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SUMMARY

Long period P and SH waveforms and first motion polarities of P waves were used
to determine the source parameters of the Cubukdag (in the eastern section of the
Bilyiikk Menderes graben) earthquake of 1986 October 11. The waveforms used in
this event include the WWSSN, and the digitally recorded seismograms of the
DWWSSN, SRO and ASRO networks. The minimum misfit solution obtained by
the inversion of teleseismic body waveforms are better constrained that those of the
previously published Harvard Centroid-Moment Tensor solution, and are in good
agreement with field observations and the local geometry of the graben.
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Turkey.

1 INTRODUCTION

The Aegean Sea, and the surrounding coastal areas of
western Turkey and Greece, is one of the most seismically
active and rapidly deforming continental regions (Fig. 1a).
Its present day activity is manifest in its high seismicity and
by the dramatic influence of large active normal faults on
the topography, geomorphology and movement of the
coastline relative to sea level. As the North Anatolian Fault
(NAF) system enters the northeastern Aegean region it
splits into several subparallel branches that cross NW
Turkey and the north Aegean Sea, each of which develops a
normal component of slip as well as the predominant
right-lateral slip (McKenzie 1978; Barka & Kadinsky-Cade
1988; Taymaz, Jackson & McKenzie 1991a). The westward
motion of Turkey relative to Eurasia is in turn related to the
collision between Arabia and Eurasia in the Caucasus and
eastern Turkey, which began about 12Ma in the
mid-Miocene (Dewey et al. 1986; Philip et al. 1989). NW
Turkey and the Sea of Marmara are dominated by nomral
faulting with an E-W strike, and right-lateral strike—slip
faulting with an ENE strike. Within the Aegean extensional
province, many normal faults are also known to be active,
from geomorphological, seismological, and marine geophys-
ical observations (McKenzie 1978; Lalechos & Savoyat 1979,
Brooks & Ferentinos 1980; Lybéris 1984). Likely N-S
extension rates across the Aegean as a whole are in the
range 40-60mmyr~', much of which might occur in the
north and central Aegean where the seismicity is most
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intense (Fig. 1a). The main active normal faults in western
Turkey strike east-west, have a spacing of up to 100 km.
The Cubukdag earthquake occurred in the vicinity of the
Biiyiik Menderes graben (Fig. 1b—d).

2 DATA REDUCTION

I used both P and SH waveforms and first-motion polarities
of P waves to constrain earthquake source parameters. The
waveforms used in this earthquake include the WWSSN,
and the digitally recorded seismograms of the DWWSSN,
SRO and ASRO networks. The approach I followed is that
described by Molnar & Lyon-Céen (1989), and was also
used in studies of earthquakes in the Hellenic Trench and
the Aegean by Taymaz, Jackson & Westaway (1990) and
Taymaz et al. (1991a). 1 compared the shapes and
amplitudes of long period P and SH waveforms recorded by
WWSSN stations in the distance range 30°-90° with
synthetic waveforms. To determine source parameters I
used McCaffrey & Abers’s (1988) version of Nébélek’s
(1984) inversion procedure, which minimizes in a weighted
least-squares sense the misfit between observed and
synthetic seismograms (McCaffrey & Nabé&lek 1987; Nelson,
McCaffrey & Molnar 1987; Fredrich, McCaffrey & Denham
1988). Seismograms are generated by combining direct (P or
S) and reflected (pP and sP, or sS) phases from a point
source embedded in a given velocity structure. Receiver
structures are assumed to be homogeneous half spaces.
Amplitudes are adjusted for geometrical spreading, and for
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Figure 1(a). Positions of all epicentres of earthquakes with depths between 0 and 50 km reported by the USGS PDE during the period 1963 to

1988 (after Taymaz et al. 1991a).

attenuation using Futterman’s (1962) operator, with t*=1s
for P and t* =4s for SH. As explained by Fredrich et al.
(1988), uncertainties in ¢* mainly affect source duration and
seismic moment, rather than source orientation or centroid
depth. Seismograms were weighted according to the
azimuthal distribution of stations, such that stations
clustered together were given smaller weights than those of
isolated stations (McCaffrey & Abers 1988). The inversion
routine then adjusts the strike, dip, rake, centroid depth and
source-time function, which is described by a series of
overlapping isosceles triangles (Ndbe&lek 1984) whose
number and duration | selected. My experience with the
inversion routine was very similar to that of Nelson et al.
(1987), Friedrich er al. (1988) and Molnar & Lyon-Céen
(1989). I found that estimates of the strike, dip, rake and
centroid depth were relatively independent of each other.
Thus if one parameter was fixed at a value within a few
degrees or km of its value yielded by the minimum misfit of
observed and synthetic seismograms, the inversion routine
usually returned values for the other parameters that were
close to those of the minimum misfit solution. Uncertainty in
the average velocity structure above the source leads
directly to an uncertainty in centroid depth, which I estimate
to be about +2 km for the range of depths involved in this

study. The velocity structure I used is given in Table 2. The
estimate of seismic moment clearly depended on the
duration of the source-time function, and to some extent on
centroid depth and velocity structure. As my main interest is
in source orientation and depth, I did not concern myself
much with uncertainties in seismic moment, which in most
cases is probably about 30 per cent. I estimated the lengths
of the time functions by increasing the number of isosceles
triangles until the amplitudes of the later ones became
insignificant. The seismogram lengths I selected for
inversion were sufficient to include the reflected phases pP,
sP and sS. 1 examined the P waves for PcP arrivals, where
they were anticipated within the selected window, but this
phase was never of significant amplitude.

3 UNCERTAINTIES IN SOURCE
PARAMETERS

Having found a set of acceptable source parameters, I
followed the procedure described by McCaffrey & Nabélek
(1987), Nelson et al. (1987), Fredrich et al. (1988), Molnar &
Lyon-Céden (1989), Taymaz (1990), Taymaz et al. (1990),
Taymaz et al. (1991a), Taymaz, Eyidogan & Jackson (1991b)
and Taymaz & Price (1992), in which the inversion routine is
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Figure 1(b). Summary sketch of the faulting and bathymetry in the Aegean region, compiled from observations of Taymaz er al. (1991a),
Lybéris (1984), Le Pichon er al. {1984), Saroglu, Emre & Boray (1987} and Mercier ef al. (1989). Normal faults are shown with open blocks on
the downthrown side: many of these in the central Aegean have large strike—slip components, which are shown by heavy black arrows. Most of
the normal faults are not as continuous as they are shown here, but are typically segmented on a scale of 15-20 km (see Roberts & Jackson
1991). This map shows only faults that are large, and are clearly associated with major topographic and bathymetric features or with
earthquakes. Many smaller faults, including several in central Greece that are antithetic to the major graben-controiling fault systems, and
some in western Turkey that have an approximately N-S§ strike (see $engiir, Gorlir & Saroglu 1985) have been omitted. Strike—slip faults that
are shown as dashed lines have been identified on the basis of focal mechanisms alone. Double-headed arrows in NW Greece and Albania are
the axes of major anticlines visible on satellite images. The Hellenic Trench is marked as a thrust with filled triangles on the hanging wall. The
large black arrow in the SW is the direction of convergence in the Hellenic Trench near SW Crete (from Taymaz e al. 1990). Bathymetric
contours are at 500 and 200 m, and shaded below 500 m. The area outlined by a solid line shows the region featured in the present work.
Epicentre of Cubukdag earthquake of 1986 October 11 is marked by an asterisk.

used to carry out experiments to test how well individual
source parameters are resolved, 1 investigated one
parameter at a time by fixing it at a series of values either
side of its value yielded by the minimum misfit solution, and
allowing the other parameters 10 be found by the inversion

routine. I then visually examined the quality of fit between
observed and synthetic scismograms to see whether it had
deteriorated from the minimum misfit solution. In this way I
was able to estimate the uncertainty in strike, dip, rake and
depth for each event. In common with the authors cited
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Figure 1(c). Normal faults and Neogene basins (stippled) around
the Blyilk Menderes graben (modified after Roberts 1988). Letters
correspond to towns mentioned in the text: C: Cine, B: Bozdofan,
Y: Yenice, Qu: Cubukdag. Arrows in the Neogene basins show the
direction of regional bedding dip.

above, | believe this procedure gives a more realistic
quantification of likely errors than the formal errors derived
from the covariance matrix of the solution.

4 OUTLINE OF GEOLOGY—THE BUYUK
MENDERES GRABEN

The Cubukdag earthquake occurred in the vicinity of the
Biiyiik Menderes graben (Fig. 1b-d). The main east-west
trending part of the Bilyilk Menderes graben extends a
total distance of about 125km (Fig. lc). Along most of its
length, the north side of the graben is bounded by two
‘approximately parallel normal fault systems. The southern-
most of the two fault systems bounds the present valley
floor, and runs along the base of the topographic escarpment
on the North side of the Biiyiik Menderes valley; the second
bounds the uplifted and tilted Neogene basin (also known as
the North Bilyiik Menderes Basin) which is trapped between
the two fault systems (Fig. 1c). Three main valleys (Yenice,
Bozdogan and Cine basins) drain the South side of the
Biiyilk Menderes graben. Two of the cross-graben, the
Yenice and Bozdogan valleys are bounded on their West
sides by large east-dipping normal faults trending approxim-
ately N-S. The direction of tilting observed in the Neogene
sediments, the development of alluvial fans (now inactive)
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Figure 1(d). Topography of the Cubukdag region. The Bilyik
Menderes graben, the main valleys and drainage patterns have a
marked topographic expression. Stars mark the locations of the
main cities.

on the west side of the graben, and the morphology of the
range fronts (in the field and on Landsat images) suggests
that the main graben bounding faults, which have also been
active in recent times, are along the west side of the graben.
The Cine basin was also fault bounded, but only along part
of its north—east margin {see Roberts 1988 and Fig, 1¢). The
normal faults around the Biiylik Menderes graben are
discontinucus along strike, and were broken up into
approximately linear fault segments which range in length
from 2 to 30 km. The fault segments are linked in one of two
ways: either by intersecting at angles to each other, or by
overlapping in ‘en’-echelon arrays. Fault segmentation was
shown to have important implications for drainage and

Figure 2(a). Minimum misfit solutions for the Cubukdag earthquake of 1986 October 11. This figure shows the radiation patterns and synthetic
waveforms for the minimum misfit solution returned by the inversion procedure, as well as the observed waveforms. For the purposes of
display, waveform amplitudes have been normalized to that of an instrument with a gain of 3000 at a distance of 40°. Solid lines are observed
waveforms, and the inversion window is identified by vertical bars. Synthetic waveforms are dashed lines. The station code is identified to the
left of each waveform, together with an upper case letter, which identifies its position on the focal sphere, and a lower case letter that indicates
the type of instrument (w= WWSSN long period; d = GDSN long period). The vertical bar beneath the focal sphere shows the scale in
microns, with the lower case letter indicating the instrument type, as before. The source time function is shown in the middle of the figure, and
beneath it is the time scale used for the waveforms. Focal spheres are shown with P and §H nodal pianes, in lower hemisphere projection.
Station positions are indicated by letter, and are arranged alphabetically clockwise, starting from north. P and T axes are marked by solid and
open circles, respectively. Beneath the header at the lop of the figure, which shows the date, geographical location and surface wave
magnitude, are five numbers which show the strike, dip, rake, centroid depth and seismic moment (in units of 10" Nm) of the minimum misfit
solution.
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sediment distribution along the footwalls of active graben,
and behind the footwalls of inactive and eroding graben.
Multiple generations of slickensides were also associated
with several of the fault plane exposures around the graben
(Roberts 1988). He reported that the majority of the

observed fault plane dips were in the range of 43°-60°, with’

an average value for all of the fault planes of about 49°.

Most of the hot springs in the Biiyiik Menderes graben

Most of the hot springs in the Biiylik Menderes graben
are associated with the surface trace of the main graben
bounding faults. Oxburgh, O’Nions & Hill (1986) studied
the He™ isotope content of the hot springs associated with
large normal faults in Western Turkey and central Greece.
Their work showed that at least some of the hot springs
have mantle helium signatures, suggesting a connection
between the upper mantle and the surface, which in the
upper crust is most likely to be along the large normal faults.
In the Biiyiik Menderes graben, hot springs are sometimes
associated with areas where fault segments overlap, or
where two fault segments with different strikes intersect.
Although all of the hot springs observed in the Biiyiik
Menderes valley are along the North side of the graben,
there is also evidence of a large hot spring on the South side
of the graben (Simgek 1984; Roberts 1988).

5 EARTHQUAKE SOURCE MECHANISM

The minimum misfit solution for this earthquake is shown in
Fig. 2(a). The nodal planes of this solution are compatible
with all first motion P polarities, with a compressional onset
at north (IST) and nodal onsets at southern stations
suggesting a relatively steep dip to a nodal plane dipping
south (Fig. 2b). The minimum misfit solution indicates
dominant normal faulting with small strike—slip component.
The P and SH pulses are simple at all azimuths and
characteristic of normal faulting with a shallow focal depth.
There is good coverage of the focal sphere at all azimuths,
for both first motion and waveform data. However, I was
unable to achieve a satisfactory match of amplitudes of later
arrivals for both P and SH waves at some azimuths, and I
believe they are due to propagation path effects rather than
source complexities.

Fig. 2(c) summarizes some of the tests that I have carried
out to compare various parameters. The first row of Fig. 2(c)
contains 3P and 3SH seismograms from Fig. 2(a), and shows
the minimum misfit solution returned by the inversion
routine. In row 2, I fixed the strike, dip and rake to that of
Dziewonski ef al.’s (1987) solution, and inverted for depth,
moment and source-time function. The best double-couple
mechanism found by the centroid—-moment tensor inversion
of Dziewonski et al. (1987) differs from my solution by 45° in
strike, 22° in dip and 31° in rake for the northern-dipping
nodal plane. However, for the southern-dipping nodal plane
the only significant difference is in our rake which is not very
well constrained by the Harvard CMT solution (see Table
1). These differences are outside the estimated errors in my
solution, and their solution violates some of the first motion
readings (Fig. 2b), and produces a worse fit to the
waveforms, particularly wrong polarities for the SH
waveforms at TATO, CHG and GAC whose position on the
focal sphere is quite close to one of the nodal surfaces.
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Figure 2(b). Lower hemisphere equal area projections of
first-motion polarity data. Station positions on the focal sphere have
been plotted using the same velocity below the source (6.8kms™")
that was used in our waveform inversion procedure. Filled circles
are compressional first motions, open are dilatational, and nodal
readings are marked with x. Nodal planes are those of the minimum
misfit solutions. Above the sphere is the date of the event (year,
month, day). Below the sphere are both the nodal planes which
show the strike, dip and rake of the minimum misfit solution.

Dziewonski et al’s (1987) seismic moment value
(My =136 % 10" Nm) is more than twice that obtained in this
study (M, =17 X 10'° Nm). Rows 3 and 4 display waveforms
from inversion in which all source parameters were free to
change except the centroid depth, which was fixed to values
of 20 and 25 km. Note that the values of strike, dip and rake
are little different in rows 3—4 from those in row 1, however,
deeper focal depths produce a worse fit to waveforms due to
delayed seismic phases. In general, the observed fit between
the observed and synthetic waveforms is clearly worse in
rows 2—4 than in row 1.

I carried out many experiments of the sort illustrated in
Fig. 2(c), and based on these, I estimate the source
parameters and uncertainties of the 1986 October 11
Cubukdag carthquake to be: strike 71°+5°% dip 57°+5°%
rake —103°+15° and depth 15+ 3 km (although this does
not include uncertainty related to velocity structure).

6 DISCUSSION AND CONCLUSIONS

The strike of the south-dipping nodal plane of the minimum
misfit solution is close to the local trend of the graben.
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Figure 2(c). In this figure each row shows a selection of waveforms from a run of the inversion program. The stations are identified at the top
of each column, with the type of waveform marked by P or SH and followed by the instrument type. At the start of each row are the P and SH
focal spheres for the focal parameters represented by the five numbers (strike, dip, rake, depth and moment), showing the positions on the
focal spheres of the stations chosen. The displayed waveforms are in the same convention as above, but in this type of figure the large bars
show matches of observed to synthetic waveforms that are worse than in the minimum misfit solution. The top row shows waveforms from the
minimum misfit solution. In second row the strike, dip and rake were fixed to the values of Dziewonski ez al. (1987), while the other parameters
were left free. In rows 3—4 the depth has been held fixed at values of 20 and 25 km respectively, while the other parameters were left free.

Roberts (1988) shows that the major bounding fault lies to
the north of the graben, therefc-e 1 have taken the
south-dipping nodal plane as the fault plane. He reports that
the dip of the surface fault exposures is in the range 43°-60°.
The dip of the south-dipping nodal plane of the Cubukdag
event is 57°, in agreement with these observations (Fig. 1b—c
and Table 1). Furthermore, Roberts (1988) concluded that

Table 1. Source parameters of the Cubukdag earthquake of 1986
October 11.

Origin Location Nodal Plane 1 Nodal Plane 2 Centr. M,
Time Lat. Loog my M, Strike Dip Rake Strike Dip Rake Depth x 10'8
(bms) N} E() O 6 6 0 6 @G (Nm
09:00:10.9 3794 2856 54 55 275 35 -70 71 57 -103 15 17 a

320 57 -39 74 58 -140 15 36 b

a. This study.
b. After Dziewonski et al.(1987).

Table 2. Source velocity structure used.

Date Vo Ve Density Thickness
@dmy) (kms?!) (kms™)) (kgm=3)  (km)

11.10.1986 6.00 345 2780 10
6.80 392 2910 half-space

the oldest sediments in the area around the Biiyiik
Menderes graben are probably about 13-10Ma, and
outcrop in the Samos and Kusadasi—Soke basins and the
Bozdogan, Yenice, Cine and Biiyiik Menderes graben.
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