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SHEAR WAVE VELOCITY MODELS FROM RAYLEIGH WAVE
DISPERSION IN THE NORTHERN AEGEAN

I. Knlngurl:' and F. Burton®

ABSTRACT
Rayleigh wave records generated by earthquakes at Chalkidiki (Greece) and
Saros gulf (NE Aegean) and recorded at the Athens long pericd seismograph
{ATH), were analyzed digitally te cobtain group velocity dispersion curves,
corresponding to two discrete propagation paths. Furcthermore, these disper-
gion curves were inverted using the Hedgehog technique in order to determine
gshear wave velocity-depth models along the propagation paths which descraibe
the structure of the crust and upper mantle of the northern Asgean. The shear
wave velocity inversion profiles are reasconably constant for both propagation
paths, although that for the Saros gulf to Athens is the better resclved and
more stable. There is only slight evidence found for the onset of a sub-crustal

zone of low shear wave velocity in the upper mantle.

EYNOWH

Evypapéc xupdtwv Rayleigh ond cewopods tng Xohxi5.uxfg xou tou Kdhnou
Bdpov, mov eyypdpnoov omd Tov OFLOpoypdgo poaxpdc nepudodov tng A8hAvag (ATH),
ovaAlovior Yneuaoxd yia va Unoloyigtoldv oL KopnUuAes OkeESaong yia &0
Siopopet ke Siabpopég Suddoong. ArcholUBug, otig kounUhes okédoong epuppdleton
N texvikf Hedgehog NG ovIloTpophs yiw wa Npoodiopiatolv poviého peTefolfc
NG TaxUiniog Tuv  EyKaepdiov XUpdTtev Of ouvdpinon HEe To BaBoC i TIC
cfetalopeves Siadpopés. To poviéiio autd neplyphgpouv Tn Soun Tou @hoLod ®Kol
Tou névw peovdio Tou Bopelov Alyoicou. H Sopfi nopovol&letal Nepinov dpolo Kol
atig Svo Siadpopéc Suddoong, av oy n Swadpourn xéhmoc Idpov - ABnvog Seiyvel
kxAUTEpn enihvon. Emione Ppébneoav evdeifelic via tov OUnopin {dvnc xounifc
TayUTnIee otov ovlTepo povdio.

INTRODUCTION
The seismic surface waves generated by earthquakes or blasts, show disper-

sion along the propagation path, this means that the wvelocity by which the
energy is propagated, i.e. the group wvelocity, wvaries as a function of
frequency.

The egtimation of the relationship between group velocity and frequency is
of great importance because from this relationship the determination of the
variations of the body wave wvelocity as a function of depth along the
Propagation path is possible.

The structure of the broader area of the Aegean and eastern Mediterranean
has been investigated by previous authors using wvarious methods and tech-
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nigues. Some of the first investigations of the wvelocity structure were
based on surface wave dispersion and the conclusions can be summarized ag
follows. Papazachos et al. (1967} and Papazaches (1969) concluded that the
maan thickness of the crust of the area varies between 35 and 4% km. Payg
(1967, 1989) characterized the Aegean as an area of continental crusc which
is covered by a rather thick sedimentary layer. Calcagnile et al. {1982y
proposed further research for the determination of a crust-mantle transi-
tion zone in the Aegean, the existance of which they accepted in other arsas
of the sastern Mediterranean. Ezen (1983, 1991a.b) studied the influence of
crustal thickness on Rayleigh wave records and propesed a P-wave wvelocipy
model for western Turkey. Kalogeras et al. (1332) determined th2 mean
dispersion curve for a Dodecanese - ATH propagation path and concluded thar
the continental scruccure of the SE Zegean shows, at its deepestc parts, a
possible contamination by oceanic material.

The recent studies on gecdynamic processes in the Aegean arez (e.g,
Makropoulos & Burton, 1984; Ligdas et al, 1990; Christova & Nikoclova, 1991,
Haczfeld et al., 1993) shew that the Hellenic arc and the adjacent areas
are tectonically more complicated than had previously been thought, and it
should be emphasized that there is no generally acceptad single gectectonie
model which gives explanation for all of the geological and geophysical
observations.

The purpose of this study is to obtain a shear wave velocity-depth structure
for the northern Aegean by applying an inversion technigue to measurements of
Rayleigh wave dispersion.

DATA AND AMALYSIS

Twelve records of Rayleigh waves generated by five earchquakes at Chalkidiki
peninsula and seven earthguakes at Saros gulf, all recorded by the long peried
vertical component of the WWSSN station at Athens (ATH), were used in this
study. These two groups of earthgquakes rep-
resent two discrete propagation paths cross-
ing the northern hAegean. Table I gives the
source parameters of the earthguakes as taken
from the I.5.C. monthly bulletins and Figure
1l shows the epicenters of the earthguakes and
the propagation paths to ATH.

The records have been chosen so that they
show high signal-to-noise ratio. They ware
digitized manually at unegual time inter-
vals, taking the first noticeable onset of
the record as the first peoint of digictization.

g Linear interpolation and baseline correc-
S 1: W00 pion were then applied in order to cbtain
Fig. 1: Map of epicenters of Signals digitized at a rate of two samples
the earthquakes and the per second. This determines a Nyguist fre-
Rayleigh wave propaga- quency of £y = 1 Hz.
tion paths, which were The digitized seismograms are transformed
used in ‘.:1'.1.5Jt study . into the frequency domain using the Fast Fourier
Ex. 1: Xdorng emixévipuv TWV no.ngeqy algorithm of Cooley and Tukey (1965)
JELSUUY kxi oy Suodoo-
pic. GukBoonc: tev  ute and the spectra obtained corrected for the
ruv Rayleigh, nou xon- +0SCrument response using the Espincsa et_al-
(1965) technique. According to this technique

gLdonotfiSnKaw aTnw
MEQQuox WEMTN. the instrument parameters are decermined from




Table I: The parameters of the earthquakes, which were used in this scudy. (Source:
I.5.C. bulletins]
Oiv. I: O noocdpstoolr Tew SEdWLv 0L eyyooPic 1wy SOSLWY x2In0wdonouiSnxoy  otnw

nooolodon UEAETIR.

DATE ORIGIN TIME GEOGFAFHICAL FOCAL EPICENTRAL | MAGNITUDE
COORDINATES DEPTH DISTANCE Mg
p” A km g
24/08/865 23:87:35.4 40.39 26.20 18 3.0%9 4.2
28/09/68 00:53:28.0 40.43 26 .34 28 3.28 4.4
16/03/75 08:37:16.3 40.36 26.14 5 3.04 4.3
17/03/75 D2:06:39.1 40 .48 26.03 2 3.08 4.5
27/03/7758 19:42:42.5 40 .48 26.08 5 3.11 4.5
24/05/78 02 12 253.1 40.71 231.34 B 2.75 4.8
19/06/78 10:31:05.5 40.71 23.24 14 2.B2 5.3
21/06/78B 12:29:43.1 417.81 23.06 1 2.BB 4.8
04,07 /78 22:23:28.4 40.75 23.06 18 2.82 5.0
19/02/84 03:47:22.5 40.67 23.36 24 2.70 4.9
29/07/84 01:58:43.3 40 .45 25.91 21 3.4Q40 5.0
29/07/84 N9.48:23.8 40 .43 25.93 27 2.9% 4.5

measurement=s taken from each record calibration pulse. Freguency harmenics
extracted from the record are then determined at

fj = jf,

where fo is the fundamesntal harmoniz and j=1.2,... As a prereguisite of the
Fourier algorithm, the 250 points time seriss of a rypical 2 minutes leng
record was increased to 21Y points. This means that the resulting digital
record and its spectrum have four times more frequency points or harmonics than
are regquired to uniquely dertermine it. For this reason, a smocthing factoar of
four is applied to decrsase the spectral density. The new freguency wvalues
generated by this smeothing still correspond precisely to criginal Fourier
harmonics, which are

af., 8fo,.... fy
The fundamental harmonic fo is

fo = £y / 210 = 0.001953 Hz

These freguency values, after cosine tapering of each signal at beoth ends,
correspond to 15 independent wvalues of group wvelocity at a fixed set of
frequencies for all seismograms analysed.

The signals were analyzed to abtain group velocity using the multiple filter
technigue of Dziswonski et al. (1969) as modified by Burton and Blamey (1%72].
The filters used (Gauss funcrion) were of constant rescolution. Estimarcion of
the group velocitiss for the same set of Fourier harmonics for all the records
allows the dispersicn data to be averaged simply for each propagation path.
Figure 2 shows the two mean dispersion curves for the two propagation paths,
namely Chalkidiki to ATH and Saros gulf to ATH respectively. The estimated
values of group velecity have bheen presented with 99.5% confidence intervals.

The twe dispersion curves are charactarized by different mean valuss of
group velocity for the range of lower frequencies, which correspond to
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wave welocicy with depth alecs
each propagation path. The grou
velocity values are inverted using che Hedgehog inversion technigque whic
iz an improvement of the Monte-Carle technigue, as far as it tries =
produce a connected region of acceptable sclutions. The Hedgehog technigu
was developed by Keilis-Borok and Yanovskaja (1%67) and Valyus (1372
Knopoff {1972) and Biswas and Knopoff (1974) have applied it to surface wav:
dispersion data.

For application of the technigue it is necessary to parameterize the
earth structure. The number of parameters specifying a structure which i:
described by a finice number of layers overlying a half-space are reduced b
adopting relationships between the compressicnal wave wvelocity 4 and the
shear wave wvelocicy 4 and che density fi. For this reason we set the Poissor
ratic & equal te 0.2B8 (cthis value has been proposed by Delibasis, 1982, fo-
the northern Aegean), which gives a relation & = 1.814. Furthermors we adopt
the relacionship (Stuartc, 1978)

oudhag.

p=20.286p + 1.736

The algorithm searches for the points in the parameter space which ars
successful, i.e. the quanticies

U, - U ! =0, 2
ol =l

for M values of frequency are within the appropriate precision levels. In
these quantities, Uci and Ul are the observed and the theoretical Rayleigh wave
group velocity wvalues respectively and AUoi is the standard error on the
cbserved values of Uoi.

The Hedgehog nets for each of the propagation paths have been set up taking
inte account the velocity model proposed by Panagiotopoulos (19B4) for the
Aegean. This model assumed a crust of two lavers (with thicknesses of 18.5 km
and 12.5 km} overlaying the mantle. For the purpose of this study this model
iz modified as follows: the upper laver is devided into two layers of 7.0 km
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and 11.5 km, which are focllowed downwards by the layer af 12.5 km plus two
more layers of 14.0 and 15.0 kmoverlaying the half-space. The depth of &0
km, to the upper surface of the half-space, has been selected taking inte
account Fnopeff‘s relationship (1972):

pd = 0.4 A = 0.4U / f

where pd (in km) is the effective maximum penetration depth of the Rayleigh
wave for which the shear wave velocity results are reliable, & (in km) is the
wave length, U (in km/s) is the group velecity and £ (in Hz) is the frequency,
According to this relationship, our dispersion data give a maximum penetra-
tion depth of the order of 80 km for reliable resulcs.
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Pig. 3: Shear wave wvelocity = depth profile aleng the propagation paths
Chalkidiki-ATH (left) and Sarcs gulf - ATH (right) obtained by Hedge-
hog inversion of the dispersion curves of FPig. 2. The continucus line
indicates the region of search and the dashed lines and shaded regions
indicate the Hedgehog solutions.

Ex. 3: Teo poviiho urrtadoAlc tayuintad eykoooiov kKuudtwav ue to B&Bog wio TS
Siadpoubg Xohrki&.xf-ATH (opuotepd) xow kdhnog Eapov = ATH (Sefia)l oOnwg
nookuniouv and taov aviiotpopl Hedgehog 1twv xounviwy oxédoone tow IX.
2. O ouvexels yvoouués opifouv v neowoxd oavalftnons xar oL SLOKZKOPEVED
yooQupeg Kot oL ypoupook . aouévegs neowoyfec opifouv Tig AlogLg Hedgehog.

RESULTS AND DISCUSSION

Figure 1 shows the shear wave velocity-depth profiles obtained for the
propagation paths Chalkidiki - ATH (left) and Saros gulf - ATH (right). The
upper layer for both propagation paths is characterized by a rather low
shear wave velocity ( no more than 3.0 km/s), which could be assigned to the
thick sediments (3-6 km) which f£ill the bhasins of the northern Aegean
(Lalecheos & Savovat, 1%77). A generalized map of the eastern Mediterranean
compiled by Christova & Nikolowa (1993}, in which the surface heat flow
extremes and relatcive wvelocity anomalies are shown, indicates that the
westcern northern Asgean area is characterized by low wvelocities. There is
an increase in shear wave velocity from the first to the second layer from
the most 3.0 km/s in layer one to at least 3.4 km/s in layer two, which is
clear in both velocity - depth inversion profiles. The welocity in this
second laver (in the range of 3.4 - 3.8 km/s) is higher than the cypical
valociey of a “granitic" material. There may be two explanations for this.
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Firstly, the “granitic” layer may be thinner than was previscusly assumed
and the "basaltic” layer may start cleser to the surface. Sescondly, accord-
ing te Hiriakidis (1988), ophiolitic bodies exist in the crust of che
norchern Aegean and these could increasse the mean veloacity alang the
propagation paths.

A significane incrgase in the shear wave wveleocity is cbserved with the
transition from layer three to layer four at around 31 km depch. This is
particularly clear in the Saros gulf - ATH inversion. Previous studies
iMakris, 1973; Kiriakidis, 19B4; Brooks & Kiriakidis, 1988; Kiriakidis,
1588) assumed that the cruscal rhickness in the northern aegean varies
between 25 and 30 km. This norticeable increase in shear wave welocity is
atcributed to transition from crust to mantle,

The mean shear wave velocity in layers four, five and six for depths
greater than 31 km aleng the path Saros gulf - ATH remains almost constant,
around 4.6 km/s. Cn average, could slight evidence of a decrease with depth
from about 4.7 to 4.5 kmss. Thess values, and the ranges within indiwvidual
layers, are consistentcly within the enveloping range of the Chalkidiki -
ATH inwversion, which is lessz well resclved at thess depths due ta the
relatively large uncertainty in the frequency range (0.028 - 0.052 Hz) of
group velocities. Papazachos (1989) alse found a shear velocity of 4.5km/s
ar depths grearer thapn 35 km and assumed a low wvelocity zone within tche
upper mancle aleng the path Instabul - ATH in order to explain the cbserva-
tian that the welocity remains constant for periocds larger than 35 s,
However, we found no noticeable evidence for the existence of a low shear
wave velocity layer at depths shallower than 45 km although thers is some
consistent evidence in both inversions of reductisn in shear wave velocity
at greacer depths.

It is apparent from these observations that the inversion of rhe disper-
sion curves of Rayleigh wawve records contributes to knowledge aof the
structure of the crust and upper mantls. This can be further enhanced by
results obtained from other mechods (e.g. geophysical methods, P-wave ar-
rival times, etc.). Although the use of one statisn methods has s=some
inherznt uncertaiuny, this can be reduced by both the good guality and high
gquantity of the available data. The long pericd standard seismograph of the
ATH station fulfils these prerequisites.
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