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a b s t r a c t

The Menderes Massif (western Turkey) is a metamorphic core complex that displays linked syntectonic
plutonism and detachment faulting. Fabrics in S-type peraluminous granites (Salihli and Turgutlu) in the
detachment (Alaşehir) footwall change from isotropic to protomylonitic to mylonitic towards the
structure. Samples from the isotropic and protomylonitic zones were imaged in transmitted light,
cathodoluminescence (CL), backscattered (BSE), and secondary electrons (SE), and show that these rocks
contain abundant microcracks, and that plagioclase grains have zoning consistent with magma mixing.
The granites contain fluid inclusion planes (FIPs), myrmekite replacing plagioclase, and the removal of
blue luminescence in K-feldspar along microcracks and grain boundaries. Calcite and hydrous minerals
commonly fill microcracks. The samples record features that formed due to (1) magma crystallization
and ductile deformation (FIPs, mineral zoning), (2) changes in P and/or T (impingement and stress-
induced microcracks in protomylonitic rocks), and (3) differences in intrinsic mineral properties (radial,
cleavage, blunted, and deflected microcracks). Overprinted microcracks indicate exhumation during
pulses. The Middle Miocene ages of these granites reported elsewhere are similar to those from large-
scale extensional structures in Greece’s Cycladic Massif. The Menderes and Cycladic core complexes may
have developed simultaneously due to the widespread intrusion of subduction-related granitoids.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Microcracks are important indicators of the deformation history
of rocks andminerals (e.g., Simmons and Richter,1976; Kranz,1983;
Kowallis et al., 1987). They demonstrate the mechanical behavior of
rocks, and can form due to thermal contraction during cooling,
applied tectonic stress, and relaxation during uplift (e.g., Wang
et al., 1989; Åkesson et al., 2004). Microcracks significantly affect
key properties of materials (strength, porosity, elasticity), and
provide pathways for fluid migration and storage. These features
are studied by researchers in fields as diverse as engineering
geology, medicine, wood science, materials science, hydrology,
petroleum geology, and petrology.

Granites are often used in studies of microcracking and frac-
turing (e.g., Vernon et al., 1983; Wang et al., 1989; Bouchez et al.,
ll rights reserved.
1992; Rao and Murthy, 2000; Janssen et al., 2001; Nasseri et al.,
2005; Kuksenko et al., 2009; Nadan and Engelder, 2009; Renard
et al., 2009). Granitic rocks are ideal, as they are common in the
Earth’s crust, typically are dominated by a few keyminerals (quartz,
feldspars, micas), and can be considered chemically homogenous
(e.g., Rao and Murthy, 2000) or isotropic (e.g., Hoxha et al., 2005)
over large areas. Granites can be considered effectively homoge-
nous with average characteristics (large-scale continuum
modeling) or anisotropic where microscale defects are taken into
account in estimating the nature of their deformation (grain-scale
discrete modeling) (e.g., Tamuzs and Petrova, 2002; Amitrano,
2006).

Microcracks are defined as planar discontinues in rocks on the
grain scale or smaller, commonly with some dilation but with
negligible displacement (Simmons and Richter, 1976; Kranz, 1983;
Passchier and Trouw, 2005). The term “microcrack” refers to the
individual microscopic defect, whereas “fracture” describes the
macroscopic structure comprised of multiple individual micro-
cracks (Dresen and Guéguen, 2004). Because they accommodate
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little displacement, unraveling the sequence of multiple genera-
tions of microcracks is difficult. In igneous assemblages, it can be
challenging to distinguish those that arise in the presence of melt
from those that develop during exhumation (e.g., Bouchez et al.,
1992; Nadan and Engelder, 2009).

Here we focus on two well-studied granitic plutons in the
Menderes Massif in western Turkey (Salihli and Turgutlu, Fig. 1)
(Hetzel et al., 1995a,b; Işık et al., 2003; Glodny and Hetzel, 2007;
Catlos et al., 2008, 2010). The rocks display a variety of micro-
cracks and other microtectonic features (e.g., Catlos et al., 2010).We
consider them a physical library that records their generation and
fault-driven exhumation history. Key features in the rocks are
identified using optical microscopy, high-resolution backscattered
electron (BSE), secondary electron (SE) and cathodoluminescence
(CL) imagery. X-ray element mapping was employed to help
interpret the microstructural evolution and understand the nature
of element migration facilitated by microcrack deformation. The
goals of this paper are to (1) link the complicated deformation
history of the Salihli and Turgutlu granites to their microtectonic
features and (2) examine the presence of fluids in the granites and
their role in the rocks’ alteration and reaction history. We also
briefly review the current understanding of the processes that may
generate microcracks in these rocks.

2. Geological background

2.1. Central Menderes Massif

The Salihli and Turgutlu granites are located below the large-
scale Alaşehir (or Kuzey) detachment surface that bounds the
northern edge of the central Menderes Massif metamorphic core
complex (Figs. 1e4). The Menderes Massif is one of several Aegean
core complexes exhumed during the mid-late Cenozoic (e.g.,
Yılmaz et al., 2000; Çemen et al., 2006). The central Menderes
Massif is bound in the south by the Büyük (or Güney) Menderes
detachment (Figs. 1e4). The Alaşehir detachment surface dips
w10e20�N, isw150 km long (Fig. 4) (Hetzel et al., 1995a,b; Gessner
et al., 2001), and the Büyük Menderes detachment fault has
a similar length, but dips w40�e60� SE and has a minor strike-slip
component (Gürer et al., 2009). Both structures may have operated
simultaneously in the Miocene to exhume the central Menderes
Massif (e.g., Gessner et al., 2001). The Alaşehir detachment surface
is cut by more recent high-angle normal faults (e.g., Seyito�glu et al.,
2000; Purvis and Robertson, 2005), which led to the suggestion
that the structure originally initiated at a high dip (48e53�)
(Bozkurt and Sözbilir, 2004) and rolled back to its present-day low
dip (e.g., Hetzel et al., 1995a,b; Koçyi�git et al., 1999; Gessner et al.,
2001; Sözbilir, 2001; Seyito�glu et al., 2002).

The Alaşehir and Büyük Menderes detachments separate the
central Menderes Massif from its northern (Gördes) and southern
(Çine) sections. The structures control the region’s distinctive EeW
trending grabens, termed the northern Gediz (or Alaşehir) and
southern Büyük Menderes (Bozkurt and Oberhaensli, 2001; Gürer
et al., 2009) (Figs. 1 and 2). The central Menderes Massif is bisec-
ted by a graben called the Küçük (small) Menderes (Figs. 1 and 2).

Rocks of the Menderes Massif have been subdivided into a series
of nappes emplaced in PaleoceneeEocene time (Figs. 1 and 2) (Dora
et al., 2001; Gessner et al., 2001; Ring et al., 2001, 2004; Regnier et al.,
2007). The Bayindir nappe is structurally lowest and experienced
greenschist facies metamorphism (Gessner et al., 2001) during
PaleoceneeEocene compression. This episode, termed “Main
Menderes Metamorphism”, is recorded in rocks throughout the
massif (e.g., Rimmele et al., 2003; Erdo�gan and Güngör, 2004). The
Çine and Bozda�g nappes overly the Bayindir nappe, both of which
record Precambrian and/or Eocene deformation and metamorphism
also related to compression (e.g., Satır and Friedrichsen, 1986; Loos
and Reischmann, 1999; Gessner et al., 2004). The Çine nappe is
comprised of amphibolite to granulite facies ortho- and para-
gneisses intercalated with metabasite (Gessner et al., 2001; Şengün
et al., 2006), whereas the Bozda�g nappe is comprised of amphibo-
lite-facies garnet-mica schists. Garnet-bearing assemblages from
these nappes showan invertedmetamorphic gradient (Gessner et al.,
2001;Ringet al., 2001),whichmaybe the result of heat redistribution
or polyphase deformation affecting garnet-based pressur-
eetemperature (PeT) calculations (Catlos and Çemen, 2005). The
Selimiye nappe, Cycladic blueschists, and Lycian nappes overlie the
Çine and Bozda�g nappes and contain high-P, low-T assemblages (e.g.,
Mgecarpholite) (Oberhaensli et al., 2001; Rimmele et al., 2003). The
Selimiye nappe is a metasedimentary sequence with a Precambrian
basal section overprinted by movement during the Alpine orogeny
(Gessner et al., 2001). The Cyclades Menderes Thrust (CMT) (Fig. 1)
(Gessner et al., 2001) emplaces blueschists and Lycian nappes over
the Menderes nappes.

2.2. Salihli and Turgutlu granites

The Salihli and Turgutlu granites are separated by an EeW
distance of w50 km (Fig. 3) and their petrology and structural
setting suggest syntectonic emplacement during Miocene slip
along the Alaşehir detachment (Hetzel et al., 1995a,b; Işık et al.,
2003; Glodny and Hetzel, 2007). In outcrop, the Salihli pluton is
w100 km2, whereas the Turgutlu granite is exposed over a smaller
area (w25 km2) (Fig. 3). Samples were collected from the main
bodies of both granites near the detachment surface, except Salihli
sample CC20, which is part of an injection complex deformed by
the structure (Fig. 4C) (see also Catlos et al., 2008, 2010). Both
plutons experienced low- tomid-greenschist facies metamorphism
and brittle deformation upon exhumation due to detachment
faulting (Hetzel et al., 1995a,b; Işık et al., 2003; Glodny and Hetzel,
2007). Moving towards structurally shallower levels, their fabrics
change from undeformed and isotropic (Fig. 4B) to deformed,
protomylonite to mylonite (Fig. 4C). At the highest levels, cata-
clastically deformed rocks are present in some areas (see also Işık
et al., 2003). Our samples are from the isotropic and proto-
mylonitic zones. In some locales, we found the Turgutlu granite
overlain by graphitic mica schist or biotite schist, whereas the
Salihli granite is overlain by augen gneiss or biotite schist. These
other rock types are part of the Bayindir nappe, which was affected
by movement along the Alaşehir detachment and comprise the
upper part of its surface (Figs. 1e3).

Samples EB01, EB04, and CC20 were collected from the Salihli
granite and samples EB06, EB08A, EB08B, and EB09A were
collected from the Turgutlu granite (Fig. 3) (see also Catlos et al.,
2008, 2010). The Salihli samples are dominated by
quartz þ plagioclase þ K-feldspar þ biotite þ pyroxene, with
minor amounts of muscovite and chlorite. Accessory minerals
include apatite, zircon, ilmenite, rutile, chloritoid and/or titanite.
In some samples, allanite, epidote, monazite, xenotime, and/or
thorite are present as accessory phases. Minor amounts of
hematite and calcite are also documented. Turgutlu samples have
a similar mineral assemblage as the Salihli samples, but do not
contain pyroxene, epidote, thorite, or chloritoid. Quartz, plagio-
clase and K-feldspar in both granites display undulose extinction.
Only Salihli sample CC20 contains monazite. Salihli granites in
general contain allanite as their dominant light rare earth element
(REE) phase, whereas Turgutlu samples contain monazite. Catlos
et al. (2008) demonstrate significant differences in the grain
shapes and zoning patterns of accessory minerals in the Salihli
and Turgutlu granites. Chloritoid was found only in Salihli sample
CC20. The mineral is commonly found at low- to medium-grade



Fig. 1. Map of the Menderes Massif southeast of the Izmir-Ankara Neotethyan Suture (IANS) after Sözbilir (2001) and Gessner et al. (2001). Inset shows the location of the massif in
relation to western Turkey. A schematic cross-section along AeA0 is shown in Fig. 2. Box shows the location of Fig. 3. Abbreviations: GG, Gediz Graben; AD, Alaşehir detachment;
KMG, Küçük Menderes Graben; BMG, Büyük Menderes Graben; BMD Büyük Menderes Detachment; CMT, Cyclades Menderes Thrust.

E.J. Catlos et al. / Journal of Structural Geology 33 (2011) 951e969 953
iron-rich metamorphic rocks (e.g., Wang and Spear, 1991) and in
contact metamorphic areoles (e.g., Finn et al., 1996). We suspect it
may be present in CC20 due to wall-rock contamination.

In general, Salihli samples are granodiorites, whereas Turgutlu
rocks can be considered as granodiorites (EB06, EB08B),
Fig. 2. Cartoon cross-section through the central Menderes Massif based on
monzogranites (EB08A), or syenogranites (EB09A), depending on
alkali content (Delaloye and Bingöl, 2000; Glodny and Hetzel, 2007;
Catlos et al., 2008, 2010). For simplification, we refer to them as
granites in this paper. All samples we analyzed are S-type, sub-
alkalic, and peraluminous. Salihli granites are calcic, whereas the
our field observations and Konak (2002). See Fig. 1 for line of section.



Fig. 3. Geologic and sample location map modified after Konak (2002), Seyito�glu et al. (2002), Işık et al. (2003), and Catlos et al. (2008). Abbreviations are the same as in Fig. 1.
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Turgutlu samples are alkaliecalcic or calcealkalic. Geochemical
analyses are consistent with the hypothesis that the rocks formed
in a volcanic arc setting and experienced a fractional crystallization
history (Delaloye and Bingöl, 2000; Glodny and Hetzel, 2007; Catlos
et al., 2008, 2010).

Biotite from the Turgutlu granite yields an 40Ar/39Ar age of
13.1 � 0.2 Ma, whereas those from the Salihli granite are
12.2 � 0.4 Ma (Hetzel et al., 1995a,b). Amphibole from the Salihli
granite is affected by excess argon and produces unreliable ages
Fig. 4. Field photographs of (A) the Alaşehir detachment, (B) the Salhili granodiorite expo
deformed by the Alaşehir detachment. Sample CC20 was collected from the locality in (C).
(Glodny and Hetzel, 2007). Salihli granite allanite grains range in
age from 11.2 Ma to 16.3 Ma (235Ue207Pb) (Glodny and Hetzel,
2007). Catlos et al. (2010) report in situ ion microprobe monazite
ages (ThePb) from the Salihli granite of 22 � 5 Ma to 9.6 � 1.6 Ma
(�1s) and from the Turgutlu granite of 19 � 5 Ma to 11.5 � 0.8 Ma
(�1s). These ranges likely result from episodes of exhumation
along the Alaşehir detachment. Zircons have not yet been dated
from either pluton. The granites likely were emplaced syntectoni-
cally during Miocene detachment faulting. Sedimentary evidence is
sed at lower structural levels with an isotropic fabric, and (C) the Salhili granodiorite
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consistent with pulses of exhumation due to movement along the
Alaşehir detachment (Purvis and Robertson, 2005).

3. Methods

Standard thin sections of samples from the Salihli (EB01, EB04,
and CC20) and Turgutlu granites (EB06, EB08A, EB08B, and EB09A)
were examined and photographed in transmitted light using an
optical microscope fitted with a digital camera. Although some
microcrack studies rely on specially-made thin sections (e.g.,
Richter and Simmons, 1977), we analyzed standard thin sections in
this study. Thin section-induced microcracks are typically cleavage
cracks (e.g., Richter and Simmons, 1977) and can be identified with
practice (Simmons and Richter, 1976). Some studies indicate that
sample preparation techniques do not noticeably affect crack data
(e.g., Kanaori, 1986; Moore and Lockner, 1995).

The rocks were imaged in BSE and SE using the JEOL8500
Superprobe located at the University of Texas at Austin. These
images were also manipulated using standard image analysis
techniques (alteration of brightness/contrast, edge-finding soft-
ware) using ImageJ software available from the National Institute of
Health. Regions of interest in the samples were photographed using
CL techniques with a Premier American Technologies luminoscope
model ELM-3R located in the Smithsonian Institution’s Department
of Mineral Sciences at the National Museum of Natural History (see
Sorensen et al., 2006). The electron beamwas runwith a vacuum of
<100 torr between 20 kV and 0.5 mA. An optical microscope and an
Olympus Opelco MagnaFire Model S99806 camera are attached to
the luminoscope. The camera captures three digital grayscale
images with a 1300 � 1030 pixel monochrome CCD through
a rotating RedeBlueeGreen (ReBeG) color filter wheel. The com-
plementing MagnaFire software then produces a final image by
combining the three ReBeG images. Exposure times varied
depending on sample, and ranged from 1 to 5 min.

To help interpret some of the textural features within the
granites, plagioclase grains were X-ray element (Ca, Ba, Sr, Fe, and
Na) mapped using the JEOL8500 Superprobe located at the
University of Texas at Austin (Ginibre et al., 2007; Ginibre and
Wörner, 2007). The maps were obtained using the instrument’s
wavelength dispersive spectrometers and operating at an acceler-
ating voltage of 15kv, a current of 20e40 nA and a probe diameter
of w5 mm. Each map took w3 h to generate. These conditions are
similar to those reported in Ginibre and Wörner, (2007). We found
no zoning in Ba, Sr, or Fe in the plagioclase grains, thus do not show
these maps here. The Na zoning is inversely related to the Ca
zoning. We found a clear correlation between plagioclase Ca
content and brighter CL intensity.

4. Microcrack background and nomenclature

The development of microcracks in granites is largely a function
of the rock’s mineralogy, changes in T and P, and/or degree of
interaction with fluids. Microcracks are produced when local stress
exceeds local strength (e.g., Simmons and Richter, 1976; Kranz,
1983). This scenario can occur because of differences in the
thermal expansion coefficients among different minerals and also
within theminerals themselves (crystallographic control) (e.g., Alm
et al., 1985; Gorbatsevich, 2003). In igneous systems, extensive
microcracking can occur when minerals change phase (e.g., a / b

quartz) (e.g., Sprunt and Nur, 1979; Kranz, 1983). The abundance of
specific minerals within rocks is also a control due the degree of
differences in thermal expansion coefficients and elastic moduli
throughout a sample and a given mineral’s ability to accommodate
plastic slip (e.g., Tapponnier and Brace, 1976; Kranz, 1983). The
interface angle between different minerals can also play a role in
microcrack initiation (e.g., Tapponnier and Brace, 1976). Annealed
fluid inclusions planes (FIPs) (also called healed microcracks, Tuttle
lamellae, bubble trails, bubble tracks, or bubble planes; Kowallis
et al., 1987) can also be sites of microcracking as they decrepitate
upon increasing T or decreasing P (Lin, 2002).

To a first approximation, microcracks propagate in the direction
parallel to the greatest principal compressive stress and perpen-
dicular to the minimum principal stress (Frank and Lawn, 1967;
Atkinson, 1987; Ingraffea, 1987; Rao et al., 2004), and numerous
studies explore links between microcrack orientation and a rock’s
broader tectonic environment (e.g., Kowallis et al., 1987; Jang et al.,
1989; Bouchez et al., 1992; Moore and Lockner, 1995; Nadan and
Engelder, 2009). In linear elastic fracture mechanics, a microcrack
propagates at the velocities approaching those of the speed of
sound when the critical stress-intensity factor (i.e., KIC ¼ for a mode
I opening crack), a material constant which relates stress and crack
length, is overcome (e.g., Atkinson, 1982; Ingraffea, 1987). The
critical stress-intensity factor is technically defined as the magni-
tude of the crack tip stress field for a particular mode in a homo-
geneous linear elastic material (Atkinson, 1987). Whether or not
a microcrack will propagate is influenced by the mechanism of
displacement at its tip (mode I, II or III) (e.g., Ingraffea, 1987;
Guéguen et al., 1990; Engvik et al., 2005), the rock’s PeT history,
the presence and activity of corrosive fluids (including their pH)
(Jamtveit et al., 2008), the degree to which minerals in the rock are
soluble in environmental fluids (Atkinson, 1984), and a rock’s
material properties. The rate at which a rock undergoes deforma-
tion also can influence microcrack development and growth (e.g.,
Costin, 1987; Vollbrecht et al., 1991). For example, thermal cracking
granites may be suppressed if a balance is maintained between the
volumetric strains of quartz and feldspar due to thermal contrac-
tion and elastic expansion (along a path of 10� 2 �C/km; Vollbrecht
et al., 1991). Residual strain and/or stress from a paleotectonic
environment can also factor (Savage, 1978; Atkinson, 1984;
Siegesmund et al., 2008).

In the geological sciences, microcracks are classified on their
location (inside grains only, cutting across grain boundaries),
process that created them (changes in P and/or T), intrinsic mineral
properties (volumetric strain, expansion coefficients), their
morphology, and even their filling material (Table 1) (e.g., Simmons
and Richter, 1976; Kranz, 1983; Passchier and Trouw, 2005).In
general, granites at low to moderate confining P are thought to
contain mainly tensile cracks (Kowallis andWang, 1983; Vollbrecht
et al., 1991; Dresen and Guéguen, 2004). Schild et al. (2001) indicate
that the majority of microcracks in granites are open cleavage
cracks in mica and are located along grain boundaries.

Fig. 5 outlines different mechanisms of microcrack propagation
that we speculate are relevant to intrusive igneous rocks (after Shah
and Ouyang, 1993; Li and Maalej, 1996; Momber, 2003). Many of
these features are identified in our samples. Each of the mecha-
nisms serve to increase rock toughness and decrease a material’s
critical stress-intensity factor KI to < KIC. Shielding (Fig. 5A) occurs
where multiple microcracks in front of the advancing main crack
tip consume energy, halting the main crack’s advancement (e.g.,
Hoagland et al., 1973; Shah and Ouyang, 1993; Li and Maalej, 1996;
Loehnert and Belytschko, 2007). The microcrack may be “trapped”
or “blunted” (Lange, 1970, 1971) by a grain, particle (aggregate in
material sciences literature; e.g., Li and Maalej, 1996), pore spaces,
compositional change, or fluid inclusion (e.g., Engvik and Stöckhert,
2007) (Fig. 5B). Conditions may be more favorable for a microcrack
to deflect (or “kink”) around a strongly-bonded particle or
compositionally distinct region (Fig. 5C) (e.g., Li and Huang,1990; Li
et al., 2008). In some cases, the crack can propagate through weak
particles, causing rupturing (or “spalling”) (Fig. 5D). A microcrack
can advance past particles, leaving them intact, but crack tips



Table 1
Types of microcracks in the Salihli and Turgutlu samples.

Microcrack type How identified (reference)

Based on location in thin section
Grain-boundary crack (GBC) Either coincide (coincident) with the grain boundary or lie in close proximity (non-coincident); can be impenetrable

or accommodate slip and grain shape change (Simmons and Richter, 1976).
Intragrain, intragranular,

or intracrystalline (intrag)
Present in the interior of grains only (Simmons and Richter, 1976; Kranz, 1983).

Intergrain, intergranular,
or intercrystalline

(interg)

Extend from a grain boundary into two adjacent grains but does not extend to a second grain boundary
(Simmons and Richter, 1976; Kranz, 1983).

Transgranular or multigrain crack (MGC) Crosses several grains and several grain boundaries (Kranz, 1983).
Based on process
Impingement (i) Due to compression of 2 or more grains; results in the splitting of grains or shedding of grain fragments

(Passchier and Trouw, 2005).
Mode I (tensile type, T) Form due to tension; opening or tensile (Dresen and Guéguen, 2004).
Mode II (shear type, S, sliding crack) Form due to shear; in-plane shear; perpendicular to the crack front (Dresen and Guéguen, 2004).
Stress-induced crack (SIC); stress crack Caused by non-hydrostatic stress; related to principal stress directions; can be independent of crystallography;

are often transgranular (Simmons and Richter, 1976).
Dislocation loop Loop-like structures due to the combination of edge and screw dislocations (Passchier and Trouw, 2005).
Coalescing crack Joined microcracks (e.g., multigrain crack connected to a grain-boundary crack) (Wong et al., 2001).
Overprinted Microcracks overlap texturally due to multiple episodes of deformation (McCaig, 1998; Mitra and Ismat, 2001).
Based on intrinsic mineral properties.
Radial When discussing a grain totally encompassed in a host, this crack will arise if volumetric strain of host

< totally enclosed grain; can also occur during indentation as a crack forms outside the edge of contact with
the indenter (Simmons and Richter, 1976; Frank and Lawn, 1967).

Cleavage Form parallel to cleavage planes in minerals (Simmons and Richter, 1976).
Blunted A microcrack stopped by a grain, particle, pore space, compositional change, or fluid inclusion

(Lange, 1970, 1971; Engvik and Stöckhert, 2007).
Based on morphology
Cone Cone-shaped; can develop at the base of a Hertzian indenter under certain conditions (Cai et al., 1994).
Zigzag Crack with offset segments; typically seen as intragranular cracks in plagioclase; controlled by cleavage and stress

(Shirey et al., 1980).
Based on crack-filling material
Filled Filled with some material or mineral (Nadan and Engelder, 2009).
Sealed Filled with minerals different from that of the broken host grain (Engvik et al., 2005).
Healed Closed by overgrowth on the broken host in crystallographic continuity; can be marked by planar arrays of

fluid inclusions (Engvik et al., 2005).
Open Do not contain material inside (Nadan and Engelder, 2009).

Microcrack type has the abbreviation in figures in italics. References are included for microcrack definitions.
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appear pinned (Fig. 5E). Eventually, the particles may rupture, or
become part of the main crack in an intact state; both processes
lead to a texture termed aggregate- or grain-bridging (Fig. 5F) (Li
and Huang, 1990). Microcracks may branch, in which secondary
crack tips develop or, depending on the interpretation (compare Li
andMaalej, 1996; Momber, 2003), link two pinned or blunted crack
faces (Fig. 5G). Crack bridges may form when two microcrack tips
deflect around a grain or compositionally distinct region (Fig. 5H).
Microcracks may coalesce, as can be observed with minerals with
sets of intersecting cleavage planes or intragranular cracks that join
with grain-boundary cracks (Fig. 5I). Microcracks can close due to
lithostatic P, interactions with chemically active fluids, or T changes
(Fig. 5J). Evidence for these closed and/or healed microcracks is
often linear sets of FIPs (e.g., Kowallis et al., 1987; Fleischmann,
1990; Michibayashi, 1996; Lespinasse et al., 2005) (Fig. 5J). Micro-
cracks can also fill with secondary minerals (chlorite, rutile, quartz,
or magnetite or other iron oxides are common in granites; Richter
and Simmons, 1977), leading to filled or sealed microcracks
(Fig. 5K). In rocks that experienced multiple episodes of deforma-
tion, filled microcracks may be overprinted (Fig. 5K).

Fig. 5 describes two-dimensional surface views of microcracks,
but rocks can also be viewed in cross-section as is typically done for
studies of coatings and film structures. Indentation studies of
coatings and thin films demonstrate that the types of microcracks
that develop during deformation are influenced by the thickness
and composition of the layers and how they are assembled (e.g.,
Lawn, 2004; Zhang and Fang, 2008; Wereszczak et al., 2009).
Applying this insight into granitic assemblages is useful, as it
illustrates that the types of microcracks that could develop in a rock
during deformation are influenced by a host of competing factors
including, but not limited to, the direction and magnitude of stress
in the lithosphere. The mechanism (impingement or shearing, for
example), the minerals present in the granite, their material
properties, and textural relationships determine the type of
microcracks that develop during deformation. Although micro-
cracks are assumed to form due to mismatching of coefficients of
thermal expansion among minerals within granite assemblages,
the decrepitation of fluid inclusions can also play a role at
increasing temperatures (Lin, 2002).

Whether or not microcracks exist in crystalline rock at depth in
the Earth’s crust is a matter of debate because of the mismatch
between field geophysical data and laboratory measurements (e.g.,
Crampin and Atkinson, 1985; Vernik and Nur, 1992). Based on
observations of compressional waves and electrical resistivity from
two boreholes in Wyoming and Oklahoma that exhibit little vari-
ation with depth, microcracks are speculated to be absent in
granites at >3 km depth in the Earth’s crust, or if present, are filled
with fluid (Simmons and Nur, 1968). Seismic velocity measure-
ments of crystalline rocks from the Cajon Pass well of California are
consistent with the idea that they are relatively free of open and
fluid-filled microcracks (Vernik and Nur, 1992). Microcrack life-
times can vary significantly; for example, microcracks in quartz are
speculated to anneal at T w200 �C under geologically short time
periods (w100 years; e.g., Brantley et al., 1990; Brantley, 1992).
Thermal cracking in granites is suggested to be a major factor at
T > 200e250 �C under confining pressures of 28e55 MPa, or
>100 �C at 7 MPa (Wang et al., 1989). Open cracks in granites may
close under lithostatic P of <2 kbar (Richter and Simmons, 1977;



Fig. 5. Schematic diagrams indicating mechanisms of crack propagation and interaction after Shah and Ouyang (1993), Li and Maalej (1996), and Momber (2003). Some examples of
these features in our samples are indicated by the figure and panel number. (A) Microcrack shielding. (B) Microcrack trapping or blunting due to the presence of a pore space,
particle (aggregate), fluid inclusion, or compositional change. (C) Microcrack deflection due to the presence of pore space, particle (aggregate), fluid inclusion, or compositional
change. (D) Microcrack blunting due to the spalling or fracturing of a weaker particle. (E) Crack face-pinning, which results in an array of intact aggregates or particles. (F) Aggregate
or grain-bridging where particles are fractured (left) or are intact (right). (G) Two interpretations of grain bridging in which a secondary crack tip develops (left) or where
microcracks with blunted tips are located in close proximity (right). (H) Microcrack bridging where two microcracks are deflected across a “bridge”which may be a particle, grain, or
compositionally distinct region. (I) Microcracks coalesce to form a single crack; (upper) two similar types of crack tips join, or (lower) two different types of microcracks join, for
example a multigrain and grain-boundary crack. (J) Crack-rim friction, where cracks close due to lithostatic P. If T > 200 �C, some of the sealed cracks are seen as fluid inclusion
planes (FIPs) (also called healed microcracks, Tuttle lamellae, bubble trails, bubble tracks, or bubble planes). (K) Filled or sealed cracks. Microcracks may also be overprinted during
multiple episodes of deformation.
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Feves et al., 1977; Kowallis and Wang, 1983; Vernik and Nur, 1992),
although this is debated (Crampin and Atkinson, 1985).

Transmitted, CL, and high-resolution BSE and SE images are
useful for identifying microcracks in granites that are not be
immediately visible using one imaging method alone. For example,
some cleavage microcracks and multigrain cracks (also trans-
granular) are visible in sample EB01 using transmitted light
(Fig. 6A), but CL imaging allows for a much clearer identification of
the features (Fig. 6B). BSE imaging demonstrates compositional
differences not seen in the CL images, but swarms of microcracks
present in the grains are not visible using this method (compare
Fig. 6B and C). The combination of imaging techniques applied here
facilitates observation and interpretation of microscale features.
Table 1 lists the types of microcracks we identified in the rocks.
5. Observations

5.1. Salihli granites

Samples CC20 and EB04 are from within the protomylonitic
zone of the Alaşehir detachment andwere obviously sheared by the
structure (e.g., Figs. 3 and 4C). Sample EB01 is structurally lower
and has an isotropic fabric in hand sample.

Minerals that show colors in CL imagery in our samples are
plagioclase, K-feldspar, quartz, calcite, and apatite. Qualitative terms
are often used to describe the colors of CL imagery (e.g., Sorensen
et al., 2006; Parsons et al., 2008). K-feldspar grains in these
samples are shades of blue as is typical of the mineral (e.g., Marshall,
1988; Finch and Klein, 1999; Parsons et al., 2008). Plagioclase grains



Fig. 6. (A)Transmitted light, (B) CL and (C) BSE images of regions in Salihli sample EB01. See Catlos et al. (2010) for additional CL images from this same rock. The larger white box in
(B) outlines the area in panel (C). The same large multigrain crack is outlined in white in panels (AeC). See Fig. 7 for detailed images of the smaller white box in panel (B). An X-ray
Ca map of the plagioclase grain encompassed by the smaller white box is presented as the first grain in (D). This panel shows X-ray Ca maps of an array of plagioclase grains in
sample EB01. The color scale bar corresponds to the relative amounts of Ca. Mineral abbreviations after Kretz (1983). Table 1 and Fig. 5 provide explanations of the microcracks and
their abbreviations.
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in the Salihli rocks are either shades of yellow and brown (samples
CC20) or green and olive (other EB samples). Note that plagioclase
grains in Turgutlu samples are yellow, green, and olive. Quartz in
both granites appears brown or orange in CL depending on the
degree of contrast applied. Apatite grains are bright yellow in the CL
images, whereas calcite is orange. Some minerals show no color in
the CL imagery, including allanite, monazite, muscovite, biotite, and
titanite.

In thin section, EB01 displays a wide range of microcrack types
(Figs. 6 and 7), including multigrain cracks that are open or sealed,
intragrain, intergrain, and grain-boundary microcracks, and over-
printed swarms. Apatite grains are spalled or have radial micro-
cracks originating at their grain boundaries. Some mineral grains
blunt microcrack propagation. Plagioclase records a variety of
microtextures and structures, including interior radial cracks and/
or cleavage cracks (some filled, some open), dislocation loops, and
healed FIPs. Some cleavage cracks in plagioclase accommodate
sliding. Blunted microcracks are present at compositional bound-
aries in the interior of plagioclase and at its grain boundaries.

Plagioclase grains within EB01 vary significantly in size (see also
Catlos et al., 2010). The presence of different size populations of
plagioclase grains in igneous systems is critically dependent on
cooling rate and thermal history above the liquidus (e.g., Pupier
et al., 2008a,b) and can lend insight into the presence of magma
mixing (e.g., Salisbury et al., 2008). In general, plagioclase in EB01
shows normal growth zoning with high Ca cores and lower Ca rims
(Fig. 6D). A change in environmental conditions during crystalli-
zation is recorded by some grains that show resorption (Fig. 6D).
Some plagioclase grains have patches of brighter material in BSE,
likely due to modification after crystallization (Fig. 7). The differ-
ence in zoning types and crystal sizes of plagioclase suggest the
Salihli granite is an outcome of the mixing of magmas that expe-
rienced separate thermal and chemical histories.

Some EB01 plagioclase grains have cross-sections that display
distinct cracked cores (Fig. 7). The core microcracks are open and
thicker than cleavage microcracks. Although not visible using
transmitted light, they are clearly seen in the CL, BSE, SE images and
X-ray element maps (Figs. 6 and 7). Using the combination of
imaging techniques, we find that the thick cracks in the core region
are restricted to higher Ca areas of the plagioclase grains. Rims of
many plagioclase grains in EB01 are affected by myrmekite that
formed due to a reaction with K-feldspar as the consumed phase
(Fig. 6B and D). Some microcracks that cut plagioclase and are
blunted at myrmekite. These contain higher Ca and may have been
conduits allowing fluids access to drive the formation of the myr-
mekite texture (Fig. 6D). Some plagioclase cleavagemicrocracks are
filled with biotite, a common mineral within multigrain cracks
(Fig. 6).

K-feldspar grains in EB01 are cut by microcracks that appear as
darker brown regions in CL (Fig. 6B). These are annealed micro-
cracks are filled with recrystallized K-feldspar as they are invisible
in BSE images of the rock. The removal of blue luminescence in
K-feldspar is thought to be driven by fluids (e.g., Finch and Klein,
1999). Many plagioclase grains in sample EB01 are cut by swarms
of overprinted microcracks visible as darker green streaks in the CL
images (Fig. 6B). These healed microcracks are not visible in BSE or



Fig. 7. BSE, SE, and processed images of plagioclase grains in Salihli sample EB01. Panels (AeC) are of approximately the same location and panels (DeF) are of approximately the
same location. See Fig. 6B for the locations of the grain in (DeF). The processed images (panels C and F) were generated by finding edges in both the BSE and SE images and adding
the results using NIH program ImageJ. Ca-rich cores are outlined with a white line in the SE images (B) and (E). Mineral abbreviations after Kretz (1983). Table 1 and Fig. 5 provide
explanations of the microcracks and their abbreviations.
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SE images, or in X-ray element maps of Ca, Ba, Sr, Fe, or Na, thus the
reasons for their difference in brightness in the CL images is
currently unknown. These swarms cut cleavage microcracks and
the grain itself at various angles, indicating they are not controlled
by crystallography. Some cleavage cracks within the plagioclase are
partly healed and sealed as evident by linear FIPs (Fig. 7). Some
cleavage cracks in the plagioclase are cut by multigrain cracks,
some of which were either sealed completely or partially (Fig. 6B).

Sample CC20 shows similar features as EB01, including the types
of microcracks (grain-boundary, intragrain, intergrain, and multi-
grain), presence of FIPs and myrmekite (Fig. 8). Plagioclase grains
with thicker, cracked cores in regions of higher Ca are also present,
but some of the core cracks are healed (Fig. 8B). These healed cracks
have lower Ca contents (Fig. 8E). As with sample EB01, K-feldspar
grains in CC20 are cut by microcracks that are dark brown in CL.
Plagioclase in CC20 records both normal and flat compositional
zoning in Ca. We did not observe the swarms of annealed micro-
cracks in plagioclase as is present in EB01, although some grains
contain flame-type structures localized along microcracks (Fig. 8A).

Salihli sample EB04 experienced ductile deformation as evi-
denced by its protomylonitic fabric and geochemistry (Fig. 9). In this
sample, resistant porphyroclasts of quartz, plagioclase, and allanite
grains show top-to-north sense of shear (towards right in Fig. 9). In
sample EB04, a s-object plagioclase clast is deformed, resulting in
a “shear band type” fragment (Fig. 9A, B). The development of shear
bands or shear band cleavage is an important softening mechanism
in mylonitic rocks (Ji et al., 2004; Passchier and Trouw, 2005).
Impingement microcracks are common in EB04 (Fig. 9D, E). As with



Fig. 8. (A) CL image of region in Salihli sample CC20. The areas indicated by “flame” are regions of brighter CL in the plagioclase grains, and may be due to edge effects along
microcracks in the sample. See Catlos et al. (2010) for additional CL images from this same rock. White box in (A) indicates the region in panels (BeD). (B) BSE image of a plagioclase
grain in sample CC20. White box in (B) indicates the region of the X-ray Ca map in (E). Monazite in this image was dated at 9.6 � 1.6 Ma (Catlos et al., 2010). (C) SE image with some
prominent cracks and FIPs indicated. Ca-rich regions are outlined with a white line. Panel (D) is the processed image using the same method outlined in the caption for Fig. 7. (E) X-
ray Ca maps of the region in panel B. The color scale bar corresponds to the X-ray element maps. Mineral abbreviations after Kretz (1983). Table 1 and Fig. 5 provide explanations of
the microcracks and their abbreviations.
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Salihli samples EB01 and CC20, brighter regions in CL images of
plagioclase correlate with higher Ca and brighter BSE contrast.
Individual plagioclase grains in EB04 differ with some grains
showing patchy zoning in Ca, whereas others have oscillatory cores
with normal zoning at the rims (Fig. 9C, F). This sample, unlike other
Salihli rocks, has calcite, likely as a secondary mineral due to CO2-
rich fluid reactions with An-rich zones of plagioclase (Leichmann
et al., 2003) (e.g., Fig. 9H, I). Some plagioclase cores are corroded
and contain rounded calcite grains (e.g., Fig. 9I). Calcite also appears
as veins that cut plagioclase phenocrysts and parallel the foliation of
the mylonite (Fig. 9E). Some plagioclase cores show radial micro-
cracks; some show regions of healed microcracks with FIPs that cut
across grain boundaries.

5.2. Turgutlu granites

Figs. 10e12 show CL, BSE, SEI and processed images of Turgutlu
samples EB06, EB08A, EB08B, and EB09A. Samples EB06, EB08A and
EB08B were collected from the protomylonitic zone of the Alaşehir
detachment. Sample EB09A differs as this sample was collected
from granite margin, w5m from metamorphosed wall rock. Some
dark brown quartz grains in sample EB09A have small (1e10 mm-
sized) reddish brown rims which may be due to fluid alteration
(Müller et al., 2008; Catlos et al., 2010). In general, these rocks show
similar textures to those of Salihli samples, including plagioclase
with cracked cores and multiple generations of microcracks.
Plagioclase grains in the rocks display a range of zoning types,
including flat, patchy, normal, reverse, and oscillatory.
For example, sample EB06 contains a large plagioclase grain
with a patchy, lower Ca core and oscillatory rim that transitions to
lower Ca contents (Fig. 10A). This grain is impinged upon by
a smaller grain that itself displays brittle deformation. Some
microcracks in the plagioclase grain originate at the boundary
between the patchy core and the rest of the grain (Fig. 10D). A cone
crack in one plagioclase grain in sample EB06 likely developed
during deformation (Fig. 10A). In Fig. 10B, a larger plagioclase grain
with clear tension gashes is impinged upon by a smaller, euhedral
grain. The euhedral grain has been affected by cleavage cracks and
swarms of microcracks. Tension gashes (or stress-induced cracks)
in the larger plagioclase grain do not extend into adjacent K-feld-
spar and plagioclase matrix. A thin band of myrmekite exists at the
grain-boundary between this plagioclase and K-feldspar (Fig. 10B),
which has been altered to darker blue in CL along microcracks.
Bands of darker material in CL exist at the grain boundaries
between the plagioclase grain with the tension gashes and other
plagioclase. Overall, plagioclase in the rock is affected by cleavage
cracks, intragranular and multigrain cracks, swarms, dislocation
loops and grain-bridging cracks (Fig. 10).

Samples EB08A and EB08B contain plagioclase grains in contact
with abundant K-feldspar and quartz (Fig. 11). These rocks display
a protomylonitic fabric, and myrmekite is common in both samples
at the boundaries between K-feldspar and plagioclase. Plagioclase
appears consumed and altered to darker brown in CL as the myr-
mekite texture formed. Quartz blebs in the myrmekite texture seal
grain-boundary microcracks (Fig. 11A). Many plagioclase grains in
these rocks have biotite inclusions in their cores only and cleavage



Fig. 9. Transmitted light images (A, D, G) and CL images (B, E, H) of regions in Salihli sample EB04. Each pair of images (A and B, D and E, and G and H) is of approximately the same
location. White boxes indicate regions where plagioclase grains were X-ray Ca mapped (C, F, I). The color scale bar for the X-ray Ca maps is shown on panel (C). The (i) indicates
where we observe impinging plagioclase grains. Mineral abbreviations after Kretz (1983). Table 1 and Fig. 5 provide explanations of the microcracks and their abbreviations.
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cracks that radiate from the core to the rim. For example, the
plagioclase grain in sample EB08A has a lower Ca core, which we
outline in white (Fig. 11BeD). Although microcracks exist within
the lower Ca core, many radiate from the contact zone between the
core and higher Ca rim. In sample EB08B, plagioclase grains show
similar behavior (Fig. 11E). In both samples, microcracks are often
filled with lower Ca plagioclase with dark brown luminesce lumi-
nescence. Likewise, recrystallization zones are present in K-feld-
spar that luminesce dark brown or dark blue. As with the other
granite samples, plagioclase in these samples show a range of grain
sizes, normal and reverse zoning types, cleavage cracks and crack
swarms. In sample EB08B, we see evidence for brittle deformation,
as plagioclase grains are fragmented and appear cataclastically
deformed (Fig. 11B).

Sample EB09 differs from the other Turgutlu rocks as K-feldspar
is rare and quartz is present as rounded grains in a network of
plagioclase (Fig. 12). Grain-boundary cracks are commonly present
at the contacts between quartz and plagioclase. Most plagioclase in
the sample is green in CL; we found one grain with a core with
bright yellow luminesce and high Ca. Microcracks in this core are
sealed with quartz. Many cracks along grain boundaries and
cleavage planes in plagioclase in the rock are characterized by
darker luminescence.

6. Discussion

6.1. Tectonomagmatic history

The deformation history of the Salihli and Turgutlu granites can
be linked to their microtectonic features, including compositional
zoning of major minerals and microcracks. Fluids were involved at
each step in their evolution. Fig. 13 summarizes the types of
microcracks and textures that we speculate to form in the granites
under magmatic or premylonitic conditions and those that form
during solid-state mylonitization or subsequent brittle detachment
slip. This figure focuses mainly on the plagioclase grains, which are
the most useful in terms of identifying and recording microcracks
and the granite’s chemical evolution. Microcracks in plagioclase are



Fig. 10. (A and B) CL images of Turgutlu sample EB06. See Catlos et al. (2010) for additional CL images from this same rock. Monazite in this rock was dated at w15 Ma (Catlos et al.,
2010). Twin plane and stress-induced cracks (SICs, tension gashes) in plagioclase are indentified. We also identify where plagioclase shows normal and reverse compositional
zoning. The (i) indicates where we observe impinging plagioclase grains. (C) X-ray Ca map of the plagioclase grain identified in panel (A). (D) BSE image of the mapped plagioclase
grain with some microcrack types indicated. The patchy core of the plagioclase grain is outlined. Mineral abbreviations after Kretz (1983). Table 1 and Fig. 5 provide explanations of
the microcracks and their abbreviations.
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the result of an interplay between composition (An content),
mechanism (magmatic processes and tectonic activity), and the
textural arrangement of the minerals within the rock.

6.1.1. Magmatic phase
In both granites, plagioclase zoning and inclusion patterns

provide important information about the magmatic history of the
rocks. Common accessorymineral inclusions are apatite, biotite and
monazite. Monazite is found only in the outermost rims of the
plagioclase grains or in thematrixof the granites (Catlos et al., 2010),
suggesting it appeared at the latest stage during the crystallization
process (Fig. 13A). The range of plagioclase zoning types (patchy,
normal, reverse, oscillatory), grain sizes (from several 100 mm to
mm-sized), and deformational features within a single thin section
(Fig. 13B) indicate these granites are a product of magma mixing
(Hibbard, 1981; Andersson and Eklund, 1994; Janou�sek et al., 2004;
Salisbury et al., 2008). For example, Turgutlu sample EB06 contains
a large plagioclase grainwith a patchy, lower Ca core and oscillatory
zoned rim (Fig. 10A). In this same rock, smaller grains with reverse
and normal Ca zoning are present. In Salihli sample EB01, large
plagioclase grains with patchy zones and cleavage microcracks
coexist with smaller grains with Ca-rich cores and radial micro-
cracks (Figs. 6 and 7). Magma mixing is a process stated to be
“ubiquitous” in arcmagmas (Varol et al., 2008), but oftenoverlooked
in granitic assemblages (Müller et al., 2005).

During magma mixing, it is possible that large cracks began to
appear within the An-rich cores of the plagioclase grains (Fig. 13B
and C) (e.g., Janou�sek et al., 2004). Microcracks appear thicker and
more prevalent in the Ca-rich zones of many plagioclase grains
(e.g., Figs. 6e8). The origin of these types of cores has been sug-
gested to be the result of magma mixing (Janou�sek et al., 2004). For
example, the type of core seen in Fig. 7DeF has been observed
during partial melting experiments (see Fig. 3B in Tsuchiyama and
Takahashi, 1983) and has been related to thermal events due to



Fig. 11. (A) CL image of Turgutlu sample EB08A. See Catlos et al. (2010) for additional CL images from this same rock. Monazite in this rock range from 11.5 � 0.8 Ma to 15.0 � 1.4 Ma
(Catlos et al., 2010). White box indicates the plagioclase grain in panels (BeD). (B) BSE image, (C) SE image, and (D) processed image of the plagioclase grain identified in panel (A).
The low Ca core of the plagioclase grain is outlined panels (BeD). The processed image (D) was generated using the same method outlined in the caption for Fig. 7. (E) CL image of
Turgutlu sample EB08B. The arrow indicates a region of brittle deformation. See Catlos et al. (2010) for additional CL images from this same rock. Mineral abbreviations after Kretz
(1983). Table 1 and Fig. 5 provide explanations of the microcracks and their abbreviations.
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magma mixing. However, these types of cracks are also attributed
to decompression as magma ascends to the surface (Pietranik and
Waight, 2008). Based on this observation, we speculate that
during decompression, microcracks present within plagioclase
cores lengthen and widen (Fig. 13C).
It has long been known that the degree to which plagioclase
thermally expands is strongly compositionally dependent (Kozu
and Ueda, 1933; Skinner, 1966). For example, if heated from 20�

to 1000 �C, albite (An1) will expand almost twice as much as
anorthite (An95) (2.75% vs. 1.45% volume; Kozu and Ueda, 1933).



Fig. 12. (A) CL image of a region of sample EB09A. See Catlos et al. (2010) for additional CL images from this same rock. Monazite in this rock range from 19.2 � 5.1 Ma to
13.2 � 0.8 Ma (Catlos et al., 2010). White box indicates the area in the BSE image in panel (B). White box in panel (B) indicates location of the plagioclase grain that was X-ray Ca
mapped located in panel (C). Mineral abbreviations after Kretz (1983). Table 1 and Fig. 5 provide explanations of the microcracks and their abbreviations.
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More recent data indicates that the thermal expansion coefficient
varies from 3.03 � 10�5 K�1 for albite to 1.53 � 10�5 K�1 for anor-
thite, and decreases continuously between the two end members
(Angel et al., 2009). The crystal structure of anorthite itself does not
appear to significantly change depending on T (Foit and Peacor,
1973). In our samples, some microcracks in the Ca-rich cores of
the plagioclase are blunted at Na-rich boundaries (e.g., Fig. 7D),
suggesting they were faced with a stronger region and were unable
to overcome material constraints to propagate.

Microcracks are oftenwider in the Ca-rich regions of plagioclase
than along the mineral’s cleavage planes. Thermal expansion
experiments of granite show the average width of microcracks
increases with increasing peak T under atmospheric P conditions
(Lin, 2002). Some cracks within the plagioclase are parallel to
boundaries between the Ca-rich and Na-rich regions, suggesting
these areas are zones of weakness for crack initiation (Figs. 7 and
11). The distinctively cracked cores of An-rich regions of plagio-
clase are present in the metamorphosed granite (Fig. 12), indicating
they can be preserved during subsequent deformation.

6.1.2. Exhumation onset, premylonitic phase
Based on studies of deep boreholes and core recovery, the first

microcracks to appear in granites with significant plagioclase
compositions during exhumation are those that form along grain
boundaries due to differences in elastic anisotropy among minerals
(Gorbatsevich, 2003). Thermal cooling and the regional stress field
are also responsible for the introduction of microcracks in granitic
assemblages (Plumb et al., 1984; Vernik and Nur, 1992). Calculations
of stress release between mineral pairs suggest that in granite with
significant plagioclase contents, grain-boundary cracks initially
manifest along quartzemicrocline grain boundaries when the rocks
are extracted from a depth of w10.4 km, and along oligocla-
seemicrocline grain boundaries at w11.4 km, and along amphib-
oleeoligoclase grain boundaries at up to 26km(Gorbatsevich, 2003).
Based on these observations, we speculate that grain-boundary
microcracks were likely some of the first to appear in the Salihli and
Turgutlu granites during their exhumation and cooling (Fig. 13C).

These grain-boundary microcracks are ideal regions for fluid
movement and induced alteration, including myrmekite formation
(Fig. 13D). Myrmekite is present in both the Salihli and Turgutlu
granites. The texture can form due to exsolution or replacement
(Passchier and Trouw, 2005; Menegon et al., 2006; Yuguchi and
Nishiyama, 2008) and is commonly seen as a breakdown product
of K-feldspar during retrograde metamorphism and metasomatism
(e.g., Yuguchi and Nishiyama, 2008). Stress-induced myrmekite can
also develop due to fluid-mediated reactions within shear fractures
of K-feldspar porphyroclasts (Ree et al., 2005). The texture is clearly
seen in these rocks as consuming plagioclase (e.g., Figs. 6 and 11;
Catlos et al., 2010), and is also found along fractures near over-
printing microcracks (Fig. 10). Myrmekite has been seen to develop
as deformation increases in granitoid assemblages (Michibayashi,
1996; Menegon et al., 2006).

Further evidence of fluiderock interactions at the premylonitic
stage in these granites is the presence of FIPs, which exist within
quartz grains and healed cleavage microcracks in plagioclase (e.g.,
Fig. 7). These features can form during post emplacement cooling
when the granite is at T > 200e400 �C and reflect thermal defor-
mation prior to the rock’s uplift, cooling, and unroofing (e.g,.
Kowallis et al., 1987; Fleischmann, 1990; Vollbrecht et al., 1991;
Nadan and Engelder, 2009).

6.1.3. Protomylonitic phase
Protomylonitic textures are clearly seen in the granites collected

along the Alaşehir detachment, and include impingement, defor-
mation twinning, sliding, tension, and stress-induced microcracks
(Figs. 9 and 10). In the ductile to brittle transition, intragranular
tensile microfracturing can also occur with the formation of addi-
tional FIPs (Selverstone et al., 1995; Michibayashi, 1996;
Wawrzyniec et al., 1999). Some stress-induced microcracks are
overprinted (Figs. 10B and 13E), indicating the rocks experienced
multiple episodes of deformation. In contrast to the premylonitic
sample (EB01), multigrain microcracks are often closed, sealed or
healed in the protomylonitic rocks. The presence of overprinted
swarms of healed microcracks recorded in some plagioclase grains
is further evidence of a multistage deformation history affecting
both the pre- and postmylonitic rocks (e.g., Figs. 6,12 and 13C, E). K-
feldspar microcracks and grain boundaries are darker blue or
brown in the CL images (e.g. Figs. 6, 11 and 13D). Tetrahedral Ti4þ

has been speculated to be an activator for blue luminescence in
alkali feldspar minerals (Parsons et al., 2008). The alteration of
feldspar to darker red colors in CL has been related to late-stage
hydrothermal fluid interactions that remove blue emission (Finch
and Klein, 1999). Many of the darker grain boundaries between
the feldspar grains as seen in the CL images do not appear
compositionally distinct in the BSE images, thus we speculate that
fluids likely triggered dissolution/reprecipitation reactions that
recrystallized feldspar, but did not significantly affect major
element compositions.



Fig. 13. Cartoons used to link textures to processes that may have occurred in the granites, focusing primarily on the evolution of plagioclase grains. A schematic grayscale bar
represents An content. (A) Plagioclase grain after crystallization. This grain has normal zoning, and includes apatite and zircon. Monazite is present only in its outer rim or in the
matrix, as is typical for plagioclase in the Salihli and Turgutlu samples that contain monazite as an accessory mineral. (B) Examples of plagioclase grains of different zoning types
that are evidence these granites experienced magma mixing. Both granites record a range of plagioclase grain sizes and zoning types. During magma mixing, some thick cracks
develop in high An content regions of the grains. (C) Cartoons depicting processes that may occur during decompression. These include: the development of grain-boundary
microcracks (GBC) at mineral contacts and dislocation loops in plagioclase, the widening and lengthening of microcracks in the An-rich regions of plagioclase and along cleavage
planes, and the appearance of swarms of microcracks. (D) Evidence for fluiderock interactions, including the presence of FIPs, minerals that fill cracks (calcite and biotite), and
myrmekite. K-feldspar grains are altered along microcracks. (E) Some common deformation textures observed in the granites, including impingement microcracks, the development
of twin planes, tension gashes and stress-induced microcracks, overprinted microcracks and the further development of myrmekite.
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Brittle features in granites are expressed in the rocks on the
grain-scalemicrocracks andmultigrain cracks. Some of these cracks
are sealed with hydrated minerals like biotite and muscovite,
suggesting the presence of fluids. Other brittle features include
intragranular microfractures in porphyroclasts with infillings of
secondary minerals, like quartz and calcite (see also Michibayashi,
1996) (Fig. 9). Calcite is characteristic of low-T alteration
(Michibayashi, 1996; Passchier and Trouw, 2005) and has been
related to the infiltration of CO2-rich fluids that decompose An-rich
zones in plagioclase (Leichmann et al., 2003). In some mylonites,
calcite is a cataclastic phase, occurring in veins replacing preexist-
ing microstructure (Michibayashi, 1996). Fluids enter the cores of
the plagioclase via microcracks and/or twin planes. Some plagio-
clase grains display patchy zoning (e.g., Fig. 3D and 7A). This type of
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zoning is interpreted as a result of a decrease in confining P on
water-deficient magma during its rise in the crust (Vance, 1965). In
this case, crystallization of more sodic plagioclase develops as the
mineral is partially resorbed due to a fall in P. In the Salihli and
Turgutlu granites, however, patchy zones are higher in Ca, in close
association with microcracks (Fig. 7A). We suspect this type of
compositional modification occurs due to fluid modification and
alteration along microcrack pathways.

6.2. Broader tectonic implications

Subduction roll-back is often cited as a key driving force for
models for Aegean extension (e.g., Royden, 1993; Burchfiel et al.,
2000; Çemen et al., 2006; Dilek, 2006; Edwards and Grasemann,
2009), but how this process evolved temporally is speculative.
Extension may initiate in the Rhodope massif of northeastern
Greece and southern Bulgaria during the Eocene (e.g., Lips et al.,
2000) and progressively transferred in time to the south towards
the Kazdag, Cycladic, Menderes and Crete Massifs. Granite plutons
are commonly found deformed within and/or cut by major
detachments in many of these core complexes. Thus, the approach
of targeting detachment-exhumed granites to improve under-
standing of the extensional dynamics in the Aegean region is
favored by several researchers (e.g., Bingöl et al., 1982; Keay et al.,
2001; Altunkaynak and Dilek, 2006; Brichau et al., 2008; Dilek
and Altunkaynak, 2009).

The source of the Salihli and Turgutlu granites is thought to be
subduction of the Eastern Mediterranean floor along the Hellenic
trench in a volcanic arc setting (e.g., Çemen et al., 2006; Dilek et al.,
2009). This is a similar to what is speculated for the granites further
west, located along large-scale extensional structures in the
Cycladic Massif (e.g., Iglseder et al., 2009). For example, zircon
grains from granite intrusions in the Naxos metamorphic core
complex range in age from 11.3 to 15.4 Ma (Keay et al., 2001),
whereas those from the island of Mykonos are 13.5 � 0.3 Ma
(Brichau et al., 2008). Mylonitic orthogneisses from the island of
Serifos yield 11e15 Ma RbeSr ages, and have been related to the
initial stage of a metamorphic core complex formation (Iglseder
et al., 2009). K-feldspars from mylonitic augen gneisses from the
South Cyclades Shear Zone on the Greek island of Ios experienced
an episode of argon loss w14 Ma, likely due to a thermal pulse
coincident to and related to the intrusion of magmas (Baldwin and
Lister, 1998). Activity along that shear zone was pulsed, rather than
slow and continuous. This is consistent with observations of the
textural features in the Menderes Massif protomylonitic assem-
blages reported here and the sedimentary record in the Gediz
graben that indicates the Alaşehir detachment experienced
episodes of pulsed extension (Purvis and Robertson, 2005).

One model for core complex formation is based on the intrusion
of magmas at mid-crustal levels at rates faster than regional
extension (Parsons and Thompson, 1993; see review by Corti et al.,
2003). This model has been applied to the Aegean (Lister and
Baldwin, 1993) and appears relevant to the formation of the
Menderes metamorphic core complex. During the Middle Miocene,
the Menderes and Cycladic core complexes may have developed
simultaneously due to the widespread intrusion of subduction-
related granitoids and the slowing of processes occurring along the
Hellenic arc. The slowing subduction is thought to occur sometime
between 35 and 10 Ma (Marsellos et al., 2010) with the develop-
ment of significant accretionary prismwithin the arc atw15Ma (Le
Pichon et al., 2002). The combination of slowing subduction and the
presence of widespread crustal melts worked to trigger extension
and the development of structures like the Alaşehir detachment
and South Cyclades Shear Zone. These melts were products of
magma mixing, have complex and unrelated geochemical
signatures, but clearly record mineral crystallization and/or defor-
mation events during the Middle Miocene. Although lithologies
and structures in the Menderes and Cycladic massifs do not strictly
correlate (e.g., Ring et al., 1999; van Hinsbergen and Boekhout,
2009), the large-scale processes that worked to drive their forma-
tion may be similar.

7. Conclusions

Transmitted light, cathodoluminescence (CL), backscattered
electron (BSE) and secondary electron (SE) images of two Miocene-
age S-type peraluminous granites (Salihli and Turgutlu) located
within the footwall of the Alaşehir detachment fault in western
Turkey document the rocks’ tectonomagmatic history. The combi-
nation of imaging techniques facilitates observation and interpre-
tation of the rocks’ microscale features. The rocks are separated by
an EeW distance of w50 km and are thought to have been syn-
tectonically exhumed during detachment faulting. As reported here
and elsewhere, the plutons grade from an isotropic fabric to
a deformed, protomylonitic to protomylonitic fabric structurally
upward. The majority of our samples were collected from the
protomylonitic zone below the Alaşehir detachment surface.

Both the isotopic and protomylonitic rocks show multiple
generations of overprinted microcracks consistent with evidence
that the rocks experienced pulses of extension during core complex
exhumation. Open multigrain microcracks are commonly seen in
the premylonitic sample (EB01), but are not commonly observed in
the protomylonitic rocks. Within both granites, plagioclase grains
indicate non-equilibrium conditions and magma mixing. Plagio-
clase grains are the most useful in recording the tectonic evolution
of the granites, as they preserve compositional zoning and micro-
crack features. Microcracks are thicker and more prevalent in Ca-
rich cores and zones of the mineral, likely due to the compositional
control on thermal expansivity. Plagioclase outer rims are often
affected bymyrmekite. Fluids are involved inmyrmekite formation,
even those that are deformation-induced (e.g., Ree et al., 2005). The
granites were significantly affected by fluid/rock interactions as
documented by the removal of blue luminescence in K-feldspar
along grain boundaries and microcracks, and precipitation calcite
and hydrated minerals (e.g., biotite, chlorite) in microcracks in
plagioclase cores and rock matrix.

These granites yield similar ages to others in the Cycladic Massif
(Baldwin and Lister, 1998; Iglseder et al., 2009), suggesting the
presence of widespread crustal melts in the Aegean from the early
to middle Miocene. Those crustal melts, working in concert with
the slowing subduction along the Hellenic arc, may trigger the
development of metamorphic core complexes in western Turkey
and Greece. Microcrack evidence from the granites is consistent
with evidence that core complex formation in the Menderes Massif
occurred in pulses.
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