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IDENTIFYING ACTIVE NORMAL FAULTS IN THE 
BURDUR-ISPARTA REGION (SW TURKEY): REMOTE SENSING, 

SURFACE GEOLOGY AND NEAR-SURFACE GEOPHYSICS

Dominique SIMILOX-TOHON, Max FERNANDEZ-ALONSO, Kris VANNESTE, 
Marc WAELKENS, Philippe MUCHEZ and Manuel SINTUBIN

active faults within a radius of 20 km of the archaeological 
site of Sagalassos. It is therefore not our goal to make a 
detailed cartography of all the faults in the target area but 
only to describe the major structures which may represent 
major active faults, relevant for the seismotectonics in the 
Burdur-Isparta area.

We emphasise that we are concerned only with large active 
faults, defi ned as those with dimensions comparable to or 
greater than the thickness of the seismogenic upper crust. 
In the Aegean region these are normal fault segments that 
typically reach maximum lengths of 15 to 20 km, extend 
to depths of 10 to 15 km, and generate earthquakes of 
magnitude (Ms) 6.0 to 6.8 (Goldsworthy and Jackson, 
2000). An important feature of normal faults on this scale 
is that they produce vertical motions in their footwalls and 
hanging walls, i.e. tilting, that die away from the surface 
rupture over distances of typically 10 to 15 km from the 
fault, i.e. measured normal to the fault strike (Goldsworthy 
and Jackson, 2000). These normal faults, moreover, domi-
nated the landscape as mountain-range fronts (Figure 2) 
and are thus obvious features to be recognized in a remote 
sensing analysis.

Therefore, the geomorphology and drainage patterns of the 
known major active faults in the Burdur-Isparta area as 
seen on remote sensing images have been analyzed fi rst 
(Similox-Tohon et al., this volume a). The diagnostic criteria 
with respect to the geomorphology and drainage patterns 
of these active normal faults are now used as a guideline 
in a remote sensing analysis of the direct surroundings of 
the archaeological site of Sagalassos to identify previously 
unknown active normal faults. The presence of such (a) 
fault(s) is indeed suggested by the archaeoseismological 
studies (Sintubin et al., 2003). These faults may potentially 
be hazardous and are possible candidates to be the causative 
fault(s) for the Sagalassos earthquake(s) in the 6th to 7th 
century AD (Waelkens et al., 2000).

1. INTRODUCTION

The Lake Region in SW Turkey, centred on the cities of 
Burdur and Isparta, is situated in the fi rst-degree seismic 
hazard zone (Global Seismic Hazard Assessment Program – 
www.seismo.ethz.ch/GSHAP/), inferring a relatively high 
risk for major earthquakes. The wider Burdur-Isparta region 
has indeed been struck by a number of large damaging 
earthquakes in the last century. Based on archaeological 
evidence (Waelkens et al., 2000) at the archaeological site 
of Sagalassos, situated some 10 km SSW of Isparta and 
some 20 km ESE of Burdur, it could be inferred that the 
ancient city has been struck by a number of earthquakes 
during its history. The last earthquake(s), during the late 
Roman and early Byzantine periods (6th to 7th Century 
AD), turned out to have caused major damage to the city. 
Based on archaeoseismological evidence (type of damage, 
extensive and widespread nature of damage) (Sintubin 
et al., 2003), an intensity of at least VIII (MSK) is attributed 
to these earthquakes. Therefore, an epicentre in the direct 
proximity of the ancient city, i.e. within a radius of less 
than 20 km, should be considered (cf. Stiros, 1996). Within 
this radius around the archaeological site of Sagalassos no 
active fault is, however, known to date (Figure 1).

A fi rst step in the search for the causative fault(s) for the 
Sagalassos earthquake(s) is a remote sensing analysis in 
order to identify all structures in the wider surroundings 
of Sagalassos that may be active faults. Remote Sensing 
involves gathering data and information from the earth 
by detecting and measuring radiation, particles, and fi elds 
associated with objects located beyond the immediate vicin-
ity of the sensor device(s). We want to gather information 
about active faults in the Burdur-Isparta area, particularly 
large ones capable of generating substantial earthquakes 
(≥ Ms 5.5), using satellite images, aerial photographs and 
a digital elevation model (DEM). The remote sensing 
analysis should help us to identify previously unknown 
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Figure 1: Simplifi ed active fault map of the region of the lakes centred on Burdur and Isparta at the northeastern extremity 
of the Fethiye-Burdur fault zone (FBFZ) (after Bozkurt, 2001; Eyidoğan and Barka, 1996; Senel, 1997), with indication of 
the epicentres of recent large earthquakes (stars), available focal mechanisms (after Eyidoğan and Barka, 1996; Taymaz and 
Price, 1992) and the microseismic activity in the Isparta-Eğirdir region (white circles are Md 3.0-3.9 events; gray circles 
are Md 4.0-4.9 events) (KOERI, 2002). Also marked is the target area within a radius of 20 km around the archaeological 

site of Sagalassos.

Figure 2: The Gokova mountain-range front (SW Turkey), an impressive example of a typical ‘seismic landscape’ (sensu 
Michetti and Hancock, 1997) related to an Aegean-type active normal fault, showing a prominent relatively undissected 

footwall ridge.
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2. GEODYNAMIC SETTING

The Burdur-Isparta region is situated at the northeastern 
extremity of the Fethiye-Burdur fault zone (FBFZ). This 
NE-SW trending tectonic feature, running from Fethiye 
to Burdur, is commonly considered to be the northeastern 
on-land continuation of the left-lateral transform system of 
the Pliny-Strabo trench off the coast of Rhodes, linking it 
with the Hellenic arc (Barka et al., 1995; Bozkurt, 2001; 
ten Veen, 2004; ten Veen and Kleinspehn, 2002; 2003). 
Left-lateral motion of the FBFZ is corroborated with GPS 
measurements showing a movement of at least 15 mm/yr 
(Barka and Reilinger, 1997). This has, however, not been 
demonstrated by fault plane solutions of recent earthquakes 
in the Burdur-Isparta region (Figure 1).

The current geodynamic setting of the Burdur-Isparta region 
started in Late Miocene to Early Pliocene times (ca. 5 
Ma) (Bozkurt, 2001). The extensional regime is expressed 
by three NE-SW trending half-graben systems (Figure 1), 
bounded to the southeast by major NW dipping, slightly 
listric normal faults, the Burdur, Acıgöl and Baklan faults 
(Price and Scott, 1991; 1994). Quaternary basins developed 
within these graben depressions, occupying the central part 
of wider, fault-bounded Pliocene basins (Price and Scott, 
1991). To the northeast, the graben system terminates against 
the NW-SE trending Dinar fault.

Although it is generally accepted that the Burdur gra-
ben system is located at the diffuse eastern edge of the 
Aegean-Western Anatolian extensional province (Glover 
and Robertson, 1998), tectonic interpretations differ. Glover 
and Robertson (1998) consider the Burdur area as part of 
the N-S trending right-lateral Isparta angle suture zone. 
Clockwise rotation of fault blocks within this right-lateral 
shear zone generated NE-SW trending left-lateral faults 
(Price and Scott, 1994). Barka et al. (1995) locate the 
Burdur graben system at the northeastern extremity of the 
left-lateral FBFZ. The Dinar fault is considered as a break-
away fault in this graben system.

East of the city of Isparta, the neotectonic setting of the apex 
of the Isparta angle (Blumenthal, 1963) is dominated by the 
N-S trending Kovada graben and subparallel lineaments 
(Glover and Robertson, 1998) (Figure 1). The Kovada graben 
is 25 km long and 2 to 3 km wide, running south from 
Eğirdir lake, with a small Kovada lake fi lling the southern 
end of the graben. Subordinate Quaternary N-S trending 
faults are mapped to the east of the Kovada graben over 
a distance of more than 20 km (Robertson, 1993), showing 
that extensional deformation is affecting a wider area. The 
graben itself is rather symmetrical, bounded by prominent 
faults on both sides, and developed in Mesozoic carbonates. 

There is, however, little evidence of active faulting (Glover 
and Robertson, 1998).

In recent history, seismic activity on a number of these 
faults has been recorded. The Burdur 1914 earthquake (Ms 
7.0) and the Burdur 1971 earthquake (Ms 6.2) occurred on 
the Burdur fault (Ambraseys and Jackson, 1998; Eyidoğan 
and Barka, 1996) (Figure 1). A surface rupture of 23 km 
with a maximum offset of 150 cm (Ambraseys and Jack-
son, 1998) has been observed for the fi rst event, while 
the second event ruptured the surface over 4 km with a 
maximum displacement of 30 cm (Ambraseys and Jackson, 
1998). Fault-plane solution of the 1971 earthquake indicates 
pure normal faulting (Eyidoğan and Barka, 1996; Taymaz 
and Price, 1992). The Dinar 1933 earthquake (Ms 5.8) is 
considered to have occurred on the Baklan fault (Eyidoğan 
and Barka, 1996; Koral, 2000) (Figure 1). Eyidoğan and 
Barka (1996) also consider that the Dinar 1925 (Md 6.0) 
earthquake occurred on the Baklan fault, although its epicen-
tre is located in the footwall of this fault. The Dinar 1995 
earthquake (Ms 6.2) occurred on the Dinar fault (Ambraseys 
and Jackson, 1998) (Figure 1). The total length of surface 
rupture was 10 km with a maximum vertical offset of 50 
cm (Altunel et al., 1999) and a maximum lateral offset of 
10 cm (Ambraseys and Jackson, 1998). Fault-plane solution 
indicates pure normal faulting (Eyidoğan and Barka, 1996; 
Taymaz and Price, 1992).

A medium magnitude earthquake has furthermore been 
reported in 1889 to have caused local damage concen-
trated at Isparta, located near Sagalassos on the other side 
of the Ağlasun Dağları mountains, and the nearby village 
of Deregümü, a few km northwest of Isparta (Ambraseys, 
pers. comm., 2002). It is unknown which fault has caused 
this seismic event.

Finally, an inventory of the seismicity in the region in the 
last century (Kandili Observatory and Earthquake Research 
Institute earthquake catalogue 1900-2000) reveals three 
clusters of microseismic activity: (1) associated with the 
Burdur 1971 earhtquake; (2) associated with the Dinar 1995 
earthquake and (3) a cluster in the region between Isparta 
and Eğirdir. This ENE-WSW trending elongated cluster 
extends over a region of 41 by 17 km (Figure 1).

3. IDENTIFYING ACTIVE NORMAL FAULTS

An active fault is a fault that is likely to have another 
earthquake sometime in the near future. Faults are  commonly 
considered to be active if they have moved one or more 
times in the last 10.000 years.
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Seismogenic faults rarely cut through the earth’s surface. 
A surface rupture can only be generated by strong earth-
quakes of which the depth of the focus does not exceed the 
upper crust (10 to 20 km depth). Earthquakes associated 
with co-seismic surface faulting are called morphogenic 
earthquakes (Caputo, 1993). Based on a quantitative cor-
relation between magnitude and the surface parameters of 
a fault, i.e. surface rupture length, maximum vertical dis-
placement, etc., for historical and recent seismic data in the 
wider Aegean region, Pavlides and Caputo (2004) infer for 
normal faults in the Aegean region that earthquakes of Ms 
5.5 or above may be considered morphogenic. The length of 
seismogenic fault traces commonly does not exceed 15 to 
25 km. A fault capable of generating a moderate to strong 
earthquake (Ms 5.5 or above) should therefore have a clear 
surface expression detectable in the landscape. Assuming 
that a seismogenic fault has been active in the past over 
a time span of several tens of thousands of years, it is 
very likely that, depending on the style of faulting and 
rate of activity, comparable events repeatedly occurred 
in the past, and produced similar ground effects. Even if 
partially obliterated or masked by climatically driven or 
anthromorphic processes, the results of such past activity 
can be recognized in today’s environment (Michetti and 
Hancock, 1997). In other words, it should always be pos-
sible to recognize a ‘seismic landscape’ (sensu Michetti and 
Hancock, 1997) that can be considered to be the result of 
one or more earthquakes that resulted in ground deformation, 
including surface faulting (Michetti et al., 2005). A classic 
illustration of this concept is provided by a fault-generated 
mountain-range front, regarded as the sum over time of 
the evolution of the free-face of a fault scarp (Stewart and 
Hancock, 1991; 1994). In many cases the high escarpments 
associated with active normal faults in the Aegean region 
dominate the landscape (Figure 2) and can subsequently be 
identifi ed by a remote sensing analysis, displaying a set of 
diagnostic characteristics.

Similox et al. (this volume a) tested these diagnostic criteria 
with respect to geomorphology and drainage pattern to the 
known active normal faults in the wider Burdur-Isparta 
region. The key features associated with normal faults 
in hard limestone are a prominent relatively undissected 
footwall ridge, exposed fault surfaces along the top of 
the scree cones, and a footwall drainage controlled by the 
segmentation of the faults (Figure 3a). The most useful 
characteristics of faults in relatively soft sediments are the 
abrupt change of the drainage from incision to deposition 
along a linear scarp bounding the topography, and the gen-
erally roughly linear drainage divide set back by upstream 
incision hundreds of metres to a few km from the fault 
(Figure 3b). Moreover, the study area is characterized by 
an extensional half-graben/tilt-block system. The predictable 

surface effects of such a system can provide supplementary 
criteria for the identifi cation of active normal faults. The 
most useful characteristic of half-graben basins are the 
relatively low gradient hanging wall dip slope with broad 
alluvial cones and the relatively high gradient footwall scarp 
slope, which sources small alluvial fans whose depositional 
loci occur at the foot of the scarp on the lower hanging 
wall dip slope (Figure 3c). When local climatic conditions 
allow, permanent or playa lake bodies will form in the 
basin as close to the locus of maximum subsidence as the 
footwall-sourced fans allow.

Aegean-type active normal faults, moreover, show a typical 
internal fault-zone architecture that can be used to identify 
them in the fi eld (Hancock and Barka, 1987; Stewart and 
Hancock, 1988; 1990; 1991). Scarps formed during neotec-
tonic normal faulting of Mesozoic carbonates in mainland 
Greece and western Turkey, display a varied pattern of 
degradation related to the history of fault development and 
variations in fault zone architecture (Figure 4):

(1) Alternating zone-parallel compact breccia sheets and 
incohesive breccia belts, of contrasting resistance to 
erosion, underlie scarps comprising multiple slip planes 
(Figure 4d).

(2) The contrasting breccia types record different stages 
of fault zone evolution at shallow (< 500 m) crustal 
levels. Initial blind faulting at depth produces a near-
surface shatter zone. Locally, blocks within the shatter 
zone become increasingly disorganized as slip planes 
advancing through the zone, create incohesive brec-
cia belts ahead of propagating tips. Cementation and 
frictional wear accompanying fault movement form 
narrow compact breccia sheets adjacent to slip planes 
(Figure 4g). In some major fault zones, fault movement 
is concentrated along metre-wide zones of intensely 
deformed stylobreccia. When slip planes reach the 
free surface, post-seismic stress release initiates a new 
fracture network that is superimposed on and restricted 
to breccia belts and sheets.

(3) Mesoscale slip-plane phenomena and kinematic indica-
tors, such as corrugations, gutters, comb fractures, and 
pluck holes (Figure 4e), together with geomorphological 
features, such as subsurface solution pipes, and vegeta-
tion cover, result in initial variations in the denudability 
of erosionally resistant compact breccia sheets. Cor-
rugations, characterized by sinusoidal profi les normal 
to their long axes (Figure 4c) and, less commonly, 
culminations and depression along their axis possibly 
developed as a result of upwards-propagating slip planes 
seeking undemanding pathways through heterogeneous 
fault-precursor breccias that formed in advance of tip 
lines. Parallel to corrugation long axis gutters, i.e. 
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Figure 3: Schematic diagrams (not to scale) summarizing the geomorphological features and drainage pattern generated by 
active normal faulting in (a) resistant lithology, i.e. Mesozoic limestone (modifi ed after Goldsworthy and Jackson, 2000; 
Jackson and Leeder, 1994) and (b) less-resistant lithology, i.e. Neogene deposits (modifi ed after Burbank and Anderson, 
2001; Goldsworthy and Jackson, 2000). (c) Idealized schematic diagram summarizing the characteristics related to exten-
sional half-graben basins (modifi ed after Leeder and Jackson, 1993) developing in resistant lithology, and developing in 

less-resistant lithology (Similox-Tohon et al., this volume a).

a

b

c
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Figure 4: Some morphological characteristics of Aegean-type active normal faults. (a) Typical fault scarp (Crete, Greece). 
(b) Highly polished limestone fault scarp with Quaternary deposits in hanging wall (Muğla, SW Turkey). (c) Corrugated 
fault plane with tool tracks (Arhanes, Crete, Greece). (d) Compact breccia sheet (Lastros, Crete, Greece). (e) Gutters and 
pluck holes on a corrugated fault surface (Arhanes, Crete, Greece). (f) Comb fractures in limestone footwall of a fault 

surface (Arhanes, Crete, Greece). (g) Polished fault surface with compact breccia sheet (Lastros, Crete, Greece).
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fl at-fl oored, steep-sided channels a few centimetres 
wide, are probably related to the abrasion of subslip-
plane breccia sheets (Figure 4e). Centimetre-scale tool 
tracks, scored in the uppermost subslip-plane breccia 
sheet by resistant colluvial clasts, are irregular at their 
proximal ends but distally swing into alignment with 
corrugation axes (Figure 4e). Frictional-wear striae, 
centimetre long but only a few millimetres wide are 
superimposed on the other slip-parallel lineations. Comb 
fractures, nearly perpendicular to slip planes, defi ne an 
intersection lineation, which is normal to corrugation 
axes (Figure 4f ).

Migration with time of slip-plane activity within a fault 
zone into its hanging wall, i.e. intrafault-zone hanging wall 
collapse, adds to the structural heterogeneity of fault scarp 
footwalls. Migration of the active slip plane towards the 
hanging wall results in a distributed network of high-angle 
faults and a range front, which is stepped in profi le.

Quaternary talus, whether offset across a fault (type 1 of 
faulted bedrock/Quaternary contact according to Stewart 
and Hancock, 1988), banked unconformably against a slip 
plane (type 2 of faulted bedrock/Quaternary contact accord-
ing to Stewart and Hancock, 1988), or faulted against a 
reactivated slip plane (type 3 of faulted bedrock/Quaternary 
contact according to Stewart and Hancock, 1988), has a 
dampening effect on degradation.

The complexities of fault zone architecture, combined with 
a history of hanging wall collapse, lead in the Aegean 
region to non-uniform degradation and scarps, which are 
commonly stepped and occasionally cavitated. Still, varia-
tions in rock weathering between different height levels of 
limestone fault scarps may relate to palaeoseismic activity 
(Stewart, 1996). Increasing degradation of scarps with height 
is found to discriminate between parts of the fault surfaces 
exposed during successive earthquakes.

Once formed, fault scarps caused by a morphogenic, sur-
face-rupturing earthquake, are subject to degradation and 
are eventually obliterated, in particular when erosion rate 
exceeds displacement rate, i.e. recurrence of surface rupturing 
seismic events. In an environment dominated by sediments, 
active faults may therefore be no longer detectable in the 
landscape. Near-surface geophysics, exploring the direct 
subsurface, may in these particular cases provide substantial 
evidence, in particular by identifying colluvial wedges that 
are the sedimentological expression of a degraded fault 
scarp. These techniques have indeed proven very successful 
in palaeoseismological studies of active faults (e.g. Camel-
beeck and Meghraoui, 1998; Caputo et al., 2004; Caputo 
et al., 2003; Vanneste et al., 2001).

4. METHODOLOGY

Remote sensing has been performed on a Landsat 7 
Enhanced Thematic Mapper + tape, an Aster tape (Figure 5) 
and a digital elevation model (DEM) (Figure 6). Processing 
was done using ENVI.

The Landsat 7 tape dates from 9 December 1999 and has 
a resolution of 30 m for the visible, near-IR and IR bands 
(1, 2, 3, 4, 5 and 7) and a resolution of 15 m for the 
panchromatic band (8). The data were contrast-stretched 
and fi ltered. Various combinations of bands were used to 
try to pick out different features. A combination of bands 
4, 5 and 7 for red, green and blue respectively was most 
widely used as this combination clearly showed the known 
major active faults (Similox-Tohon et al., this volume a). 
A fusion of bands 4, 5, 7 and 8 was carried out for an 
even more detailed image, with the colours of bands 4, 5 
and 7 (30 m resolution) and the detail of band 8 (15 m 
resolution).

The Aster tape date from 18 October 2001 and has a reso-
lution of 90 m for the thermal bands (10, 11, 12, 13, and 
14), 30 m resolution for the IR bands (4, 5, 6, 7, 8, and 9) 
and 15 m resolution for the visible bands (1, 2, and 3). The 
data were contrast-stretched and fi ltered. Various combina-
tions of bands were used to pick out different features. A 
combination of thermal bands 14, 12, 10, of IR bands 4, 
7, 9 and of visible bands 1, 2, 3, each for red, green and 
blue respectively provided satisfactory images and were most 
commonly used. The Aster images with the thermal bands 
were used in the same way as the Landsat 5 images, while 
Aster images with the IR and visible bands were used in 
the same way as the Landsat 7 images. The visible area is 
however somewhat smaller (70 by 60 km) than that of the 
Landsat tapes (Figure 5). No fusion of bands with different 
resolution has been carried out on the Aster data.

A DEM (Figure 6) was obtained by manually digitising 
1:25000-scale topographic maps (performed by the team 
of E. Paulissen, K.U.Leuven) of a 70 by 30 km large area 
(Figures 2 and 3). The accuracy resulting from digitising 
is 10 m. Six shaded relief views were computed, using 
ENVI, with a sun angle of 60° and different values for 
sun azimuth (270°, 315°, 0°, 45° and 90°). A lineament 
analysis has been carried out on these images. The shaded 
relief view with a sun azimuth of 315° appeared to be 
one of the most useful images as this is subperpendicular 
to most lineament trends. Topographic profi les were made 
across some lineaments for a better geomorphological 
understanding of these lineaments. Moreover, the DEM 
was combined with the Landsat 7 fusion image to obtain 
a 3D view of the area.
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Figure 5: Landsat 7 Enhanced Thematic Mapper + image of the Lake Region with a combination of bands 4, 5 and 7 
for red, green and blue respectively. Projection is UTM Zone 36, Northern Hemisphere (WGS 84). Location of the used 
remote sensing imagery (boxes). Landsat 7 image used in fi gures 7, 20 and 29. Aster image used in fi gure 11. DEM used 
in fi gures 21 and 29. Areas discussed in the paper: Isparta-Eğirdir area (Figure 7), Çanaklı-Isparta Çayı area (Figure 20), 

Bağsaray-Başköy area (Figure 29).
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2D-resistivity imaging has been chosen as the preferred 
method, not only because this method is reasonably fast, 
cost-effective and easy to apply in rough terrains, but also 
because it proved successful in palaeoseismological research 
(e.g. Camelbeeck and Meghraoui, 1998; Caputo et al., 2004; 
Caputo et al., 2003; Vanneste et al., 2001) and in archaeo-
seismological research (Similox-Tohon et al., 2004). The 
resistivity measurements were carried out with the LUND 
Imaging System of ABEM, which consists of 4 cables of 
16 electrodes, branched to a resistivity meter (Terrameter 
SAS-1000) through an electrode selector (ES-464). Using a 
roll-along technique, the length of the profi le can easily be 
extended by a multiple of 32 electrodes. All profi les were 
measured with the standard 64 electrodes. The electrode 
layout used is a Wenner-Schlumberger layout. This layout 
is moderately sensitive to both horizontal and vertical 
structures. It has a rather good penetration and signal/noise 

ratio but a rather narrow horizontal data coverage (Loke and 
Barker, 1996). The electrode spacing along the survey line, 
i.e. the minimum interelectrode spacing, has been chosen 
to ensure the required resolution and penetration depth, 
and was in function of the position of the suspected fault 
along the profi le and the space available. The majority of 
the profi les were measured with the maximum electrode 
spacing (5 m) that is possible with the LUND Imaging 
system, enabling large distances to be surveyed and a large 
penetration depth (50 m). For each data point, the resistivity 
meter performed a stack of minimum two and maximum 
four measurements. The standard deviation for each stack is 
a good indicator of the quality of the data. The quality of 
most profi les is relatively good to excellent with standard 
deviations generally below 2.5%. Before proceeding with 
the inversion, the data set was reduced, i.e. all negative 
resistivity values were rejected, as well as all data points 

Figure 6: DEM image with shaded relief view of the territory of Sagalassos, illuminated from the NW. See fi gure 5 for 
location. Areas discussed in this paper: the Isparta Çayı valley to the east (Figure 21), the Başköy valley to the west 

(Figures 29 and 30).
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with a standard deviation above a certain threshold. The 
fi ltered data were subsequently re-evaluated visually, and 
any remaining isolated extreme value was removed. The 
measured resistivity values do not represent the true subsur-
face resistivity, but an ‘apparent’ resistivity, corresponding 
to the resistivity of a homogeneous subsurface that would 
produce the same resistance value for the given electrode 
arrangement (Loke and Barker, 1996). Pseudosections plot-
ting the apparent resistivity as a point at the mid-point of 
the array with respect to depth do not give an accurate 
image of the true subsurface resistivity. These plots do not 
take into account that the signal of each value measured 
originates form a volume of the subsurface that depends 
on the type of array used. The true subsurface resistivity 
is eventually determined by an inversion. We inverted 
our data with the commercial Res2Dlnv software from 
GEOELECTRICAL. This program iteratively calculates a 
resistivity model section, trying to minimize the difference 
between the observed and calculated ‘apparent’ resistivity. 
A conventional smoothness-constrained least-squares method 
has been used. This approach gives optimal results where 
the subsurface geology shows a smooth variation. It tends, 
however, to smooth sharp boundaries and to under- or over-
shoot true resistivities (Loke et al., 2001). The inversions 
were carried out taking into account the topography along 
the profi le. A more detailed description of the method can 
be found in Similox-Tohon et al. (2004).

5. NEW FAULT ZONES IN THE BURDUR-
ISPARTA AREA

Based on the different diagnostic criteria to identify active 
normal faults, using geomorphological features on remote 
sensing images (Figure 3) (Similox-Tohon et al., this vol-
ume a), fabric characteristics in the fi eld (Figure 4), and 
typical subsurface features in 2D-resistivity measurements, 
a number of to date unknown, possibly active and poten-
tially hazardous normal faults and fault zones could be 
identifi ed in the target area centred on the archaeological 
site of Sagalassos.

The newly identifi ed faults and fault zones are all situated 
E and ENE of the already known northeastern extremity 
of the Fethiye-Burdur fault zone (FBFZ). In this paper 
we will discuss the Isparta-Eğirdir fault zone (IEFZ), 
the Çanaklı-Isparta Çayı Fault Zone (CICFZ) and the 
Bağsaray-Başköy fault zone (BBFZ). Part of the CICFZ, 
more in particular in the Çanaklı basin, is discussed in more 
detail by Similox-Tohon et al. (this volume c), identifying 
the Çanaklı fault. Finally, the newly identifi ed Sagalas-
sos fault, running underneath the archaeological site, is 

extensively discussed by Similox-Tohon et al. (2005; 2006; 
2007; 2004) and Sintubin et al. (2003).

5.1. Isparta-Eğirdir Fault Zone

5.1.1. Remote sensing

Between Isparta and Eğirdir several NE-SW trending 
normal faults cross-cut limestone (Senel, 1997). Some of 
these faults can be seen on the satellite images (Figure 7a). 
The faults near the Davras Dağı are characterized by 
undissected slopes and large scree deposits in front of 
these slopes, indicating active faulting. The major ca. 13 
km long and NW-dipping fault west of the Davras Dağı 
is, moreover, situated in the southwestern continuation of 
the active normal fault that bounds the southern limit of 
Lake Eğirdir (Similox-Tohon et al., this volume a). At its 
southwestern limit a smaller fault exposes Quaternary slope 
deposits in its footwall (Senel, 1997). An abrupt change of 
the drainage from incision to deposition along this linear 
scarp bounding the topography and narrow wine-glass 
canyons between truncated spurs with triangular facets 
indicates its Quaternary activity (Figure 7b).

The Darıdere stream fl ows along a straight NE-SW trending 
line for ca. 8 km (Figure 7a). This portion of the stream 
is in line with a major ca. 13 km long and SE dipping 
normal fault (Savköy fault; Figure 8). Hence, this portion 
of the stream is believed to be fault-controlled.

5.1.2. Surface geology

Field work focused on two lineaments: (1) the Darıdere 
lineament in the southwestern part of the IEFZ (Figure 
7a) and (2) small lineaments at the northeastern extremity 
of the IEFZ near Eğirdir, exposed in a road section and 
in an adjacent quarry.

5.1.2.1. Isparta-Eğirdir road section

West of the city of Eğirdir, a ca. 9 km long valley runs 
normal to the Isparta-Eğirdir fault zone (Figure 8). The road 
between Isparta and Eğirdir follows this valley. At about 
5 km west of Eğirdir and 23 km northeast of Isparta, a 
quarry and two cross-sections along the N73WE trending 
road were investigated (Figures 8 to 11).

The area between Isparta and Eğirdir is characterized by 
the Bey Dağları autochthonous units, which are mainly 
composed of Jurassic to Cenomanian neritic limestone of 
the Bey Dağları formation (Senel, 1997). The Bey Dağları 
autochthonous units are overthrusted by the Antalya nappes 
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Figure 7: Isparta-Eğirdir area. (a) Aster image with a combination of bands 1, 2, and 3, for red, green and blue respectively, 
showing active normal faults and major drainage systems. Projection is UTM Zone 36, Northern Hemisphere (WGS 84). 

See fi gure 5 for location. (b) Enlarged Aster image of the area near Davras Dağı (see box in a).

a b
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Figure 8: Isparta-Eğirdir area. Simplifi ed geological map after Senel (1997). Location of the Isparta-Eğirdir road section 
(red square), with indication of the possible continuation to the northeast of the Bademlı and Savköy faults. See fi gure 7 

for location.

in Danian times. To the west of Eğirdir, the Antalya nappes 
are composed of two distinct nappes. The lower nappe, the 
Alakırçay nappe, is characterized by the Upper Anisian 
to Norian rocks (sandstone with plant fragments, shale, 
radiolarite, chert, limestone with halobia, spilite, basalt, 
etc.). The upper nappe, the Tahtalıdağ nappe, is mainly 
composed of Rhaetian to Cenomanian neritic limestone of 
the Tekedağı formation (Senel, 1997). Volcanic tuff was 
deposited in the Isparta region during the Upper Pliocene 
to Pleistocene. The tuff originates from the Gölçük volcano, 
located 7 km SW of Isparta (Senel, 1997). The volcano is 
a very large maar with a ca. 500 m thick tephra rim. The 
maar’s tephra succession is split in the middle by a well-
developed palaeosoil unit, 1-1.5 m thick, which indicates at 
least two main phases of explosive activity separated by a 
relatively long period of quiescence (Nemec et al., 1998). 
Alici et al. (1998) identifi ed three eruptive phases within 
the phraetomagmatic deposits. The products of these erup-
tions are separated by erosion and palaeosoils (Alici et al., 
1998). Only four occurrences of these pyroclastic deposits 
were documented so far in the maar’s wider surroundings. 
Firstly, fi ne-grained waterlain tephra layers in Late Pliocene 

lacustrine deposits were encountered in the adjacent Burdur 
graben, ca. 20 km to the west (Scott and Price, 1988), cor-
responding to the early explosions (tephra unit below the 
Gölçük rim’s palaeosoil) (Nemec et al., 1998). Secondly, two 
Early Pleistocene tephra units, 130 and 30 cm thick, were 
discovered in outcrop sections of Quaternary colluvial aprons 
near Lake Eğirdir (Figure 8) with K-Ar dates of respectively 
1.50 ± 0.18 and 1.38 ± 0.13 Ma BP (Nemec et al., 1998). 
They represent two separate strong eruptions and associated 
NE-directed pyroclastic currents. These currents were fully 
turbulent and carried unusually large lithic clasts (up to 2 
to 3 cm in diameter) in suspension (Nemec et al., 1998). 
It is likely that the Early Pleistocene tephra near Eğirdir 
represents some of the latest explosive events (tephra unit 
above the Gölçük rim’s palaeosoil) (Nemec et al., 1998). 
Thirdly, volcanic tuff layers were identifi ed in sondages on 
the Upper Agora at Sagalassos (Waelkens, 1998). Fourthly, 
volcanic tuff layers were discovered in an outcrop section 
a few km east of Ağlasun (Six, 2004) and a reworked 
volcanic tuff layer was identifi ed behind the brickyard of 
Çanaklı. These valleys are fi lled with Quaternary alluvium, 
wherein reworked volcanic layers are present.
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The bedrock of the Isparta-Eğirdir road section corresponds 
to rocks belonging to the Alakırçay nappe (Senel, 1997). 
These deep water sediments are strongly deformed, as can 
be observed in the quarry just south of the cross-section 
(Figure 9). An at least 9 m thick succession of volcanic 
tuff and clay layers are unconformably overlying the folded 
basement. Their lithostratigraphic succession can be divided 
into fi ve parts, from bottom to top (Figure 10):

(1) ‘volcanic tuff 1’, an at least 1.8 m thick, planar-bedded, 
greyish-white volcanic tuff unit;

(2) ‘clay 1’, an ca. 1.4 m thick red-brown clay unit;
(3) ‘volcanic tuff 2’, an up to 3.2 m thick, clear alterna-

tion of planar-bedded, greyish-white to yellowish-white 
volcanic tuff and red-brown clay; bed thickness varies 
from 4 to 50 cm;

(4) ‘volcanic tuff 3’, an ca. 2.3 m thick, planar-bedded, 
greyish-white volcanic tuff unit with some intercala-
tions of red-brown clay layers; the base of the unit is 
characterized by two distinct 7 cm thick, red-brown 
clay layers (layers X and Y);

(5) ‘clay 2’, an at least 0.4 m thick red-brown clay unit.

The thickness of ‘volcanic tuff 2’ and ‘volcanic tuff 3’ units 
increase towards the east. Some layers also tend to pinch 
out towards the west as e.g. the two distinct red-brown 
clay layers at the base of the ‘volcanic tuff 3’ unit and 
layer X within the same unit (Figure 10). As the Isparta-
Eğirdir road section is located between the Gölçük volcano 
and the Early Pleistocene pyroclastic deposits near Lake 
Eğirdir (Figure 8), the observed tuff layers are interpreted 
as Gölçük tephras and form a new place of occurrence in 
the maar’s wider surroundings. However, the volcanic tuff 
layers do not display sedimentological evidence for depo-
sition by pyroclastic currents, as is the case 5 km more 
eastwards at Lake Eğirdir. The stratigraphy of the observed 
deposits (Figure10) is clearly different from the tephra at the 
Gölçük maar and near Lake Eğirdir (Nemec et al., 1998). 
The succession of volcanic tuff and clay layers resemble 
both fl ood-plain deposits and lake deposits (Paulissen pers. 
comm.; Swennen pers. comm.). No conclusive determination 
could yet be made. However, we favour the interpretation 
of fl ood-plain deposits since layers of lake deposits are 
homogeneous and are not likely to pinch out as is the case 
in the Isparta-Eğirdir road section (Figure 9). Moreover, 
Lake Eğirdir is at the present situated 916 m a.s.l., while 
the Isparta-Eğirdir road section is situated ca. 100 m above 
Lake Eğirdir’s level. If the sediments belonged to the Lake 
Eğirdir deposits, the lake must have been at least 100 m 
higher and deposition must have occurred in a wider area. 
As we are not aware of other places of occurrence of such 
lake deposits, it is more likely that the tuff and clay layers 
were deposited in a smaller lake, if they would represent 

lacustrine deposits. Such depositional environment could be 
compared with the valleys of Çanaklı and Gravgaz, ca. 40 
km to the SE, which at present are still characterized by a 
periodical lake/swamp (Six, 2004). In the case of fl ood-plain 
deposits, the light-coloured tuff layers represent the coarser 
sediments of crevasse splay and the clay layers represent the 
fi ner sediments that stayed longer in suspense. The reddish 
colour of the clay layers could indicate the development 
of palaeosoils between successive fl oods. The succession 
of volcanic tuff and clay layers is important for the age of 
the sediments. In the case of fl ood-plain deposits, lots of 
material has been washed out and reworked. Therefore, the 
deposition age of the volcanic tuff layers should be younger 
than that of the associated volcanic eruptions. No correla-
tion can be made with the Early Pleistocene tephra units 
near Lake Eğirdir and no absolute age can be postulated 
for the volcanic tuff and clay layers of the Isparta-Eğirdir 
road section.

The succession of volcanic tuff and clay layers along the 
cross-sections is incised by river gullies, which may reach 
a thickness of up to 4 m (Figure 11). In the quarry (Fig-
ure 9), these river gullies may be more than 10 m deep 
and are in direct contact with bedrock. Hence, the gullies 
have completely eroded the volcanic tuff and clay layers 
in the southern part of the study area. The river deposits 
display bedding sequences and are composed of sections 
characterized by coarse, badly sorted, cm to dm large lime-
stone clasts and sections of mainly red-brown clays. The 
sections of coarse, badly sorted, cm to dm large limestone 
clasts must be deposited during high-fl ow rates and may 
indicate sheet fl ows within a wadi system (Swennen pers. 
comm.). Several gullies display at their base the largest 
pebbles while the gully infi ll is made of badly sorted and 
reworked material, again inferring high-fl ow rates (Figure 
11). In contrast with the coarse sediments, the sections of 
red-brown clays most likely represent the fi ner sediments, 
which stayed longer in suspension in the fl ood plain. Sub-
sequent periods of drying of the clays and pedogenesis are 
inferred. The presence of desiccation cracks in the clays, 
fi lled by over lying fi ne-grained sediments, indicates this 
drying process (Figure 11). In the quarry, some very sharp 
and narrow V-shaped gullies are also believed to be the 
result of the drying process (Figure 9). If desiccation cracks 
lie close to each other, they may intersect and a V-shaped 
piece of clay may be taken into transport by water fl ow. 
Fine-grained sediments were subsequently deposited in the 
created space (Swennen pers. comm.). Also the presence 
of pot-holes in the clay indicates that the clays must have 
been dry and hence very hard and erosion resistant to 
enable pot-hole formation (Figure 11). Within the clays of 
the quarry, several thin white layers possibly represent cal-
crete layers and hence indicate pedogenesis under semi-arid 
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climate conditions (Swennen pers. comm.) (Figure 11). 
At certain places, the superposition of several sections, 
i.e. coarse-grained and fi ne-grained units, is not horizontal 
but displays an angle and forms a lobate geometry (Figure 
11). Within such lobate structures, sequences of high water 
fl ows, represented by coarse sediments, are overlain by 
red coloured fl ood plain clays (Figure 11). All previous 
described features of the river deposits are characteristic 
for a braided river system on distal alluvial fan(s) where 
short periods of high-fl ow rate alternated with subsequent 
drier periods. The succession of volcanic tuff and clay 
layers and these braided river gullies represent two clear 
contrasting deposition environments through time, with an 
evolution towards a period of higher-fl ow rates.

An E-dipping border fault delimits the bedrock and the 
succession of volcanic tuff and clay layers at the western 
edge of the Isparta-Eğirdir road section (Figures 9 and 11). 
Several NNE trending normal faults were identifi ed within 
the volcanic tuff and clay layers, outcropping in the northern 
cross-section (Figures 9 and 11). The displacement of the 
volcanic tuff and clay layers ranges between a few cm and 
a few dm. Most of the faults are dipping to the east and 
several horst-and-graben structures are present. The grabens 
often do not cut the entire volcanic tuff and clay succession 
but start within a layer of the stratigraphical section (mainly 
in layer F in ‘volcanic tuff 2’ unit). Moreover, the faults that 
apparently cut all the volcanic tuff and clay layers could 
not be followed within the basement, outcropping in the 
quarry (Figure 9). This suggests that the observed faults, 
except the border fault, are restricted to the volcanic tuff 
and clay layers and are no basement faults. The tilt and 
increase in thickness of the volcanic tuff and clay layers 
towards the east and the pinching out of some layers to the 
west suggest differential movements which may be related 
to faults. Such a fault could be the E-dipping border fault 
delimiting the bedrock and the succession of volcanic tuff 
and clay layers at the western edge of the Isparta-Eğirdir 
road section. Another candidate could be a non-identifi ed 
active W-dipping border fault cutting through the basement 
bedrock, more to the east of the Isparta-Eğirdir road section. 
Based on the geographical position of the Isparta-Eğirdir 
road section, the two border faults can tentatively be cor-
related with the NE trending, W-dipping Bademlı fault and 
the E-dipping Savköy fault, both cutting through the Bey 
Dağları autochthonous units more to the southwest (Senel, 
1997) (Figure 8). The faults within the volcanic tuff and 
clay layers may be earthquake-induced. The fact that the 
faults and grabens always start within a tuff layer and not 
in a clay layer may indicate that earthquakes could be 
responsible for the liquefaction of water-saturated tuff layers, 
above which faults and grabens were formed. Layer F in 
‘volcanic tuff 2’ unit represents such a tuff layer.

Based on the hypothesis that the faults within the volcanic 
tuff and clay layers may be earthquake-induced, fi ve pal-
aeoearthquakes are postulated based on the stratigraphical 
position of the youngest displaced layers along the different 
faults (Figure 10). Subsequent reactivation of the same fault 
could be identifi ed by differences in the amount of offset 
along the fault (Figure 11). However, the different events 
resulted mostly in the generation of new fault planes instead 
of reactivating existing faults. Moreover, each event resulted 
in an eastward migration of fault location. This is possibly 
due to the fact that the faults are the result of liquefying 
tuff layers during an earthquake. Each earthquake may 
have resulted in the liquefaction of a tuff layer at another 
locality or the liquefaction of another tuff layer. Most of 
the identifi ed fault displacements are attributed to event II. 
This event possibly represents the strongest earthquake, as 
liquefaction may have been more widespread. This event is 
characterized by many graben structures. The four oldest 
events postdate unit ‘clay 1’ and predate deposition of unit 
‘clay 2’ and the river gullies. The youngest event displaces 
a layer of river pebbles but does not reach the present 
surface. A degraded fault scarp and an adjacent colluvial 
wedge (Figure 10) are present for this event (V). The upper 
river sediments truncate this degraded fault scarp. Noth-
ing can be said in detail about the magnitude, timing and 
recurrence of the earthquakes. The earthquakes can only 
be constrained as post-Upper Pliocene/Pleistocene (cf. tuff 
layers) and pre-historical. Soil liquefaction is, moreover, 
generally characterized by limited phenomena that occurred 
within the epicentral areas of events having intensity I ≥ 
IX MCS at the site (Berrardi et al., 1991; Serva, 1994). 
Earthquake magnitude less than 5 causes little or no lique-
faction, whilst magnitude 6 may cause liquefaction within 
a radius of 4 km and magnitude 7 in a radius of 20 km 
(Kuribayashı and Tatsuoka, 1975).

Tuff layers along the Isparta-Eğirdir road section form a 
new place of occurrence of Gölçük tephras in the maar’s 
wider surroundings. A displaced succession of these waterlain 
Gölçük tephra layers and clay layers and displaced braided 
river deposits possibly indicate that the Isparta-Eğirdir fault 
zone was active in Pliocene-Quaternary times and was 
capable of generating large earthquakes. Instrumentally 
recorded microseismic activity near the Isparta-Eğirdir fault 
zone and the presence of faults up to ca. 13 km long, i.e. 
the Savköy fault, in the fault zone are additional evidence 
that it may be capable of generating large earthquakes. It 
is therefore postulated that the 1889 Isparta earthquake, for 
which no causative fault has been identifi ed (Ambraseys and 
Jackson, 1998), may possibly be generated by an active fault 
of the Isparta-Eğirdir fault zone. This would have implica-
tions for the seismic hazard of the Isparta-Eğirdir area as 
the Isparta-Eğirdir fault zone should then be regarded as 
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a still active fault zone. In our opinion, the Isparta-Eğirdir 
road section gives an opportunity to investigate the pal-
aeoseismicity of the Isparta-Eğirdir area, in particular by 
dating the tuff layers.

5.1.2.2. Darıdere lineament

To the northeast of Sagalassos, the Darıdere stream fl ows 
to the northeast along a straight NE-SW trending and 8 
km long valley (Figures 12 and 13).

The area between Sagalassos and Isparta is characterized by 
the Lycian nappes, which are here composed of three distinct 
nappes (Senel, 1997). They comprize, from top to bottom: 
Middle Triassic-Liassic limestone (Domuz Dağ nappe), the 
Upper Senonian ophiolitic mélange and olistostrome unit 
(Marmaris ophiolite nappe) and Upper Lutetian-Lower 
Burdigalian fl ysch (Yeşilbarak nappe). The Lycian nappes 
were thrusted on top of the Bey Dağları autochthonous 
units, composed of Burdigalian-Lower Langhian fl ysch. 
Also Lower Pliocene-Pleistocene volcanic rocks occur in the 
Gölçük area (Senel, 1997). The development of volcanism 
can be divided into two major stages (Alici et al., 1998). 
The oldest stage represents ancient rhyolite lavas/domes 
and diatremes, which are located in the Darıdere area, east 
of Gölçük. The youngest stage represents tephriphonelitic, 
thrachyandesitic to trachytic eruptions (ignimbrites, lava/
dome extrusions, phreatomagmatic deposits and fi nally, 
young domes). The ancient lavas/domes are underlain by 
white to yellow ignimbrites, i.e. the fi rst product of the 
Gölçük eruptions, but do not represent a direct relation 
with them (Alici et al., 1998). The Gölçük eruptions can 
be divided into four main periods such as ignimbrites, lava/
dome extrusions situated in the caldera, prhaetomagmatic 
deposits (eruptions I, II and III), and young domes in the 
centre of the caldera (Alici et al., 1998). Surge deposits 
in the eruptions I and II are characteristic by their block 
impact structures (Figure 14) (Alici et al., 1998). The Lower 
Pliocene Gölçük volcanism is interpreted as a response to 
post-collisional extensional tectonics during the post-Tor-
tonian (Alici et al., 1998).

The Darıdere lineament is described from WSW to ENE 
(Figure 12):

(1) Firstly, the valley is incised in highly fractured Middle 
Triassic-Liassic limestone (site 1; Figure 12). A source, 
which represents a karstic ‘resurgence’, emerges out of 
the limestone and is the starting point of the Darıdere 
stream (Figure 13a).

(2) Secondly, a fi rst widening of the valley is related to 
the presence of volcanics (rhyolitic layers embedded 
in white tuff ) in its central part, bordered by limestone 

(site 2; Figure 12). Where the valley becomes narrow, 
only limestone crops out.

(3) Thirdly, a second widening of the valley occurs and this 
widening is characterized by the massive development 
of volcanics (site 3; Figure 12).

(4) Fourthly, only outcrops of highly deformed fl ysch, i.e. 
the basement, are observed in the valley and are seem-
ingly underlying the volcanics (site 4; Figure 12).

(5) Finally, the valley bottom defi nes a linear border between 
a ‘volcanic region’ on the northwestern slopes of the 
valley and fl ysch on the southeastern slopes (site 5; 
Figure 12).

To the southeast of the Darıdere lineament, another NE-SW 
trending ‘volcanic’ patch is present (Figures 12 and 13b).

The contacts between the limestone and volcanic rocks (site 
2; Figure 11) are characterized by clear limestone scarps 
(Figure 12). At many places the limestone is completely 
fractured or brecciated near the tuffs (Figure 15b). Some 
striated fault planes are observed on limestone debris near 
the contacts (Figure 15d). A shear zone could be identifi ed 
at a near-vertical N80W trending contact, where brecciated 
limestone is juxtaposed to sheared tuffs with lenses of brec-
ciated limestone and lenses of rhyolitic layers, all parallel 
to the contact (Figure 15). Moreover, the internal foliation 
of the rhyolites is always steeply dipping and sub-parallel 
to the closest contact with the limestone (Figures 15f ). The 
limestone breccia is interpreted as fault breccia. The breccia 
is, indeed, restricted to areas near the contacts, where shear 
zones and striated fault planes occur. Four such ENE-WSW 
trending faults are located at the contact between limestone 
and volcanics. They display fault movement after deposi-
tion of the Pliocene volcanics but reveal no sense of fault 
movement. The parallelism between the contacts, i.e. faults, 
and the internal foliation in the volcanics suggests a tectonic 
origin of the ‘isolated’ volcanic ‘basin’. Also in the Pliocene 
andesite (site; Figure 12) a metre-scale fault plane (040/63 
pitch 50)1 has been observed (Figure 16). Further to the 
northeast, along the western fl ank of the Darıdere valley 
(between sites 4 and 5; Figure 12) a normal fault contact 
(CN 340/48 pitch 106, CN 340/49 pitch 99; CN: certainly 
normal fault) is present between fl ysch and Pliocene andesite 
(Figure 17). In the footwall of the metre-scale normal fault 
plane in the Pliocene andesite, both a ‘fl ysch shear zone’ 
(Figure 17b) and sheared andesite rocks (Figure 17c) were 
encountered in an at least 2 m wide deformed zone. The 
transition between the ‘fl ysch shear zone’ and the sheared 

1 Representation of orientation data of planar features uses the 
‘strike-dip’ and ‘azimuth’ conventions; pitch is counted within 
the plane starting from strike direction.
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Figure 14: Block impact structures, characteristic for the phreatomagmatic deposits of the Gölçük eruptions I and II 
(see also Alici et al., 1998) (hammer = 33 cm long).

Figure 13: Darıdere lineament. (a) View from Kocosivri Tepe (southwestern extremity of Darıdere lineament) to the north-
east (see Figure 12 for location). (b) View from the Darıdere valley towards the east of the NE-SW trending ‘volcanic’ 
patch within the Darıdere lineament. This ‘volcanic’ patch is geomorphologically well-expressed due to its higher erosive 

resistivity (see Figure 12 for location).

a b
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Figure 15: Darıdere lineament. (a) Schematic representation (not to scale) of a contact between limestone and volca-
nics on the northwestern slopes of the Darıdere valley (site 2; Figure 12). (b) Fractured limestone (see (a) for location). 
(c) Brecciated limestone on contact (see (a) for location). (d) Fault with slickenfi bres in limestone (see (a) for location). 
(e) Sheared contact between brecciated limestone and tuff (see (a) for location). (f) Main foliation in rhyolites (see (a) for 

location) (hammer = 33 cm long).
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Figure 16: Darıdere lineament. Slickensides on a fault plane in Pliocene andesite 
on the western fl ank of the Darıdere valley (arrow indicates fault movement) (site 
3; Figure 12).

Figure 17: Darıdere lineament. (a) Sketch of fault contact (not to scale) between fl ysch and andesite on the western fl ank 
of the valley (between site 4 and 5; Figure 12). (b) Flysch shear zone (see (a) for location). (c) Sheared andesite (see (a) 
for location). (d) Slickensides and slickenlines on the hanging wall of a fault plane in Pliocene andesite, with indication of 

fault movements (lower hemisphere equal-area projection) (see (a) for location) (hammer = 33 cm long).
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volcanic rocks has not been clearly observed. To the east 
of the Darıdere valley, fl ysch and tuff are found in contact 
along a 020/90 and 120/45 fault plane (Figure 12).

Near Lake Gölçük, the pyroclastic deposits from the Gölçük 
eruptions are fractured and faulted (Figure 18). Fault move-
ment results in a down-dip displacement (up to ca. 40 cm) 
of distinct tuff layers, often resulting in horst-and-graben 
structures. Such faults indicate an extensional regime. 
Only one reverse fault has been observed (Figures 18b). 
All faults predate the youngest outcropping pumice layer, 
composed of coarser clasts. It is not clear whether these 
faults should be attributed to a tectonic event or to the 
collapse of the caldera. A few N-S trending striated fault 
surfaces, indicating a strike-slip motion (Figure 18i), and 
some fracture planes (180/70 and 220/73) were measured 
in lava/dome extrusions situated in the caldera (Figure 12). 
The limestone west of Lake Gölçük displays an intense 
fracturing (e.g. N40E trending planes).

A conceptual model of the Darıdere lineament development 
can be proposed (Figure 19). In a fi rst stage, a post-Tor-
tonian NW-SE extension resulted in the break-up of the 
Lycian nappes along NE-SW trending fracture zones. These 
fractures form the southwestern part of the Isparta-Eğirdir 
fault zone. A magma reservoir, underlying the area, is fed 
by an underlying melting metasomatized and/or enriched 
lithospheric mantle source during crustal extension in the area 
(Alici et al., 1998). In a second stage, lava domes, dykes 
and diatremes are injected along the existing fracture/fault 
zones, representing the fi rst stage of volcanic development. 
In a third stage, Gölçük eruptions represent the second 
phase of volcanic development. In a fi nal stage, some of 
the NE-SW trending fractures/faults are reactivated and 
deform both the ancient lava/dome as well as ignimbrites 
from the fi rst Gölçük eruptions. The normal faults affect-
ing the pyroclastic deposits from the Gölçük eruptions are 
possibly the result of the collapse of the caldera.

The ca. 8 km long Darıdere lineament northeast of Saga-
lassos is situated in an area where superposed on the 
‘basement’ structural architecture, consisting of limestone, 
overthrusted ophiolitic mélange and Tertiary fl ysch, linear 
arrays are found of ENE-WSW trending volcanic massifs. 
These massifs may be interpreted as a sort of ‘dyke swarm’, 
consisting of an array of ‘eruption centres’, along rather 
pure extensional fracture zones. However, some faulting 
might already have occurred at that stage, as suggested by 
the overall rhombic shape of the valley widening, possibly 
representing a graben or pull-apart (site 2; Figure 12). 
Extensive, strongly disturbed, tuff deposits surround these 
volcanic massifs. Often the contacts with the basement 

(limestone or fl ysch) is strongly sheared and brecciated. 
Therefore, fault activity/reactivation must have occurred 
after the Gölçük eruptions. It can be concluded that the 
Darıdere lineament is a neotectonic feature, i.e. postdating 
the Miocene nappe emplacement, related to a ‘recent’ stress 
fi eld (see Verhaert et al., 2006). The Darıdere lineament is 
defi ned by the alignment of ENE-WSW trending eruption 
centres and is therefore considered to have a Pliocene age. 
It may be related to the Pliocene activity along the Isparta-
Eğirdir fault zone. Geodynamically, it may be related to 
the complex, subduction-related, tectonics in the Eastern 
Mediterranean. Further, no evidence has been found for 
post-Pliocene fault activity along the lineament. Historical 
or recent seismic activity along this lineament can most 
probably be excluded.

5.2. Çanaklı-Isparta Çayı Fault Zone

In this paper we focus on the northeastern part of this linea-
ment, exposed in the Isparta Çayı valley. The southwestern 
part, i.e. the Çanaklı basin, located ca. 5 km to the south 
of the archaeological site of Sagalassos, is extensively 
discussed by Similox-Tohon et al. (this volume c).

5.2.1. Remote sensing

Several NE-SW trending normal faults, exposing limestone 
in their footwall, are present along an at least 23 km long 
and NE-SW trending zone extending from the Isparta Çayı 
stream up to the south of the village of Çanaklı (Senel, 
1997). Some of these faults can be seen on the satellite 
images, while others, not present on the geological map of 
Senel (1997), can be inferred (Figure 20). In its upstream 
part, the Isparta Çayı displays a drainage diversion. The 
Isparta Çayı and a second parallel stream more to the east 
at fi rst fl ow to the SSE. Both rivers abruptly change their 
course before reaching each other along a 5 km long and 
NE-SW trending line (Figure 20). This 5 km long portion 
is believed to be fault-controlled and is parallel to several 
fault segments of the Çanaklı-Isparta Çayı fault zone 2 
km further south. Moreover, this 5 km long river portion 
is not controlled by lithological contacts since the fl ow is 
perpendicular to the stratigraphical contact between Bur-
digalian-Lower Langhian sandstone from the Bey Dağları 
autochthon in the east and Scythian-Lower Anisian sandstone 
from the Antalya nappes in the west (Senel, 1997). Two 
km south of the previous drainage diversion, the Isparta 
Çayı crosses the inferred fault zone. Several SE-dipping 
fault segments are characterized by a prominent relatively 
undissected footwall ridge, indicating active faulting (Figures 
21 and 23). When crossing these segments, the Isparta Çayı 
fl ows along some steps/cascades, indicating that tectonic 
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Figure 18: Lake Gölçük. (a-h) Fractured and faulted pyroclastic deposits from the Gölçük eruptions. All faults predate the 
youngest outcropping pumice layer (c-e), composed of coarser clasts. (i) N-S trending striated fault surface indicating a 

strike-slip motion in lava material situated in the Gölçük caldera (hammer = 33 cm long).
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Figure 19: Darıdere lineament. Conceptual model of the geodynamic evolution (not to scale). (a) In a fi rst stage a post-
Tortonian NW-SE extension results in the break up of the Lycian nappes (L.N.) along NE-SW trending fracture zones 
belonging to the IEFZ. A magma reservoir (M.R.) is fed by underlying melting metasomatized and/or enriched lithospheric 
mantle source during crustal extension in the area (after Alici et al., 1998). (b) In a second stage lava domes, dykes and 

diatremes are injected along the existing fracture zones.
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Figure 21: Isparta Çayı area. Enlarged DEM image with shaded relief view of the fault segments, illuminated from the 
NW. See fi gure 6 for location.
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uplift of the footwall prevails on the erosion rate of the 
stream (Figure 27).

5.2.2. Surface geology

Some 15 km southeast of Sagalassos, the Isparta Çayı river 
fl ows of the footwall of the Isparta Çayı fault zone, as 
inferred from satellite imagery, to enter the Aksu sub-basin 
(Figures 22 and 23).

A range of lithologies is present along this portion of the 
Isparta Çayı valley. They comprize bedrock, belonging to 
the Lycian nappes, of Middle Triassic-Liassic limestone and 
the Upper Senonian ophiolitic mélange and olistostrome unit 
in the northern part (Senel, 1997). Serravallian-Tortonian 
coastal alluvial fan/fan-delta conglomerates were deposited 
in the southern part (Karabiyikoglu et al., 2005). The 
coastal alluvial fan/fan-delta conglomerates, i.e. the Aksuçay 
conglomerates are one of the Miocene basin fi ll deposits 
of the Aksu sub-basin and represent the fi nal stage of ter-
rigeneous sedimentation (Karabiyikoglu et al., 2005). Two 
lateral facies are distinguished in the Aksuçay conglomerates: 
(1) a regularly layered (E-dipping), limestone-dominated 
facies near the limestone range front, with very het-
erogeneous granulometry, and (2) a very heterogeneous 
better-sorted facies, with sandstone intercalations (with 
cross-bedding and fi ning-upward sequences), gullies and 
towards the top, thicker and more important conglomer-
ate layers (Figure 22). While the former can be directly 
related to the degradation of the limestone range front, 
the latter facies has a composition representative of the 
Lycian nappes (ophiolitic material, cherts, limestone, etc.). 
The transition between both facies is seemingly gradual. 
A number of isolated limestone massifs (with ophiolitic 
material) are incorporated in the Aksuçay conglomerates 
(Figure 22). These massifs may represent a palaeorelief 
within the Aksu sub-basin or could be the result of mass 
movements The isolated limestone massifs incorporated 
in the Aksuçay conglomerates are fractured (045/77 and 
245/80) (Figures 22 and 24a-b). The joint with a 245/80 
orientation is fi lled by crustiform calcites (see Verhaert 
et al., 2004). The Aksuçay conglomerates are tilted and 
possibly folded (S0 005/20, 075/25, 035/15, 355/25, 030/15, 
050/20, 000/25, 000/15) (Figure 22). Metre-scale fracture 
planes (070/65, 145/85, 180/60, 180/85, 220/70) and fault 
planes (CI 071/80, CN 115/65, 355/35; CN: certainly 
normal fault, CI: certainly inverse fault) with a limited 
amount (less than 1 m) of displacement were observed in 
the Aksuçay conglomerates (Figures 22 and 24c-d-f-g-h). 
A local concentration of nine, dm- to m-scale, NW-SE 
to N-S trending conjugate reverse faults affects a layered 
(S0 005/20) sequence of the limestone-dominated facies 
of the Aksuçay conglomerates (Figures 22 and 24e). The 

limestone-dominated facies of the Aksuçay conglomerates 
near the Isparta Çayı fault scarp are folded some tens of 
metres near this scarp (Figure 25). The S-vergent folding 
may be the expression of an antithetical fault in the direct 
hanging wall of the main Isparta Çayı normal fault (Fig-
ure 25). The contact between the Aksuçay conglomerates 
(S0 075/25, 035/15) in the south and the limestone in the 
north forms a clear fault scarp (Figure 23). The fault plane 
itself is not well defi ned and no clear evidence of active 
fault activity was identifi ed. The fault plane (052/49) is 
characterized by an up-to-2 m wide fault breccia (Figure 
26b), typical of Aegean-type normal faults (Hancock and 
Barka, 1987; Stewart and Hancock, 1988; 1990; 1991). The 
breccia is matrix-supported and composed of mm to 20 cm 
large angular limestone clasts in a brown calcite matrix. 
Some clasts are broken up and recemented by the matrix 
(Figure 26c). An intense degradation of the fault plane has 
taken place as evidenced by the presence of rillen karst 
and pluck holes (Figure 26e) (Hancock and Barka, 1987; 
Stewart and Hancock, 1988; 1991). In the direct footwall 
of the fault plane, the limestone is strongly and regularly 
(ca. 10 m spaced) fractured. Sporadically a (fault) brec-
cia follows the planar fractures (Figure 26d). Also these 
fracture planes are intensely degraded as evidenced by 
the dissolution of the mm to 5 cm large limestone breccia 
clasts (Figure 26e).

The portion of the Isparta Çayı river incising the limestone 
is characterized by a sudden change in drop between the 
most northern and central major fault scarp of the Isparta 
Çayı fault zone (Figure 27). This sudden change in drop 
may refl ect the upstream retreat of the Isparta Çayı river 
from an active fault scarp. The latter resulted from a footwall 
uplift caused by a surface rupturing event. Between the most 
northern and central major fault scarp of the Isparta Çayı 
fault zone, ophiolitic material is in contact with limestone 
along a steep ca. N50E trending contact.

The Isparta Çayı lineament, as identifi ed by remote sensing, 
clearly corresponds to an Aegean-type normal fault zone 
in the fi eld. The Isparta Çayı fault zone bears Mesozoic to 
Tertiary limestone in its footwall (to the north), and Tortonian 
coastal alluvial fan/fan-delta conglomerate in its hanging wall 
(to the south) (Figure 28). The fault plane itself is character-
ized by a typical fault breccia. The fault plane is, however, 
strongly degraded, which implies that recent or historical 
faulting events did most probably not occur on this segment 
of the Çanaklı-Isparta Çayı fault zone. In the limestone 
in the footwall, a steep contact with ophiolitic material is 
unlikely to be an original tectonic contact (i.e. nappe). The 
ophiolitic material is rather of secondary origin (e.g. karst 
fi lling) and the contact an expression of active tectonics. 
In the conglomerates, two lateral facies are distinguished: 
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Figure 22: Isparta Çayı area. Geological map with indication of fault data, modifi ed after Senel (1997). Stereoplots of 
fault data are lower-hemisphere equal-area projections. See fi gure 20 for location.

Figure 23: Isparta Çayı area. View towards the north of the Isparta 
Çayı fault scarp, incised by the Isparta Çayı river.
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Figure 24: Isparta Çayı area. (a) fracture (orientation 135/77) through the isolated limestone massif. (b) Joint fi lled by 
crustiform calcites (orientation 245/80). (c) Metre-scale fault plane (CI 071/80; CI: certainly inverse fault. (d) Metre-
scale fracture planes (orientation 145/85). (e) Detail of dm- to m-scale reverse fault plane with slickensides and steps in 
the limestone-dominated facies of the Aksuçay conglomerates (arrow indicates fault movement). (f) Metre-scale fracture 
plane (220/70). (g) Metre-scale dip-slip fault plane (CN 355/35; CN: certainly normal fault) with indications of normal 
faulting (arrow indicates fault movement). (h) Detail of previous fault plane with slickensides and steps (arrow indicates 
fault movement). (a) to (d) in the Aksuçay conglomerates to the west of the Isparta Çayı river. (e) to (h) in the Aksuçay 
conglomerates to the east of the Isparta Çayı river (hammer = 33 cm long).
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Figure 25: Isparta Çayı area. (a) S-verging folds in the limestone-dominated facies of the Aksuçay conglomerates to the 
west of the Isparta Çayı river (see box in (b)). (b) Conceptual model to explain the folding (not to scale).

Figure 26: Isparta Çayı area. (a) Strongly degraded fault plane with rillen karst and pluck holes. (b) Fault breccia. (c) Lime-
stone clast from fault breccia which is broken up and recemented by the matrix. (d) Fracture plane in the direct footwall 
of the limestone range front with sporadic patches of fault breccia. (e) Detail of a fault breccia patch showing dissolution 

of the limestone clasts (ranging from mm to 5 cm) (hammer = 33 cm long).
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Figure 27: Isparta Çayı area. Elevation profi le along the Isparta Çayı river. Photographs show portions of the river where 
the fl ow has a constant, relatively low drop. I, II and II are indicated on fi gure 22.

Figure 28: Isparta Çayı area. Conceptual model of the Isparta Çayı fault zone. 
Not to scale. The transition between light grey and dark grey in the hanging 
wall represents the two lateral facies in the Aksuçay conglomerates.

(1) a limestone-dominated facies near the fault scarp, and 
(2) a very heterogeneous facies further away. While the 
former can be directly related to the degradation of the fault 
scarp, the latter facies has a composition representative of 
the Lycian nappes (ophiolitic material, cherts, limestones, 
etc.). In the conglomerates in the hanging wall, only evidence 
was found for minor faulting. It can be assumed that in a 
fi rst stage a NW-SE extension results in the uplift of the 
Lycian nappes along NE-SW trending normal fault zones. 
Hence, the limestone fault scarp forms the northern edge 
of the Aksu sub-basin. During the Serravallian-Tortonian, 
coastal alluvial fan/fan-delta conglomerates were deposited 
in the Aksu sub-basin (Karabiyikoglu et al., 2005). Close 
to the Isparta Çayı fault scarp a limestone dominated facies 
was deposited. Subsequently, the Tortonian conglomerates 
were tilted to the east and faulted/fractured. The tilt may 
partly result from a reactivation of the Isparta Çayı fault 
zone. In Quaternary times, the Isparta Çayı river started to 
incise through the Isparta Çayı fault zone. The river profi le 

crossing the fault system shows a substantial drop (200 m 
difference in height), suggesting an uplift of the footwall 
and thus inferring Quaternary faulting. It can therefore be 
concluded that this segment of the Çanaklı-Isparta Çayı 
fault system has defi nitively to be considered as an active 
normal fault (Quaternary activity), but that no evidence has 
been found for historical or recent seismic activity.

5.3. Bağsaray-Başköy Fault Zone

5.3.1. Remote sensing

Between Bağsaray and Başköy, located respectively ca. 15 
km southwest and 8 km west of the archaelogical site of 
Sagalassos, several NNE-SSW trending lineaments can be 
observed on the satellite images along a ca. 22 km long 
zone (Figure 29). Only some of them are indicated on the 
geological map of Senel (1997) as faults. The lineaments 
display the characteristics of active normal faults  exposing 
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limestone in their footwall since undissected footwall ridges 
can be observed (Figures 3 and 29). The fault zone is 
strongly segmented and bounded in the west by E-dipping 
faults and in the east by W-dipping faults, forming a gra-
ben-like structure (Figure 29). The Kayaaltı fault (Similox-
Tohon et al., this volume a) may be interpreted as part of 
the western border of the fault zone. In the northeastern 
part of the fault zone a 1.4 km long lineament cross-cuts 
the E-W trending Başköy valley (Figures 29 and 30). A 
clear morphological step is observed on the Quaternary 
alluvial valley fl oor, suggesting Quaternary fault activity. 
In the north, the fault zone terminates against volcanic 
tuff deposits from the Upper Pliocene-Quaternary Gölçük 

formation (Senel, 1997). These tuff deposits are not affected 
by the Bağsaray-Başköy fault zone on the satellite image, 
suggesting fault activity predates the deposition of the tuff. 
However, on the geological map of Senel (1997) N-S to 
NNW-SSE trending normal faults affects both Mesozoic 
limestone and tuff deposits from the Gölçük formation, 
indicating Upper Pliocene-Quaternary fault activity. These 
contrasting views may be due to the fact that the satellite 
images are not detailed enough to enable the visualization 
of faults from the Bağsaray-Başköy fault zone within the 
volcanic tuff deposits.

Figure 29: Bağsaray-Başköy lineament. Landsat 7 Enhanced Thematic Mapper + image with a fusion of bands 4, 5, 7 
and 8, showing the location of the major faults. Projection is UTM Zone 36, Northern Hemisphere (WGS 84). CICFZ: 

Çanaklı-Isparta Çayı fault zone. F: unnamed fault (Similox-Tohon et al., (this volume a)). See fi gure 5 for location.
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Figure 30: Başköy area. Enlarged DEM image with shaded relief of the Bağsaray-Başköy fault zone near Başköy, 
 illuminated from the NW. See fi gure 6 for location.
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5.3.2. Surface geology

Surface data were collected in three key areas: the Gravgaz 
valley, Sarıkaya (see also Verhaert et al., 2006) and the 
Başköy valley.

5.3.2.1. Gravgaz valley

The area around the Gravgaz valley is characterized by the 
Lycian nappes and comprizes bedrock of Middle Triassic- 
Liassic limestone and the Upper Senonian ophiolitic mélange 
and olistostrome unit (Senel, 1997). Pliocene lacustrine 
deposits, Upper Pliocene-Quaternary conglomerates and 
Quaternary alluvium and slope debris were deposited on 
top of the Lycian nappes (Figure 31).

Some fault segments belonging to the Bağsaray-Başköy fault 
zone, as inferred from satellite imagery, cross the Gravgaz 
valley area (Figures 29 and 31). A fault scarp (CN ca. 
200/50 pitch 70; CN: certainly normal fault) with limestone 
in the footwall and Upper Pliocene-Quaternary conglomeratic 
deposits in the hanging wall, is present in the southwest of 
the Gravgaz depression (site b; Figure 31). The exposed 
part of the slip plane is about 3 m high and 30-35 m long 
and diffi cult to trace further in the landscape (Figure 32a). 
The fault plane itself displays clear characteristics typical 
of Aegean-type normal faults in carbonates (Hancock and 
Barka, 1987; Stewart and Hancock, 1988; 1990; 1991), i.e. 
fault breccia, corrugations, slickensides, comb fractures, 
remnants of brecciated hanging wall material and pluck 
holes (Figure 32b). The presence of tectonic breccias in 
the Upper Pliocene-Quaternary sediments immediately 
overlying the faulted bedrock/Upper Pliocene-Quaternary 
contact is evidence for tectonic reactivation. The main fault 
plane is displaced (30-40 cm) by another fault (PD 330/55 
pitch 4; PD: probably dextral fault) with indications of 
strike-slip slickensides and fault breccia (Figure 32c). The 
Upper Pliocene-Quaternary conglomerates are delimited 
to the south from the limestone by a N70W trending and 
steeply N-dipping corridor of iron-rich material. The iron-
rich material shows randomly oriented slickensides. The 
western border of the Gravgaz depression is dominated 
by a linear ca. N-S trending limestone escarpment (site a; 
Figure 31). The limestone is intensely fractured (000/60, 
010/65, 165/90, 020/65, 130/90, 165/90) (Figure 31). The 
joints are often fi lled with a fl owstone-type of calcite. The 
limit of the ‘wet’ area (swamp) in the Gravgaz depression 
(Figure 33) lays in continuation of this limestone escarp-
ment and is seemingly rather rectilinear with a N35E trend 
(Figure 31). Therefore, the elongated and isolated hill 
composed of Upper Pliocene-Quaternary conglomerates 
within the Gravgaz depression may represent deposits of a 
fault-bounded basin (Figure 33). The presence of tectonic 

breccias in the Upper Pliocene-Quaternary sediments is 
clear evidence that some basin faults were reactivated in 
Upper Pliocene-Quaternary times.

Less direct evidence of basin activity during the Holocene 
can be retrieved from sediment cores in the central part of 
the Gravgaz basin, i.e. in the marsh area (Six, 2004). Tec-
tonic (thrust) activity has been put forward by Six (2004) as 
an explanation for a sedimentary hiatus observed in a core 
(core SA-96). In our opinion, however, any recent tectonic 
activity should be related to the basin (normal) faults. From 
a W-E core profi le through the Gravgaz marsh it is clear 
that in the west (core SA-96) the deepest part of the core 
consists of Unit I (ca. 4000 cal BC till ca. 930-790 cal 
BC) below Unit II (ca. 930-790 cal BC till ca. 770-760 
cal BC) while in the central and eastern part Unit II is 
thicker and Unit I is not reached/observed. No anomalies 
were observed along two S-N core profi les.

A ca. 30 m long, NW-SE trending reverse fault (CI ca. 
335/70 pitch 51; CI: certainly inverse fault) (Figure 32d-e) 
affects the limestone south of the Gravgaz depression (site 
d; Figure 31). The fault plane itself is characterized by 
slickensides, corrugations, comb fractures, remnants of 
a clay gauge and remnants of breccia sheet on the fault 
plane (Figure 32e). The fault plane was reactivated several 
times as evidenced by different generations of breccia and 
slickensides on the breccia. The limestone south of the 
Gravgaz depression is also intensely fractured by ca. dip-
slip normal faults characterized by fault breccia, slickensides 
and corrugations (site c; Figure 31). These fault planes 
are highly degraded. On a NE-SW trending fault plane, a 
clear distinction can be made between the upper part of 
the fault plane that is fully degraded and the lower part 
of the fault plane on which corrugations and fault breccia 
are still visible (Figure 32f-g). This means that the lower 
part has been exhumed more recently.

An active fault scarp has thus been identifi ed in the Gravgaz 
valley area. The fault scarp may represent the eastern bor-
der of a ca. N-S trending fault-bounded basin, fi lled up by 
Upper Pliocene-Quaternary conglomerates. The southern 
border is characterized by a corridor of iron-rich material 
and probably represents the alteration product of a fault 
zone. The northern part of the western border is character-
ized by a rectilinear swamp, which may be the expression 
of a fault in the subsurface. The eastern border fault has 
been reactivated after deposition of the conglomerates, 
implying an activity during the Upper Pliocene-Quaternary. 
Basin activity during the Holocene may be evidenced by a 
sedimentary hiatus observed in sediment cores in the central 
part of the Gravgaz depression. Holocene vertical movement 
along a ca. N-S trending active normal fault during Unit I 
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Figure 31: Gravgaz valley. Geological map with indication of fault data, modifi ed after Senel (1997). Stereoplots of fault 
data are lower-hemisphere equal-area projections. See fi gure 29 for location.
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Figure 32: Gravgaz valley. (a) Fault scarp (CN ~200/50 pitch 70; CN: certainly normal fault) with limestone in the footwall 
and Upper Pliocene-Quaternary conglomerates in the hanging wall in the southwestern part of the Gravgaz depression (site 
b; Figure 31). (b) Detail of the fault plane in (a) with slickensides and corrugations (arrow indicates fault movement). (c) 
Displacement of the main fault plane by another fault (PD 330/55 pitch 4; PD: probably dextral fault movement) (arrow 
indicates fault movement). (d) ca. 30 m long, NW-SE trending reverse fault (CI ~335/70 pitch 51; CI: certainly inverse 
fault) affects the limestone south of the Gravgaz depression (arrow indicates fault movement) (site d; Figure 31). (e) Detail 
of fault plane in (d) with slickensides and remnants of breccia sheet on the fault plane (arrow indicates fault movement). 
(f) A clear distinction (dotted line) between the upper part of the fault plane that is fully degraded and the lower part of 
the fault plane on which corrugations and fault breccia are still visible (arrow indicates fault movement) (site c; Figure 31) 

(hammer = 33 cm long). (g) Detail of currugations and fault breccia (arrow indicates fault movement).
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Figure 33: Gravgaz valley. Panoramic view toward the east of the Gravgaz depression. The elongated and isolated hill, 
composed of Upper Pliocene-Quaternary conglomerates may represent a deposit in a fault-bounded basin. Dashed lines 
represent the possible basin-bounding faults. The linear boundary of the wet area parallels a limestone escarpment (white 

dashed line).

but before the start of Unit II in the sediment cores may 
have displaced the sediments in the basin. This fault could 
either be a fault of which the ca. N-S trending limestone 
escarpment is the surface expression or a fault of which 
the rectilinear swamp is the surface expression. However, 
no evidence has been found for any historical or recent 
seismic activity, although the ‘fresh’ fault surface (Figure 
32f-g) may suggest otherwise.

5.3.2.2. Sarıkaya area

The Sarıkaya area is an area of 1 km by 800 m, character-
ized by the Lycian nappes and comprize bedrock of Middle 
Triassic-Liassic limestone and the Upper Senonian ophiolitic 
mélange and olistostrome unit (Senel, 1997). Quaternary 
slope debris was deposited on top of the Lycian nappes. 
Four huge limestone blocks are lying underneath the main 
limestone cliff (Figures 34 and 35). They show a slight anti-
slope dip and are surrounded by ophiolitic material with 
a varying concentration of limestone debris (Verstraeten 
et al., 2000) (Figures 34 and 35). This morphology has 
been interpreted by Verstraeten et al. (2000) as a lateral 
spread of limestone blocks due to a slide or fl ow of the 
underlying ophiolitic material. The limestone blocks are 
dragged with the fl owing ophiolitic material and are fi rst 
rotated causing the anti-slope (Verstraeten et al., 2000). 
There are some indications that these mass movements 
are a historic phenomenon. A local farmer explained that 
after a long period of stability, some 50 years ago, there 
was a slide of ophiolitic material from above the great 
cliff, resulting in a debris cone between the cliff and the 
limestone blocks (Verstraeten et al., 2000) (Figures 34 and 
35d). This created a hollow above the cliff. In this hollow, 
there is now one single tree, a Salix, about 40 to 50 years 
old, which might corroborate the farmer’s story (Verstraeten 

et al., 2000) (Figures 34 and 35b). The slide of ophiolitic 
material from above the cliff resulted from the instability 
of the slope above the cliff, which in turn was probably 
due to the prior detachment of the four limestone blocks 
from the cliff (Verstraeten et al., 2000). The two phenom-
ena are thus connected and it is therefore not unrealistic to 
believe that the displacement of the four limestone blocks 
occurred in recent or at least historic times (Verstraeten 
et al., 2000). Moreover, the faces of the limestone blocks 
and the cliff appear to be quite ‘fresh’, i.e. they do not 
yet show a black-grey patina and probably have not been 
exposed to the atmosphere for a very long period (Vers-
traeten et al., 2000). Since part of the cliff wall, which 
has become exposed by the loss of the limestone blocks, 
was already exploited as a quarry in Hellenistic to early 
Imperial times (Degryse et al., this volume b) times, one 
can attribute a date of at least 2000 years to these mass 
movements (Verstraeten et al., 2000).

The Sarıkaya area is characterized by seven geomorphologi-
cally different fault types (Figure 33):

(1) Wedge-shaped faults (site 4; Figure 34). Cavities in 
the limestone massif are fi lled with ophiolitic mélange 
(mixed with some limestone fragments) (Figure 36). The 
wedge-shaped contact surfaces between limestone and 
ophiolitic mélange all show evidence of fault move-
ment (slickensides and striae, mostly down-dip). Also 
the infi ll is faulted. Within the infi ll throughgoing faults 
are observed (Figure 36b). In some of the later faults, 
a calcite infi ll is displaced showing small ‘pull-apart’ 
features (down-dip motion) (Figure 36c).

(2) Large ca. E-W trending and S-dipping striated fault plane 
(site 5; Figure 34). The fault plane is irregular with 
striae in various directions, but dominantly strike-slip 
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Figure 34: Sarıkaya area. Geological map, modifi ed after Senel (1997) and Verstraeten et al. (2000) with fault data (see 
Verhaert et al., 2006 for extensive discussion). Stereoplots of fault data are lower-hemisphere equal-area projections. 

See fi gure 29 for location.
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Figure 35: Sarıkaya area. (a) View of the debris cone between the cliff and limestone blocks B and C (Figure 34). (b) 
View of the eastern side of the hollow above the limestone cliff with the 40 to 50 year old tree. Note the fresh surfaces 
on the limestone behind the tree. (c) View of the western part of the Sarıkaya area with the debris cone and the limestone 
block A (Figure 34). Fault sites 4, 6, 7 and 8 are indicated (Figure 34). (d) ‘Slided’ or ‘fl owed’ ophiolitic material with 

changing concentration of limestone debris (arrow indicates fl ow direction).

Figure 36: Sarıkaya area. Fault type 1 (site 4; Figure 34). (a) Infi ll of cavities within the limestone massif (L) with ophi-
olitic mélange (O). The contact surfaces of limestone and ophiolitic material all show evidence of faulting (slickensides, 
striae). (b) Detail of ophiolitic infi ll with a throughgoing fault. (c) Detail of calcite vein within ophiolitic infi ll displaced 

showing small ‘pull-apart’ features.
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and sinistral (Figure 37b). Part of the fault plane was 
already exploited as a quarry, as indicated by man-made 
stepped extractions (Figure 37a).

(3) Small fault planes along both sides of a gully (site 6; 
Figure 34). The gully is fi lled with ‘slided or fl owed’ 
ophiolitic material (i.e. historical mass movement accord-
ing Verstraeten et al., 2000). At the eastern border of 
the gully, a normal fault delimits the ophiolitic material, 
which is at this location also clearly sheared, from the 
limestone massif (Figure 38a). The fault plane (CN 
000/65 pitch 90; CN: certainly normal faulting) displays 
striae and comb fractures (Figure 38a), while zone-
parallel layers of cohesive (next to the fault plane) and 
incohesive fault breccia are present within the fractured 
limestone massif (Figure 38b). At the western border of 
the gully, the ophiolitic material is also sheared. Striae 
and a calcite vein are present on the limestone contact 
(Figure 38d). The limestone most likely belongs to a 
limestone block which slided down into the ophiolitic 
material. The in-situ limestone surrounding the gully 
is also affected by small faults and a single large fault 
(CN 040/90 pitch 62; CN: certainly normal faulting). 
This fault is characterized by zone-parallel layers of 
cohesive breccia next to the fault plane and incohesive 
breccia further away (Figure 38).

(4) Cohesive, intensely fractured limestones with multiple 
slip planes (site 7; Figure 34). Site 7 is characterized 
by a major, m-scale, NE-SW trending and E-dipping 
throughgoing normal fault plane in limestone with fault 
breccia, corrugations, slickensides and slickenfi bers (Fig-
ure 39) and by a multitude of smaller, dm- to m-scale, 
fault planes with slickensides, slickenfi bers, slickensteps 
and corrugations, indicating multiple fault activity, i.e. 
multiple striae on calcite coatings. The continuation of 
the main fault plane of site 7 is not obvious towards the 
south. A number of steps are present in the slope and 
may be related to normal faulting and the degradation 
of a major normal fault zone (Figure 39c).

(5) Large WNW-ESE trending and S-dipping undulating 
fault plane (site 8; Figure 34). The fault plane displays 
slickensides and striae, covered at different places by 
fl owstone on which another slickenslide developed 
(Figure 40). Ophiolitic and limestone fragments were 
incorporated in the fl owstone. The fault affects limestone 
and the fi rst fault activity (pre-fl owstone) indicates dex-
tral movement. The second reactivation (post-fl owstone) 
indicates a normal fault movement.

(6) Faults crosscutting Holocene colluvium (site 9; Figure 
34). The colluvium, deposited during the historical slide 
of ophiolitic material from above the great cliff and/or 
older events, is characterized by several nearly parallel 
E-W and ENE-WSW trending faults (n = 10). These 
faults displace the colluvium down-dip (displacement 

between 10 and 20 cm) (Figure 41). Since their com-
petence is low no sense of fault movement could be 
observed.

(7) Non-cohesive limestone fault breccia, crosscut by several 
N-S trending and E-dipping parallel normal fault zones 
(site 10; Figure 34). This fault zone affects fractured 
limestone and forms the western edge of an ophiolitic 
material infi ll, i.e. a karst depression (?), within the 
limestone (Figure 42). The fault planes contain oblique 
to dip slip corrugations, comb fractures and slickensides 
(Figure 42b-c). The damage zone of this fault zone is 
composed of non-cohesive limestone breccia (Figure 
42), crosscut by the several parallel faults (Figure 42). 
The breccia consists of limestone fragments ranging in 
size from 2 mm to 10 cm. Stewart and Hancock (1991) 
describe this fault rock as an incohesive breccia belt, 
typical of shallow, active normal faults crosscutting 
limestone substrate in the Aegean region. An intense 
degradation of the fault planes has taken place as 
evidenced by the presence of pluck holes (Figure 42g) 
(Hancock and Barka, 1987; Stewart and Hancock, 
1988; 1991).

The Sarıkaya area is, in comparison to other areas, character-
ized by many ‘fresh’ fault surfaces in the limestone. South of 
this area, Quaternary consolidated screes (site 1; Figure 34) 
are crosscut by a NE-SW trending corridor (Figure 43a-b). 
Many small-scale faults (< 1 m) crosscut the ophiolitic 
mélange (site 2; Figure 34), and a limestone fault breccia 
is crosscut by a m-scale NE-SW trending fault plane with 
clear slickensides (Figure 43c) (site 3; Figure 34).

Different types of ophiolitic material have been observed in 
the Sarıkaya area: ophiolite in situ, i.e. the Upper Senonian 
ophiolitic mélange and olistostrome unit of the Lycian nappes 
(Senel, 1997), ‘slided’ or ‘fl owed’ ophiolitic material, and 
ophiolitic material that may represent a karstic infi ll. Also 
different fault types occur, some of them indicating multiple 
fault activity. A sequence of multiple fault activity can be 
postulated for the wedge-shaped faults (site 4; Figure 34): 
fi rstly, infi ll with ophiolitic mélange in karstic cavities, 
probably fault-related, secondary, faulting or fracturing of 
ophiolitic mélange with calcite precipitation and fi nally, 
displacement of veins. Multiple slip planes in the cohesive, 
intensely fractured limestone (site 7; Figure 34) and the large 
undulating fault plane (site 8; Figure 34) indicate multiple 
fault activity based on the multiple striae on calcite coatings 
or fl owstone. The fault zones composed of multiple-slip 
planes and zone-parallel layers of noncohesive limestone 
fault breccia (site 10; Figure 34), also indicate several faulting 
events. Although, several faulting events could be identifi ed 
in the area, clear evidence of historical or recent tectonic 
fault activity could not be found. At site 1 (Figure 34) 
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Figure 37: Sarıkaya area. Fault type 2 (site 5; Figure 34). (a) View of the major ca. E-W trending fault plane in the 
Sarıkaya quarry. Note man-made exploitation steps. (b) Detail of fault plane with slickensides and slickensteps indicating 

sinistral strike-slip movement (arrow indicates fault movement) (hammer = 33 cm long).

Figure 38: Sarıkaya area. Fault type 3 (site 6; Figure 34). (a) Fault (CN 000/65 pitch 90; CN: certainly normal fault) 
between limestone and ophiolitic material at the eastern border of the ‘slided’ or ‘fl owed’ ophiolitic gully (arrow indicates 
fault movement). (b) Detail of the hanging wall with cohesive breccia next to the fault plane and incohesive breccia further 
away. (c) Fault between limestone and ophiolitic material at the western border of the gully. The limestone most likely 
belongs to a limestone block which slided down into the ophiolitic mélange. (d) Large fault (CN 040/90 pitch 62; CN: 
certainly normal fault) east of the gully within the limestone massif (arrow indicates fault movement) (pencil = 14 cm).
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Figure 39: Sarıkaya area. Fault type 4 (site 7; Figure 34). (a) Major throughgoing normal fault in limestone with slicken-
sides and slickenfi bers (arrow indicates fault movement). (b) Detail of slickensides and slickensteps on a small limestone 
fault in the hanging wall (arrow indicates fault movement). (c) Steps in the slope that may be related to normal fault-
ing and the degradation of a major normal fault zone. (d) Multiple slip planes and zone-parallel layers of fault breccia 

(pencil = 14 cm).
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Figure 40: Sarıkaya area. Fault type 5 (site 8; Figure 34). (a) Major fresh fault plane. (b) Detail with arrow 1 indicating 
fi rst fault movement (before precipitation of fl ow stone) and arrow 2 indicating second fault movement (after precipitation 

of fl ow stone) (hammer = 33 cm long).

Figure 41: Sarıkaya area. Fault type 6 (site 9; Figure 34). Normal faulting in recent Holocene colluvium 
(hammer = 33 cm long).
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Figure 42: Sarıkaya area. Fault type 7 (site 10; Figure 34). (a) Overview of major fault. (b) Non-cohesive limestone 
breccia, consisting of limestone fragments ranging in size from 2 mm to 10 cm. (c) Detail of a fault plane with comb 
fractures within non-cohesive limestone breccia (arrow indicates fault movement). (d) Fault plane within the non-cohe-
sive breccia. (e) Detail of fault plane with comb fractures within non-cohesive limestone breccia (arrow indicates fault 
movement). (f ) Fault plane with comb fractures within non-cohesive limestone breccia (arrow indicates fault movement). 

(g) Strongly degraded fault plane with pluck holes (hammer = 33 cm long).
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Figure 43: Sarıkaya area. (a) View of the NE-SW trending corridor in Quaternary consolidated scree deposits (site 1; 
Figure 34). (b) Fault plane, bordering the corridor in (a) at its southern extremity. (c) NE-SW trending fault plane with 

clear slickensides in a limestone fault breccia (site 3; Figure 34) (arrow indicates fault movement).

tectonic activity could only be constrained as Quaternary. 
The faults displacing the colluvium down-dip at site 9 
(Figure 34) are probably the result of mass movements 
and not of a morphogenic earthquake because the surface 
ruptures could not be followed laterally. The Sarıkaya area 
forms a complex zone where fault/fracture systems intersect 
(see also Verhaert et al., 2006). In the western part, ca. 
N-S trending normal faults affect the Lycian nappes, while 
in the eastern part ca. E-W trending strike-slip faults are 
dominant. The intersection of both orthogonal fault/fracture 
systems results in an intensely fractured area. Therefore, it 
is not exceptional that this area is sensitive to mass move-
ments. Mass movements occurred up to recent times. The 
mass movements could be seismically triggered but non-
seismic causes are equally possible. The fault surfaces are 
relatively ‘fresh’. This is likely because the fault planes 
have not been exposed to the atmosphere for a very long 
period since their exposure results from very recent mass 
movements along the existing fractures. No conclusive 
evidence for historical or recent surface-rupturing seismic 
events could be identifi ed.

5.3.2.3. Başköy valley

The Başköy valley is characterized by Holocene cool water 
tufa (Degryse et al., this volume a; Vermoere et al., 1999) 
(Figure 44). U/Th dating of the upper part of the Başköy 
tufa suggests an early Holocene age of 9000 ± 600 yr 
B.P. (ca. 7600-6400 cal BC) (Degryse et al., this volume 
a; Vermoere et al., 1999). Based on the occurrence and 
association of different tufa facies (phytotherm framestone, 
fi nely laminated tufa and detrital tufa) Degryse et al. (this 
volume a) and Vermoere et al. (1999) conclude that the 
tufa were deposited in an alternating fl uvial-barrage and 
paludal system (see also Ford and Pedley, 1996; Pedley, 
1990). Today both systems no longer exist at Başköy. They 
must have largely disappeared 1350 yr ago, since by that 
time (ca. 650 AD) graves were being cut into the tufa walls 
(Degryse et al., this volume a).

To the E of the village of Başköy, some 4 km southwest 
of Sagalassos, a clear NNE-SSW trending and E-dipping 
escarpment can be observed crosscutting the E-W trending 
Başköy valley (site b; Figure 44). This lineament can partly 
be followed, to the north and south, into the limestone 
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Figure 44: Başköy area. Geological map after Senel (1997) and Degryse et al. (this volume c) with indication of fault 
data. See fi gure 29 for location.
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basement and displays a similar geomorphology as the 
mountain front north of Sagalassos. In the limestone massif 
northeast of Başköy, ca. NE-SW trending fault planes with 
ca. down-dip slickensides developed in a limestone fault 
breccia (Figure 45). Occasionally fl owstone precipitated on 
these striated fault surfaces (Figure 45c). A second popula-
tion of strike-slip faults with slickensides and corrugations 
are present in the limestone massif northeast of Başköy 
(Figure 45e). The tufa deposits are bordered to the east 
by a tufa cliff more than 10 m high, which corresponds 
to the major escarpment crossing the Başköy valley (site 
a; Figure 44). The tufa step has artifi cially been steepened 
by exploitation of the tufa stones (Six, 2004) for use at 
Sagalassos as a building material in late Roman to early 
Byzantine times (6th to 7th century AD). Fracture planes 
developed perpendicular to the tufa step (Figure 45f ). 
Different models can explain the occurrence of this 10 m 
high tufa cliff. Firstly, the cliff may represent the principal 
barrage within the fl uvial-barrage tufa environment (Ford 
and Pedley, 1996). Damming may have been initiated at a 
constriction point in the valley system or by log jams caus-
ing ponding. Secondly, the cliff also represents the principal 
barrage within the fl uvial-barrage tufa environment, but in 
this case damming may have been initiated by fault blocks. 
Such depositional-tectonic model has been postulated for 
the Antalya tufa, less than 100 km southeast of Başköy 
(Glover and Robertson, 2003). Subsequent reactivation of 
the fault blocks, during tufa deposition, is still possible in 
this model. Thirdly, the cliff may represent a fault scarp, 
indicating normal fault activity after deposition of the tufa. 
Because the Başköy valley is a rather open valley, the 
tufa cliff lies in the continuation of lineaments and faults 
within the limestone basement and because of the presence 
of fracture planes in the tufa cliff one of the two tectonic 
models may be favoured.

Başköy is the only site in the close proximity of Sagalassos 
where such an extensive production of tufa has occurred. 
For some reasons this site must have particular properties, 
which enabled tufa production. An essential feature in the tufa 
production at Başköy is the great difference in conductivity, 
pH, hardness and temperature between tufa- and non-tufa-
forming waters (Schroyen et al., 2000). The tufa-forming 
waters typically have greater hardness, temperature and 
conductivity (Schroyen et al., 2000). According to Schroyen 
et al. (2000) this suggests a more prolonged interaction with 
the limestone aquifers and possibly a deeper circulation of 
the fl uids. Tectonic features may very well have served as 
conduits for this deeper circulation of the fl uids.

The main lineament inferred from the remote sensing in 
the Başköy area corresponds to a 10 m-high cool water 
tufa escarpments in the fi eld. The tufa cliff is fractured 

and faults were observed in the northern continuation of 
the tufa cliff within the limestone massif. The tufa has a 
Holocene age and, in our opinion, a tectonic origin may 
be favoured instead of a sedimentary origin. Either the 
cliff represents the principal barrage within a fl uvial-bar-
rage tufa environment where damming has been initiated 
by fault blocks, either the cliff represents a fault scarp, 
indicating normal fault activity. In the fi rst case fault activ-
ity occurred prior to (and possibly also during) the tufa 
deposition, in the second case fault activity occurred after 
deposition of the tufa which largely ended 1350 yr ago. It 
should be noted that the end of tufa production coincides 
with the period of the Sagalassos earthquake(s) in the 6th 
to 7th century AD (Sintubin et al., 2003; Waelkens et al., 
2000).

5.3.3. 2D-resistivity imaging

Two profi les (BA03P1/b and BA04P1) have been measured 
across the NNE-SSW trending Holocene cool water tufa 
escarpment near Başköy (Figure 44), trying to answer the 
question whether these tufa deposits represents the principle 
barrage within a fl uvial-barrage tufa environment where 
damming has been initiated by fault blocks, or whether the 
cliff represents an (active) fault scarp. The profi les were 
partly shot along a steep irrigation channel that crosses the 
tufa cliff (Figure 46). Profi le BA03P1 (Figure 47) provides 
a detailed view of the eastern part of the tufa, below the 
tufa cliff, while profi le BA04P1 (Figure 48) provides a 
general view of the subsurface architecture of the tufa more 
to the west. Even though many electrodes were located 
within the solid and high-resistivity (>700 .m) tufa, the 
measurements were of good quality, with only some data 
points with standard deviation above 2.5%. The deeper 
architecture of the eastern part of the tufa corresponds 
with a wedge-shaped high-resistivity body (Figure 47). 
The wedge can be subdivided in two zones, inclined to 
the east (Figure 47). The eastern zone has rather homoge-
neous resistivity values, while the western zone has lower 
and heterogeneously organized resistivity values. They are 
interpreted as solid and loose tufa respectively (Figure 47). 
The presence of aquifers within the tufa (Degryse pers. 
comm., 2004) results in lower resistivity values for loose 
tufa as water fl ows preferentially in these tufa. Two small 
steps, a few metres high, can be recognized at the top of 
the eastern part of the tufa (Figure 47). However, they are 
not observed at the bottom of the tufa deposits, around a 
depth of 15 m (Figure 47). The depth of the eastern part of 
the tufa wedge is in good agreement with the observation 
of a local farmer, who performed a drilling just down-slope 
of the tufa wall, and recognized 17 m of tufa below the 
surface, before reaching peat (Six, 2004). The bottom of 
the eastern part of the tufa is nearly horizontal, but seems 

SAGALASSOS_f6_75-130.indd   122SAGALASSOS_f6_75-130.indd   122 10/7/2008   5:03:20 PM10/7/2008   5:03:20 PM

Reprint from: Sagalassos VI. Geo- end Bio-Archaeology at Sagalassos and in its Territory - ISBN 978 90 5867 661 0 - Leuven University Press



123

Figure 45: Başköy area. (a) Major fault plane (CN 019/63 pitch 125; CN: certainly normal fault) in the limestone massif 
NE of Başköy, in the prolongation of the tufa cliff (site b; Figure 44). (b) Fault plane (CN 020/40 pitch 90; CN: certainly 
normal fault) with slickenside developed in a limestone breccia, northeast of Başköy (arrow indicates fault movement) 
(site b; Figure 44). (c) Flowstone (fs) precipitation on striated fault plane (CN 060/40 pitch 90; CN: certainly normal 
fault) in limestone (I) northeast of Başköy (arrow indicates fault movement) (site b; Figure 44). (d) Detail of breccia in 
(b). (e) Corrugations and slickensides on a strike-slip fault plane (CF 015/53 pitch 170; CF: certainly strike-slip fault) in 
limestone (site b; Figure 44). (f ) Fracture plane (arrow) within the tufa scarp south of Başköy (site a; Figure 44) (hammer 

= 33 cm long).
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Figure 46: Başköy area. Site of the western part of the 2D-resistivity profi le BA03P1, which is partly the same as the 
eastern part of profi le BA04P1, laid out along a steep irrigation channel. See fi gure 44 for location.

Figure 47: Başköy area. Conventional inversion for 2D resistivity profi le BA03P1 with an optimized colour scale. Wenner-
Schlumberger layout. Number of electrodes: 64; electrode spacing: 3 m; total length: 189 m; investigated depth: 30; 

data quality: excellent.
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Figure 48: Başköy area. Conventional inversion for 2D resistivity profi le BA04P1 with an optimized colour scale. Wenner-
Schlumberger layout. Number of electrodes: 64; electrode spacing: 5 m; total length: 315 m; investigated depth: 50; 

data quality: excellent.

to thicken abruptly in the western part (Figure 47). The 
subsurface geometry of the tufa further to the west can be 
depicted on profi le BA04P1 (Figure 48). The tufa body, 
showing high resistivity values, is clearly delimited within 
low resistivity values (Figure 48). The tufa in the eastern 
part has higher resistivity values than in the western part. 
A difference in height is present between the eastern and 
western part: the top of the eastern part of the tufa is 
lower than the bottom of the western part of the tufa. In 
its central part the tufa clearly increases in thickness. The 
bottom of both eastern and western part of the tufa is nearly 
horizontal. Between both ends, the bottom of the tufa is 
characterized by a minor W-dipping slope in the east and 
a major E-dipping slope in the west (Figure 48).

The wedge shape and small steps in the eastern part of the 
tufa (Figure 47) are interpreted as the subsurface expression 

of the transgrading fl uvial-barrage tufa system (Ford and 
Pedley, 1996). Accordingly, the tufa cliff corresponds with a 
principal barrage of a fl uvial-barrage tufa system and not to 
a fault scarp. A buttress is present in front of this principal 
barrage (Figure 47). A downfl ow-inclined tabular stratifi ca-
tion is observed (Figure 47). Lower resistivity values within 
the tufa may correspond with loose tufa able to act as an 
aquifer. The difference in height between the eastern and 
western part of the tufa bottom, the increase in thickness 
in its central part and the bottom slopes between the two 
horizontal ends (Figure 48) suggest that tufa deposition was 
initiated on a palaeosurface (Degryse pers. comm., 2004). 
This palaeosurface may be the expression of normal fault 
activity (Figure 48). In this tectonic model normal fault 
activity results fi rstly in a palaeosurface along the whole 
width of the valley. Secondly, tufa deposition is initiated 
on the most prominent E-dipping escarpment. Finally, tufa 
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deposition advances down fl ow. It resulted in an increase 
in thickness of the tufa and in a displacement of the most 
prominent escarpment. No fault activity since deposition 
of the tufa could be observed since no displacement of 
both the top and bottom of the tufa has been evidenced 
on the profi les. The fact that the end of tufa production 
coincides with the period of the Sagalassos earthquake(s) 
is therefore not related to fault activity on this part of the 
Bağsaray-Başköy fault zone. However, the reactivation of 
another, nearby, fault can still be postulated as a possible 
cause for the end of tufa production.

6. DISCUSSION AND CONCLUSIONS

Based on diagnostic criteria with respect to geomorphology 
and drainage pattern of known active normal faults in the 
Burdur-Isparta area (Similox-Tohon et al., this volume a) 
(Figure 3), the remote sensing analysis proved to be an 
effi cient way to identify previously unknown active normal 
faults within the target area centred on the archaeologi-
cal site of Sagalassos. A large area could be investigated 
without time-consuming fi eld work. Previously unknown or 
undescribed, active fault zones could be postulated: i.e. the 
Isparta-Eğirdir fault zone, the Çanaklı-Isparta Çayı fault 
zone, the Bağsaray-Başköy fault zone and the Sagalassos 
fault. The latter lineament is already extensively discussed 
by Similox-Tohon (2005; 2006; 2004) and falls outside 
the scope of this paper. All these newly identifi ed active 
normal fault systems fall within the target area, i.e. within 
a radius of 20 km around the archaeological site of Saga-
lassos, and could be considered possible candidates to be 
the causative fault(s) of the late Roman to early Byzantine 
Sagalassos earthquakes.

The remote sensing analysis indicates (1) that the NE-SW 
trending Isparta-Eğirdir fault zone is at least 35 km long 
and that some of the faults seems to have been active in 
Quaternary times, (2) that the NE-SW trending Çanaklı-
Isparta Çayı fault zone is at least 23 km long and that 
tectonic uplift of some footwalls prevails on the erosion 
rate of the Isparta Çayı river, and (3) that the NNE-SSW 
trending Bağsaray-Başköy fault zone is at least 22 km 
long and that some of the faults were probably active in 
Quaternary times.

Surface geology indicates that there is suffi cient evidence 
to consider these fault zones as ‘active’, thus potentially 
hazardous. These active fault zones are expressed in dif-
ferent ways: fault scarps, magmatism, river incision, mass 
movements, etc. Many faults often display architectural 
elements and fabrics typical of Aegean-type normal faults 
(e.g. zone-parallel fault breccia, multiple slip-planes, and 

varied pattern of degradation). Even though the identifi ed 
fault zones have defi nitively known a geologically recent 
activity, i.e. since Late Miocene times, no distinct historical 
or recent activity could be argued on any of the faults. It 
is therefore inferred that the area is seismically not really 
highly active. This is corroborated by the high degree of 
degradation of these fault planes (in limestone), seriously 
hampering any conclusive interpretation with respect to 
historical or recent fault activity. Also 2D-resistivity imaging 
confi rms this conclusion (Similox-Tohon et al., this volume 
c). Moreover, with respect to the tufa escarpment in the 
Başköy area the 2D-resistivity imaging proved that this 
escarpment is no fault scarp at all, which does not exclude 
that the end of the tufa production may still be related to 
the period of the Sagalassos earthquake(s) in the 6th to 7th 
century AD.

Nevertheless, a quantitative estimation of the stress fi eld 
evolution in the Burdur-Isparta area (Verhaert et al., 2006) 
is in concordance with fault plane solutions of 20th century 
earthquakes in the area. The identifi ed active faults fi t into 
the current stress fi eld and should therefore be considered 
potentially hazardous faults. This applies certainly for certain 
faults in the IEFZ, more in particular in the Davras Dağı 
area, and in the CICFZ, more in particular the Çanaklı 
fault (Similox-Tohon et al., this volume c). To date, there 
is, however, no evidence that these faults show any histori-
cal activity that could be related to the Roman and Early 
Byzantine Sagalassos earthquakes.

Finally, the identifi cation of these active fault zones allows 
to proposed a new geodynamic model for the entire Lake 
Region (Sintubin et al., in prep) (Figure 49). Both the ca. 
NE-SW trending IEFZ and the CICFZ are largely parallel 
to the FBFZ. In particular the IEFZ can be considered as 
the northeastern continuation of the FBFZ. These two fault 
zones show a right-stepping en-echelon confi guration and 
can therefore be considered kinematically linked. Within 
the transfer zone the WSW-ENE trending Sagalassos fault 
is situated (Similox-Tohon et al., 2006). Left-lateral move-
ment on the Sagalassos fault system is indicated by the en-
echelon arrangement of its fault segments (Similox-Tohon 
et al., 2006). Also the microseismic activity in the wider 
Isparta region is clearly related to this transfer zone. This 
kinematically linked fault system suggests a propagation 
to the northeast of a tectonic feature ‘cutting into’ the 
Anatolian plate, as already suggested in recent research 
on Crete, Rhodes and in the Fethiye area on mainland 
Turkey (ten Veen, 2004; ten Veen and Kleinspehn, 2002; 
2003).

The NE-SW trending CICFZ is situated at a certain dis-
tance with respect to both the FBFZ and the IEFZ. It is 
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therefore less obvious to consider the CICFZ kinematically 
linked to one of them. Regionally, it forms, however, part 
of the overall geodynamically active system. The BBFZ, 
fi nally, may play a role in linking the CICFZ with the 
FBFZ-IEFZ system.

The superior number of NE-SW trending active faults in 
comparison to NW-SE trending active faults (e.g. Dinar fault) 
might indicate a growing importance of a NW-SE extension 
in the overall biaxial extension regime in the region (Temiz 
et al., 1997). An extensive palaeostress analysis and recon-
struction of the stress fi eld evolution since Pliocene times 
(Verhaert et al., 2006) confi rms the growing dominance of 
the so-called ‘Burdur stress regime’ since Quaternary times. 
Taking into account the prevailing stress fi eld, as well as the 
assumed north-eastward propagation of the global tectonic 
feature, an increased seismic activity within the transfer 
zone and the IEFZ can be predicted.
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Figure 49: New geodynamic model for the Burdur-Isparta region (Sintubin et al., in prep). Open arrows indicate the over-
all NW-SE trending extensional deformation. Black arrows show the deformation for the individual fault and fault zones. 
SF: Sagalassos fault. FBFZ: Fethiye-Burdur fault zone. CICFZ: Çanaklı-Isparta Çayı fault zone. CF: Çanaklı fault. BBFZ: 
Bağsaray-Başköy fault zone. IEFZ: Isparta-Eğirdir fault zone. Epicentres of recent large earthquakes (stars), available focal 
mechanisms (after Eyidoğan and Barka, 1996; Taymaz and Price, 1992) and the microseismic activity in the Isparta-Eğirdir 

region (white circles are Md 3.0-3.9 events; gray circles are Md 4.0-4.9 events) (KOERI, 2002).
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