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Abstract

Accurate determinations of particle motions is a powerful ol in the investigation of seismic wave
propagation. In these studies, the medium is assumed to be homogeneous and isotropic. While the
medium is getting more heterogeneous and anisotropic, some deviations are observed in
polarization properties, angle of incidence and azimuth of the seismic waves,

Therefore. information about the medium such as heterogeneity and anisotropy could be obtained
from particle motion diagrams. We have tried to determine the azimuthal anomalies of the region
trom the P-wave particle motions using three component short-period seismograms recorded from
numerous eatthquakes occurred in the vicinity of the Sea of Marmara.

Azimuthal anomalies are generally . considered to be related to lateral heterogeneitics with the
mediums. We have interpreted them in the sense of three dimensional dipping discontinuity (Moho)
under the epicentre. Relative topography of the Moho discontinuity bencath the Marmara Region
has been abtained using this new assumption.
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Introduction

The Sea of Marmara is a marine basin in northwest Turkey that connects the Aegean
Sea with the Black Sea. It is 275 km long and 80 km wide with a broad shallow
shelf to the south and a series of deep (up to 1250 m) subbasins to the North (Smith
et al. 1995). The Sea of Marmara is located at the western end of th North Anatolian
fault. Across most of the Turkey the North Anatolian fault is a relatively simple,
narrow, right-slip fault zone; however, it splits into several fault strands in the
vicinity of Sea of Marmara do that the deformation becomes distributed over an
~120 km broad zone (Sengdr et al., 1985; Barka and Kadinsky-Cade, 1988);
Suzanne et al.,, 1990). The distributed deformation continues to the west across the
North Aegean (Taymaz et al. 1991). Numerous damaging earthquakes have affected
the Sea of Marmara region in historical time (Ambraseys and Finkel, 1991;
Ambraseys, 1988). Both strike-slip and pure normal faulting earthquakes have
occurred in the region (Taymaz et al. 1991).

In the seismological studies, a simple structure model consists of homogeneous, isotropic
and horizontal layers overlying the half space is taken, and plane waves are used in order
to help computing. In such a simple model, P-waves propagate in a vertical plane
between the source and station, and their particle motion is linear along the ray path.
Therefore, vertical-radial (Z-R) and NS-EW diagrams of the P-wave particle motions
give the apparent incidence and azimuth angles, respectively. Clearly, this known particle
motion will change when the medium is heterogeneous and anisotropic. This property
provides the particle motions to be used in for determining the heterogeneity and
anisotropy of a region. For example, if there dipping layers, refracted and reflected waves
deviate from the source-station vertical plane, i.e. deviations take place in the apparent
incidence and azimuth angles of the waves. Deviation in the azimuthal angle is called as
the azimuthal anomaly, which can be used to determine the topography of discontinuities
along which the waves propagate. In this study, topography of the Moho beneath the
Marmara region has been investigated from observations of the azimuthal anomalies in
Pn-waves. Azimuthal anomalies can be determined from both the polarization analysis
and particle motion diagrams. Basa et al. (1994), have given a good example for
polarization analysis in which azimuth of the incident wave is estimated. We have
determined the azimuthal anomalies directly from the particle motion diagrams.

Determination of the Azimuthal Anomalies From the Particle Motion Diagrams
Since the P-wave particle motion is along the ray path, if the azimuth computed from the

coordinates of the station and source is true, maximum and minimum wave amplitudes
have to be on the radial (R) and tangential (T) components, respectively.

»
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Fig. 1. The particle motion diagrams for earthquakes studied. Earthquake numbers
in Table 1 and their first arrivals are at top of diagrams. N-E diagrams are unrotated,
and their rotated diagrams are plotted at the bottom.
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Thus, it is expected that particle motion fits into radial direction on the R-T diagram. If
this can not be observed, it means that actual azimuth of the incident wave is different
from the computed one. In this case, actual azimuth can be found by the trial and error
method. Namely, R and T are computed for various azimuth values, and the angle
satisfying the criteria mentioned above is determined as azimuth angle. Some examples
of N-8 and R-T particle motion diagrams obtained by this way are shown in Fig. 1.

Determination of the Layer Slope from the Azimuthal Anomalies

Considering a structural model consists of two layers dipping in the single direction and
having the first order plane interface, refraction angle in the radial direction of wave
emerged from the source O exhibits a deviation relative to refraction angle in the
horizontal interface (Fig. 2a). This deviation is equal to apparent dip angle that fits into
the radial direction, and computed as

sin ¢, = cos sind (N

Where, (éR is apparent dip angle in the radial direction of interface, is angle between
strike direction and radial direction, and O is actual dip angle of interface. Deviation in
the radial direction is always as ¢ R

On the other hand, dip in the tangential direction of interface will cause a deviation in

azimuth of P-wave because of the spherical propagation of energy. Like in the radial
direction, this deviation is equal to apparent dip angle of interface in the tangential
direction, and computed by the following equation;

sin ¢ = sin ysin & )

Where, ¢T is apparent dip angle in the tangential direction of interface and gives

azimuthal anomaly value. Equations (1) and (2) show that deviation on the radial
direction is zero in the perpendicular direction to actual dip, and maximum in the
direction of actual dip. Besides,
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Fig. 2. First degree plane interface having a dip(8)(a) in the single direction and (b)
in two directions(3,,5,), and their related angles.

maximum deviation value in both refraction angle in radial direction and azimuth angle
will be as actual dip angle of interface.

When interface has a dip in two directions, apparent dip angles (Fig. 2b) are computed by
the following equations;
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sing@y = cosy, sind, +siny, sind,
(3)
sin gy =sin y/, sind, +cosy  sing,

sing, =sin _sind. +cosy_singd.,
T X x x h!

4)
sin ¢, = cosir. sind. +sin y_sin o,
T '7”} X y y

Equations (3) and (4) show that deviations of refraction angle in radial direction and

azimuth are equal to ¥/ and W/, when radial direction fits into x-direction, and to

. v, and Y/ when radial direction fits into y-direction respectively.

‘ In the case of non-linear interface, dip angles are determined by derivating in desired
directions. If it is assumed that azimuthal anomalies take place due to the dipping
structure under the source, they give the dip in the tangential direction of the structure
under the epicentre.

Data

[n this study, short period three-components digital records at ISK (Kandilli Observatory,
Istanbul) of 28 earthquakes occurred in the sea of Marmara and surrounding regions have

. been used. Parameters of these earthquakes are given in Table 1. Events are of small
magnitude and very shallow as the focal depths can be taken as zero (Uger, personal
communication). Event locations are in the appropriate azimuthal range of 108-300 (Fig.
3). But, the events of which the first arrivals are Pn-phase locate mostly in southwest of
the region. Sampling interval of the digital records is 0.01 sec. No correction applied to
the records since all the components have the same magnification. According to the noise
level, data have been filtered about in the frequency range of 0.5-10 Hz.

Interpretation of the Azimuthal Anomalies
Interpretation of the azimuthal anomalies is very difficult because they can be due to the
various factors such as one or more lateral discontinuous (fault or the dipping subsurface)

between source and receiver, local heterogeneity along the ray path and anizotropic
medium. For that
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Table 1. Earthquake parameters and azimuthal anomalies.

No Date Origin Lat. Lon A Az* Az Az, M, First
Time (to)  (North)  (East) (km) Anomaly Arrival

l 29.08.1989 16:28:36.29 4091 29.13 18.126 161.0 120.0 -41.0? 2.5 Pg
2 03.09.1989 13:27:17.20  41.04 27.64 119.284 269.1 258.0 -11.1 32 Pn
3 07.09.1989  19:22:52.60 4027 29.17 £8.770 1739 178.0 41 28 Pg
4 07.09.1989  20:36:54.46 4048 2924 66.742 166.7 176.5 9.8 33 Pg
5 10.09.1989  08:32:1 9..34 4047 2750 147.222 2438 25330 9.2 3.5 Pn
6 10.09.1989 10:22:2595 4032 2957 93308 1523 176.0 237 29 Pg
7 23.09.1989 18:30:34.87 4044 2840 88.960 2189 2249 5.1 3.0 Pg
8 30.09.1980  00:47:1741 40.13 2724 185.633 236.6 2340 -2.6 3.7 Pn
9 02.10.1989 15:24:13.46 ) 4141 2826 77.089 3000 265.0 -35.07 28 Pg
10 03.10.1989 10:06:34.37  41.13  28.45 51.5396 2782 2655 -12.7 29 Pg
11 11.10.1989  07:40:3594 40.16 27.24 183.763 2374 2520 14.6 3.1 Pn
12 13.10.1989  04:01:53.61 40.65 29.77 75570 127.7 141.1 13.4 34 Pg
13 15.10.1989  23:15:0943 4041 40.4] 155.584 2426 256.0 13.4 2.9 Pn
14 21.10.1989 13:16:2932 4050 2693 190.274 2515 264.0 12:5 3.7 Pn
15 27.10.1989  00:28:3551 40.73 2747 138914 2550 2520 -3.0 2.8 Pn
16 04.11.1989 10:02:12.51 40,88 28.28 68.668 252.8 247.0 -5.8 30, Pg
17  06.11.1989 12:40:3035 4046 2896 67.712 187.1 192.1 5.0 33 Pg
18 01.12.1989  08:42:3931 4074 27.54 132.924 2545 256.0. 15 34 Pn
19 02.12.1989  21:39:48.36 40.81 27.55 130.151 2579 2579 0.0 34 Pn
20 04.12.1989 12:19:46.70 41.14 2844 50.360 2792 266.0 -13.2 2.7 Pg
21 22.12.1989 11:32:05.74 4124 29.07 52.616 2.7 3467 16.07 29 Pg
22 28.12.1989  23:13:29.00 40.05 29.16 113.003 1756 184.0 84 35 Pn
23 05.10.19%0 10:16:44.46 40.82 30.05 92.109 107.8 142.0 3427 3.0 Pg
24 06.10.1990  00:02:25.01 3945 2856 184.209 1935 [88.0 -5.5 3.0 Pn
25 06.10.1990  05:52:25.50 40.79 27385 106.260 2537 245.0 -8.7 32 Pg
26 08.05.1990  05:50:14.15 40.65 30.18 105.094 1157 114.0 -1.7 3.2 Pg
27 24.10.1990 11:16:43.06 3982 30.29 173.191 1426 1700 2747 4.1 Pn
28  04.11.1990  23:39:19.81 40.62 2995 89.879 123.1  130.0 6.9 33 Pg

*  Azimuth from epicentre and station coordinates.

** Azimuth from particle motion diagrams.
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Fig. 3. Epicentre locations of the earthqukes, A for Pn first arrivals and e for Pg first
arrivals. Numbers show the azimuthal anomalies.

reason, the most important point is to make decision which factor is a reason of these
anomalies. Origin of the azimuthal anomalies can not be anisotropy or local heterogeneity
since the study area is too large. In this case, to look over previous geophysical
investigations for the region will be useful. '

Canitez (1969) and Osmangahin & Alptekin (1990) have obtained 35 km average crustal
thickness for Aegean region using the surface wave data. This results is concern with
southern of the Marmara Region. Kenar (1978), have computed about 30 km and 25 km
crustal thickness beneath Istanbul for NS and EW directions, respectively using the
spectral ratio technique. It means that depth of the Moho differs 5 km from north to south
in Bosphorus, Ozer and Kenar (1992) has studied crustal structure beneath Istanbul using
converted phases in crustal layers and observed significant distortions in the wave form of
P-waves on the tangential component, and explained these by the dipping Moho. Finally,
Guirbuiz et al. (1991) have studied crustal structure in the Marmara Region using P-wave
travel time data. They have given variation of the Moho depth in detail for this region. All
of these studies show that depth of the Moho discontinuity has significant variations and
Is increasing southward. Consequently, it will be reasonable to say that the azimuthal
anomalies are caused by the dipping Moho. For that reason, azimuthal anomalies have
been explained by dipping subsurface under each epicentre in this study.

We have determined azimuthal anomalies for both Pg and Pn first arrivals. Since Pn wave
propagates along the Moho discontinuity, their anomalies are belong this interface. There
are twelve events of which first arrivals are Pn. Locations of these events except three



numbered as 22, 24 and 27 in Table 1 are in eastern of Dardanelles (Fig, 3). Although
distribution of this group is sufficient for this part of region, numbers and distribution of’
Pn anomalies are insufficient for rest of region. For this region, we have also determined
the azimuthal anomalies for Pg first arrivals. These are in a good agreement with the Pn
anomalies (Fig. 4). As shown in Fig. 4, all the anomalies except events 1 and 9 are in a
certain angular range. For this reason, we can assume that crustal interfaces are parallel to
Moho discontinuity. According to this assumption, we have interpreted Pg anomalies as
Pn anomalies, and used both of them to compute relative depths of the Moho for the
whole region. Since the azimuthal anomalies give apparent dip angles of the Moho in tan-
gential directions under each epicenter, they can be easily transform to the depth
differences. For this purpose, we take a crustal model that consists of a horizontal layer
overlying half space (Table 2). Taking the thickness of crust (Fig. 5) as the reference
level, depth differences ( /) corresponding to the azimuthal anomalies are computed
from

Ah = tan(i, — ¢, ).tan ¢,
)

and added to the referencé level.

Table 2. The earth model using in computation for relative depths.

P-wave velocity Depth

(km/sec) {(km)
Crust 6.2 27
Upper Mantle 8.1 —

The relative topography map of the Moho has been obtained by contouring the relative
depths and shown in Fig. 6. Fig. 7a and b show 3D plots of the Moho beneath Marmara
- Region. It is shown that there are two ridge axes lying from Bosphorus towards
Dardanelles and [znik Lake. Besides, there is a local rise in the mantle beneath izmit Gulf,
and depth of the Moho increases just in south of izmit Gulf. There is also a small uplift in
east of Bursa and a considerable trough just under the Uludag Mountain. Arising in the
mantle at southwest of Izmit Gulf is due to the lack of data for this location. Similar effect
of data deficiency seems in north of Trakya and Kocaeli Peninsula. These are consistent
with results of the previous investigations mentioned above. Notice that consistency
between the Moho and surface topographies satisfies the izostatic equilibrium.
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Fig. 4. Distribution of the azimuthal anomalies of earthquakes studied versus azimuth.
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Fig. 6. Map of the Moho topography beneath the Marmara Region.

In spite of deficiency of data, consistencies of these results are amazing. Since some
details may seem like over speculation, we fitted first and third degrees surfaces to the
relative depths in the least square sense.. The estimated Moho discontinuity becomes
deeper southwards, and its depth increases in both south-eastern and south-western parts
more than that of central Marmara region.

Conclusions

We have studied 28 earthquakes within the Marmara region to determine the topography
of the Moho discontinuity beneath the Marmara region using the azimuthal anomalies
computed from the particle motion diagrams. The use of digital data improves accuracy
of the anomalies. The results we have obtained are reasonable and consistent with the
previous studies in spite of inadequacy of the available data. This brings up the efficiency
of the method. It will be better to get more precise results using the sufficient number of
data in a good azimuthal coverage. Qur results show that the Moho discontinuity in the
region gets deeper from north to south and its deepest parts are in southwest and southeast
edges.
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Fig. 7. 3D plot of relative depths of the Moho in the Marnura Region from North,
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Ozet

Sismik dalga yayimiminin incelenmesinde tanecik hareketlerinin belirlenmesi etkin bir yoldur.
Bu tiir calismalarda ortam homojen ve izotrop varsayilmaktadir. Ortammn heterojenligi ve
anizotropisi arttikca, sismik dalgalarin hem polarizasyonunda, hem de gelis ve azimut
acilarinda sapmalar gizlenir. Bu nedenle sismik dalgalarin tanecik hareketlerinde gozlenen
anomalilerden ortamin heterojenitesi ve anizotropisi hakkinda bilgi edinilebilir.

“ Marmara  Denizi civarinda olusmus bazi depremlerin Bogazici Universitesi Kandilli
Rasathanesi sismoloji istasyonuna ait ii¢ bilesen kisa-peryod sayisal kayitlari kullaniimistir, P-
dalgasi ilkvarislarinin tanecik hareketlerinden azimutal anomaliler belirlenmistir. Azimutal
anomaliler yanal 'dogi'ultudaki heterojenilikle iliskilidir. Hesaplanan bu anomaliler episantr

! altundaki egimli bir siireksizlik ile a¢iklanmaya cahsilmis ve bu yaklasimla Marmar
Bailgesi'nde Moho siireksizliginin goreceli topografyasi ¢ikarilmistir, Elde edilen sonuclara
gore, bolgede kabuk kalinhg: 6nemli degisimler gistermektedir. Bogazlar arasinda Marmara

| Denizi’'ni yaklasik olarak ortalayan bir hat boyunca kabuk kalinhinin belirgin bir sekilde

| daha ince oldugu goriilmiistiir.
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