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Seismic damage in the Lagina sacred area on the Mugla Fault:
a key point for the understanding of the obliquely situated
faults of western Anatolia
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Abstract The western Anatolia extension region con-
sists of major E-W trending normal faults and numerous
subsidiary faults aligned obliquely to major fault sys-
tems. In this paper, the NW-SE trending Mugla Fault
was studied through an archaeoseismological analysis
of the Lagina sacred area, which was supported by
geological and geomorphological field evidence collect-
ed along the fault zone. The sacred area is cut by
fractures that have caused extensive deformations and
displacements in ruins along the fault. The orientations
of collapsed columns, folding on the grounds, dilation,
and tilting of the walls are systematic. The axes of the
observed deformations are perpendicular to the Mugla
Fault and could be related to coseismic effects.
Although there are no historical records of a large earth-
quake on the Mugla Fault, the results of thermolumines-
cence and radiocarbon dating in the Lagina sacred area
indicate that a large event occurred in the 4th c. AD or
slightly later. Thus, considering the field evidence that
has been collected along the Mugla Fault, it can be
concluded that subsidiary faults aligned obliquely to
major normal fault systems have strike-slip components
and may be associated with a significant portion of the
recent dynamics in western Anatolia.
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1 Introduction

Western Anatolia is one of the most seismically active
extensional regions in the world, primarily characterized
by nearly N-S stretching (Şengör et al. 1985) (Fig. 1a).
The most important features of this extension are E-W
trending normal fault systems (i.e., the BüyükMenderes
and Gediz Grabens) (Fig. 1a). Furthermore, there are
numerous subsidiary faults representing strike-slip com-
ponents aligned obliquely to major normal fault systems
(i.e., the Söke and Seferihisar Faults aligned obliquely to
the Büyük Menderes and Gediz Grabens, respectively).
Although most of these faults are associated with instru-
mental earthquakes (Tan et al. 2008), their characteristic
features and recent behaviors are still under debate (Uzel
et al. 2012; Sümer et al. 2013). So far, these subsidiary
faults are not as well documented as the neighboring
major active faults, although it could be important for a
better understanding of the extension dynamics in west-
ern Anatolia.

TheMugla Fault is a NW-SE trending fault zone, and
it is obliquely situated slightly NE of the Gökova normal
fault system, which has well-documented high earth-
quake potential (Fig. 1b). According to instrumental
records (Tan et al. 2008), there have also been several
minor to moderate earthquakes along this obliquely
situated zone since the beginning of the twentieth cen-
tury. For example, several strong (Ms>6) earthquakes
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Fig. 1 a Ancient regions of the Roman period and major active faults (red lines) in western Anatolia. b Major ancient settlements of the Karia
region and historical earthquakes (relief is generated using the AsterGDEMv2 digital data) (historical earthquakes are taken from Tan et al. 2008)

278 J Seismol (2016) 20:277–289



occurred in 1941 and 1944 west of Mugla settlement
(Fig. 2). This zone was first defined as an active fault by
Şaroğlu et al. (1987). They called the fault the Mugla-
Yatagan Fault Zone, which is thought to represent a re-
gionally important zone and is mapped as a right-lateral
strike-slip fault. Barka et al. (1996) characterized this zone
on the east side of Mugla as a normal fault. They indicated
that this zone is old and that there has been no earthquake
activity for a long time. However, Eyidoğan et al. (1996),
who investigated microearthquake activity in the Mugla
region, noted a cluster of seismicity slightly west of
Yatagan. These data confirm the activity of the Mugla
Fault. Recently, based on kinematic analyses, Kahraman
et al. (2011) suggest that E-WandNW-SE trending normal
faults along the southwestern margin of the Yatagan plain
are syn-extensional structures produced by the recent tec-
tonic regime. The most recent fault map for the region
indicates Mugla Fault as an active normal fault that rup-
tured in the Holocene (Duman et al. 2011). Thus, as
indicated from previous studies, there is agreement on
the existence of a NW-SE trending fault along the Mugla
andYatagan plains, but the sense of themotion and activity
of the fault remain an open question in the western
Anatolia extensional region.

The location of the Mugla Fault in the center of
the Karia region, where there have been several
established ancient settlements through ages, pro-
vides excellent opportunities for the interpretation
of the fault’s seismic history (Fig. 1a). There are
several records about previous strong earthquakes
that occurred in the Karia region (e.g., in 227 BC,
199–198 BC, 142–144 AD, and 365 AD) that have
caused damage in major ancient settlements such
as Stratonikeia (Ergin et al. 1967; Soysal et al.
1981; Ambraseys and Finkel 1987; Guidoboni
et al. 1994; Ambraseys and Jackson 1998;
Guidoboni and Comastri 2005) (Fig. 1b). Some
of these historical earthquakes seem to have been
large enough to create surface faulting that could
leave traces along the fault zones. Furthermore, the
current locations and disposition of available ruins
of ancient man-made structures in the Karia region
would likely provide evidence of the historical
earthquake activity.

Lagina located on the Mugla Fault was an important
sacred area of the Roman era (Figs. 1b and 2) and,
nowadays, presents well-preserved ruins; thus, studying
the fault’s archaeoseismological potential may play a

Fig. 2 Shaded relief map of the study area (it is generated using the AsterGDEMv2 digital data). Note that inset section shows fault-parallel
topographic profiles from the sides of fault branches (red lines show the fault; instrumental earthquakes are taken from Tan et al. 2008)
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key role in understanding the recent fault behavior. In
this study, detailed geological and geomorphological
field observations are presented along the Mugla Fault
to evaluate its characteristics. Furthermore, in terms of
earthquake faulting, extraordinary archaeoseismological
observations in the Lagina sacred area are revealed.

2 The Mugla Fault

The Mugla Fault extends in NW-SE direction in the
Karia region of western Anatolia. As shown in Fig. 2,
the actively filling Mugla plain is located on the south-
ern side of the fault. The Mugla Fault does not provide
clear evidence for active faulting east of Gölcük; thus, it
was mapped as an inferred fault in this part. It exhibits a
distinct morphology in the vicinity of the Dugerek
(Fig. 3a). Further west, the fault roughly trends E-W
toward the Mugla city center and bounds the northern
margin of the Mugla plain (Figs. 2 and 3b). Along this
margin, a high topographic escarpment exhibits clear
evidence of dip-slip faulting (Fig. 3b).

Although fault planes are not well preserved in the
unconsolidated units, fault morphology is visible in west
of Mugla city (Fig. 4a). Nearly vertical planes are exposed
along this morphology (Fig. 4b). A road cut crosses this
morphological scarp, and it exposes faulted colluvium
deposits (Fig. 4c). Sequencing of pebbles indicates shear
zone, when vertical displacement on lower limit of collu-
vium shows normal motion on fault plane (Fig. 4c).

The slope of the Mugla plain gently decreases to the
west, and it connects to the Yatagan plain to the north-
west through Akcaova. Toward west, the fault displays a
normal fault morphology in which the northern block
has moved down (Fig. 5a). Obliquely, slickensides

along the scarp show evidence of dip-slip-dominant
motion with a dextral strike-slip component (Fig. 5b).
Further west of Bayir, the fault enters the Yatagan plain
and it extends along the southwestern side of the plain
(Fig. 2). The Yatagan plain is one of the western
Anatolian Neogene depressions (Alcicek 2010). The
sedimentary succession in the basin was first described
and dated by Becker-Platen (1970), who considered it to
be a single formation and divided it into the Turgut,
Sekköy, Yatagan, and Milet members. Basement rocks
composed of Paleozoic metamorphic schists and marble
exhibit high topographic escarpments along the south-
western margin of the plain (Kahraman et al. 2011). The
general morphology of the fault is characterized by
linear topography between the plain and the escarp-
ments. The Late Quaternary tectonic activity of this
strand is characterized by faulted alluvial and colluvial
deposits, triangulated faces, and dextrally offset streams.
Mapping of the fault showed that it extends with right-
stepping geometry.

West of Yatagan, the fault extends as two parallel
branches in a direction of N 40° W near a thermal
reactor (Figs. 2 and 6). Three fault-parallel topographic
sections from the sides of both branches exhibit geo-
morphologic evidence of the active faulting geometry
(Fig. 2). The topographic sections show that there are
vertical displacements up to 300 and 100 m on the
western branch and eastern branch, respectively (inset
section in Fig. 2). Similar stream channel geometry on
each block indicates that right-lateral displacements
reach up to 144 and 350 m on the western branch and
eastern branch, respectively. Furthermore, both fault
branches cut four stream channels where cumulative
offsets reach up to 404 m (inset section in Fig. 2).
Thus, considering cumulative vertical and lateral

Fig. 3 aDistinct normal fault morphology in the vicinity of the Dugerek. bAview of the Mugla fault in the Mugla city center (for location,
see Fig. 2)
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displacements, it can be concluded that the fault has a
dip-slip and strike-slip in almost equal proportions.

Further northwest, the branches of the Mugla Fault
join and it extends as a single fault in pre-Quaternary
rock units (Fig. 2). The Miocene-Pliocene lacustrine

units crop out in this area (Kahraman et al. 2011).
They are well bedded, and they mainly consist of sandy
silt, clay, and lignite layers (Gürer et al. 2011). East of
Turgut, the fault can be traced by fault-related linear
topography and offset stream beds. The fault turns

Fig. 4 a A general view from the western entrance of the Mugla
city (blue and yellow arrows show two parallel branches of the
fault). bA semi-protected fault scarp along the southern branch that

is indicated with yellow arrows in a. c Faulted colluvium deposits
on road cut that cross this morphological scarp (for location, see
Fig. 2)

Fig. 5 aA general view of the fault from the south of Bayir. bObliquely slickensides on the limestones indicate dip-slip motion with strike-
slip component in this area (for location, see Fig. 2)
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toward theWNW, and it does not provide clear evidence
for faulting further west; thus, it was mapped as a
probable fault in this part.

3 Archaeoseismological potential of Lagina

The Lagina sacred area is located on a low-sloping open
land along the Mugla Fault in the Karia region of the
ancient world (Figs. 2 and 7a). Although the detailed
history of Lagina is not as well known as other major
ancient cities of the Karia, it has been documented that
the sacred area was initially established in approximate-
ly the 8th c. BC along with an increasing number of new
settlements surrounding it. Lagina became part of the
ancient city of Stratonikeia, and it began to develop
during the second half of the 3rd c. BC (Büyüközer
2010; Ekici 2010). The sacred area suffered from plun-
dering in the last half of the 1st c. BC, and the damage
was offset with the assistance of the emperor Augustus
(Tırpan 1997).

Lagina maintained its importance during the Roman
and early Byzantine eras and was decorated with

monumental architectural buildings of compact struc-
ture (Ekici 2010). It was composed of several types of
buildings, such as a propylon, altar, stoa, temple, and a
chapel (Fig. 7b). All structures except the chapel were
completed during the Emperor Augustus period (27

BC) at the latest. It has been documented that there
were destruction and rebuilding in the sacred area
during the 2nd c. AD, especially in the stoa. Finally,
the last monumental building, the chapel, was built in
325 AD (Tırpan and Söğüt 2010). Based on archaeo-
logical evidence from coins found in the area, it has
been concluded that the entire area became unusable
after the buildings in Lagina collapsed as the result of
an earthquake in the last half of the 4th c. AD (Tırpan
and Söğüt 2003; Tırpan 2012). Systematic excavations
at Lagina that begun in 1993 under the direction of
Prof. A. A. Tırpan have exposed large parts of the
ruins. Although all the major buildings partly col-
lapsed, their associated ruins were well preserved as
a result of being buried.

Detailed field investigations during this study have
indicated that structures of the Lagina sacred area may
have been affected by the earthquake damage. Evidence

Fig. 6 aA general view from the Mugla Fault (red dashed lines show the trace of the fault in the field). b Two parallel branches of the fault
northwest of the thermal reactor (blue lines show left-laterally displaced stream beds) (for location, see Fig. 2)
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Fig. 7 a Satellite image of the Lagina sacred area and its surroundings (taken from Google Earth). Yellow lines indicate topographic
isohypse curves at 10-m intervals. b The plan of the Lagina sacred area main buildings and archaeoseismological indicators
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of seismic deformation of the ruins is characterized by, in
particular, tilting and rotation of blocks, falling of oriented
columns, and remains folded and faulted. For example,
some of the remaining walls and ground floors are tilted
toward the southwest approximately 2–8° (i.e., Figs. 7b
and 8a). The altar was split diagonally in the middle
(Fig. 7b), and the western half of the altar was displaced
downward approximately 40 cm with tilting (Fig. 6a).
There is evidence of a notable NNW-trending rupture that
dilated blocks up to 50 cm (Fig. 9b). Similarly, thewestern
corner of the temple was also interrupted in a NNW-
trending zone (Fig. 7b). The western side of this zone

was upthrown approximately 55 cm relative to the other
side of the zone (Fig. 10). There is also evidence of folding
and Bpop-up^ deformations along the extension of this
zone at the base blocks of the temple and chapel (Fig. 10).

Themost noteworthy evidence of earthquake faulting
was observed at the entrance of the stoa (Fig. 7b). The
columned sidewalls were ruptured by a NW-SE trending
dextral fault (Fig. 11). The southeastern margin wall is
displaced right-laterally approximately 1 m solely with-
in this zone (Figs. 7b and 11). A small pond was tilted,
and steps of the stoa were prominently folded along the
rupture (Figs. 8b and 11).

Fig. 8 a Tilted wall of the
Propylon in Lagina. b Folding on
steps of the stoa along the fault. c
Parallel fallen side columns of the
stoa area. Note that horizontal
trace that indicates archaeological
excavations revealed a series of
parallel fallen columns (for
location, see Fig. 7)
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Most side columns at the Lagina sacred area fell in a
parallel pattern. For example, the new archaeological
excavations at the stoa area near the temple and the
chapel revealed a series of fallen columns. The fallen
columns are systematically aligned in S-SW direction
(Figs. 7b and 8c). Although recent studies based on
analog and numerical modeling assert that the

relationship between strong ground motion and the ef-
fects on manufacts is not entirely linear (e.g., Hinzen
2009), parallel fallen columns are common diagnostic
indicators of archaeoseismic deformation (e.g., Stiros
1996; Marco et al. 2008; Karabacak et al. 2013). Thus,
it is important to know the time of collapse of the fallen
columns, which could indicate coseismic shaking

Fig. 9 a Deformation on the
western half of the altar. Red
arrows show the fault. b The
NNW-trending rupture on the al-
tar that splits it in the middle di-
agonally. Yellow arrows indicate
dilatation directions
(for location, see Fig. 7)

Fig. 10 Faulting along the temple and chapel. Red arrows show the fault (for location, see Fig. 7)
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damage, to date historical earthquake in Lagina. The
surface soils were covered by the collapsed columns
due to earthquake shaking. Following the collapse of
the columns, the surface soils were buried by subse-
quent sediment deposition, which preserved the con-
tents within the buried surface soils, such as charcoal,
bone, and ceramics. Radiocarbon dating method was
used to document the age of deposits that were buried
following the systematic column collapses and deter-
mine the lower limit of the time of collapse and related
earthquakes. Exposed sediment deposits were carefully
scraped from beneath the two individual columns,
which allowed access to the undisturbed sampling site.
Ceramic pieces in buried material were taken to thermo-
luminescence (TL) dating as well as radiocarbon sam-
ples from each location. Figure 7b depicts the locations
where the samples were taken. The measured radiocar-
bon and TL ages are summarized in Table 1.

4 Discussion

Geological and geomorphological field data indi-
cate that the Mugla Fault is approximately 60 km
in length. It has a normal fault character in which
the opposite block has moved down on both ends.
Dextrally deflected stream beds and obliquely
slickensides on the scarps are characteristic evi-
dences for the right-lateral component along the
Mugla Fault. Offsets on the young stream channels

and fault-controlled Quaternary basins clarify the
activity of the Mugla Fault.

Field observations in the Lagina sacred area indicated
extensive damage characterized by faulting, collapsed col-
umns, dilated ruptures, folding, and tilted walls. The ori-
entations of the collapsed columns, folding on the grounds,
dilation, and tilting of thewalls are systematic, and the axes
of these deformations are perpendicular to the Mugla
Fault. Such phenomena are characteristic criteria for
archaeoseismological studies (e.g., Karcz and Kafri 1978;
Stiros 1996;Galadini et al. 2006;Marco et al. 2008; Bottari
et al. 2009) and can be attributed to the strong ground
shaking. Thus, this extensive systematic destruction may
be associatedwith historical earthquake or earthquakes that
struck the sacred area from same source.

Lagina was cut by three NW-trending ruptures that
caused extensive deformations and displacements in the
structures’ ruins. There are two plausible interpretations
regarding the origin of these ruptures in the sacred area. (1)
An earthquake occurred in the proximity of the regionwith
a considerable intensity, was responsible for the observed
destruction, and triggered a mass movement around
Lagina. If this is the case, downward displacements with
tilting and dilation of the altar and the temple are postulated
to be a result of a landslide in the sacred area. (2) The
source of the ruptures may be earthquake faulting on the
Mugla Fault. If this is the case, the combined surface
observations of the altar, temple, and stoa indicate that
the sacred area was in a transtensional fault zone and that
the resulting deformation was of tectonic origin. Thus, this

Fig. 11 Right-lateral offset on the
southeastern margin wall of the
stoa. Note that a small pond
within the zone was also tilted.
Red arrows show the fault (for
location, see Fig. 7)
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fault extension should be investigated as part of
paleoseismological studies to better understand its recur-
rence time.

The geological characteristic of the site is important
criteria for evaluating that the observed deformation re-
flects a direct tectonic effect or a secondary ground defor-
mation. Sometimes, a notable earthquake in the proximity
of the region could trigger a mass movement on unconsol-
idated units (Keefer 1984). However, the geological back-
ground of the studied site at the Lagina indicates that it is
an area located on consolidated well-bedded units and
covered with Holocene deposit which does not exceed
1 m (Fig. 12). Considering the physiography indicated
by the topographic isohypse (contour) lines, the area is
not steeply sloped. There is no evidence of morphology
associated with paleolandslides. Moreover, an apparent

right-lateral offset of the stoa in the sacred area is perpen-
dicular to a steep slope. Thus, local geological and
morphological conditions do not give impression of that
site suitable for mass movement. It is more likely that the
observed ruptures were associated with earthquake
faulting on the Mugla Fault. In both cases, an assessment
can be made about the potency of the related earthquake.
Karabacak et al. (2013) formed a comparative scheme
based on building damage and bedrock for EMS-98
(Grünthal 1998) and ESI-07 (Michetti et al. 2007) intensi-
ties reported from different archaeological sites in the
world. Taking into account the overall damage and geo-
logical characteristic of Lagina in this scheme, we suggest
that the deformation observed in the sacred area is the
result of strong ground shaking with a considerable
intensity.

Table 1 TL and radiocarbon dating results

Sample Material Measured
age

Conventional
age

2 Sigma calibration Calibrated age result
(68 % probability)

L-C-1 Bone collagen (collagen extraction
with alkali)

1600±30 BP 1790±30 BP AD 135–265 and AD 275–330 AD 220–255
AD 300–315

L-C-2 Organic sediment (acid washes) 1630±30 BP 1640±30 BP AD 345–430 and AD 490–530 AD 405

Sample Material Depth (cm) Dose (Gy) Dose rate (Gy/ka) Calculated age result

L-O-1 Ceramic 105 10100±300 4950±300 BC 285–AD 315

L-O-2 Ceramic 90 9500±200 4950±290 AD 15–215

Fig. 12 Three-dimensional model of the Lagina. It schematizes the
underground geological characteristics of the sacred area. Surface
image of the model is taken from Google Earth software. Terrain
data is generated using the AsterGDEMv2. Geological background
is compiled from previous studies (Becker-Platen 1970; Alcicek
2010; Gürer et al. 2011; Kahraman et al. 2011) and simplified on
the basis of author’s field observations (red lines show the faults). T

Turgut Formation, Middle Miocene lacustrine units (well bedded
sand stone, siltstone, marn, clay stone, and lignite layers); S Sekkoy
Formation, Middle Miocene lacustrine units (limestone and marn);
Y Yatagan Formation, Upper Miocene-Pliocene lateral fan units
with fluvial and lacustrine deposits (reddish conglomerate, sand-
stone, and mudstone with marn interlayered)
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The results of dating the organic material and bone
samples from the uppermost laminations in the covered
sedimentary strata, which were immediately overlain by
collapsed blocks, indicated calibrated ages between 220
and 405 AD (Table 1). TL dating of ceramic samples from
similar overlaid levels present slightly before 4th c. AD,
and it supports the radiocarbon results (Table 1). Thus,
these age results suggest that the sacred area abruptly
collapsed after 220 AD. Considering that the coseismic
shaking damage is preserved to the present, it can be
concluded that the sacred area could not have been used
after destruction. It was probably abandoned. However,
the youngest monumental structures of the Lagina sacred
area were built in 325 AD. Thus, this situation realized that
the sacred area must have collapsed in the 4th c. AD or
slightly later. In this period, the Eastern Mediterranean
experienced an unusual clustering of destructive earth-
quakes between the 4th c. and 6th c. AD (Pirazzoli et al.
1996). For example, a notable earthquake in Crete at this
time that occurred on 21 July, 365 AD (M>8), destroyed
nearly all settlements in the vicinity of the Aegean Sea and
was followed by a tsunami (Guidoboni et al. 1994). Stiros
(2001) suggests that the 365 AD earthquake was an excep-
tional event in the seismic history of the area, and it may
have triggered the series of earthquakes that occurred
during the period between the 4th c. and 6th c. AD. By
implication, the earthquake that was responsible for the
extensive destruction in the Lagina corresponds to one
record of this period in the Karia.

The trend of theMugla Fault extends obliquely tomajor
normal fault systems of the western Anatolian extensional
region. Data collected and evaluated as part of detailed
field observations demonstrate that the Mugla Fault has
strike-slip component and an important role in terms of
earthquake faulting. There are numerous subsidiary faults
representing strike-slip components aligned obliquely to
major normal fault systems, and their recent behaviors are
not as well documented as the neighboring major active
faults. Considering the trend of the Mugla Fault, it can be
concluded that subsidiary faults representing strike-slip
component are active and render an important role in the
seismicity of the western Anatolian extensional region.

5 Conclusions

TheMugla Fault is a NW-SE trending fault zone, and it is
obliquely situated in the western Anatolia extension re-
gion. There are different interpretations on the sense of the

motion and activity of the fault in previous studies. The
location of the Mugla Fault in the center of the Karia
region provides excellent opportunities for the interpreta-
tion of the fault’s characteristics. The 2000-year-old ruins
of the Lagina sacred area are cut by fractures of tectonic
origin that were probably associated with an earthquake
on Mugla Fault in the 4th c. AD or slightly later.
Archaeoseismological analysis of the sacred area with
supporting geological and geomorphological observations
indicates that there was Holocene activity of the Mugla
Fault, and documented field evidence suggests that the
dominant motion along the fault was dip-slip with a
dextral strike-slip component. Thus, this study reveals that
the subsidiary faults aligned obliquely to major normal
fault systems in western Anatolia have strike-slip compo-
nents and may be associated with a significant portion of
the recent extensional dynamics.
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