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

f I. Kalogeras” and P. Burton™ "

Rayleigh wave records generated by earthquakes at Chalkidiki (Greece) and
gulf (NE Aegean) and recorded at the Athens long period seismograph
|, were analyzed digitally to obtain group velocity dispersion curves,
sponding to two discrete propagation paths. Furthermore, these disper-
curves were inverted using the Hedgehog technique in order to determine
ar wave velocity-depth models along the propagation paths which descraibe
structure of the crust and upper mantle of the northern Aegean. The shear
velocity inversion profiles are reasonably constant for both propagation
, although that for the Saros gulf to Athens is the better resolved and
e stable. There is only slight evidence found for the onset of a sub-crustal
of low shear wave velocity in the upper mantle.

k' EYNOYH

Eyypopéc xupdtwvy Rayleigh oané oegiopoug 1ng Xarxidi1kfg koL tou Kdhnou
oU, nou eyyp&enoov oand 1ov o Lopoypdeo paxkp&s neplddou 1ng ABfAvagc (ATH),
Uovial YnelLakd yia va unohoyloloUv oL XoaunUheg oOxEdaong yia BUo
apopeTLXEG Bradpopég S51&3oane. AKohoUBWE, OTLC KaUNUAeg OKESOONG epapudletal
Xvikf] Hedgehog 1n¢ aviidipo@ic yia va Npoddiloplotolv HOVIEAX PeTaBoARg
Ta)UTNTHG 1wV Eyrapoliov xupdtev of oguv@pinon upe 1o B&Bog yia TLG
alépevers Siadpopég. Ta HOVTIEAR GUTE meplypdpouv 1n dopn Tou @holoU kKol
J méve poavduo tou Boprlou Alyaiou. H Soul nopoucidletal mepimou Opold Kol
1¢ duo dradpouéc di&doong, av kot n dradpoun KOAnog IDépou — ABRvag Seixvel
Utepn eniivon. Eniong Ppéénkoav evdeifelg yia 1nv vnopln Zdvng xopning
ToxUInTag otov avatepo pavdua.

. INTRODUCTION

The seismic surface waves generated by earthquakes or blasts, show disper-
sion along the propagation path, this means that the velocity by which the
ergy is propagated, i.e. the group wvelocity, varies as a function of
frequency .

The estimation of the relationship between group velocity and frequency is
of great importance because from this relationship the determination of the
iations of the body wave velocity as a function of depth along the
opagation path is possible.

i The structure of the broader area of the Aegean and eastern Mediterranean
‘has been investigated by previous authors using various methods and tech-
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'niques. séme of the first inveéstigations o‘ the wvelocity structure were

hasedyon: sur face wave: dispersion and the conclusisns can be summarized a
foYlows. |Papazachos et al. (1967) and Papazachos (1969) concluded that thi
mean ‘thickless of the crust of tHe area varies between 35 and 45 km. Payo
(1967, .1969) characterized the sAegean as an area of continental crust which
is/ covered !by-a rather - thicl sedimentary layer. Calcagnile et al. (1982)
proposed! further research for the determindtion of a crust-mantle transi-
Lidn zene in the|Aeg<an; the existance ofywhich they accepted in other areas
of the eastern Mediterranean. Ezen El_983‘ 1_99."-16..13) studied the influence of
crustal thickness on Rayleigh wave records and proposed a P-wave velocity
model for western Turkey. Kalogeras et al. (1992) determined the mean
dispersion curve for a Dodecansse - ATH prapagation path and concluded that
the continental structure of the SE Aegean shows, at its deepest parts,
possible contamination by cceanic material.

The recent studies on geodynamic processes in the Asgean area (e.g.
Makropculos & Burton, 1984; Ligdas et al, 1990; Christova & Nikolova, 1993;
Hatzfeld et al., 1993) show that the Hellenic arc and the adjacent areas
are tectonically more complicated than had previcusly been thought, and i
should be emphasized that there is no generally accepted single geotectoni
model which gives explanation for all of the geoleogical and geophysica
observaticns.

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

DATA AND ANALYSIS

Twelve records of Rayleigh waves generated by five earthquakes at Chalki-fﬁ
peninsula and seven earthguakes at Saros gulf, all recorded by the long perio
vertical component of the WWSSN station at Athens (ATH), were used in thil
study. These two groups of earthguakes rep:
resent two discrete propagation paths cros
o =4 L 0 ing the northern Aegean. Table I gives &
source parameters of the earthgquakes as ta
from the I.5.C. monthly bulletins and Figur
1 shows the epicenters of the earthguakes ar

o n\‘ L3S 1o the propagation paths to ATH.
Vi i The records have been chosen so that th
3‘ show high signal-to-noise ratio. They wi
o, Py digitized manually at unequal time intéel
1 A - vals, taking the first noticeable onset i
37 i 3 - - - .
‘e o #na 774 the record as the first point of digitizat

— Linear interpolation and baseline co

Seoie 1: 800000 ¢ 1o were then applied in order to ob

Fig. 1: Map of epicenters of Signals digitized at a rate of two samp

the earthquakes and the per second. This determines a Nyguist fre
Rayleigh wave propaga- guency of £y = 1 Hz.

tion paths, which were The digitized seismograms are transf

used in thi? study. into the frequency domain using the Fast Fo

Bk At XTQ‘GF E“LKEUIQ;U 5‘“2 Transform algorithm of Cooley and Tukey (18

S;;oiizézz;coiuvlzuzz_ énd the spectra obtaiped correcFed for ok

twv Rayleigh, mnou ypn- iNStrument response using the Espinosa et

gluocnoLRenKay ornv (1965) technique. According to this tech

nooouUon: HEAELN. the instrument parameters are determined
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re used in this study. (Source:

onoiwv xpnaiuono(ABoxoy a1nv

EPICENTRAL | MAGNITUDE
DISTANCE Ms
dD
3.09 4.2
L 3.26 4.4
- 40 . 5.1 3.04 4
A 40.48  26.03 2 3.08 4.5
.5 40.48  26.08 5 311 4.5
1 40.71  23.34 8 2.75 4.8
5 40.71  23.24 10 2.82 5.3
1 40.81  23.06 1 2.88 4.8
4 40.75  23.06 18 2.82 5.0
.5 40.67  23.36 24 2.70 4.9
3 40.45 25,91 21 3.00 5.0
.8 40.43  25.93 27 2.99 4.5

surements taken from each record calibration pulse. Freguency harmonics
xtracted from the record are then determined at
fj = jfo

_ where fo is the fundamental harmonic and j=1,2,... As a prerequisite of the
Fourier algorithm, the 250 points time series of a typical 2 minutes long
cord was increased to 210 points. This means that the resulting digital
ord and its spectrum have four times more frequency points or harmonics than
are required to uniquely determine it. For this reason, a smoothing factor of
our is applied to decrease the spectral density. The new freguency values
generated by this smeoothing srill correspond precisely to original Fourier
onics, which are

4f,, Bfo, ..., fy
The fundamental harmonic fo is

£, = £y / 220 = 0.001953 Hz

o
These frequency values, after cosine tapering of each signal at both ends,
:Correspond te 15 independent wvalues of group velocity at a fixed set of
frequencies for all seismograms analysed.

The signals were analyzed to obtain group velocity using the multiple filter
 technique of Dziewonski et al. (1969} as modified by Burton and Blamey (1972} .
' The filters used (Gauss function) were of constant resolution. Estimation of
. the group velocities for the same set of Fourier harmonics for all the records
“allows the dispersion 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 velocity have been presented with 99.5% confidence intervals.

The two dispersion curves are characterized by different mean values of
group velocity for the range of lower frequencies, which correspond to
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S e j d _ [ e __gen&ration into deeper part
1yhlgj ! N :qu = B the | lithosphere (about 40 -

g "4 3 . km) & These differences are
¥‘__ IIII ;1 I s;gnﬁficant when t?f estimete
g | w10 < of uncertainty on the group

8 ; III!IIIIII 3 IxtiIIix:: logities, particularly for

o i Lt ghQLkidiki to Athens path,

-
i

& Fndfusney Cohet " B taken intc account. However,
thHese uncertainties may observs
complexities of deeper structu
which cannot be resoclved by the

present data.

Fig. 2: Mean dispersion curves along the
paths Chalkidiki-ATH (a) and Saros
gulf-ATH (b} with corresponding 99.5%
confidence intervals for each value
of group velocity. INVERSION OF GROUFP VELOCI

Ex. 2: 0O péogeg Kounuheg okédoarng yie t.¢ DATA
3iadooues XorrmiB®iwA=ATH (o} kol The two average dispersior
kohnog Euossu-ATH (&), W& 10 cyrves are used to estimate the
BV ELZAD b e BroStAHal® suerage distribution of the shear
il:li:‘t;;:du’”\: LB REED RN VEXNTTVOS ave velocity with depth alo
R e2ach prepagation path. The groi

velocity values are inverted using the Hedgehog inversien technigue whi

is an improwvement of the Monte-Carlo technique, as far as it tries
produce a connected region of acceptable solutions. The Hedgehog technig

was developed by Keilis-Borok and Yanovskaja (1987) and Valyus (1972).

Knopoff (1972) and Biswas and Knopoff (1974) have applied it to surface wave

dispersion data.

For application of the technique it 1is necessary to parameterize
earth structure. The number of parameters specifying a structure which
described by a finite number of layers overlying a half-space are reduced
adopting relationships between the compressional wave velocity a and
shear wave velocity & and the density fi. For this reason we set the Poiss
ratio 6 equal te 0.28 (this value has been proposed by Delibasis, 1982,
the northern Aegean), which gives a relation & = 1.814. Furthermore we adg]
the relationship (Stuart, 19278)

(el

p=0.286 B + 1.736

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

U, - U X U-U,; 2
I fﬂ °i| <a , 1 :E: (__i__ﬂi) < ¢
U;i M i=1 3\5Eu

for M values of freguency are within the appropriate precision levels.
these quantities, Uol and Ui are the observed and the thecretical Rayleigh
group wvelocity wvalues respectively and AUci is the standard error on
observed values of Uoi.

The Hedgehog nets for each of the propagation paths have been set up taki
into account the velocity meodel proposed by Panagiotopoulos (1984) for
Aegean. This model assumed a crust of two layers {with thicknesses of 18.5
and 12.5 km) overlaying the mantle. For the purpose of this study this mod
is modified as follows: the upper laver is devided into twe layers of 7.0
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.5 km, which are followed downwards by thllay_er of 12.5 km plus two
/B oF" 1470 nd 1570 kwevertaying te Half-space. The depth of 60
@pper-surfage of the hdlf-space, has been selected taking into
\opoff’s relationship (1972): {

9 ROAYIAR = 0.4v / §

Y aiie-pd {in km) s the effective maximum penetration depth of the Rayleigh
io;.:wh.ich the shear wave velocity results are reliable, & (in km) is the
length, U (in km/s) is the group yelocityand f (in Hz) is the frequency.
rding to this relationship, ocur dispersion data give a maximum penetra-
on depth of the order of B0 km for reliable results.

VIO, K/t VELOCITY, KM/
10 3 S 1 10 30 50 1
P i = 4 1 i
o A ;E = l -l
1 b I
b =
| '
poon o son T e owoy - Be roovorswor 1S uocowe sownow - T
I LM e e I g Wi Mg sie LU A
260 4B 040 00 im im m 26 46 04 ™26 0
H5 260 500 04 s 4o 340 15 7260 500 040 15 340w,
7S 0 S0 04 125 30 n00 123 300 540 04 5 W a.
Ho 30 560 0R o Swo H0 W0 30 S0 0R Ho 4w o
150 S0 &0 0@ 10 Am 48 30 340 600 660 GO 4 4%
00 360 600 080 0o S8 44 00 360 600 060 00 AW 48
3: Shear wave wvelocity - depth profile along the propagation paths
Chalkidiki-ATH (left) and Saros gulf - ATH (right) obtained by Hedge-

hog inversion of the dispersion curves of Fig. 2. The continuous line
indicates the region of search and the dashed lines and shaded regions
indicate the Hedgehog solutions.

3: To povTéro RETaBOANC 1QXUIntog ©yxapoiwv KUp&tov pue 10 Babog yvix 11¢
Slodpopig XahxkidLxA-ATH (ooiotepd) kol kéAnog¢ Edpou - ATH (def(&) onwg
npoxuniouv and 1nv oavitdipoywd Hedgehog 1twv xountAwv oxidaong 1ou Iy,
2. O ouvexelg ypuppfc opidouv 1nv neploxh oavalfinone kxl ot SLAKEKOPEVED
YPUUUES KoL Ol yPOXUHCGOKIOOWEVEC neploxés opilouv 115 AJorig Hedgehog.

RESULTS AND DISCUSSION

Figure 3 shows the shear wave velocity-depth profiles obtained for the
pagation paths Chalkidiki - ATH (left) and Saros gulf - ATH (right}. The
pper layer for both propagation paths is characterized by a rather low
hear wave velocity ( no more than 3.0 km/s), which could be assigned to the
ck sediments (3-6 km} which fill the basins of the northern Aegean
iialechos & Savoyat, 1977). A generalized map of the eastern Mediterranean
compiled by Christova & Nikolova (1993), in which the surface heat flow
tremes and relative velocity anomalies are shown, indicates that the
estern northern Aegean area is characterized by low velocities. There is
increase in shear wave velocity from the first to the second layer from
he most 3.0 km/s in layer one to at least 3.4 km/s in layer two, which is
¢clear in both wvelocity - depth inversion profiles. The velocity in this
‘second layer {in the range of 3.4 - 3.8 km/s) is higher than the typical
wvelocity of a “granitic” material. There may be two explanations for this.
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Flrstly, L%e granlgfé" Aay be thinner than was previously as

@ndathe Wbasalt&c‘;layer aayuscart closen to the surface. Secondly, accor
ing= te-Kiriakidis*® (1988), ophiblitie bodies exist in the crust of ¢
northern Aegean and these could incréease the mean velocity along the
propdgation spaths.
Al signifigant- increase 'in the  shear wave welocity is observed with the
trafsitidn from layer three to layer fourgat around 31 km depth. This is
pa;tiduiarly clear | ins the Saros gulf # ATH inversion. Previous studies
{Makris. 1373, Kiriakidis, 19844 Brooks b Kiriakidis, 1986; Kiriakidi
1988) assumed that the crustal thickness in the northern Aegean vari
between 26 and 30 km. This noticeable increase in shear wave velocity i§
attributed to transition from crust to mantle.
The mean shear wave velocity in layers four, five and six for depth:
greater than 31 km along the path Sarcs gulf - ATH remains almost constang,
around 4.6 km/s. On average, could slight evidence of a decrease with dep }
from about 4.7 to 4.5 km/s. These values, and the ranges within individ {
layers, are consistently within the enveloping range of the Chalkidiki -
ATH inversion, which is less well resclved at these depths due to th
relatively large uncertainty in the frequency range (0.028 - 0.052 Hz)
group velocities. Papazachos (1969) also found a shear velocity of 4.5km
at depths greater than 35 km and assumed a low velocity zone within
upper mantle along the path Instabul - ATH in order to explain the obse
tion that the wvelocity remains constant for pericds larger than 35 8
However, we found no noticeable evidence for the existence of a low shea
wave velocity layer at depths shallower than 45 km although there is som
consistent evidence in both inversions of reduction in shear wave velocit
at greater depths.
It is apparent from these observaticons that the inversion of the disper
sion curves of Rayleigh wave records contributes to knowledge of th
structure of the crust and upper mantle. This can be further enhancadjn
results obtained from other methods (e.g. gecphysical methods, P—waveug
rival times, etc.). Although the use of one station methods has 8@
inher=nt uncertaiuty, this can be reduced by both the good quality and hig
quantity of the available data. The long peried standard seismograph of c}
ATH station fulfils these prerequisites.
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