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The Erzincan (Turkey) Earthquake (M; 6.8) of March 13, 1992 and
its Aftershock Sequence
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Abstract The Erzincan strike-slip earthquake of March 13, 1992 ruptured a section of the North
Anatolian fault (NAF) at the northern margin of the Erzincan basin. The focal depth of about 10 km
was less than given by ISC and NEIC. Erzincan and the surrounding villages were considerably dam-
aged. In the Erzincan basin and in the neighbouring mountains a seismic network of ten stations was
installed. It was operating continuously from March 21 through June 16, 1992. More than 3,000 after-
shocks were recorded of which 505 could be located. The spectral parameters of 394 and the fault-
plane solutions of 53 aftershocks were determined. For the given region the frequency dependent coda
O was derived as Q. = 122 . The aftershock area increased with time, reflecting the process of
stress redistribution. Some events clustered in the immediate vicinity of the town of Erzincan close to
the epicentre of the main event and seem to trace the NAF. Their source mechanism is similar to that
of the main event (strike slip). About 150 aftershocks clustered in the southeastern part of the Erzincan
basin where a concentration of the events in a small volume of 5x5x3 km® was observed. The majority
of fault-plane solutions available for these aftershocks showed a normal faulting mechanism with an
east-west directed extension. Most of the aftershocks southeast of the basin clustered between two
lineaments that were mapped by satellite images. The P-wave velocity below the Erzincan basin, de-
rived from travel-time residual analysis, is lower compared to areas NE and SW of the basin. Three-
dimensional stress modelling of the Erzincan region qualitatively explains the occurrence of the after-
shocks southeast of the basin. The calculated displacement distribution which exhibits the north-
westward motion of the basin and tension at its southeastern margin, caused by the Erzincan earth-
quake, is in agreement with derived fault-plane solutions.
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1. Introduction

The 1992 Erzincan, Turkey, earthquake (m, = 6.3, Ms = 6.8) is the largest earthquake that
occurred near Erzincan since the devastating earthquake (Ms = 8) in 1939. It originated in the
eastern part of the North Anatolian fault (NAF) and affected a considerable part of the Erzin-
can basin. The most severe damage occurred in Erzincan, a town with an official population
of approximately 91,000, and 30,000 additional military personnel (SHEA, 1993). In Erzincan
more than 10,000 buildings were totally or partially destroyed (COUNCIL OF EUROPE, 1992).
In some districts of Erzincan more than 50% of the buildings were totally or heavily damaged
(YUZUGULLU et al., 1992). There were 541 fatalities (BARKA AND EYIDOGAN, 1993), 6,000-
7,000 injured and 16,000-17,000 homeless.

No clear surface rupture was observed (NALBANT ef al., 1996). In the field we found only
secondary effects such as fissures across a street on a slope in one case and parallel to a street
embankment in another case besides phenomena of liquefaction, e.g., sand volcanoes. Further
descriptions of ground effects, structural damage, building design, and geological details were
given by CELEBI AND BROWN (1992), TRIFONOV et al. (1993), TATAR et al. (1993), WEPF et
al. (1993) and SHEA (1993).

Four days after the main shock a local network of digital stations was installed by the Earth
Sciences Department of TUBITAK (ERGIN, 1994). It operated 80 days. 1400 events were
recorded and processed. In the framework of the German Task Force operation, a group of
seismologists installed together with Turkish colleagues a seismic network which operated 87
days beginning eight days after the main shock (BAIER et al., 1992). BAUMBACH ef al. (1994)
and GROSSER et al. (1994) concluded that the increase of the aftershock area with time might
reflect the process of stress redistribution. Composite fault-plane solutions indicated that a
strike-slip mechanism predominates for aftershocks clustered in the vicinity of Erzincan. But
in the southeastern part of the Erzincan basin composite fault-plane solutions are of normal-
fault type. A third portable local network was established around the aftershock region by a
French-Turkish team (CISTERNAS et al., 1992). On the basis of this data LEGRAND et al.
(1996) computed the b value for the aftershock area. FUENZALIDA et al. (1997) suggested a
kinematic model for the Erzincan earthquake from the study of aftershocks in a time-window
from March 30 to April 22, taking additionally into account neotectonic information, satellite
image interpretation, and waveform inversion. AKINCI and EYIDOGAN (1996) used part of this
data to calculate the seismic quality factor Q by both the coda wave and the coda normalisa-
tion method.

The aim of this study is a detailed analysis of the aftershock recordings of the German-
Turkish network. We focus upon the analysis of the tectonic situation and the historical seis-
micity of the epicentral region, the interpretation of a satellite image (Landsat) of the region
southeast of the Erzincan basin, the determination of depth of the main shock, the determina-
tion and interpretation of the temporal and spatial distribution of the aftershocks, the individu-
al fault-plane solutions, the determination of spectral source parameters, the computation of
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the coda Q and the modelling of the stress situation. On the basis of these results and the geo-
logical model of BARKA and GULEN (1989) a seismotectonic model was derived.

2. Tectonic Framework

Arabia sutured with the Anatolide/Tauride platform and southern Eurasia in the Late Mio-
cene (DEWEY and SENGOR, 1979). The continuing northward motion of the Arabian Plate
towards Eurasia forces the Anatolian block to extrude westward (MCKENZIE, 1972a,b) and
causes ongoing convergence in Eastern Anatolia and the Caucasus area. The right-lateral
North Anatolian and the left-lateral East Anatolian (EAF) faults border the wedge-shaped
Anatolian block to the N and SE, respectively, and depict the major boundaries along which
the block migrates westward (Fig. 1a). Minor internal deformation occurs within the block
both randomly distributed, and along a variety of intra-Anatolian faults. The latter apparently
influence the structure of the block boundaries (BARKA and GULEN, 1989).

The NAF, described in detail by BARKA (1992), extends from Karliova in the east of Tur-
key over more than 1,500 km to the Gulf of Saros and Edremit and reaches mainland Greece
further to the west where it becomes obscured. The NAF was first described by KETIN (1948)
based on the results of field studies carried out after the 1939 Erzincan, the 1942 Erbaa, the
1943 Kastamonu, and the 1944 Gerede-Bolu earthquakes. With its trace following in large
parts Cenozoic and older suture zones, its age, offset, and segmentation remain topics of on-
going discussion (KETIN, 1976; TOKAY, 1973; SENGOR, 1979; BARKA and HANCOCK, 1984;
HEMPTON, 1987; KOCYIGIT, 1989; MICHEL, 1994 among others). Displacements between a
few and several hundreds of kilometres and velocities ranging between a few mm/a and sev-
eral cm/a have been proposed. GPS-derived velocities lead to movements along the NAF of
20 mm/a (STRAUB and KAHLE, 1993, 1994; ORAL et al., 1995).

The Erzincan basin (Fig. 1b) follows the trace of the NAF and has been interpreted as one
of the largest NAF-related basins (BARKA and Hancock, 1984; BARKA and GULEN, 1989). It
is filled with mostly fluvial Plio-Quaternary deposits. Its lateral and transversal dimensions
are approximately 50 km and 15 km, respectively (BARKA and GULEN, 1989). Its length/width
ratio is close to that derived empirically by AYDIN and NUR (1982) using 62 basins and 8
horsts worldwide. The thickness of the basin sediments is unknown. HEMPTON and DUNNE
(1984) give an empirical relationship between the length and the sediment thickness of a ba-
sin. By applying this relationship to the Erzincan basin, the thickness of its sediments has
been estimated to reach up to 3 km. Several small volcanoes which formed during the pull-
apart opening are aligned along the margins of the basin, usually along the northeastern mar-
gin (BARKA and GULEN, 1989). These volcanoes and hot springs indicate high heat flow and
thinning of the crust (AYDIN and NUR, 1982).

The faults bordering the Erzincan basin have been subdivided into several segments (BAR-
KA and KADINSKY-CADE, 1988; BARKA and GULEN, 1989) which interact and cause the com-
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Figure 1.
Tectonics of Eastern Turkey. a) Tectonic map compiled from Bingdl (1989) and remote sensing studies. NAF -
North Anatolian fault, NEAF - North-East Anatolian fault, EAF - East Anatolian fault, OVACIK F. - Ovacik
fault. b) The Erzincan basin and related faults. S1, S2 - segments of the NAF; Ovacik SF - Ovacik subfault sys-
tem; SB - southern basin boundary, SWB - southwestern basin boundary; L1, L2, L3 - lineaments derived from
satellite images, shaded area - Erzincan basin. The open circles denote the epicentres (ISC) of the Erzincan
earthquake on March 13, 1992 and its strongest aftershock on March 15, respectively.
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Figure 2.

Length of fault segments activated by great earthquakes in the present millennium. The western end of the 1939
fault near Amasya is not on the map.

plex evolution of the basin. Figure 1 shows the approximate traces of the relevant active
faults. They were compiled by using data from literature and remote sensing studies. The
segment S1 which borders the Erzincan basin to the east extends over roughly 75 km. It ap-
parently displays a seismic gap in which the last strong earthquake (Fig. 2) occurred in 1784
(AMBRASEYS and MELVILLE, 1995). To the west, the Euphrates river follows the trace of this
segment meeting the basin in its northern third. There the fault jumps about 4 km to the north
and continues along the basin rim to the west. This segment S2 is about 60 km long (BARKA
and KADINSKY-CADE, 1988) and the 1992 earthquake apparently occurred along this segment.

The largest recorded earthquake in this area was the December 26, 1939 Erzincan earth-
quake. It co-ruptured this and two further segments to the west (KETIN, 1948; BARKA and
KADINSKY-CADE, 1988). At the western end of the basin the fault changes its trend and the
western continuation was interpreted as a further segment (BARKA and GULEN, 1989). The
Ovacik, left-lateral transcurrent fault joins the basin along its southeastern termination (ARPAT
and SAROGLU, 1975). Although no historical or paleoseismological earthquakes have yet been
described along this fault, it cuts Quaternary sediments of the Ovacik basin further to the
southwest and has been interpreted as active. Field geology did not reveal a clear southwest-
ern border fault of the Erzincan basin although its morphological boundary appears, at least in
part, to be sharp on the Landsat images. The Erzincan basin does not show a simple pull-apart
shape and its development has been attributed to both movements along interfering segments
of the NAF and along the Ovacik fault. Therefore, BARKA and GULEN (1989) suggested a
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two-stage model describing the basin evolution: After a “classical” pull-apart opening of the
basin (BURCHFIEL and STEWARD, 1966) left-lateral movement along the Ovacik fault cut the
southeastern border fault and rotated the basin clockwise and hence opened it in a “wedge
out” model. From this stage onward shear was inhibited along the southwestern fault and it
must have been reactivated as a pure normal fault. At present the northernmost part of the
Ovacik fault is splayed into several small segments. This may also be an indication for the
existence of an extensional regime near the southern border of the basin.

3. Seismicity

In historical time the Erzincan region was affected by several strong earthquakes. BARKA
et al. (1987) have cited 25 earthquakes in the period from 1000 through 1990. A similar num-
ber is obtained by analysing the NEIC catalogue (USGS/NEIC, 1994). According to AMBRA-
SEYS (1970), BARKA and GULEN (1989), AMBRASEYS and FINKEL (1988) and BARKA (1996),
the most destructive earthquakes along the eastern part of the NAF during the present millen-
nium occurred in 1043 or 1045, 1254, 1668 and 1939 (Fig. 2). These earthquakes are suffi-
ciently well documented. Their surface faultings and areas of destruction are reported in his-
torical documents. The estimated maximum intensities of these earthquakes are greater than
VIII (BARKA et al., 1987).

AMBRASEYS (1970) describes destruction and ground rupture in a region northwest of Er-
zurum and along a line from Erzurum to the region near Susehri as a result of an earthquake
in 1043/45. This might indicate that the NAF and the NEAF were simultaneously active. The
total rupture length was estimated to be 150 km. The damage and the surface ruptures due to
the earthquake of October 11, 1254 (AMBRASEYS and MELVILLE, 1995) are known from a
friar’s journey report from 1255. The assumed fault that extended from Erzincan to Susehri
had a length of about 120 km.

An earthquake on August 17, 1668, which was comparable in size with the destructive one
in 1939, destroyed and badly damaged many towns and villages (AMBRASEYS and FINKEL,
1988, 1995). In Erzincan a number of houses collapsed. However, the fault probably extended
from Erbaa which is situated 270 km west of Erzincan to the region of Eskipazar/Gerede in
western Turkey thus reaching a length of about 400 km. The NAF near Erzincan was not acti-
vated.

Furthermore, a smaller event is noticeable. It occurred in 1784 on the eastern part of the
NAF (AMBRASEYS and MELVILLE, 1995; AMBRASEYS and FINKEL, 1995). The fault was lo-
cated between the east end of the Erzincan basin and the junction of the NAF (segment S1)
and the EAF and had an estimated length of 50 km (BARKA, 1992).

This century the most prominent earthquake in Turkey occurred on December 26, 1939. Sur-
face ruptures were observed from the Sansa gulch at the northeastern margin of the Erzincan
basin to Ezinepazar east of Amasya (PAMIR and KETIN, 1941; KETIN, 1969). KETIN (1969) and
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BARKA (1996) indicated on overall length of the activated fault of 340 km - 360 km. Erzincan
was totally destroyed, even new concrete buildings collapsed (LEUCHS, 1940). After LEUCHS
(1940), CELEBI and BROWN (1992) and WEFPF et al. (1993) the town was rebuilt several kilome-
tres away from the former location at a place of seemingly lower seismic risk.

The fault pattern of the NAF-related earthquakes after 1939 was described in detail by
KETIN (1969), AMBRASEYS (1970), DEWEY (1976), BARKA and KADINSKY-CADE (1988),
BARKA (1992, 1996), and STEIN et al. (1997). They showed that the sequence of strong earth-
quakes starting with the 1939 event has completely ruptured the NAF between Erzincan in the
east and Adapazari in the west. After 1939 the segments of NAF between Karliova and the
southeastern edge of the Erzincan basin were affected only by small earthquakes. The analysis
of documented historical and recent events suggests that no strong earthquakes ruptured
across the jump of the segments S1 and S2 of the NAF.

The regional strain state in eastern Turkey is derived from the Harvard-CMT solutions of
earthquakes since 1977. Figure 3 shows that, except for northeastern Turkey, a horizontal

M<3.0
3.0<M<45

® 45<M<6.0 |
® M>6.0

Figure 3.
Earthquake distribution from USGS/NEIC (1994), green dots, and Harvard-CMT solutions since 1967 and 1977,
respectively. The arrows mark the horizontal projections of the minor and major principal axes of the trace-free
moment tensor. Red dots are the aftershocks of the 1992 Erzincan earthquake.
Some “aftershocks” were located near the northern edge of the Arabian Plate.
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principal strain state dominates. The pressure axes of the moment tensors are trending NNW
to NNE, and most tension axes WSW.

4. The Main Shock of March 13, 1993 and the Aftershock of March 15

To interpret the aftershock and damage pattern, location, dimension, and the focal mecha-
nism of the main shock have to be known. The hypocentre locations of the Erzincan earth-
quake are listed in Table 1. The differences between ISC and NEIC are negligible. The hypo-
centres given by Harvard University (CMT), PINAR et al. (1994) and this study are based on
waveform inversion methods. The method of calculating Harvard-CMT solutions includes an
event relocalisation. Therefore, the CMT location can be assumed as the “centre of energy
release”. The strike-, dip- and rake-angles of the available fault-plane solutions agree with the
geometry and the documented sense of slip of the NAF, thus demonstrating that the Erzincan
earthquake ruptured the NAF north of Erzincan. The ISC and NEIC locations are very close
to the NAF, while the CMT location is shifted about 25 km northwards. This is probably due
to different velocity models assumed.

Using broad band data of the IRIS and the Geoscope-network PINAR et al. (1994) could
show that the main shock was a complex event consisting of three subevents. They located the
relative epicentres of the subsequent events and determined the source depths of all subevents
by using the method described in detail by KikucHI and KANAMORI (1991). The beginning of
their first event, assumed to be a bilateral rupture, is fixed at the epicentre determined by
NEIC. The next two events followed in time intervals of 2 sec and 17 sec, at depths of 12 km
and 22 km, respectively. The fault-plane solutions and the hypocentres were calculated

Table 1
Focal parameters of the main shock. For explanation see text
PINAR ef al.

NEIC ISC CMT (1994) This study
latitude [°N] 39.710 39.72 39.94
longitude [°E] 39.605 39.63 39.57
length [km] 30
width [km] 15
depth [km] 27 23 15 7 11
my 6.2 6.1
M 6.8 6.8
M, [10" Nm] 16 9.4 4.0
slip [cm] 70
Ao [MPa] 2.5
strike [°] 123 132 126
dip [°] 86 79 72

rake [°] 175 -179 172
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simultaneously. In Table 1 only the parameters of the strongest subevent 1 are listed while its
depth differs remarkably from that given by ISC and NEIC.

In order to check the depth and the focal mechanism we applied the time-domain body-
wave method described by STUMP and JOHNSON (1977) and KRUGER (1995). This method
determines the moment tensor, source depth and rise time of the source function proposed by
BRUSTLE and MULLER (1983) by means of a grid search. The co-ordinates of the epicentre
(ISC) were fixed. The reflectivity method was used to calculate the Green’s function. The
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Figure 4.
a) Variance reduction obtained for varying source depth and source rise time combinations for the frequency

band 20 mHz - 100 mHz. b) Double-couple component of the moment tensor weighted with the variance reduc-
tion.



474 Helmut Grosser et al. Pure appl. geophys.

data base combines several seismological networks: the IRIS broadband global network,
broadband stations form the German Regional Seismic Network, and the Chinese Digital
Seismic Network. Only the non-isotropic part of the moment tensor was considered (i.e., tr
M = 0). The non-isotropic moment tensor is divided into a double couple and a compensated
linear vector dipole (CLVD). The first 60 sec of the band-pass filtered P-wave train were used
for the inversion. In total the data of 20 stations ranging in epicentral distances of 15° to 100°
were inverted. Figure 4 shows the variance reduction for the depth/rise time combinations
used and the corresponding double-couple component of the moment tensor. Figure 4a illus-
trates that shallow depths are more consistent with the data. The fit function shows a broad
range of possible solutions with a trade-off between the rise time of the source time function
and the source depth. Such a bias is not surprising, but is typically smaller and is probably
related to the complex rupture process of the Erzincan earthquake. For shallow depths and
large rise times, the mechanisms are of normal-fault type (Fig. 4b). The largest possible depth
values are about 12 km and correspond to strike-slip type solutions. Neither fault type is pre-
ferred by the inversion; however, the strike-slip mechanism is the only reasonable source
mechanism in the context of CMT solution and the tectonics of the NAF.

It can be concluded, therefore, that the centroid depth of the event was at most 12 km. As-
suming a depth of 11 km and a rise time of 3.5 sec, the CVLD component is assigned only a
small fraction (7.5%) of the total moment. The other parameters are listed and compared with
published results in Table 1. One of the determined fault planes (strike 126°) has about the
same strike as the NAF. The dip of 72° for the fault plane is not as steep as given in the Har-
vard-CMT for the main shock. With decreasing depth the normal-fault component is increas-
ing. Because of the geologically documented strike-slip behaviour of the NAF which is also
reflected in the CMT solution of the main event, a depth smaller than about 6 km can be ex-
cluded. The seismic moment amounts to only 43% of that derived by PINAR et al. (1994) for
the strongest subevent and 25% of that given in the Harvard-CMT solution. These differences
might be due to the fact that we used an attenuation smaller than that of the PREM
(DZIEWONSKI and ANDERSON, 1981).

Figure 5 compares the data with the synthetics. The overall fit is reasonable. However, the
data are more complex than the synthetics for later parts of the P-wave train (¢ > 60 sec). This
might be explained by the complexity of the event and velocity heterogeneities. The differ-
ences to other results may be due to the complete lack of stations south of the processed
event.

PEGLER and DAS (1996) derived for the main shock a focal length of 50 km. The total
length of PINAR ef al. (1994) subevents is 45 km.

The strongest aftershock of magnitude Ms 5.8, m; 5.4 on March 15 occurred near Piiliimiir
(ISC: 39.53°N, 39.93°E, depth = 29 km). According to the Harvard-CMT solution the after-
shock also had a strike-slip mechanism. The parameters of one of its fault planes are: strike =
61°, dip = 70°, rake = 14°. NALBANT et al. (1996) preferred a thrust mechanism.
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5. Aftershock Analysis
5.1 Seismological Data and Instrumentation

The Erzincan aftershock data set is a compilation of trace data collected by a temporary
10-station network installed by the Frankfurt University, the GeoForschungsZentrum Potsdam
and the General Directorate of Disaster Affairs, Ankara (BAIER et al., 1992). The seismic
MLR stations (Mobile Long time Recording stations, designed at Frankfurt University) were
equipped with short-period vertical component seismometers (MARK L4, f; = 1 Hz). They rec-
orded analogue data continuously on magnetic tapes with a dynamic range of 66 dB. In order to
analyse aftershocks within a wide magnitude range, the vertical component was recorded at
three channels with different amplifications. The stations were deployed in and around the Er-
zincan basin forming a network with an aperture of 95 x 40 km?” (Fig. 8a). Station clocks were
continuously synchronised by radio time signals (75 kHz) and kept an internal accuracy of 10
msec. Because of slight irregularities of the recording speed of the analogue magnetic tapes the
overall timing accuracy decreased to 50 msec. The network started to record eight days after the

39° 39.2° 39.4° 39.6 39.8° 40° 4020 E

Figure 6.
Epicentres of 505 aftershocks (March 21 - June 16, 1992). The open circles represent the main shock on March
13, 1992 and its strongest aftershocks on March 15, respectively. P: rupture plane of the main shock (strongest
subevent) as derived by PINAR et al. (1994), see Table 1.
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Table 2
Velocity models. V), - P-wave velocity, / - depth to the top of the given layer, left: average P-velocity model for
Turkey according to KALAFAT et al. (1987), right: adopted P-velocity model for the Erzincan region

V, [km/sec] h [km] V, [km/sec] h [km]
4.50 0.0 5.30 0.0
5.91 54 6.00 4.0
7.80 31.5

Erzincan earthquake on March 21 and collected data until June 16, 1992. The magnetic tapes
were digitised at Frankfurt University with a sampling rate of 128 Hz.

5.2 Location

There was no velocity model available for the Erzincan region. Neither detailed earthquake
recording and analysis nor deep seismic sounding studies had been carried out so far. We
started with the average P-velocity model of the earth’s crust of Turkey (KALAFAT et al.,
1987). After the localisation test we modified the model of Kalafat and used a slightly differ-
ent model with a V,,/V; ratio of 1.78 instead of 1.73. Both models are shown in Table 2. The
maximum epicentral distance for the stations of the mobile network was 110 km. Therefore,
there was no need to include the Mohorovicic discontinuity in the model.

The procedure of picking S-wave arrivals was problematic because only vertical compo-
nent data were recorded. In case of stronger events the S onsets were obscured by the P-wave
codas. The readability of S phases deteriorated with increasing epicentral distance. The ratio
of the number of S to P picks varies between 52% for station DEM which is closest to the
centre of the highest aftershock activity and 4% for the most distant station. The average ratio
for the entire data set is 20%.

Using HYPO71 (LEE and VALDES, 1985) we determined locations for a total of 505 after-
shocks (Fig. 6). The majority of events clustered at the southeastern end of the Erzincan basin.
Only a few events are located close to the fault plane of the main event at the northeastern
margin of the basin. Most of the aftershocks had a source depth between 5 km and 11 km
while the depth distribution had its maximum at 6.5 km (Fig. 7).

In order to check the validity of the velocity model and the possible influence of lateral
heterogeneities, we calculated station corrections from P- and S-wave residuals. The after-
shock region was divided into 8 areas (see Fig. 8a) in order to derive site-dependent station
corrections. The following criteria were used for selecting the areas: separation of tectonic
units (basin and surroundings), separation of aftershock clusters, and sufficient number of
events for each area. Only events with location quality A and B (LEE and VALDES, 1985) were
included in the analysis. For each area we separately calculated station residuals and used
them for correcting arrival times and subsequent relocation. After three relocation runs we
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Figure 7.
Depth distribution of Erzincan aftershocks.

obtained stable hypocentre locations. The derived P-wave station corrections range between
+0.33 sec and —0.73 sec with standard deviations of 0.05 sec to 0.15 sec, depending on the
number of available phase readings. Finally, all events were relocated with the derived station
corrections. The expected values of both the horizontal and vertical location errors are 1.1 km
(internal precision). The real accuracy may be less with systematic errors, depending on the
size and distribution of the real velocity heterogeneities in the area. In order to test the influ-
ence of the V,/V ratio on the station corrections we repeated the relocation procedure with a
V,/V; ratio of 1.73. The station corrections remained unchanged. This can be explained by the
above-mentioned fact that most S readings were available only for stations close to the epi-
centre. A change in the S-wave velocity resulted for small epicentral distances only in negli-
gible S-travel time changes. The aftershock region can be divided into two zones with very
similar station corrections by joining the six southeastern and the two northwestern areas (see
Fig. 8). The first zone contains the event cluster near the southeastern edge of the Erzincan
basin, the second one the epicentres inside the basin. The averaged station corrections of both
zones are shown for the individual stations in Figure 8b. The station corrections may depend
on the adopted layered velocity model, lateral heterogeneities and on the station distribution.
Most hypocentres in zone 1 were well controlled by the station triangle GUN, DEM and
PUL. Presuming that the layered velocity model is a good approximation of the velocity
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structure, the differences between station corrections can be attributed to lateral velocity
changes. Most remarkable is the station correction of —0.73 sec for the station BAY in the
outskirts of Erzincan. This was the only station installed in the basin. The other stations were
installed close to the margin of the basin or in the mountains. Because of an increased noise
level, the station BAY was moved on May 3 to the northern margin of the Erzincan basin and
was renamed to BGD. The station correction changed to —0.33 sec. The difference of 0.4 sec
is attributed to the low-velocity sedimentary layers of the basin fill. Under the assumption that
the sediments are about 3 km thick (HEMPTON and DUNNE, 1984), we obtain an average
P-wave velocity for the basin fill of 3.1 km/sec. Travel-time corrections were negative for ray
paths crossing the aftershock cluster southeast of the basin and cutting the basin itself below
the fill (stations PUL, BAY, BGD, HEY, YUK, SKI). This suggests lower velocities for the

40"
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Figure 8.
Travel-time corrections. a) Seismic stations and aftershock areas selected for calculation of the station correc-
tions (negative residuals). The two aftershock zones are framed by thick rectangles. b) P-wave station correction
graph: left bar: aftershock zone 1 (southeastern areas), right bar: aftershock zone 2 (northwestern areas).
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Figure 9
Magnitude-frequency plot for the Erzincan aftershock sequence from March 21 through June 16, 1992.

southeastern region and the basin in comparison to the region northeast and southwest of the
basin where station corrections were positive.

Similar observations were made for events in the basin (zone 2): negative station correc-
tions on a northwest-southeast strip (stations SKI, HEY, BAY, PUL) as opposed to positive or
zero corrections for the remaining stations. Remarkable is the difference of time corrections
for station BAY for events in zones 1 and 2. The source depth in zone 2 was mainly con-
trolled by station BAY. The low-velocity basin fill and the lack of stations in small epicentral
distances outside the basin may result in a slightly overestimated source depth of about 0.9
km and a station correction of only —0.16 sec.

We were not able to determine precise velocity differences for the strata of the Erzincan
basin and the region northeast and southwest of it. This is due to the fact that different factors
may influence the travel-time residuals (as station distribution, velocity model, heterogenei-
ties, etc.) and that their possible effects vary from station to station. A rough estimate gives a
velocity decrease of at least 0.2 km/sec for depths greater than 3 km below the basin.
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Figure 10.

Number of located aftershocks per day during the period March 21 through June 16, 1992. The stars mark days
when aftershocks with magnitudes M > 4 occurred.

5.3 Frequency-magnitude Relation

For magnitude calculations we adopted the lida formula (IIDA, 1967). The coda duration
method failed because of different noise levels at different trace amplifications caused by the
superposition of ground noise and electronic noise. By fitting the lida magnitudes to ISC body
wave magnitudes available for nine stronger aftershocks we derived a homogeneous magni-
tude scale for the Erzincan earthquake and its aftershocks. Cumulative frequency-magnitude
data are plotted in Figure 9. The plot shows a linear trend for aftershocks in the range 2.2 <M
< 4.1 according to the standard Gutenberg-Richter relationship.

log N=a-bM

where N is the number of earthquakes with magnitudes greater than M, and a and b are con-
stants. The deviation from linearity for magnitudes M < 2.2 points out a detection threshold of
M = 2.2 for the mobile network. The data set of 505 located aftershocks includes 284 events
with magnitudes M > 2.2. For the Erzincan aftershock sequence we computed a b value of
0.83. LEGRAND et al. (1996) obtained the same value. This value lies between b = 0.55 for
strong earthquakes with magnitudes greater than 4 and b = 1.7 for microearthquakes in the
magnitude range M = 1.5-3.3 as estimated by ERCAN (1982) for an 85 km long section of the
EAF 120 km south of Erzincan.
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5.4 Temporal Behaviour of Aftershocks

Figure 10 shows the time distribution of the aftershock sequence from March 21 through
June 16, 1992. Aftershocks with magnitudes M > 4 are indicated. Three bursts of activity
were observed: March 21-23, March 28-30, and April 19-21, 1992. The corresponding centres
of activity were all located in the aftershock cluster at the southeastern margin of the Erzincan
basin south of station DEM (Figs. 6 and 8). Nine of the ten recorded aftershocks with magni-
tude M >4 occurred in this cluster and only one at the northern margin of the basin close to
the epicentre of the Erzincan earthquake. Figure 11 displays the distribution of aftershocks
with magnitude M > 2 for different time intervals. Within the first 30 hours of aftershock re-
cording all events occurred in a cluster of 22 x 7 km” northwest of the epicentre of the strong-
est aftershock on March 15.

During the next interval until April 2 the cluster enlarged in northwestern and southeastern
directions. In addition aftershocks appeared at the northeastern margin of the basin close to
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Figure 11.
Distribution of aftershocks for increasing time intervals: a) March 21, 12:00 - March 22, 18:00; b) March 21,
12:00 - April 2, 12:00; ¢) March 21, 12:00 - June 6, 23:00; d) March 21, 12:00 - June 16, 19:00. The Erzincan
earthquake (large open circle) and the strongest aftershock (small open circle) are indicated.



Vol. 152, 1998 The Erzincan Earthquake 1992 483

the Erzincan main shock. In the third interval until June 6 the aftershock area extended 13 km
farther to the southeast. Some events took place both outside the basin and the aftershock
cluster in the southeast. Between April 6 and 15 some events occurred south of Erzincan on a
line that branches off from the Ovacik fault in a northern direction (see Fig. 6). We suggest
that they belong to an Ovacik subfault. During the last days of network operation (until June
16) few events were recorded north of the Erzincan basin. They cannot be definitely associat-
ed with either the NAF or the NEAF because of the location uncertainties for events at the
fringe of the network. From Figure 16 we conclude that the aftershock area increased with
time. This can be attributed to a stress redistribution process after the main shock (BAUMBACH
et al., 1994).

5.5 Coda Q

The estimation of focal parameters from P and S waves requires the correction for attenua-
tion. As a first approximation we used the coda-Q technique to estimate the attenuation of
shear waves. We adopted the single isotropic scattering (SIS) model of SATO (1977) which
considers the coda as being composed of single back-scattered S waves. Scattering is caused
by randomly distributed heterogeneities. When assuming that only one scatterer acts on the
wave path from the hypocentre to the receiver, the attenuation due to scattering can be ne-
glected compared with the inelastic (intrinsic) attenuation. For the calculations we adopted the
processing scheme as described by JIN and AKI (1986) for different locations of epicentres
and stations. The coda amplitudes are normalised to the maximum S-wave amplitude under
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Figure 12.
Coda Q versus frequency fobtained from 1045 records of aftershocks.
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the assumption that the coda and S-wave attenuation coincide (Q. = Qy). This normalisation
procedure facilitates the interactive handling and processing of records in a wide magnitude
range.

1,045 seismograms recorded at the ten available stations with sufficient signal-to-noise ra-
tio were filtered with a four-pole Butterworth bandpass. The ratio of the upper and lower cor-
ner frequencies of 1.26 was kept constant for the 15 channels analysed. A noise section was
processed in the same way as the coda in order to realise a time-dependent signal-to-noise
ratio. This allows to graphically select the time range of analysis in dependence on the band-
pass centre frequency. Therefore, the lapse time was selected individually for each filtered
channel so as to have the coda amplitude well above the noise level (BURGHARDT et al.,
1989). For most recorded events the number of usable channels was smaller than the maxi-
mum one occasioned by often insufficient signal-to-noise ratio (SNR < 2 to 3).

Figure 12 shows the Q. values computed for the frequency range 1 Hz - 25 Hz. The in-
crease of Q. with frequency f'can be expressed by the power law

Of) = Qo * " with Qp =122 +33,n=0.68 + 0.15 and f'in Hz.

GURBUZ et al. (1993) derived Q. values for Erzincan aftershocks for three different mod-
els: the Sato model (SATO, 1977) with different locations of epicentre and recording station,
the model of Aki (AKI and CHOUET, 1975) with epicentre and recording station at the same
position and the Lee model (LEE et al., 1986). The only difference between the last two mod-
els is that the calculations are carried out in the time domain (Aki) or in the frequency domain
(Lee) by using a moving FFT. The Q data, derived for the Sato and Lee models (Qy = 82, n =
0.87; Oy = 101, n=0.85), agree very well with our results. The model of Aki and Chouet
shows a somewhat stronger frequency dependence (Qy = 57, n = 1.22). The only reason for
the difference between the results for the Aki and Lee models may be the different treatment
of noise in the time and frequency domain.

AKINCI and EYIDOGAN (1996) computed Q values for S and coda waves using 161 after-
shock recordings of the 1992 Erzincan earthquake. For Qs calculations they adopted the coda
normalisation method (AKI, 1980) and for Q. calculations the SIS model with source and re-
ceiver at the same location (SATO, 1977; AKI and CHOUET, 1975). They gained very similar Q
values for S and coda waves. This is in general agreement with assumptions of the SIS model.
Our Q. values are generally slightly higher than those of AKINCI and EYIDOGAN (1996). At
2 Hz and 25 Hz we received a Q. of 195 and 1233, respectively, while AKINCI and EYIDOGAN
(1996) calculated values of QO of 103 and 800, respectively, for a lapse time of 50 sec. These
discrepancies might be due either to the different models used, or due to the different size of
the volumes studied (larger in our case).

Our frequency distribution of Q. is similar to that derived by LOFFLER (1994) and
NEUGEBAUER et al. (1997) for the Abant-Sapanca region at the western section of the NAF
(Qp = 55, n = 0.93). While the Q. values agree at 25 Hz, they differ at 1.5 Hz by about 80.
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Figure 13.
Relationship between seismic moment M, and source radius R,. Ao - static stress drop. Lines of con-
stant stress drop Ao = 1 MPa and Ag =10 MPa are indicated.

AKINCI et al. (1994) derived similar coda-Q values for western Turkey: Oy = 50 ... 180, n =
1.0 ... 0.76 for increasing lapse times from 30 sec to 190 sec. That indicates that the differ-
ences of O, between western and eastern Anatolia might be negligible.

5.6 Seismic Moments, Stress Drop and Benioff Graph

Seismic moments and corner frequencies were calculated for 394 aftershocks, using the
spectra of the P waves. These spectra were corrected for attenuation by assuming that Q. = Qs
and O, =k * Q,. ULUG and BERCKHEMER (1984) estimated a k of 2.2. Taking into account
that the attenuation of compressional energy is negligibly small compared with shear energy
attenuation, we get k = 9/4 (KNOPOFF, 1964). CLAUSNER and LANGSTON (1991) determined
k=1 ... V,/V, for sedimentary basin materials. In numerical models & is often assumed to be
2.0 (SERENO and ORCUTT, 1987; WANG and HERRMANN, 1988). This & value is also used here
to correct our P-wave spectra. Their spectral high-frequency decay varies between /* and £,
showing that we adopted reasonable O, values. The low frequency level of the displacement
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amplitude spectrum € is directly related to the seismic moment M,
My=4nV> rQu/F

where r is the hypocentral distance and F is the product of the averaged radiation pattern of
the P wave of 0.64 and of the free-surface correction of 1.14 for a mean epicentral distance of
about 22 km.

A source radius Ry and a static stress drop Ac for a circular crack model were computed
according to MADARIAGA (1976) and KEILIS-BOROK (1959), respectively (Fig. 13) using the
relationships

Ry=0.32V./R?
Ao =TM,/16R>.

The stress drop ranges between 0.3 MPa and 30 MPa with a clustering of the stress drop
values around 3 MPa. There is a trend for stronger events to have higher stress drops com-
pared to weak events. Seven out of ten aftershocks with magnitude M > 4 have a stress drop
of more than 10 MPa. The effect of an increasing static stress drop with magnitude has al-
ready been observed during the earthquake swarm 1985/86 in the focal area Vogtland (Ger-
many)/Western Bohemia (Czech Republic) (GROSSER ef al., 1987; BAUMBACH, 1989).
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Figure 14.
Relationship between seismic moment M, and magnitude M.
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Cumulative stress release versus time in days after the main shock (logarithmic time scale).

Figure 14 displays the relation between seismic moment M, and magnitude M
log My=1.18M + 10.37.

Within the magnitude range of the analysed aftershocks this relation fits the moment-
magnitude scale derived by KANAMORI (1977) for strong earthquakes with an accuracy in
magnitude of 0.3. Figure 15 shows the cumulative stress release within the aftershock zone
(BENIOFF, 1951), assuming a linear relation between stress and the square root of energy re-
leased by an earthquake. For calculating the energy release the Gutenberg-Richter magnitude-
energy relation (log £ [Nm] = 1.5M + 4.8) was adopted (GUTENBERG, 1956). A logarithmic
time scale was introduced in order to take into account the decay of aftershock activity with
time (GRUNTHAL, 1984). The plot shows the general trend of seismic activity. The three ob-
served phases of increased aftershock activity can be well identified. The difference between
the upper and lower limits of the curve allows a rough estimate of the maximum aftershock
magnitude. The computed value of M = 5.4 is in good agreement with the magnitude of the
strongest aftershock on March 15.
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5.7 Fault-plane Solutions and Aftershock Distribution with Respect to Tectonics

The systematic aftershock recordings commenced as late as March 21, 1992, i.e., eight
days after the main shock and six days after the strongest aftershock. The majority of after-
shocks recorded after March 21, 1992 did not occur in the near epicentral area of the main
event or along boundary faults of the Erzincan basin but at its southeastern end. Since, ac-
cording to global statistics more than 50% of aftershocks occur within the first few days, we
cannot say whether this pattern applies to the aftershocks between March 13 and 21.

We calculated double-couple fault plane solutions for 53 aftershocks using the program
FOCMEC (SNOKE et al., 1984; SNOKE, 1997). For this we selected events with a minimum of
nine P-polarity readings. For clear S-wave arrivals we picked SV polarities as well. In addition
we estimated spectral amplitudes for P and S waves which had been corrected for attenuation
and surface amplification. The ratios of the S to P low-frequency spectral levels generated
more stable fault-plane solutions than S to P amplitude ratios estimated in the time domain.
The fault plane solutions are shown in Figure 16. An epicentre map of all located events and
corresponding depth sections is presented in Figure 17. The epicentre plot is centred at
79.72°E and 39.61°N. The x axis is rotated by 32° to align it parallel to the NAF north of Er-
zincan. No events were found at the NAF east of the Erzincan basin. The maximum source
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Figure 16.

Fault-plane solutions of 53 aftershocks.
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Figure 17.
Hypocentre plots of Erzincan aftershocks. a) Horizontal strip parallel to the NAF (122°N). It is centred at
39.72°E and 39.61°N. The epicentres of the main shock and the strongest aftershock are marked by stars (ISC
BULLETIN, 1996). It is the same area as marked in Figure 8a. L1, L2, L3 - lineaments derived from satellite im-
ages. b) Depth section of the aftershock distribution parallel to the NAF. c¢) Depth sections perpendicular to the
NAF. The “windows” of the sections are marked by the same capital letters in Figure 17a and here.

depth of aftershocks decreased from 20 km at the NAF north or Erzincan to 8§ km at the
southeastern margin of the basin and increased again southeast of the basin (Fig. 17b).

We first assumed that aftershocks close to the epicentre of the Erzincan earthquake rup-
tured the NAF in close vicinity of its fault plane. To check this we rotated the azimuth of the
cross sections through the northern margin of the Erzincan basin using a 1 degree increment
and searched for the best-fitting plane through the hypocentre “cloud.” Its strike and dip is
assumed to coincide with that of the NAF. Figure 17¢ (left) displays the optimum cross sec-
tion A—B aligned to 32°N for that part of the study area between 35 km and 7 km (Fig. 17a).



490 Helmut Grosser et al. Pure appl. geophys.

The hypocentres lie on a vertical plane that strikes 122°N. At a depth of 12 km it dips slightly
SSW. Both strike and dip angles agree well with the strike of 123° and the dip of 86° of the
best double-couple fault plane derived from the Harvard-CMT solution. The geologically
mapped principal displacement zone of the NAF in the area is more than 1.5 km wide and the
rupture trace derived from aftershock location studies is located 3 km SSW of the marked
fault (see Figs. 16 and 17). This distance might be due to systematic mislocations caused by
lateral velocity variations or a non-optimum station distribution. Fault-plane solutions of five
events close to the city or Erzincan show strike-slip mechanisms similar to that of the main
shock. This suggests that mechanisms of stronger aftershocks along the NAF coincide with
that of the main shock. A few events in cross section A—B (Fig. 17¢c) give hint of a deep fault
confining the Erzincan basin towards the southwest.

At the southeastern end of the Erzincan basin the aftershock distribution changes remarka-
bly. The centre of highest aftershock activity, both in number and magnitude of events (cf.
cross sections E-F, G-H, and I-J in Figs. 17a and c), is located southeast of an imaginary line
connecting the seismic stations GUN and DEM (see Fig. 8a). Eight out of ten events with
magnitude > 4 occurred in this area. The southwestern boundary of this aftershock cluster is
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Figure 18.

Fault-plane solutions of 25 events in the volume of highest aftershock activity (cross section E-F). The date of
occurrence of the events is indicated.
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diffuse whereas the northeastern boundary is rather sharp. Figure 17c shows cross sections
perpendicular to this boundary (C-D, E-F, G-H, I-]).

The event distribution shown in cross section C—D exhibits a V shape. The linear features
might indicate the seismically active basin boundary faults at the southeastern end of the ba-
sin. Six fault-plane solutions are available for events of cross section C—D. Two of them re-
veal strike-slip mechanisms. Three events at the northeastern margin of the basin exhibited
normal faulting mechanisms with a dip angle between 26° and 51°, one event at the southern
margin shows dip-slip mechanism with a dip angle of 90°. These mechanisms are compatible
with normal faulting on the boundary faults of the basin.

Further southeast (cross section E-F) aftershocks occurred in a volume of 5 x 5 x 3 km’
with an average depth of 7 km. This volume includes 30% of all recorded aftershocks. It is
located just ESE of the junction of both basin boundary faults shown in cross section C-D and
marks the eastern end of the Erzincan basin. Normal faulting is dominant within this volume
(Figs. 16 and 18). The tension axes derived from fault-plane solutions show preferred east-
west orientation. The northwestward displacement of the basin caused by the Erzincan earth-
quake generated tensional stress at its southeastern boundary and thus led to normal faulting.
Strong normal faulting aftershocks occurred close to the northeastward extension of the
Ovacik fault into the basin.

Aftershocks southeast of the basin (cross sections G—H, I-J) are scattered between the line-
aments L1 and L2 derived from satellite image analysis (Figs. 6 and 17). The majority of
available fault-plane solutions for this area (Figs. 6 and 16) shows strike-slip mechanisms
with northsouth compression. The strongest events in this region were located very close to
the lineaments mentioned above (Fig. 21). We conclude that these lineaments represent active
faults (cf. Fig. 16). The scattered aftershock occurrence between both faults suggests a zone of
distributed deformation in contrast to the sharp northern boundary of the aftershock zone
(cross sections C—D until I-J) that argues for the northern fault L1 splaying from the NAF
southeastward at an angle of 15°. Two sharp boundaries confine the aftershock epicentral dis-
tribution in the horizontal “window” of the cross section I-J (Fig. 17a). The northern one is
also visible in the cross section I-J and bends southwestward at a depth of about 13 km. The
eastern one suggests a step in the aftershock distribution to the south.

6. Stress Modelling

Using the three-dimensional distinct element code 3DEC (CUNDALL, 1988; HART et al.,
1988) the stress field before and after the Erzincan earthquake of March 13, 1992 was simu-
lated, based on a fault-bounded Erzincan basin model. The aim of that modelling was to ana-
lyse stress redistribution caused by earthquake and to check whether it could explain the ob-
served aftershock distribution. The applied numerical model consists of a thin plate with a
horizontal extension of 280 x 280 km” and a thickness of 25 km. Faults that subdivide the
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block into individual domains are the NAF, the Ovacik fault, and additional basin boundary
faults. All faults in the model dip vertically except for the southern basin boundary fault dip-
ping 45° toward the north. The Erzincan earthquake was assumed to have ruptured the NAF at
the northern basin boundary. Its fault plane was modelled by a rectangle of 30 km length and
8 km width centred at a depth of 8 km. In order to consider possible topographic effects, the
basin surface was lowered by 1 km compared to the surroundings. The basin fill was mod-
elled by a 3-km-thick sedimentary layer.

The lack of detailed information regarding the elastic and inelastic parameters describing
the behaviour of crystalline and sedimentary blocks and faults prompted us to adopt typical
parameters commonly used for such kind of modelling (e.g., JUMIKIS, 1979; KIRBY and
MCcCORMICK, 1990) as specified in Table 3. The strength of non-slipping faults is described
according to BYERLEE’s law (1978).

The following boundary conditions were used for the modelling: a regional northward di-
rected major horizontal stress (see Fig. 3) and a minor component in east-west direction. For
the ratio of the minor and major horizontal stresses to the vertical stress we assumed values of
0.6 and 1.2, respectively. The stress increase with depth was determined with respect to a
crustal density of 2.5 g/cm’. At a depth of 7 km the resulting vertical stress equals 175 MPa
and the major and minor horizontal stresses are 210 MPa and 105 MPa, respectively.

Contrary to the method used by NALBANT et al. (1996), we introduced a simple scalar “risk
factor” computed by means of the stress tensor to ease the evaluation of the stress state. The
risk factor is defined as the ratio of the radius of the Mohr’s stress circle, determined from the
difference of the actual major and minor principal stresses, and the corresponding radius of
the Mohr’s circle fitting the Mohr-Coulomb failure criterion. A risk factor greater than 1
means rock failure, whereas the rock is stable for values smaller than 1. Four stress states
were simulated with 3DEC: (1) without any slip on the faults as reference, (2) only slip on the
NAF west of the basin, (3) rupture due to the 1992 Erzincan main shock, and (4) slip of the
complete northern basin boundary.

The in situ stresses in the basin and its surroundings are almost unknown. Therefore, we

Table 3
Assumed block and fault parameters for the 3DEC-model
Hard rock Sediments
Bulk modulus [GPa] 44.4 222
Shear modulus [GPa] 333 16.7
Faults

Normal stiffness [GPa/m] 1.0

Shear stiffness [GPa/m] 1.0

Cohesion [MPa] 0

Friction coefficient
for slipping faults 0.3
for non-slipping faults 0.85




Vol. 152, 1998 The Erzincan Earthquake 1992 493

will not discuss the modelled absolute stress state, but only stress changes in terms of risk
factor changes. The risk factor changes were calculated and plotted (Fig. 19) for a depth of 7
km where the depth distribution of aftershocks reaches its maximum.

Since the strong 1939 earthquake (Fig. 2) no significant earthquake has occurred on the
NAF immediately west of the Erzincan basin. This indicates that the corresponding segment
of the NAF probably behaves like a weak fault. This state was modelled by reducing the fric-
tion coefficient from 0.85 down to 0.3. It resulted in a slip of about 9 m which is close to the
surface displacement of 6 m - 8 m as indicated by STEIN et al. (1997) for the 1939 earthquake.
The risk factor plot describing the state before the 1992 Erzincan earthquake is shown in Fig-
ure 19a. The slip and the lowering of the risk factor in this segment of the NAF result in a
slight risk factor increase of 0.003 in the area of the 1992 earthquake, i.e., along the northern
boundary of the basin. This risk change corresponds to a shear stress increase of about
1 MPa—1.5 MPa.

The rupture process of the modelled Erzincan earthquake was initiated by a decrease of the
fault strength in the focal area. The source parameters as derived from the calculated slip and
stress distribution are: (1) a seismic moment of 7.2 x 10'® Nm, (2) an average dislocation of
0.92 m, (3) a peak dislocation of 2.71 m, (4) an average stress drop of 3.3 MPa, and (5) a peak
stress drop of 9.7 MPa. The seismic moment, the average dislocation and the average stress
drop are in agreement with the parameters derived from waveform analysis (Table 1).

Risk changes due to the Erzincan earthquake are shown in Figure 19b. They are most pro-
nounced in the immediate vicinity of the slipped fault (risk reduction). The computed risk
increase for the area of highest aftershock activity is comparably small. There are indications
that the rupture process of the Erzincan main shock was complex (PINAR ef al., 1994). The
strongest aftershock of March 15 which occurred southeast of the basin might have changed
the stress distribution, too. We introduced complexity in our model by allowing progressive
failure of the northern and northeastern basin boundary after the Erzincan earthquake. The
corresponding risk distribution is shown in Figure 19c. Four areas of increased risk were
found. According to our straightforward assumptions, a risk increase should result in the oc-
currence of aftershocks. However aftershocks clustered only in the southeastern area.

In order to resolve this contradiction we suggest the following explanations: (1) According
to Omori’s law (OMORI 1894, 1990) we must assume that already a large fraction of the after-
shocks occurred within the first week before the installation of the network on March 21.
Many of them might have appeared in the other high risk areas and (2) the initial stress state
and the strength of the rocks differ significantly so that small risk changes do not essentially
change the actual risk. However, the in situ stress state is obviously close to rock strength at
the southeastern margin of the basin and southeast of it. It should be noted that the modelling
does not reveal any significant risk factor increase at the NAF segment east of the Erzincan
basin.
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Figure 19.
Risk factor changes for 3 stages of fault slip: a)
slip due to the 1939 earthquake west of the basin,
b) slip due to the 1992 Erzincan earthquake, c)
slip due to the complete failure of the northeast-
ern basin boundary fault. Only the centre part of
the model including the Erzincan basin is shown.
394 Slipping faults are shown in blue, non-slipping
' faults in black. Please notice the different scales
& : for positive and negative risk factor changes.
39,2 39,6 40 E
N Figure 20.
Horizontal displacement for the final model
(complete failure of the northeastern basin
boundary fault) at a depth of 7 km. The coloured
arrows mark the direction and the amount of the
39,8 displacement: red - 1.0-1.2 m, magenta - 0.8-1.0
m, brown - 0.6-0.8 m, cyan - 0.46-0.6 m, green -
0.2-0.4 m, blue - 0.0-0.2 m.
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Figure 20 shows the final horizontal displacement distribution at a depth of 7 km. It exhib-
its the northwestward displacement of the basin as a result of the Erzincan earthquake. Close
to the southeastern margin of the basin a northwest-southeast directed extension is observed.
This is the area where normal faulting aftershocks occurred.

7. Results and Discussion

The 1992 Erzincan earthquake ruptured the North Anatolian fault along the northern
boundary of the Erzincan basin and manifested right-lateral strike-slip faulting in agreement
with the orientation and sense of slip on the NAF. The rupture process of the event was com-
plex and exhibited three subevents (PINAR et al., 1994). The complexity of the source process
caused a large scatter of the hypocentre depth of 7 km—27 km as estimated by NEIC, ISC,
Harvard University (CMT) and PINAR et al. (1994). Using waveform inversion and the a pri-
ori assumption that the focal mechanism is of strike-slip type we demonstrated that a reasona-
ble depth range of the centre of energy release was 6 km—12 km.

The aftershock data set analysed includes events from March 21 until June 16. No infor-
mation is available on the aftershock activity between March 13 and March 21 which can be
expected to have been rather large. Our data set is complete for magnitudes > 2.2. Most re-
markable is the clustering of the majority of aftershocks at the southeastern margin of the ba-
sin and southeast of it. This is opposed to typical aftershock distributions showing events scat-
tered rather homogeneously on and around the active fault.

For the given observation period, the aftershock area increased with time (Fig. 11). The ac-
tivity started at the southeastern margin of the basin and propagated in northwest and south-
east directions. After April 2 additional events appeared south of the basin. They were related
to the Ovacik fault system (Fig. 6). Some events south of Erzincan occurred along an imagi-
nary north-south striking line. We interpret this as a rupture along a hidden subfault, splaying
off from the Ovacik fault. At the end of the recording period events occurred north and
northwest of the basin at a distance of up to 10 km to the NAF and the NEAF. The location
accuracy for events outside the network is too low to relate them definitely to these major
faults. The increase of the aftershock area with time might be an expression of stress migra-
tion after the Erzincan earthquake.

The general shape of the aftershock distribution is very similar to that given by FUENZALI-
DA et al. (1997). Differences occur at the northeastern margin of the basin where FUENZALIDA
et al. (1997) found a second line of epicentres about 3 km northeast of the NAF. Near the
southeastern tip of the basin there are two important differences in the aftershock cloud: (1)
northeast of the intersection of the NAF-S1 and NAF-S2 the displayed gap in the aftershock
distribution given by FUENZALIDA et al. (1997) cannot be confirmed by our results, (2) our
distribution shows a gap east of the intersection of the lineament L2 and the Ovacik fault near
the southern border (SB) of the basin (Figs. 6 and 17a). These differences might be explained



496 Helmut Grosser et al. Pure appl. geophys.

by the different station distributions, the different velocity models used for locating the
events, different time residual corrections, and the different network operation times.

The expected value of the internal location error for events inside the network was derived
as 1.1 km in both the horizontal and vertical directions. This was sufficient enough to discuss
the aftershock distribution in terms of active faults. The aftershocks at the northern margin
were located on a vertical plane which agrees in strike and dip with the fault plane of the Er-
zincan earthquake thus showing that these aftershocks ruptured the NAF (Fig. 17, profile
A-B). Available fault plane solutions show corresponding strike-slip mechanisms. Few events
can be related to the southern basin boundary fault (Fig. 17, profile A—B). In the southeast,
where the basin narrows, the aftershocks mark both the eastern and southern basin boundary
faults which dip 45° and 35°, respectively and join at a depth of 8 km. The computed focal
mechanisms show normal faulting (Fig. 18).

The majority of aftershocks clustered at the eastern tip of the basin. The events appeared at

N
39.8" -
39.6"
39.4° . T - . - | - |
39.4° 39.6° 39.8° 40° 40.2°E
Figure 21.

Tectonics of the Erzincan basin as derived from aftershock analysis and remote sensing studies. Arrows mark the
stress axes derived from fault-plane solutions: strike slip at NAF segment S2 and between the lineaments L1 and
L2 (zone of distributed deformation). Light-shaded area - Erzincan basin, dark-shaded area - zone with after-
shocks of normal-fault type (extensional zone). NAF S1, S2: segments of the North Anatolian fault, OVACIK-
FS: Ovacik fault system. Dots indicate the strongest aftershocks (M > 3.7). Open circles mark the Erzincan main
shock (March 13) and the strongest aftershock (March 15).
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a depth of 5 km to 8 km and showed normal faulting with east-west directed tension axes.
East-west extension in the southeastern tip of the basin is consistent with a northwest motion
of the basin and its northwest-south-west widening at that place. These results are in agree-
ment with the opening mechanism of the Erzincan basin proposed by BARKA and GULEN
(1989) who suggested at the present state a “wedge out” opening of the basin combined with
normal faulting at the easternmost part of the basin.

We did not detect events at the eastern tip of the basin with source depths larger than 8 km
(Fig. 17, profile E-F). This indicates that in this location the NAF was either not activated
during the aftershock sequence of the rupture stopped at a depth less than 8 km. East of the
basin the source depth of aftershocks increased again, but no events appeared on the segment
S1 of the NAF east of the basin. This might be due to the orientation of the NAF which is
east-west in that area. This change in direction might inhibit a strike-slip motion in a regional
stress field with a north-south-directed pressure axis. This historical earthquakes ruptured
both segments S1 and S2 east and north of the Erzincan basin.

Most of the aftershocks southeast of the basin clustered between two lineaments mapped
by satellite images (L1 and L2). The majority of the strongest aftershocks with magnitudes M
> 3.7 is located along these lineaments, suggesting that they are active faults (Fig. 21). Fault-
plane solutions were only available for the northern fault and show northwest-southeast
strike-slip mechanisms. Therefore, we concluded that this northern photolineament represents
a strike-slip fault. Three events recorded between these faults showed strike-slip mechanisms
with a significant thrust component. The sharp northern boundary of the aftershock distribu-
tion southeast of the Erzincan basin (Fig. 17) coincides with the described fault .1 and might
splay off from the NAF northeast of the basin. It has a strike of 135° and obviously releases
shear stress south of the NAF segment S1. The diffuse character of the aftershock distribution
between the two faults L1 and L2 southeast of the basin marks a zone of distributed defor-
mation. The epicentre distribution given by FUENZALIDA et al. (1997) supports these conclu-
sions. Here the lineament L2 can be even better recognised.

The lower seismic velocities below the basin in the depth range of 3 km to 20 km com-
pared with areas northeast and southwest of it, as derived from residual analysis, might be
either due to the densely cracked propagation medium as a result of the basin formation or
due to increased temperature as suggested by Tertiary volcanic cones at the basin boundaries.

We computed coda-Q values in order to obtain a reliable frequency dependent Q for cor-
recting displacement spectra and computing spectral source parameters. The obtained Q. dis-
tribution agrees well with that of GURBUZ et al. (1993). The Q. distribution derived by AKINCI
and EYIDOGAN (1996) for events and stations close to the southeastern border of the Erzincan
basin shows some-what higher Q. values. The differences might be due to different, single
isotropic scattering models adopted with or without source-receiver offset. Further, the vol-
ume studied is different because of a different network size and magnitude range. The selec-
tion of the time window used for analysis in dependence on the centre frequency of the band-
pass applied appeared to be crucial for the correct estimation of coda Q.
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Q. studies of the Abant-Sapanca region at the western section of the NAF by LOFFLER
(1994) and NEUGEBAUER et al. (1997) and for Western Anatolia by AKINCI et al. (1994) gave
similar Q. data compared with those of the Erzincan region. This suggests that the O values
are similar for regions crossed by the NAF. For correcting P-wave displacement spectra we
assumed that O, = Q. and that O, = 2 * Q, . The corrected spectra exhibit the expected high
frequency decay of /2 to /~ and show that the computed coda O is reasonable. The obtained
Oy of 122 endorses the result of MITCHELL et al. (1997) which has found the lowest Qgyvalues
in the Tethysides orogenic belt. The computed stress drop ranges between 0.3 MPa and 30
MPa. There is a trend observed that the stress drop increases with magnitude.

Three-dimensional stress modelling of the Erzincan region was applied to calculate the
stress changes caused by the Erzincan main shock. The results qualitatively explain the occur-
rence of aftershocks southeast of the basin. The fine tuning of the model according to the ge-
ometry of the fault system and the parameters of the earthquake investigated allows us to cal-
culate a reasonable displacement distribution which exhibits the northwestward motion of the
basin and tension at its eastern margin. These results are in good agreement with fault-plane
solutions derived from P and S polarities and spectral amplitudes.

8. Conclusions

Our studies of the 1992 Erzincan earthquake and its aftershocks provide insight into the
ongoing process of formation of the Erzincan basin which is one of the largest fault related
basins worldwide. The strike-slip main shock shifted the basin about 1 m northwestward as
derived from stress modelling (Fig. 20). This was accompanied by eastwest-directed tension
at the southeastern tip of the basin and resulted in normal faulting after shocks (Fig. 21). They
compensated the basin displacement and accounted for its northeast-southwest opening.

The deformation zone southeast of the basin, as revealed by aftershock activity, shows that
shear stress was released south of the NAF.

The NAF segment S1 (Fig. 1b) is assumed to be a seismic gap. The last major earthquake
in this region took place in 1784. The existence of the shear deformation zone and the east-
west strike of NAF-S1 (Fig. 17) suggests that in addition to strong earthquakes at the NAF-S1
itself some shear stress might be released by earthquakes south of NAF-S1.

The southeastern tip of the basin has proved to be crucial for the understanding of the pro-
cess responsible for the formation of the Erzincan basin. About 30% of all recorded after-
shocks clustered in a volume of 5 x 5 x 3 km® where the segments S1 and S2 of the NAF, the
Ovacik fault and the revealed shear faults meet.

Seismic reflection and refraction profiles and scientific drilling would enable a better un-
derstanding of the seismological and tectonic processes responsible for the basin formation as
well as the related stress field and material properties.
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Data Availability

The data of all 505 events together with SEIS89, a PC program for reading, processing and
analysing seismological data (BAUMBACH, 1992), area available on a CD on request. Any
event is stored as a binary file with a header including all information about the event and the
seismic station.

Additionally we included in the CD in form of tables (ASCII files): (1) hypocentres, origin
time, magnitude and related parameters of 505 events, (2) averaged spectral parameters (mo-
ment, corner frequency, slope, etc.) of 394 events, (3) parameters of fault-plane solutions of
53 events. The HYPO71 input file is available on request, too.
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