap
around the porphyroclast and show lobate boundaries and variable size indicating grain boundary migration (GBM) recrystallisation (XPL). (b) K-feldspar porphyroclasts in pro-
tomylonite show four different types of microstructure: rotation (grain i, indicated by circular arrow), partial (ii) to complete (iii) recrystallization, or are subhedral and sericitised
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Fig. 8. (continued).
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finely-comminuted, aphanitic matrix. The fragments contain single
grains of quartz, feldspar, and muscovite and quartz ribbons which
appear similar to those in the ultramylonitic host rock. Single grains
of quartz and feldspar are up to 0.1 mm in diameter. In more altered
rocks, feldspar is completely altered to very fine-grained sericite
and larger grains are fractured with sericite concentrated on frac-
tures. Biotite is absent from this region of brittle faulting.

Pseudotachylite consists of a black, aphanitic, glassy matrix with
few fragments of wall rock or single grains of quartz and feldspar.
The main generator vein is either foliation parallel or cross cuts the
(iv). The matrix is recrystallised and quartz ribbons wrap around porphyroclasts. Notice that
showing the bi-modal behaviour of feldspar in protomylonites (PPL). (c) Protomylonite ph
continuous and wrap around feldspar porphyroclasts which show rotation (i), and partia
temperature GBM are isoclinally folded in places (XPL). (d) Mylonite containing K-felds
sweeping undulose extinction. Unlike protomylonites, quartz ribbons pinch and swell and ma
containing remnant K-feldspar porphyroclast core with recrystallised mantle. This mantle is
(XPL). (f) Ultramylonite containing K-feldspar d-clast showing top-to-SW shear sense. Tail
phyroclasts. d-clast shows brittle fracture along twinning plane, recrystallisation at margin
foliation, and injection veins are common (Fig. 9b). The matrix in
the pseudotachylite, breccia, and cataclasite is similar but in the
pseudotachylite, the appearance of generator and injection veins
with flow microstructures, suggests the matrix represents rapidly
frozen silicate melt formed in the generator planes.

In the region of brittle faulting there are metre-scale folds that
commonly occur close to fault planes. Folds are open and asym-
metric with amean fold axis of 162/30 (Fig. 2 inset) and axial planes
defined by dissolution cleavage dip moderately south or east. The
majority of fault planes dip moderately or steeply to the NE
a recrystallised ribbon of plagioclase wraps around feldspar clasts (e.g. centre grain, iii)
otomicrograph above and interpretative line drawing below: Most quartz ribbons are
l (arrows; ii) to complete (iii) recrystallisation. Quartz ribbons formed through high-
par porphyroclast with recrystallised mantle (dashed lines) and an upper tail with
y be disaggregated into smaller, discontinuous ribbons (arrows; XPL). (e) Ultramylonite
misoriented from the remnant porphyroclast and subgrains are largely free of sericite
s are progressively disaggregated and recrystallised to form individual, isolated por-
s, and rotation (XPL). Inset shows interpretation of microstructure.



Fig. 9. Brittle overprint of ultramylonitic diatexites. (a) Ultramylonite altered and sericitised (lighter coloured rock), brecciated with cataclasite in fractures (darker rock). (b)
Pseudotachylite in mylonitic diatexite. The horizontal planes are interpreted as generation surfaces and cross-cutting, glass-filled planes are injection veins (white arrowheads). In
thin section glass, interpreted to represent frozen melt, is isotropic and contains flow structures and small, angular clasts. (c) Large clast from a pegmatite disaggregated during
mylonitization and subsequently faulted. Note top-to-SW movement component.
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although some dip SE or SW (Fig. 2 inset). While there is no
discernible striation on the planes the faults consistently show
thrust shear sense indicating thrusting generally to the WSW (Fig.
9c). On the stereonet the poles to the fault planes that are associ-
ated with the folds define a great circle indicating a common line of
intersection at 140/34, not far from the average orientation of the
fold axes. This is interpreted as the intermediate stress axis, s2,
during faulting (Fig. 2 inset). s1 and s3 are on the great circle and are
poorly defined because of the absence of a striation but we estimate
s3 as plunging moderately W and s1 as moderately NE (Fig. 2 inset)
on the basis of the inferred thrust sense on the faults (Fig. 9c). The
folds associated physically with these faults may be kinematically
related since fold axes are also oriented parallel to the intersections
between fault planes, suggesting that they share a similar inter-
mediate stress axis, s2 (Fig. 2 inset).

7. Geochemistry

In order to understand the possible role of fluids and element
mobility in mylonitization, we analysed the different kinds of
mylonitic rocks formed after diatexites and compared them to
potential protoliths, including weakly deformed migmatites and
granites from the Tolomb�on complex. Whole-rock major element
analyses (Table 1) were conducted on a Bruker-AXS S4 Pioneer X-
ray Fluorescence Spectrometer at the Advanced Analytical Centre at
James Cook University, Queensland, Australia. Trace element ana-
lyses (Table 1) were conducted on the ICPeMS at Monash Univer-
sity, Victoria, Australia.

Major element andREE analyses ofmigmatites and granites from
the Tolomb�on complex define a wide field whereas the mylonitic
rocks plot in a narrower band within this field (Fig. 10). Major
element analyses show thatmylonitic rocks are enriched in SiO2 and
TiO2 relative to the rocks of the Tolomb�on complex. REE analyses
indicate a negative Eu anomaly and a negative REE slope. Mylonitic
rocks show a relative LREE enrichment and HREE depletionwith La/
Lu ratios between 8.05 and 18.13 (Fig. 10b,d). The rocks of the Tol-
omb�on complex define a broad field with granites generally
enriched in LREE, and migmatites enriched in HREE. For both major
element andREE analyses there is no systematic variationwithin the
mylonitic rocks on the basis of degree of mylonitization.

In Section 3.5 we described field observations of weakly
deformed granitic diatexite (at point SQ183) transitioning into the
layer of ultramylonitic diatexite. We plotted the major element
(Fig.10c) andREE (Fig.10d) abundances of twoweakly deformedbut
different samples of granitic diatexite from outcrop SQ183 (Fig. 2)
and one sample of mylonitic metatexite from outcrop SQ194 with
samples of the ultramylonitic diatexites. The two weakly deformed
granitic diatexites and the mylonitic metatexite are geochemically
almost identical to each other and differ slightly from samples of the
ultramylonitic diatexites showing lower HREE and higher LREE.



Table 1
Major and rare earth element analyses of mylonitic rocks and their protoliths from the Tolomb�on complex.
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8. Discussion

Very few shear zones worldwide contain ultramylonites that are
as thick as the PSZ. Here we discuss the geochemistry, shear strain,
and tectonic setting of the PSZ to constrain the environment and
understand the context in which thick ultramylonites develop.
8.1. Protolith of the mylonitic rocks

The nature of the protolith to the mylonitic rocks can be seen in
transition zones between weakly deformed rocks and mylonitic
rocks both for metatexites and diatexites. These transitions suggest
that the Tolomb�on complex rocks are the protolith to the mylonitic



Fig. 10. (a) Major element and (b) chondrite-normalised (Sun and McDonough, 1989) REE abundances of weakly deformed migmatites and granites of the Tolomb�on complex
(white symbols) and of the mylonitic rocks from the ultramylonitic diatexite layer of the El Pichao shear zone (black symbols). Spread of data of weakly deformed migmatites and
granites defines a field (shaded in grey) which encompasses the narrower band defined by mylonitic rocks. (c) Major element and (d) chondrite-normalised REE abundances of
migmatitic rocks that transition directly into mylonitic rocks.
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rocks of the PSZ as further supported by the geochemistry. The fact
that the mylonites show less compositional variation than the
protoliths (Fig. 10) suggests the possibility of homogenization
through shearing, which stretched and folded layering and caused
mixing of phases through rotation of porphyroclasts (Fig. 8b,c,f).
There is no systematic difference in geochemistry between proto-
mylonites, mylonites, and ultramylonites. Taken together, this in-
dicates that mylonitization was not accompanied by a progressive
change in the chemistry of the rock, as has been identified in other
shear zones (e.g. Oliot et al., 2010; Goncalves et al., 2012).

Structurally above the PSZ, strain decreases and the migmatites
contain structures that indicate that melt was present during and
facilitated folding and thrusting to theW, suggesting syn-kinematic
anatexis (Fig. 4d,e; see Büttner et al., 2005; Weinberg and Mark,
2008; Weinberg et al., 2013). Deformation within the PSZ over-
prints and folds these early structures during amphibolite facies
solid-state deformation that maintains broadly similar kinematics
to the syn-anatectic deformation. This suggests that anatexis began
during shearing and ceased with cooling as the rocks were thrust to
higher structural levels. This cooling may have caused localization
of thrusting to the PSZ where solid-state shearing continued.

8.2. Strain on the PSZ

From weakly deformed to mylonitic metatexites, there is a
gradual strain increase described including an increase in the in-
tensity of the foliation and the proportion of recrystallised matrix.
Strain increases further in the ultramylonitic diatexites, character-
ized by the nearly completely recrystallized matrix and naked
clasts. Unlike mylonites, the foliation in ultramylonitic diatexites is
poorly developed because mica-rich bands and quartz ribbons are
absent. This is likely due to mixing and homogenization of the
matrix facilitated by rolling feldspar clasts (Fig. 8aec,f) and dis-
solutioneprecipitation of feldspars.

There is also a general decrease in grain size from proto-
mylonitic to ultramylonitic rocks. Grain size is dependent, among
other things, on temperature as well as stress, and it could be
argued that the gradual decrease in grain size reflects a decrease
in temperature and strain localization to zones of higher stresses.
If this occurred, shearing in the PSZ would be at higher tem-
peratures in the protomylonite and mylonite than in ultra-
mylonite. While this is possible, the similarity in microstructures
across the width of the shear zone indicates that shearing
occurred at amphibolite facies in all rocks and so temperature
variations were limited to between 500 and 700 �C. It is also
possible that, independent of any temperature variations, stress
distribution varied as a function of rock strength. As demon-
strated by Regenauer-Lieb et al. (2006), it is possible that the
system is controlled by neither constant strain rate nor constant
stress (Platt and Behr, 2011) but by maximum energy dissipation.
In this case weaker regions are zones of both high stress and high
strain rate, and focus energy dissipation of the system. Thus, the
decrease in grain size in ultramylonites would be a result of
dynamic stress distribution.
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The thickness of the ultramylonitic diatexite layer of the PSZ is
estimated from its present-day dip and width across strike, dis-
considering any possible post-shearing and mylonitization modi-
fications caused by folding and faulting. The intra-mylonite folding
is only minor and does not account for significant width modifi-
cations. Evidence for some post-mylonitization thickening is seen
in the region of brittle overprint (Section 6) where pseudotachy-
lites, breccias and brittle faults with a thrusting component may
have caused some stacking of fault slivers. We are unable to
ascertain if this brittle zone caused major repetition of fault slivers,
however, our field evidence suggests relatively minor movements.
If brittle faulting was a significant process and caused stacking of
the shear zone, the continuous ultramylonitic layers on the footwall
and hanging wall of the fault zone would still be hundreds of me-
tres thick (Fig. 2).

Traditionalmethods to estimate strain in ductile shear zones use
the angle between planes, deflection of markers, and changes in
volume and shape of sheared objects (Ramsay and Graham, 1970;
Ramsay, 1980). However, these structures are deformed to their
maximum extent at shear strains lower than that required to form
an ultramylonite because, for example, grains have been recycled
several times (Norris and Cooper, 2003) and S planes are parallel to
C planes at g ~ 29 (using the method of Ramsay and Graham, 1970).
Norris and Cooper (2003) estimated shear strain using the statis-
tical change in thickness of pegmatite dykes. They found g > 120 in
mylonites and g > 180 in ultramylonites, an order of magnitude
higher than estimates using other methods (e.g. Mawer, 1983;
Bailey et al., 1994; Wenk, 1998).

The PSZ ultramylonites show almost complete recrystallization
of the matrix and homogenization of layering, destruction of quartz
ribbons, and lack well-defined SeC fabric. Accordingly, there is no
accurate way to estimate the total amount of movement. Given the
current 40� dip of the shear zone, and the relatively small differ-
ences in metamorphic conditions between the hanging wall
(granulite facies) and footwall (amphibolite facies), we postulate
that the thrust had only a relatively small throw. This would imply
either a small total movement, that the dip decreases at depth, or
that the shear zone has steepened as a result of later (Andean?)
crustal tilting.

8.3. Mylonitic shear zones of the Sierras Pampeanas

The Sierras Pampeanas include some very prominent shear
zones such as the 16 km-thick Tres Arboles or Guachacorral shear
zone in the Sierras de C�ordoba (Fig. 1; Whitmeyer and Simpson,
2003) and the 4 km-thick La Chilca shear zone (Larrovere et al.,
2008). These shear zones trend NeS, thrust rocks to the west (Le
Corre and Rossello, 1994; van Staal et al., 2011), and formed dur-
ing the Pampean and Famatinian orogenies, between 535 and
450 Ma, with some dating to the Ocl�oyic tectonic phase between
450 and 430 Ma (Dalla Salda et al., 1992; Rapela et al., 1998a; Astini
and Davila, 2004; Collo et al., 2008; Castro de Machuca et al., 2012).
Similar to all major shear zones in the Sierras Pampeanas, the PSZ
places higher grade rocks (Tolomb�on complex) on lower grade
rocks (Agua del Sapo complex), which is compatible with thrusting,
and contradicts the interpretation by Büttner (2009) that this is a
tilted extensional terrane.

In Sierra de Quilmes, a terrane undergoing anatexis at 470 Ma,
perhaps part of the Famatinian back-arc, was thrust to higher
structural levels by generalised ductile shearing, such as recorded
by syn-kinematic leucosomes in rocks north of the PSZ, near
Laguna (Fig. 1b). These rocks cooled, anatexis ceased, and strain
localized into the 3.5 km-wide PSZ. Localization of strain to the
PSZ may have caused cessation of shearing north of the PSZ pre-
serving high-temperature magmatic structures. In the PSZ
shearing continued at amphibolite facies producing the ultra-
mylonites and mylonites which obliterated the pre-existing high-
temperature structures. Localization during cooling has also been
inferred for the Arenosa Creek shear zone in the western Sierras
Pampeanas where shearing began at granulite facies conditions
(>800 �C) and continued to temperatures of 500e700 �C (Castro
de Machuca et al., 2012). This is also similar to the Tres Arboles
shear zone (Fig. 1a) which underwent migmatization during the
Pampean Orogeny and records deformation temperatures be-
tween 540 and 590 �C and pressures of 3e6 kbar (Whitmeyer and
Simpson, 2003). Other shear zones of the Sierras Pampeanas show
greenschisteamphibolite facies shearing with no evidence of an
early higher temperature event. For example, the El Tigre shear
zone (Fig. 1a) deformed at temperatures of 300e400 �C (Fig. 1a;
Castro de Machuca et al., 2010), the Las Pirquitas thrust formed at
amphibolite facies (Fig. 1a; van Staal et al., 2011) and La Chilca
shear zone (Fig. 1a) deformed at temperatures of 350e500 �C but
also overprints migmatites (Larrovere et al., 2008).

The brittle overprint mapped within the PSZ has also been
recorded in other mylonitic shear zones of the Sierras Pampeanas
(e.g. Whitmeyer and Simpson, 2003; Delpino et al., 2007). The Si-
erras Pampeanas have a long history of tectonic activity and such
low-temperature deformation could be related to tectonic events in
the Mesozoic or Cenozoic (e.g. Delpino et al., 2007).

The length, breadth, and strain documented in the Sierras
Pampeanas makes these shear zones of the Pampean and Famati-
nian orogenies comparable tomajor shear zones worldwide such as
the shear zones of the Pan-African orogeny (Ferkous and Leblanc,
1995; Arthaud et al., 2008), the Mulgandinnah shear zone of the
accreted Pilbara terrane in Australia (Zegers et al., 1998), and the
Variscan Corredoiras detachment in NW Spain (Díaz García et al.,
1999).

8.4. Processes that form thick ultramylonites

Thick ultramylonites are rare and whilst we have a reasonable
understanding of the processes that form them (e.g. Poirier, 1980;
White et al., 1980; Means, 1995; Kilian et al., 2011; Platt and Behr,
2011; Vauchez et al., 2012), we do not have a good understanding
of what controls their final width. Shear zone width is dependent
on strain rate, the total amount of strain, and the strength and
strength evolution of the shear zone and surrounding rocks during
deformation. At upper amphibolite to granulite facies, rock strength
is low and strain is distributed producing a thick, low-strain shear
zone (Vauchez et al., 2012). At lower temperatures, rock strength
increases, which promotes strain localisation enabling formation of
thin bands of ultramylonite. However, such variations cannot
explain the existence of thick packages of ultramylonites. It has
been suggested that the formation of thick shear zones requires
shear zone widening which can occur when the rock on the margin
of the shear zone becomes easier to deform than the shear zone
interior (Means, 1995). This can be due to microstructural changes
in the shear zone leading to strain-hardening or changes in the host
rock which make it softer and easier to deform (Means, 1984; Hull,
1988; Mitra, 1992; Ingles et al., 1999; Rutter, 1999). Strain-
hardening can occur through the accumulation of dislocations
and changes in the style or mechanism of deformation (Passchier
and Trouw, 2005; Johnson et al., 2011) or reaction-hardening
through the growth of new minerals (Groome et al., 2006). The
rock is strengthened and more difficult to deform due to the
destruction of mica-rich shear planes or an increase in the pro-
portion of dislocation tangles (Passchier and Trouw, 2005). Reac-
tion induced softening can occur in the shear zone or in the host
rock and is caused by the growth of new, softer minerals (White
and Knipe, 1978; Hippertt and Hongn, 1998).
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The thick shear zones formed during the PampeaneFamatinian
orogenies suggest that only a few major shear zones accommo-
dated most of the crustal shortening driven by plate convergence.
In the absence of significant rheological layering capable of con-
trolling strain localization, the width of a shear zone may be
determined by the balance between shear heat generation and
diffusion. Small initial perturbations in shear heating localize the
initial shear zone, which grows inwidth as a result of heat diffusion
into colder surroundings. A quasi-static state can be reached, where
the width of the shear zone (w) is:

w �
ffiffiffiffiffiffiffi
k=_3

p
(1)

where _3 is the strain rate and the k is thermal diffusivity
(Regenauer-Lieb and Yuen, 2004). For k ¼ 10�6 m2 s�1 and strain
rate between 10�14 s�1 and 10�12 s�1, equation (1) yields a shear
zone between 10 and 1 km thick, bracketing the 3.5 kmwidth of the
PSZ. If we assume that the 1 km-thick ultramylonitic section took
upmost of the strain across the shear zone, and impose a velocity of
30 mm/yr across that part of the shear zone, implying that it ac-
commodates a significant proportion of characteristic plate
convergence velocities, the strain rate across the ultramylonite
would be 10�12 s�1. For these values, a steady-statewidth balancing
heat generation and diffusion would have been reached in only
~0.03 Ma (t ~ w2/k). Thus, we postulate that the dominance of very
wide shear zones across the PampeaneFamatinian orogens of NW
Argentina is a result of localization of strain into few dominant
shear zones whose widths are controlled by the balance between
shear heating and thermal diffusion.

9. Conclusions

The El Pichao shear zone is a >3.5 km thick shear zone that
thrusts the granulitic migmatites of the Tolomb�on complex on the
amphibolite facies rocks of the Agua del Sapo complex. At its base
the shear zone comprises a ~1 km-thick ultramylonitic diatexite
with a very fine, intensely recrystallized groundmass, a weak foli-
ation, and naked clasts, generally from disrupted pegmatites. Strain
decreases gradually to the NE until weakly deformed metatexites,
diatexites, and granites crop out. Geochemistry indicates that the
composition of the mylonitic rocks is similar to that of migmatites
and granites, but less varied. We interpret this to indicate that the
mylonitic rocks have been homogenized by stretching and folding
but in an essentially closed system with negligible fluid and
element mobility.

The Sierras Pampeanas is a high strain zone that has a discon-
tinuous extent of over 1000 km and a width of 250 km (Larrovere
et al., 2011) with a network of wide shear zones comparable in
length and breadth to those of major orogens worldwide. Thick
bands of mylonites and ultramylonites of the Sierras Pampeanas
have accommodated top-to-west thrusting during the Pampean
and Famatinian orogenies. In the PSZ anatexis was contempora-
neous with the early stages of thrusting and preceded localization
into the shear zone, which continued to deform in amphibolite
facies eventually thrusting migmatites onto lower grade rocks. The
shear zone was later reactivated and overprinted during brittle
faulting at greenschist facies.

Thick ultramylonites such as those in the PSZ, although rare,
bring up questions regarding the controls on the width of shear
zones and strain distribution in an orogeny, together with questions
regarding the distribution of stress and strain rate across a
deforming mountain belt, and the nature and extent of strain
localization. We speculate that in the absence of significant rheo-
logical heterogeneities, shear heating localizes crustal strain to a few
wide shear zones capable of taking up a large proportion of plate
convergence velocity and forming thick myloniteeultramylonite
belts, as is common in the PampeaneFamatinian orogens.
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