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Abstract
This paper aims to illustrate and discuss mechanism(s) responsible for the growth and evolution of large-scale corrugated normal faults in
southwest Turkey. We report spectacular exposures of normal fault surfaces as parts of the Manisa Fault — a ~50-km-long northeast-ward
arched active fault that defines the northwestern edge of the Manisa graben, which is subsidiary to the Gediz Graben. The fault is a single
through-going corrugated fault system with distinct along-strike bends. It follows NW direction for 15 km in the south, then bends into
an approximately E-W direction in the northwest. The fault trace occurs at the base of topographic scarps and separates the Quaternary
limestone scree and alluvium from the highly strained, massive bed-rock carbonates. The fault is exposed on continuous pristine slip
surfaces, up to 60 m high. The observed surfaces are polished and ornamented by well-preserved various brittle structural features, such
as slip-parallel striations, gutters and tool tracks, and numerous closely spaced extension fractures with straight or crescentic traces.
The rocks both in the footwall and hanging-wall of the fault possess a well-developed fault rock stratigraphy made up, from structurally
lowest to the top, of massive undeformed recrystallized limestone, a zone of cemented breccia sheets, corrugated polished slip planes,
and first brecciated, then unbrecciated scree.

The observed slip surfaces of the Manisa Fault contain two sets of striations that suggest an early phase of sinistral strike-slip and a
subsequent normal-slip movements. The first phase is attributed to: (i) approximately E-W-directed compression that commenced during
either (?) Early—Middle Pliocene time or (ii) the current extensional tectonics and consequent modern graben formation in southwest
Turkey that initiated during the Plio—Quaternary. During this period, the Manisa Fault was reactivated and it became a major segment.
Stress inversion of fault slip data suggests that southwest Turkey has been experiencing multidirectional crustal extension, with components
of approximately N-S, E-W, NE-SW and NW-SE extension. Following the reactivation, the inherited fault segments were connected
to each other through interaction, linkage and amalgamation of previously discontinuous and overlapping smaller stepping adjacent
faults. Linkage was via the formation of new connecting (breaching) fault(s) or by curved propagation of fault-tips. The result is a single
through-going corrugated fault trace with distinct along-strike bends. The final geometry of the Manisa Fault is thus the combined result
of reactivation and continuing interaction between previously discontinuous segmented fault traces.
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1. Introduction

Normal faults in extending terranes have been studied
in considerable detail because of their role in basin develo-
pment, evolution of drainage systems, and their significance
in mining and hydrocarbon exploration. Various models have
been developed to describe the geometry and growth of large-
scale normal fault systems. The examination of normal fault
systems reveals that there is a correlation between fault-trace
geometry and progression in length and throw of normal faults
and that stepping fault segments and their connecting structures
interact to develop composite large fault systems (e.g., [1-3]).
Recent models emphasize the role of segment interaction and
state that large-scale normal faults do not develop simply by
lateral propagation of a single rupture surface at fault-tips but
grow by linkage of overlapping fault segments either by: (i)
lateral (curved) propagation of the en échelon fault-tips or (ii)
formation of new connecting faults (e.g., [2] and references
therein). Many normal fault systems are initially characterized
by the occurrence of short, steep and planar fault segments with
relatively small amounts of throw. They are usually arranged
en échelon and show scarps with straight traces. Increasing
displacement facilitates interaction, linkage and consequently
breaching of relay ramps (cf. [4]) between these fault segments.
As aresult, the segments are linked to form through-going scarps
with zigzag traces where faults show variable throw amounts
along strike. Many normal fault systems are therefore charac-
terized by overstepping and linked segments (e.g., [2—43]).
The resulting large normal faults are usually corrugated with
ridges and grooves that are arranged parallel or sub-parallel
to the slip-lines along, and plunge down-dip of, the fault pla-
nes. The traces of corrugated surfaces have curved or angular
geometries. The size of corrugations varies with wavelengths
of metres to several hundreds of metres, even to kilometres [2,
16,44-46]. Three different mechanisms have been proposed to
explain the origin of large-scale corrugations: (1) reactivation
of pre-existing faults and fractures (e.g., [44]), (2) folding of
fault surfaces (e.g., [45]) and (3) progressive breakthrough of
originally segmented (en échelon) fault systems (e.g., [2]).
The corrugations and their geometries are important since they
provide useful information about the kinematic evolution and
growth of large-scale normal fault systems, as well as that of
large-scale corrugations.

In this paper, we present an example of a large-scale normal
fault system in southwest Turkey, namely Manisa Fault, to
illustrate and discuss mechanism(s) responsible for large-scale
normal fault growth and corrugation formation. We suggest,
based on these observations, that different mechanisms pro-
posed for the origin of corrugated large-scale normal faults
may operate simultaneously along the same fault system. The
data confirms the vital roles of segmentation, interaction and
linkage in the development and in the final lateral geometry
of the normal fault systems. We also aim to estimate the stress
field orientation, using inversion of fault slip data, during the
development and breaching of relay ramps. This paper also
reports spectacular new exposures of active normal fault surfaces

along the Manisa Fault, where quarrying has revealed pristine
surfaces that posses well-preserved features. The paper provides
further information for better understanding the kinematics and
development of the Manisa Fault and discusses its significance
for the crustal extension prevailing in southwest Turkey.

2. Geology of the Field Area

Western Anatolia is one of the most seismically active and
rapidly extending regions of continental crust in the world and
is currently experiencing an approximately N—S continental
extension. This region is extending by about ~3—4 mm a’!
(e.g., [46-50]), most of which is achieved by seismic slip on
active normal faults with many earthquakes less than Ms= 7
(cf. [52]). The tectonic setting of the region is complex. The
faulting and associated extension may be associated with back-
arc extension behind the Aegean Arc, could be consequence
of orogenic collapse, and are attributed to westward escape of
Anatolian block along the North Anatolian and East Anatolian
fault systems (cf. [52]) (Figure 1). The region exhibits evidence
for core complex formation, basin evolution, graben formation
and related active normal faulting. Despite uncertainty regarding
the tectonic driving mechanism and age of continental exten-
sion, southwest Turkey has five important and well-established
characteristics: (1) metamorphic rocks are exhumed in the
footwall of now low-angle normal faults; (2) graben-bounding
high-angle active normal faults cut and displace the low-angle
ones; (3) faults are clearly expressed at the surface; (4) normal
faults have corrugations with variable wave lengths from a
few centimetres to hundreds of metres, reaching even up to
kilometres; and (5) the deformation is recent and continuing.
The readers are referred to recent studies on the geology and
tectonic evolution of southwest Turkey (e.g., [54—-83].

The geomorphology of southwest Turkey is dominated
by approximately E-W-trending active normal faults with
maximum lengths typical in the range of 15-25 km. They
mostly display zigzag patterns of several segments, each
of which may be several hundreds of metres to kilometres
long. Normal faults are expressed as steep topographic scarps
(Figures 1-3). Mappable scarps range in height from a few
metres to as many as several tens of metres while they may
show topographic relief of even more than a kilometre. The
faults offset the surface of rocks as young as 2 Ma (e.g.,
Kula volcanics) or even much younger. The erosion rates
in southwest Turkey is very low and so that the topographic
relief may appropriately reflect the total throw on faults,
after accounting for sediment-fill in the graben. Earthquake
epicentres are illustrated in Figure 2 (e.g., [51, 84—-87]).

Map traces and localization of Quaternary sedimentation
define two major sets of faults. One set strikes approximately
E—W and dips north or south while the other set strikes approxi-
mately N—S (NW-SE or NE-SW) and dips east or west (Figures
1 and 2). The E-W striking faults are more numerous and have
greater total throw and earthquake activity. Available studies
report the oblique-slip nature of the NW—SE- or NE-SW-stri-
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Figure 1.

(a) Simplified tectonic map of
Turkey showing major neotectonic
structures (from [60]). DSFS —
Dead Sea Fault System, EAFS

— East Anatolian Fault System,
NAFS — North Anatolian Fault
System, NEAFZ— Northeast
Anatolian Fault Zone.

(b) Outline geological map

of southwest Turkey showing
Neogene and Quaternary basins
and subdivision of the Menderes
Massif. Note that the (?) Miocene
and Pliocene sediments are not
differentiated due to the lack of
data (from [59]). CMM- Central
Menderes Massif, NMM- Northern
Menderes Massif, SMM- Southern
Menderes Massif.



Downloaded by [McMaster University] at 12:06 29 December 2015

430

40°

39°

37°

36°

Erdin Bozkurt and Hasan Sozbilir / Geodinamica Acta 19/6 (2006) 427-453

26° 2T 28° 29° 30° 31°

40°

39°

38°

37°

26° 27° 28° 29° 30° 31°

Figure 2. NASA Shuttle Radar Topographical Mission (SRTM) 3 arc seconds (~90 m) resolution shaded Digital Terrain Model of southwest
Turkey, showing the major active grabens and distribution of epicenters for earthquakes with magnitudes greater than 3 during the time
period of 1964-2001. The map has been prepared using Generic Mapping Tools (GMT) developed by Wessel & Smith [138]. AG — Acigdl,
BG — Bakirgay Graben, BIG — Baklan Graben, BMG — Biiyiik Menderes Graben, DG — Denizli Graben, GG — Gediz Graben,
GoE — Gulf of Edremit, GoG — Gulf of Gokova, KMG — Kiiciik Menderes Graben, LE — Lake Egirdir, SG — Simav Graben.
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Figure 3. Satellite pictures of the Manisa Fault and the Gediz Graben showing the location and topographic escarpment and steep slope developed

along the Manisa Fault.

king faults with minor strike-slip components associated with
normal motion (see Bozkurt [61] and references therein). Fault
surfaces are rarely preserved, and horizontally-offset features
are rare, thus there is little unambiguous evidence for strike-
separation along these faults.

We report pristine exposures of normal fault surfaces in
southwest Turkey. They are parts of active Manisa Fault that
bounds the Quaternary fill of the Gediz Graben in the hanging-wall
while Sipil Dag1 mountain, rising up to 1500 m above sea level,
forms the footwall (Figures 3—-5). Quarrying of the limestone
scree in the immediate hanging-wall has revealed slip surfaces up
to 60 metres high over a length of a few hundreds of metres.

3. Stratigraphy

Three lithostratigraphic units, separated by unconformities,
are distinguished in the study area: (1) Bornova Flysch Zone, (2)
Neogene sediments (the Karadag formation) and (3) Quaternary
alluvium (Figures 4 and 5). The Bornova Flysch Zone is a 150-
km-long and 60-km-wide NE-trending zone that lies between

Giimiildiir (Izmir) in the south and Bigadic¢ (Balikesir) in the
north. It is represented by mountain-forming Mesozoic limes-
tone olistoliths/blocks and ophiolitic blocks within a turbiditic
matrix of clastic-carbonate sedimentary rocks. The age of the
unit is Maaastrichtian to Palacocene [88-92].

The Neogene sediments in and around the Manisa Fault
are named, for the first time in this study, as the Karadag for-
mation. The unit commences with basal conglomerates above
the different lithologic associations that make up the Bornova
Flysch Zone. The dominant facies, from bottom to top, consist
of: (i) grey-red, cross-bedded and poorly-sorted pebble-cobble
conglomerates with red mudstone and sandstone interbeds;
well-rounded polymict clasts are derived mainly from the
underlying Bornova Flysch Zone whereas metamorphic clasts
from the Menderes Massif occur sporadocially, (ii) reddish,
cross-bedded sandstone and grey mudstone alternation. The
facies characteristics and syn-sedimentary structures suggest
an alluvial fan/fluvial environment, and (iii) carbonate-domi-
nated sequence with dominant whitish-grey-beige lacustrine
limestones. The unit is correlated with the Miocene—Lower
Pliocene lacustrine sediments exposed throughout western
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Figure 4. (a) Simplified geological map of Spil Dagi. (b) Geological cross-section along A—B line, showing the distribution of Karadag formation outcrops
at different elevations to illustrate the total amount of throw on the Manisa Fault.

Anatolia (e.g., [56, 57, 63]). The Mio—Pliocene sediments
unconformably overlie the basement carbonates and crop
out at different elevations in the Sipil Dag1 (Figure 4). They
are folded and, cut and displaced by numerous Quaternary
active faults, including the Manisa Fault.

Alluvial sediments form the youngest lithologic association
in the study area. They are represented by many well-developed
marginal alluvial fans of diverse size and axial river deposits
filling the present graben floor (Manisa alluvial basin). The
immediate margin of the Gediz Graben along the Manisa
Fault is marked by many steep, well-developed alluvial fans
that coalesce and degrade and result in a fault-parallel alluvial
fan apron (Figure 5). The colluviums accumulated in the
immediate hanging-wall of graben-bounding fault segments
are also included in this group. While alluvial fans represent
sediments deposited from side canyons into the graben, the
axial river, composed of sand/clay and gravel, is deposited in

ameandering stream channel of the north—northwest flowing
Nif Cay1. The alluvial fans and axial river sediments are feeded
by the rocks of the Bornova Flysch Zone and the Karadag
formation exposing in the Sipil Dag1.

4. Manisa Fault

The Manisa Fault is a 50-km-long, NW-trending, convex
to NE, active fault that defines the northwestern edge of the
Manisa graben subsidiary to the Gediz Graben (Figures 1b,
3 and 4). The graben widens towards south, reaching 10 km
in width where it meets with the Gediz Graben. The Gediz
Graben is an E-W-trending graben with a total length of
almost 150 km and width of between 3 km and 30 km (Figures
1-5). The Manisa Fault strikes NW in the south and bends
into an approximately E-W direction around Manisa to the
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Figure 5. Geological map of the Manisa Fault that shows along strike-changes of fault trace

and the distribution of Quaternary alluvial fans in its hanging-wall.

north. The present-day fault trace is over 50 km long (20 km
within the study area), from Manisa in the northwest to the
Gediz Graben in the south (Figure 3a). In the dip direction,
the exposed slip surfaces of the Manisa Fault are planar.
Evidence for present-day activity along the fault is indicated
by epicentre distribution of earthquakes (Figure 2). Since
the instrumental record began, there have been several M>3
earthquakes occurred along the Manisa Fault.

The Manisa Fault separates the Quaternary colluvial and
alluvial deposits from the bed-rock carbonates of the Bornova
Flysch Zone. In the immediate hanging-wall of the fault zone,
crude stratification in the exhumed Quaternary colluvium
commonly dip to the northeast away from the fault (Figure
6a) while alluvial fan sediments are back tilted towards the
fault (Figure 6b). The footwall structure of the Manisa Fault is
generally simple, consisting of planar, massive limestones that
abut against the plane or are locally eroded (Figure 6¢c—e).

The Manisa Fault forms the base of a topographic scarp,
which to the NE in the immediate footwall rises at an ele-
vation of about 550 m (Figures 5 and 6¢—d). Although the
fault scarp can be traced over several kilometres, the fault
plane(s) cannot be observed. Where observed, normal fault
slip surfaces are usually preserved at the base of limestone
escarpments (Figure 6¢, d). Fault planes are commonly marked
with polished surfaces but the slip-lines are much weathered
and rarely preserved. These surfaces are interpreted to represent
the last co-seismic increments of slip. In some areas, the fault

E rocks of Bornova Flysch Zone

ILocation)lis

ICocationtl:

plane is blanketed by adjacent

thick limestone scree and/or talus
accumulated in the immediate hanging-
wall (Figure 6a, b). If the scree or talus is
removed by quarrying, higher fault planes can be

exposed (Figure 6d, e) We have worked on freshly exhumed
fault planes at two localities where quarrying exposed fresh
slip surfaces over a length of 500—-1000 m along strike. The
surfaces are remarkably continuous, with patches of up to
hundreds metres in length and up to 60 m high in two places.
Good reservation suggests that the slip surfaces are protected
by the cemented scree that rest against it as it grows.

4.1. Slip-Plane(s) Patterns

The Manisa Fault in the study area consists of NW-SE-
trending northeast-dipping fault segments characterized by
smooth, polished and fresh slip surfaces. The slip surfaces are
strongly corrugated, having roughly symmetrical alternating
culminations (ridges) and depressions (grooves) perpendicular
to their length (Figure 6e—h). Corrugations plunge down the
dip of the slip surfaces and are aligned, with their long axes
almost parallel or sub-parallel to the slip. The size of undu-
lations is variable from a few centimetres to tens of metres
in wavelength and amplitude. They occur all along the fault
surface, and as it seems there is no considerable change in
their orientation height up to the slip surface (Figure 6h).
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Elsewhere, along the strike of the Manisa Fault, the degraded,
weathered surfaces display corrugations with wave length up
to several tens of metres to kilometres as evidenced by curved
or angular fault traces (Figures 5 and 6f-h).

Most slip planes strike NW (mean 124°); there are short
segments that strike approximately east—west. The NW-striking
slip planes dip average 49° (36—-58°) NE. Although the dips
of slip planes remains constant, with some exceptions, along
the fault plane, the strike of the fault changes southwards
from an average value of 118° in the northwest to 135° in
the southeast. As seen from the map in Figure 5, the fault
displays mappable corrugations and this nature of the fault is
reflected by marked changes in its strikes. The well-exposed,
pristine slip surfaces of the Manisa Fault were studied at two
localities (Figure 5) where it is represented by overlapping
and/or right-stepping sub-parallel fault segments at the base
of steep topographic escarpments.

In the first locality (Locality I), the Manisa Fault is repre-
sented by numerous parallel- to subparallel slip surfaces,
separated by recemented fault breccia sheets (Figure 7a). The
frontal one adjacent to the limestone scree forms the youngest
slip surface along which the most recent increments of the
fault movement have taken place. The frontal slip surface
is represented by a single, irregular slip surface that has an
along-strike bend (Figure 8). The parallel long segments have
an overall strike of between 135° and 133° and average dips
of between 52° and 50° NE, respectively. They are linked
with a short segment with an average attitude of 162°/52°E
(Figures 7b, ¢ and 8).

In the second locality (Locality II), the Manisa fault is
represented by a pair of overlapping parallel normal fault
segments where the overlapped area between them is tilted
and slopes to the southeast (Figures 7d, e and 9). The fault
segments have an overall strike of between 124° and 114° and
average dips of about 49° NE and these primary segments are
not connected in map view. The interaction between primary
fault pairs with increasing extension produced a relay ramp

Figure 6. Field photographs of the Quaternary colluvium (limestone scree)
(a) and alluvial fan sediments

(b) accumulated in the immediate hanging-wall of the fault segments.
The slip surface separates highly strained massive carbonates from the
colluvial sediments. The latter shows crude stratification (labelled with
dashed white line in a) that dips away from the fault and is characterized
by numerous both antithetic and synthetic syn-sedimentary meso-growth
faults. Similar normal meso-growth faults are common in the alluvial

fan sediments in (b) and define a step-like geometry facing towards the
graben. The occurrences of syn-sedimentary/growth normal faults attest
the Quaternary activity of the Manisa Fault during their deposition.

(¢) A view from the degraded slip surface at the base of a very steep topo-
graphic scarp that separates Quaternary alluvium (Q) from the massive
bed-rock carbonates (Lst).

(d, e) Views from the exhumed corrugated slip surfaces in Location II.

The height of the exposed pristine fault surface (S) beneath now excavated
colluvial sediments is about 60 m. The dark-weathered irregular surface
above the polished surface is the degraded fault scarp (D). The weathered
surface marked with abrupt change in the colour (darker) at the top of pris-
tine exposure in (e) shows the level of scree covering the slip surface before
excavation; it is about 1-3 m high above the top of pristine polished surface

(fault bridge) (cf. [4]), tilted southeast (Figure 7e), which is cut
by a secondary fault (breaching fault) at the topographically
higher end of the ramp (Figure 10a). The breaching fault strikes
in 171° on average with an average dip of 50° E (Figures 9
and 10a). The deformation is recent and continuing.

4.2. Fault Zone Rocks

The rocks occurring both in the footwall and hanging-wall of
the Manisa Fault posses a well-developed fault rock stratigraphy
made up, from structurally lowest to the top, of: (i) a massive
undeformed recrystallized limestone occurring as large block
within the Bornova Flysch Zone (Figures 6c, d and 7a); (ii) a
zone of fault breccia that is characterized by several recemented
(reworked) breccia sheets separated by slip planes. The fault
breccia is represented by mosaic of randomly distributed varia-
bly sized angular to subrounded limestone clasts bounded by
calcite cement; there is evidence for the presence of fine-grained
iron-oxide-rich matrix material as well. The angular clasts at the
interface with the slip surfaces are truncated and display smooth
surfaces (Figure 10b—d). Because of the poor quality of expo-
sures in the footwall area, the contact between the undeformed
limestone and the breccia is not observed. The thickness of the
breccia zone beneath the uppermost slip surface is variable along
strike of the Manisa Fault, but it may reach up to metres; (iii) on
the upper surface of fault breccia zone lies a corrugated polished
slip plane that separates footwall breccia from the hanging-wall
colluvium (Figure 10e, f) (see next section for the characteris-
tics of the fault surface); (iv) where preserved, commonly in
troughs of low-amplitude corrugations, the uppermost striated
surface is commonly separated from the colluvium by a thin
(a few millimetres thick) layer of clay/mud. If the clay/mud is
thick enough, one can observe very thin partings resembling a
foliation. The clay shows preserved slip lines developed on them
(Figure 10g); (v) a variably thick (a few centimetres to a few tens
of centimetres) brecciated colluvium. It is composed of angular
limestone clasts, derived directly from the underlying rocks, set

and is marked with the traces of vegetation (arrowed). Some limestone
scree (C) still remains in the immediate hanging-wall of the slip surface in
the lower right and left corners in (d) and (e), respectively.

(f-h) Field views from the corrugated slip surfaces along the trace of the
Manisa Fault. Corrugations are characterized by alternating ridges and
grooves that plunge down the dip of the slip surfaces and are aligned,
with their long axes, almost parallel or sub-parallel to the slip. Their
wavelengths in these pictures are in the order of several metres. Although
the exposed parts of the slip surfaces are degraded in (f—g), corrugations
are readily be observable. Note the angular geometry of large scale cor-
rugation in (g) and that the fault breccia beneath the polished slip surface
is exposed (fb). Note also that there is no observable curvature along the
trend of corrugations (low-amplitude undulations) from the bottom to the
top of the slip surface in (h), suggesting that the slip vector direction is
consistent up to the height of the slip surfaces and that there is no change
in azimuth of slip vector over several increments of earthquake activity
along this particular slip surface. The slip surface is cut by numerous post-
slip fractures that oriented almost normal or parallel to the slip direction
(arrowed). The tree in (a) is about 3 m high, the man in (b, e and g), 175
cm tall, the car in (c), ~4 m long, the slip surfaces in (d and h), ~60 m
high and the poll in (f), ~ 5 high.
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in fine-grained matrix (Figure 10h). The clasts are similar in size
and display angular to subrounded shapes; and (vi) unbrecciated
colluvium beneath the slope scree deposits (Figure 6a, 7d). The
Quaternary colluvial sequence comprises crudely stratified
gravel and sand. The crude bedding planes, where observed, are
back tilted towards the fault plane. There are also occurrences
of syn-sedimentary/growth normal faults, attesting the activity
of faulting during their deposition (Figure 6a, b).

4.3. Slip Surface Structures

These polished slip surfaces are not perfectly planar but
ornamented by various structural features, typical of brittle
deformation. They include slip-parallel striations, gutters and tool
tracks. The striations (striae or slip-line lineations) are the most
prominent features of the slip surfaces and occur as scratches
that define a pervasive lineation on the slip surface. They are the
youngest features superimposed on the other fault plane-related
features and record the slip-direction of the latest motion along
the surfaces (Figure 11a, b). The length of the trace of the indi-
vidual striations is variable but they can be traced for a distance
of about a metre or even more. Gutters are as a few millimetres
wide, rectilinear, steep-sided, flat-floored channels (Figure 11¢)
and occur as sporadic features incised into the slip surface and
fault breccia. Tool tracks (cf. [6]) are the least prominent features
developed on the slip surfaces and are represented by sporadic
occurrence of isolated shallow depressions. They are wider, up
to 5—6 cm, at the upper ends but taper in the slip direction of the
hanging-wall block (Figure 11d).

In addition to above structures, the slip surface and under-
lying fault breccia of the Manisa Fault are cut by numerous
closely spaced open fractures that are oriented approximately
perpendicular to, or parallel/subparallel to, the slip lineation
(comb fractures of Hancock and Barka [6]; Figure 11d—f). Some
are crescentic traces pointing in the direction of hanging-wall
movement (Figures 11g, h). Most of these cracks occur as joints
but there are some associated with normal offset displacing the
slip surface (Figure 12a). Some are open fractures; they are
either empty or partly filled by either colluvium or clay mate-
rial. In addition to comb-fractures, there are also examples of
conjugate fractures (Figure 12b). These structures all overprint
the slip surfaces so they must have formed post-slip.

4.4. Palaeostress

The fault kinematic analysis using the data from striated
slip surfaces are performed in order to determine the kinematic
framework of faulting during the growth of Manisa Fault
into a single through-going large-scale structure. The fault
slip data are analysed, using the stress inversion method of
Angelier [92-95], and computed using the software developed
by Hardcastle & Hills [96]. The inverse analysis of fault-
slip data allows the determination of stress orientation from
measurements of fault slip data (the orientation and dip of the
faults, and sense of slip along them). The method is based on
the assumption that the rigid block displacement is indepen-

Figure 7. Field views from the freshly exposed pristine slip surfaces of
the Manisa Fault in Locations I (a—c¢) and 11 (d, e).

(a) Degraded fault scarp (D) is obvious with its dark-weathered irregu-
lar surface above the planar polished slip surfaces (S).

The slip surfaces mark steep topographic scarp that separates massive
bed-rock carbonates (D) in the footwall from Quaternary colluviums
(C; left-overs from quarrying still remains) in the hanging-wall. Note
numerous parallel to subprallel slip surfaces (S) and recemented

fault breccia sheets in-between. The frontal one adjacent to limestone
scree (C) forms the youngest of slip surfaces.

dent and that the striations on a fault plane are parallel to the
maximum resolved shear stress (t) applied on this fault (e.g.,
[93-95,97-102]). All inversion results include the orientation
(plunge and azimuth) of the principal stress axes as well as a
‘stress ratio (¢)’ [¢= (0,— 0;) / (0, — 05)]’, a linear quantity
describing relative stress magnitudes. The stress axes 0, 0,,
and 0, correspond to maximum, intermediate, and minimum
compressional principal stress axes, respectively (see Angelier
[95] for the details of stress inversion procedure).

We have studied the stress field orientations using the
observed slip surfaces at two localities along the strike of the
Manisa Fault where the fault-plane related features, including
the striations, are well exposed and can readily be identi-
fied. The main motion along the slip surfaces is normal, but
there is some evidence for the presence of an earlier sinistral
strike-slip motion with minor normal component. Although
the later increments of normal faulting has erased evidence
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(b) The frontal surface is represented by a single, irregular slip surface
that has an along-strike bend. Note the steep fault scarp and the abrupt
change in the general trend of the slip surface (far end). The occurrence of
numerous corrugations results in variations in the general attitude of slip
surface (104—153°/43-54°).

(c) Close-up view from the along-strike bend in (a). Note the well-develo-
ped corrugations as marked with alternating culminations and depressions
along the slip surface. The slip surface has relatively oblique-slip nature
as indicated by the oblique orientation of corrugation axes. The surface is
ornamented by slip-normal tension fractures (arrowed).

for the previous activities of the fault plane, we were able to
observe two sets of slip lines on primary fault segments of
the Manisa Fault where the slip lines with rakes average 18°
(05-30°) are superimposed by striations with an average rake
of 83°(72°-89°) (Table 1). The second motion along the fault
segments has minor strike-slip component, which is either
dextral or sinistral due to the corrugated nature of the slip
surfaces. The computed results of the slip data measurements
for each locality will be given below separately.

Early Strike-slip Motion

The computed results of the inverse analysis of fault-slip
measurements for early phase of strike-slip faulting in two
localities seems to be consistent; they define relatively steeply
plunging o, axes (52° and 53°), but gently plunging o, axes
(06° and 10°). The orientation of 0, axis is very similar for
both localities with attitudes of 36°/269° and 35°/259°, respec-

(d) A field photograph showing pair of right-stepping en échelon normal
fault segments in Location I1. Note that the limestone scree (C) still
remains in the lower end of the relay ramp developed in the overlapping
area. The rear primary segment (R) dies out in the northwest while the tip
of the front primary segment (F) disappears in the southeast. The freshly
exposed pristine slip surface of the rear primary segment (R) is corrugated
while the degraded irregular topography (D), rises up to 550 m, is com-
posed of dark-weathered massive bed-rock carbonates.

(e) A close-up view from the eastward tilted relay ramp area (arrowed)
between overlapping en échelon rear (R) and front (F) primary segments.
The tilting in the topography is pronounced and lower end of the relay
ramp area is characterized by the accumulation of the limestone scree (C).
The slip surfaces in (a, b, and d) are ~10 m and ~60 m high, respectively,
the man in (c), 170 cm tall, and the concrete wall (cw) in (e), ~2.5 m high.

tively (Table 1). The results suggest strike-slip faulting in an
approximately E-W-trending contractional and N—S-trending
extensional tectonic environment (Figures 8a and 9a).

Normal Faulting

In Location I, the Manisa Fault is characterized by a single
through-going fault with a short bend along strike (Figure 8).
We have studied the kinematics of two primary segments and
the joining short segment separately to see if the estimated
stress field orientations are comparable. The computed results
define an approximately vertical o, plunging at 82-86°,
whereas 0, and 0, axes are almost horizontal, plunging at 02°
and 08°, and trend in 133—-140° and 042—049°, respectively
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Table 1. Results of palaeostress analysis from measurements of slickensides and slickenlines, which belong to the different segments of the

Manisa Fault in Locations I and I1.

number of principal d
measurements stress axes
' . ‘ 0,= 36°/269°
early strike-slip motion 11 0y=52°/110° 0.425
0y= 06°/010°
rear prima 0= 827243
t};ult Ty 10 0= 02°/140° 0.363
) = 08°/049°
Location 1 . o 86°/358°
normal front primary 23 g'; 03%/139° 0.406
faulting fault o= 029229° '
loneg-strik o,=85°273°
along-strike 14 0,= 04°/133° 0.438
bend fault o,= 03°/042°
I
. . ‘ 0= 35°/259°
early strike-slip motion 9 0,= 53°/058° 0.622
0y=10°/162°
. 0,= 83°/208°
front primary 14 0= 01°/303° 0.245
fault o,= 07°/033°
footwall of front 12 o ggzﬁ g% 0.027
. primary fault 0§= 06°/044° .
Location I1 . =73°/209°
normal rear primary 20 g'; 02°/305° 0.197
faulting fault 0§= 17°/035° .
breaching fault of 10 o ggggg 0.804
the relay-ramp area 02: 08°/068° .
minor faults in the 18 o ggﬁ;? 0.132
relay-ramp area sz 16°/079° .

(Figure 8b—d). The results suggest that there is no significant
change in the estimated stress orientation, although the attitudes
of slip surfaces are variable and the faulting is consistent with
an approximately NE-SW extension (Table 1).

In Location II, the Manisa Fault is characterized by two
primary fault segments and a breached relay ramp (Figure 9).
We have studied the kinematics of two primary segments
and breaching fault separately. The estimated stress field
orientations for the primary segments are comparable, with
0, trending 208—209° and plunging between 73° and 83°. o,
trends in 303° and 305° and plunges at 01° and 02°, whereas o,
axes have average attitudes of 07°/033° and 17°/003° (Table 1;
Figure 9b—d). There is slip data available from the small-scale
second-order antithetic and synthetic meso-faults developed
within the crushed zone in the footwall of the front primary
fault segment. The calculated o, trends in 302° and plunges
steeply at 66°, whereas 0, and 05 axes have average attitudes
of 24°/137° and 06°/044° (Figure 9d; Table 1).

The calculated o, trend, from substratum on the breaching
normal fault plane (Figure 10a) that deforms the relay ramp
between the primary segments, is 163° and plunges at 34°, whereas

0, and 0, axes have average attitudes of 55°326° and 08°/068°,
respectively (Figure 9¢). Small-scale antithetic and synthetic
meso-faults with normal motions are consistent with an approxi-
mately ENE-WSW extension. The computed results define a
near vertical 0, plunging at 73°, whereas 0, and 0; axes are sub-
horizontal, plunging at 05° and 16°, and trend in 169° and 079°,
respectively (Figure 9f). The similarity of the least stress axes
orientations calculated from slip data on the breaching fault and
within its footwall deformation but differences in intermediate
and greatest stress axes is remarkable (Table 1).

5. Interpretation and Discussion

5.1. Fault Zone Rocks and Slip Surface Structures

The structures developed on the slip surfaces of the Manisa
Fault indicates abrasion (frictional wear) of slip surfaces and
fault breccia due to shearing of moving hanging-wall colluvial
sediments across slip surfaces during repeated, incremental
faulting (e.g., [6, 14, 103—106]). Striations are the result of
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abrasion by relatively fine-grained colluvial sand and silt matrix
while gutters and tool tracks result from ploughing action of
relatively larger individual resistant colluvial clasts into the slip
surface and underlying fault breccia (cf. [6]). The widespread
occurrence of numerous slip-parallel or slip-orthogonal open
fractures is also characteristic of slip surfaces of the Manisa
Fault. Their formation of is attributed to stress relief and conse-
quent stretching of slip surface and the fault breccia during the
post-slip stress reorientation (cf. [6]). The extension fractures
might have formed in response to the removal of overburden
by quarrying but their systematic occurrence (Figures 10e, 11e,
f, h and 12a) questions this possibility (cf. [27]). Similarly,

the offset of slip surface along tension fractures (Figure 12a)
indicates extension oblique to the horizontal, subsequent to the
episodes of fault movement (cf. [6]).

These structural elements suggest that the observed slip
surfaces have been reactivated during several increments of
repeated earthquake activity. This is also indicated by the
recent colluvium and alluvial fan sediments immediately
above the slip surfaces, which are brecciated and displaced
by second order mesofaults (Figure 6a, b). In this case, the
fault contact between the bedrock limestone and overlying
colluvium is a typical example of Type-3 contacts described
by Stewart & Hancock [105]. In addition to recent seismic
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Figure 9. Simplified sketch geological map of Location 11, illustrating pair of
overlapping, right-stepping parallel oblique-normal fault segments arranged
en échelon. The overlap area forms a typical example of a relay ramp which
is breached by an approximately N—S-trending and east-dipping normal fault.
Schmidth lower hemisphere equal-area projections show stress inversion of
fault slip data from (a) early strike-slip motion, (b—c) front and rear primary
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slip surfaces, (d) meso-faults in the immediate footwall of the front segment,
(e) breaching fault and (f) meso-faults developed in the relay ramp area.
Great circles are fault surfaces, the arrows are striations

(see Table 1 for details). Note the variations in the orientation of great
circles in stereographic projections, indicating the corrugated nature

of the slip surfaces. See text for further discussion.
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activity, the Quaternary activity of the Manisa Fault is also
supported by the chopping-out of actively forming alluvial
fan and colluvial sediments (Figure 6a, b). Similarly, the
fault rock stratigraphy in the footwall of the Manisa Fault
is ascribed to the continuum of typical brittle deformation
during repeated earthquake activity. The presence of rece-
mented breccia sheets (Figure 10b) separated by slip planes
suggests the rendering and reworking of fault breccia during
later increments of fault motion.

5.2. Palaeostress

The presence of two sets of striations on the slip surfaces
of the Manisa Fault (Figures 8, 9 and 11a, b) suggests that the
fault is a reactivated structure; it once operated as a sinistral
strike-slip fault, then a normal fault. There is no evidence for
the presence of two sets of striations along the short segment
of through-going slip surface in Location I (Figure 8) and on
the breaching fault between the two segments in Location 11
(Figure 9). This can be explained in three ways: either (1) early
slip motions have not developed along the short segments,
(2) the evidence for strike-slip motion is obliterated by the
later normal faulting or (3) short segments post-date strike-
slip deformation. The absence of strike-slip motion on the
short fault joining the through-going primary segments in
Location I may suggest that the former is relatively younger
connecting fault formed during the phase of normal faulting
in the course of graben formation.

The limited data on the first phase of motion along the slip
surfaces displays a clear strike-slip motion with a relatively
minor normal component; the fault planes dip moderately NE
(55° or more) and the rake of the slip lines is 18° on average.
The computed results of striations are consistent with an
approximately E-W-trending compression in response to
similarly trending, moderately plunging greatest stress axes
(0,). The least stress is subhorizontal and oriented approxi-
mately N—S, while intermediate stress is steeper (Table 1),
thus confirming the strike-slip nature of slip surfaces. The
differences in the orientations of the intermediate stress axes
in Locations I and II can be attributed to the reactivation of
slip surfaces and possible block rotations during subsequent
normal motions. The calculated ¢ values (0.425 and 0.622)
suggest relatively high magnitude for o, and o, which is
consistent with strike-slip motion. The occurrence of E-W-
and N—S-directed greatest and least stress axes, respectively,
can be interpreted in two different ways: (1) a short period
of E-W compression prior to the onset of Plio—Quaternary
modern graben formation and/or (2) the current extension
is complemented/accompanied, and/or alternated with, ca.
E-W compression.

Palacostress inversion studies in Locations I and II for the
later movement on the Manisa Fault yielded consistent results
(Figures 8 and 9). This motion has a major normal-slip com-
ponent coupled with minor strike-slip components where the
rake of the slip lines is 83° on average. The slip surfaces are
corrugated and the orientations of the slip-surfaces on either

limbs of the large-scale corrugations are different; therefore
the same slip surface resolve both sinistral and dextral slip in
association with a NE-SW-trending extension (033-049°) in
response to similarly trending minimum horizontal stress axes
(05). The greatest compressive stress axes (0,) is near vertical
(73-86°) and the intermediate stress (0,) is approximately
subhorizontal (01-04°) and oriented NW-SE (303-333°).
The relatively low ¢ values are consistent with extensional
deformation where magnitude of 0, is much greater than that
of 0, (Table 1).

It is generally accepted that major faults accommodate
larger fault strain and any stress inversion of fault slip data
directly from these faults may fail to explain regional stress
tensor (e.g., [107-110]). We have compared the results of
fault-slip data from the large slip surfaces (Figure 9b, c, e)
and antithetic/synthetic meso-faults that developed in the
footwall of breaching fault (Figure 9f) and front primary fault
(Figure 9d) in Location II in order to test if this hypothesis
works. The computed results have comparable least principal
stress axes (05) while 0, and 0, axes are completely different
(Table 1). The calculated ¢ value from the slip surfaces in
the footwall of front primary fault in Location II is so small
(0.027) that it highlights very high magnitude for 0, when
compared to 0,; this is in line with the almost pure NE-SW
extension (Table 1). The computed results of the inverse
analysis of fault-slip data from the major segments of the
Manisa Fault and from the meso-faults that developed in
their footwall are consistent in indicating a NE-SW-directed
extension. We therefore suggest that the slip data directly
from large-scale fault segments may explain regional stress
since they take more strain; therefore they would be more
representative. There is also a possibility that the small faults
may be misleading since these faults may well be related
to (i) local stress orientations, (ii) kinematics of the related
faults, or (iii) interactions between/among fault segments.
We therefore conclude that the tectonic significance of the
computed results of fault slip data, in general, need to be
used with care unless they are supported by field relations
and regional constraints.

5.3. Deformation in the Relay Ramp

Relay ramps transfer displacements between two overlapping
and laterally terminating parallel—subparallel fault segments.
They are characterized by localized distributed deformation as
a result of high strain related to large displacement gradients
through tilting, vertical axis rotation and extension parallel to the
bounding faults. As interaction increases with overlap between
fault segments during the advanced stages of relay ramp evol-
ution, permanent deformation can occur by breaching fault(s)
(cf. [2, 10, 12, 33, 41]). Relay ramps have taken the attention of
many scientists because of their widespread occurrence in all
extending terranes worldwide and their significance/role in: (i)
the growth of normal faults, (ii) the evolution and development
of sedimentary basins and drainage sytems and (iii) mining
and hydrocarbon exploration, and there are numerous studies
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concerned with their origin and evolution (e.g., [2, 10, 12, 31,
33,40, 41]). In addition to the study of natural examples, seve-
ral analogue experiments have been performed to describe the
occurrence of relay ramps (e.g., [15, 24, 30, 111-113]) and to
consider their evolution (e.g., [41]). There are also examples of
mechanical modelling to explain the stress distribution between
overlapping en échelon normal fault segments that define relay
ramps (e.g., [25, 32, 114, 115]). Studies that consider stress field
orientation in relay ramps are, however, scarce (cf. [32].

The results of stress inversion of fault slip data from overlap-
ping normal fault segments that define relay ramp in Location IT
and from the breaching fault and its footwall, when compared,
yield important insights about the stress field in the relay ramps
(Figure 9). The local deformation concentrated in the relay ramp
area because of increasing displacement gradient in overlap zone
of the two segments produces local ramp extension in approxi-
mately ENE-WSW direction and relatively oblique-slip fault(s)
with minor-moderate strike-slip components (Table 1; Figure
9e, f) where the faults are striking obliquely to the direction of
least principal horizontal stress (0;: 068° and 079°; Table 1). On
the other hand, the primary fault segments that delimit the relay
ramp yield almost vertical 0, axis and very gentle 0, axis (Figure
9b—d; Table 1). The difference in extension direction deduced
from the relay ramp area and from the primary segments is
because the deformation in the relay ramp area accommodates
both local and regional strain. The strike-slip nature of the brea-
ching fault is also supported by relatively high ¢ value (0.804)
which suggests that the magnitudes of 0, and 0, are close to each
other. The minor antithetic and synthetic structures yielded low
¢ value (0.132) and suggest that an approximately E—W-tren-
ding extension has been prevailing in the region. The breaching
fault and related deformation in the relay ramp is therefore the
manifestation of differential displacements and local extension
between two overlapping fault segments. The distribution of
slip-lines on the breaching fault is due to local perturbation of
the stress field in the relay ramp area and this arises because of
the interaction between adjacent en échelon fault segments that
bound the relay ramp.

On the other hand, the estimated stress field orientations
for the through-going slip surfaces in Location I compares
favourably although the approximately two parallel primary
slip surfaces and the joining short segment have different
orientations (~134° and 162°, respectively; Figure 8). The
calculated least stress is nearly horizontal (02—03°) and

Figure 10. (a) A close-up view of the approximately N—S-trending east-dip-
ping normal fault (B) that breach the relay ramp illustrated in Figure 7e.
(b—d) Various views from the slip surfaces of the Manisa Fault,
illustrating different characteristics of the fault breccia. (b) A photograph
to illustrate the sheets of recemented fault breccia separated by parallel
to sub-parallel slip surfaces with limestone scree left-overs (C).

(c) Polished and striated slip surface damaged during quarrying. Note how
fault breccia (fb) is exposed beneath the recemented breccia sheet (arrowed).
(d) Close-up view from the fault breccia, represented

by mosaic of randomly distributed variably sized angular

to subrounded limestone clasts bounded by either calcite cement or
fine-grained iron-oxide-rich matrix. Note that the fractures and calcite

oriented NE-SW (042-049°) while the greatest stress
is nearly vertical (82—86°) and the intermediate stress
is horizontal (02—-04°), oriented approximately NW—-SE
(133-144°) (Figure 8; Table 1). The results suggest that
the joining short fault and primary segments acted as sin-
gle through-going fault and accommodated the regional
extension in NE-SW direction.

The relay ramp area between the two fault segments
in Location II is tilted southeastwards (Figure 7e). The
concentrated local extension developed in the relay ramp
area with time to accommodate increasing displacement.
Normal faulting caused relay ramp tilting and extension
to increase and consequently resulted in the breaching of
the relay ramp and produced connecting oblique faults that
accommodate both local and regional strain. These obser-
vations in Location II and the palaeostress analysis in the
relay ramp area are consistent with increment(s)/stage(s) of
relay ramp evolution before the destruction of the relay ramp
as described in the literature (e.g., [13]) where deformation
accommodates both local and regional strain rather than the
region stress. Although data from Location II is consistent
with a relay ramp formation and evolution, the origin (and
age) of along strike bend in Location I is questionable
because it is not clear if the fault segments were isolated
or overlapping prior to the onset of normal faulting, i.e. if
interaction among the segments occurred during the first
phase of strike-slip deformation or if it is the manifesta-
tion of lateral propagation of fault-tips during the crustal
extension. The field observations (i.e. we can not say if the
two primary segments overlap or not) and the results of
the palaeostress analysis suggest that there seems to be no
interaction between primary fault segments during normal
faulting, i.e. there is no relay ramp formation and the short
fault joining two primary segments does not represents a
complete breaching of a relay ramp. This, in turn, implies
that the joining short fault may be a transform fault formed
during either: (i) the early phase of strike-slip faulting since
similar structures are also common along strike-slip faults, or
(i1) normal faulting. In summary, the available data favours
a transfer fault model rather than a relay ramp model for
the origin of joining short fault in Location I but it is not
known if the single through-going fault with a short bend
along strike is inherited from the early phase of strike-slip
faulting or formed during normal faulting.

veins in the carbonate clasts are not continuous within the matrix
but abuts against it.

(e—f) Photographs illustrating brecciated colluvium (C) above the freshly
exposed corrugated slip surface. They are commonly preserved on
troughs of corrugations (arrowed in e) and separated from the slip surface
by a thin layer of clay/mud (f, g). Note numerous tension fractures
deforming the slip surface in (e; arrowed). Where preserved, striations
occur on the upper surface of the clay/mud layer

(g). The brecciated colluvium is composed of angular limestone
fragments within a fine-grained matrix (h). The man in (c) is 170-cm tall,
the pencil in (b, d and e), ~13 cm long, hammer in (f), ~33-cm long,

and the diameter of camera cap in (c, h), ~3 cm.
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5.4. Fault Pattern and Kinematic Significance
of Corrugations

The observed slip surfaces of the Manisa Fault are smooth
and polished. They are strongly corrugated, with approximately
symmetrical grooves and ridges oriented parallel or sub-parallel
to the slip direction. The wavelengths of corrugations are from
a few centimetres to tens of metres. There is no observable
curvature along the trend of corrugations from the bottom to the
top of the slip surfaces (Figure 6h). This, in turn, indicates that
the slip vector direction for the most recent normal movement
is consistent up to the height of the slip surfaces and that there
is no change in azimuth of slip vector over several increments
of earthquake activity along the Manisa Fault.

The presence of numerous corrugations of slip surfaces and
zigzag traces of fault segments indicate that the linkage of small
fault segments into composite structures is the main mechanism of
fault growth in the Manisa Fault and that the patterns and geometry
of faulting changes during the course of crustal extension. In this
scenario, the deformation along the Manisa Fault commences
with the reactivation of many isolated fault segments that were
active as sinistral strike-slip faults. Propagation, interaction and
along-strike linkage of neighbouring faults enhanced fault growth
during which the deformation is localized along a through-going
fault in the later stages of crustal extension.

The Manisa Fault has an irregular trace with an approxima-
tely E-W-trending along-strike bend (about 1.4 km long; A—B
segment in Figure 5), linking parallel long segments with an
approximately NW-trend. The configuration of the composite
structure is consistent with linkage through complete breaching
of arelay ramp by the formation of a secondary fault that result
in a through-going scarp with a zigzag pattern (Figure 13). This
suggests that the linkage of two segments might have occurred
through lower ramp breach, although we were unable to observe
the inactive terminations in the footwall and hanging-wall of the
composite structure, possible due to erosion of the footwall. In
addition to the breaching of the relay ramp, we have observed,
at one particular locality, features that are consistent with large-
scale fault growth and corrugation formation through lateral
curved propagation of fault-tips driven by the local fault-tip
stress field during fault propagation rather than changes in the
regional extension direction (cf. [2]) (Figure 12c, d).

In summary, the evidence from the two areas along the Manisa
Fault suggest that the fault growth occurs by (i) reactivation of
pre-existing faults, (ii) intersection (or linkage) and amalgamation
of overlapping fault segments either by the formation of new
connecting faults that breach the relay ramps, (iii) lateral curved
propagation of stepping fault-tips (e.g., [2, 12, 13, 16, 116, 117])
or (iv) formation of transfer faults connecting two stepping
fault segments when there is not overlapping and intersection.
We have also observed small-scale abrupt variations along the
general trend of slip surfaces, similar to lateral ramps (Figure 12e,
f); accordingly we speculate that the growth of many relatively
small-scale corrugations (those, at least, metres in size) is the
result of first lateral propagation and then the linkage of smaller
fault segments through formation of new connecting faults.

Figure 11. Close-up views from striated slip surfaces. The slip surfaces
display two sets of striations with an early phase of strike-slip deformation
(a) and a subsequent overprinting normal faulting (b). The latter is
well-developed and defines a pervasive lineation while the former occurs
sporadically and preserved here and there on the slip surfaces.

(c) A close-up from slip-parallel gutters as rectilinear, steep-sided,
flat-floored channels carved into the slip surface.

(d-h) Views from the closely spaced extension fractures on the slip
surfaces of the Manisa Fault. In all photographs the fractures give rise
to straight intersection lineations normal to pervasive slip lineation
defined by striations and corrugation axes (e, f). Note occurrences of
isolated irregular shallow depressions (arrowed, T; tool tracks) in (d);
they are wider at the upper ends and taper down-dip of the slip surface.
(e) There are examples of en échelon fractures with overlapping pattern.
The light-coloured streaks are damage made during excavation.

(g, h) Examples of extension cracks with crescentic traces (arrowed)
deforming the slip surfaces; they point the direction of hanging-wall
movement. The pencil is ~13 cm long.

6. Tectonic Implications of Palaeostress Analyses

The presence of an early strike-slip motion may have
different origins: (1) The Manisa Fault might have occurred at
the same time with the approximately NE-SW- and NW-SE-
trending oblique-slip faults (with subordinate normal-slip
components) that has been described from margins of Demirci,
Gordes, Selendi, Soma and Kavacik basins to the north of the
Gediz Graben. These basins have controlled the sedimentation
of Lower—Middle Miocene fluvial sediments and formation
of coeval central volcanics ([61] and references therein).
The basin-bounding structures are interpreted as “rotatio-
nal accommodation faults” (“thin-skinned” cross-faults; cf.
[118, 119]), which accommodate differential stretching in
the hanging-wall of large-scale now low-angle normal fault
(Gediz detachment fault) that forms the boundary between
the metamorphic basement and the exhumed Miocene basin
fill along the southern margin of the E-W-trending Gediz
Graben [61]. The low-angle fault controlled the deformation
and exhumation of the Menderes Massif in the footwall and
the sedimentation of the Miocene fluvial clastics (Salihli
Group) in the hanging-wall (e.g., [55, 57, 60-61, 65-67, 69,
74, 120]). According to this model, the hanging-wall of the
Gediz detachment is divided into a number of compartments
along ~N-trending faults with dominant strike-slip compo-
nent. This model also argues that the Miocene phase of N-S
extension during the exhumation of the Menderes Massif was
complemented and/or accompanied by horizontal shortening
in approximately E-W direction at a high angle to stretching
direction. We therefore speculate that the NW-trending Manisa
Fault lies on the hanging-wall of the Gediz breakaway fault
can therefore be considered as one of those “accommodation
faults”. The strike-slip nature of the first motion and the N-S
extension and E-W compression suggested by palaeostress
analysis of sinistral motion along the Manisa Fault (Figures
8a and 9a) supports this contention. The above hypothesis,
of course, does not rule out the possibility that the NW-tren-
ding Manisa Fault might have been formed as a cross-fault
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Figure 12.

(a) A view from an extension fracture
associated with normal offset displacing
the slip surface (arrowed). Many are open
fractures along which one can observe fault
breccia beneath the slip surface.

(b) There are examples of conjugate
fractures (arrowed) with intersections
being parallel to the slip lineation.

(¢, d) Various views from the slip surfaces
of the Manisa Fault to illustrate large-scale
fault growth and corrugation formation

by lateral curved propagation of fault-tips.
When viewed from a distance, the slip
surface appears as a single, through-going
structure (c). But when viewed closely,
small-scale cuspate ridge indicating
segment intersections becomes obvious. In
this detailed view in (d), it is obvious that
the fault segments grow on each other with
curved tips. These photographs illustrate
that the lateral curved propagation of fault
tips can occur in any scale.

(e-f) Views from the slip surface of the
Manisa Fault in Location I1, illustrating
the small-scale corrugation formation.

under north—south Palacogene compression and shortening
during the collision of the Sakarya Continent in the north and
Anatolide-Tauride Platform in the south across the Neotethys.
Bozkurt [61] pointed out that older cross-faults (Tibet-type
palaeotectonic structures; cf. [119]) might have existed but
did not localize any sedimentation. Later during the Miocene
crustal extension, these structures remained in the hanging-
wall of the Gediz detachment and were reactivated as “Aegean
type” accommodation faults which have followed these pre-
existing weakness planes.

(2) Early sinistral motion along the Manisa Fault may be
related to an intervening short-term compressional period
envisaged between the Miocene and Plio—Quaternary crustal
extensional (N-S) periods in southwest Turkey (e.g., [52, 57,
59, 61,74, 120-123]). The field relations in Figure 4 suggest
that sinistral strike-slip motion along the Manisa Fault post-
dates the age of Karadag formation (Late Miocene—Early
Pliocene) but pre-date the Plio—Quaternary normal motion
along the same structure. This, in turn, indicates possibly
an (?) Early—Middle Pliocene age for the sinistral motion.
Interestingly, it has been documented that following the
approximately N—S Miocene extension, southwest Turkey was
affected by a short period of ca. N—S compression prior to the
initiation of neotectonic crustal extension commenced in the
Plio-Quaternary time (e.g., Cubukdag graben, Gulf of Edremit,
Soke-Kusadasi graben, Denizli Graben, Gediz Graben, Biiyiik
Menderes Graben, Aksehir-Simav fault system: [57,59-61,71,
74,76, 124, 125]). There are also reports of E-W compression
in the NW—-SE-trending Aksehir-Simav fault system, Denizli
Graben [57,71,76, 124, 125]) and Cumaovasi basin [126];
these authors argue that the short-time period of shortening
was associated with both N—S and E-W compression and

there were spatial and temporal interchanges between them.
We therefore speculate that the strike-slip motion(s) along
the Manisa Fault can also be attributed to this short period of
compressional period in southwest Turkey which commenced
around Early—Middle Pliocene.

(3) Current phase of extension where sinistral motion is
attributed to E-W-directed compression that complements/
accompanies, and/or alternates with, the prevailing extension.
However, these interpretations do not rule out the possibility
that, at least, the Manisa Fault would be an accommodation
fault on the hanging-wall of the Gediz detachment. In this case,
the fault must have been reactivated, at least, twice (according
to the preserved slip data): during the Early—Middle Pliocene
compression and subsequently during the Plio-Quaternary
continental extension.

(4) The seismic record, geological record and palaeos-
tress analysis show that southwest Turkey is extending
approximately N—S in response to similarly oriented mini-
mum horizontal stress (05). The palaecostress analysis of
structures from the Manisa Fault, however, supports a
NE-SW orientation for the least stress axis (0;), indica-
ting that this direction may have persisted, at least, during
the Quaternary period. The average strike of the Manisa
Fault (128°) is almost perpendicular to extension direction
(033-049°), thus explaining the almost pure normal-slip
motion nature of the fault (with rakes of about 83°). We
speculate that the unusual NE-directed extension can also
be related to the rapid southwest-ward motion of southwest
Turkey as described by the recent GPS measurements (see
figure 2 in McClusky et al. [50]). The Manisa Fault forms
a zone of weakness that is favourably oriented for prefe-
rential reactivation and accommodation of almost pure
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normal dip-slip displacement with respect to the rapid SW
motion of SW Anatolia relative to Eurasia.

(5) Alternatively, the NW-trending section of the Manisa
Fault itself may be a larger relay ramp-style structure.
Figures 3a and 14 suggest that NW-trending segment of
the Manisa Fault connects two E—W-trending segments.
In this scenario, the regional extension is N-S, except
on the NW-trending section of the Manisa Fault, which
is controlled by plate motions. The Manisa Fault strikes
NW-SE and shows evidence of local stress perturbation
(Figure 14). Such a configuration may show some sinistral
transtension on the Manisa Fault, perhaps explaining the
problem of early strike-slip faulting.

The NE-SW extension deduced from the stress inversion
of fault slip data from different segments of the Manisa Fault
may have regional implications for the better understanding
of nature of the current crustal extension in southwest Turkey.
There is seismic evidence that there are ca. NW—-SE-and
NW-SW-trending active normal faults to the north of the
Gediz Graben (Figures 1 and 2; e.g., [61, 127-129] and
references therein). The Kirkkavak and Soma faults can
be given as an example of this kind and they produced a
destructive earthquake in 1919 (e.g., [85] and references
therein). These structures are consistent with approximately
NE-SW-trending crustal extension normal to the general
trend of active normal faults. Similar structures are not
confined to the area north of Gediz Graben but they occur
in the area to the east of Biiyiik Menderes Graben. There
are a series of conjugate (NE-SW- and NW-SE-trending)
grabens (Baklan, Dinar, Beysehir, Aksehir-Afyon grabens,
Burdur, Acigol, Sandikli, Civril and Dombayova grabens)
bounded by active, oblique-slip normal faults and many

Corrugations may result from linkage
of smaller en échelon and/or stepping
fault segments by formation of new
connecting faults that breach the relay
ramps. When viewed from a distance
the fault segments seems to be through-
going planer structures (e). But close-up
views demonstrate that these structures
are composite slip surfaces made up of
linked en échelon short fault segments
where abrupt bend along the strike of
the fault is pronounced (f). Note the
connecting fault (B; ~3 m long along
strike) and the primary rear (R) and
front (F) segments. Please also note
that the bend along the strike of the
fault appears a corrugation (large-scale
groove) when viewed in a direction
perpendicular to the general strike of
the slip surface. Colluvium is preserved
in the trough (arrowed in e). This
observation clearly indicates that the
fault linkage is an important mechanism
for corrugation formation regardless of
their size. The man in is 175-cm tall,
and the pencil, ~13 cm long.

earthquakes originated from these structures (3 October
1914 Burdur, 7 August 1925 Dinar, 19 July 1933 Civril,
12 May 1971 Burdur, 1 October 1995 Dinar, 15 December
2001 Sultandagi earthquakes: e.g., [71, 130—134]). These
structures are consistent with a multi-directional extension
with N-S E-W, NE-SW and NE-SE components (e.g.,
[57, 59, 60, 71, 74, 123-125, 135, 136]); there are spatial
and temporal interchanges between them.

The above discussion shows that the current understanding
of the strike-slip motion along the Manisa Fault is incomplete.
The stress field orientations estimated from slip surface of
the Manisa Fault supports the contention that the fault was
a sinistral structure during the short period of compression
(Early—Middle Pliocene) in southwest Turkey. The structure
was then reactivated as a normal fault with minor strike-
slip component during the Plio—Quaternary modern graben
formation (neotectonic period). The presence of numerous
corrugations, particularly those at larger scales, indicates that
the patterns and geometry of faulting has changed as crustal
extension in southwest Turkey progressed. The story of the
Manisa Fault commenced with the reactivation of basement
structures during the early increments of the Pliocene phase of
extension. Subsequently, propagation, interaction and along-
strike linkage of overlapping fault segments has resulted in the
formation of continuous fault(s) with irregular traces. Then,
the deformation is localized along a through-going fault in
the later increments of extension (Figure 13).

The amount of total throw along the Manisa Fault is another
question to be discussed. In fact this is easy to do as the normal
fault slip surfaces exposed in the study area are all expressed
by steep topographic scarps. In the present case, the Manisa
fault offsets the sediments of the Miocene—Pliocene Karadag
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Figure 13. Evolutionary model that explains the growth
of a single, through-going composite fault with along-
strike bend (cf. [2, 12, 13]). The process commences
with the reactivation of left-stepping en échelon pair

of previously active sinistral strike-slip fault segments
during modern graben formation in southwest Turkey
(a=b). It is not clear to us if the faults overlapped at
the beginning of the extension (a) or en échelon fault-
tips propagated to overlap during the early increments

of crustal extension a

(b). The interaction between the primary segments has
resulted in formation and tilting of relay ramp. The
continuum of deformation with increasing displace-
ment gradient caused relay ramp tilting and extension to increase.

At this stage we envisage two possibilities: either (i) laterally propagation
of front primary fault-tip along curved path to intersect rear segment

(¢, e) or (ii) breaching of relay ramp and formation of new connecting
oblique fault(s) to accommodate both local and regional strain (d, f). The

formation and has considerable dip-slip separation. The rela-
tive positions of these sediments in the Sipil Dag1 suggest a
throw amount of about a kilometre (Figure 4b). Since the rate
of erosion in southwest Turkey is very low, the topographic
relief between the highest point in the Sipil Dag1 and the floor
of the Gediz Graben may reflect the total throw on the Manisa
Fault, after accounting for sediment-fill in the graben and this
equals to a throw of more than 1500 m.

result is a continuous fault with along-strike bend (g). Subsequent to the
linkage of fault segments, the inactive terminations of the front and rear
segments were most probably buried passively beneath the actively accu-
mulating alluvial sediments in the hanging—wall of, and passively eroded
in the uplifting footwall of, the composite fault.

7. Conclusion

The Manisa Fault is an inherited structure which moved
once as a strike-slip fault during (?) Early—Middle Pliocene
time and were reactivated again as a normal fault during
the Plio-Quaternary modern graben formation. The latter
gave rise to Gediz Graben that has been filled with alluvial
deposits. We envisage two distinct scenarios for the origin



Downloaded by [McMaster University] at 12:06 29 December 2015

Erdin Bozkurt and Hasan Sozbilir /| Geodinamica Acta 19/6 (2006) 427-453 449

G Maﬁisa

h h hd h hd b

A Y

Figure 14. A sketch map illustrating that the NW-trending section
of the Manisa Fault itself may be a large-scale relay ramp-style
structure that connects two E-W-trending fault segments.

of the Manisa Fault: (1) The Manisa Fault was reactivated
and became a major NE-SW segment with the initiation of
modern crustal extension. The reactivation of fault segments
(possibly isolated) constituent the main fault population and
they were connected to each other through new segments
oblique to the regional extension. The reactivation is strongly
favoured by the orientation/strike of the fault itself. Thus the
final geometry of the Manisa Fault is the result of combination
of reactivation and initiation of new faults. (2) The NW-SE-
trending section of the Manisa Fault may be a young structure
like a breaching fault deforming the relay-ramp between, and
connecting, two E-W-trending segments of the Manisa Fault
(Figures 3 and 14). We therefore suggest that the evolution and
present-day geometry of the Manisa Fault is the manifestation
of reactivation of previously discontinuous segmented fault
traces, and subsequent ongoing interaction and linkage, which
has resulted in a single through-going corrugated fault with
distinct bends disrupting the along-strike trend of the fault
trace. The growth of the fault continues today as suggested by
the active breaching of relay ramps between fault segments. In
this regard, this paper reports one of the first natural examples
in an attempt to illustrate the effect of a pre-existing fault(s) on
the geometry and growth of large-scale normal fault(s) which
is generally ignored in the analogue and numerical models.
It highlights the influence of a pre-existing discontinuity or a
fault on the geometry of resulting normal fault and associated
local extension (cf. [2, 138]).

The evolution of continental extension in the field area
can be divided into two main episodes that show differences
in stress pattern and rheology. The first period during the
Miocene involved the exhumation of the Menderes Massif
rocks in the footwall of now low-angle normal fault(s) (deta-
chments) and synchronous deposition of Miocene continental
clastics in the hanging-wall. The hanging-wall deformation was
accompanied with the formation of cross-faults and rotational
cross-grabens. A well-defined ca. N=S o, direction is inferred
from both ductile fabrics in the mylonites of the immediate
footwall and from the meso-growth fault population in the
hanging-wall Miocene sediments. During the second episode,
the ca. E-W-trending grabens commenced by the reactivation

2

a Gediz Graben

The N-S extension is the manifestation of plate motions
whereas NE-SW extension accommodates both local stress
perturbation and regional strain.

of pre-existing structures, but there are many newly created
graben-bounding faults as well. Faults having great variety of
strikes moved during this period (e.g., WNW—-ESE-trending
Efes and NW-SE-trending Manisa faults). Palaeostress ana-
lysis on striated faults is consistent with approximately N-S
extension. But the data presented in this paper demonstrates
that the recent continental extension in this part of southwest
Turkey (at least in the scale of Gediz Graben) is bilateral with
a component of a N-S- and NE-SW-directed 0; axes. On the
other hand, when western Anatolia is considered as a whole,
we suggest, based on the comparison of local palacostress
directions inferred from mesofractures and large-scale faults,
that the stress field from Plio—Quaternary to present day in
southwest Turkey represents a multi-directional extensional
regime with primary N—S- and relatively secondary E-W,
NE-SW and NW-SE o, trajectories. This can be attributed
to stress permutations between 0, and 03, or to triaxial strain
conditions, which is, at this stage, difficult to resolve or to
stress perturbation in transfer zones.
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