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SUMMARY 
The velocity structure of two regions of Turkey are determined using single-station 
measurements of Rayleigh and Love wave group velocities in the period range 8-50s. A 
differential inversion scheme yields models for Turkey in which crustal and upper mantle 
shear-wave velocities are slower than those of most of Europe. Comparisons of upper mantle 
shear-wave velocities we have obtained with reported P,, velocities leads to Poisson's ratio 
values in the upper mantle between 0.29 and 0.30 for eastern Turkey and between 0.27 and 
0.31 for western Turkey. Crustal velocities are slightly slower and upper mantle velocities are 
slightly faster in western Turkey than in eastern Turkey. The crust-mantle boundary obtained 
in our studies is gradational, but if a shear velocity of 4.2 km s-l is taken to define the upper 
mantle then the crust appears to be about zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA40 km thick throughout all of Turkey. A sharp 
crust-mantle boundary may occur, but cannot be resolved. The data of this study require 
neither a low-velocity zone in the upper mantle nor polarization anisotropy in the crust or 
upper mantle. Azimuthal variations of Rayleigh and Love wave group velocities in western 
Turkey are consistent with velocities predicted by an azimuthally anisotropic upper crust in 
which vertical cracks are orientated in an approximate E-W direction. This interpretation is 
consistent with geological information, fault-plane solutions, lineations mapped from satellite 
observations, and reported heat flow values, but the possibility that these variations are 
caused by lateral changes of velocity in the crust of western Turkey cannot be completely 
ruled out at the present time. 
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INTRODUCTION 

The Turkish subplate lies between the northward moving 
African and Arabian plates to the south, the Eurasian plate 
or Black Sea subplate to the north, and the Aegean plate to 
the west. Like other continental plates and fragments in the 
eastern Mediterranean, it is relatively rigid and is 
surrounded by wide deforming zones along which motion 
occurs (Jackson zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA& McKenzie 1988). 

Although much is now known about the tectonics of this 
region (e.g. McKenzie 1972; Le Pichon & Angelier 1979; 
Rotstein and Kafka 1982; Kasapoglu & Toksoz 1983; 
Jackson & McKenzie 1984, 1988; Rotstein & Ben-Avraham 
1986), relatively little data have been collected with which to 
study crust and upper mantle structure, particularly how it 
might vary across Turkey. Canitez & Toksoz (1980), using 
travel-time residuals of teleseismically recorded compres- 
sional waves, concluded that compressional-wave velocities 
in the uppermost mantle are 7.9 km s-l in eastern Turkey 
and 8.1 km-' in western Turkey. Chen, Chen & Molnar 
(1980), however, concluded that uppermost mantle 
compressional-wave velocities over a broad region in Turkey 

* Present address: Middle East Technical University, Ankara, 
Turkey. 

are 7.73 kms-' and lie beneath a crust of uniform but 
poorly determined thickness. 

Estimates of crustal thickness have varied widely. Ezen 
(1983) used Love wave dispersion to infer a thickness of 
38km in northern and eastern Anatolia. Turkelli (1985) 
determined crustal transfer functions for teleseismic waves 
and concluded that the crustal thickness beneath Ankara is 
about 30 km. By contrast, a thickness of 52 km was obtained 
by Dewey et al. (1986) for eastern Turkey using petrological 
information. 

In the present study we use seismic surface waves to study 
the shear-velocity structure of the crust and upper mantle 
beneath Turkey. Recent improvements in methods for 
determining surface-wave group velocities (Russell, Her- 
rmann & Hwang 1984) and in the inversion of those data 
(Russell 1987; Hwang & Mitchell 1987) should allow us to 
place greater constraints on crustal and upper mantle 
velocities, as well as on crustal thickness, than has been 
previously possible. 

Our primary goal is to determine the depth distribution of 
seismic velocities and their regional variation across Turkey. 
This information will then allow a comparison with 
published results for shear velocities in the more stable 
regions of Eurasia. In addition, since this is a tectonically 
active region, it is possible that the upper crust is 
characterized by uniformly orientated cracks, and the upper 
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mantle by flow patterns which reflect the convergence of 
major plates. If so, seismic velocities in both the upper crust 
and upper mantle should be anisotropic in their elastic 
properties (Crampin 1984; Nataf, Nakanishi zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA& Anderson 
1986). As part of the present study we attempt to determine 
whether or not anisotropy in this region can be resolved using 
seismic surface waves. We will attempt to observe two types 
of anisotropy: (1) that which produces azimuthal variations 
of surface-wave group velocities (azimuthal anisotropy) and 
(2) that which makes it impossible to explain both Rayleigh 
and Love wave group velocities with a single isotropic model 
(polarization anisotropy). For the latter case we will invert 
Rayleigh and Love wave data separately, as well as 
simultaneously, to see if polarization anisotropy is required. 
Even though this approach is not strictly valid (Crampin 
1970; Mitchell 1984), it will provide an indication of the 
severity of any polarization anisotropy which might be 
present. 

Pertinent plate tectonic information 

The tectonics of the Turkish subplate and surrounding 
regions is very complex (see Fig. 1) and has been discussed 
in several studies, some of which are cited in the previous 
section. Two aspects of the tectonics of this region are 
pertinent to the present study. The first area of interest is 
the difference of tectonic regimes in eastern and western 
Turkey. Eastern Turkey and the Black Sea subplate are 
sandwiched between the Eurasian plate and the northward 

moving Arabian plate. By contrast, western Turkey lies 
adjacent to the SW moving Aegean plate and is a region of 
N-S extension. It will be interesting to determine whether 
or not the structure of the crust and upper mantle differs for 
these regions. 

The second area of interest is the position of the Hellenic 
and Cyprean arcs, the boundaries between the African plate 
and Aegean plate and Turkish plate, respectively. Since the 
results of surface-wave studies are least ambiguous when 
paths are restricted to laterally homogeneous regions, it is 
advantageous for our study if those boundaries are situated 
such that the portions of the path which traverse oceanic 
regions are minimized. The most recent work addressing 
this issue (e.g. Rotstein & Kafka 1982; Rotstein & 
Ben-Avraham 1986; Jackson & McKenzie 1988) place that 
boundary 100-150km south of the Turkish coast. Thus 
little, if any, portions of our surface wavepaths should 
traverse that boundary. As an extreme example, if we have 
a total path length of 500km of which 450km is 
characterized by a group velocity of 3.0 km zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAsC1 and 50 km is 
characterized by a typical oceanic group velocity of 
3.8 k s-l, then the average group velocity would be about 
3.06 km s-l or an increase of 2 per cent. Actual portions of 
oceanic paths should be much smaller than 50km and 
should not occur at all for most paths, thus surface-wave 
velocities along paths from earthquakes on the southern 
coast of Turkey should therefore not be strongly affected by 
the presence of oceanic crust. In addition, since the paths 
are nearly perpendicular to the coast line, there should be zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

Figure 1. Schematic of plate configuration and movement in the eastern Mediterranean (adapted from McKenzie 1972 and Rotstein & Kafka 
1982). Double lines denote plate boundaries across which extension is occurring, single lines indicate transform faults and lines crossed by 
dashes at right angles denote boundaries across which subduction is taking place. The dashed line indicates uncertain location of boundary. 
Arrows indicate direction of plate motion relative to Eurasia. 
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Figure 2. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAMap showing single-station paths in Turkey. The triangle denotes the seismograph station ANTO and the circles denote earthquake 
sources. (B, Black Sea; A, Aegean Sea; M, Mediterranean Sea; L, Levantine basin; S, Syria; I, Iraq; T, Turkey.) 

no strong adverse effects due to lateral refraction of provinces, eastern Turkey and western Turkey. Paths to the 
Rayleigh waves. east of the SRO station ANTO lie in the eastern province 

and paths to the west of ANTO lie in the western province 
(Fig. 2 and Table 1). We have obtained group velocities for 
both regions, within each of which it is assumed that elastic DATA 

Since the objective of this study is to investigate large-scale properties of the crust and upper mantle are relatively 
varaitions of velocity structure, Turkey is divided into two uniform. The pre-Miocene geology of the islands in the 

Table 1. Events used in the single-station method. 

Region Date O.T. Lat. Long. Depth rnb BAZ A 
(hr min see) (deg) (deg) (km) (ded (km) 

N E 

ET 4 Jan 81 07:19:45.6 38.443 44.842 
ET  13 Apr 81 19:41:39.9 39.917 40.623 
ET  1 Jan 83 23:06:18.5 39.242 40.203 
ET  10 Mar 83 05:02:17.? 38.427 39.109 
ET  26 Mar 83 10:51:47.3 38.863 44.333 
ET  3 Dec 84 07:38:06.5 37.916 43.240 
E T  8 Dec 84 03:19:09.3 38.595 43.227 
W T  25 Nov 80 0?:31:0?.3 38.489 25.519 
WT 29 Nov 80 20:03:11.1 38.529 25.341 
WT 21 Dec 80 16:28:32.1 39.055 25.173 
WT 13 Jan 81 20:22:44.7 38.714 25.366 
WT 11 Apr 81 19:21:19.9 38.160 26.167 
W T  3 May 81 19:54:43.8 36.412 30.701 
WT 11 hlay 81 19:15:25.3 36.841 28.084 
WT 27 Nov 81 13:30:27.9 35.920 30.160 
WT 24 Mar 83 10:55:56.9 37.123 29.342 
\VT 11 Sep 85 11:08:28.9 36.314 28.739 
WT 4 Oct 85 13:36:06.9 39.149 26.151 
H’T 17 Oct 85 10:15:24.9 38.712 27.890 
WT 20 Oct 85 07:52:36.2 37.779 25.891 
\VT 24 Nov 85 01:19:37.6 37.663 27.626 
IVT 23 Dec 85 20:08:59.4 38.854 26.725 

E T  Eastern Turkey 
ET: Western Turkey 

33 4.7 95. 1053. 
10 4.5 87. 670. 
10 4.6 94. 641. 
10 4.3 104. 569. 
33 4.5 93. 1001. 
10 4.8 100. 932. 
10 4.7 96. 912. 
10 4.6 259. 647. 
10 4.6 259. 660. 
10 4.5 265. 682. 
10 4.2 261. 653. 
10 4.1 254. 604. 
59 4.1 206. 42.5. 
27 4.7 232. 531. 
10 4.6 209. 496. 
27 4.5 226. 428. 
38 4.2 223. 531. 
15 4.0 264. 5 i i .  
10 4.1 255. 442. 
33 4.7 251. 642. 
13 4.5 243 511. 
33 4.6 ?GO. 535. 
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Aegean sea resembles that of Turkey (McKenzie 1978). 
Thus, since the Aegean region is continental, we combined 
data from earthquakes in western Turkey and the 
Mediterranean. 

Long-period surface waves at the ANTO station were well 
recorded at periods between 8 and 50s for several 
earthquakes. These are listed in Table 1. An example for 
the event of 1983 March 26 appears in Fig. 3. 

The group velocities of this study were obtained using the 
multiple-filter method (Dziewonski, Bloch zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA& Landisman 
1969). Spectral amplitudes associated with the fundamental 
mode can be separated from higher modes; thus 
fundamental-mode group-velocity values can be obtained 
which are not contaminated by higher-mode interference. 
Single-station group-velocity measurements are affected by 
the change of initial phase with frequency; however, this 
effect may be neglected if epicentral distances are 
sufficiently large (Kanamori & Abe 1968). Calculated values 
for this change were found to be inconsequential for the 
present study so the effect of initial phase was neglected. 

Group velocities of fundamental-mode Rayleigh and Love 
waves were obtained for eastern Turkey (Figs 4a and b) and 
western Turkey (Figs zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4c and d). The means and standard 
deviations of those velocities, which were used to invert for 
velocity structure, are given in Table 2. 

The uncertaintites to be expected in surface-wave travel 
times have been discussed by several authors (e.g. Forsyth 
1975; Yu & Mitchell 1979). Those time uncertainties which 

L I  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI 1 I I I I I I I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5 10 

Relative Time, Min 

Figure 3. Long-period seismograms recorded on vertical, N-S, and 
E-W instruments at ANTO for the earthquake of March 26 1983. 
Numbers by each seismogram indicate maximum amplitudes 
relative to that of the vertical component. The epicentral distance 
for this event is 1001 km. 

are pertinent to the present study are almost entirely due to 
uncertainties in origin time and source location. We 
conservatively estimate that the rms error arising from those 
effects is 5s. For an epicentral distance of 650km (the 
average path length for this study), this would correspond to 
a mislocation of about 15 km. Since numerous stations are 
situated throughout Europe, the Middle East, and Africa, 
locations should be better than that. Forsyth (1975) also 
estimates an rms error of 5 s  for surface wavepaths in the 
Pacific, but his error estimate also includes the effects of 
source finiteness and digitizing error. Those errors can be 
assumed to be very small in the present study because we 
use small events zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(mb 14.8)  and digital data. In addition to 
random errors produced by the above effects, systematic 
errors may occur. These could be caused by interference 
with other phases, lateral refraction, or incomplete 
separation of modes. It is difficult to assess the extent of 
these effects, but we have estimated that rms errors in 
group-velocity travel times are about 3.5-4.0 s for Rayleigh 
waves and 3.0-3.5 s for Love waves. If we add these values 
to the value of 5.0 discussed above, then for the average 
path length of this study (about 650 km) and group velocities 
between 2.7 and 3.3 km s-l, these errors for Rayleigh waves 
are between 0.10 and 0.14kms-l. For Love data using 
group velocities between 2.9 and 3.9 km s-', they are 
between 0.11 and 0.21 kms-l. The standard deviations in 
Figs 6 and 9 are comparable to these values except for the 
case of Love waves in eastern Turkey. The scatter in the 
data which produces those large values is evident in Fig. 
4(d). Since Love waves are more adversly affected by lateral 
changes in structure than are Rayleigh waves, those larger 
errors may suggest that crustal structure in eastern Turkey is 
more complex than it is in western Turkey and we have 
underestimated that complexity when estimating rms errors. 
Alternatively, they may be produced by azimuthal 
anisotropy, as discussed in a later section. 

MODELS OBTAINED FROM INVERSION 

To obtain models for Turkey, we used inversion theory, as 
first proposed by Backus & Gilbert (1970). In the present 
study we used an interactive program developed by Russell 
et al. (1984). That program inverts observed group velocities 
for plane-layered shear-velocity structures, and uses singular 
value decomposition (Lawson & Hanson 1974) in stochastic 
or differential form (Russell 1987). 

Our inversion starts with a half-space as the initial model 
(Fig. 5) and uses a non-linear iterative procedure to arrive at 
a model which satisfies the data. By starting with a 
half-space our final model is not biased by any assumptions 
we make concerning the location of velocity discontinuities 
in the initial model. The feasibility of using a half-space as 
the initial model was tested by Hwang & Mitchell (1987) 
using data from the Indian Shield. They used two starting 
models, one consisting of a half-space and another based on 
refraction results. The inversion results were essentially the 
same for both cases. Since we do not have refraction data 
for Turkey we could not perform similar tests. We followed 
the same procedure as that used by Hwang & Mitchell 
(1987), and used a differential inversion method. The 
differential inversion process minimizes both the magnitude 
of the error vector between observed and computed 
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Figure 4. Group velocity data obtained for the earthquakes of Table 1: (a) and (b) for eastern Turkey, (c) and (d) for western Turkey. 

velocities and differences between adjacent layers, thereby parameters could have some effect at shallow depths, but at 
minimizing large velocity changes between adjacent layers. those depths Poisson's ratio can be assumed to be known 
Our inversion results are restricted to shear velocities reasonably well, thus constraining compressional velocities 
because that parameter has a far greater effect on while empirical relations can constrain density values. 
surface-wave velocities than does compressional-wave Poisson's ratio was assumed to be 0.25 in the crust and 0.27 
velocity or density throughout most of the model. The latter in the upper mantle for all inversions, and densities were 

Table 2. Means and standard deviations of group velocities in Turkey (km/s) (fundamental mode). 

8.0 
10.0 
11.0 
12.0 
14.0 
16.0 
18.0 
20.0 
?5.0 
30.0 
33.0 
36.0 
38.0 
41.0 
42.0 
45.0 
47.0 

Eastern Turkey 
UR UL 

?.T52M.1?7 

2.857M.107 

2.9G9M.103 
2.dGiM.037 
2.86710.0.51 
2.852M.016 
?.864M.049 
2.996M.lG5 
3.1?3M. l79 
3.20?M. 1 7 6  

3.295M.151 

3.1 ??fO. 149 
3.lGGfO 088 
3.107f0.075 
3.148fO 043 
3.208 fO.070 
3.?75*0.06? 
3.294f0.036 
3.359f0.076 
3.434f0.05? 

3.537M.063 

3.609M 073 
3.694M.063 
3.734f0.064 

3.4iif0.052 

Western Turkey 

UR UL 

2.737M.034 2.94aM.054 
?.73?M.O62 2.954M.184 

2 .763M 057 3.013M.192 
2.70GM.089 3.029M.212 
2.68 1 M. 10 1 3.OGGM.223 
2.703M.073 3 .112M 258 
2.75GM.095 3.097M.263 
2.900M.131 3.186M.210 
3.108M.197 3.295M.222 

3.GOGM.185 

3 884M.156 
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Figure 5. Shear-wave models (solid line) for eastern Turkey 
obtained from inversions of Rayleigh wave data, Love wave data, 
and combined Rayleigh and Love wave data. The dashed lines 
indicate the initial half-space model. Resolving kernels correspond- 
ing to several depths between 8 and 95 km are also shown. 

calculated using known relations between density and 
compressional-wave velocity in the crust (Talwani, Sutton zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA& 
Worzel 1959) and mantle (Birch 1964). If the value for 
Poisson's ratio in the crust is off by 8 per cent, and the 
compressional wave velocity is 6.0 km s-l, then shear wave 
velocities will be off by only about 3 per cent. 

Our procedure for obtaining a velocity model includes the 
determination of the necessity of discontinuities or rapid 
gradients and can be summarized as follows. Dispersion 
data are inverted, using a half-space starting model, and a 
model is obtained through a non-linear iterative process in 
which velocity partial derivatives are recomputed for each 
iteration. If successful convergence has been achieved, 

theoretical group velocities should agree with observed 
values within the data uncertainties. We also obtain 
resolving lengths and values for model parameter uncer- 
tainties at all depths. The resolving lengths refer to 
sensitivity to only shear-wave velocities for the inversions, 
thus if our compressional-wave velocities and densities are 
not reasonably close to true values, resolution may be 
poorer than that shown in Figs 5 and 8 at shallow depths. A 
trade-off exists between model uncertainties and resolution 
and we can set a trade-off parameter so as to achieve smaller 
model undertainties at the expense of resolution, and vice 
versa. We have chosen the trade-off parameter so that 
models have the best possible resolution within the 
constraint that they be realistic, i.e. they do not contain 
large fluctuations in velocity. Steep velocity gradients often 
appear in the resulting model. Because of the limited 
resolving power of surface waves, these gradients may 
actually correspond to velocity discontinuities. 

Eastern Turkey 

The dispersion d a b  in Table 2 were used to obtain a 
velocity model for eastern Turkey from Rayleigh waves. 
The resulting model is plotted in Fig. 5 along with its 
resolving kernels. The initial model was a half-space having 
a shear-wave velocity of 5 km s-'. Rapid velocity gradients 
occur at depths between 5 and 10 km, and between 30 and 
40 km. The crust-mantle transition in this region may occur 
at about 40km where there is an increase in velocity to 
4.2 km s-'. Note that since the resolution for the lower crust 
and upper mantle is relatively poor, no detail could be 
resolved for this region. This poor resolution results in small 
model uncertainties in our velocity model at larger depths 
(Fig. 5). The seismic velocities for this model are listed in 
Table 3 together with depths, thicknesses, and densities. 

We also inverted the Love wave data of Table 2 to obtain 
a second velocity model for eastern Turkey (Fig. 5 and 
Table 3 (L)). A rapid gradient occurs at depths between 5 
and 15 km. At shallow depths velocities are similar to those 
obtained from the inversion of Rayleigh waves, but at 
greater depths velocities are greater for the love wave 
inversion than the Rayleigh wave inversion. Another rapid 
gradient occurs at a depth of about 40 km. 

Love and Rayleigh waves were inverted simultaneously to 
obtain the model of Fig. 5 and Table 3%(L and R). Rapid 
gradients occur at depths between 0 and 5 km and at depths 
between 30 and 40 km. The observed and theoretical surface 
wave velocities are compared in Fig. 6. In this figure the 
solid lines show the results from combined inversions. Note 
that the calculated Love wave velocities for the model 
obtained from the simultaneous inversion are very similar to 
those obtained from the inversion of Love wave data alone, 
even though these models are somewhat different. This 
occurs because of the relatively poor resolving power of the 
Love wave data compared with that of Rayleigh waves. 

The three derived velocity models are compared in Fig. 7. 
The model obtained from the inversion of Rayleigh waves is 
significantly slower than that obtained from Love waves, a 
result sometimes taken to imply polarization anisotropy of 
upper mantle material (e.g. McEvilly 1964). The combined 
inversion, however, explains the data equally well; therefore 
polarization anisotropy does not seem to be required to 
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Table 3. Velocity models for eastern Turkey. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
H zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAT 

/km) (km) 

1.0 
2.0 
3.0 
4.0 
5.0 
7.0 
9.0 

11.0 
13.0 
15.0 
20.0 
25.0 
30.0 
35.0 
40.0 
50.0 
60.0 
70.0 
80.0 
90.0 

100.0 

1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA.o 
1 .o 
1 .o 
1 .o 
1 .o 
2 .o 
2 .o 
2 .o 
2 .o 
2.0 
5.0 
5.0 
5 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA.O 
5 .O 
5 .O 

10.0 
10.0 
10.0 
10.0 
10.0 
10.0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
co zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

a 
(km/s) 

R L L&R 

5.15 
5.16 
5.18 
5.24 
5.33 
5.47 
5.66 
5.90 
6.04 
6.12 
6.14 
6.18 
6.32 
6.61 
6.95 
7.54 
7.76 
7.86 
7.91 
7.93 
7.96 
8.01 

5.09 
5.11 
5.16 
5.2? 
5.31 
5.41 
5.56 
5.91 
6.08 
6.26 
6.44 
6.62 
6.52 
6.74 
7.01 
7.81 
8.12 
8.38 
8.56 
8.65 
8.69 
8.69 

4.69 
4.78 
4.94 
5.15 
5.38 
5.64 
5.87 
6.06 
6.17 
6.23 
6.25 
6.33 
6.55 
6.86 
7.20 
7.72 
8.01 
8.23 
8.40 
8.51 
8.56 
8.58 

explain both datasets. If we take 4.2kms-' to correspond 
to upper mantle shear velocities, then the total crustal 
thickness is about 40 km. 

The three models of Fig. 7 differ from one another 
through portions of their depth range by more than the 
model uncertainties in Fig. 5. Two factors may cause these 
differences. Polarization anisotropy may be present 
throughout portions of the model. Such anisotropy could 
cause the models resulting from separate inversions of Love 
and Rayleigh waves zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAto differ considerably. A simultaneous 

EASTERN TURKEY zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
*9 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

CI ; 3.5 

E 3  
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1 10 100 

PERIOD Csecl 

Figure 6. The theoretial dispersion values predicted by the models 
compared with observed Rayleigh and Love dispersion values in 
eastern Turkey. The solid lines are from the separate inversions and 
the dashed lines are from the combined inversion. Vertical lines 
indicate standard deviations for the observed data. The dashed line 
is overlain by the solid line over much of the period ranges of both 
Rayleigh and Love waves. 

P 
(km/s) 

R L L&R 

2.98 
2.98 
2.99 
3.02 
3.08 
3.16 
3.27 
3.40 
3.49 
3.53 
3.55 
3.57 
3.65 
3.82 
4.02 
4.?3 
4.35 
4.41 
4.44 
4.45 
4.47 
4.50 

2.94 
2.95 
2.98 
3.01 
3.06 
3.12 
3.20 
3.41 
3.51 
3.61 
3.72 
3.82 
3.76 
3.89 
4.05 
4.38 
4.56 
4.70 
4.80 
4.86 
4.88 
4.88 

2.71 
2.76 
2.85 
2.97 
3.11 
3.25 
3.39 
3.50 
3.56 
3.60 
3.61 
3.65 
3.78 
3.96 
4.15 
4.33 
4.49 
4.62 
4.71 
4.77 
4.81 
4.81 

P 

R L L&R 
(g/cm3) 

2.53 
2.53 
2.54 
2.55 
2.57 
2.59 
2.63 
?.68 
2.71 
2.73 
2.74 
2.75 
2.80 
2.88 
2.97 
3.15 
3.23 
3.?6 
3.28 
3.29 
3.30 
3.31 

2.52 
2.5? 
2.53 
2.54 
2.56 
?.58 
?.61 
2.68 
2.72 
2.78 
2.83 
2.88 
2.85 
2.91 
2.98 
3.?4 
3.35 
3.45 
3.51 
3.54 
3.55 
3.55 

2.43 
2.45 
2.49 
2.53 
?.58 
2.63 
2.67 
2.7? 
2.75 
2.77 
2.78 
2.80 
?.8G 
2.94 
3.04 
3.?? 
3.31 
3.39 
3 45 
3.49 
3.51 
3.52 

EASTERN TURKEY 
SHEAR VELOC I TY zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAc k m /  s Q cl 
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Figure 7. Comparison of models for eastern Turkey obtained by 
inverting group velocities of fundamental-mode Love waves (L), 
Rayleigh waves (R) and combined Love and Rayleigh waves (LR). 
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inversion of the data, erroneously assuming an isotropic 
model, may produce unrealistically high or low values 
through some portions of the models in an attempt to fit 
both sets of data. This occurs because the maximum 
sensitivities of Rayleigh and Love waves to elastic 
properties, for a given period, generally occurs through 
different depth ranges. The resulting models may include 
layers which are unrealistically high or low or may include 
more modest fluctuations which could be interpreted as real 
features (Mitchell 1984). Since the errors thus produced are 
systematic, rather than random, the error bars in the model 
may not overlap. This is particularly true at depths where 
resolution is very poor, as it is for Love waves at depths 
greater than about 50 km. For cases such as that the error 
bars can be misleading since they represent uncertainty of a 
broad average of model properties around the specified 
depth. The same effect could occur if systematic errors, not 
reflected in the data uncertainties, occur in the group 
velocities. Some fluctuations in our group velocity values, 
such as that for the Love wave data near 20s in Fig. 6 may 
reflect such systematic errors. 

The P,, velocity which corresponds to the shear velocity 
obtained from Rayleigh waves below a depth of 40km, 
assuming a Poisson’s rat0 value of 0.27, is 7.54kms-’ 
(Table 3). This is considerably lower than values obtained in 
other continental regions and in other studies of Turkey. 
Canitez & Toksoz (1980), using travel times and station 
residuals of P-waves, found a P,, velocity in eastern and 
northern Turkey of 7.9 km zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAs-’. These results therefore 
suggest that Poisson’s ratio in the uppermost mantle is larger 
than the value of 0.27 which we assumed. In order to satisfy 
our Rayleigh wave data, as well as that of Canitez & Toksoz 
(1980), the Poisson’s ratio would need to be 0.30. In order 
to satisy the results of our combined inversion of Rayleigh 
and Love wave data and the data of Canitez & Toksoz 
(1980) it would have to be 0.29. 

None of the results of inversion require a low-velocity 
zone in the upper mantle. This result does not necessarily 
imply that no low-velocity zone exists there; one may exist 
but may be either too deep or too minor to be resolved by 
our data. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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Western Turkey 

The Rayleigh wave dispersion data in Table 2, along paths 
to the west of ANTO, were used to obtain a velocity model 
€or western Turkey. The resulting model is plotted in Fig. 8 
along with its resolving kernels. The initial model was a 
half-space having a shear wave velocity of 5 km s-’. The 
crust-mantle transition for this model in western Turkey is 
also gradational just as that for eastern Turkey. The widths 
of the resolving kernels at these depths, however, indicate 
that detail cannot be resolved in this region and a sharp 
discontinuity could occur there. The velocities are listed in 
Table 4 (R) together with depths, thicknesses and densities. 

A velocity model for western Turkey was also obtained 
using the Love wave data of Table 2 (Fig. 8 and Table 4 
(L)). Rapid gradients occur between near-surface depths 
and 17 km, and between about 20 and 40 km, with an abrupt 
increase in velocity at 40km. The velocities are listed in 
Table 4 and are faster than those obtained using Rayleigh 
waves at most depths in the crust and upper mantle. 

Figure 8. Shear-models (solid line) for western Turkey obtained 
from inversions of Rayleigh wave data, Love wave data, and 
combined Rayleigh and Love wave data. The dashed lines indicate 
the initial half-space model. Resolving kernels corresponding to 
several depths between 8 and 95 km are also shown. 

A simultaneous inversion of Love and Rayleigh waves 
leads to the model in Fig. 8 and Table 4 (L and R). The 
observed and theoretical surface wave velocities are 
compared in Fig. 9. Except for one Love wave data point at 
a period of 40s, it adequately explains all of the Rayleigh 
and Love wave velocities (Fig. 9). Our inability to explain 
that value may be due to an underestimation of the error 
there since only four data points were used or because low 
values through the period range 10-30s bias the mean 
group velocities in that region making it difficult to invert all 
of the data to obtain a realistic model. Those low values are 
discussed in a later section in the context of possible 
azimuthal anisotropy in western Turkey. The model of Fig. 
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4.30 
4.57 
4.94 
5.31 
5.64 
5.91 
5.69 
5.80 
5.89 
5.96 
6.27 
6.38 
6.62 
6.95 
7.32 
8.15 
8.50 
8.78 
8.91 
8.86 
8.68 
8.43 

Table 4. Velocity models for western Turkey. 

2.95 
2.96 
2.97 
2.99 
3.04 
3.10 
3.22 
3.28 
3.32 
3.35 
3.35 
3.46 
3.66 
3.88 
4.07 
4.24 
4.29 
4.30 
4.31 
4.34 
4.38 
4.42 

H zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAT 
Jkm) (km) 

1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA.o 
2.0 
3.0 
4 0  
5.0 
7.0 
9.0 

11.0 
13.0 
15.0 
20.0 
25.0 
30.0 
35.0 
40.0 
50.0 
60.0 
70 0 
80.0 
90.0 

100.0 

1 .o 
1 .o 
1 .o 
1 .o 
1 .o 
2.0 
2.0 
2.0 
2.0 
2.0 
5 .O 

5.0 
5 .O 
5.0 
5.0 

10.0 
10.0 
10.0 
10.0 
10.0 
10.0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
00 

5.11 
5.12 
5.14 
5.19 
5.26 
5.36 
5.57 
5.68 
5.75 
5.81 
5.81 
6.00 
6.34 
6.72 
7.04 
7.55 
7.64 
7.66 
7.69 
7.73 
7.80 
7.88 

5.06 
5.07 
5.10 
5.14 
5.20 
5.28 
5.59 
5.75 
5.97 
6.23 
6.30 
6.67 
7.06 
7.42 
7.74 
8.58 
8 . 2  
8.77 
8.76 
8.71 
8.67 
8.62 

2.92 
2.93 
2.94 
2.97 
3.00 
3.05 
3.23 
3.32 
3.45 
3.60 
3.64 
3.85 
4.07 
4.28 
4.47 
4.81 
4.89 
4.92 
4.91 
4.89 
4.86 
4.84 

2.48 
2.64 
2.85 
3.06 
3.25 
3.41 
3.29 
3.35 
3.40 
3.44 
3.62 
3.69 
3.82 
4.01 
4.23 
4.57 
4.7i 
4.93 
5.00 
4.97 
4.87 
4.73 

8 includes gradients between the surface and 5 km, and 
between 25 and 40 km, and a possible discontinuity occurs at 
40 km. A slight low-velocity zone occurs at depths between 
7 and 13 km, but the resolving kernels indicate that it is not 
a resolvable feature. 

The three derived velocity models for western Turkey are 
compared in Fig. 10. The differences between the models 
may be produced by the same factors discussed in the 
section on eastern Turkey. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA discontinuity may occur at a 
depth of 40 km where velocities increase to values typical of 
upper mantle shear velocities. The model obtained from the 
inversion of Rayleigh waves, like eastern Turkey, is slower 

WESTERN TURKEY 

I 

1 10 100 
PERIOD Csecl 

Figure 9. The theoretical dispersion values predicted by the models 
compared with observed Rayleigh and Love dispersion values in 
western Turkey. The solid lines are from the separate inversions 
and the dashed lines are from the combined inversion. Vertical lines 
indicate standard deviations for the observed data. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

P 
(g/cm3) 

R L L&R 

2.52 
2.52 
2.53 
2.54 
2.55 
2.5i 
2.61 
2.64 
2.65 
2.6B 
2.66 
2.70 
2.80 
2.91 
2.99 
3.16 
3.19 
3.20 
3.20 
3.22 
3.24 
3.27 

2.51 
2.51 
2.52 
2.53 
2.54 
2.56 
2.62 
2.65 
2.69 
2.77 
2.79 
2.89 
3.00 
3.11 
3.22 
3.52 
3.56 
3.58 
3.58 
3.56 
3.55 
3.53 

~ 

2.36 
2.41 
2.49 
2.56 
2.63 
2.68 
2.64 
2.66 
2.68 
2.69 
2.78 
2.82 
2.88 
2.97 
3.08 
3.36 
3.49 
3.58 
3.63 
3.61 
3.55 
3.46 
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Figure 10. Comparisons of models for western Turkey obtained by 
inverting group velocities of fundamental Love waves (L), Rayleigh 
waves (R) and combined Love and Rayleigh waves (LR). 
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than that obtained from the inversion of Love waves, 
suggesting the possibility of polarization anisotropy, but the 
model resulting from combined inversion also explains the 
data adequately. The different models suggested by the 
individual inversions of Love and Rayleigh waves may 
therefore only be an artifact of poor resolution and may not 
indicate polarization anisotropy zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA. The differences between 
the three models of Fig. 10 are greater than the model 
uncertainties, as they were for eastern Turkey. This again 
could be due to anisotropy or to systematic errors in the 
observations which have not been accounted for. The 
resolution for Love waves at depths greater than 50 km is 
extremely poor, thus, as stated earlier, model uncertainties 
at those depths may be misleading. Additional high- 
resolution Rayleigh and Love wave data will be required to 
conclusively demonstrate that polarization anisotropy is 
necessary in order to produce the differences in the models 
obtained by individual inversions of Rayleigh and Love 
waves. 

Regional comparison 

The two models, derived using combined Love and Rayleigh 
waves, for both regions of Turkey appear in Fig. 11. The 
models for eastern Turkey and western Turkey are similar zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

TURKEY zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
SHEAR VELOCITY [ k m / s e c l  

2.0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3 - 0  4. 0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5.0 6.0 
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Figure 11. Comparison of models for eastern and western Turkey 
as obtained from a combined inversion of Love and Rayleigh wave 
data. 

to one another throughout the uppermost crust and lower 
crust. Velocities for eastern Turkey are, however, about 
0.15 km s-l faster than those for western Turkey through 
the depth range 6-15 km. The resolving lengths and 
uncertainties in Figs 5 and 8 indicate that this difference is 
resolvable. At upper mantle depths shear velocities for 
western Turkey are about 0.3 km s-' faster than those of 
eastern Turkey. Although resolution is poor for mantle 
depths, the consistency of this difference over a large depth 
range indicates that average velocity differences there are 
likely to be correct. If we take 4.2 km sK1 to represent the 
upper mantle shear velocity, the crust-mantle boundary 
occurs at a depth of about 40 km in both regions. 

Both the crustal velocities and upper mantle velocities 
obtained for Turkey are lower than those obtained 
throughout most of Europe, but are similar to those 
obtained in some regions in and near the Mediterranean. 
We obtained values less than 3.0 km s-l for the uppermost 
crust, whereas values of 3.0-3.5 km s-l have been obtained 
by Knopoff, Mueller & Pilant (1966) in the Alps, values of 
3.5-3.6 km s-l have been obtained by Der & Landisman 
(1972) in Scandinavia and values of 3.1-3.5 km s-l have 
been obtained by Dost (1987) in the west European 
platform. Our upper mantle values of 4.2-4.3kms-' are 
also lower than upper mantle values throughout most of 
Europe where, with few exceptions, they are greater than 
4.5 km s-' (Panza, Mueller & Calcagnile 1980). Our upper 
mantle values are, however, similar to values reported by 
Panze et al. (1980) for the western Mediterranean and a 
small portion of SW Germany. 

Possible crustal anisotropy in western Turkey 

The Rayleigh and Love waves recorded in western Turkey 
display greater scatter than those recorded in eastern 
Turkey and were obtained over a broader range of azimuths 
(Figs 4c, d and Table 2). There is a possibility that these 
observed variations in group velocity in western Turkey 
could be produced by azimuthal anisotropy of elastic 
properties in the crust or upper m t l e .  The azimuthal 
variation of observed Rayleigh wave group velocities for all 
of the earthquakes to the west of ANT0 is shown in Fig. 12 
and that for Love wave group velocities appears in Fig. 13. 

Theoretical calculations of Crampin & Taylor (1971) for 
models with a horizontal axis of symmetry show that the 
azimuthal variation of Rayleigh wave velocities will vary as 
2 0  with the maximum velocity being in the direction of 
compressional and vertically polarized shear waves. Love 
waves display a 4 0  variation and the maximum velocity for 
Love waves differs from that of Rayleigh waves by 45". The 
observed data of Figs 12 and 13 suggest that this relationship 
between Rayleigh and Love wave velocities may occur in 
western Turkey. Theoretical values shown by the solid and 
dashed lines in Figs 12 and 13 were computed for two 
different anisotropic models of the upper crust overlying an 
isotropic lower crust and upper mantle. The theortical 
formulation required for computing surface-wave velocities 
in generalized anisotropic media was developed by Crampin 
(1970) and Crampin & Taylor (1971). Crampin (1978, 1981, 
1984) and Hudson (1981) calculated the variations of 
velocity of seismic waves propagating through solids 
containing aligned cracks. 
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Figure 12. Azimuthal variation of group-velocity data of Rayleigh 
waves for western Turkey at periods of 10, 20, and 30s. The 
symbols denote the observed data. The solid and dashed lines 
correspond respectively to models A and B. 

Two anisotropic models were considered in this study. For 
model A the anisotropic portion of the crust was taken to be 
between depths of 0 and 20 km and to consist of vertical, 
water-saturated cracks with the elastic constants of Crampin 
(1984). These constants appear in Table 5 .  For model B the 
three elastic constants which have the greatest effect on 
generalized waves (Anderson 1961) have been reduced by 
10 per cent compared with those of model A (Table 5) and 
the thickness of the anisotropic crust is taken to be 10 km. 
The elastic constants for model A correspond to a crust 
containing vertical cracks with a density of 0.1, each with a 
radius of 5 m, and an aspect ratio of O.OOO1. The reduced 
values for model B imply either an increase in crack density 
or an increase in size of the cracks compared with those of 
model A. For both models, the lower crust and upper 
mantle velocities are those presented in Table 4 (L and R). 
These models produce the theoretical group velocities 
shown by the solid and dashed lines in Figs 12 and 13. If the 
direction of cracking is N 120" E, the observed azimuthal 
variation is predicted well; the absolute level is also 
predicted well except for the case of Rayleigh waves at a 
period of 10s. This difference is probably due to the 
oversimpiified model of the upper crust needed to perform 
the anisotropic computations. 

BAZ Cdeg1 
20 s e t  

n 4  

\ 
- 3  E 3.5 ~ 

-I 

% 2.5 

200 22@ 240 260 280 300 
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LO s e c  

200 220 240 260 280 300 
BAZ ( d e g l  

Figure W. Azimuthal variation of group-velocity data of Love 
waves for western Turkey at periods of 10, 20, and 30s. The 
symbols denote the observed data. The solid and dashed lines 
correspond respectively to models A and B. 

Table 5. Elastic constants for wave propa- 
gation through a system of vertical, water- 
saturated parallel cracks of density 0.1, each 
having a radius of 5 m and an aspect ratio of 
O.ooO1. Model A is taken from Crampin 
(1984), and model B is the same model 
except that zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAC&, C,,tz, and C,,,, are 
reduced by 10 per cent. 

Model Model 
A B 

C,,,, 87.322 87.322 

c 2 2 2 2  87.418 87.448 

Cw3 87.448 87.448 

c2233 29.126 29.126 

C11?2 29.102 29.102 

C1133 29.102 29.102 

c2323 29.161 26.245 

c p l 2  23.261 20.935 

c1313 23.261 20.935 
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Considering the high temperatures and pressures likely to 

occur at depths of 20 km in the crust, it is less likely that 
open cracks would occur there than at shallow depths; thus 
model B, having a thinner layer of more highly anisotropic 
material, has also been considered in our calculations. 
Although model B provides a slightly better fit to our data, 
the improvement is not sufficiently large to decide between 
the models. The direction N 120" E predicted by the 
group-velocity data is within zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA30" of the directions of 
lineaments observed on satellite images of the Aegean basin 
(Foose 1985). The existence of cracks orientated roughly in 
an E-W direction is also consistent with the interpretation 
of N-S extension in western Turkey from focal mechanisms 
studies (McKenzie 1978) and from plate tectonic reconstruc- 
tions of the area (Dewey zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA& Sengor 1979; Sengor & Yilmaz 
1981). 

Figure 14 shows the theoretical variation of velocities at 
all azimuths for both models. This illustrates the 2 8  
variation of Rayleigh wave velocities and the 4 8  variations 
of Love wave velocities in these models. Although it would 
be beneficial to have group velocity data over a greater 
range of azimuths, both the form and the relative 
amplitudes of the observed azimuthal variations are 
consistent with these calculations. Note that the observed 
Love wave velocities are larger and their azimuthal variation 
more rapid than the observed Rayleigh wave variations as 
predicted by the calculated values of Fig. 14. 

The conclusion that azimuthal anisotropy, arising from 
vertical cracks, may occur in the upper crust is similar to 
that of Crampin & Booth (1985) who studied shear waves in 
NW Turkey near the north Anatolian fault. They explained 
observed splitting of shear waves in terms of fluid-filled 
crack-induced anisotropy. They also used Crampin's (1984) 
anisotropic crack model for a 10 km portion of the upper 
crust. Our results, suggesting either a greater depth extent 
of cracking or more extensive fracturing over the same 
depth interval as that of Crampin & Booth (1985), may 
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indicate that greater deformation is occumng in southern 
Turkey than in northern Turkey. 

Although the degree and direction of anisotropy required 
to explain the surface wave data of this study are consistent 
with plate tectonic models and geological information, it is 
also possible that the azimuthal group velocity variations in 
western Turkey could be explained by regional variations of 
velocity. However, available geological and geophysical data 
are more consistent with the interpretation of anisotropy 
than with interpretation of regional variations in velocity. In 
addition to arguments above, which appealed to focal 
mechanisms, lineations, and plate tectonic reconstructions, 
we can also cite heat flow values inferred from the map 
compiled by Cermak & Zahradnik (1982). These are higher 
for western Turkey (90-110 mW m-') than for SW Turkey 
(50-90 mW m-'). Since higher heat flow values usually 
correspond to lower velocities, the opposite of the situation 
we have observed, these values argue against the likelihood 
that the higher seismic velocities observed in western 
Turkey are due to regional variations in crustal structure. 

CONCLUSIONS 

Our surface wave studies in Turkey lead to the following 
conclusions: 

1. Crustal and upper mantle shear-wave velocities in 
Turkey obtained in this study are lower than those in most 
other parts of Europe outside of the Mediterranean region. 

2. If the upper mantle shear velocity beneath Turkey is 
4.2 km s-l, then Poisson's ratio in the upper mantle may be 
as high as 0.31. 

3. Satisfactory fits to both Rayleigh and Love wave data 
do not require polarization anisotropy of crustal or mantle 
elastic properties, but that possibility cannot be excluded. 

4. The crust-mantle boundary is not well resolved in 
either eastern or western Turkey. However, if we take a 
shear velocity of 4.2kms-' or greater to define the Moho, 

30 s e c  

- _ _ _ _ - -  - - - _ _ _ _ - -  

~ 0 90 BAZ 180 l d e g l  270 360 

0 90 180 270 360 4 0 90 180 270 340 
BAZ ( d e g l  BAZ ( d e g l  

Figure 14. The theoretical azimuthal variation of group-velocity data of Love waves (left) and Rayleigh waves (right) for periods of 10 and 
30s. The solid and dashed lines correspond respectively to.models A and B. 
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then the crustal thickness in all regions is about zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA40 km. Our 
models indicate a diffuse velocity increase between 
mid-crustal depths and Moho in Turkey, but it is possible 
that more, abrupt increases occur but cannot be resolved by 
the data. 

5. Shear velocities are higher in the depth range 6-15 km 
in eastern Turkey than in westen Turkey. 

6. Shear velocities in the upper mantle or eastern Turkey 
are lower than those of western Turkey. 

7. Azimuthal variations of Rayleigh and Love wave group 
velocities in western Turkey, a region of N-S crustal 
extension, are consistent with velocities predicted by an 
anisotropic upper crust in which vertical cracks are 
orientated in an approximate E-W direction. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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