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On August 17, 1999, a destructive earthquake occurred in the western part of the North Anatolian Fault Zone,
Turkey. The earthquake source region has been designated as a seismic gap and an M7-class earthquake has been
supposed to occur someday in the future so as to fill this seismic gap. So far we have undertaken various kinds
of observations in this area and we could obtain some valuable data before, during and after the mainshock. Here
we report some of the preliminary results of our recent studies, which include field work started in late July this
year and continued during and after the earthquake occurrence just in the earthquake source region and its vicinity,
in addition to seismic observations carried out for several years before the mainshock. Much emphasis is put on
magnetotelluric field data acquired during the mainshock; in fact, large variations caused by seismic waves were
recorded. Such variations could be interpreted in terms of electromagnetic induction in the conducting crust caused
by the velocity field interacting with the static magnetic field of the Earth. In particular, the first motion of seismic
wave could be identified in the records and used for precise determination of the hypocenter of the mainshock.

1. Introduction
Since the 1939 Erzincan earthquake (M = 7.9), large earth-

quakes have successively migrated toward the west along the
North Anatolian Fault Zone; the final one was the Mudurnu
earthquake of 1967 (Allen, 1982; Stein et al., 1997). Its
western extension has therefore been supposed to be a seis-
mic gap (Mogi, 1968; Sykes, 1971) and the occurrence of a
large earthquake has been feared (Toksöz et al., 1979). In
spite of such a situation, no detailed basic information such as
the distribution of active faults, seismicity, crustal structure,
and so on had been available in early 1980’s. In view of this,
in 1981 we initiated our field study in the seismic gap area
(Honkura and Işikara, 1991). Since then we continued our
study, not continuously but rather intermittently at the early
stage, and only recently we could establish a radio-linked
seismic network called IZINET, consisting of 13 stations,
in order to monitor seismicity in the seismic gap area. The
distribution of stations is shown later.

In the seismic gap region, that is west of the rupture zone
of the 1967 Mudurnu earthquake, the North Anatolian Fault
Zone branches into two main segments; the northern branch
which we have called the Izmit-Sapanca fault zone and the
southern branch which we have called the Iznik-Mekece
fault. Some linear fault traces are clear in the southern
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branch, whereas the northern branch is complicated as char-
acterized by some geomorphological evidence showing com-
pressional features (Ikeda, 1988; Tunçer et al., 1991), in con-
trast to transtensional features implied by focal mechanisms
of earthquakes (Evans et al., 1985).

On July 27, we started our field campaign for 1999, with
the main target put on the deep resistivity structure below
active faults in the seismic gap area. For this we intended
to make magnetotelluric (MT) measurements at some sites
along a north-south profile crossing both the northern and the
southern branches at the same time, and started the measure-
ments at the southern end with successive shifts toward the
north. On August 17, the electric and the magnetic fields had
been measured at five sites, four of which were found later to
be located very close to the surface rupture zone associated
with the Kocaeli (Izmit) earthquake. Recording was found
to have started successfully at 17:00 local time on August
16, one day before the mainshock, and lasted until 9:00 on
August 17. During this recording, the mainshock occurred
at about 3:01. To our surprise, seismic waves were recorded
in the magnetotelluric data and they contributed to precise
hypocenter determination, as we show later.

We also show a preliminary model of the resistivity struc-
ture along the north-south profile crossing the rupture zone.
Special attention will be paid to whether characteristic fea-
tures can be seen in relation to the rupture processes. In
addition to such MT work, we show a seismicity map during
the year of 1998, that is before the mainshock, and also the
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distribution of aftershocks; they were all derived from our
local seismic network, IZINET. Also we show the distri-
bution of surface ruptures obtained from field surveys made
urgently after the occurrence of the mainshock.

2. Distribution of Fault Slip
One of the authors (Y.I) made intensive field surveys dur-

ing the period fromAugust 21 throughAugust 28. The traces
of surface rupture associated with the mainshock are shown
in Fig. 1(a) together with nearby faults which were found to
have been unruptured this time. Contrary to our expectation,
the surface rupture zone in the east does not extend eastward
towards the surface rupture zone associated with the 1967
Mudurnu earthquake (Ambraseys and Zatopek, 1969), but
rather extend from Sapanca Lake to Akyazi, from where the
rupture zone follows another fault extending in the ENE di-
rection. It should be noted, however, that the eastern half of
this fault remains unruptured, as indicated in Fig. 1(a).

(a)

(b)

Fig. 1. (a) Surface rupture zones (thick lines) associated with the Kocaeli
(Izmit) earthquake of August 17, 1999. Thin lines indicate other unrup-
tured branches of the North Anatolian Fault Zone, including the segment
ruptured during the Mudurnu earthquake of 1967. (b) Distribution of the
amount of strike slip along the surface rupture zone associated with the
Kocaeli (Izmit) earthquake. In addition to these, small amount (0.2∼0.5
m) of vertical slip was observed at several localities without any system-
atic pattern.

In the west of Izmit, from where the rupture started, the
rupture zone seems to extend below the sea and no informa-
tion is derived from field surveys. The distribution of after-
shocks (see Fig. 4) clearly indicates the westward extension
of about 50 km from the epicenter of the mainshock.
Figure 1(b) shows the distribution of the slip amount along

the east-west projection of the rupture zone. In the main-
shock area near Izmit, the slip amounts to about 2∼3 m and

Table 1. Parameter values for the mainshock.

Origin time (UT) 1999 08 17 00 01 38.3

Latitude 40.74◦N

Longitude 29.94◦E

Depth 15 km

then in the east of Sapanca Lake to as much as 5 m. Then
slip amount is reduced to 1 m or so at the fault extending
ENE from Akyazi. The largest slip amount of 5 m well
agrees with the source mechanism of the mainshock as de-
rived from waveform inversion made by Yagi and Kikuchi
(1999). They also pointed out a subevent which occurred
about 30 seconds after the mainshock. As will be shown
later in the magnetotelluric records, another seismic wave
is superimposed to the seismic wave of the mainshock; it
seems to correspond to such a subevent. The subevent may
be a separate earthquake along the fault extending ENE from
Akyazi. If this is the case, such an earthquake would have
been triggered by the rupture of the mainshock.

3. Seismicity before the Mainshock
It has been well known that seismicity in the northern

branch is rather high, as characterized by clustering of small
earthquakes in some areas (Crampin, 1985; Evans et al.,
1987; Lovell et al., 1989). In contrast, seismicity has been
extremely low in the southern branch (Tsukuda et al., 1988;
Nishigami et al., 1990; Iio et al., 1991). Since 1995, our
seismic network called IZINET, consisting of 13 stations
as shown by triangles in Fig. 2, has been in operation and
overall seismicity covering both the northern and southern
branches has become clearer, and clustering in the northern
branch turned out to be a persistent feature at least for these
15 years.
Such characteristics of seismicity are also evident in the

seismicity map for 1998 shown in Fig. 2. In this map, we
can find some clustering areas; the most notable one is seen
in the vicinity of Izmit. Other notable clustering areas are
located in the western extension of the northern branch and
also in the Marmara Sea. A less notable clustering area can
also be seen in the east. Here we point out that a subevent
seems to have been triggered at another fault which extends
from this clustering area to the direction of ENE.

4. Hypocenter of the Mainshock
As we show below, we could extract seismic wave infor-

mation in themagnetotelluric records atfive sites. The arrival
time of first motion in these records at these MT sites could
be used for determining the hypocenter of the mainshock, in
addition to MARNET (Üçer et al., 1985) of the Kandilli Ob-
servatory and Earthquake Research Institute, Boğaziçi Uni-
versity. Someparameter values thus determined for themain-
shock are shown in Table 1. The epicenter is also shown in
Fig. 3 together with the locations of MT sites and nearby
seismic stations. Addition of MT sites reduced errors in pa-
rameter value estimates to about halves; the uncertainty in
hypocenter location is now less than 2 km. Thuswe can claim
that the hypocenter is located below the surface rupture zone.
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Fig. 2. Distribution of seismic stations in the study area. Triangles denote
the IZINET stations and squares the MARNET stations. Open circles
represent epicenters of earthquakes which occurred during 1998. Fault
traces are based on Barka (1992, 1997).

Although epicenters shown in the seismicity map for 1998
are unlikely to have been determined with enough accuracy,
wemay also claim that the rupture for themainshock initiated
at the western edge of the notable clustering area, implying a
possible relation between the clustering and the rupture initi-
ation. For more detailed discussion, it would be necessary to
relocate hypocenters for earthquakes before the mainshock,
using the information derived from aftershock observations
at some stations established temporarily after the occurrence
of the mainshock.

5. Distribution of Aftershocks
Figure 4 shows the distribution of aftershocks during seven

days after the mainshock, determined so far from the records
at IZINET stations only; records are also available at some
MARNET(Üçer et al., 1985) stations, but theywere not used.
There are some records which have not yet been processed
and so this map of aftershocks during seven days is still
incomplete. We think, however, that the overall feature of
aftershock distribution is well represented in this map.
In the eastern region, aftershocks seem to scatter widely,

but contrary to our expectation, they do not seem to be along
the rupture zone but rather to be elongated, at least partly,
along the fault zone of the western extension of theMudurnu
earthquake of 1967. Such a scattered distribution of after-
shocks might be a result of stepover of fault traces between
the Mudurnu and Sapance segments. However, this region is
not well covered by the present network and hence such scat-
tering might be due to inaccurate hypocenter determination.
In any case, a more detailed aftershock distribution map will
be provided soon by including the data at some temporary
sites.
In the western region, we can clearly find the tendency that

aftershocks occur in clustering along the rupture zone. This
is in good agreement of the focal mechanism of the main-

Fig. 3. The location (star symbol) of epicenter of the mainshock. Triangles
denote the magnetotelluric sites where the electric and magnetic fields
had been measured before, during and after the mainshock. The records
during themainshockwere used to locate the hypocenter of themainshock
in addition to seismograms at the IZINET and MARNET stations; two
of them are shown in this figure by slanted squares.

Fig. 4. Distribution of aftershocks during one week after the mainshock.
Hypocenters of aftershocks were determined using the data at seismic
stations denoted by squares.

shock determined by USGS, M. Kikuchi and others. The
rupture zone seems to have extended to 29.1◦E in longitude,
as indicated in Fig. 4. Amarked clustering area which can be
seen in the southwest of the western end of the rupture zone
at 29.1◦E would be a different type of earthquake swarm,
presumably triggered by the rupture of the mainshock.
It should be noted here that some of the clustering areas

coincide with the locations where clustering was seen before
the mainshock (see Fig. 3). This tendency seems to imply
that seismic coupling between the two fault planes is fairly
heterogeneous and generally weak except for some patches
where clustering is observed. As will be shown later, the
hypocenter is located at a depth of 15 km where a high re-
sistivity zone exists below a low resistivity zone at shallower
depth. In the low resistivity zone, the water content is high
and hence the resistance to fault slip may be low. In contrast,
the high resistivity zonewould correspond to a basement rock
with little water and behave as an asperity (Kanamori, 1981)
in the fault zone.
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Once a strongly coupled asperity portion is broken, the
rupture would propagate without strong resistance through
weakly coupled zones to other strongly coupled portions,
which may be referred to as barriers (Aki, 1979), in both
sides, where the rupture would stop. Most of the aftershocks
then tend to occur in the strongly coupled zones. If this is the
case, in the weakly-coupled zones, some constituents of nor-
mal faulting would be expected (Evans et al., 1985), whereas
in the strongly-coupled zones, some thrust fault components
would be possible in addition to dominant strike-slip fault-
ing. This may be the cause of seemingly complicated ge-
omorphology of the northern branch (Ikeda, 1988). Such
a hypothesis should be tested through accurate hypocenter
determination of small earthquakes together with their focal
mechanisms.

6. Resistivity Structure
The role of crustal fluid on the generation of earthquakes

has been emphasized recently (Zhao et al., 1996; Zhao and
Negishi, 1998). In view of this, the deep resistivity structure
of an active fault, which should at least roughly reflect the
water content, has attracted much attention, and magnetotel-
luric surveys have been undertaken at various faults (Ogawa
and Honkura, 1997; Mackie et al., 1997; Unsworth et al.,
1997, 1999). As a result, many cases have been found that a
low resistivity zone prevails in the vicinity of fault zones.
Since no information on the resistivity structure has been

available in our study area, we decided to make magnetotel-
luric observations along a profile crossing the northern and
the southern branches, as shown by the distribution of sites in
Fig. 5(a). In addition to these sites, we set up one additional
site near Iznik, as a reference station for remote reference
data processing (Gamble et al., 1979).
On August 16 and 17, MT instruments happened to be

in operation at sites 118, 120, 121 and 122 near the rupture
zone of the mainshock, and also at the reference site. The
data turned out to include very interesting and valuable infor-
mation as will be described later. The total number of sites is
32 but the data quality at three of them was found to be bad.
In this preliminary report, therefore, we excluded these bad
data and hence further analyses were made for the remaining
29 sites.
We then applied two-dimensional inversion to the TM-

mode apparent resistivity and phase data, using a scheme
basedon theABICoptimumcriteriondevelopedbyT.Uchida
and Y. Ogawa (Uchida, 1993; Ogawa and Uchida, 1996).
The frequency range for the data used for this inversion is
between 240 Hz and 0.0005 Hz and so the upper-crust struc-
ture should be well resolved. The resistivity structure thus
derived is shown in Fig. 5(b). The resolution is not high in
this figure, because the number of mesh points is kept small
in this rather preliminary inversion. Nonetheless, this result
should represent the overall feature.
The resistivity is very low, less than 10 �m or so, be-

low the northern branch to a depth of 10 km or so. The
correspondence between the surface rupture zone, as shown
by an arrow, and the lowest resistivity zone may not seem
good in this figure, but such a detailed feature is unlikely to
be resolved in the present preliminary inversion. It is also
clear that a high resistivity zone exists below the low resis-

(a)

(b)

Fig. 5. (a) Distribution of magnetotelluric sites along a profile crossing
the northern and the southern branches. Site 001 is the reference site for
remote reference data processing. Sites 118, 120, 121 and 122 happened
to be in operation on August 16 and 17. Site 122 is located on the
northern side of the surface rupture zone and the others on the southern
side. (b) Preliminary result of two-dimensional inversion applied to the
TM-mode data. The horizontal distance is measured northward from the
southern-most site (left).

tivity zone. As already pointed out, the hypocenter of the
mainshock is considered to be located within this high resis-
tivity zone. In fact, the hypocenter is located about several
kilometers west of the magnetotelluric sites, but we presume
that the structure in this area would be approximated by a
two-dimensional one.
In any case, the northern branch is characterized by a well

developed low resistivity zone, whereas no marked feature is
found for the southern branch, although a local low resistivity
zone, which is unlikely to be resolved in the present MT
survey, was found at shallow depth at some sites (Honkura
et al., 1985). This indicates that the northern branch is more
active. This agrees with the information derived from GPS
studies (Straub and Kahle, 1997).

7. Seismic Waves Recorded in the Magntotelluric
Data

As described above, the magnetotelluric fields had been
recorded even during the occurrence of the mainshock. We
now showwhat effects could be found in the magnetotelluric
fields. Figure 6 shows the original time series data; the two
components of the electric field and the three components
of the magnetic field at site 118 located in the south of the
rupture zone, at site 122 located in the north and also at the
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(a)

(b)

(c)

Fig. 6. The northward (Ex ) and eastward (Ey ) electric field records, and
the northward (Hx ), eastward (Hy ) and downward (Hz) magnetic field
records during the mainshock at (a) site 001 (reference site), (b) site 118
(south of the rupture zone) and (c) site 122 (north of the rupture zone).
The electrode separation is 50 m at site 001, 36 m at 118, and 30 m at
122. Corrections are required for the frequency-dependent response of
the induction coil to obtainmagneticfield values inT. For 1Hz, the sensor
response is about 109 V/T. Some aftershocks can also be recognizedmost
clearly in the records at site 118.

remote reference site. To our surprise, these records look
like seismograms.
One possible mechanism of the generation of such signals

in the electric and magnetic fields can be electromagnetic

Fig. 7. A foreshock recorded, about 100 seconds before the mainshock,
in the electric and magnetic field records at site 120. The amplitude is
two orders of magnitude smaller than that for the mainshock (see Fig. 6).
Background fluctuations are usual magnetotelluric field variations.

induction in the conducting Earth due to ground motion un-
der the static magnetic field of the Earth. The governing
equations are then

rot EEEEEEEE = −∂BBBBBBBB

∂t
, rot HHHHHHHH = 1

ρ
(EEEEEEEE + vvvvvvvv × B0B0B0B0B0B0B0B0),

where EEEEEEEE , HHHHHHHH , BBBBBBBB denote varying electric field, magnetic field,
and magnetic induction, whereas B0B0B0B0B0B0B0B0 is the static magnetic
field of the Earth. vvvvvvvv is the velocity of the ground motion and
ρ the resistivity of the ground. In contrast to the conven-
tional magnetotelluric method, the source field for varying
magnetic and electric fields is located inside the Earth, and
so the term vvvvvvvv × B0B0B0B0B0B0B0B0 emerges. In other words, the veloc-
ity field vvvvvvvv acts as a source of electromagnetic induction in
the Earth. For realistic arguments, however, a seismic wave
model should be combined with a realistic Earth model in-
cluding the geomagnetic field, which is beyond the scope of
this letter. Also, the electromotive force in the measurement
system, such as cables and coils, by ground vibration must
be properly estimated in such arguments.
As we already mentioned, these records were valuable for

the estimation of the hypocenter of the mainshock. Also we
can find some characteristics of the seismic waves. We can
see significant differences between two sites which are close
to each other. First, the amplitude of the magnetic signals is
significantly larger at site 122 than at site 118, presumably
reflecting the amplitude of seismic waves. Second, the dom-
inant period is longer at site 122. Third, the duration of the
wave train is longer at site 122. These three factors are likely
to reflect the ground condition andmust have greatly affected
the degree of damage to houses. In fact, the resistivity at site
122 is very low, as shown in Fig. 5(b).
A small foreshock could also be detected about 100 sec-

onds before the mainshock as shown in Fig. 7. The am-
plitude of MT signal due to this foreshock is two orders of
magnitude smaller than that for the mainshock, and hence no
corresponding signal was recorded at the reference site.
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8. Concluding Remarks
We have so far shown various kinds of information on the

physical characteristics of the Kocaeli (Izmit) earthquake.
Although our analyses of various data are not yet complete,
we think we can draw a rough image of physical processes
for this earthquake as follows.
1) With gradual accumulation of shear stress with time,

strongly coupled zones (hereafter referred to as strong
zones) of the northern branch have generated small
earthquakes for more than 15 years before the occur-
rence of the Kocaeli (Izmit) earthquake.

2) About 100 seconds before the mainshock, a foreshock
occurred probably at the boundary of the weak and
strong zones.

3) The rupture initiated at the depth of 15 km and propa-
gated in both the east and west directions, and stopped
at other strong zones.

4) Even after the occurrence of themainshock, weak zones
remainweakwith little seismic energy release, resulting
in low aftershock activity there.

5) A strong zone in the hypocentral area is characterized
by a high resistivity zone.
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Crampin, S., R. Evans, and S. B. Üçer, Analysis of local earthquakes: the
Turkish Dilatancy Projects (TDP1 and TDP 2), Geophys. J. R. astr. Soc.,
83, 1–16, 1985.

Evans, R., I. Asudeh, S. Crampin, and S. B. Üçer, Tectonics of the Marmara
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and A. M. Işikara, Microseismic activity and spatial distribution of coda-
Q in westernmost part of the North Anatolian Fault Zone, Turkey, Bull.
Dis. Prev. Res. Inst. Kyoto Univ., 40, 41–56, 1990.

Ogawa, Y. andY. Honkura, An audiomagnetotelluric view of the Atera fault,
J. Geomag. Geoelectr., 49, 1065–1071, 1997.

Ogawa, Y. and T. Uchida, A two-dimensional magnetotelluric inversion
assuming Gaussian static shift, Geophys. J. Int., 126, 69–76, 1996.

Stein, R. S., A. Barka, and J. H. Dieterich, Progressive failure of the North
Anatolian fault since 1939 by earthquake stress triggering, Geophys. J.
Int., 128, 594–604, 1997.

Straub, C. and H.-G. Kahle, GPS and geologic estimates of the tectonic
activity in the Marmara Sea region, NW Anatolia, J. Geophys. Res., 102,
27587–27601, 1997.

Sykes, L. R., Aftershock zones of great earthquakes, seismicity gaps, and
earthquake prediction for Alaska and the Aleutians, J. Geophys. Res., 76,
8021–8041, 1971.
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