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Crustal structure at the western end
of the North Anatolian Fault Zone
from deep seismic sounding
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Abstract

The first deep seismic sounding experiment in Northwestern Anatolia was carried out in October 1991 ng part of
the «German - Turkish Project on Earthquake Prediction Research» in the Mudurnu area of the North Anatolian
Fault Zone. The experiment was a joint enterprise by the Institute of Meteorology and Geophysics of Frankfurt
University, the Earthquake Research Institute (ERI) in Ankara, and the Turkish Oil Company (TPAO). Two
orthogonal profiles, each 120 km in length with a crossing point near Akyazi. were covered in succession by 30
short period tape recording seismograph stations with 2 km station spacing. 12 shots, with charge sizes between
100 and 250 kg, were fired and 342 seismograms out of 360 were used for evaluation, By coincidence anM =425
earthquake located below Imroz Island was also recorded and provided additional information on Moho and the
sub-Moho velocity. A ray tracing method orginally developed by Weber (1986) was used [or travel time inversion.
From a compilation of all data two generalized crustal models were derived, one with velacity gradients within
the layers and one with constant layer velocities. The latter consists of a sediment cover of about 2 km with
V, = 3.6 km/s, an upper crystalline crust down te 13 km with V= 5.9 km/s, a middle crust down to 25 km depth
with V = 6.5 km/s, a lower crust down to 39 km Moho depth with V, = 7.0 km/s and V. = 8.05 km/s below the
Moho. The structure of the individual profiles differs slightly. The thickest sediment cover is reached in the
[zmit-Sapanca-trough and in the Akyazi basin. Of particular interest is a step of about 4 km in the Jower crust
near Lake Sapanca and probably an even larger one in the Moho (derived from the Imroz earthquake data). After
the catastrophic earthquake of [zmit on 17 August 1999 this significant heterogeneity in crustal structure appears
inanew light with regard to the possible cause of the Izmit earthquake. Heterogeneities in structure are frequently
also heterogeneities in strength and stress that impede or even lock rupture. The Tzmit earthquake is discussed in
relation to a large stepover or jog at the North Anatolian Fault.

Key words  North Anatolian Fault Zone — crustal study the seismicity and different kinds of earth-
structive — deep seismic sounding quake related phenomena in the Mudurnu val-
ley area of the Northwestern Anatolian Fault

1. Introduction Zone in view of earthquake prediction research,
A network of 12 short period seismograph sta-

The North Anatolian Fault Zone is one of the tions was installed and operated jointly by the
most active parts of the Alpine-Mediterranean- Institute of Meteorology and Geophysics of
Himalayan seismic belt. A joint German - Turk- Frankfurt University and the Earthquake Re-
ish research project was launched in 1985 to search Institute (ERI) in Ankara, to monitor the

seismicity and, in particular, to locate the hypo-
centers in the test area. No specific crustal mod-

Mailing address: Prof. Hans Berckhemer, Institut el for the seismic velocities was available for the

fiir Meteorologie und Geophysik, Universitit Frankfurt,

FeldbergstraBe 47, D-60323 Frankfurt am Main, Germany; area. _lnstead‘a model derived from refraction
e-mail: berckhem@ geophysik.uni-frankfurt.de seismic data in Eastern Greece was used.
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Some incomplete information from quarry
blasts near Adapazari (Giirbiiz ef al., 1980) and
near Anadolu Kavagi, Bosporus (Kiileli et al..
1996), observed mainly at a few permanent seis-
mograph stations, gave a rough indication of
crustal thickness and P, velocity. Using earth-
quake observations from the MARNET network
Girbliz et al. (1991) inferred a Moho depth
between 27 km near Istanbul and 34 km in the
Marmara area. In 1987, a 300 km long north-
south running reflection seismic traverse was
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carried out in cooperation with Turkish Petrol
Inc. (TPAQ) and the Turkish Research Institute
for Science and Technology (TUBITAK) with
the aim of studying the crustal structure in Cen-
tral Anatolia. A Moho depth of about 36 km was
deduced from two-way-reflection-times of 12 s
for the northern part of the profile.

In order to obtain a reliable seismic crustal
model for the Mudurnu test area, a Deep Seis-
mic Sounding (DSS) survey using reversed and
orthogonal seismic profiles was planned and
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Fig. 1. Map of the area under investigation (modified after Neugebauer ef al.,

sounding profiles, and large earthquakes in 1999.
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performed in October 1991. This was the first
true deep seismic sounding experiment carried
out in Western Anatolia.

2. Geological description of the test area
and the execution of the experiments

The North Anatolian Fault (NAF) represents,
with the Pontides in the north and the Anatolian
block in the south, a major boundary element of
the Eurasian plate and the Arabian plate. The
total right lateral displacement of the western
NAF is estimated to be 85 km since the Middle
Mioccene (Sengiir et al., 1985; Dewey et al., 1986).
West of the Holocene basin of Adapazari-Akyazi
the NAF forks into a west trending branch NAF]
and a southwest trending branch NAF2 (fig. 1).

Two profiles of about 120 km length were
covered with 60 recording stations each. The
W-E Profile followed closely the northern branch
of the NAF from shotpoint A at the Gulf of
[zmit, to shotpoint C near Lake Abant, The N-§
Profile, from shotpoint D in the delta of the river
Sakarya at the Black Sea coast in the north to
shotpoint B near Yenipazar in the south, crossed

Table I. List of shots.

Crustal structure at the western end of the North Anatolian Fault Zone from deep seismic sounding

the W-E Profile at right angles in the Adapazari
basin. Here, at E, four additional shots were
fired. Individual charges of 25 kg each were
emplaced in 4 inch drill holes of 30-50 m depth.
The total charge size of each blast ranged from
100 to 250 kg and is listed in table T. Permission
from the authorities could only be obtained for
charge sizes up to 250 kg, thus a desirable ex-
tension of the profiles beyond 120 km was un-
realistic.

Recording of the seismic signals was carried
out with 30 units of magnetic tape recording
seismographs (type MLR) developed in the In-
stitute of Meteorology and Geophysics, Frank-
furt University. Sixty kilometers of profile length
were covered by one set up of stations, with a
spacing of 2 km. A unit consisted of a 1 Hz
vertical component seismometer with 3 level
recording of the amplitude modulated signal
using a tape speed of 0.33 mm/s which allows a
continuous recording time of 3 weeks. This had
the advantage that the instruments could be left
unattended and blasting could be carried out at
any suitable time, preferably at night. The radio
time signal from the long wave transmitter sta-
tion DCF (near Frankfurt/Germany) was record-

Time (MET)

Profile Shot Date Charge size

section (kg)
A-E Al 10.10.1991 05:11:46.24 100
E-C A2 16.10.1991 19:35:03.25 200
E-D BI 21.10.1991 19:00:02.84 250
B-E B2 24.10.1991 18:59:59.95 150
E-A Cl 13.10.1991 19:00:03.00 200
C-E Cc2 17.10.1991 19:00:03.38 100
D-E DI 20.10.1991 19:00:19.29 150
E-B D2 25.10.1991 19:00:01.12 250
E-A El 11.10.1991 19:00:29.52 100
E-C E2 17.10.1991 04:10:03.46 100
E-D E3 20.10.1991 22:23:25.06 150
E-B E4 25.10.1991 22:00:01.61 150
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Fig. 2. Mobile Long term seismic Recording system (MLR).

ed on the fourth channel (fig. 2). It may be
mentioned that recording systems of the same
type were also used at the permanent stations of
the Mudurnu seismograph network (see fig 1).
Some of these were 3-component stations.

Playback of the tapes was performed on a
four channel digital transient-recorder. The dig-
itized data were processed (normalization of
amplitudes, frequency filtering for the optimum
signal/noise ratio, static corrections for altitude
of station and source).

3. Data

For complete documentation of the data all
seismogram sections are presented in the upper
part of figs. 3a-h. The position of the profiles
is shown on fig. 1. Travel times are reduced by
6.0 km/s. The reflerence altitudes to which the
travel times have been reduced are given in the
figure captions. Onsets or changes in signal shape
have been picked visually and, to indicate likely
correlations. marked by common symbols such
as circles, squares, diamonds, stars or crosses.

52

The correlations shown below the seismogram
sections in figs. 3a-h have subsequently been
used in the travel time inversion and interpreta-
tion of the seismograms. A total of 360 seismo-
grams was oblained during the experiment, of
which 324 could be used for evaluation. With
the exception of Shot C1 (Profile C-A, 60-12(
km) the seismic energy of the different phases
was rather good. Details of the uppermost sed-
imentary layer could only be roughly resolved
with the station spacing of about 2 km. As men-
tioned above, due to the limited profile length,
P -first arrivals could not be observed and the
infermation on Moho depth is largely based on
wide angle reflections P, P at overcritical dis-
tances. These arrivals were particularly well
developed at Shot B (fig. 3g).

Fortunately the Imroz Earthquake of Octo-
ber 12, 1991 was recorded on Profile Section
A-E and at about 20 permanent seismograph
stations (see fig. 6) of the region which allo-
wed a fairly accurate determination of the P,
velocity.

The shots with date, time, and charge size
are listed in table I.
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Fig. 3b. Seismogram Section EA, Shotpoint E (reference level 100 m NN). Below: correlation of phases used
for interpretation.
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Fig. 3d. Seismogram Section EC, Shotpoint E (reference level 100 m NN). Below: correlation of phases used
for interpretation,
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North Profile DB (Karasu - Yenipazar) Seismogram Section  South
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Fig. 3e. Seismogram Section DB, Shotpoint D (reference level 100 m NN). Below: correlation of phases used
for interpretation.
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Fig. 3f. Seismogram Section ED, Shotpoint E (reference level 100 m NN). Below: correlation of phases used

for interpretation.
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south Profile BD (Yenipazar - Karasu) Seismogram Section North

T 71T | T 17 i | L N § ! T T TT [T] TT ! T 1 T1 l T T T | T TI'EI\T T { LI L TTTT | T T

E ! .
7 F 17
s % 7
3= _ z 1s
B C :
Q 4 4
© £ ]
b E .
Ak ; 5
g - % 2 7
ﬁ 2 ; 1 I = é Z 'E 2
3 _—:7‘*-‘...,.- -- -' | e
0r 3 FT — o
_\I\IlllilrLL!If\lllllIIJ|\I_L![lli\|EII!|\I111L|!J|I!!!JI\_L_£_E

B (4] 10 20 30 40 50 €60 70 a0 20 100 D
DISTANGE [km] ‘

South Profile BD Correlation of Phases North

TV_"I T I T 1 7 71 T I I R E T T i\'l"f I\ll\ll[li- T ‘ 77 1T T R R e T lT|Yﬂ_Y_T

5— ¥ % B

7 G 5

~k B

1 & PuP ]

4 wh e M N

& 4 F kg E

g3 B

o — i

0 5 # ]

i 2000 ° -

= b —- 0 " [} 7

Fil o reee e —— 1

1 o2 oo teteett oGS 5.91 kmfs ]

] 5.7 km/s P 1

0 ’ -

R Ao o losm v by wa v Lgaa ot be g v Ta pai i 11{1|s\|<w1111|l:lxur1£
0 10 20 30 40 50 60 70 80 90 100 110

B Distance [km)] D

Fig. 3g. Seismogram Section BD, Shotpoint B (reference level 700 m NN). Below: correlation of phases used
for interpretation.
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North Profile EB (Akyazi - Yenipazar) Seismogram Section South
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Fig. 3h. Seismogram Section EB, Shotpoint E (reference level 100 m NN). Below: correlation of phases used

also in crustal section fig. 5.
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4. Travel time inversion of seismograms

Experience shows that certain basic features
can be found in all travel time diagrams of
crustal deep seismic soundings. We usually ob-
serve for weakly increasing velocity with depth
P, at shorter distances and P, at sufficiently large
distances as first arrivals. In terms of the ray
concept, these are normal branches of the travel
time graphs, which mean, that with decreasing
angle of incidence of the ray, the distance of
emergence increases and the travel time curve
has (in principle) a convex curvature. P comes
from the crystalline basement, P, from the up-
permost mantle (critical refracted wave). Rays
from wide angle reflections at discontinuities.
or diving waves from zones with strong velocity
gradients, form reverse branches in the travel
time plot where, with decreasing angle of inci-
dence, the distance of emergence decreases
and the curvature of the travel time curve is
concave. This is, in particular, the case at the
transition from crust to mantle (£, P), which
is of importance in the present case, where the
P -distance could not be reached. Reverse travel
time branches originate also from velocity
boundaries within the crust.

4.1. Inversion methods used

Classical direct inversion methods for plane
interfaces allow the derivation of a first order
approximation velocity — depth structure and
have been used to obtain starting models for
more sophisticated indirect numerical data in-
version. In the present study a two-dimensional
ray tracing method was used which is part of a
software package for the Gauss Beam Method
developed by Weber (1986) and adapted for
PCs by Schulze-Frerichs (1988).

This program allows us to handle refracted,
reflected and converted waves, Complex 2-dimen-
sional geological structures can be madelled by
dividing the medium into triangles with linear ve-
locity laws. The model input is defined by para-
metrisation of the corners of the triangles in terms
of P (and §) velocity values. Nodes common to
several triangles may have different velocity val-
ues for the different space elements. In this way,
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the free surface, and first and second order dis-
continuities can be modelled. For more details of
the method see Weber (1986) and Karahan (1998).

Computations of synthetic seismograms, at-
tempted in a few cases, have not significantly
improved the travel time inversion results and
are therefore not presented here.

5. Presentation and interpretation of profiles

A considerable number of ray tracing mod-
els for the individual seismogram sections have
been computed and compared with the correlat-
ed arrivals (for details see Karahan ,1998), Here
only one complete crustal section is shown for
the W-E Profile (fig. 4) and one for the S-N
Profile (fig. 5), but some conclusions presented
below are based on additional raytracing mod-
els not shown explicitly in this paper.

5.1. W-E Profile {Izmit-Abant)

Shotpoint A (fig. 3a) — The first arrivals at
short distances from A can be interpreted as
those from unconsolidated sediments with Vv of
2.15 km/s, At a depth of only 1.8 km the crys-
talline basement. with a velocity of 3.8-5.9
kim/s, is reached. Between distances of 4 and 20
km, later arrivals with remarkably large ampli-
tudes, marked by crosses in the correlation be-
low, follow the first arrivals with a delay time of
about 2 s. These are interpreted as side wall
reflections from the Sakarya-basement block,
south of the profile. P, can be traced up to
distances of 80 km where it is overtaken by a
branch with V = 6.5 km/s. Noticeable are two
branches of later arrivals (black squares) at dis-
tances of 20-55 km and 80-115 km with a time
offset of about 0.5 s between them. These repre-
sent wide angle reflections from a boundary
between 22.3 and 26.5 km in depth. The offset
can best be interpreted as a step of about 4 km
in the lower crust. This is the result of several
raytracing tests described in detail by Karahan
(1998). Figure 4 shows a ray tracing model
including this feature. Whether this step exists
also in the depth of the Moho cannot be decided
from the DSS-data and has, therefore, been
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omitted. P, P appears at three stations beyond
110 km. This is in reasonable agreement with a
Moho depth of 38 kn.

Shotpoint E. Profile Section E-A (Alkyazi-
Izmnit) (fig. 3b) — A sediment layer with veloci-
ties of 2.25-3.15 km/s delays P (V, = 5.8 km/s)
by 0.2 to 0.4 s. This is attributed to a thicker
sediment cover in the Akyazi basin. A later
arrival marked by open diamonds refers 1o wide
angle reflections from the middle crust.

Shotpoint C. Profile Section C-E (Abant-
Akyazi) (fig. 3¢) — This profile may be discussed
together with fig. 3d.

Shotpoint E, Profile Section E-C (Akvazi-
Abant) (fig. 3d) — Between 10 and 50 km first
arrivals on the west-cast profile C-E (fig. 3¢)
yield an apparent £, -velocity of 5.5 km/s while
on the reverse profile (fig. 3d) P appears with a
velocity of 5.9 km/s. This may be due to a dip of
the top of the crystalline toward the Akyazi
basin having a true velocity of 5.7 km/s. On
Profile B-C at larger distances the P, velocity
reaches 6.24 km/s. No clear reflections from the
deeper crust have been observed, The protiles
traverse metamorphic and volcanic units.

5.2. N-§ Profile (Karasu-Yenipazar)

Shotpoint D (fig. 3e) — Shotpoint D in the
north, near the Black Sea, apparently produces
low frequency signals. With a delay time of
0.6 s the sediment cover is very thin in the north
and reaches, as seen on the reverse Profile E-D
{fig. 30). a maximum thickness of 2-3 km in the
Akyazi basin. P -velocity increases in steps from
5.2 km/s to 5.6 km/s from north to south. A
strong slow phase with a velocity of 3.1 km/s at
short distances up to about 30 km from D might
be 5§ if the source is a strong S-wave radiator.

Reflections from the upper crust, as seen on
the E-W Profile, cannot be correlated.

Shoipoint E, Profile Section E-D (fig. 3f) —
Near to the shotpoint a sediment thickness of
2-3 km delays P by about Is.

The apparent £ velocity of 5.82 km/s on the
reverse Profile Section E-D is in agreement with

a northward thinning of the sedimentary cover.
Between 20 and 50 km late arrivals with 7 of
1.8-2.2 s may represent wide angle reflections
from the upper crust.

Shotpoint B (fig. 3g) — B is the southernmost
shotpoint in the Mesozoic Karadag block. To
the first 10 ki of the Profile B-D an apparent
velocity of 3.9 km/s can be atiributed, which is
faster than the sediment velocity on previous
profiles. The thickness of this sediment layer is
calculated to be about 1 km. A P -velocity of
5.7-5.9 km/s is found along the entire profile.
Between 70 and 100 km, P, P (star symbols)
can be traced quite well and provide important
evidence for a Moho depth of 38 km. From the
mean of several raytracing tests Karahan (1998)
concluded that this value is comparatively sta-
ble. An uncertainty of the Moho depth of £ 2 km
may be admissible (see also Section 5.4).

A ray tracing model for the data of Profile
B-D is shown in fig. 5

5.3. The Inroz earthquake

As previously mentioned, an M, ~ 4.5
earthquake occurred on 12 October 1991,
= 16:32:37.5 UT at 40.2°N 26.65°E and
f =8 = 0 kim. At this time the Profile Section
A-E was occupied by 30 recording stations. In
addition, data from about 20 permanent earth-
quake stations of the Mudurnu- and MARNET-
networks (fig. 6 ) were available. The evaluation
of the first arrivals permitted a very accurate P,
velocity determination of 8.05 km/s below the
test area (fig. 7). Of particular interest is a travel
time delay of about 0.8 s at an epicentral dis-
tance of about 360 k. Using the available in-
formation from DSS, it has been verified that
this delay cannot be explained only by the var-
iations in thickness of the sediments. The offset
can best be explained by a step of the crust-
mauntle boundary of approximately [4 km about
40 km east of Shotpoint A. A ray tracing model
is shown in fig. 8. It may be suggested that this
step is related to that found in the lower crust on
refraction Profile A-C (fig. 4). In this way the
Imroz earthquake contributed to our DSS exper-
iment in two important ways.
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5.4. The average or generalized crustal model
As mentioned in the introduction, a major

aim of the deep seismic sounding experiment
was to obtain a reliable P-wave crustal model,
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representative of the test area, in order to allow
a more precise hypocenter determination of lo-
cal earthquakes. This generalised model should
be based on the main information from all pro-
files. neglecting particular local differences.

1
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Fig. 8. Raytracing madel based on Imroz earthquake travel times and DSS-data.

Therefore, all the arrival times picked in the
seismogram sections fig. 3a-h were compiled in
tig. 9 and correlated by a few averaging travel
time curves. It is seen that the branches of P and
P, P are developed quite well. In addition, strong
refraction first arivals and some reflections from
the middle crust are also significant. However,
P is not seen as first arrival due to the limitation
in length of the profiles as mentioned in Section
2. Thus, most of the information on the lower
crust and the Moho is derived from wide angle
reflections P, P and those from reflectors in the
crust. Supplementary information, in particular
on the P -velocity was provided by the Imroz
earthquake (see Section 5.3). By raytracing
inversion of the data of fig. 9 and restriction
to horizontal layering, a crustal model with ve-
locity gradients was achieved and is shown in
fig. 10 {solid line). Below a thin (2 km) se-
diment layer with average velocity of about
2 km/s, the crystalline basement is reached,
where the velocity increases from 5.65 km/s 1o
0.6 km/s at 15 km depth. This is {ollowed by a
zone with negative velocily gradient down to
24 km. These layers compose the upper and
middle crust. The lower crust has an average
velocity of 7.0 km/s and reaches the Moho at
a depth of 39 km, where the velocity rises to

8.05 kn/s. From this model, an almost equiva-
lent model with constant layer velocities (dashed
lines in fig. 10) can be deduced. This is partic-
ularly suitable for direct application e.g. in the
HYPO 71 - focal locating program.

To test the stability of the generalised gradi-
ent model, parameters of velocities and layer
thicknesses were modified in the different depth
ranges of the crust (upper, middle, lower crust)
by + (1.2 kin/s in velocities and + 2 km in the
laver thicknesses. For details see Karahan (1998).
It may be stated that parameter modifications as
indicated above cause in most cases considera-
ble inconsistencies with the data, in particular:

— Travel times of P, vary more with change
in velocity than with layer thickness,

— Travel time of the reflection from 13 km
depth is sensitive to perturbations of both, ve-
locity und depth of the discontinuity.

— Travel time of the diving wave from 17 km
depth reacts sensitively to variations of velocity
of the middle crust but not to those in depth of
the discontinuity.

— Travel time of the reflection from the 24 km
discontinuity reacts significantly to alterations
ol velocity and of depth.

— The travel time of the Moho reflection is
only weakly influenced by modifications of the
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velocity in the lower crust but responds more
strongly 1o variation of the Moho-depth. This
means that the calculation of the Moho depth is
comparatively reliable.

6. Discussion of the results

The generalized crustal model derived from
the composed data of the two orthogonal pro-
files is a rather stable solution of the travel time
inversion and may be considered as representa-
tive for Northwestern Anatolia.

In detail, four semi-profiles with shotpoint E
at the center, differ in the first place by their
initial velocities and intercept times of the crys-
talline phase. At Shotpoint E. in northern and
western directions, P, is delayed. This is due to
differences in the sediment cover, In the split-
ting zone of the branches of the NAFZ (see
lig. 1) a holocene pull-apart basin near Akyazi
or a fault overstep (Neugebauer er al., 1997)
may have developed. The second arrivals with
1.,= 2 s west of Shotpoint A have been interpret-
ed as side wall reflections [rom the Paleozoic
Sakarya block bordering the lzmit-Sapanca-
trough in the south.

It is found that in the second half of the
Profiles E-C and C-E. there are no reflections
from the middle crust at about 13 ki depth.
However, those are observed on the other pro-
files well.

On the long Profiles A-C, B-D and D-B at
shotpoint distances above 80 km reflections with
., 1.0-2.0 s are observed, representing reflec-
tors at a depth of about 25 km. In addition, near
Lake Sapanca, the Profile A-C shows a signifi-
cant step in the refractor depth from 22 km to
26 km. A similar or even more pronounced step
may exist in the Moho in the same region. This
is indicated in the P, travel time data from the
Imroz earthquake (Section 5.3), In this case. the
Westernmost Anatolia would rest on a high block
of the crust while most of the profiles are on a
lower block of the Anatolian crust. This would
qualitatively explain some of the inconsisten-
cies with the data of Giirbiiz et al. (1980), who
found a crustal thickness of only 27-29 km. Due
to the limitation in the permitted charge size the
profile length was restricted to 120 km. Infor-
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mation on the Moho depth is taken from wide
angle reflections, some of which are very good
quality,

Addendum

During the preparation of this paper two cat-
astrophic earthquakes occurred in the region
under investigation. The first one on 17 August
1999 with M, = 7.4 destroyed large parts of
the city of lzmit, and caused severe damage
between Yalova in the west and Diizce in the
east. More than 15000 people lost their life.
The earthquake occurred after 30 years of
quiescence at the western end of the well
known sequence of major earthquakes along
the North Anatolian Fault (NAF) beginning in
1939,

A second earthquake on 12 November 1999
with M, = 7.1 destroyed large parts of Diizce
and Adapazari and killed about 1000 people.

The seismic crustal model described in this
paper may be of particular interest, and has al-
ready been used, for a more precise locating of
aftershocks in this region.

In view of the possible cause of the Izmit
earthquake finding a significant step in refractor
depth in the crust near Lake Sapanca as de-
scribed in Section 5.1 appears in a new light.
There are two different possibilities to explain
this discontinuity in structure. Either it is a ver-
tical step in essentially the same type of crust, or
the seismic profile traverses the boundary be-
tween adjacent blocks of different crustal type,
the Pontides in the north and the Anatolides in
the south. In any case it represents a large scale
heterogeneity of the crustal structure which is
frequently also a heterogeneity in strength and
stress. After Das and Aki (1977), regions of high
strength are called barriers. With reference to
our paper (Neugebauer et al., 1997) we prefer
the interpretation as a stepover, or in terms of
dislocation mechanics, as a jog in the North
Anatolian Fault between NAF1 and the more
eastern fracture zone of the 1969 Mudurnu earth-
quake with a horizontal offset of some 20 km.
There were differing opinions about the signif-
icance of NAFI and NAF2 (fig. [) being the
active western continuation of the NAF, The
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[zmit-earthquake, but also the micro earthquake
activity in previous years, have proven that NAF1
has to be considered the active branch of the
NAF. According to Barka and Kadinsky-Cade
{(1988). and Schelz (1990) large scale jogs
present impediments to rupture and, in extreme
cases, rupture termination, So it may have need-
ed accumulation of large stress and, consequent-
ly, a long time to break that barrier. From model
calculations Stein et al. (1997) also found a
significant stress concentration in that region
and identified it as a zone of high potential for
a major earthquake. Also the observation by
Westerhaus er al. (1997) of anomalously high
h-values in the magnitude-frequency distribu-
tion of that region {it into the picture of high
heterogeneity and plastic deformation at this
corner of the jog.

Becuuse of the extreme danger for the Istan-
bul region it is suggested to extend the deep
seismic sounding investigation in this area to a
three dimensional survey.
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