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ABSTRACT

The formation of Ca-rich myrmekites is described in syntectonic syenites crystallized and progressively
deformed under granulite facies conditions. The syenites are found in high- and low-strain zones where
microstructure and mineral composition are compared. Heterogeneously distributed water-rich, late-
magmatic liquids were responsible for strain partitioning into dry and wet high-strain zones at outcrop
scale, where contrasting deformation mechanisms are reported. In dry high-strain zones K-feldspar and
clinopyroxene are recrystallized under high-T conditions. In wet high-strain zones, the de-stabilization of
clinopyroxene and pervasive replacement of relatively undeformed K-feldspar porphyroclasts by myr-
mekite and subordinate micrographic intergrowths indicate dissolution-replacement creep as the main
deformation mechanism. The reworking of these intergrowths is observed and is considered to
contribute significantly to the development of the mylonitic foliation and banding. A model is proposed
for strain partitioning relating a positive feedback between myrmekite-forming reaction, continuous
inflow of late-magmatic liquids and dissolution-replacement creep in the wet zone at the expenses of
original mineralogy preserved in the dry zones. Melt-assisted dissolution-replacement creep in syn-
tectonic environments under granulite-facies conditions may extend the field of operation of dissolution-

replacement creep, changing significantly the rheology of the lower continental crust.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Myrmekite is one of the most commonly described and dis-
cussed microscopic feature in geology. This is partly due to its
common ocurrence in a diversity of rocks and environments, and
also because of the controversy generated since the early debate
between the two proposed models for its genesis by replacement
(Becke, 1908) and exsolution (Schwantke, 1909). With the advances
in both science and technology, mainly with the advent of the
scanning-electron microscope and microprobe, detailed observa-
tions of composition and morphology of minerals and micro-
structures have lead to great advances in the understanding of
replacement reactions. Years of research on the subject have
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produced extensive literature (see Phillips, 1974 for a review of
early concepts), and a strong tendency is observed toward a balance
of arguments from both schools of thought (Ashworth, 1972;
Phillips, 1980). In a compromising paper, Phillips (1980) suggests
that the exsolution model is best applied to undeformed granitoids,
whilst the replacement model generally fits better to deformed and
metamorphosed rocks. He also argued that both models could
operate together (as agreed upon by Ashworth, 1972; Tsurumi et al.,
2003).

Myrmekite is strictly defined as a symplectitic intergrowth of
sodic plagioclase (generally oligoclase) and vermicular quartz in
contact or pseudomorphically replacing K-feldspar (Phillips, 1974;
Smith and Brown, 1988; Vernon, 2004). Calcic myrmekites are re-
ported (e.g. Dymek and Schiffries, 1987; Efimov et al., 2010; Mukai
et al., 2014) as resulting from the replacement of intermediate-An
content plagioclase by more calcic ones in mafic rocks. However,
some authors (as Smith and Brown, 1988) suggest that such
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intergrowth should not be taken under the term myrmekite, but
simply referred to as symplectites of quartz and plagioclase. In this
paper we consider myrmekite as a symplectite formed by vermic-
ular quartz hosted in plagioclase (independent of its An content) in
contact or pseudomorphically replacing an adjacent feldspar. As
previous publications attribute to the myrmekitic plagioclase a
more calcic composition than its host, myrmekite genesis may be
conceived as a feldspar calcification reaction.

The correlation between deformation and myrmekite genesis
was well demonstrated in amphibolite-facies mylonitic granites by
Simpson and Wintsch (1989) as the result of incongruent pressure
solution at the compressive quadrants of asymmetric K-feldspar
porphyroclasts. The close relationship between myrmekite and
deformation is supported by many other papers since then, as
Vernon (1991), Tsurumi et al. (2003) and Menegon et al. (2006,
2008).

On the other hand, the importance of fluids is illustrated by
Abart et al. (2014) who describe myrmekite formation on perthitic
orthoclase megacrysts of the undeformed, pyroxene-bearing vari-
ety of the Weinsberg Granite (South Bohemian Batolith, Austria). In
these rocks, myrmekite genesis is interpreted to be synchronous
with and related to orthopyroxene hydration and replacement of
plagioclase by biotite at around 500 °C. The authors attribute such
reactions to late-stage, post-magmatic, hydrothermal trans-
formations, and consider that the system was closed at the sample-
scale but open (metasomatic) at the crystal-scale.

Some key questions concerning the relative importance of
deformation and fluids in the genesis of myrmekite in deformed
rocks were addressed by Vernon (1991) and remain under discus-
sion. This author describes myrmekite overgrowing non-deformed
K-feldspar and simultaneously recrystallized at the rear of the
growing lobes, which means that syn-deformational myrmekite is
metastable. Based on this evidence he suggests, as opposed to
Simpson and Wintsch (1989), that strain energy is not the major
contributing factor for myrmekite nucleation and growth, but may
contribute indirectly by facilitating the access of fluids to growth
sites. This is supported by a volume loss resulting from the myr-
mekite forming-reaction, which in turn facilitates the access of
fluids and promotes the continuity of the reaction. This negative
volume change was calculated by Simpson and Wintsch (1989) at
approximately 10%, and is also supported by calculations of 8.5%
volume loss by Menegon et al. (2006).

The role of fluids and deformation in myrmekite genesis was
more recently addressed by Menegon et al. (2006) who showed
that both factors may compete for the main control of myrmekite-
forming reactions. Their study of lower-amphibolite facies meta-
granites in the Gran Paradiso nappe (North-western Alps) has
demonstrated that at initial stages of deformation, stress and
elastic strain concentrations at perthite lamellae and microcline
twinning are the triggering factors to start the reaction. However,
fluids appear to become increasingly important as deformation
proceeds and cause widespread myrmekite formation, which in
turn leads to reaction-softening. The same authors (2006, 2008)
interpret these myrmekites as products of dissolution-
precipitation creep. A similar case is reported by Wintsch and Yi
(2002) who consider dissolution and replacement creep as fluid-
dependent deformation mechanisms that may operate in wet
rocks even at relatively high temperatures (mid crustal levels/
amphibolite facies conditions). Dislocation creep would then be
restricted to the high temperatures and dry conditions of the
lower crust. Despite the generally dry, or H,O-poor conditions of
the lower continental crust, significant amounts of melt may be
present, as pointed out by Etheridge et al. (1983). Melt-assisted
dissolution and re-precipitation could be effective at granulite
facies conditions, as described by Alvares-Valero et al. (2005) in

metapelitic residual enclaves from the Neogene Volcanic Province
(SE Spain).

In this paper we focus on the microstructures of a Neo-
proterozoic syntectonic syenite in southernmost Brazil which was
crystallized and progressively deformed under granulite facies
conditions. In high-strain zones, mylonitic syenites of variable
microstructure and mineral compositions are interleaved and
heterogeneously injected by later leucocratic veins. Pervasive
myrmekites are restricted to the bands containing several in-
jections, which is suggestive of fluid-related strain partitioning and
the operation of different deformation mechanisms.

2. Samples and methods

The results of an integrated approach of fieldwork, petrography,
SEM and microprobe analysis are presented in this paper. A
representative outcrop from a high-strain zone of the Arroio das
Palmas Syenite was selected for detailed observations and sampling
(UTM coordinates: 338533 mE/6637552 mN; Fuse 22], Cérrego
Alegre datum). Two representative samples of highly-deformed
varieties (02B and 02G) were chosen from this key-outcrop. They
are compared in terms of mineral composition and microstructure
with an undeformed one (sample 07B; UTM coord. 337034 mE/
6641995 mN) taken from a low-strain zone. The results obtained
independently by different techniques will be presented integrated
in subsections for each studied sample.

Modal compositions were obtained by thin-section point-
counting using Hardledge® software (www.endeeper.com). Modal
analyses performed on undeformed (07B) and highly-deformed
(02B) samples resulted in about 560 points from each thin-
section. In another highly-deformed sample (02G), a total of 1449
points were counted from two adjacent thin sections. Other 147
points were obtained from a 0.1 mm-wide, fine-grained band of the
same sample.

SEM analyses were carried out at the Isotope Geology Labora-
tory of Universidade Federal do Rio Grande do Sul (Brazil), using a
JEOL JSM-6610LV microscope, with carbon coat and 15 keV current.
Microprobe analyses were performed at the Microprobe Laboratory
of the same University, using a Cameca SXFive. The analytical
conditions were 14.8 keV, 15 nA current, and beam size of 20 pm.

3. Geological setting
3.1. Geotectonic framework

The study area is located in the central-northern portion of the
Sul-rio-grandense Shield (SRGS - Fig. 1a). The SRGS, together with
the shield areas in Santa Catarina and Uruguay form the southern
segment of the Mantiqueira Province, which is a Neoproterozoic
orogenic feature resulting from the amalgamation of Gondwana
(Almeida et al., 2000). Cratonic inliers of Paleoproterozoic to
Archaean ages occur in the southwestern part of the SRGS, but the
so-called Rio de La Plata Craton is best exposed in the Uruguayan
Shield. The Neoproterozoic record in the SRGS is present in the
Dom Feliciano Belt, which is described and subdivided in terms of
three major domains (Fernandes et al., 1992). The juvenile rock
association adjacent to the cratonic area (Fig. 1a) is interpreted as a
former continental magmatic arc of 753—680 Ma (Hartmann et al.,
2011). In the central portion of the SRGS, low-to medium-grade
supracrustal metamorphic rocks are partly covered by a Neo-
proterozoic to Cambrian volcano-sedimentary succession. The
eastern part features a large volume of post-collisional granites
called Pelotas Batolith (Philipp and Machado, 2005). The granites
are structurally controlled by the Southern Brazilian Shear Belt
(SBSB — Bitencourt and Nardi, 2000), which is an anastomosed
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Fig. 1. (a) Geotectonic domains in the southern segment of the Mantiqueira Province, from southern Brazil to Uruguay (modified from Bitencourt and Nardi, 2000). (b) Regional

geological map with location of the study area (modified from Martil et al., 2011).

translithospheric framework of shear zones that has acted as
conduit for magmas through the crust and also promoted
decompression of shallower levels of the mantle during late-
Neoproterozoic times. The rocks reported in this paper are
located at the northwestern border of the Pelotas Batholith
(Fig. 1b), where a NNW-trending branch of the SBSB has condi-
tioned the intrusion of syntectonic peraluminous granites

(Niessing et al., 2011) and ultrapotassic syenites (object of this
paper; Bitencourt et al., 2013). The NNW-trending structures
comprise gently-dipping and steeply-dipping shear zones formed
by progressive deformation under granulite facies conditions. They
are present in the syenites as well as in the metamorphic wall
rocks.



3.2. Local geology

The Varzea do Capivarita Complex (VCC) comprises granulite
facies gneisses and syntectonic intrusive syenites. It is part of the
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roof of the Pelotas Batholith post-collisional granites and forms
patches of several square kilometers near its northwestern limit
(Fig. 1b). Pelitic and calcsilicate paragneisses are the dominant
rocks in the VCC, whilst orthogneisses form a subordinate volume.
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Fig. 2. Geological features of the Arroio das Palmas Syenite and host rocks. (a) Geological map, with indication of detailed outcrop. (b-c) Lower-hemisphere, equal-area projections
of structural elements from APS and host rocks.
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Interleaving of different lithological types at multiple scales is due
to shearing of a thrust pile under granulite facies conditions, as
described by Martil et al. (submitted to publication). The geometry
of this thrust pile is only locally preserved. Progressive deformation
in a transpressive regime has lead to dextral shearing along sub-
vertical zones that follow the same NNW regional trend (Fig. 2a)
and contain sub-horizontal stretching lineations (Fig. 2b). The
granulite facies conditions of metamorphism in the VCC are
referred by Philipp et al. (2015) as 720—820 °C and 8—9 kbar. Peak
metamorphism was dated at 648 + 5 Ma (U-Pb SHRIMP in zircon —
Martil et al., subm.), interpreted as the approximate age of collision.
Similar metamorphic age values are reported for this complex by
Chemale Jr. et al. (2011) as 651 + 9 Ma (LA-ICP-MS, U-Pb in titanite).

The Arroio das Palmas Syenite (APS) is the intrusive part of the
VCC in the study area and will be described in detail next. The Butia
Granite (eastern part of Fig. 2a) is a syntectonic, sillimanite-bearing
peraluminous granite emplaced along a NNW-striking transcurrent
shear zone that is part of the Southern Brazilian Shear Belt.
Magmatic ages obtained in monazite point to a crystallization age
of 629 + 7 Ma (U-Pb ID-TIMS, Bitencourt et al., 2015). The Piquiri
Syenite Massif (western part of Fig. 2a) is a late-tectonic intrusion of
ca. 611 Ma (Philipp et al., 2002).

3.3. The Arroio das Palmas Syenite

The syntectonic character of the APS is indicated by several
features, such as (i) the magmatic foliation of the syenite is parallel
to a mylonitic foliation conformable to intrusion contacts; (ii) both
structures are parallel to the metamorphic banding of the wallrocks
formed under granulite facies conditions (Fig. 2b-c); (iii) micro-
structures of the deformed syenite varieties developed under high-
temperature conditions, as discussed in this paper; (iv) the

magmatic age obtained in a virtually undeformed variety of the
syenites (642 + 10 Ma, LA-ICP-MS zircon — Bitencourt et al., 2011),
is situated within error of the 648 + 5 value reported by Martil et al.
(submitted) for the granulite facies metamorphism. Concordant to
subconcordant intrusive relations are best seen in low-strain zones,
where intrusion geometry is preserved from further deformation
(Fig. 3a).

The APS main rock type is a porphyritic syenite containing ca.
40% of megacrystic, white K-feldspar (Kfs - ca. 2 cm) set in a mafic-
rich, medium-grained groundmass composed of biotite and clino-
pyroxene (Cpx) with minor amounts of amphibole and interstitial
quartz. Zircon and apatite are the main accessory phases. A sub-
ordinate variety is a medium-to fine-grained, inequigranular sye-
nite of similar composition. Scattered, subhedral Kfs megacrysts are
commonly found in the finer-grained syenite (Fig. 3b), and cm-long
lenses of the fine-grained variety in the porphyritic one (upper part
of Fig. 3b) are interpreted as indicative of their co-magmatic char-
acter. Fine-to medium-grained leucosyenites or syenogranites are
found as predominantly concordant, but occasionally discordant,
cm-thick veins crosscutting the other varieties (Fig. 3b). They are
interpreted to represent the late-stages of the APS magmatism.

The APS forms several foliated (Fig. 3c), concordant tabular
bodies of variable thickness (centimeters to tens of meters) intru-
sive in the metamorphic rocks. Their internal structure is given by
the cm-to m-alternation of the two main varieties (Fig. 3b), and a
similar relation is observed between the APS and the VCC gneisses.

The APS textural variation is enhanced by the heterogeneous
development of solid-state deformation under high-temperature
conditions (Fig. 3b-d). The progressive character of the subsolidus
deformation relative to the magmatic structures of the APS is
defined as a gradual transition from high-to low-strain zones which
alternate at variable scales, from hundreds of meters (Fig. 2a) to

Fig. 3. Mesoscale features of the APS. (a) Intrusive contact of APS porphyritic variety in paragneisses of the VCC as preserved within a low-strain zone. Notice the greater thickness
of the injection in the foreground and the thinner tip in perspective, which suggests opening of the wall rock foliation. (b) Fine-grained varieties alternating with porphyritic ones
either as tabular bodies of sharp contacts (center and lower part) or as highly-elongate lenses of diffuse contacts (upper part). Irregular contacts and variable amount of scattered Kfs
megacrysts within the fine-grained rocks indicate their coeval character. Leucocratic, cm-thick injections are either parallel or oblique to the main foliation. (c) Weakly-deformed
porphyritic syenite observed on XZ plane. Most of the aligned subhedral Kfs megacrysts mark the foliation trace (parallel to the photograph base) and some oriented anticlockwise
oblique crystals indicate dextral shear sense. (d) Highly-deformed porphyritic (lower part) and fine-grained (upper part) syenites observed on XZ plane. At the contact (center of the
photograph), the long recrystallization tails of a strongly deformed, asymmetric porphyroclast indicate dextral shear-sense.
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outcrop scale. Low-strain zones are recognized for the preservation
of igneous textures whilst in high-strain zones recovery and
recrystallization features are widespread.

4. Structural features and mineral composition of the APS in
low-strain zones

The APS has a generally well-developed, steeply-dipping
igneous foliation marked by the shape alignment of Kfs megacrysts
and biotite flakes, and by elongate aggregates of equant clinopyr-
oxene. The shape alignment of Kfs also defines a shallow to
medium-plunge mineral lineation. When observed in the plane

perpendicular to the foliation and parallel to the lineation (XZ
plane) some Kfs megacrysts are oriented anticlockwise oblique to
the foliation trace indicating dextral shear sense (Fig. 3c).

The main textural feature of the APS undeformed rocks is given
by aligned Kfs megacrysts surrounded by mafic groundsmass
(Fig. 4a). Kfs composition ranges from OrgyAbi3 to Org;Abgs
(Fig. 5a), and the crystals commonly have fine perthite lamellae
(less than 0.1 mm thick). Wherever two Kfs megacrysts touch,
swapped rim-type microstructures develop, either as perthite (Voll,
1960) or as fine (less than 0.1 mm) myrmekite (Vernon, 2004), as
observed in the inset of Fig. 4a. In this case, plagioclase composition
lies between Ab77Any; and AbggAnig with optical orientation

0.5 mm

Fig. 4. Microstructural features of the undeformed APS. (a) Thin-section scan showing the general aspect of least deformed porphyritic variety with subhedral, aligned Kfs
megacrysts in mafic-rich groundmass; notice finer grains developed by exsolution and/or recrystallization where megacrysts touch. Inset highlights swapped rim myrmekites
between two K-feldspars; (b) Perthitic K-feldspar megacryst locally surrounded by granoblastic feldspar grains which develop at the contact with another megacryst (upper right
and left), and are absent where megacryst is in contact with the groudmass (bottom). Misorientation within the megacryst (white arrows) may be due either to subgrain boundaries
or microcracks. The boundary at the top right is enlarged in (c) to show that perthite not only crosscuts them but also fills up the discontinuity. (d) Intersticial quartz with
chessboard pattern subgrains; the surrounding groundmass is predominantly composed by biotite and cpx. (e) Detail of mafic groundmass texture, with aligned biotite flakes and

Cpx aggregates.
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usually continuous with that of the neighbouring perthite, sug-
gesting a common exsolution genesis for these microstructures.

In mesoscopically undeformed samples, microscopic evidence
of intracrystalline deformation is recorded in Kfs megracrysts.
Microcracks parallel to cleavages, undulose extinction and sub-
grains of 0.5—1 mm in diameter are locally observed (as in the
center of Fig. 4a). Marginal recrystallization, with ca. 0.5 mm
granoblastic grains, is mostly restricted to the border regions of
interactive Kfs megacrysts (upper-right of Fig. 4a and b). Defor-
mational features in these mesoscopically undeformed grains, like
microcracks and/or subgrain boundaries, are locally cut or partly
filled by perthite lamellae (Fig. 4c), which indicates that deforma-
tion was effective above the solvus temperature. Interstitial quartz
usually exhibits chessboard pattern subgrains (Fig. 4d), indicative of
high-T deformation (Mainprice et al., 1986; Kruhl, 1996). The main
texture in the groundmass is defined by the orientation of biotite
lamellae or clinopyroxene grains and aggregates which surround
the megacrystic Kfs (Fig 4e).

The average Cpx composition is Woss5 Ensgz Fsigs7 Aegois
(Fig. 5b) overlapping the augite to diopside fields in the classifica-
tion of Morimoto (1988). The grains are elongate to equant with
maximum 0.5 mm size. They form elongate aggregates of up to
1 cm length, with subordinate amount of biotite.

Biotite forms ca. 1 mm long, well-aligned, reddish brown
lamellae containing 0.05—0.1 mm apatite and zircon inclusions. The

composition of biotite is characterized by low Fe/(Fe + Mg) ratios
(0.417—0.463), Al = (AI"Y + Al"") between 2.18 and 2.38 (Fig. 5¢), and
high Ti and CI content, ranging from 0.245 to 0.46 a.f.u., and from
0.54 to 0.80 a.f.u., respectively (Fig. 5d).

5. Structural features and mineral composition of APS in
high-strain zones

5.1. Mesoscale features of high-strain zones

In high-strain zones (Fig. 6a) the foliation becomes even more
well-developed as a result of progressive rotation of the Kfs por-
phyroclasts into alignment, and of their subsequent stretching into
asymmetric, dextral shear sense recrystallization tails (Fig. 3d). A
set of EW-striking, later subvertical antithetic shear bands is locally
developed and drag the foliation with sinistral shear sense (upper
right and lower left in Fig. 6a).

The presence of heterogeneously distributed leucogranite veins
of variable thickness is remarkable, and their larger volumes
coincide with the presence of dark-coloured, concordant, mm-to
dm-thick bands of fine-grained, ultramylonitic rocks whose
composition oscillates between that of a syenite and that of a
(quartz + plagioclase)-rich rock (Fig. 6a). These veins are succes-
sively injected into the host syenites with the earlier ones being
more strongly deformed along the main foliation, and locally
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Fig. 6. (a) Outcrop sketch with main structural features, sample locations and rock slab photographs. (b) Sample 02B — dry high-strain zone. (c) Sample 02G — wet high-strain zone.
The bracket highlights the band of (quartz-plagioclase) mylonitic rock in sharp contact with the porphyroclastic syenite which corresponds to the lower part of Fig. 9.

crosscut and displaced by younger and less deformed ones. The
same vein commonly branches out to follow both the main foliation
and antithetic shear bands (Fig. 6a, upper right corner), which again
suggests the coeval character of these structures.

The correlation of the presence of nearby veins with the ocur-
rence of distinct mineral compositions in the mylonitic syenites (as
described next) has led us to divide the studied outcrop in dry and
wet high-strain zones (DHSZ — Fig. 6b, and WHSZ — Fig. 6c,
respectively), which alternate at meter-scale. In the so-called dry
zone leucogranite veins are virtually absent, whilst the wet zone is
characterized by their concentration as a network that percolates
and interacts with APS varieties and possibly has aided or triggered
mineral changes.

In consequence, the DHSZ has a relatively homogeneous aspect
when compared to the WHSZ. Within the DHSZ a gradual transition
is observed between porphyroclast-rich and porphyroclast-poor
bands, leading to cm-thick bands of highly-deformed, finer-
grained syenites where the APS original composition is preserved
(Fig. 6a and b). In contrast, porphyroclastic syenites from WHSZ are
in sharp contact with the ultramylonitic varieties which may
contain scattered, very elongate, residual porphyroclasts. The fine-
grained rocks form cm-to dm-wide bands (indicated by bracket in
Fig. 6¢) or elongate, mm-wide lenses, and eventually become part
of the recrystallized matrix and enhance the banded aspect of the
resulting rock.

5.2. Compositional and microstructural variation across DHSZ and
WHSZ

5.2.1. Comparative modal composition

In order to compare modal compositions of the studied samples,
a bar graph is presented (Fig. 7) where it becomes clear that the dry
zone mineralogical composition is equivalent to that of the unde-
formed syenite. In both samples the main mineral is Kfs (54.5 and
42.3%, respectively), the difference being due to the volume of
exsolved albite (4.3 and 11%, respectively). The main mafic phases
are biotite (20 and 24%) and clinopyroxene (15.8 and 8.3%), and
quartz is subordinate (4 and 0.9%). In contrast, amphibole has some
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Fig. 7. Modal compositions for undeformed syenite, dry and wet high-strain zone
mylonites. Mineral abbreviations from Kretz (1983) except Ad = andesine.

importance in the undeformed sample (6.7%) but is not significant
in the deformed dry one (1.3%).

Although the undeformed sample is apparently more differen-
tiated when compared with the DHSZ sample, as indicated by the
proportion of quartz and relative proportion of amphibole to Cpx, it
is sufficiently similar for the purpose of this comparison, and could
be taken as an approximation of the protolith composition.

The mineralogical composition contrast of the wet zone sample
relative to undeformed and dry zone samples is also clear, in that
the wet zone sample shows amounts of Kfs and plagioclase of the
same order (25.2 and 24.4%, respectively), and 13% of quartz. Biotite
is still the main mafic phase (23.5%), but clinopyroxene disappears.
Instead, a small amount of amphibole (4%) is found, together with
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other secondary phases (chlorite, white mica, albite, sulphide and
calcite).

A very fine grained, plagioclase-rich, quartz-feldspathic grano-
blastic groundmass (16.3%) surrounds Kfs porphyroclasts and
sometimes forms elongate lenses interspersed with the mafic
phases. The composition of the fine-grained matrix was quantified
separately in one band (Ad 40.1, Qtz 27.9, Bt 17.7, Kfs 10.2 and Am
2%), and was computed together in the global composition of the
WHSZ porphyroclastic syenite, as shown in Fig. 7.

On the other hand, the sum of hydrated phases of the WHSZ
sample (31.1%) is similar to the sum of hydrated phases exhibited by
the undeformed sample (30.7%), which is almost one and a half
times greater than the sum of hydrated phases of the DHSZ sample
(21.3%).

5.2.2. Microstructures and mineral composition of DHSZ

The typical DHSZ rock is a strongly mylonitic syenite with var-
iable amount and size of Kfs porphyroclasts (Fig. 6b) whose
asymmetric recrystallization tails are formed exclusively of Kfs. The
porphyroclasts show the same compositional range as the ones
from undeformed samples (Fig. 5a). Undulose extinction is com-
mon, as well as 0.1-0.5 mm diameter subgrains which evolve to
new grains at porphyroclast margins and tails (Fig. 8a and b).
Exsolved albite commonly forms a thin film placed along subgrain
boundaries or between recrystallized Kfs grains (arrows in Fig. 8b).
The progression of Kfs porphyroclast recrystallization into grano-
blastic grains leads to the formation of lenslike granoblastic ag-
gregates which alternate along the foliation with mafic aggregates
to produce a discontinuous banding.

Clinopyroxene grain size ranges from 0.5 to 2 mm, and the larger
ones behave like porphyroclasts in the groundmass (Fig. 8c). The
average composition is very similar to the one obtained in the
undeformed rock, Wo445En375Fs171Aego 75, and therefore slightly
more magnesian than the primary ones (Fig. 5b). Cpx from DHSZ
has locally developed recrystallized tails (Fig. 8c inset), with

recrystallized grain size of about 0.1 mm and polygonal grano-
blastic texture. The recrystallized Cpx also have the same compo-
sition of the parent grain. Cpx recrystallization points to the high
temperature and low water content of the system during the
deformation in dry zones.

Biotite from the dry zone is optically similar to the primary one
as far as grainsize, inclusions and absorption colour are concerned,
but has slight compositional differences. Its Fe/(Fe + Mg) ratio is
slightly lower than that of biotite from the undeformed zone
(Fig. 5¢), with values between 0.37 and 0.41, whilst AV + Vi js
slightly higher, ranging from ca. 2.3 to 2.5 a.f.u. Ti contents are also
comparable to those of primary biotites, from 0.32 to 0.53 a.f.u. Cl
contents, on the other hand, are up to eight times lower than that
of the primary crystals, with values from 0.010 to 0.024 a.f.u.
(Fig. 5d).

5.2.3. Microstructures and mineral composition of WHSZ

The typical feature of WHSZ is the mesoscale repetition of
porphyroclastic syenite and quartz-plagioclase-rich ultramylonites.
In the porphyroclastic syenite, discontinuous banding is charac-
terized by interspersed biotite-rich layers and very elongate,
quartz-feldsphatic lenses which surround porphyroclast systems,
the latter being the main strain marker in the mylonitic rocks
(Fig. 9). Their asymmetric tails and the angle between their long
axes and the foliation indicate dextral shearing.

5.2.3.1. K-feldspar porphyroclasts and intergrowth mantles. A por-
phyroclast system consists of a relict core of perthitic Kfs, and an
intergrowth mantle of variable thickness which may be contin-
uous into an asymmetric recrystallization tail. Within the mantle,
myrmekite replaces Kfs preferentially along planes facing the
foliation, and coarse (up to 5 mm) plagioclase + quartz, micro-
graphic intergrowths may crystallize in strain shadows (Fig. 10a
and b). Kfs ranges in composition from Orgg Abiy to Orgg Abgg,
whilst plagioclase from the mantle falls in two compositional

Fig. 8. Microstructural features of APS in dry high-strain zones. (a) Dextral Kfs porphyroclast with large subgrains and recrystallized grains. Notice the relatively large size of
recrystallized grains. (b) Enlargement of area indicated by dashed line in (a) to show triple junctions between recrystallized grains. White arrows indicate the exsolution of perthite
preferentially along the boundary between porphyroclast core, and recrystallized mantle. (c) Cpx porphyroclast with fine recrystallized grains at the tip (enlarged in the inset).
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Fig. 9. Microstructural features of APS in wet high-strain zones. In the lower part of the photograph (corresponding to the bracket in Fig. 6¢) (quartz + plagioclase)-rich, mylonitic
groundmass is dominant, whilst the upper part features different stages of myrmekite rim development around asymmetric porphyroclasts of dextral shear sense surrounded by
the mylonitic foliation and mm-thick banding. Dashed rectangle indicates zoom area in Fig. 10.

Fig. 10. Photomicrograph (a) and SEM compositional map (b) of a Kfs porphyroclast (area indicated in Fig. 9) partially substituted by foliation-parallel myrmekite mantle and
micrographic coarse-grained aggregate of plagioclase and quartz crystallized in strain shadows. Black patches within orange areas in (b) are myrmekite, wormlike quartz grains in
the central bottom part, and irregular coherent intergrowths within plagioclase of left and right strain shadows. Arrow colours in (a) indicate different plagioclase compositions
obtained by microprobe analysis. Notice indented contact between porphyroclast core and mantle.

groups of andesine (Fig. 5a). Myrmekitic plagioclase is Ansg.s from Angy to Angg (yellow arrow in Fig. 10a). Kfs cores are
(green arrow in Fig. 10a). In micrographic intergrowths it ranges 1-20 mm in diameter and show virtually no intracrystalline
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Fig. 11. Microstructural features from the wet zone mylonites. (a) Well-developed myrmekite mantle around Kfs porphyroclast, with dextral shear sense indicated by recrystallized
tail asymmetry. Progression from myrmekite mantle to recrystallized tail is indicated by dashed rectangle and shown in detail (b). (c) Large euhedral plagioclase grains formed at

the margin of Kfs core.

deformation. Therefore, undulose extinction or subgrains are only
local and poorly developed in these relict cores. Fractures parallel
to cleavage planes are occasionally filled by quartz, secondary
minerals and, more rarely, fine myrmekite. The irregular yellow
patches within the reddish orange area near the Kfs core of
Fig. 10b is due to Ca-rich white-micas, and the nearby plagioclase
composition is albitic (Ang.12 — blue arrow in Fig. 10a). Addition-
ally, these minerals may form along the Kfs cleavages (right-hand
side of Fig. 10). Such features are interpreted to result from the
late-hydrothermal alteration of andesine.

Myrmekites nucleate preferentially along foliation-parallel
faces, but may progressively develop into a full, usually thicker
(up to 1.5 mm) rim, as shown in Fig. 11. Plagioclase from the myr-
mekite mantles is ca. 0.5 mm in size. Contacts between core and
mantle are usually sinuous, as shown in the enlargement of Fig. 11b.
The rim material may locally grow into the core along cleavage
planes and other discontinuities, which suggests a percolative
character of the replacement process. A gradation from myrmekite
to a very fine-grained polygonal granoblastic texture is observed
from the inner to the outer part of the rim, the incomplete process
leading to coexistence of individual quartz blebs and granoblastic
grains within the porphyroclast tail (Fig. 11b).

The large plagioclase grains from the strain shadows are anhe-
dral and exhibit sutured contacts with the Kfs core. They form
coherent intergrowths with irregular quartz grains that tend to
grow alternately along different twin boundaries of the plagioclase
(Fig. 10), and are thus considered as a type of micrographic inter-
growth. These micrographic intergrowths are also progressively
recrystallized into the clast tails. An additional textural type of
plagioclase found in the mantles is represented by subhedral grains
(ca. 1 mm) whose An content is similar to the ones found in mi-
crographic aggregates (Fig. 11c).

The progressive replacement of Kfs by quartz + plagioclase in-
tergrowths and their recrystallization, as described above, some-
times leads to nearly complete substitution of the porphyroclasts
by (quartz + plagioclase)-rich lenses of granoblastic aggregates

Fig.12. Myrmekite relict (white arrow) in the very fine-grained (plagioclase + quartz)-
rich mylonitic rock.

(Fig. 12) which contribute to the observed mm-thick banding of the
rock in thin section (Fig. 9). These may also form thicker bands
(lower part of Fig. 9), and eventually outcrop-scale bands (Fig. 6a).

5.2.3.2. Biotite texture and composition of the WHSZ relative to that
of other structural domains. Biotite is the main mafic phase in the
WHSZ and occurs in two generations, recognized initially by their
texture. The primary-looking ones are dominant, with grain size,
absorption colour and inclusions similar to the ones found in the
undeformed and DHSZ counterparts. Their composition, as
compared to the biotite from the other domains shows higher
contents of Al* (2.40—2.50) (Fig. 5¢) with intermediate values of Fe/
(Fe + Mg) (0.38—0.42) and Cl (0.022—0.395) (Fig. 5d). The Ti
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content is compatible with those of undeformed and dry zone
samples (0.28—0.44 a.f.u.).

The second generation of biotite is finer-grained
(0.05—0.1 mm) and occurs either at the tips of strain shadows
or as very fine trails in the recrystallized mantle, branching from
biotite-rich layers. It is in textural equilibrium with recrystallized
quartz and plagioclase grains (arrow in Fig. 11c). The composition
of this finer biotite is similar to that of the coarser ones (Fig. 5¢
and d).

The two generations of biotite from the WHSZ and biotites from
the DHSZ have parallel negative trends for Fe/(Fe + Mg) and Al.
They are both distinguished from biotites from the undeformed
syenite by their lower Fe/(Fe + Mg) and higher Al' content, espe-
cially those from the WHSZ (Fig. 5c). The Cl content is the best
discrimination parameter of biotites from different structural do-
mains (Fig. 5d). It is highest in the undeformed rocks, with inter-
mediate values in the WHSZ biotites and lowest in the DHSZ. A
general positive trend of Cl with Fe/(Fe + Mg) contents is also
apparent in this diagram.

6. Model for strain partitioning into dry and wet high-strain
zones

In order to illustrate the proposed model, Fig. 13 shows the
evolution stages in the strain partitioning of the studied syenites.
Magmatic structures have been developed by flow during syn-
tectonic emplacement (Fig. 13a). Continuous, heterogeneous
deformation has promoted progressive development of mylonitic
structures parallel to the primary ones during late-stage
magmatic crystallization of the syenite. At the same stage
(Fig. 13b) the increased water activity combined with heteroge-
neous strain-enhanced transport (Tullis et al., 1996; Brown and
Solar, 1998) of the residual magma through pre-existing folia-
tions in high-strain zones was responsible for de-stabilization
and resorption of early-formed igneous Cpx. Cpx dissolution
released Ca*™ to the magmatic liquid, and minor amounts of Cpx
could have been replaced by amphibole, which would also release
Ca™™. Kfs in turn, as the largest size active marker in the syenite,
has promoted liquid concentration in surrounding dilatant sites
and then became unstable under Ca-enriched conditions, being
replaced by andesine plus quartz (Fig. 13c — upper inset). Con-
trasting texture and microstructure, as well as slightly different
composition of the newly-formed plagioclase suggest two
different kinds of interaction between the early-crystallized Kfs
and the Ca-enriched, late-magmatic liquid: (i) Coupled dissolu-
tion of Kfs and magmatic crystallization of undeformed, calcium-
rich plagioclase (Angy-48) which forms either anhedral grains in
micrographic intergrowths with quartz, or finer prismatic grains;
(ii) Direct replacement of Kfs by myrmekite with slightly more
sodic plagioclase (Ansg_41). The more sodic composition of this
plagioclase is probably due to a greater contribution of the per-
thitic component in the replacement of Kfs. Mineral crystalliza-
tion in dilatant sites was probably accompanied by coupled
partial dissolution of the Kfs porphyroclast, since their core-
mantle boundary is invariably sutured (Fig. 10). The K" ions ex-
pected to have been released during partial dissolution or
replacement of Kfs could have been used to form second-
generation biotite. A qualitative bulk reaction matching Cpx
dissolution/hydration and Kfs dissolution-replacement by myr-
mekite may be written as follows:

Kfs + Cpx + water-rich magmatic liquid = Ad + Qtz + Bt (+Am)

The presence of micrographic intergrowth in strain shadows is
indicative of the water-rich condition of the late-magmatic liquid

(Fenn, 1986) necessary to start Cpx dissolution. On the other
hand, the occurrence of myrmekites unrestricted to porphyr-
oclast faces parallel to the main foliation, in some cases forming
complete rims (Fig. 11), points to the increasing importance of
liquid infiltration, instead of stress concentration, as the main
control of the reaction sites during progressive deformation. This
is also in agreement with previous data, as in Menegon et al.
(2006). Accordingly, the Cl content of biotite in WHSZ is
approximately twice that observed in DHSZ biotite. These values
confirm the more significant role played by fluids in the WHSZ
when compared with the DHSZ, which is also in agreement with
the comparison of the sum of hydrated phases (31.1 and 21.3%,
respectively). The remaining late-magmatic fluids could have
been responsible for the local hydrothermal alteration of ande-
sine to albite plus Ca-rich white mica.

With progressive strain both types of substitution rims were
further stretched and recrystallized. The reworking of the mantles
would probably demand less energy than the recrystallization of
the original Kfs megacrysts due to their initial polycrystalline
character and to their previously reduced grain size. In these fine-
grained domains, diffusion-accommodated grain-boundary
sliding (Passchier and Trouw, 2005) was probably an additional
deformation mechanism.

Progressive deformation of the intergrowth mantle has effec-
tively contributed to the genesis of the mylonitic foliation (as
argued by Vernon, 1991, Fig. 13c), and together with a predicted
volume reduction caused by the myrmekite-forming reaction (as
demonstrated by Simpson and Wintsch, 1989; Menegon et al.,
2006) has favoured the continuous inflow of water-rich late-
magmatic liquid. This has established a positive feedback between
late-magmatic liquid inflow and strain/reaction softening in the
wet zones, and promoted, in some cases, the complete replacement
of Kfs. The end-member of this transformation in the APS was the
generation of mm-to cm-thick bands of quartz-bearing ultra-
mylonites of granodioritic modal composition where Kfs and
myrmekite relicts are set in a very fine-grained granoblastic
groundmass composed mainly of plagioclase plus quartz (Fig. 12),
alternating with biotite-rich bands of approximately the same
thickness (Fig. 9).

The DHSZ, on the other hand, represents areas neighbouring
WHSZ which were drained (or maintained dry) and became melt-
poor. The primary mineralogy was preserved and the deformation
mechanisms were not influenced by the presence of melt in
disequilibrium, but instead were controlled by the granulite-facies
conditions (Fig. 13c — lower inset). Kfs was recrystallized probably
by subgrain rotation recrystallization (Passchier and Trouw, 2005).
Clinopyroxene was also recrystallized, although to a lesser extent.
The composition of DHSZ Cpx porphyroclasts and recrystallization
tails are virtually the same as in the undeformed syenite. Such
result points toward compatible conditions of crystallization and
recrystallization of the system, which is another piece of evidence
for the syntectonic character of the APS.

Apart from the differences between wet and dry high-strain
zones, the consistency of shear-sense indicators and the multiple
lines of evidence of syntectonic character of the magmatism in-
dicates synchronous or progressive development of high-T defor-
mation/crystallization in these different domains, thus indicating
strain partitioning, with fluid-enhanced, highest strain concentra-
tion in the WHSZ.

In summary, both dissolution of Cpx and replacement of Kfs
(directly by myrmekite-forming reaction or by coupled dissolution
and crystallization of andesine plus quartz from the late-magmatic
liquid) have acted together through melt-assisted dissolution-
replacement creep to transform the mineral composition of APS in
the WHSZ. This caused strain softening and a positive feedback
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with continuous water-rich magma inflow, whilst the adjacent rock
volume was deformed under dry conditions and the mineralogy
remained essentially stable (Fig. 13d).

7. Final remarks

The compatibility of deformation between dry and wet high-
strain zones of the APS is expressed by the concordance of struc-
tures and consistency of shear-sense indicators. Strain partitioning
into dry and wet high-strain zones, and the fact that widespread
myrmekite is restricted to the latter, demonstrates that in this case
fluids are the necessary triggering factor to promote the formation
of myrmekites.

In the APS, more than one variable has contributed to allow
melt-assisted dissolution-replacement creep to operate in the
WHSZ. Among them, we highlight the high temperature of gran-
ulite facies environment and the fertile composition of the ultra-
potassic syenitic system which have acted together to permit the
development of the observed features.

The high temperature of the system must have been kept near
the solidus for a time-span long enough to permit: i) the strain-
assisted transport of the water-rich, late-magmatic liquid
throughout high-strain zones; and ii) the re-equilibration of the
early-crystallized phases (Kfs and Cpx) by dissolution and
replacement in the presence of this liquid.

On the other hand, the fertile composition of the ultrapotassic
syenite determined the nature of these re-equilibrium reactions.
They are essentially due to the existence of an early crystallized
anhydrous Ca-rich phase (Cpx) and to the Ca-poor main mineral
(Kfs). Both phases became unstable due to the percolation of
water-rich, late-magmatic liquid and the consequent increase of
Ca™* released from the first. The Ca-rich composition of plagio-
clase from the studied myrmekites results from the Ca-rich nature
of the percolating liquid, which in turn results from the de-
stabilization of Cpx. The ultimate progression of this trans-
formation process has locally produced granodioritic modal com-
positions from syenitic magmas by interaction of early-crystallized
phases and water-rich, late-magmatic liquids under high-strain,
high-T conditions.

Myrmekite genesis is accompanied by drastic grain size reduc-
tion and volume decrease, thus enhancing plastic behaviour and
permeability, which in turn assists fluid inflow. Pervasive myrme-
kite formation as a consequence of deformation coupled with late-
magmatic liquid flow in syntectonic environments may contribute
significantly to deformation partitioning and strain softening in the

Fig. 13. - Cartoon depicting successive stages in the model proposed for strain parti-
tioning into dry and wet high strain zones of the studied syenites. (a) Development of
magmatic foliation marked by shape orientation of both K-feldspar phenocrysts and
matrix material; (b) progressive deformation of the mush is accompanied by hetero-
geneous injection of fluid-rich late-magmatic liquids, which facilitates strain softening;
(c) the positive feedback between deformation and fluid-rich magma inflow leads to
strain partitioning into dry high strain zones (DHSZ) and wet high strain zones
(WHSZ). Microstructures of the WHSZ (upper inset) points to melt-assisted dissolu-
tion-replacement creep mechanisms: dissolution of clinopyroxene (no longer found in
these rocks) by fluid-rich late-magmatic liquids release Ca*™* to replacement reactions
of K-feldspar by myrmekite (plagioclase Ansg_41) and coupled dissolution of K-feldspar
and igneous crystallization of micrographic intergrowth and subhedral plagioclase
(Angz-48). These intergrowths are reworked by dynamic recrystallization due to strain
softening. DHSZ microstructures (lower inset) result from dislocation creep mecha-
nisms with K-feldspar recrystallization by progressive rotation of subgrains and local
recrystallization of clinopyroxene. (d) WHSZ are continuously re-injected. Early in-
jections are disrupted and enhance ultramylonite banding. Younger, less deformed
injections crosscut early-formed ones. DHSZ remain so because they are not injected
by late-magmatic liquids. Original mineralogy is preserved, despite high strain con-
centration. In order to best illustrate overall aspects, figures a-d are out of scale.
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lower continental crust, thus expanding the field where
dissolution-replacement creep operates. The proposed model may
be able to account for significant changes in the lower-crust
rheology.
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