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A comparison of petrofabric and strain in phyllitic rocks from Crete, Greece has been undertaken using
Anisotropy of Magnetic Susceptibility (AMS) at room and low temperature, the Projected Dimension Strain
method (PDS), and X-ray Texture Goniometry (XTG) of phyllosilicates. The magnetic (at room and low
temperature) and strain fabrics show similar orientations, with the minimum axes of the AMS ellipsoid
coincident with the flattening direction of a pronounced solution mass-transfer deformation (SMT). The kpax
axes of the AMS and the maximum stretching axis of the deformation overlap in the NNE-SSW direction,

i‘sl/;mrds' parallel to the axes of macroscopic folds. The quantitative relationship between the absolute values of strain
PDS and AMS is unclear. Nevertheless, a degree of correlation is found between the Woodcock diagram values of
XTG AMS and strain. Sy values discriminate better the clustered samples of kn.x whereas the girdled samples of
SMT kmax are better differentiated with the S, values. The stacking of the octahedral layers in micas correlates
Crete with Sy in the clustered kq,.x axes fabrics. The lack of a clear quantitative relationship is probably related to

the generation of new phyllosilicates during folding and SMT deformation.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Since early work with Anisotropy of Magnetic Susceptibility (AMS)
measurements at low field (e.g., Graham, 1954), a principal aim of
magnetic fabric studies has been to relate the magnetic ellipsoid with
the petrofabric of deformed rocks (Rees, 1965; Graham, 1966;
Borradaile and Tarling, 1981; Borradaile and Jackson, 2004). If the
relationship between the magnetic ellipsoid and the strain ellipsoid is
well-understood, AMS represents a valuable tool to measure finite
strain in deformed rocks in a relatively fast and non-destructive
manner (Goldstein, 1980; Rathore, 1980; Kligfield et al., 1981, 1982;
Hrouda, 1982; Borradaile, 1987; Lowrie, 1989; Borradaile, 1991;
Jackson and Tauxe, 1991; Rochette et al., 1992; Hirt et al.,, 1993;
Tarling and Hrouda, 1993; Averbuch et al., 1995; Housen et al., 1995;
Borradaile and Henry, 1997; Liineburg et al., 1999; Parés and van der
Pluijm, 2002, Anderson and Morris, 2004). Although previous studies
have documented that the orientations of the magnetic and strain
ellipsoids are generally similar (Kneen, 1976; Wood et al., 1976;
Kligfield et al., 1977; Rathore, 1979; Kligfield et al., 1982; Rathore and
Henry, 1982; Liineburg et al, 1999), their magnitudes are more
complexly related and a clear empirical relationship has yet to be
established for all lithologies (Kligfield et al., 1981; Borradaile, 1987,

* Corresponding author. Universidad de Zaragoza, C/Pedro Cerbuna 12, 50009
Zaragoza, Spain.
E-mail address: boliva@unizar.es (B. Oliva-Urcia).

0040-1951/$ - see front matter © 2010 Elsevier B.V. All rights reserved.
doi:10.1016/j.tecto.2010.02.013

1988; Hirt et al., 1988; Borradaile, 1991; Liineburg et al.,, 1999).
However, the shape magnetic parameter (T) has been shown to be a
good indicator of the deformation intensity in slates that experienced
a low-to-moderate degree of deformation (Parés and van der Pluijm,
2003 and references therein).

The AMS ellipsoid is primarily sensitive to the degree of alignment of
each contributing mineral phase (paramagnetic, ferromagnetic and
diamagnetic). Consequently, the relationship between AMS and strain is
strongly affected by sample mineralogy, such as the abundance of
ferromagnetic grains (like magnetite, with high susceptibility values) or
diamagnetic minerals (including quartz and calcite) (Henry and Daly,
1983; Borradaile, 1987; Hrouda, 1987; Rochette, 1987; Borradaile, 1988;
Borradaile and Sarvas, 1990; Housen and van der Pluijm, 1990; Jackson,
1991; Hirt et al., 2004). Deformation processes, including grain rotation,
grain sliding, kinking or new crystallization of grains, may affect an
entire rock or only certain magnetic carriers. Therefore, the develop-
ment of the magnetic subfabrics (paramagnetic, ferromagnetic and
diamagnetic separately) may occur at different times in the history of a
rock that experiences evolving deformational and metamorphic condi-
tions. For example, shear related to thrust movement seems to affect
remagnetized ferromagnetic grains, with k.« axes following the thrust
transport direction within the bedding plane, whereas the AMS ellipsoid
orientation follows the intersection lineation which in turn is related to
either the stretching direction or to the crenulation of platy minerals
such as phyllosilicates (Aubourg et al., 1995, 1997, 1999; Aubourg and
Chabert-Pelline, 1999). Different generations of white mica and chlorite
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produce a mixed magnetic fabric between bedding and cleavage that
cannot be used as strain gauge (Debacker et al., 2004), and chlorite
crystallization related to cleavage development results in a “tectonic”
fabric with the kq,;, at the pole of the cleavage planes (Housen et al.,
1993; Hirt et al,, 2004). Thus, an observed AMS ellipsoid reflects the
integrated history of deformation. This complicated pattern can only be
unraveled with detailed knowledge of the mineralogy and deforma-
tional processes that have affected a sample.

In this work we investigate the relationship between the magnetic
fabric ellipsoid (at room and low temperature) and the strain ellipsoid in
siliciclastic rocks from Crete. Here, solution mass-transfer deformation
has resulted in a widespread, sub-horizontal cleavage. The measure-
ments obtained with the Projected Dimension Strain (PDS) method
(Feehan and Brandon, 1999; Ring and Brandon, 1999) reflect the strain
developed during solution mass-transfer (SMT) deformation, whereas
AMS measures the orientation distribution of all grains (detrital and
newly-formed) post-deformation. In addition, high-resolution X-ray
Texture Goniometry (XTG) data provide an absolute quantification of
the orientation of the paramagnetic minerals (mostly micas).

2. The Phyllite-Quartzite Unit of Crete

The Phyllite-Quartzite Unit (PQ) of Crete, Greece, is a package of
Late Carboniferous to Late Triassic marine siliciclastics with minor
limestones, gypsum, and volcanics (Krahl et al., 1983; Dornsiepen
et al,, 2001) (Fig. 1). During Oligocene subduction of the downgoing
African Plate beneath the European margin, these deposits were
accreted through underplating at the base of the Hellenic wedge (e.g.,
Le Pichon and Angelier, 1981; Angelier et al., 1982). The PQ sediments
experienced high-pressure, low-temperature (HP-LT) metamor-
phism event (about 0.8 to 1.0 GPa, 250 to 400 °C) that culminated
at about 25 Ma (Theye et al., 1992; Jolivet et al., 1996; Rahl et al.,
2005). The subsequent cooling to below 300 °C took place at a
pressure of 0.3-0.4 GPa during a first stage of decompression between
24 (at the earliest) and 19 Ma at an average rate in excess of 4 mmy/a,
followed by a second stage from 0.3 GPa to <0.1 GPa between 19 and
15 Ma with an average rate of less than 2 mmy/a (Rahl, 2005).

The phyllites and quartzites of the PQ unit preserve extensive
ductile deformation acquired during the HP-LT event and subsequent
exhumation (Greiling, 1982; Fassoulas et al., 1994; Jolivet et al., 1996;
Stockhert et al., 1999). Progressive deformation is evident from both
field and microscropic observations. On a macro-scale, the PQ unit
displays multiple generations of m to km-scale, commonly recumbent
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Fig. 1. Simplified geologic map and tectonostratigraphy of Crete, after Rahl et al. (2005).

tight folds. Boudinage is occasionally present in the fold limbs and
associated with chloritoid, recrystallized quartz, and white mica
(Greiling, 1982; Stockhert et al., 1999). A macroscopic stretching
lineation often trends N to NE, inferred to be parallel to both the first-
generation of fold axes and the inferred direction of plate convergence
(Stockhert et al., 1999). The folds are modified by a pervasive sub-
horizontal foliation interpreted to form early in the deformation
history during underplating. At a microscopic scale, deformation of
detrital quartz is indicated by a strong shape-preferred orientation.
Several lines of evidence indicate that SMT was the primary
deformation mechanism active in the phyllites that comprise the bulk
of the unit (Schwarz and Stockhert, 1996; Stockhert et al., 1999; Rahl,
2005). Quartz grains generally show little evidence of internal
deformation such as undulose extinction, sub-grain development, or
low-angle grain boundaries (Fig. 2), and when such features are present
their orientation is random, suggesting inheritance from the source
terrane rather than development following deposition (Stockhert et al.,
1999). Quartz c-axis data from the phyllites do not reveal a fabric
(Schwarz and Stockhert, 1996), further indicating that intracrystalline
processes did not contribute significantly to the deformation. The edges
of quartz grains commonly are lined with phyllosilicates that appear to
have facilitated dissolution, and quartz-mica fibers commonly mantle
the edge of the detrital grains, oriented parallel to the extension
direction within the rock (Fig. 2). The bedding and cleavage planes are
sub-parallel and near to the horizontal in all sampled sites.

3. Methods
3.1. Magnetic susceptibility

3.1.1. Carriers

The measurement of the bulk magnetic susceptibility at low
temperature (down to liquid nitrogen, i.e.: 77 K) helps to determine
the role of paramagnetic phases (Richter and van der Pluijm, 1994).
The paramagnetic susceptibility K, (largely due to phyllosilicates in
phyllites) increases linearly with decreasing temperature (T) accord-
ing to the Curie-Weiss law: K, = C/(T —¢), where C is a constant and
¢ is the paramagnetic Curie temperature. Thus, the temperature
dependence of susceptibility allows the identification of paramagnetic
minerals when these grains are the main carrier of the fabric.

3.1.2. AMS
Magnetic susceptibility is a physical property of solids and
represents the capacity of the material to be magnetized in a given

Fig. 2. Plane-light photomicrograph of a representative sample from the Phyllite-
Quartzite unit. Section is oriented in the X-Z plane (perpendicular to the macroscopic
foliation). Detrital quartz grains are internally undeformed but still show a prominent
shape-preferred orientation. Insoluble micaceous selvages are often associated with
parts of truncated grains. Fibrous overgrowths of quartz and subordinate white mica
are straight and parallel to the extension direction.
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magnetic field. The magnetic susceptibility (Ky,) is described as a
symmetric second-rank tensor that relates the applied magnetic field
(H) to an induced magnetization (M): M=KxH. This property is
anisotropic (Nye, 1957). The anisotropy of magnetic susceptibility
(AMS) in rocks depends primarily on crystallographic preferred
orientation, shape fabric of grains, composition and magnetic
interactions between grains (Tarling and Hrouda, 1993). Three axes
define the susceptibility ellipsoid: maximum (kmax), intermediate
(kine) and minimum (ks ). The orientations of these axes correspond
to the eigenvectors of the susceptibility tensor. Other parameters that
contain information about the shape and degree of magnetic fabric
development are: the magnetic lineation (L= kmax/kint), magnetic
foliation (F=kin¢/kmin). Following Jelinek (1981), the corrected
anisotropy degree, P’, shows the intensity of the preferred orientation
of minerals; the shape parameter T varies between — 1 and + 1, with
T<0 for prolate shapes and T>0 for oblate ellipsoids. The principal
axes of the ellipsoid are displayed on a stereographic equal area
projection to compare with the axes of the strain ellipsoid. The
clustering of the k.« axes is quantified and shown in the Woodcock
diagram, which displays the relationships between the eigenvalues
for every axis (Woodcock, 1977). This diagram allows us to
distinguish between girdle or cluster distributions for a chosen axis.
The grouping of the chosen axis at each site is defined by three
eigenvalues and three eigenvectors. The three eigenvalues
(e1>e2>e3) sum to 1, and their logarithmic relationship is expressed
in the Woodcock diagram, with L,, being the “Woodcock lineation”
(Lw=Ln(el/e2)) and F,, the “Woodcock foliation” (F,,=Ln(e2/e 3)).
C values are a measurement of the strength of the preferred
orientation. For more details see Parés et al. (1999) and Larrasoafia
et al. (2004).

A total of 11 sites were investigated for the study of the AMS. All
measurements (8 to 10 standard specimens per site) were performed
on a susceptibility bridge, Kappabridge KLY-2.03 (Geofyzika Brno) at
the University of Michigan, by measuring 15 directional susceptibil-
ities with a frequency of 920 Hz. The sensitivity of the coil is about
5% 1077 SI. The data reduction process for each individual sample is
as follows: first the matrix elements and individual errors are
calculated following Jelinek (1978). AMS measurements give the
orientations and magnitudes of the kyin <Kint < Kkmax axes of the AMS
ellipsoid. Second, the bootstrap statistics for the matrix elements are
calculated (Tauxe, 1998).

Low-temperature AMS (LT-AMS) analyses to separate the para-
magnetic fabric were performed at the Magnetic Laboratory of the
University of Zaragoza. The samples of four sites (2 sites from the girdle
distribution and 2 sites from the cluster distribution of k,,.x axes) were
immersed in liquid nitrogen (77 K) 1 h before starting the procedure.
The apparatus used for the measurements is a KLY3S (AGICO
company) in spinning mode. The samples were measured in air, but
between the 3 different positions the samples were immersed again in
liquid nitrogen for about 10 min (as in Liineburg et al., 1999). Each of
the three positions measured in rotation mode takes about 10-20 s.
The AMS determined by this measurement protocol was repeatable.

Because paramagnetic minerals follow the Curie-Weiss law
(Ko=C/T—0) at low temperatures, such measurements enable
estimation of paramagnetic AMS. This approach produces a magnetic
susceptibility intensity approximately 3.8 times higher than at room
temperature (298/77), assuming purely paramagnetic phases with
paramagnetic Curie temperature around 0 K (Liineburg et al., 1999).
The increase of the AMS axes is not symmetric at low temperature:
the knax axes increase by a factor larger than the ky,;, (Parés and van
der Pluijm, 2002). The measurements of AMS at low temperature also
provide the orientations and magnitudes of the Ky < kine < kmax axes
of the AMS ellipsoid that can be compared results obtained at room
temperature.

The partial anhysteretic remanent magnetization (pARM) is
acquired when a sample is placed in a large alternating field (AF)

with decaying amplitude, in the absence of a DC bias field; the bias
field is switched on when the AF amplitude reaches a value H;, and
switched off again when the amplitude has decayed to Hy; the AF then
decays to zero with no bias field. This procedure magnetizes the
population of particles with remanent coercivities between H; and H,,
while randomizing the moments of the other particles (Jackson,
1991). H=H;+10mT and the window where the bias field is
switched on moves from O to 100 mT. The result provides the
coercivity spectra of the sample. The measurements in pilot samples
from the 11 sites did not produce consistent results, so we discarded
the anisotropy of the anhysteretic remanent magnetization (AARM)
analyses to separate the ferromagnetic fabric. Nevertheless, the AMS
itself provides reliable information about the orientation of minerals
to compare directly the AMS ellipsoid with the strain ellipsoid.

3.2. Strain analysis

The microstructures of the PQ unit have been well-characterized
but little work has been conducted to determine the magnitude and
orientation of strain within the rocks (Schwarz and Stockhert, 1996;
Stockhert et al., 1999; Rahl, 2005). The Projected Dimension Strain
method (PDS, details in Ring and Brandon, 1999 and Rahl, 2005) is
applied to quantify deformation within the phyllites of Crete. The PDS
method is specifically designed for rocks deformed primarily by SMT.
Truncated detrital grains are used to measure pressure-induced
shortening by comparing the average grain-dimension parallel to the
shortening axis with the average grain-dimension parallel to the
extension direction (which remains preserved during SMT deforma-
tion). Since extension is accommodated through the precipitation of
fibrous overgrowth, extensional stretches were estimated by using
the modal abundance of fibrous overgrowth (Feehan and Brandon,
1999). Because the initial grain dimensions are preserved in the
direction of extension, the PDS method provides absolute (rather than
relative) strain measurements. Samples are analyzed in at least two
thin-sections, one within the foliation plane and a second perpendic-
ular to the foliation and parallel to the direction of maximum
extension. A detailed description of the methodology and application
to these samples is provided in Rahl (2005).

3.3. X-ray Texture Goniometry (XTG) and scanning electron microscopy
(SEM)

X-ray Texture Goniometry analysis allows the determination of
the crystallographic preferred orientation of phyllosilicates in rela-
tively small regions (ca. 1 mm?). Oriented samples (200-400 um
thick) were cut perpendicular to the foliation (and bedding) and
attached to a glass slide using sticky wax. After polishing, the samples
were removed from the slides, glued on aluminum holders and placed
in a modified Enraf-Nonious CAD 4 automated single-crystal
diffractometer with a molybdenum (Mo) source (alpha=0.7107 A)
housed in the Electron Microbeam Analytical Laboratory (EMAL) at
the University of Michigan.

Following the method of van der Pluijm et al. (1994), bulk X-ray
diffraction (XRD) analysis was performed to identify the mineral
phases present in the sample. The detector was rotated to the 26 value
corresponding to the Bragg diffraction angle of the 001 and/or 002
plane of phyllosilicates (10 A for mica, 7 A for chlorite). Each sample
was then rotated and the intensity of the diffracted beam recorded at
each of about 1300 positions. The normalized intensity data are
expressed in multiples of random distribution (m.r.d. Wenk 1985), a
standard statistical measure of the relative randomness of a
distribution. When a preferred orientation exists, the diffracted
beam intensities cluster, and the intensity of that clustering is a
function of the relative perfection of the fabric.

Scanning electron microscopy (SEM) constrains the interpreta-
tions of X-ray data by providing images of the mineral assemblages
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Table 1
Values from AMS measurements at room temperature. L: lineation, F: foliation, P':
corrected anisotropy degree, T: shape parameter and K,: bulk magnetic susceptibility.

Sample L F P T Kin (107 °)SI
000624-3 1.0278 1.0293 1.1258 0.5985 73.5910
000627-1 1.0381 1.1958 1.2605 0.6573 58.4400
000627-3 1.0361 1.1778 1.2373 0.6579 415310
000627-4 1.0619 1.1269 1.2005 03297 81.1010
000629-1 1.0118 1.0982 1.1224 0.7791 107.5067
000630-2 1.1026 1.2065 1.3418 0.3497 13.0340
000631-2 1.0582 1.1107 1.1813 0.3426 23.9489
000631-3 1.0080 1.1609 1.1939 0.8883 2153370
000702-1 1.0203 1.0739 1.1013 0.5720 26.8509
020901-1 1.0340 1.1681 1.2238 0.6548 21.7120
020904-7 1.0320 1.1619 1.2141 0.6551 30.8700

and measured fabrics. SEM provides information about the mm to um
scale mineralogical distribution of mineral species within a sample.
These data, combined with any crosscutting relationships observed in
back-scattered electron (BSE) images, provide information about the
mineralization processes and fabric development within the samples.
Selected polished samples were cut perpendicular to the cleavage
plane and parallel to its dip direction, and were coated with carbon.
Back-scattered imaging and semiquantitative analyses of the mineral
composition have been obtained using two SEM/EDX systems in the
EMAL laboratory (SEM Hitachi S3200N; 20 kV, BSE detector, EDX
analyses) at the University of Michigan.

4. Results
4.1. AMS

4.1.1. Carrier of the magnetic fabric

The studied rocks are characterized by a low bulk magnetic
susceptibility, with all sites but two having a bulk susceptibility lower
than 100 x 10~ © SI (see Table 1). This suggests that the contribution from
ferromagnetic grains to the susceptibility is not significant (e.g., Tarling
and Hrouda, 1993), although some exceptions have been described in
rocks with ferromagnetic content but low bulk susceptibility values (e.g.,
Hirt et al.,, 2004). Variation of magnetic susceptibility with temperature
curves confirms that paramagnetic minerals (phyllosilicates) represent
the main contributors to the magnetic fabric in most samples (Fig. 3A).
The linear increase of the reciprocal susceptibility between 200 and 400-
600 s (approximately 100-250 K) indicates a predominance of para-
magnetic minerals as the carriers of the magnetic fabric. The curves
follow the Curie-Weiss law almost perfectly. However, a contribution of
a ferromagnetic mineral is detectable in samples 627-4, 702-1 and 629-1

624-3
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4 R2=0.9539
0

0 200 400 600 800
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1000

(Fig. 3B). The jump in susceptibility for the three above-mentioned
samples at around 200 s may indicate some crystallographic transition
(as the one of magnetite at 120 K found in similar experiments by Parés
et al, 1999). The abundance of quartz grains lowers the bulk
susceptibility at room temperature (K,) because quartz is a diamagnetic
mineral with low crystallographic anisotropy (— 14 pm SI; Hrouda,
1986; Borradaile and Geneviciene 2007). However, the observation that
quartz c-axes are randomly distributed (see above) indicates that quartz
has little effect on the orientation of the magnetic ellipsoid. Additionally,
the predominance of the phyllosilicates as carriers of the AMS is
corroborated by the low temperature curves and the positive bulk
susceptibility value.

4.1.2. AMS (room and low T) parameters and orientation of the ellipsoid

The bulk magnetic susceptibility of the specimens ranges from 215
to —8 (x10~°) SI. We have selected 11 sites for the study of the AMS
based on the value of the bulk susceptibility (Ky,). The sites with very
low magnetic susceptibility values do not produce sensible results.
The average bulk susceptibility at room temperature shows low
values, with a total average of about 40 x 10~ ° SI. Only two sites (631-
3, 629-1) have a K, higher than 100x 10~ ° SI. These higher values
can indicate some ferromagnetic content, which is corroborated with
the measurement of magnetic susceptibility at low temperature (from
77 K to room temperature). Despite the low intensity of K,, a well-
defined magnetic ellipsoid axes distribution is observed in the
selected 11 sites, confirming the applicability of the method in these
rocks. The exclusive appearance of oblate ellipsoids (Fig. 4A) is,
a priori, consistent with the magnetic fabric carried by phyllosilicates;
these minerals possess an intrinsic and highly oblate anisotropy,
with the ki axis sub-parallel (no more than 9°) to the crystallographic
c-axis, with the corresponding k.x and ki axes parallel the plane and
almost equal in magnitude (Tarling and Hrouda, 1993; Martin-
Herndndez and Hirt, 2003). The sites show different corrected
anisotropy degrees (P’) for similar T values (Fig. 4B). The P’ values are
relatively high, varying from 1.2 to 1.35, whereas T values are more
homogeneous, clustered around 0.6-0.8, except for three sites with
lower values at around 0.3. The average of T is lower for these three sites
because some samples within the site show prolate shapes (in 631-2
and 630-2), or the magnetic susceptibility ellipsoid has a nearly
spherical shape (in 627-4) (see Flinn diagram, Fig. 4A). The magnetic
data for each site are listed in Tables 1 and 2.

One way to quantify the relationship between strain and the AMS
fabric is to control the degree of grouping of the different axes (Kkmax
and kp,n). Previous studies have used the degree of grouping of ki,
axes to establish the degree of shortening in low-to-moderately
deformed rocks (e.g., Housen et al., 1993; Parés et al., 1999; Parés and

629-1
4
a
3 24
M
1 R2=0.9618
0 . r . ,
0 200 400 600 800 1000
time (sec)

Fig. 3. Temperature dependence of low-field susceptibility for two samples, using the procedure of Richter and van der Pluijm (1994). K,/K is the normalized reciprocal magnetic
susceptibility. Regression line is calculated for T greater than 150 K (approximately) to exclude effects from the Verwey transition. A) The linear increase of the reciprocal
susceptibility indicates that paramagnetic minerals dominate. This graph shows a predominance of paramagnetic carriers for the AMS. B) This graph shows some ferromagnetic

influence at low temperature.
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van der Pluijm, 2004). Others have focused on the grouping of both
axes maximum and minimum in low-to moderate deformed
mudrocks to constrain the evolution of the fabric and the time of the
acquisition of the AMS (Larrasoaiia et al., 2004). Because the grouping
of kmin axes is consistent in all of the Cretan samples, it cannot be used a
proxy for the degree of strain evolution. Instead, the sites are separated
using the grouping of k.« axes in the Woodcock diagram (Figs. 4C, 5
and 6). The Woodcock diagram is constructed with the eigenvalues of
the kmax for every site, which will allow distinguishing gridle from
cluster distributions of k. axes (Fig. 4C).

The orientation of the AMS ellipsoid axes is shown in Fig. 5 and the
bootstrap calculations and strain tensors are represented in Fig. 6. The

Table 2

T7; are the eigenvalues and Dec. and inc. are the declination and inclination of the associated
eigenvectors for the maximum (1), intermediate (2) and minimum (3) magnetic
anisotropy axes (mapped to the lower-hemisphere). Matrix elements have been
calculated from 15 measurements scheme, and the best-fit tensor elements were
estimated using Tauxe's (1998) program.

Sample 71 Dec. Inc. 72 Dec. Inc. 73 Dec. Inc.
000624-3 0.3453 359 155 033959 956 224 031513 2372 62.2
000627-1 03613 103 2.2 0.34606 280.3 23 0.29268 143 86.8
000627-3 03559 47.2 143 0.34952 3169 09 0.29459 2235 75.7
000627-4 0.3598 388 16.2 033918 130 4.1 030106 233.7 73.2
000629-1 0.3461 3244 153 034221 595 18.1 031173 1965 659
000630-2 0.3689 42 29 034357 1004 7.8 028756 253.1 80.8
000631-2 0.3527 43 1.1 034142 945 62 030585 264 837
000631-3 0.3506 110.7 7.2 034896 199 19 030048 2724 83.1
000702-1 0.3446 37 122 033992 131 18 031551 2746 68

020901-1 03576 330.7 0.7 0.3458 609 142 0.2966 2379 75.8
020904-7 0.3563 451 2 034572 136 17 0.29797 309.3 73.1

kmin axes (and the minimum stretching axes, S,) are always sub-
vertical and perpendicular to the cleavage planes, which are nearly
parallel to the sub-horizontal bedding planes; the k,.x and ki axes are
distributed within a sub-horizontal plane. Most of k;,.x axes are NNE-
SSW oriented. Site 631-3 is an exception, with the k;,: axes oriented
close to the N-S direction. This site has the highest T oblate value.

The bulk magnetic susceptibility at low temperature of the four
selected sites ranges between 799 and 60.1x 10~ ° SI. The values are
between 2.8 and 3.7 times the bulk magnetic susceptibility at room
temperature (Fig. 7A). The increase of the bulk magnetic susceptibility
values at low temperature reveals the presence of paramagnetic
minerals. However, the sites in which the increase of the magnetic
susceptibility at low temperature is less than 3.8 times and above 1 the
value of the magnetic susceptibility at room temperature may contain
either a partial contribution of ferromagnetic phases to the AMS or a
paramagnetic phase with a paramagnetic Curie temperature above 0 K
(chlorite and micas can have T around 30-35 K) (Liineburg et al., 1999).

Nonetheless, the orientation of the axes at room and at low
temperature overlaps in both group samples (Fig. 7B), indicating that
the main contributors to the AMS at room temperature are the
paramagnetic minerals (phyllosilicates).

4.2. Strain analysis

Strain results are shown in Table 3 and graphically in Fig. 6. The
minimum stretching axis (S,) is oriented sub-vertically, with a slight
plunge towards the south. The intermediate and maximum extension
axes are generally sub-horizontal, though the trends display significant
variation because of the similarity in the values of Sy and Sy. The
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Fig. 5. Orientation of the AMS axes, squares: kmax, triangles: ki, and circles: kmin. Equal area lower-hemisphere projections. Sp and S; are sub-horizontal.

shortening stretch, S,, varies between 0.48 and 0.67, indicating a vertical
shortening typically about 40%. For almost all samples the magnitude of
the intermediate stretch, S, is larger than 1.0, indicating extension in
multiple directions. The Flinn diagram (Fig. 8) indicates that the strain
ellipsoids have a strong oblate geometry for most of the samples. The
ductile strains are best characterized as a uniaxial flattening, with sub-
vertical dissolution compensated by radial extension. The volume
stretch, S,, is typically about 25%, indicating that not all of the dissolved
material was locally redeposited. Although some of this material was
precipitated in veins that cut through bedding and in boudin necks,
these features generally comprise only a few percent of outcrop
exposures. This suggests that deformation must have been open-system
on the scale of individual beds.

4.3. Preferred orientation of phylosilicates

Powder X-ray diffraction analysis (XRD) indicates that all 11 sites
investigated contain varying amounts of phyllosilicate (mostly mica
and some chlorite). The XTG measurements of both minerals show
strong fabrics, suggesting that they formed under similar conditions.
Eight of the eleven sites produced high to significantly high m.r.d.
values ranging between 5.25 and 11.3; in the other sites phyllosilicates

could not be detected by XTG. The samples with higher m.r.d. values
display a prolate fabric, whereas samples with lower m.r.d. values
show mainly oblate projections (Fig. 9A and B). Both types of fabrics
occur in each samples group, with k. in a girdle distribution and K ax
in the cluster distribution.

A strong preferred orientation of these phyllosilicates (both mica
and chlorite) is observed in the back-scattered electron (BSE) images
(Fig. 9A and B). Both minerals vary in length and thickness in the
different samples investigated. Whereas the mica in samples with a
smaller m.r.d. are around 100 pm in length and 20-40 um in thickness,
significant long (in some cases more than 150 pm) and thin (less than
10 pm in thickness) mica minerals occur in samples with very high
m.r.d., confirming mineral growth during solution mass-transfer. All
mica minerals tend to be parallel to the cleavage planes.

5. Discussion
5.1. AMS and deformation: qualitative overlapping
The AMS ellipsoid within a cleavage domain is generally oriented

with ki, axes well-grouped at the pole of the cleavage plane,
whereas the kyax and ki axes cluster within the cleavage plane. kuax
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Fig. 7. A) Ratio of bulk susceptibility at low and room temperature of the four selected sites. B) Lower-hemisphere projection of the AMS axes at room (white) and low (black)
temperature for both group of samples (cluster and girdle distribution of kpax).
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Table 3

Strain axes and magnitudes (Sy, Sy, and S,) from the projected dimension strain method. S, =Sy Sy S,.
Sample Trend Plunge Sk Trend Plunge Sy Trend Plunge S, S
000624-3 348 08 1.29 080 12 1.26 226 76 0.63 1.02
000627-1 004 04 1.24 273 09 0.71 115 80 0.56 0.50
000627-3 345 12 135 078 13 1.13 213 72 0.44 0.67
000627-4 059 14 1.40 326 12 0.74 197 71 0.55 0.57
000629-1 001 25 1.37 092 03 1.20 188 64 0.48 0.78
000630-2 - - 1.22 - - 1.15 - - 0.66 0.92
000631-2 082 11 1.21 352 00 1.16 260 80 0.62 0.86
000631-3 072 06 1.36 342 02 1.14 237 84 0.48 0.74
000702-1 063 11 1.14 157 20 1.14 307 66 0.63 0.82
020901-1 331 03 1.38 061 10 1.18 224 80 0.51 0.83
020904-7 057 03 1.24 148 14 113 315 76 0.49 0.69

is typically parallel to the elongation direction, which usually is the
intersection of bedding and cleavage planes (L) (Singh et al., 1975;
Kligfield et al., 1981; Hrouda, 1982; Borradaile, 1988; Aubourg et al.,
1995; Borradaile and Henry, 1997; Parés et al., 1999; Aubourg et al.,
2000; Parés and van der Pluijm, 2002). The AMS of the Crete samples
shows the expected fabric, with kq,;, axes perpendicular to cleavage
and k,ax axes oriented in a NNE-SSW direction. Following Greiling
(1982), the AMS fabrics has the same orientation of F1 (NE-SW) and
F3 (N-S) structural lineation. The various magnetic lineations are
coherent in the whole PQ unit and have formed parallel to the first-
generation fold axes (Stockhert et al., 1999). The folds are modified
later by the pervasive sub-horizontal foliation and are consequently
interpreted to form early in the deformation history, during the
underplating process (Rahl, 2005). The trend of plate motion in the
Hellenic subduction zone is also N-NE (Stockhert et al., 1999;
Bohnhoff et al., 2005).

The Phyllite-Quartzite rocks show a good correspondence be-
tween the orientation of the stretching axes or strain ellipsoid and the
AMS ellipsoid axes (Fig. 6). The orientation of the finite strain axes
generally overlaps with the magnetic fabric, although minor angular
differences exist for three sites: 629-1, 702-1 and 627-3. The two first
sites (629-1, 702-1) show some contribution of the ferromagnetic
fraction (seen from low temperature curves, Fig. 3B) and hence the
non-coaxiality could be a mineralogical (compositional) artifact since
AMS shows the contribution of all minerals. Sample 629-1 has a lower
degree of overlapping (35° difference) and the only one from the
group of the knax axes in a cluster distribution. The AMS of site 627-3
overlaps better with the strain ellipsoid if the k. and ki, axes for
AMS are transposed.

The kyax axes are consistently oriented NNE-SSW (Fig. 5), except
for samples 629-1 and 901-1 from the clustered k,.x group. In these
sites the k. axes have a NNW-SSE direction, although it is no more
than 30° measured from north to west. The latter sample is the most
oblate, and transposition between ky,.x and ki, (similar values) may
occur.

3
2.
L a627-4
0627-1
631-3
630-2 901 662297-13
1 s 5312 S0a
1 ?02-12 3

F

Fig. 8. Flinn diagram for the strain values (PDS method). L=e1/e2. F=e2/e3.

In thin-sections cut parallel to the cleavage plane, individual
quartz grains show neither shape-preferred orientation nor evidence
for dissolution. Instead, fibrous quartz-mica overgrowths developed
during SMT deformation radiate outwards from the undeformed
detrital quartz grains, indicating radial extension occurs in all
directions within the foliation plane (Rahl, 2005). The lengths of the
fibrous overgrowths do vary with direction, with the longest fibers
generally oriented NNE-SSW. Thus, the elongation direction is similar
to the orientation of the k.« axes in almost all cases. In addition, the
elongation direction overlaps the macroscopically described stretch-
ing lineation, which is parallel to the first-generation of fold axes
(Stockhert et al., 1999).

The similarity of the AMS (phyllosilicates) and the strain (quartz)
ellipsoids in these samples suggests that these features record the same
deformational history. Since the quartz deformation record the SMT
process, we infer the magnetic fabric is related to that process. This
inference is supported by our observations of new mica growth during
the SMT deformation (see Section 4.3). The fact that k.« axes seem to
preserve the orientation of an early lineation parallel to macroscopic
fold axes may indicate that SMT deformation did not totally obliterate
the existing fabric or that the elongation direction maintains its
orientation during the folding and dissolution-precipitation processes.
The phyllosilicates show a prevalent orientation of k. axes in the
NNE-SSW direction. The paramagnetic fabric associated with the
macrofolds is enhanced by the new crystallization of phyllosilicates
within the microfibers of quartz during the formation of the flat-lying
foliation (as observed by Rahl, 2005). The presence of phyllosilicates not
only enhances SMT deformation (e.g., Marshak and Engelder, 1985) but
also helps preserve the magnetic fabric, making this lithology
appropriate for petrofabric studies in this particular tectonic setting.

5.2. Quantitative relationship

A long-standing goal of AMS studies is to establish a quantitative
relationship between magnetic fabric and finite strain (Kneen, 1976;
Wood et al., 1976; Rathore, 1979; Kligfield et al., 1981; Borradaile
1991; Hirt et al., 1993; Liineburg et al., 1999; Parés and van der Pluijm,
2003). Previous work demonstrates that T shape is a fairly good
indicator of evolution of fabric with increasing deformation in certain
situations (e.g. in low-to moderately deformed mudrocks) (Joseph
et al., 1998; Parés et al., 1999; Parés et al., 2001; Parés and van der
Pluijm, 2003). However, in highly-strained rocks like in our study
area, the development of a strong cleavage causes all samples to have
similar T values that indicate a similar degree of preferred grain
orientation.

In some studies (Parés et al., 1999; Larrasoafia et al., 2004), the
fabric development is stronger with higher C values in the Woodcock
diagram (Fig. 4C). Interestingly, most of the C values for our samples
are between 5 and 7 (except 3 sites) in both groups. In addition, the
samples remain in two groups at low temperatures, although there is
an increase of the C values in the Woodcock diagram of the samples
with kpax clustered, and a decrease of the C values for the samples
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Fig. 9. A) XTG plots and SEM images of selected samples showing the variety of m.r.d. values in the girdle k.x axes distribution and in the cluster k.x axes distribution. B) SEM

images of the samples in A.

with knax in a gridle distribution (Fig. 4C). Consequently, we searched
for a relationship between the strain and the grouping degree of kax
axes to confirm the use of the Woodcock diagram as an indicator of
the strength of the magnetic fabric. The simplest relationship would
show a higher clustering degree of kn.x axes (higher L, and C) as
strain increases, as seen in the evolution from a sedimentary fabric to
a strongly cleaved one (Parés et al., 1999). A first observation when

comparing Sy and S, values with L,, and F,, (Fig. 10) is an increase of Sy
with increasing L., or F,, for both groups of samples (except for two
sites in the cluster group, which show similar S, values as some of the
girdle group). The increase of Sy values in the girdled group is more
dramatic than for the clustered group (Fig. 10A and B). This indicates
that stretching values in the X direction are more determinative for
the girdle group. It is the opposite for the S, values, since the clustered
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samples show a better correspondence with S,, especially in the S,/F,,
diagram (Fig. 10C and D). The S, values are lower for the clustered
group but characterize better the evolution of the fabric with the
strain. The S, values are the highest and very similar for the girdled
samples except for two samples (631-3 and 627-3), one of which is
the most oblate shaped one (631-3). S, is higher for higher values of
L, and F,, in the clustered samples. The relationship between the
strain and the grouping of the k.« cannot be directly inferred from
the Woodcock and has to be careful considered; however, the lower
values of L,, correlate with Sy (the maximum stretching value) and
lower values of F,, correlate better with S, (the minimum stretching
value).

The absolute values of the axes of the ellipsoids are apparently not
comparable since the eigenvalues of 71, 72 and 73 barely change
within the sites (a range of 0.03 U). In contrast, the strain magnitudes
(Sx, Sy and S,) show greater variation (0.4 U). The relationship of the
absolute values of the eigenvalues obtained from the AMS ellipsoid
and the tensor values from the strain ellipsoid for each site has been
used to quantify the magnetic susceptibility ellipsoid evolution with
respect to the stretching magnitudes as in Kligfield et al. (1981) and
Liineburg et al. (1999). It reflects the changes in the magnetic fabric
due to the increase in the absolute values of strain. In the Y axis M is
plotted (M= (K;—K)/K, where K; for one sample is the normed
principal susceptibility value of Kkpax, Kine OF kmin multiplied by the
norming factor and K is the average of all three principal susceptibility
values) and in the X axes are the values of stretching tensor in
logarithmic values (log Si). A linear relationship is established,
although some scatter is present (Fig. 11). This function relates
directly and quantitatively the changes in the anisotropy with the
changes in the stretching values. A line passing through the center
would imply a high correlation between the strain and the magnetic
fabric response to strain. In these phyllites from Crete the relationship
is linear with a moderate correlation degree (R>=0.7), but the line
does not cross the center of the axes (0.0). This implies that a pre-

existing fabric was present when the SMT strain developed (when log
Si=0, there is certain fabric imposed, since M is not 0). This observed
linear correlation may reflect the inheritance of the “folding” fabric in
the “SMT” fabric, although this relationship can be used only at very
local scale (as seen in Kligfield et al., 1981). The moderate correlation
between AMS and strain tensor is elusive, probably due to the new
formation of phyllosilicates during the two main deformation
processes: folding and SMT.

Finally, the strength in the stacking of the octahedral layers of
phylloslicates (m.r.d. values) correlates well with Sy in the clustered
kmax axes fabrics. However the correlation of m.r.d and Sy is unclear in
the girdle type of AMS fabrics: some low m.r.d values correspond to
samples with high Sy eigenvalues, probably due to the competing
effect of the girdle distribution (micas oriented radially in the
cleavage plane). In any case, the prolate shapes of the XTG plots are
related to stronger fabric (higher m.r.d.).
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Fig. 11. Mean values for each site of M against log Si (Si= stretching values) with the
calculated linear relationship.
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6. Conclusions

The study of phyllites from Crete allows a comparison of the
magnetic fabrics at room and low temperature with strain. In
addition, the stacking of the octahedral layers of phylloslicates is
controlled by XTG. The different methods, each sensitive to different
minerals, are used to investigate the development of a petrofabric in a
complex structural setting. From our data we conclude:

(1) A qualitative correlation exists between the orientation of the
magnetic (at room and low temperature) and strain ellipsoids.
In both cases, the minimum axes (kmi, and S,) are nearly
vertical and the maximum axes (kax and Sx) overlap in a NNE-
SSW direction.

(2) The NNE-SSW direction is related to a fabric that pre-dates the
development of a SMT fabric. The earlier fabric is related to the
macroscopic stretching direction (NNE-SSW) that aligns with
fold axes. Subsequent dissolution-precipitation developed with
an elongation direction parallel to the pre-existing fold axes.

(3) The quantitative relationship between AMS and strain is
elusive, probably due to the different processes that affect
quartz (dissolution and precipitation) and phyllosilicates
(recrystallization). Nevertheless, a weak correlation is discov-
ered between the strain values in Sy and S, axes with the
grouping of kypax in both types of groups. Girdled samples
evolve with S, and clustered fabric with S, values.

(4) The Woodcock diagram for the grouping of kpnax has to be
carefully considered in order to correlate with the strain.

(5) The m.r.d. XTG values correlates with the strain in the clustered
type of AMS fabrics. This relationship is unclear in the girdle
AMS fabrics.
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