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Abstract

A damaging earthquake occurred on 14 July 1993 in Patras, Western Greece. The mainshock (local magnitude 5.1)
was followed on the same day by two aftershocks of magnitudes/4.4nd 3.6M [, respectively. The strong

motion record of the mainshock is studied, based on the teleseismically determined seismic moment and focal
mechanism. The Discrete Wavenumber (DW) and Empirical Green’s Function (EGF) methods are used. The main
conclusion is that the 1993 Patras mainshock had a complex S-wave group mainly due to structural (path and site)
effect. However, some effects of the rupture stopping on the peak ground acceleration (0.2 g in the so-called S3
phase) cannot be ruled out. Two values of the source radius are sugdesteddd and 3.0 km. The strong motion

record better agrees witk = 1.9 km. If the latter is true, the stress drop was of the order of 20 MPa, i.e., higher
than often reported for comparable events in Western Greece. Regardless of the true source radius, the ratio of
stress drops between the mainshock and aftershocks was about 1-2. The aftershock waveforms indicate significant
lateral heterogeneities around Patras. Therefore, the ground-motion predictions of strong events in the area will
remain highly non-unique until weak events from an immediate neighbourhood of the particular fault are recorded.

Introduction at a nearby station of ITSAK (ITSAK, 1997), and as
it caused damage in the Patras area, it definitely be-

A damaging earthquake occurred on 14 July 1993 longs to eventsimportant for the future Patras seismic

in Patras, Western Greece. The mainshock (81 scenario (Tselentis et al., 1996). Therefore, the objec-
Athens magnitude) was followed on the same day by tive of this paper is to suggest a possible explanation
two aftershocks of magnitude 4M;, and 3.6M . for the NOA strong motion record of the mainshock,

strong motion stations of the National Observatory of Properties of the aftershocks. In particular we are inter-
Athens, NOA (Figure 1) (Kalogeras and Stavrakakis, ested in the assessment of relative roles of the source,
1995; Stavrakakis et al., 1994). The epicentre loca- Path and site effects during the studied earthquake.
tion has been determined by several institutes and the ~ The innovative features of our study include: (i)
most reliable one is that of the local network of the @ combination of the (point- and finite-source) nu-
Patras University (PATNET). The mainshock was also merical modelling with the empirical ground motion
recorded by teleseismic stations, thus, the scalar mo-modelling, and (i) the empirical modelling treated
ment, source duration, and focal mechanism have been@S an inverse problem with two independent un-
reported by USGS. As the mainshock had maximum knowns, the mainshock source radius, and the main-
acceleration of 0.2 g at the NOA station and even 0.4 g Shock/aftershock stress-drop ratio.
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Figure 1. Map showing epicentre location of the three events under study with respect to NOA strong motion recording site, town of Patras and

neotectonic faults at the area.

Data

Epicentres of the studied events (Figure 1), deter-
mined by PATNET, have accuracy of about 0.5 km.
The focal depths are less reliable, but are most likely
around 5 km. The globally determined parameters
(USGS, 1993) of the mainshock include: seismic mo-
mentMo = 3.2+«10% Nm, and focal mechanism given
by the fault plane with strike 238dip 73, and rake
—163.

The records studied in this paper are PAT11 (main-
shock) and PAT12 and PAT13 (4M; and 3.6 M|,
aftershocks), taken from Kalogeras and Stavrakakis
(1995); Figure 2. Those records are SMA-1 analog
records, corrected for instrumental effect and digitisa-
tion errors, hence providing true ground motion in the
frequency band fronf'1 to 25 Hz, wheref1 = 0.25,
0.5, and 0.7 Hz for PAT11, 12, and 13, respectively.

The crustal structure of Western Greece is roughly
known (Makris, 1977; Panagiotopoulos and Papaza-
chos, 1985; Pedotti, 1988; Melis et al., 1989), see
model M1 in Table 1. Due to its simplicity, this model
could not explain the arrival times of the main phases

Table 1. The original crustal model M1 of Western Greece

Depth (km) Vp(kmsl) vskms?) p(kgm3)

0 5.70 3.20 2840
5 6.00 3.37 2900
18 6.40 3.60 2980
39 7.90 4.44 3280
Table 2. The modified crustal model MN3 of Western
Greece
Depth (km) Vp (kms1) Vvskms?1) p(kgm3)
0 1.42 0.21 2500
0.05 2.67 0.56 2500
1 4.45 2.50 2500
2 5.70 3.20 2840
5 6.00 3.37 2900
18 6.40 3.60 2980
39 7.90 4.40 3280

of the NOA mainshock record. Therefore, the arrival the beginning of the strong S-wave group) were used
times of the P wave (assumed to be at the triggering to modify the crustal model in its upper part by the
time), SP wave and direct S wave (assumed to be atray method (Zednik et al., 1993). The modified model
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Figure 2. Acceleration records of the mainshock and the two aftershocks at the NOA station in Patras.

MN3, given in Table 2, has been obtained for the as- nodal plane. From the S/SP amplitude ratios it seems

sumed hypocentral depth of 5 km. The model features that the focal mechanism of PAT13 was closer to that

a high velocity ratio% = 4.76 in the upper 1 km, and of the mainshock than the one of PAT12. Also the
. location of PAT13 is closer to the mainshock.

The two aftershocks not only differ from each
other by their S/SP amplitude ratios, but also the dura-
tion of their S wave groups is different. As PAT12 is a
more distant event than PAT13, the PAT12 duration is
expected to be longer. Because the opposite has been
observed in the records, it is inferred that the S-wave
group duration is a feature sensitive to local structure
variations along different source-receiver paths in the
Patras region.

A prominent feature of the NOA record is the com-
plexity of the S-wave group, marked by three major
arrivals, S1, S2, and S3 (Figure 2). This denotation
was introduced in a previous publication (Tselentis et
al., 1996) when analysing the Patras'93 mainshock at
two stations close to NOA, the so-called stations B
and C of ITSAK (Figure 3). The two stations recorded

in particular a very high ratio‘(,—” = 6.76 in the top
50 m.

This high~ Y ratio, necessary to fit the P, SP, and S
arrival times, |s consistent with geophysical measure-
ments close to the NOA station (Koukis et al., 1997).
In this sense the top 50 m layer represents our site
model. Although the available data are not complete
enough to allow a detailed analysis of site effects close
to the NOA station, preliminary calculations by the
finite-difference method did not reveal major lateral
wave propagation effects there (Tselentis et al., 1996).

Focal mechanisms of the aftershocks are not avail-
able. A visual inspection of the NOA records indicates
that most likely both PAT12 and PAT13 had a large
S/P amplitude ratio, thus indicating similarity with the
mainshock, for which NOA is close to the P-wave
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Figure 3. The mainshock acceleration time histories recorded at sites B and C of ITSAK in Patras. Note a different scale of the top left panel.

peak accelerations of 0.4 and 0.2 g, respectively. Insuf- (EGF) method of Irikura and Kamae (1994). The main

ficient data did not allow us to explain this amplitude parameter of interest is the fault size (‘radius’), related

difference by numerical modelling. Other local events to the stress-drop, and having important tectonophysi-
simultaneously recorded at the two ITSAK stations did cal consequences.

not confirm stable differences between B and C, hence

excluded simple explanations in terms of pure site ef-

fects. That is why in the present study we do not deal gxperiment 1 — point source modelling

anymore with the differences between the stations, but
rather concentrate on their common features, i.e., just

thepresenc®f the two most prominent phases S1, and source duratio = 3.2 s (USGS, 1993). That value,

S3.1n partl_cular, we try to_understand, how the SOUrce, taken from Harvard CMT catalogue, is not determined
path and site effect contnbuted_ to these phases durlngfrom the inversion of data for a particular earthquake,
the mainshock at the NOA station. but from empirical formula (Ekstrom, 1992) equiva-
lent to a constant stress drop. As such, the value of
T = 3.2 sdoes not represent any firm constraint of the
Patras event since the true duration may deviate from
this empirical estimate. Thus, as a first approximation,
we estimate the source radius to beRof 3 km. This,
Our analysis of the NOA mainshock record PAT11 is together with the seismic moment, yields the stress
based mainly on the teleseismic estimates of the seis-drop of Ac = 5 MPa. The latter agrees with values so

In this experiment we use the teleseismic estimate of

Methods used to explain the NOA mainshock
record

mic moment and focal mechanism, the NOA record
of the PAT13 aftershock, and the numerical modelling
of PAT11 by two methods. They are the Discrete-
Wavenumber (DW) method of Bouchon (1981) and
Coutant (1989), and the Empirical Green’s Function

far reported in Western Greece for comparable events
(Melis et al., 1995; Stavrakakis et al., 1994).

Now we produce the point-source synthetics for
the NOA station by the DW method. The trapezoidal
time function is used, with duration varied around
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T = 3 s. The crustal structure is that of model MN3. whose main target is to fit the S1 and S3 wave groups
We filter out the very low and high frequencies in the by varying (mainly) the source radius. In such a situa-
same way as made during the digitization. The best tion we have three possibilities: (i) The aftershock and
agreement between the synthetic and real accelerationrmainshock mechanisms are in relatively good agree-
records, Figure 4a, was obtained for a slightly asym- ment, then we reach the fit and estimate the radius, or,
metrical trapezoidal source time function, 2.5 s long. (ii) the focal mechanism effect is less affecting the ob-
The synthetics exhibit the S1 and S3 phases quite well, served record than the structural effect, and we again
even with reasonable amplitudes in the case when thereach the fit even with a less good subfault focal mech-
velocity model is supplemented lgy values as low as  anism, or, (iii) we do not get the fit (e.g., the synthetic
10 and 50 in the upper 50 m and 1000 m thick lay- S-wave group is too short), it does not matter whether
ers respectively, while havin@ = 300 in the deeper  due to a bad mechanism or a bad path description, and
layers. then we stop drawing any further conclusion about the
A similar experimentwas also repeated for Brune’s source radius. As shown below, it seems that our case
pulse, but in this case the synthetics did not explain was somewhere between (i) and (ii). Another reason
the S3 phase at all (Figure 4b). It suggests that the S3for not considering the focal mechanism in greater
phase could be a stopping phase, well modelled by the detail is that the EGF synthesis of finite faults can
rear part of the trapezoid, but too poor in the Brune not fully account for the radiation differences of the
pulse due to its smooth decay. individual subfaults. The accurate focal mechanism
treatment would require the so-called EGTD method
(Plicka and Zahradnik, 1998) which is much beyond
Experiment 2 — EGF modelling the scope of this paper.
The experiment assumes a rupture in the plane
Although Experiment 1 provided a possible explana- having the mainshock strike and dip, that propagates
tion of the mainshock (a surprisingly good result if radially from the hypocenter at constant speed (we
we take into account that the acceleration history was take 2.6 km s', which is 81% of the shear-wave
modelled purely theoretically), an alternative expla- Velocity at the hypocenter, and resulted from trials
nation should obviously also be looked for. Not only between 2.5 and 2.9 knt¥). The radial rupture prop-
because the problem is non-unique, but also becauseagation has been adopted because of its simplicity that
the other possible explanation may be physically quite €liminates the need of additional rupture parameters.
different. In particular, we want to explore if a more We adopt the teleseismic moment of the main-
realistical path description and a simple rupture sce- Shock,Mo = 3.2x 10'” Nm. Using empirical relations
nario of a finite fault would again require the source between moment and local magnitude (Melis et al.,
radius of about 3 km. To this goal we perform the 1995), we estimate the aftershock momentas=
EGF modelling of the NOA mainshock record, using 2a We do not assume anything else about the weak
the PAT13 aftershock as a subevent. The criterion is €vent, due to uncertainties connected with the esti-
again the agreement between the synthetic and NOA mation of its source radius and stress-drop\oy,.
records, in particular the fit to the S-wave group. Then we have four unknownst, r, Ao, Ao,, con-
The path and site effects are represented by the hected by two relations(Mo/cmo) = (R/r)3, and
weak event, i.e., without any need of the structural ¢ = Ac/Ao,, from which we can select two free
model. The low- and high-frequency filtering, typical Parameters for the inversion. We selected the source
for the NOA records, is applied (with the cosine tapers radius of the mainshock, and the ratio of the stress
0.2-0.25 and 0.4-0.7 Hz for the mainshock and the dropsc = Ao/Ao,. For each observation a prediction
aftershock, respectively, and 25-27 Hz for both). Al- error was definede; = d?° — d!'® (Menke, 1984),
though the focal mechanism of PAT13 weak event may Whered; is the amplitude of the-th sample of the time
have been similar to the mainshock we do not study it series,i = 1,2,..., N. The best fit is then the one
in more detail, because the a priori proof of the focal- With model parameters that lead to the smallest over-
mechanism similarity is not required in our modelling. all error £, defined asZ = "/ ¢2. The systematic
This is because we are using the EGF method neithersearch is used, with 4000 tested combinations.
for the strong-motion prediction, nor for the decon- The best-fitting synthetics, Figure 5, were obtained
volution of the mainshock time-function. Instead, we for R = 1.9 km, andc = 2 (error E = 2156),
are employing the EGF method in the inverse problem and reproduce the S1 and S3 phases quite well. Of
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Figure 4a. Comparison between observed and synthetic strong-motion acceleration time histories of the mainshock. The synthetics were
produced by the DW method, employingpaint sourceof thetrapezoidaltime function.

course, the so-called ‘good fit' is to be understood and amplitude scaling (Equation 2.6 of Irikura and

in the same sense as in the other strong motion stud-Kamae, 1994).

ies (Diagourtas et al., 1994; Hutchings, 1994; Irikura Similar experiments done with the PAT12 after-

and Kamae, 1994), i.e., we focus on the presence shock provided a much worse fit, i.e., a too simple

of the wave groups, their shape, and their relative synthetic S-wave group, the S3 pulse being absent.

amplitudes, rather than on all individual waveform The failure of PAT12 aftershock is most likely due to

details. its location, too far from the mainshock epicentre, thus
Anyway, to consider the possibility of a larger disabling a correct path representation.

source as well, indicated by Experiment 1, we also

artificially constrained the radius to b = 3 km. ] o

In this case the only free parameter wasand the ~ EXperiment 3 — EGF and finite-source DW

search resulted in = 1 (errorE = 3257). Although modelling

worse than in the previous case Bf= 1.9 km, the This i i Irikura’ ion. in which. h
agreement between the synthetic and observed S-wave 'S 'S a9ain ir ura’s summation, in which, however,

group is acceptable (Figure 6). instead of the PAT13 aftershoc_ls;tnthetiONeak event
When trying to understand why the simple sum- calculated by the DW method is employed. L
mation provided the explanation we have to bear in _ ** Weak event at the NOA station was arbitrarily
mind that although a single weak event (PAT13) was mo4de||ed as a point §ource of momeng = 1.5
used in the EGF synthesis, the variability of the path 10%*Nm, with a Brune's pulse, and acornerfrequency
effect between individual subfaults and the station was of 3.8 Hz. The source was embedded in model MN3

at least approximately accounted for by the time shifts (Q = 300 everywhere), and h_aving exactly the same
hypocenter and focal mechanism as that of the main-
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Figure 4b. Comparison between observed and synthetic strong-motion acceleration time histories of the mainshock. The synthetics were
produced by the DW method, employingaint sourceof the Brunetime function.

shock. The trapezoidal impulse provided analogous  Similar experiments were also performed with sev-
results, too. The synthetic weak event is compared eral sources of finite extent (dislocation and quasidy-
with the PAT13 record in Figure 7. The summation namic ones), embedded in model MN&mpletely
is identical to that of Experiment 2. The best fitting modelled by the DW method. The source size was
synthetic record is shown in Figure 8. In contrast taken from Experiment 2R = 1.9 km and 3.0 km),
to Experiment 2, the agreement is much worse, not the rupture propagated radially from the hypocentre
representing the S3 phase at all. at a constant speed of 2.6 kms The fault plane
Our interpretation of the results is as follows: Ex- was subdivided into 128 and 317 subsources, with
periment 3 kept the summation of Experiment 2, i.e., it their radii of 300 m and 320 m, respectively. When
modelled the same, relatively smooth rupture history. requiring two or more subsources per wavelength the
This was combined with the DW path modelling, rep- summation is coherent up to about 5 Hz. Higher fre-
resenting an ‘impulse response of the medium’, like quencies were filtered out from both the synthetic and
the one used in Experiment 1. Although Experiments real record (see Figure 9). Although Green'’s functions
1 and 2 were successful, the latter combination of from all subsources were fully considered, negative
a relatively smooth source time function and a rel- results similar to those of Figure 8 were obtained, fea-
atively short DW impulse response in Experiment 3 turing a too short synthesized S-wave group, with a
does not satisfy the NOA mainshock record. This in- single dominant pulse only.
dicates the insufficiency of model MN3. The same The same conclusions were found also from Exper-
negative result was obtained for other parameters of iment 3 repeated for the velocity modelling. In spite of
the DW-synthesized weak event, used to sum up the the fact that the velocity records were simpler than the
mainshock, although the weak end strong events hadacceleration ones, the attempts to explain the presence
the same focal mechanisms. of S3 wave group were not successful.
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Figure 5. Comparison between observed and synthetic strong-motion acceleration time histories of the mainshock. The synthetics were
produced by the EGF method, employing PAT13 aftershock as subevents, anddmwicgradius ok = 1.9 km.

The main conclusion from the finite-extent DW elled by the trapezoid. On the other hand, Experiment
modelling is that everR = 3 km is not large enough 2, though equivalent to a smooth time function, was
when explaining the S1-S3 wave group. This is due to successful due to its relatively long duration and com-
simplicity of the Green function, and partly also due plexity of the structural response represented by the
to narrowing of the apparent source time function for PAT13 aftershock.
the NOA station by the directivity effect. It indicates The source radius a8 = 1.9 km andc = 2 was
that S1-S3 group should be explained as a combinedidentified as the best in Experiment 2, iuit= 3 km
source and path effect in a structure more complex andc = 1 was also acceptable. Then Experiment
than model MN3. That was just the case of the EGF 3 showed that structural model MN3 is too simple.
simulation in Experiment 2, where the employment of Therefore, from two successful explanations of the

the realistic path description allowed f& = 3 km, NOA record in Experiment 1 and 2 the one of Ex-
but permitted even smaller radii, e.®,= 1.9 km. periment 2, independent of model MN3, seems more
likely.

In other words, the complex S-wave group was
probably due to the considerably complicated (long)
response of the medium. By medium we mean the

Let us ar;]alyse, n ;he light Off tlhe prg\_noqs exp;ar; crustal structure including its top low-velocity layers,
ments, what were the successful combinations of the hence, to some extent, also the site effect. The S3

source and path descriptions used in Experiment 1 and
2. IExpenment L fal:]houghd_usmg the Zh?r&ﬁg\/ M~ the structural and source (stopping) effect.

pulse response o_t € medium in model VNS, was In this sense our discussion is similar to that of
successful due to its dramatic rupture stopping, mod- Stavrakakis et al. (1994), who, however, did not

Discussion

phase may have been produced by a combination of

jose73.tex; 2/12/1998; 1:05; p.8



345

2.00 — ———— Real
. e a Synthetic

=z S1 82 S3
& 1.00 —
e E-W
E

= ~A
S0.00 Dy VAN
= Ea A -

—
=

(5]

©-1.00 ~

<

-2.00 1 T ‘ ] I i i I

2.00 3.00 4.00 5.00 6.00 7.00 8.00 9.00 10.00
time (s)

2.00 —
=
= —_
& 100 N-S
E N .
g 0 7y A ( ,'-'v,‘
I‘céo 0 AR W .
bl
L
31,00 -
w
«

-2.00 T 1 w, —T" T i |

2.00 3.00 4.00 5.00 5.00 7.00 8.00 9.00 10.00
time (s)

Figure 6. Comparison between observed and synthetic strong-motion acceleration time histories of the mainshock. The synthetics were
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explain the problem by the presence of a complex idates not only§ (as the high-frequency limit did), but
structure, but attributed it to source complexity. also R andr separately. Again, as in Experiment 2,
Two issues deserve more attention, i.e., validating R = 1.9 km seems to be somewhat better than 3.0 km.
the assumed value afp, and checking the value of
r that was (implicitly) determined by the EGF mod- .
elling. We assumedry = 29, and the resulting Conclusions
values of R = 1.9 and 3.0 km provided = 0.3 :
and 0.4 km, respectively. An efficient verification is The main shock of the Patras sequence of 14 July 1993
possible by means of the mainshock/aftershock spec- recorded by the strong_motlon NOA station in Patras,
tral ratio (Lindley, 1994). At frequencies greater than was m_odelled b¥ the D|s_crete Wavenumber (DW) and
corner frequency of the aftershock, the ratio of two Empmcal_Greens Function (EGF) mgth_ods.
(presumably Brune omega-squared) spectra should Experlment 1 sugggsted the.p033|b|llty of a source
equal to a constant value’ri, that is 13 and 8 for  ©f ra@usR = 3 km with a relatlvely abrqpt rupturg
our two solutions, respectively. Indeed, as seen from stopplng, represented by a trapezmdal time fupchon,
Figure 10, these values are in agreement with the ob- that fitted the Obsef"ed prominent S3 phase q“”? well
served high-frequency limit of the ratio. Thus, we get (although the considered structural model was simple
an a posteriori verification of the employed. More- enough). , ,
over, Figure 10 also shows two mainshock/aftershock From Experiment 2 we 'eaf”e‘%' that the complexity
theoretical ratios (Equation 1 of Lindley, 1994) corre- of the S-wave group can be explained as a result of the
sponding to our’?, and to our two pairs oR and complex crustal structure.

mq’

r. The data, avallable fof > 0.7 Hz, are in an Experiment 3 showed that model MN3 is not ade-

acceptable agreement with these two models. This val- duate to explain the true structural effect. From such
a point of view the success of Experiment 1 (in
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Figure 9. Comparison between observed (top) and synthetic strong-motion acceleration time histories of the mainshock. Frequencies higher
than 5 Hz were filtered out. The synthetics were produced by the DW methodifiteaextent dislocatiosource model. The source radii are
R = 1.9 km (middle), andR = 3.0 km (bottom) respectively.

which the model MN3 was also used) seems some- It is also concluded that the Patras '93 mainshock
what artificial. It also demonstrated failures of the DW had a complex S-wave group mainly due to structural
finite-extent modelling in model MN3, thus proving (path and site) effect, although some effects of the
that the realistic path representation is more critical rupture stopping on S3 phase cannot be ruled out.
than the aftershock/mainshock focal-mechanism sim- A practical result is that the empirical summation
ilarity, and the availability of Green function from was sensitive to the choice of the weak event (a very
many subsources. bad fit to NOA mainshock was obtained when synthe-
Two source radii were suggested by Experiment 2: sising the mainshock from PAT12, instead of PAT13
R = 1.9 and 3.0 km. HoweveR = 1.9 km provided aftershock). This means that the Patras area includes
better agreement with NOA record. If the latter was significant lateral heterogeneities. Therefore, the sce-
true, the stress drop was 20 MPa, i.e., higher than often nario predictions for a particular fault in Patras area
estimated for Western Greece. require weak event recordings just from foci in vicinity
As the EGF modelling in this paper was treated as of the expected strong shock. In other words, a general
a two-parameter inverse problem, it resulted also in strong motion prediction (that from an arbitrary fault)
the evaluation of the mainshock/aftershock stress dropis highly nonunique in the Patras area.
ratio, c. Regardless of the true value &f the stress A by-product of the identified structural complex-
drop ratio was = 1to 2. ity is that without a better knowledge of the near-
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Figure 10. Comparison between the observed and calculated spectral ratios of mainshock (PAT11) and aftershock (PAT13). Solid line-observed
data; dotted line-model a® = 1.9 km andc = AA = 2; dashed line-model a®@ = 3.0 km andc = AAH = 1. The model curves were not
fitted to the data, but independently found from EGF simulation.

source crustal structure the future source inversions Diagourtas, D., Makropoulos, K.C., Wajeman, C., Hatzfeld, D.,
in Western Greece will probably yield overestimated  Bard, P-Y., Gariel, J.-C., 1994, Simulation of strong ground

. . . . motion of the 14 July 1993 Patras earthquake and its contribution
source radii, or will misinterpret Slmple ruptures as in the assessment of seismic hazard, Patras region, W. Greece.

multiple events. In: Makropoulos, C. and Suhadolc, P. (ed&)pc. of ESC XXIV
General AssembhAthens, Greece, 19-24 September 1994, pp.
1446-1454.
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