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Abstract

Recording seismic events at teleseismic distances with broadband and high dynamic range instruments pro-
vides new high-quality data that allow us to interpret in more detail the complexity of seismic rupture as well
as the heterogencous structure of the medium surrounding the source where waves are initially propagating.
Wave propagation analysis is performed by ray tracing in a local cartesian coordinate system near the source
and in a global spherical coordinate system when waves enter the mantle. Seismograms are constructed at each
station for a propagation in a 2.5-D medium. Many phases can be included and separately analyzed; this is one
of the major advantages of ray tracing compared to other wave propagation techniques. We have studied four
carthquakes, the 1988 Spitak Armenia Earthquake (M, = 6.9), the 1990 Iran carthquake (M, = 7.7), the 1990
romanian earthquake (M, = 5.8) and the 1992 Erzincan, Turkey earthquake (M, = 6.8). These earthquakes ex-
hibit in different ways the complexity of the rupture and the signature of the medium surrounding the source.
The use of velocity seismograms, the time derivative of displacement, increases the difficulty of the fit be-
tween synthetic seismograms and real seismograms but provides clear evidence for a need of careful time de-
lay estimations of the different converted phases. We find that understanding of the seismic rupture as well as
the influence of the medium surrounding the source for teleseismically recorded earthquakes requires a multi-
stop procedure: starting with ground displacement seismograms, one is able to give a first description of the
rupture as well as of the first-order influence of the medium. Then, considering the ground velocity seismo-
grams makes the fit more difficult to obtain but increases our sensitivity to the rupture process and early con-
verted phases. With increasing number of worldwide broadband stations, a complex rupture description is pos-
sible independently of field observations, which can be used to check the adequacy of such complicated
models.

Key words seismology — waveform — teleseismic 108, Since the first installation of these instru-
earthquake — source analysis ments-in 1984 through different national net-
works (GEOSCOPE, IRIS, MEDNET, and oth-
ers...), seismic records for many earthquakes

1. Introduction have been available to the scientific commu-
nity.

Around the world, new seismic instruments These seismograms contain propagation in-
have been installed for studying earthquakes formation in a large frequency window now
and seismic wave propagation. These instru- often reaching the impressive VBB window
ments allow the recovery of the ground motion from 100's down to 0.02 s. Moreover, in spite
in a broad frequency window without any satu- of field conditions, the broad spectrum is spec-
ration of the signal over a dynamic range of ified with confidence for these instruments,
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making careful analysis of the ground motion
possible.

As soon as records of world-wide networks
became available, the understanding of the
body wave amplitude for seismograms focused
the attention of many researchers on structur-
al analysis (Given and Helmberger, 1980;
Paulssen, 1988), earthquake studies (Kikuchi
and Kanamori, 1982; Kikuchi et al., 1993) or
both (Helmberger, 1968; Ruff, 1980; Owens
and Crosson, 1988). We do not intend in this
paper to give an overview of the improvements
in seismic instrumentation, but one has to be
aware that these first instruments, coming es-
sentially from the WWSSN Long-Period net-
work, have an instrument response which con-
trols the shape of the seismogram: the recovery
of the actual ground motion has always been a
challenge to seismologists. In spite of these in-
herent technological difficulties, fitting the
shape of body waves critically constrains both
the focal mechanism and the depth of an earth-
quake for stations at distances between 30° up
to 90° from the source (Ruff, 1980) for tec-
tonic interpretation from these estimated pa-
rameters of earthquakes). The nearly homoge-
neous transparent structure of the mantle at
long periods makes available information on a
local earthquake process at far distances. For
the nearest stations, wave propagation compli-
cations inside the upper mantle known as trip-
lications must be included, leading to precise
models of the upper mantle as below Burope
(Paulssen, 1988; Papadimitriou, 1988).

As the quality of seismic records increases,
more information: concerning both earthquake
ruptures and structural elastic properties en-
countered during propagation can be extracted.
Unfortunately, distinguishing between the real
source or an image by a given structure is dif-
ficult, especially in the source area where both
wave excitations and wave conversions are in-
timately combined. Moreover, structures in
tectonic areas are often complex, requiring
more realistic wave propagation tools than
those previously available. Azimuthal distribu-
tion.of recorded stations provides an opportu-
nity to distinguish source effects from local
source propagation effects. Discrimination of

amplifications beneath stations is somewhat
casier, although their precise analysis would
require local dense seismic networks (such as
NORSSAR, NARS, TERRAscope). Phases ob-
served on many stations are likely to come
from the source area. In this paper, we shall
concentrate our attention on interpretation of
these near-source phases. We disregard possi-
ble hypothetical conversions on mantle hetero-
geneities observed on a given azimuthal range
in this paper which are still at a debating
level.

After a presentation of tools to synthesize
seismograms in more and more realistic Earth
models, we shall illustrate the possible contri-
butions from source ruptures and from local
propagation around the source using several re-
cent earthquakes where many broadband seis-
mograms are available,

The first earthquake we investigate is the
Spitak, Armenian earthquake of 1988 (M, = 6.9)

which presents a complex rupture initia-

tion, as inferred from both available broadband
records and field observations. The Iranian
earthquake of 1990 (M, = 7.7) is an example of
complex rupture described by broadband data
with almost no information used from the field.
The Rumanian earthquake of 1990 (M, = 5.8)
in the Vrancea region at a depth of 90 km is a
good example of a simple source mechanism.
Large-amplitude anomalies at particular az-
imuths is the unambiguous signature of com-
plex wave propagation near the source. Finally,
the Erzincan earthquake of 1992 (M = 6.2) at
shallow depth provides an example of effects
of local sedimentary basins interacting with a
complex rupture process.

2. Wave propagation

Computation of seismic waves generated by a
given discontinuity of displacement (slip) over a
fault comes from the representation theorem (Aki
and Richards, 1980) which gives the displace-
ment R at the station x from the slip or disloca-
tion Au over the fault surface S. The component
of the displacement along the n direction for a
slip along the i direction is given by
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where ¢, are the elastic coefficients and G,y
is the n™ component of the Green function for an
impulsive point source acting in the p direction.
The convolution is denoted by the sign x.

For a force Fy applied in the p direction at
¢, the Stokes expression (Aki and Richards,
1980) of the n™ component of displacement at
x is the convolution F, G,,. The spatial
derivative along the ¢ direction introduced in
the representation theorem (2.1) can be ex-
plained with an equivalent double couple or,
more precisely, as a sum of double couples act-
ing over the fault plane. We might consider an
elementary double couple defined by (p, q)
single force couples. In the general case, nine
double couples exist. The strength of these
double couples are Au; (&, 1) n; ¢y, per unit
arca. We can define the moment density tensor
with

My, = Au; (&, D n; Ciing 2.2)

and write the representation theorem (2.1)

R,(x, ) = _[ '[2 m, *%andi. 2.3)
q

For an isotropic medium, the moment density
tensor reduces to the simple expression

My = W(n, Au,+n, Au,) 2.4)

where [ is the shear modulus. If a horizontal
fault is defined by the normal (0, 0, 1) with a
slip Au, along the x direction, the moment den-
sity tensor reduces to a single number ©Au,
along the x direction, which leads to the seis-
mic moment once integrated over the fault sur-
face.

How the slip is computed over the entire
fault is a very difficult problem which must
take into account laws of fracture mechanics.

We might expect that waves emitted from one
point on the fault will be diffracted by other
points on the fault. The knowledge of this in-
teraction is not necessary for computing the
displacement everywhere as soon as we know
the slip on the fault: this is the surprising result
expressed in eq. (2.1). For this so-called kine-
matic approach, one describes the spatio-tem-
poral variation of the slip and one computes
seismic waves at specified stations. Many
models have been designed with more or less
realistic features. For example, the Haskell
model (Haskell, 1964, 1966, 1969) is one of
the simplest kinematic models considered in
seismology. We are not sure that the specified
geometry and excitations of the slip are com-
patible with any mechanical laws governing
the rupture process. Other authors in this issue
address this more difficult problem.

For teleseismic studies, the finite fault plane
might be considered as a point source: waves
emitted by the different points of the fault are
nearly in phase and we may consider a system
of couples with a moment tensor M equal to
the integral over the fault surface of the mo-
ment density tensor:

M= | L y, dS @.5)

leading to a very condensed expression for the
representation theorem

R,(x, )= M,, » G

S (2.6)
with an obvious notation for spatial derivative.
For planar fault surfaces, this system of cou-
ples reduces to the well-known representation
of double couples of earthquakes. The first
couple comes from the failure on the fault
while the second one, orthogonal to the first, is
the reaction of the medium (Burridge, 1976).

For this point source x, approximation, the
displacement is often condensed in one for-
mula expressing the seismogram R (x, 7) as a
convolution of the source term S (x;, #), the
propagation term G (x, x,, ) and the station or
instrument term 7 (x, £). The convolution can
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be written

R(x’ Xp, t) = I(xvx()’ t) * G(x=x07 t) * S(xO’ t)
2.7)

The seismogram shown in fig. 1 provides
clear evidence of a signal transported from the
source to the station with additional conver-
sions due to the Earth’s structure. We are inter-
ested in how to interpret them. This raw broad-
band seismogram will be analyzed later on to
illustrate the capability to recover the true
ground motion.

Starting Time 920313 17:00:06 ; Ending Time 920313 17:24:30

The Earth is a translucent body and the sig-
nal emitted by the seismic source is partly pre-
served during propagation over thousands of
kilometers. In particular, the mantle propaga-
tion can be considered in many studies as a
propagation in a rather homogeneous medium
over the frequency range used in teleseismic
studies from 1 Hz down to 0.01 Hz with an
anelastic attenuation described in terms of a
quality factor @ for the selected body phase.
Consequently, waves propagate in heteroge-
neous media around the source and around
each station. The geological context of each
station is different and might provide particular
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Fig. 1. The broadband seismogram recorded at station TAM -GEOSCOPE- for the Erzincan earthquake: the
three components are displayed. Different phases can be identified and associated to structures inside the

Earth.
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features on individual seismograms while the
source structure signature might be seen on
many seismograms. We think it is possible to
discriminate source signature observed on
many seismograms with particular wiggles as-
sociated to local station propagation.

We may split the propagation term into
three parts: the propagation near the source
Gy (x, xq, 1), the propagation into the mantle
Gy (x, xo, ) and the propagation near the re-
ceiver Gg (x, xo, 1). We reduce the third propa-
gation term Gy, to the influence of the free sur-
face in this approach focused on analysis of
earthquakes source mechanisms. This third
term might be very important for seismic risk
for example. The second term G, can be mod-
elied very simply by using wave propagation
inside homogeneous media, while the first term
Gs is the operator we want to study in associa-
tion with the source term S (xo, 7). For locally
recorded earthquakes, it is very difficult to sep-
arate source effects and wave propagation
around the source. For teleseismically recorded
earthquakes, partial discrimination can be per-
formed using station azimuth coverage, which
samples different parts of the medium around
the source.

2.1. Source mechanism

The seismic radiation of waves for a dislo-
cation can be regarded as the response of a
double-couple with a seismic moment M ()
(scalar quantity) in a homogeneous medium
which gives the P phase displacement u’, the
shear horizontal displacement #5 and the
shear vertical displacement u°”

u” (x, xy, 1)
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(2.8)

where p, o and B are density, P-wave velocity
and S-wave velocity at the source, respectively.
In addition, r is the distance to the source,
while the local reference frame (i, j, k) is de-
scribed in fig. 2. The seismic moment appears
through its time derivative denoted by a dot.
The factor pa® for P waves (pf? for S waves)
is simply the appropriate elastic factor to give
the displacement response of the medium to a
given force. The factor 47 says that it is a
point source along one direction which has to
be normalized with respect to the whole
sphere. The additional factor « for P waves (f8
for § waves) comes from the double-couple
derivation as well as the time derivative of the
moment.

Radiation patterns R, RS, R define the
amplitude of waves emitted by the double-cou-
ple towards the station. They give the geome-
try of the fault plane, i.e. the focal mechanism
through the strike, dip and slip angles (¢, &, 1)
as defined in fig. 2 with respect to the ray,
which leaves the hypocenter towards the sta-
tion. Let us denote ¥ the unit direction of this

North

/

$ AU

East

Fig. 2. The three-dimensional geometry of the seis-
mic fault plane: the slip occurred in the direction 1
while the fault is defined by its azimuth ¢ and and
its dip 4.
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ray which is equal to i for a homogeneous
medium. The radiation pattern might be
viewed as the deformation of a unit excitation
sphere by the very specific directivity of the
seismic double-couple (see fig. 3). The radia-
tion pattern is directly deduced from the mo-
ment tensor definition (2.4) and might be ex-
pressed using bracket conventions very conve-
nient for tensors of second order

R" = <iM|y>
T\’,SV

I

<jiM|y>
RSII

Il

<klMly> (2.9)

P Wave Radiation Pattern

S Radiation Pattern

2.2. Wave propagation around the source

The very first influence of the medium
around the source on waves leaving the source
is from the free surface. Reflected P phases
produced by P and S phases emitted from the
source give good control on the depth of the
hypocenter. These phases are denoted pP and
sP. They are leaving the focal sphere through
points other than the P wave. Let us denote the
take-off angle of P waves as i, and of § waves
as ig. In a homogeneous medium, the take-off
angle becomes 7—i, for the pP phase and
m—ig for the sP phase. For a heterogeneous
medium, these angles are quite different. These
waves are then propagating as P waves up to

SH Radiation Pattern

8V Radiation Pattern

Fig. 3. Diagram for P-wave and S-wave radiation patterns: the S-wave radiation pattern can be projected in
order to obtain SH-wave pattern or SV-wave pattern scparately.
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the station and the same tools can be used for
the propagation. A simple review has been
given by Okal (1992) with a global expression
including these three waves (P, pP, sP phases)
in a spherical Earth.

By fitting these additional phases at tele-
seismic distances, we increase the sampling of
the focal sphere and better constrain the focal
mechanism of earthquakes. Using WWSSN LP
instruments, seismologists have been able to
study earthquakes occurring around the world
for the last thirty years.

With more and more sensitive instruments,
additional features- coming from the source
area have been taken into account. Seafloor
bathymetry as well as sedimentary layers have
been taken into account even for the WWSSN
LP stations with ray tracing (Wiens, 1989) or
with finite difference propagation (Okamoto
and Miyatake, 1989). Detailed modelling of
teleseismic wave shapes for direct P and §
waves as well as for converted waves must be
performed in order to fit observed seismo-
grams.

Recently, it has been possible to reproduce
the complex signal for nuclear explosions in
the Yucca Flat Basin recorded at teleseismic
distances in France (Gaffet, 1995). The critical
point for successfully modelling wave forms is
the precise knowledge of the medium around
the source. Any missing feature around the
source would strongly modify the incoming
signal at specific stations.

Although techniques for propagating the en-
tire seismic wave field without any approxima-
tions are interesting in the complex medium
surrounding the source, we preferred to use ray
tracing for three reasons. The asymptotic ap-
proximation is the same along the entire path
between the source and the station and ray
tracing is a perfect-tool for interpretation and
for fast calculation. Although azimuthal veloc-
ity variations require 3-D ray tracing (Kendall
and Thomson, 1993), we performed 2-D ray
tracing as a first investigation of the medium
structure around the source. With an increasing
number of broadband stations, it will be possi-
ble to consider true 3-D propagation.

Rays are traced around the source using a
local Cartesian coordinate system. We solve
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both the kinematic and paraxial ray tracing
system for initial conditions, which gives us
the ray information needed to compute the
travel-time and the amplitude of the seismic
signal at any point along the ray. The detailed
description of the parameters to trace rays as
the numerical solver, the sampling parameter,
velocity or interfaces descriptions can be found
in Farra et al. (1989) or in Virieux and Farra
(1991) and is summarized for teleseismic stud-
ies by Perrot et al. (1994).

Once we have left the source area, we
switch to the global frame located at the center
of the Earth at a constant depth. The global
frame is defined by a spherical coordinate sys-
tem which is more adapted for solving ray
tracing equations, especially around the center
of the Earth (Cerveny and Jansky, 1983). The
constant-depth surface is a plane in the local
Cartesian coordinate system and a shell of con-
stant radius in the global spherical coordinate
system (see fig. 4). On this so-called hybrid

Numerical ray tracing
in a complex 2-D media

Representation of the
media by b-splines

Analytical ray tracing
in a spherical model

Fig. 4. Schematic description of the medium
around- the source. Above the hybrid plane, the ray
tracing is performed numerically in laterally varying
structures while, below the hybrid plane, the ray
tracing is performed analytically in a stratified
medium.
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plane, we compute ray quantities needed for
continuing ray tracing up to the station where
synthetic seismograms are constructed,

By anticipation, let us glance at perturba-
tions from a complex medium around the
source. For an interplate earthquake near an
east-dipping zone, eastern stations are sensitive
to the subduction zone while western stations
do not see this laterally varying structure
(fig. 5). Additional phases like the pwP phase
(a reflection from the water-air interface) or
pwwP phase (a double reflection within the
water layer) produce noticeable amplitude vari-
ations in the seismogram. This difference is
still present after propagation to the teleseismic
station (fig. 6).

WEST X in km.

2.3. Wave propagation through the mantle

When waves enter into the mantle, we
might assume that the Earth is of spherical
shape and only radially heterogeneous. The al-
ready perturbed wave front will continue to de-
form in a more gentle way. Again, this hetero-
geneous medium would require complex tools
for wave propagations. Spectral methods such
as the Cagniard-De Hoop method (Helmberger,
1968), reflectivity method (Fuchs and Miiller,
1971) or generalized ray theory (Chapman,
1978), which requires integration over wave
number or slowness parameter, gives signifi-
cant contributions for a number of these slow-
ness parameters or, in other words, for a few
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Fig. 5. Description of the Green function for complex medium around the source with associated ray-tracing:
west and east stations will record quite different seismograms.
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Distance

WEST EAST

0 10 sec.

Fig. 6. Synthetic seismograms for stations on the
west and east sides obtained by convolution of the
Green function, attenuation factor and instrument re-
sponse.

rays. Therefore, geometrical ray theory is
enough to analyze the body waves as long as
the station can be reached by rays. With a sys-
tematic search, we track any slowness parame-
ter and the associated ray with a significant
confribution at the selected station.

The ray tracing through the whole Earth is
performed in the spherical coordinate system
using analytical expressions of (Cerveny,
1983). This ray tracing gives stable and precise
estimation of the amplitude.

The different quantities computed in the lo-
cal Cartesian frame and in the spherical refer-
ence frame are combined to give ingredients
for computing the Green function. Assuming

an invariance along the axis perpendicular to
the 2-D medium we consider, we estimate the
geometrical spreading J,sp, for this so-called
2.5D geometry from the geometrical spreading
Jop computed during the ray tracing (Perrot
et al., 1994).

The Green function which includes the ef-
fects around the source and the propagation in
the mantle will be written

inkmah!?2
\/Po Vo e D (-T)

G, xt)=C——
\/PV \/|J2.5D|

(2.10)

where T is the travel-time of the selected wave,
C is the product of refraction/reflection coeffi-
cients and kmah is the kmah index. Density
and velocity are denoted p, and v, at the
source and p and v at the station. The Green
function G depends on the selected wave.
The function D (¢) is the analytical function
6 (t) — i/mt of the Dirac function § (¥).

In order to take the attenuation into account,
the spectral amplitude must be decreased by a
factor exp (— wt/29Q) where ¢ is the travel time
of the phase. The factor #* = /Q has been
found empirically constant, practically inde-
pendent of distance. As the distance increases,
the travel time increases while the wave goes
deeper in mantle areas where Q is higher. The
single parameter * takes a value of 1 s for P
waves and 4 s for S waves (Carpenter and
Flinn, 1965; Anderson and Hart, 1978). We
must add this influence to our estimation of the
Green function.

2.4. Station response

The first influence comes from the free sur-
face where the instrument is installed. The
recorded motion includes the incident wave
and the reflected wave. The factor we must
take into account depends on the incidence an-
gle of the ray through reflection coefficients.
Combining this term with the instrument re-
sponse I provides us with the complete
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recorded signal which can be written
Rx,xo)=T(x,x58) » Q(x, 1) *

v inkmah/2 Y
\/Po 0 E—D(t—T) . M

\/ﬁ \/”245131 47po .
(2.11)

*~ RC

In this paper, we do not take into account
effects other than free surface below stations
neglecting in the seismogram phases coming
obviously from the Earth structure below the
station. The generation of waves by the local

Earth structure can strongly modify the signal

and has its own importance. Local 3-D net-
works of stations are and will be the efficient

way to analyze these waves and will reveal the
presence of anomalous bodies which diffract
them. We might consider in the future more re-
alistic media under recorded stations.

One important feature we want to stress is
the capability of new seismographs to provide
the ground displacement over a wide frequency

~ window.

The signal extracted from the vertical seis-
mogram of fig. 1 is recorded in counts and is
displayed on top of fig. 7. One can numerically
integrate this time signal, which gives the sec-
ond record of fig. 7. These signals have no
meaning with respect to physical quantities. If
we introduce the instrument response, we can
recover both velocity and displacement of the
ground from the first record. We find that the
velocity looks like the raw data, while the dis-

Raw signal

Original record in counts

Inftegrated record

Ground motion
obtained by deconvolution

Velocity in m/s

Raw

Displacement in m

Fig. 7. Raw and deconvolved seismograms at station TAM- GEOSCOPE- for the Erzincan earthquake. These
seismograms are extracted from fig. 1. The numerical integration of raw data in counts (top) will show a seis-
mogram similar in shape to the true displacement obtained by integrating the deconvolved velocity (botton).
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WWSSN LP SIMULATION at GEOSCOPE TAM

Original "data"

Infegrated "data®

Fig. 8. Simulated WWSSN LP seismograms at TAM- GEOSCOPE- station: we show the reconstructed LP
data as well as the deduced integrated signal. The shape of seismograms is dominated by the instrument

response.

placement looks like the original integrated
record except for a very low frequency compo-
nent, which is easy to cancel. In other words,
the instrument response is flat with respect to
velocity; this is why these instruments are
sometimes called velocimeters.

In order to appreciate the quality of these
seismograms, let us present in fig. 8 the veloc-
ity signal with a filter of 2 WWSSN LP seis-
mogram on the top and the hypothetical
WWSSN LP displacement seismogram on the
bottom. The difference between velocity and
displacement is overshadowed by the instru-
ment response which dominates the shape of
the signal and which has made the success of
WWSSN network for studying nuclear explo-
sions and earthquakes. Inversions of wave
shapes were similar using either ground veloc-
ity or displacement recorded by these seismo-
graphs. We see that broadband seismograms
present very different shapes for displacement
and velocity quantities. This change in the fre-
quency content has an increasing role to play
when details of the rupture and propagation are
looked for.

1575

Let us start our review of body waves mod-
elling by the the Spitak Earthquake of Decem-
ber 7, 1988, four years after the first installa-
tion of broadband instruments.

3. The Spitak earthquake
of December 7, 1988 (Mg = 6.9)

This earthquake was one of the first earth-
quakes to have a well-constrained azimuthal
coverage by broadband stations (see fig. 9) and
displaying a complex rupture process. This
earthquake was located very close to the sur-
face, and the nearby city of Spitak was almost
completely destroyed by this event (Cisternas
et al., 1989). Focal mechanisms obtained by
different methods give a thrust mechanism
with a nodal plane dipping towards the North
in agreement with the tectonics expected near
the Pambak-Sevan fault (Philip et al., 1989).

Early studies, such as Cisternas et al
(1989), already show the complexity of the
rupture, with a two-event model preceeded by
a small precursor. Moreover, separation be-
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| E— {
0 30 sec.

Fig. 9. Unscaled broadband seismograms for the Spitak earthquake in order to show the available azimuthal

coverage for this earthquake.

tween pulses is larger at the Chinese stations
than at African, European and American ones
as shown in fig. 9, suggesting that the rupture
propagated from east to west. A more detailed
analysis was made by Haessler er al. (1992)
with an increased number of broadband data.
By spectral analysis and seismogram deconvo-
lution of raw data, they found that two shocks
can be inferred directly from the data, with a
time lag around 10 s. A recent work (Kikuchi
et al., 1993) also reports a complex rupture. In
order to fit observed seismograms (fig. 10),
these authors introduced a more complex

three-segment fault model similar to those ob-
tained by other authors (Pacheco et al., 1989).
These three segments are not deduced by seis-
mogram analysis but come from field observa-
tions. The tectonic interpretation of this multi-
event structure encounters difficulties: why is
one of these events outside the aftershock
zone, and how can we integrate its focal mech-
anism into the global tectonic scheme?

To solve these difficulties for seismo-tec-
tonic interpretation, Haessler er al. (1992) pro-
posed a model with five segments using infor-
mation provided by aftershock analysis and ge-
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ological observations. Each segment of the
fault rupture was discretized by a sequence of
point sources equally separated in time and
space, assuming a rupture velocity of 2.9 km
s, The source-time function is even more
complex than for the three-event model. The fit
between observed x and calculated y seismo-
grams (fig. 11) defined by m = |x —y|/x is not
drastically better (0.61) than for the three-event
model (0.68), but the final tectonic interpreta-
tion inferred from this model is much more
consistent with field observations than from
the previous simpler three-event model.

The complexity of the inferred ~source
mechanisms should not shadow the fact that

real seismograms were low-pass filtered at 0.2
Hz. How can we obtain such detailed resolu-
tion of the rupture time process with such low-
frequency content in the seismogram signal?
Although the respective adequacy of the two
different final models could be discussed, one
should emphasize that the majority of main
phases were explained by these rupture mod-
els, eliminating the need for a complex struc-
ture of the near-source medium. With broad-
band data, we were able to interpret this al-
ready complex seismic event.

We shall see now an even more complex
rupture process with bilateral propagation for
the Iranian earthquake of June 1990.

THREE SEGMENTS FAULT MODELING OF THE
SPITAK SOURCE: a) P waves

d COL74 5

A

W BHI 53 66

KEV 30 348

LZH 4676

FIVE SEGMENTS FAULT MODELING OF THE
SPITAK SOURCE: a) Pwaves

COL745 B33 66
Y
' /“\/\W"'
J LZH 4676
8E-05
KEV 30348 000 30.00 sec.
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WEM 79317 / \ KMI 5189
jWVA 'V%&' ) TOL 36 285 MBO 59 262 BNG43219  INU7060
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Fig. 10. Observed and synthetic seismograms for
the three-event model of the Spitak earthquake from
Haessler et al. (1992). The thin line is the synthetic
signal while the thick one is the observed seismo-
gram.

Fig. 11. Observed and synthetic seismograms for
the five-event model of the Spitak earthquake from
Haessler er al. (1992). The thin line is the synthetic
signal while the thick one is the observed seismo-
gram:
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4. The Iranian earthquake
of June 20, 1990 (Mg =7.7)

A year and a half after the Iranian earth-
quake occurred, with increased azimuthal cov-
erage of broadband stations (these two earth-
quakes occurred in the same area with respect
to world-wide stations; see fig. 12). This
strike-slip event again shows rupture complex-
ity which has been studied by many authors:
Campos er al. (1994) were able to define nine
events over the first 25 s. These events de-
scribe a bilateral rupture with northwestern and
southeastern propagation during the first ten
seconds, reducing to a single, southeastern rup-
ture propagation for the last part of the source
excitation.

Again, to bring all records into the same
frequency band, a Butterworth filter of order 3
was applied to displacement records between
0.01 Hz-0.2 Hz (periods from 100 s to 5 s).
Moreover, for a proper weighting between sta-
tions, every record was converted to a seismo-
gram hypothetically recorded at a 40° station
with same azimuth and common gain.

The complexity of the source rupture is
readily observed in fig. 13 where, as men-
tioned by Campos er al. (1994), a gradual
change of polarity near station HRV is de-
tected. The main pulse arrives 10 s later with a
nodal plane passing near the station TAM,
showing that a single focal mechanism could
not -explain the entire rupture process.

By considering more and more details of the
rupture scheme, Campos et al. (1994) were
able to invert the body wave data using a pro-
cedure (Nabélek, 1984) based on the maximum
likelihood principle (Jackson, 1979; Tarantola
and Valette, 1982).

For a first step, an inversion using a point
source provides a satisfactory fit for P and SH
waves as shown in fig. 14. The inverted focal
mechanism is (¢ = 301°, § = 75°, A = 4.8°)
at a depth of 11.7 km. The seismic moment
M, = 1.05x10° Nm is released about 24 s
from the first arrival. The initial P signals are
well reproduced while unexplained later phases
might be associated with crustal reverberations.
The SH seismograms fit less successfully with
significant amplitudes underestimated on the

Fig. 12. Azimuthal coverage of broadband stations for the Iranian earthquake: see the increasing coverage
with respected to the Spitak earthquake (fig. 9).
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Fig. 13. Ground displacement for broadband P waves filtered i
Iranian earthquake: Note the delay compared to the P-

ity change is pointed by vertical arrows.

East side and overestimated on the West
side.

Including the directivity effect of a propa-
gating source should improve the fit and a sys-
tematic exploration of the model space along
the rupture azimuth axis and, then, along the
velocity rupture axis led Campos et al. (1994)
to a rupture azimuth 120° compatible with the
point source focal mechanism and a rupture
velocity of 2.5 kms !. Of course, each sub-
event has a simpler time function with a to-
tal duration of 4 s and a rise time of 2 s. Unfor-
tunately, the fit was not reduced significantly
with respect to the point-source solution. We
might consider changes in the rupture velocity
or in the focal mechanism of each subevent.
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n the frequency range 0.01 Hz - 0.2 Hz for the

wave travel time published by the ISC Bulletin. A polar-

We might also consider a bilateral propagation
as Campos er al. (1994) did. This interactive
multi-step procedure is required by the large
number of parameters we consider for complex
rupture. Nevertheless, the azimuthal coverage
of this earthquake leads us to a rcasonable
model less based on field observations than the
Spitak earthquake.

Assuming a bilateral propagation plotted in
fig. 15 with 4 points on the west side (30 km)
and 8 points on the east (60 km), Campos ef al.
(1994) inverted for focal mechanisms for each
simple subevent and found a much better fit of
seismograms (fig. 16) compared to the single
point source model. Amplitudes of P waves as
well as SH waves are better described with the
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Fig. 14. Comparison of observed and synthetic P and SH seismograms for a point-source model for the Ira-
nian earthquake.
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Bilateral rupture Vr=2.5 Km/s
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Fig. 15. Bilateral propagation of the rupture for the complex twelve-subevent model for the Iranian earth-
quake. The amplitude is proportional to the moment of each sub-event.

unexplained crustal phases still remaining.
These phases were not included artificially in
the source function because some stations did
not see them.

Many restrictions exist on the inversion pro-
cedure and the iterative way to arrive at the fi-
nal solution played a key role in the final
model. Nevertheless, the improved fit of seis-
mograms (fig. 16) can be easily distinguished
and might convince us that a resolution of sig-
nificant details of the slip distribution over the
100 km long fault has been reached.

Undoubtedly, lateral heterogeneities in the
source region might affect these rather precise
source models. Surprisingly, no clear early
strong phases can be shown to be related to lo-
cal source heterogeneities, at least on displace-

ment seismograms. We might say again that
the main feature of this earthquake is the domi-
nance of a complex rupture process which is
well analyzed by broadband data.

We shall describe now an earthquake with a
relatively simple rupture that will display
anomalous amplitudes, which can not be ex-
plained by the rupture process.

5. The Rumanian earthquake
of May 30, 1990 (M = 5.8)

A magnitude 5.8 event occurred on May 30,
1990, in the Vrancea area at a depth of 90 km
and was recorded on broadband stations.
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Fig. 16. Comparison of observed and synthetic P and SH seismograms for the complex twelve-subevent
model for the Iranian earthquake. Compare with the seismograms of fig. 14 and note the increasing fit.
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Again, we are still with approximately the
same azimuth coverage with respect to the
worldwide broadband stations. The focal
mechanism of the 1990 earthquake and its
depth, assuming a mean velocity model up to
the focal depth, is well constrained by the
modelling. of Tavera (1991). The modelling of
teleseismic seismograms of this earthquake
with a spherical earth model gives a thrust
mechanism with a small strike-slip component
(¢ =245° 8= 63°, A = 100°) while the source
duration is four seconds.
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We must emphasize the fact that synthetics
as well as observed seismograms are ground
velocities instead of ground displacement. Syn-
thetic and observed seismograms in fig. 17 show

‘a good agreement at all the stations except at

AGD (azimuth 151°), RER (azimuth 153°) and
HYB (azimuth 105°): at these three stations the
observed amplitude for the pP phase is higher
than the synthetic one. The sP synthetic phase
shows a large amplitude only at the station AGD
while observed sP phases are in good agreement
with synthetic amplitude calculated in a spherical

P -Waves chia A o ,,M
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Fig. 17. Comparison of observed and synthetic P-wave seismograms of the Rumanian earthquake for a point-

source model and for a spherically symmetric Earth.
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model for the other two stations. Nevertheless, all likely to be an effect of the structure surround-
the sP phases arrived too early in the synthetic ing the source, an effect which might change
seismograms at these three stations. The take-off the take-off angles of these reflected phases.
angles of the pP phase are located near the nodal The intermediate depth of this event and its
plane, providing a very low amplitude as shown -«  relatively small magnitude make it a very good

in fig. 18. candidate for a clear observation of the effects
As the focal mechanism is very well con- of the near-source structure. No other arrivals
strained by 15 stations (fig. 17), the anomalous like PcP could significantly modify seismo-
amplitude on pP and sP synthetic phases is grams in this time window.
Station AGD Station HYB
N N
w E W E
S S
Station RER
N
w E
®Pr
* pP
O sP S

Fig. 18. Take-off angles for P, pP and sP phases for a spherical model of the Earth.
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Because the anomalous amplitudes are quite
large, heterogeneities must significantly change
the ray parameters corresponding to these sta-
tions. The hitting point on the focal sphere for
rays arriving at these stations should be moved
into portions of the radiation pattern with high
amplitudes.

In a first atterpt, Perrot er al. (1994) tried
to model the effect of a paleo-subduction zone
in the Vrancea region (Onescu, 1986) where
the source took place at 90 km. The fit in seis-
mograms did not improve even when a slab
curvature was introduced for focusing waves.
The anomalous effects have a more superficial
origin. The Carpathian arc, where the Vrancea
region is located, is surrounded by the Transyl-
vanian and Pannonian basins to the West and
by the Moesian basin to the East (see fig. 19).
These sedimentary basins are wide (over 70
km) and their depth might be greater than 10
km in the area (Radulescu and Sandulescu,
1973).

The introduction of sedimentary layers en-
ables us to perform a better fit of the observed
seismograms as shown at the bottom of fig. 20
with new phases having take-off angles given
on the top of the figure. Structures imaged by
ray-tracing are described in fig. 21.

To fit the large amplitude of the observed
PP phase, a dipping interface of 20° in the east
direction, separating a sedimentary layer with a
constant velocity of 4.6 km™' and a granitic
layer with a velocity of 6.5 km ' simultane-
ously provides a shift of the take-off angles
making a more important radiation pattern and
an amplification of the Green function, as
shown on the bottom of fig. 21.

The sP phase has no amplitude when it
passes through this dipping interface. This is
why the sP phase follows the standard ray path
with the planar interface in the 2-D Cartesian
model we used, describing a sedimentary basin
with 7 km of depth to the west of (he dipping
interface, necessary to fit the sP phase in time.
For the amplitude of the sP phase at AGD, an-
other sedimentary layer 1 km deep with a ve-
locity of 2.5 km ! was necessary for the P
wave below the surface to fit the lower ampli-
tude of the observed sP phase.
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Fig. 19. Maps of tectonics and seismicity in the
Vrancea area: a Benioff plane explains the important
depth of the 1990 studied earthquake. Two previous
shocks, the 1986 event as well as the 1977 event,
are also very deep. This depth allows separation be-
tween direct pulses and reflected waves on superfi-
cial sedimentary basins.

Finally, these interfaces introduce supple-
mentary reflections: the sd1P and the pdlP
phases reflected at the bottom of the sedimen-
tary basin and the pd 2P phases reflected at
the bottom of the shallow sedimentary basin
(see fig. 21). We must also include the syn-
thetic PcP phase, reflection from the external
core.

We deduced a hypothetical model to fit the
observed seismograms at these three stations.
This model is still not perfect but improves the
modelling compared to the spherical model.
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Local information should be obtained to check
the consistency of such a model.

This peculiar deep event showed evidence
of strong effects of the structure near the
source. The source time function of this event
is very simple and allows us to analyze ground
velocities instead of .displacements. In case of
complex events, could we manage to fit ground
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 —
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Fig. 20. Synthetic and observed seismograms at the
three stations showing anomalous phases when re-
flected waves are included.
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Fig. 21. Sampling of the medium around the source
by rays and associated Green functions to estimate
their respective importances: the use of ray method
makes interpretation easier for the seismologist.

velocities instead of displacements? We want
to apply this procedure to another earthquake
occurring in the same general area, a complex
event under a highly heterogeneous basin.

6. The Erzincan earthquake
of March 13, 1992 (M = 6.2)

The March 13, 1992 Erzincan, Turkey
carthquake occurred in the eastern part of
Turkey where the North Anatolian fault pro-
duces a secondary Northeast Anatolian fault.
This strike-slip event with no obvious rupture
breaking (Barka and Eyidogan, 1993) is lo-
cated below the Ercinzan basin, a poorly con-
solidated basin. Aftershocks were located in a

southeast direction compared to the main
shock.
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In a first check of source focal mechanisms,
we proceeded to fit observed displacements at
many broadband stations (fig. 22) using the
method proposed by Nabélek (1984). Seismo-
grams were band-pass filtered between 0.01 Hz
and 0.2 Hz and converted to the same distance.
We consider the point-source approximation
and introduce a poorly consolidated basin 3 km
deep with a P wave velocity of 1.60 kms™' and
S wave velocity of 0.48 kms™!. The focal
mechanism we obtained is (¢ = 119°, § = 79°,
A = —170°) while the source duration is 12 s
with two main bursts of energy. The depth is
not well constrained and has been fixed at 9
km.

Synthetic and observed seismograms are
displayed in fig. 22 and show the influence of
the basin on small phase wiggles behind the
first pulse. These converted phases were not
strong enough to be able to interpret later picks
and a new source with a time delay of 10 s is
required. A detailed analysis of this earthquake
is possible with the introduction of multiple
sources. At the same time, a better knowledge
of the sedimentary basin will avoid the intro-

P-Waves

duction of ghost images of important subevents
such as small subevent. The trade-off between
the influence of the rupture and the influence
of the near-source medium are difficult to sep-
arate using displacement seismograms.

Is the ground velocity more sensitive to
structural features and rupture complexity?
Comparison between synthetic and observed
seismograms (fig. 23) for the same source ob-
tained previously by the inversion procedure
shows us that the overall fit is performed while
slightly shifting time delays of specific phases
might dramatically improve the fit of these ve-
locity seismograms. We think it is possible in a
trial-and-error attempt to introduce a model of
basin that makes synthetic and observed veloc-
ity seismograms nearly identical. That is the
subject of current research.

7. Discussion and conclusions

We have presented four studies of earth-
quakes sharing approximately the same az-
imuthal coverage with respect to worldwide

Fig. 22. Comparison between ground displacement synthetics and observed seismograms for a point-source
model for the Erzincan earthquake.
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Fig. 23. Comparison between ground velocity synthetics and observed seismograms for a point-source model
for the Erzincan earthquake. Note the appearing complexity of these velocity seismograms. The teleseismic in-

formation has not been fully extracted.

broadband stations. For these earthquakes,
seismograms recorded at teleseismic stations
show both the signature of the focal mecha-
nism and of the medium surrounding the
source. The relative importance of these two
effects depends on the earthquake.

Although the focal mechanism dominates
the wave shape of seismograms, seismologists
arrive at such a detailed analysis of the rupture
process that some caution should be stressed
and the influence of the medium better esti-
mated. In order to do so, tools for modelling
the wave propagation accurately around the
source have been developed.

These tools based on ray tracing techniques
still have the advantage of being very efficient
in terms of computer CPU time. Simple analy-
sis of phases independently is possible and al-
lows us to analyze seismograms precisely.
Moreover, the extension to 3-D geometry is a
current line of research.

In this paper, we have attempted to find
source and medium parameters by trial and er-
ror. It is worth mentioning that inversion meth-
ods have to be used. The linearized approach

used for example to estimate focal mechanisms
of earthquakes (Nabélek, 1984) allows one to
investigate the model space locally but, for the
new model including both source and the
medium parameters, other techniques of inver-
sion might be investigated such as global grid
search or simulated annealing methods in order
to escape from local minima. This will be a
subject of ongoing research.

In inversion procedures to estimate earth-
quake mechanism parameters, one might mod-
ify the frequency content of seismograms, go-
ing from relatively low-frequency ground dis-
placement up to higher-frequency ground ve-
locity. It is the same trend as when seismol-
ogists try to interpret WWSSN SP seismo-
grams which are a higher-frequency content
than WWSSN LP seismograms. There is cer-
tainly a limit to this increase in the frequency
content: accelerograms seem at the present
time more difficult to analyze. The limit we
can think about is related to the capabilities of
transporting the energy over large distances
without a complete distortion of the signal. A
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limit around 0.5 Hz seems to be reasonable for
teleseismic studies.

Applications to the different earthquakes
demonstrate that the increasing number of
broadband stations might be enough now to
reach this target of a completely seismological
independent definition of the rupture process
and of the mediuvm surrounding the source
from teleseismic data. Therefore, field observa-
tions can now be used to check the consistency
with the seismological data.
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