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Abstract

Shallow aseismic creep is a key deformation component along plate boundaries that
contributes to the energy budget during the seismic cycle. Several major active
continental faults show spatial alternation of creeping and locked sections. The
present study focuses on the evaluation of the aseismic part of the total displacement
along the North Anatolian Fault in Turkey. Detailed microstructural analyses of finite
strain were performed using various methods, based on change of length or angle, on
six representative samples collected over 32 outcrops along locked and creeping
sections of the fault. Chemical analyses were used to map mineral composition of
fault rocks and to calculate relative volume changes associated with creep.
Relationship between finite strain and volume change allowed quantifying the
evolution of the penetrative pressure solution cleavage mechanism of creep. In
volcanic and analogous creeping rocks, finite strain measurements revealed two
spatial scales of strain that correspond to the alternation of two types of shear zones,
with cleavages either oblique or sub-parallel to the fault displacement. Using geodetic
and geological data, cumulative aseismic displacement was calculated in the range 9
to 49% of the total 80 km displacement in the creping sections, and was negligible in
locked sections. The large uncertainty in the kilometer-width creeping sections was
related to the difficulty of quantifying high strain values that are associated with high

shear displacement and for which measurement uncertainties are large. A promising
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way to improve such quantification would be to develop reliable statistical analysis of

cleavage orientation in the field.

1. Introduction

Aseismic creep has been extensively documented along several active faults
worldwide (Chen and Biirgmann, 2017; Harris, 2017; Biirgmann, 2018). Active fault
creep processes develop either as transient (mostly post-seismic) sliding or as
permanent sliding. Post-seismic creep rate can evolve through time with various
patterns: with an exponential or a power law decay, down to zero or to a residual
constant creep velocity (Cakir et al., 2005). In some cases, shallow creep can
accommodate the whole tectonic loading as, for example, along the permanent
creeping section of the San Andreas fault (Savage and Burford, 1973). In cases where
shallow creep only partly releases the tectonic loading, as is the case along the North
Anatolian, the Hayward or the Longitudinal Valley faults in Turkey, California and
Taiwan, respectively (Cakir et al., 2005, Graymer et al. 2005, Thomas et al., 2014),
major earthquakes may still occur at depth and propagate toward the surface.

These contrasting creep behavior patterns may have different implications for seismic
hazard assessment. It is therefore crucial to understand the spatio-temporal
characteristics of creep and its mechanisms (Bilirgmann, 2018). Rock types can partly
control fault creep behavior. For example, observations have shown that surface creep
rates along the North Anatolian Fault are almost null along fault sections that are rich
in massive limestones, but become significant along sections that host various kinds
of volcanic rocks that were softened by progressive deformation processes (Kaduri et
al., 2017). However, other important characteristics of creep, such as creep
deformation duration during a single seismic cycle and over several seismic cycles, as
well as the aseismic part of the total displacement during geological fault history,
remain to be determined more accurately.

To make progress in understanding creep mechanisms, the displacement associated
with creep processes must be evaluated. On one hand, the total displacement over the
lifetime of a fault accommodated by both creep and earthquakes can be evaluated by
measuring the offset of a number of geological markers (Emre et al., 2013). On the
other hand, the displacement associated with creep processes can be deduced only
from geodetic or geological strain measurements, quantifying the short-term

interseismic strain and the long-term finite strain, respectively. However, surface
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geodetic measurements include both the irreversible (ductile creep) and reversible
(elastic) parts of the deformation. The distinction between creep and tectonic loading
is generally made through simple modeling by considering an elastic half-space
surrounding a fault plane (Savage and Burford, 1973; Okada, 1985). In addition,
geodetic measurements are representative of slip only in the recent past, covering a
few years to several decades. Extending geodetic displacement measurements to the
long term (geological times of several millions years) must include an assumption on
the variations of the displacement rate with time, which is almost impossible to
estimate, especially in areas associating seismic and aseismic processes.
Consequently, in order to evaluate only the irreversible part of the large finite strain
associated with the creep processes, complementary detailed finite strain
measurements in the gouge and damage zone rocks of fault zones are required.

The aim of the present study is to quantify the displacement related to aseismic
irreversible creep processes in both creeping and apparently, presently locked sections
along the North Anatolian Fault in Turkey. To reach this aim, one needs to measure
the associated geological finite strain in both the gouge and the damage zone rocks
(Fig. 1). In order to calculate this displacement, two types of data are required: the
finite strain values and the width of the zone of associated shear deformation
(Ramsay, 1980; Ramsay and Graham, 1970). However, the measurement and the
interpretation of such data are rather complex because strain and fault width values
evolve with time and along the fault strike during deformation, since the beginning of
the formation of the fault to the present day. Strike-slip creeping faults accumulate
strain in the upper crust by plastic and viscoelastic mechanisms involving both shear
deformation and mass transfer, developing what is known as compaction or dilatant
shear zones (Ramsay, 1980; Ramsay and Graham, 1970). In such zones, the mineral
composition and rock fabric change due to fracturing, mass transfer, fluid circulation,
chemical alteration and metamorphism (Gratier et al., 2013, 2011; Steward et al.,
2000; Imber et al., 2001; Jefferies et al., 2006; Collettini, et al., 2009). Moreover, clay
gouge comprising low friction minerals such as montmorillonite and saponite also
develop (Carpenter et al., 2016; Kaduri et al., 2017; Lockner et al., 2011; Samuelson
and Spiers, 2012). In addition, fault growth is not linear with displacement. Power law
relationships between maximum displacement and fault width are often reported
(Pennacchioni, 2005; Scholz, 2002). At the outcrop scale, irreversible shear strain

gradients generally decrease to zero away from the fault over distances of several
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centimeters to several kilometers, and sometimes over distances of up to 25 km
(Mavko, 1981). The lateral evolution of such strain profiles is often non-linear
(Pennacchioni, 2005). The change in shear zone width in time and space thus depends
on the deformation mechanisms that combine simple shear, pure shear and volume
change and that determine the displacement behavior (Bos and Spiers, 2002; van der
Pluijm and Marshak, 2010; Fossen and Cavalcante, 2017). Such heterogeneous shear
zones can be classified into three categories based on their width variations:
increasing, decreasing or constant in time (Hull, 1988). The shape of displacement
profiles across faults depends on whether the deformation process is strain hardening
(e.g. deformation diffuses into the host rock) or strain softening (e. g. deformation is
localized in narrow zones) (Vitale and Mazzoli, 2008). In particular, strain-softening
processes involving simple shear with volume loss are consistent with clay gouge
formation (Kaduri et al., 2017).

Measuring and interpreting finite strain and the width of the associated creeping shear
from geodetic and geological observations are challenging tasks, especially when
deformation involves very high strain values. Despite considerable uncertainties
associated with both types of observations, the data presented in this study of the
North Anatolian fault can be used to characterize: (i) the spatial correlation between
the creep-related strain measured by geodetic methods and that measured by
geological methods, (i) the control of rock lithology on aseismic creep mechanisms

and temporal evolution, (iii) the aseismic part of the total displacement on the fault.
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Figure 1. Structural and geological map of the study area along the North Anatolian Fault
(NAF), modified from Kaduri et al. (2017). (a) Tectonic setting of study area, located east of
Istanbul (blue rectangle with NAF in red), adapted from Emre et al., (2013). EAF: East
Anatolian Fault, DST: Dead Sea Transform fault. (b) Geological map of the study area with
outcrop locations indicated as blue or red circles for the 32 investigated outcrops. Red circles
with names locate the six representative outcrops with strain markers described in the present
study: ~ Ta=Taskesti  (40°34'54.00"N/  31°1'60.00"E), Ge=Gerede (40°47'3.00"N/
32°6'30.00"E), Is=Ismetpasa (40°51'55.00"N/ 32°35'41.00"E), Ha=Hamamli (40°52'12.19"N/
32°39'8.78"E) Ya= Yazioren (40°56'1.59"N/ 33°6'11.09"E), Mu=Miilayim (41°3'5.28"N/
33°48'17.61"E). The presently creeping segments of [zmit=Iz (west) and Ismetpasa (east) are
marked in white (Cakir et al., 2005; Cetin et al. 2014). The locked segments are marked in
black. The regional geological map is extracted from an interactive map of the Turkish
geological survey (Akbas et al., 2016) available at

http://yerbilimleri.mta.gov.tr/anasayfa.aspx. The legend gives the lithology of the formations
that are cut by the studied North Anatolian Fault section.

2. Measuring creep-related deformation from fault zone outcrops: setting and

approach

2.1 Seismotectonic setting



149
150
151
152
153
154
155
156
157
158
159
160
161
162
163
164
165
166
167
168
169
170
171
172
173
174
175
176
177
178
179
180
181
182

The North Anatolian Fault (NAF) in Turkey is a right-lateral strike-slip plate
boundary. This major continental fault accommodates the relative motion between the
Anatolian plate, to the south, and the Eurasian plate, to the north. The NAF formed
approximately 13 to 11 Ma ago in the east and slowly propagated westward (Sengor,
et al. 2004). The long-term geological rate is 20 +8 mm/yr (Sengdr, et al. 2004),
consistent with short-term geodetic rates of 24 £2 mm/yr measured from GPS data
(Reilinger et al., 2006) and 25 +1.5 mm/yr measured from InSAR data (Cetin et al.,
2014). The total cumulative displacement along the studied NAF segment (Fig. 1)
since its initiation is of the order of 80 km (Janssen, et al., 1997; Armijo et al., 1999;
Emre et al., 2013; Akbas et al., 2016). A sequence of large earthquakes propagated
from east to west and ruptured over ~1000 km of the fault during the 20" century (e.g.
Emre et al., 2016), providing evidence of the potential of the fault to accumulate large
seismic displacements. However, a striking feature of the NAF is the existence of two
slip modes along the fault. Some sections are prone to major earthquakes (Stein et al.,
1997) and remain locked in between earthquakes while other sections, well-identified
by geodesy measurements, display aseismic creep that possibly initiated as post-
seismic slip (Kaneko et al., 2013; Cakir et al., 2014; Cetin et al., 2014) and may
behave as a succession of transient creep episodes (Bilham et al., 2016; Rousset et al.,
2016). The relative contribution of seismic and aseismic displacement in the 80 km
cumulated displacement remains to be evaluated, which is the aim of the present
study.

At least two sections of the inland part of the North Anatolian Fault have been
identified in recent years as aseismic creeping fault sections (Ismetpasa and Izmit
sections, Fig. 1). Based on an InSAR study of Envisat satellite data along descending
orbits, it has been shown by Cetin et al. (2014) that the Ismetpasa creeping section
runs from longitude 32.2° to 34.0°, with a maximum horizontal surface creep rate of
~20 mm/yr, located 30 km east of Ismetpasa, and a creeping depth of ~5 km. These
results were revised from a new Envisat InNSAR analysis including both descending
and ascending data, which helped to obtain a better separation of the vertical and
horizontal creep components. The Ismetpasa creeping section was found to be longer
(running from 31.0° to 35.0°), with two peaks of maximum horizontal creep rate up to
~14 mm/yr, and creep extending down to 9 km depth (Hussain et al., 2016). A clear
correlation between shallow creep rate and near-surface fault lithology has been

demonstrated (Kaduri et al., 2017): the locked section west of the Ismetpasa creeping
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section is mostly composed of massive limestone and dolomite whereas the creeping

section is composed of volcanic and ophiolite rocks including clay-rich gouges (Fig.

1).

2.2 Fault sampling and strategy analysis

We calculated the aseismic part of the total displacement along both locked and
creeping zones of the North Anatolian Fault. The finite strain and the creeping width
for various lithologies were evaluated by investigating 32 outcrops, over a 400 km-
long section between the city of [zmit to the west and the eastern end of the Ismetpasa
creeping section to the east (Fig. 1). Satellite images and geological maps (Herece and
Akay, 2003, Emre et al., 2013, 2016, Akbas, et al 2016) were used to identify all
accessible outcrops following the procedure described in Kaduri et al., (2017). No
continuous outcrop was found that would cover the whole kilometer-width of the
NAF shear zone. The links and the common features between these dispersed
outcrops is that they all show markers of creep deformation associated with the NAF
shear zone, either as penetrative cleavage (in volcanic or analogous rocks) or as
stylolites (in limestones). So they all attest of the finite aseismic strain, which was
associated with the large strike-slip 80 km-displacement of the NAF shear zone
during geological times. It must be noted that geological evidence of such creep
deformation was found away from the present-day creeping fault, sometimes at more
than one-kilometer distance. This observation indicates that the NAF was not a single
localized fault during geological times but a kilometer-width shear zone that include
several seismic faults and large associated zones of aseismic deformation, an
observation consistent with geological maps (Herece and Akay, 2003, Emre et al.,
2013, 2016, Akbas, et al 2016). Building on our first study on the implication of fault
rock transformation on aseismic creep (Kaduri et al, 2017), we focus in this
following study on the calculation of the total cumulative aseismic displacement from
microstructural observations. The main challenge was not only to find outcrops but
also to find samples that allow calculating strain values. From the 32 visited outcrops
(7 outcrops in the locked segments, 25 outcrops in the creeping segment), 90 oriented
hand samples were collected and analyzed in the laboratory and 130 thin polished
sections of rock samples were prepared for mineralogical, geochemical and
microstructural analyses. All outcrops and samples were chosen to be representative

of the wide NAF shear zone and of the geological deformation associated with the
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NAF displacement. However, estimating strain values was not possible for all these
outcrops and samples. Six representative outcrops with strain markers are presented
here, one from the locked section and five from the creeping section (Fig. 1). They
represent the various aspects of the strain measurement methods and give a
representative focus on the evolution from initial rock to damaged rock and gouges, in
order to characterize strain related to aseismic creep.

Strain was measured at various scales from thin section to outcrop scales. Micro- to
meso-structural strain measurements were performed on thin sections from millimeter
to decimeter scales. Chemical maps were acquired using either X-ray fluorescence
spectrometer (XRF, Eagle III) (mm-cm) or Wavelength Dispersive Spectroscopy on
an Electron Probe Micro Analyzer (WDS-EPMA) (microns-mm) (Kaduri et al.,
2017). Image processing techniques based on MATLAB codes were implemented to
calculate internal finite strain from particle distributions or deformation of geological
objects. Meso- to macro-structural strain measurements at meter to kilometer scales
were derived from field observations and measurements in quarries with outcrops
more than 100 m wide, located within the NAF shear zone, of kilometer-width. Due
to different deformation markers, two distinct approaches for creeping (volcanic and
analogous rocks) and for locked (limestone) sections were used to evaluate the strain
values. The techniques are briefly described below including a discussion on the
uncertainty of the measurements. These techniques rely on the classical strain analysis

procedure well described, for example, in Ramsay (1967, 1980).

3. Strain measurements methodology

3.1 Strain measurements along the creeping section (volcanic and analogous
rocks)

The main parameters of the shear zone are defined in Fig.2a: the kinematic axes a

(direction of shear), ab (shear plane) and ac (displacement plane) and the

corresponding coordinate axes x, y, and z.

Boudinage and folding analysis
Strain values were extracted from XRF chemical maps relying on the difference of

composition of the boudins and the veins relative to the matrix. The quadratic
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extension/contraction A is defined as VA = lg/1; where Iy is the final length of a
deformed object, and /; is its initial length. The quadratic extension is calculated from
boudinage or fractured structures: i) the initial length (l;) is measured by adding the
length of each boudin, and ii) the final length (lf) is the length from the first to the last
boudin (Fig. 2b). The quadratic contractional strain is estimated from folded veins
with constant length during deformation by measuring i) the final length [; of the vein

and ii) its initial length [; as the length of an arc along a deformed object using [; =

Yridsi={ Olo dx\/1 + (dy/dx)?, where ds; is the length of the section between two

successive points and can be written as ds; =/ (x; — x;_1)2 + (¥; — vi_1)? (Fig.
2b).

Uncertainty is linked to the ratio between the resolution of the image and the
measured lengths. For the boudinage, the total error is the sum of the errors on the
measurements of each boudin element that gives the initial length plus the error on the
final length. For the folding, it is the sum of the error on initial and final length. In the
following, uncertainties are given with the results and are shown as error bars in the

figures.

Volume change due to mass transfer

The relative mass change was estimated by comparing the composition of insoluble
and soluble minerals between protected (as undeformed as possible) and exposed
(deformed) zones at the micro- to meso-scales within a given shear zone (Fig. 2c¢).
The relative mass change is dm/m =1,/l, —1, where I, and I, are the
concentration of all insoluble minerals in the protected and exposed zones,
respectively (Gratier et al., 2013). If the rock density does not change, which is the
case in the studied samples, the mass change is equivalent to the volume change. In
plane strain, the product of the two principal strain values is related to the volumetric
change as follows:

A A =144, (1)

where A is the change in volume (or surface area) (Ramsay, 1967). Because this
measurement is based on mineral maps, the accuracy depends on the dimension and
on the resolution of these maps. Then, the relative mass change depends on the

amount of the insoluble minerals in the protected and exposed zones. An error,
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defined as a percentage of the calculated volume change or strain, is given in the

following. In general, it is smaller than 2%.

Grain geometry and orientation analysis

Mineral phases were identified on the chemical maps and the following geometrical
properties of individual grains were measured: the minor and major axes of each grain
(Tmin, T'max), the grain orientation ¢g defined clockwise relative to the North, and the
coordinates of the center of each grain (x, yc) (Fig. 2d). In such cases, the standard

deviation of the data is calculated and used to estimate the uncertainty.

Fry method

This method is also known as center-to-center method (Fry, 1979, Genier and Epard,
2007). The center of every strain marker (e.g. oxide grains) is plotted with respect to
the position of all other markers. A plot is built by locating one marker at the origin
and by plotting as dots the positions of all other markers. Then another marker is
located at the origin and the positions of all other markers are plotted, until all
markers have been considered. The result is a cloud of points that contains an empty
space (i.e. void) at the origin and which represents the strain ellipse. Strain is
quantified using 1) the aspect ratio Rp,, between the elongation axis (a) and the
contraction axis (b) of the strain ellipse; and ii) the angle between the x-axis and the
elongation axis also defined as @p,,,. This method is similar to an auto correlation
function, which can be used for the same type of object (Heilbronner, 2002;
Heilbronner and Barrett, 2014). The normalized center-to-center method (Erslev,
1988; Erslev and Ge, 1990) improves the Fry method by taking the grain size into
account and was used in the present study. The strain ellipse parameters (Rgy, @rry)

were measured by superimposing all minerals together (Fig. 2e). The actual values of

the principal strain axes were then obtained using Rp, = \//1—1 /-] A, with \//1—1 =

Rpry(1 + A) and \//1_ = /(1 + A)/Rpyy. Uncertainty derives from fitting an ellipse

to the points along the rim of the void in order to extract (Rgyy, @Fry) values. For best
fitting higher weights are given to points that are close to the rim while none of the
clustered points remain out of the calculation as suggested by Mulchrone (2013). The
angle of the ellipse was fixed using the main orientation of the grains. We evaluate

the accuracy of this fitting procedure to be +5%.
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Cleavage angle evolution within the shear zone

Evolution of the cleavage orientation within shear zone was used to evaluate the
displacement (Ramsay, 1980; Ramsay and Graham, 1970) when integrating the
volume change (Fossen, & Tikoff, 1993) at millimeter to decimeter scales on thin
sections, and up to macro-scale at meter to hectometer scales. In a shear plane,
passive line markers (e.g. cleavage or vein) originally making an angle a with the
shear zone walls (Fig. 2f) are sheared to make a new angle a’ (Ramsay, 1980) such

that

cot(a)+y

cot(a") = —

)

High y values are very sensitive to a’ angles field measurements: a’ values of 1°, 0.5°
or 0.1° lead to y values of 57, 114, or 572, respectively (Eq. 2). Consequently,
estimating y from a’ is extremely challenging for high strain values, due to the
difficulty of measuring a’ with sufficient accuracy when it is smaller than 1°. In the

following, the uncertainty of this technique is given as the standard deviation of the

calculated strains.

3.2 Strain measurements along the locked sections (limestone)

The strain contraction component was calculated by two techniques. The first one
involves identifying veins shifted by stylolites (Gratier et al., 2013) and using Al =
L2 /tan(f), where Al is the thickness of the layer dissolved by the stylolite, 5, is
the distance between the vein walls, and S is the angle between the direction of the
vein and the stylolite peaks (Fig. 2g). The initial length of the vein is then obtained by
adding the shifted length to the final length of the shifted vein [; = [y + Al, and the
quadratic contraction can be calculated. The second technique involves using the

maximum amplitude of the stylolite peaks (Toussaint et al, 2018) and

g | — Ltot(9) / .
applying: Azstylolite ((P) o Lrot(@)+Nseyiotite (9)(AMPmax (@)Y where Azstylolite is the

quadratic contraction due to stylolite in their peak direction ¢, Ngyioiite i the number
of stylolites in direction ¢, (AMpnya) is the average maximum peak height in
direction ¢, and L, is the total length of the sample in direction ¢. The strain
extension component is measured perpendicular to the vein direction. The final length

is defined from side to side and the initial length is the spacing between the veins.

11
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Finally, the contraction and extension components are combined and plotted in polar
coordinates to define the strain ellipse. Uncertainty is linked to the ratio between
resolution of the image and measured lengths. The total error is the sum of the errors
on the measurements of shifted veins or stylolites size and on the final length and is

given with the results.

3.3 Relation between shear displacement and finite strain values
For simple shear followed by volume change (Fig. 2f), the deformation matrix

transforms the undeformed vector (x,z) (initial state) to a new position after

deformation (deformed state) (x',z"): (i:) = ((1) 1yiA A) . ()ZC) where y; is the

shear strain due to shear and dilation (Fossen and Tikoff, 1993), and the principal

strains are:

Ma=5(1+y2+A+8)? £ JIT+y2 + (1 + 07 —4(1 + A)?) 3)

where A is the volume change. Both the aspect ratio between the principal strain axes
R(y,A) = \/m, and 6’ (y, A) are nonlinear functions of y and A (i.e. surfaces in a
three-dimensional coordinate system). Such functions are known as R — 6 diagrams
when plotted together (Fossen and Tikoff, 1993). 6’ is the angle between the

quadratic extension A; and shear direction. The total shear displacement dj is

obtained by integrating the shear strain along the z-axis (Ramsay, 1980), (Fig. 2)
da= [y v-dz “)

where w is the width of the shear zone, and y is the shear strain.
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Figure 2. Strain measurements in shear zones. (a) Kinematic axes with a the direction of
shear, ab the shear plane, and ac the displacement plane, and corresponding coordinates axes
x,¥,Z. (b) Example of a boudinage strain marker at meso-scale. (¢) Magnification of protected
and exposed zones with their mineral composition and strain ellipse. (d) Definition of
measured parameters of a single grain: major and minor axes I'min, I'max the aspect ratio R, and
the angle g, and the location of the center of the grain (X, y¢). (¢) Definition of a strain
ellipse using the Fry method with major and minor axes a, b and the aspect ratio between
them Ren=a/b with the angle @ry. (f) Schematic deformation in simple shear coupled to
volume change, with distortion of a unit circle into an ellipse, adapted from (Ramsay, 1967,
1980). (g) Contraction evaluated from shifted veins along tectonic stylolite.

4. Results of finite strain measurements at selected sites

The structural strain markers differed from one outcrop to another although all were
consistent with dextral slip on the North Anatolian Fault. Therefore, the strain values
were extracted using different methods, depending on the particular type of strain
markers along the shear zones. For five selected sites (Taskesti, Hamamli, Ismetpasa,
Yazioren, Miilayim, Fig. 1), strain measurements at thin section scale are shown in
Figures 3, 4, 5, 6, and 7. For each outcrop, the mineral maps, mineral content
histograms, Fry and rose diagrams have a similar color code. For the last selected site,
Gerede (Fig. 1), strain measurements were integrated at the outcrop and regional
scales (Fig. 8). Finally, all strain measurements on the six outcrops are integrated in

Figure 9.

4.1 Taskesti outcrop (locked section)
The Taskesti outcrop (Fig. 1) exposes the fault zone in massive limestone formations,

which are deformed by tectonic stylolites associated with veins as seen in a hand
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sample (Fig. 3). This sample is well representative of the seven visited outcrops in
limestones, which all show several relatively narrow, meter-wide, shear zones with
numerous stylolites. The cumulated width of all these narrow shear zones is a few
meters at maximum for the whole NAF width. Six thin sections in three orthogonal
planes were cut from the Taskesti sample. Two types of tectonic stylolites can be
distinguished from the different color of their insoluble residues (either red or black)
(Fig. 3a). Several generations of veins can be seen that cross cut each other. Some are
sub-parallel to the shear fault plane; others are oblique to it. In places, some of the
veins are dissolved and shifted perpendicularly to the stylolite plane, indicating the
shortening direction. In other places, some of the horizontal veins are stylolitized,
while some vertical stylolites are filled with calcite (Fig. 3b). Figure 3c shows the
orientation of maximum amplitude peak directions and stylolite surfaces that are
oriented in various directions, with the highest density in the range N70 — N90. It also
shows the various orientations of the oblique-to-the fault veins, the most frequent one
in the direction N110, and other maximum directions range between N120 and N150
(Fig. 3c). This observation is well indicative of the successive generations of
stylolites and veins in non-coaxial deformation with alternatively seismic and
aseismic deformation.

The total strain was measured from stylolites and veins as follows. Firstly, the
extension was measured perpendicular to veins from both the hand sample and thin
sections (Fig. 3a-b). The strain values obtained from the thin sections were slightly
higher compared to the hand sample (Fig. 3d). Secondly, the contraction was
quantified by two independent measurements (see section 3.2) using: i) shifted veins

and ii) stylolite average amplitude. Both methods gave very similar results with a fit

of the strain ellipse with \/A_l =12 + 0.1,\/1_2 = 0.9 £ 0.02. The main results from
these analyses were that, at the decimeter scale, the calculated mass change was A=
0.08 + 0.008, and the shear strain values calculated from the stylolite values (as only
the stylolites are representative of the creep process) led toy = 0.20 £+ 0.05 (Eq. 3).
It must be noted that, assuming that the shear fault corresponds to the shear direction,
the angle of the ellipse with the fault plane, which is about 30°, could indicate higher
shear value of about y = 1.15. However, in such semi-brittle deformation, it is
difficult to evaluate the orientation of the shear direction, which is not always parallel

to the fault.
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Figure 3. Taskesti outcrop. (a) Limestone hand sample in a horizontal displacement plane
(ac, Fig. 2a) in the Taskesti outcrop deformed by tectonic stylolites associated with two
families of veins. Locations of the two thin sections Talal and Tala2 are indicated. A third
thin-section, Tald, is not shown here. (b) Digitized tectonic stylolites and veins. (c) Rose
diagrams representing the orientations of the tectonic stylolite surfaces (red) and peaks (gray),
and the first and second generations of veins. (d) Strain ellipse based on stylolite and vein
data giving contraction and extension values (black arrows), respectively. The locations of
individual veins v1 to v8 are given in (b).

4.2 Hamamli outcrop (creeping section)
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The Hamamli outcrop (Fig. 1) exposes serpentinite rocks deformed by dissolution
along cleavage surfaces associated with precipitation in veins (Kaduri et al., 2017). In
places, the strain was measured by the alignment of iron oxide minerals that
agglomerate sub-parallel to the cleavages. The strain was measured along two planes:
a shear plane on the fault (ab) and a displacement plane (ac) (Fig. 2a). The results are
presented in Fig. 4. The strain values are Rp,, = 2.3 + 0.1 and R, = 3.2 £ 0.2/in
the shear fault plane (ab) (Fig. 4a) and in the displacement plane (ac) (Fig. 4b),
respectively. Rose diagrams of the iron oxides showed alignments in the strain
elongation direction in the displacement plane (Fig. 4b) but were slightly oblique to
the strain elongation in the shear plane (Fig. 4a). This result may be due to the effect
of episodic oblique displacements along the fault surface. Because it was not possible
to find an area that was less deformed than the studied samples, the mass change
could not be calculated. A maximum shear strain value in the displacement plane y =

1.3 £0.1 was derived from Eq. 3 (Fig. 2f).

(a)
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Figure 4. Hamamli outcrop. Serpentine rocks show cleavage-foliation and anisotropic
clustering of iron oxide minerals in the cleavage. These microstructures were used to evaluate
the strain values in two directions. (a) Strain analysis of a fault surface in vertical shear plane
(ab), with the rose diagram of Fe oxides, and plots of the normalized Fry using Fe oxides. (b)
Strain analysis with the same two methods in a horizontal displacement plane (ac). The shear
arrows are indicative of the sense of shear and do not show an accurate orientation of the
shear direction, which is not available on the outcrop where the sample was collected.

4.3 Ismetpasa outcrop (creeping section)
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The Ismetpasa outcrop (Fig. 1) exposes the fault within volcanic rocks near their
boundary with sandstone-shale units. At this site, the deformation in the gouge is
associated with tectonic layering leading to more or less fine-grained foliated to
granular rocks (F-gouge to G-gouge), Fig. 5a. The foliations are deformed around a
rigid clast of residual domain of the initial (undeformed) rock. Figure 5a shows a
digitized horizontal thin section, parallel to the displacement plane (ac) of the shear
zone, with four XRF maps of silicon on which the Fry-method analysis gave four
Rpyy, values ranging from 2.7 0.1 to 7.5 £0.4 at centimeter scale (Fig. 5b). It was
also possible to calculate the strain distribution at millimeter scale within this thin
section from six EPMA maps of mineral content acquired in exposed (the most
deformed areas) and protected zones (the less deformed area which is the clast of
undeformed initial rock), Fig. 5a. Some of the maps were masked in order to obtain a
more accurate evaluation of localized strain and mineral composition in zones of
disaggregated but relatively undeformed large quartzite clasts (map 3, Fig. 5a). The
relative mass change was calculated excluding magnesite and calcite from the
calculation considering that these minerals sealed the porosity of the rock more
recently in the deformation process and at least after the process of massive
deformation considered here (Kaduri et al., 2017). There was a clear decrease in
soluble mineral content from the protected (undeformed) zone to the exposed zones
(Fig. Sc¢). Then, in parallel, the strain was measured on these EPMA maps using the
Fry method and Ry, values for few representative minerals (albite, anorthite,
orthoclase, quartz, smectite). These values were plotted as a function of the relative

mass change and showed a near-linear trend (Fig. 5d). The values of Rg,., converted

to quadratic contraction/extension\/r,z using the A values (Eq. 1), showed the actual
successive change in deformation as a function of the relative mass change (Fig. Se).
Maximum shear strain values are given by maps 2 and 1 with y =12+
0.1 and 1.3 £ 0.1 with Rg,y, = 7.3 and 4.5 and with A= — 0.66 and -0.3, respectively.
The orientation of the grains in the exposed zones was most often aligned with the
local foliation. On the contrary, the protected (near undeformed) zones showed
random grain distribution with negligible preferred orientation (Fig. 5f). It must be
noted that the estimated grain orientations and the Fry plots are not parallel, because
the calculations are not performed at the same scale and because the deformation is

heterogeneous around the clast. The Fry plots are obtained from large XRD maps that
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represent a sampling of the whole thin section (area XRF I, I, III, IV) whereas the
grain orientation are obtained from local EPMA chemical maps and are located in

zones where the orientation of the deformation is pretty the same (area map 1, 2, 3b).
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Figure 5. Ismetpasa outcrop. (a) Thin section in horizontal displacement plane (ac) with two
types of gouge layers: foliated and granular gouges (F-gouge and G-gouge), around an
undeformed clast of initial rock, with four XRF maps of silicon (I-VI, centimeter-scale) and
six detailed EPMA maps of minerals located by numbers (1-6, millimeter scale), each
corresponds to a different mineral, given in the legend in (c). (b) Fry method based on the
four XRF large maps (I-IV) with their location above and using the minerals in the legend in
(c). (c) Mineral content of the mineral maps. (d) Strain measurements using the Fry method
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and Rp,, on these detailed maps plotted as a function of the relative mass change (uncertainty
is lower than the symbol size). The reference (protected zones) is map 5 (clast). (e) Plot of the
calculated quadratic contraction/extension as a function of the relative mass change. (f) Rose
diagrams of grain orientations from mineral maps with mean grain diameters (GD). The color
code is the same as in (c¢). The shear arrows are indicative of the sense of shear and do not
show an accurate orientation of the shear direction, which is not available on the outcrop
where the sample was collected.

4.4 Yazioren outcrop (creeping section)

The Yazioren outcrop (Fig. 1) exposes a shear zone in a mélange of carbonate and
volcanic rocks with tectonic layering (rich in alumino-silicates) and carbonate
boudinage. A horizontal thin section parallel to the displacement plane (ac) of the
shear zone was imaged by XRF in order to segment and measure strain markers.
Figure 6a shows the calcium XRF map, which emphasizes carbonate boudinage. The

strain measurement included two steps. The first step was to measure the quadratic

extension \//1_1 along the preserved boudinage (strain markers 1 to 8 in Fig. 6a), which
varied in the range 1.4 +0.1 - 4.1 £0.2. The second step was to measure the
deformation recorded in the deformed matrix located near the boudins, using the Fry
method on maps of elements acquired from EPMA measurements (location m1-m13,
in the Al map Fig. 6b). The Rp,, values varied from 1.0 £ 0.05to 4.5 £0.2. The
plot of these two types of measurement showed a good correlation with a fitted linear
regression coefficient R>=0.89 (Fig. 6¢). The relative mass change was calculated
using the EPMA maps by comparing exposed and protected zones. Figure 6d shows
an example of these two types of zones: an exposed zone (mapl13) and a protected
zone (pressure shadow contoured with a dashed line in map2) around a calcite clast.
From the protected to the more exposed zones, the mineral assemblage showed a
reduction in soluble mineral content and a relative increase in insoluble mineral
content (Fig. 6e). It is thus possible to calculate the mass change relative to the
protected zone (map2) (Fig. 6f). There is a near-linear trend between these strain
values evaluated by two different methods, \//1—1 and Rp,,, and the mass change (Fig.
6f). Note that such mass change values were only minimum values since the protected
zone was not an initial state but rather a less deformed state as attested by the
preferred orientation of the grains (Fig. 6g). Based on these measurements, boudinage
values associated with mean A = —0.1 lead to strain ratios ranging from 2 to 19 (Eq.

1) and gave a shear strain in the range y = 1.3 + 0.1 to 4.0 + 0.2 while the Fry
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method gave a range y = 0.5+ 0.05 to 1.540.1 (Eq. 3). These values may be
compared with the value of y = 1.3 + 0.1 obtained by the Fry method at the
decimeter scale with R, = 2.8 + 0.1 (Fig. 6h) and considering a mean value A =
0.1. The variation of y values at millimetric scale indicated the development of

parallel-to-the-cleavage differentiated layers with various associated shear values.
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Figure 6. Yazioren outcrop. (a) Calcium map measured by XRF showing boudinage with
variation in extensional strain in the horizontal displacement plane (ac). (b) Aluminum map

measured by XRF showing the foliation with the locations of the EPMA mineral maps. In (a)

and (b) color bars indicate relative content. (c) Correlation between \/A_l extension of the
boudinage and Rpy of the nearby matrix (with map-numbers). (d) SEM-BSE image and
EPMA mineral maps, showing protected (right) and exposed (left) zones. The color-coding
for the minerals is given in the legend of (e). (¢) Comparative mineral compositions, the
dashed line separates soluble (mobile) and insoluble (non-mobile) minerals. (f) Extension
values \/A_l (from boudinage with numbers) and Ry (from EPMA mineral maps) versus the
relative mass change (uncertainty is lower than the symbol size). (g) Rose diagrams of grain
orientations from EPMA mineral maps with mean grain diameters (GD) and orientation with
respect to the North. (h) Fry diagram at centimeter scale on the whole thin section from XRF
data using the minerals in the legend in (e). The shear arrows are indicative of the sense of
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shear and do not show an accurate orientation of the shear direction, which is not available on
the outcrop where the sample was collected.

4.5 Miilayim outcrop (creeping section)

In this outcrop (see Fig. 1), the fault crosscuts a block of ophiolitic mélange
embedded into schist, marble and metabasite units. Measurements were performed in
the schist that constitutes the main fraction of the rock body. Deformation was
measured based on the Fry method at different scales with also the use of folded
carbonate veins and the statistical analysis of grain clusters. A horizontal thin section
parallel to the displacement plane (ac) revealed a shear zone with cleavage - foliation
sub-parallel to the fault and crosscut by carbonate veins in all directions (Fig. 7a).
The cleavage can be seen on the XRF aluminum map (Fig. 7b). Parallel-to-the
cleavage and oblique-to-the-cleavage veins registered only a small part of the finite
extension \/1_1(0°) =114+0.02 , and \//1_1(90°) =1.24+0.02 , respectively.
Contraction perpendicular to the foliation was measured from folded veins giving
\//1—2 = 0.45 £ 0.01 from the decimeter-scale thin section (Fig. 7a) to millimeter size
EPMA map (Fig. 7d) indicating a minimum shear strain y =1.8 £0.1. The
deformation evaluated from the Fry method using XRF aluminum maps had a
relatively high value Rg,,, = 8.5 + 0.4 (Fig. 7¢), corresponding to a shear strain y =
2.61+0.2. No volume change can be calculated here due to the lack of clear evidence
of undeformed (or at least less deformed) protected zones, despite cleavage-foliation
being visible with alternating phyllosilicate-rich and albite-quartz-rich tectonic layers
indicating significant pressure solution mass transfer (Fig. 7f). Nonetheless, the
deformation was highly heterogeneous. Using EPMA maps at millimeter size, some
strain variations can be measured when using the Fry method in three different zones:
the hinge (H) and the limb (L) of an arcuate structure and an intermediate area (I)
(Fig. 7d) with R, ranging from 1.4 £0.07 to 4.8 £0.2 (Fig. 7e). Such strain values,
lower at millimeter size than at decimeter scale, implies the existence of some highly
localized zones with very high strain values at the sub-grain size. Within these zones,
phyllosilicates were oriented sub-parallel to the shear zone with embedded residues of
feldspar minerals and Fe oxides (Fig. 7f) and such fine-grained thin structures were
probably not taken into account well enough by the Fry method.

This problem was investigated by a statistical analysis of the Al grain clusters. More

precisely, relying on the detailed observations of the grain orientation and associated
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Fry ellipses (Fig. 7d, f, e), the distribution of the orientation of elongated grain
clusters containing aluminum was fitted with two normal probability density
functions. At the decimeter scale (Fig. 7b) the cleavage-foliation is overall sub-
parallel to the fault at the boundary of the sample. In such ductile context, this fault is
presumably parallel to the shear direction and, by measuring the angle 8 between the
line normal to the fault and the long axis of elongated grain clusters, the amplitude of
shear strain is evaluated: the angle between the long axis of elongated grains
(assimilated to cleavage plane) and the shear direction (a) is @' when @ = 45° (initial
cleavage) in Eq. 2. This calculation corresponds to the wider normal distribution in
Fig. 7g that gives an angle a’= 1° associated with y value of 57. However, at the
millimeter scale (Fig. 7d, f) we described two types of shear bands: those with grains
oblique to the shear direction and those with grains sub-parallel to this shear direction.
In order to better constrain the value of the a’angle in the shear bands with grains
sub-parallel to the shear direction we choose to concentrate our analysis in these
bands (with angles ranging from -5 to + 5° with the shear direction). Doing so we
avoid the possible perturbing effect of the grains oblique to the shear. This calculation
corresponds to the narrower normal distribution in Fig. 7g that gives an angle a'=
0.3°. This value of the a'angle is associated with y value of 190. However,
uncertainty on the angle between the normal distribution of the elongated grains
cluster and the shear displacement is probably higher than 1°, leading to y values
ranging from 40 to > 200. The coexistence of such a wide range of strain values, the
uncertainty of their evaluation and their use to calculate the aseismic displacement is

discussed in section 5.2.
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Figure 7. Miilayim outcrop. (a) Calcium map in the horizontal displacement plane (ac)
measured by XRF with a folded calcite vein (ptygmatic vein) shown between arrows along
dashed white lines. (b) Aluminum map in the same sample indicates sub-parallel cleavage-
foliation rich in phyllosilicates. In (a) and (b), color bars indicate relative content. (¢) Fry
diagram based on XRF-maps (decimeter scale, 7a-b) using the minerals in the legend in (d):
anatase and mica. (d) Mineral maps with fold separated by masks in the hinge, the
intermediate area and the limb with different cleavage angles (locations are given in Fig. 7a).
(e) Fry diagram based on the selected zones of the mineral map with increasing values of Rery
from hinge to limb (millimeter scale) using the minerals in the legend in (d). (f) Mineral map
in a highly localized deformation zone with sub-parallel to the shear displacement micas and
embedded fine-grained quartz. (g) Orientation distribution of clusters of grains containing Al
(Fig. 7b) fitted by two normal probability density functions (PDF), with the mean diameter of
the grain clusters containing aluminum (GCD). Parameters of the two normal distributions are
<o the mean angle with the fault (F) and ¢' the standard deviation: <a™> = 1° and 0.3° and
0'=42° and 2.5° for the wide and narrow distributions, respectively.

4.6 Gerede outcrop (creeping section)
The Gerede outcrop (Figs. 1 and 8b) is an abandoned quarry at the western end of the
Ismetpasa creeping segment (Hussain et al., 2016; Cetin et al., 2014). It is located one

kilometer south of the present-day active fault zone with several other major strike-
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slip faults in between mostly buried under Quaternary sediments (Kaduri et al., 2017).
The quarry presents a continuous 150 m-wide outcrop (Fig. 8a) that reveals a network
of 5 to 30 cm thick clay-rich soft gouges with parallel-to-the-fault cleavage-foliation
(Fig. 8a, 8c, 8d). These faults cross the volcanic units of the Galatia massif
(Adiyaman et al., 2001), which are a mélange of dacite, andesite and trachy-basalts
(Wilson et al., 1997). These different units are difficult to distinguish. In the gouges,
they have been transformed by deformation coupled to low temperature
metamorphism (Kaduri et al.,, 2017). In the damage zones, they have been highly
damaged with fractured blocks and dense networks of vertical veins in all directions
(Fig. 8e). Such sealed fractures were related to episodic inflow events of carbonate-
rich fluids that were associated with the successive earthquakes that affected this
section of the NAF (Kaduri et al.,, 2017). Moreover, the deformation was
heterogeneous with more or less rigid fractured blocks surrounded by foliated zones
with intense deformation displaying a braided fault pattern at all scales, from thin
section (Fig. 5a) to regional scale (Fig. 8a). The size of such rigid blocks decreased
drastically in gouges and in zones with cleavage sub-parallel to the shear fault but the
boundaries of such zones were undulated and their widths varied along strike (Fig.
8a-c-d). In thin sections, only some islands of volcanic rocks can be seen between the
networks of veins. Consequently, it was not possible to evaluate the strain and shear
values using particle distribution as in the other studied outcrops.

However, it was possible to evaluate the shear values from the angles between the
cleavage and the shear fault planes, similar to what was done at microstructural scale
for the Miilayim outcrop (Fig. 7g). Such angles can be measured either directly in the
field or in thin sections. It was not possible to measure the variations of these angles
along a continuous path over the entire 150 m of the outcrop. However, the damage
zones appeared to be more layered in areas near the gouges than away from them
(Fig. 8c-d). Thin sections showed that, in these areas near the gouges, the cleavage
orientation was sub-parallel to the shear fault plane (Fig. 8f-g-h), whereas away from
the gouge the cleavage was oblique to the fault (Figs. 8e), as in other outcrops (Fig.
5f, 6g). Such