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III. Improved Focal Model and Moment Determination *
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Abstract. The focal process of the Romanian earthquake of
March 4, 1977, which had already been studied in an earlier
paper (Miiller et al. 1978), is reinvestigated on the basis of addi-
tional data from the Russian seismic network. The general fea-
tures of this multiple event, as given in the first investigation,
were confirmed, but several details changed significantly. It is
shown that the weak foreshock of this earthquake (depth accord-
ing to CSEM and ISC 93 and 86 km, respectively) took place
at about the same location as the beginning of the main phase
of rupture, shock 1. Additional accelerations of rupture which
are summarized as shock 2 are difficult to localize with respect
to shock 1. Rupture propagated essentially horizontally and to-
wards the SW and terminated abruptly 13 s later at the place
of shock 3, about 50 km away from shock 1; this produced
exceptionally strong stopping phases in far-field seismograms.
The average rupture velocity was 3.7 km/s. A new fault-plane
solution is given for shock 1 and an approximate one for shock
3 which indicates significant deviations of the rupture surface
from a plane. P-wave seismograms of several long-period
WWNSS stations are modelled with the aid of theoretical seismo-
grams, using the concept of a station-dependent equivalent mo-
ment function of a single double-couple source. The moments
determined in this way fall into the range 2-3 x 1027 dyne-cm.

Key words: Earthquakes — Rupture process — Fault-plane solu-
tion — Seismic moment

Introduction

In a first study of the Romanian earthquake of March 4, 1977
(Miiller et al. 1978, hereafter called paper I) evidence was pre-
sented for the multiple nature of this event. The earthquake
consisted of a weak foreshock, followed by at least three main
shocks (called shocks 1, 2, 3 in the following), whose relative
locations were determined by a master-event analysis. A fault-
plane solution was derived for shock 1 from long-period seismo-
grams from the Worldwide Network of Standard Seismographs
(WWNSS). According to the proposed rupture model, rupture
propagated uphill over a distance of about 20 km from the loca-
tion of the foreshock at a depth of 93 km (source depth according
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to Centre Séismologique Européo-Méditerranéen (CSEM), to
the place of shock 1, where the main phase of the earthquake
was initiated about 5s later. Rupture propagation after this
moment was in general directed towards the SW and downbhill.
A location with acceleration of rupture, shock 2, was located
somewhat off the steep, NW-dipping nodal plane of the fault-
plane solution. Rupture stopped abruptly and close to this nodal
plane at a slant distance of 72 km from, and 14.5 s after, shock
1 at a depth of 109 km (shock 3), producing strong stopping
phases in the seismograms.

The purpose of the present paper is to summarize some new
aspects of the focal process of the Romanian earthquake which
emerged from a detailed analysis of the data of paper I and
of additional data from the Russian network of seismic stations
(Rikers 1981). We present an improved fault-plane solution for
shock 1, put forth evidence for a closer collocation of the fore-
shock and shock 1 than derived in paper I, redetermine the loca-
tion of shock 3 relative to shock 1, and discuss briefly the (uncer-
tain) nature of shock 2. Our results on these points represent
significant, although not basic, changes of the rupture model
suggested in paper I. Moreover, we infer from an approximate
fault-plane solution of shock 3 that a rotation of the rupture
surface took place during the earthquake, and determine the
seismic moment by time-domain modelling of the wave-group
consisting of the phases P, pP and sP at several stations. We

10 - M — ———rrrrr ———rrT

Kirnos

Magnification

Loy L1t L

1

10’ .

107! 100 10
Period (sec)

Fig. 1. Typical magnification curves of long-period electrodynamical
seismographs in the Russian network (Kirnos instruments) and the
Worldwide Network of Standard Seismographs (WWNSS)
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also discuss the focal model which Hartzell (1979) investigated
in order to explain the accelerograms of the earthquake recorded
at Bucharest.

The following records of the Romanian earthquake were at
our disposal:

a) about 60 long-period and a few short-period records from
WWNSS stations,

b) long- and short-period records from 28 Russian stations
(see Fig. 1 for a comparison of the magnification curves of the
most commonly used long-period Kirnos electrodynamic seismo-
graphs and a long-period WWNSS instrument),

¢) broadband seismograms of the station GRF (Grifenberg,
Federal Republic of Germany),

d) copies of Mainka pendulum records of the Romanian sta-
tions BAC, BUC, CMP and IAS.

New Fault-Plane Solution of Shock 1

Figure 2 shows the new fault-plane solution of shock 1, based
on long-period WWNSS and Russian data. The essential changes
with respect to the fault-plane solution of paper I are a rotation

o @ WWNSS stations
(except GRF)

o a Russian stations

x  Station on
nodal plane

Fig. 2. New fault-plane solution of
shock 1 (top) and comparison with
the old solution (bottom). Equal-
area projections of the lower focal
hemisphere, open symbols are
dilatations, closed symbols
compressions

——— New solution
Miller et al. (1978)

of the strike direction of nodal plane E1 by 18° and an increase
of its dip angle by 6°. These changes are required by the down-
ward motions at the Russian stations ILT, MAG and NOR.
A reinspection of the WWNSS stations close to nodal plane
El showed, (1) that the polarities of stations TRN and GSC
hat to be changed from upward to downward, (2) that BKS
(located close to GSC and LON) had to be omitted because
of strong background noise at the expected arrival time of energy
from shock 1, and (3) that shock 1 is invisible at BOG, i.e.,
that BOG is very close to nodal plane El. (Expected arrival
times for shock 1 at BKS and BOG followed from safe readings
of this shock at nearby stations, corrected for the travel-time
difference due to the difference in epicentral distance.)

The parameters of the new fault-plane solution are:

Azimuth (deg)  Dip (deg)
Pole of nodal plane El 148 14
Pole of nodal plane E2 278 69
P-axis 317 24
T-axis 165 57
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Fig. 3. Travel-time differences in
seconds between the foreshock and
shock 1 as a function of station
azimuth. Left: observations. Right:
theoretical values corresponding to the
model in paper I (depth of foreshock :
93 km, depth of shock 1:79 km,
distance: 19.4 km, azimuth foreshock-
shock 1:130°). For discussion see text
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Fig. 4a and b. Long-period seismograms of a the WWNSS and b the Russian stations that were used in the master-event analysis of shock
3. Note that in the Russian seismograms time increases from right to left and time scales are different. Numbers indicate P arrivals due

to the different shocks

Location of the Foreshock

Figure 3 shows the azimuthal distribution of the observed travel-
time differences between shock 1 and the foreshock, together
with the distribution of travel-time differences which would be
expected if the foreshock location was as suggested in paper
L. This model obviously does not satisfy the observations. We
do not want to discuss the reasons given in paper T for the
choice of the foreshock location, but rather say that the azi-
muthal distribution of the travel-time differences with values

almost exclusively between 4 and 5s points to the locations
of the foreshock and shock 1 being quite close together. The
exceptionally low value of the travel-time difference for GRF
may be related to the weaker amplitudes of shock 1 at this
station, compared with other stations, such that at GRF the
noise level masked the foreshock for longer. We disregard the
GRF data point because of the rather large number of other
observations which are all compatible. Our model, then, is that
the foreshock (CSEM coordinates: 26.78 E, 45.78 N, depth
93 km, origin time 19:21:56.2; International Seismological
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Fig. 5. Master-event analysis for shock 3 relative to shock 1: regression lines for T versus cos ¢ in three different cases. @ =WWNSS stations,
x=Russian stations. The Russian stations ANR, DSH, NRN and PRZ are not shown since their data are close to those of FRU, KHO
and TAS. Az=azimuth of the direction from shock 1 to shock 3, Dip=dip angle of this direction, Ry, and Ry,,=minimum and maximum

residue, V,= L/t=apparent rupture velocity

Centre (ISC) coordinates: 26.72 E, 45.83 N, depth 86 km, origin
time 19:21:54.1) and shock 1 occurred at about the same place
with a time separation of about 4.5 s.

New Master-Event Analysis for Shock 3

The key role that the broadband record of station GRF played
in the identification of shock 3 was described in paper 1. In
Figure 4 those long-period WWNSS and Russian seismograms
are reproduced in which the P arrival due to shock 3 can also
be seen. The signatures of the two types of instruments involved
are different, but as in the WWNSS seismograms, shock 3 in
the Russian seismograms is connected with a strong deflection
opposite to that of shock 1. The travel-time differences T between
shock 3 and shock 1, corrected for the screw-line effect of drum
recording if necessary, were used in a master-event analysis,
as in paper I. Three regression lines T=1-Lcos 3/ are shown
in Figure 5 (t=origin-time difference, L=distance between the
two shocks, 3=angle between the direction from shock 1 to

shock 3 and the direction of the P-wave ray to the station,
o= P velocity in the focal volume, assumed here to be 8.3 km/s):
— one regression line for all stations mentioned in Figure 4,
plus GRF, assuming T (PUL)=16.0 s (Fig. Sa),
— one for all stations and T (PUL)=19.6 s (Fig. 5b),
— and one with PUL and NUR omitted (Fig. 5c).
The result of Figure 5b comes closest to the results of paper
I, but we consider the other two solutions to be closer to reality,
since the larger value of T (PUL) is less probable (see Fig. 4).
In all three cases the location of shock 3 is very near the nodal
plane El of the fault-plane solution of shock 1 (Fig. 2), such
that we retain the identification of this plane as the rupture
plane and the interpretation of shock 3 as an abrupt termination
of rupture.

Expressing the new coordinates of shock 3 with respect to
those of shock 1 by some numbers, we have the time difference
13 s, the slant distance 50 km, the depth difference 13 km (shock
3 is deeper), the epicentral distance 48 km, the azimuth 230°
(from shock 1 to shock 3) and the dip angle 15°. The average
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Fig. 6. Seismogram examples showing the polarities of shock 3. The records of GRF (broadband and WWNSS simulation) and ESK, in
conjunction with other records (Fig. 4), have been used to predict the shock 3 onset times at stations PTO to PRE, indicated by the dashed
lines. The shock 3 polarities at these stations correspond to downward motion



Fig. 7. Approximate fault-plane solution of shock 3 (dashed nodal
lines), compared with the fault-plane solution of shock 1 (solid nodal
lines). The cross labelled 3 is the location of shock 3 in the fault-plane
solution of shock 1

Fig. 8. Schematic diagram, not to scale, of the contorted rupture sur-
face, based on the fault-plane solutions of shock 1 and shock 3. E1
1s the initial rupture plane of shock 1

rupture velocity 3.7 km/s is considerably lower than the value
4.98 km/s given in paper I; this is mainly due to the decrease
in slant distance from 72 to 50 km. The rupture velocity is about
0.8 times the S velocity in the focal region which is assumed
to be about 4.6 km/s.

Polarity Distribution for Shock 3

For the identification and localization of shock 3 only those
seismograms could be used in which the P-wave onset times
of this shock could be determined. The polarities of these arrivals
could be read in many more records, because shock 3 was so
strong. Figure 6 shows examples of seismograms with the ex-
pected onset times for shock 3, according to the results of the
foregoing section, indicated by dashed lines. The polarities of
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M’(t)
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Fig. 9. Moment function time derivatives (normalized) which were used
for modelling the long-period records of the WWNSS stations PRE,
WIN, AFI, NDI and KOD. The numbers give the times of shocks
1, 2, and 3, as seen by these stations. The form of the curves represents
true ground motion

the deflections following these lines all correspond to dilatational
motion. Figure 7 shows a polarity plot in which all useful stations
are included. The nodal plane D1 of this approximate fault-plane
solution is relatively well determined by the many dilatations
and the four safe compressions (at GRF, ESK, PUL and NUR);
for nodal plane D2 there is more freedom. The azimuths of
the pole directions of D1 and D2 are 115° and 281°, the dip
angles 43° and 44°, respectively.

Our interpretation of these polarities is that D1 is the rupture
plane of shock 3. Combination with the fault-plane solution
of shock 1 indicates that the rupture surface of the whole earth-
quake deviated considerably from a plane: towards the SW end
the rupture surface became less steep and changed its strike
direction more towards the N (Fig. 8). These contortions of
the rupture surface make it difficult to give a fault-plane solution
which is representative for the whole earthquake; this is a certain
drawback for the moment determination in a later section.

Re-Investigation of Shock 2

There are a few clear indications that between the shocks 1
and 3 there was an additional shock with rather strong P-wave
radiation (see the GRF records in Figure 6 and the WWNSS
records in Fig. 4a). The corresponding master-event analysis in
paper I, however, did not give a very convincing result: the
location of shock 2 was quite far off the rupture surface and
had great uncertainty. The Russian data (see the examples in
Fig. 4b) complicate the matter even more, since they indicate
more than one shock between the shocks 1 and 3. We determined
the time differences with respect to shock 1 of all onsets between
shock 1 and shock 3 in all available seismograms and tried
to group them, in order to find out whether shock 2 could
possibly consist of two shocks, 2A and 2B (see the record for
PUL in Fig. 4b). As a result, we actually consider this a possibili-
ty, but of questionable significance, since we probably would
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Fig. 10. Comparison of observed and theoretical seismograms for three different double couples. Dipole | corresponds to shock 1 (Fig. 2),
dipole 3 to shock 3 (Fig. 7) after a change in sign, and dipole 5 is one of a few more orientations investigated. The moment derivatives
assumed for each station are shown in Fig. 9. The numbers below the beginning of the theoretical seismograms are the moment values
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also have been able to infer more than two shocks. We therefore
conclude only that apparently the rupture process between the
shocks 1 and 3 was more complex than implied by the model
of one additional shock, but that these complexities are not
resolvable, at least not with far-field observations.

Moment Determination

Hartzell (1979) has estimated the moment of the Romanian
earthquake from surface-wave amplitudes, as recorded by
WWNSS, Seismic Research Observatory (SRO) and High Gain
Long Period (HGLP) stations, and found a value in the range
1-2 x 1027 dyne-cm. The rupture process was modelled by a
SW-moving point shear dislocation which had a step moment
function and the fault-plane solution of shock 1, as given in
paper 1. Here, we attempt to model with theoretical seismograms
the compressional body-wave phases P, pP and sP which on
long-period records form one complicated arrival, called P* in
the following; for one distant station PKP* is used. Additional
to the complexity due to surface reflections is the complexity
due to the rupture process itself. We condense this complexity
into the moment function of a stationary point-source at a depth
of 95 km, i.e., each station which is used in the analysis is as-
signed an equivalent moment function whose qualitative features
—mainly the times of slope discontinuities of the moment deriva-
tive-follow from the multiple-event analysis. Another simplify-
ing assumption is that we work with a time-independent orienta-
tion of the double couple; it is varied in a few discrete steps
between the fault-plane solution for shock 1 (Fig. 2) and the
reversed fault-plane solution of shock 3 (Fig. 7). The whole pro-
cedure is a rather time-consuming trial and error procedure
which, however, gives direct insight into the effects of parameter
changes.

The theoretical seismograms were calculated with the reflectiv-
ity method for a typical earth model (Model SP-1 of Faber
and Miiller (1980)). Absorption was approximately taken into
account by applying an acausal frequency-domain operator
whose value of t* was assumed to be 0.8 s for all stations.
Instrument characteristics were also included. Seismogram mod-
elling was attempted for the WWNSS stations PRE, WIN, NDI,
POO, HKC and AFI which were at distances greater than 30°
and not too close to the nodal planes of shock 1. Figure 9
shows the normalized moment function derivatives assumed for
some of these stations, with the times of shocks 1, 2 and 3
indicated. Integrating these functions gives a gradual build-up
of the moment function whose final value, after 15-20 s, is the
moment of the earthquake. Theoretical seismograms, calculated
for these source functions and three different double-couple ori-
entations, are presented in Figure 10 in comparison with ob-
served seismograms. Matching observed and theoretical seismo-
grams at the first peak-to-peak amplitude gives the moment
values indicated below the traces.

The fit of observed and theoretical waveforms in Figure 10
is always good during the first 15-20 s, which confirms the gener-
al character of the moment functions and the rupture duration
of about 13 s implied by our model. For later times the agreement
is of variable quality mainly because of the variable success
in modelling the amplitudes of sP relative to those of P. The
amplitude ratio of these two phases depends strongly on the
source orientation. In the case of dipole 1 the radiation of sP
relative to P (or of sPKP relative to PKP for station AFI)
is always too strong. For AFI this is due to the fact that this
station is relatively close to the P-wave nodal plane El (see
Fig. 2); this leads to an over-estimated moment of 7.2 x 10?7
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dyne-cm. Disregarding this station, we infer a moment of
2-3x 10?7 dyne-cm. In the case of dipole 3 there is, for the
stations PRE, WIN and AFI, a considerable improvement of
the fit for the complete pulses P* and PKP*, respectively. The
stations KOD and NDI are now too close to the nodal plane
D2 (see Fig. 7), such that for these stations there is less agreement
of theory and observation than for the other stations. PRE,
WIN and AFI point to a moment of 2-3 x 10?7 dyne-cm and
thus support the value obtained for dipole 1. Finally, in the
case of dipole 5, which has a roughly intermediate orientation
between the dipoles 1 and 3, the success of pulse-form modelling
is fair to excellent for all stations, and all moments fall into
the range 2.4-3.0 x 10*” dyne-cm. A cautious conclusion from
these (and several other) modelling experiments, which takes
into account the simplifying assumptions that we have made,
is that the Romanian earthquake had a moment of 2-3 x 10?7
dyne-cm. This is somewhat higher than the value 1-2x 1027
dyne-cm, inferred by Hartzell (1979) from surface waves. In
view of the uncertainties which enter the moment determination
from both body and surface waves, it is probably not justified
to consider this as an essential disagreement.

A dipole such as dipole 5 is probably a good average focal
mechanism of the Romanian earthquake. For completeness we
give the orientation of this dipole: the pole directions of the
nodal planes have the azimuths 118° and 240°, and the dip
angles 30° and 56°, respectively.

Discussion and Conclusions

The successful modelling of far-field seismograms supports our
interpretation of shock 3 as being due to rupture termination
at the SW end of the fault zone. Thus, the distance of about
50 km between shock 1 and shock 3, found in the master-event
analysis, is a lower limit for the horizontal extent of the rupture
surface. The dimension in the dip direction probably is neither
larger nor much less than the horizontal dimension. We thus
assume fault dimensions of 60 and 40 km, respectively, giving
a rupture area of about 2,400 km?. A rupture surface of this
size falls well within the aftershock volume of the earthquake,
as determined by Fuchs et al. (1979). For a moment value of
2.5x 10?7 dyne-cm and a rigidity of 7.0 x 10!! dyne/cm? in the
focal zone we then obtain an average dislocation of about 2.2 m.
If we apply the well-known formula for the stress drop on a
circular dislocation we find a stress-drop estimate of 52 bar.
Hartzell (1979) studied the accelerograms of the Romanian
earthquake, recorded at Bucharest, and compared the displace-
ment records, obtained by integration, with theoretical seismo-
grams, calculated for three different types of source models.
His line-source model, consisting of a linear array of 11 point
sources which are triggered successively over 13 s, comes closest
to our rupture model, since the time during which the moment
of the earthquake is built up is about the same as in our model.
It appears possible that long-period, far-field seismograms calcu-
lated for this model (after a change in the orientation of the
line source) resemble observed seismograms. Hartzell’s one-point
source models, however, correspond to a rupture duration of
onyl about 1s. These models are able to explain the periods
and pulse duration of the Bucharest displacement records, but
the long-period far-field seismograms of the earthquake defini-
tely cannot be modelled by them. The same is true for a two-point
source model by which Hartzell tries to represent in a simple
way the multiple nature of the earthquake. The second source,
which has the opposite polarity of the first and radiates about
15 s later, is thought to model the termination of rupture (which,
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in actuality, it does not do: it models a second, separate and
complete earthquake). Since its strength is only 1/4 of the
strength of the first source, the additional radiation does not
essentially change the seismograms of the one-point source model.

In conclusion, if we try to combine Hartzell’s results and
ours, it seems possible that a line-source model made up by
a pointshear dislocation, moving horizontally over a distance
of 50 km from NE to SW with a velocity of about 3.7 km/s,
can be found which explains the main features of both near-field
and far-field seismograms. The orientation of the shear disloca-
tion and the moment release as functions of time are constrained
by our results, but there appears to be enough freedom left
in these quantities for a successful modelling of the near-field
seismograms.
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