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Abstract

The Irpinia project, as carried out by ISMES under a commission from ENEL, had as objectives the develop-
ment of a general methodology to simulate broad-band seismic ground motion at near-source and regional dis-
tances, and the application of this methodology to the 1980 Irpinia earthquake. Within this general framework,
one goal was the comparison of four previously published models for this earthquake in order to arrive at a
plausible description of the source process. The comparative study was cast as an inverse problem: that of in-
ferring the spatial extent and temporal behaviour of the rupture process, from geodetic measurements of sur-
face deformation and near-source recordings of ground velocity. This study was complicated by the fact that
the Irpinia earthquake was a complex event, involving at least three distinct rupture episodes in a time span of
approximately 40 s. However, this same complexity offers the opportunity of illustrating the use of inversion
methodologies to: 1) infer the spatial slip distribution on a multiple fault system; 2) address the problem of de-
termining the accuracy of the inferred slip models, and 3) use information describing the static characteristics
of an earthquake as an aid in understanding the kinematics of the rupture. This last point is illustrated for the
40 s subevent through the results of a forward modeling study of high-frequency acceleration waveforms using
a rupture model based on the inversion results.

Key words extended source process — inversion — cially in the case of complex earthquakes in-
isochron — envelope — strong ground motion volving the rupture of several faults, it is of in-
terest to see what the inferred rupture charac-
teristics on one fault tell us about the subse-

1. Introduction quent ruptures on nearby faults. These ideas
are illustrated with examples taken from an
The purpose of this paper is to illustrate the analysis of the rupture characteristics of the
use of inversion methodologies to infer earth- 1980 Irpinia earthquake. This earthquake cer-
quake rupture characteristics along faults of fi- tainly qualifies as a complex event, as it in-
nite dimensions. These rupture characteristics volved at least three distinct rupture episodes
include the rupture velocity, the geometry of in a time span of approximately 40 s.
the rupture front, the spatial distribution of slip Some of the examples presented here form
and the manner in which the final slip values part of a larger project carried out by ISMES
on the fault are attained. On the one hand, under commission from ENEL. The goal of
these characteristics are of interest because of this project was the development of a method-
the information they provide on the earthquake ology to simulate near-source and regional
source process. On the other hand, and espe- ground motion, in terms of acceleration time
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histories and site dependent response spectra,
taking into account as accurately as possible
source, propagation, and site effects. This
methodology was then applied to the 1980 Ir-
pinia earthquake, and the problem of determin-
ing a plausible source description was ap-
proached by comparing four previously pub-
lished models of this earthquake. The models
selected for the comparative study were those
of: Westaway and Jackson (1987), Bernard and
Zollo (1989), Valensise et al. (1989), and a re-
vised version of the model of Fregonese et al.
(1986). These four models represent a cross-
section of more than 80 studies on the source
process of the Irpinia event (Valensise, 1993).
More recent studies representative of current
points of consensus and of discussion regard-
ing the Irpinia source process are those of:
Amato and Selvaggi (1993), Bernard et al.
(1993), Cocco and Pacor (1993), Giardini
(1993), Pantosti and Valensise (1993), Pingue
et al. (1993), Westaway (1993), Sirovich and
Chiaruttini (1993), and Vaccari et al. (1993).

The comparative study of the four selected
models of the Irpinia earthquake was cast as an
inverse problem: that of inferring the spatial
extent and temporal behaviour of the rupture
process, from geodetic measurements of sur-
face deformation and near-source recordings of
ground velocity. This paper, however, will
concentrate on some of the results obtained for
a subevent which initiated 40 s after the main
event. Our interest in the 40 s event is twofold:
first, it has been one of the least studied events
in the Irpinia rupture sequence; and second, its
analysis serves the purpose of illustrating the
various ideas put forth at the beginning of this
paper. The study of the 40 s event is ap-
proached from a broad perspective in the first
part of this paper, which deals with the inver-
sion of geodetic data to infer the spatial slip
distribution on a multiple fault system. The
technique is illustrated for two of the four Ir-
pinia fault models previously cited. The subse-
quent discussion of the different inferred slip
distributions will focus on a stability analysis
whose goal is to gauge the reliability of their
principal characteristics. The second part of the
paper deals specifically with the rupture char-
acteristics of the 40 s event. Although this

analysis is not based on an inversion methodol-
ogy, the employed techniques use as input the
results of the latter. In particular, we discuss a
scenario for the triggering of the 40 s event
due to the inferred slip on the main and 20 s
event faults and perform a forward modeling
of high-frequency acceleration waveforms
based on this scenario.

2. Rupture models of the Irpinia
earthquake

We consider here only two of the four mod-
els included in the comparative study: that of
Bernard and Zollo (1989) and that of Valensise
et al. (1989). As previously mentioned, it is
generally agreed upon that the Irpinia rupture
sequence involved at least three events. The
main event was followed by a rupture episode
approximately 20 s after, and one approxi-
mately 40 s after initiation of the earthquake.
In the Bernard and Zollo model, each episode
is associated with a different fault. These faults
are depicted in a surface view in fig. 1a where
the solid traces represent the vertical projection
of the most superficial edge of the faults. The
main event fault plane is 30 km in length, dips
toward the NE at an angle of 60 degrees, and is
buried between 2.2 and 15.2 km in depth. The
20 s event fault plane has a very shallow dip
angle and is buried between 10.0 and 15.1 km
in depth. The 40 s event fault plane is anti-
thetic to the main event fault plane, dipping to-
ward the SW at an angle of 70 degrees, and
measures 20 km in length and 10 km in
width.

In the Valensise et al. model, the three rup-
ture episodes are proposed to have occurred
on a system of 4 faults (fig. 1b). In this case,
the main event rupture is divided between
two faults separated by the Sele Valley:
the M. Marzano-M. Carpineta fault and the
Cervialto fault. Although the combined length
of these faults (28 km) is similar to the length
of the main event fault plane of Bernard and
Zollo, the system is translated toward the SE
with respect to this latter model. Another major
difference with respect to the Bernard and
Zollo model is the location of the 20 s event,
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Fig. 1a,b. a) Surface view of the Bernard and Zollo fault model geometry, geodetic benchmarks belonging to
the Montocchio-Grottaminarda and Galdo-Tora leveling lines (solid circles), and location of eight ENEL
strong motion sites (triangles); b) same as (a) but for the Valensise ef al. fault model geometry.
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situated along the S. Gregorio fault. Finally,
the 40 s event fault plane is again placed anti-
thetic to the main event fault plane as origi-
nally proposed by Bernard and Zollo, but is of
slightly reduced length (15 km).

In addition to the various faults comprising
each model, fig. 1a,b displays 8 of the ENEL
strong motion sites (triangles) that recorded the
earthquake (Berardi er al, 1981), and the
geodetic benchmarks (solid circles) belonging
to two leveling lines surveyed by the Italian
Military Geographic Institute. The Montoc-
chio-Grottaminarda line runs from the SE to
the NW. The maximum subsidence recorded
along this line was in the order of 75 cm, in the
area between the main event and 40 s event
fault planes. The Galdo-Tora line is located to-
wards the south of these faults and experienced
a maximum subsidence of approximately 10
cm.
The value of the geodetic data set has been
cast into doubt by the fact that the leveling
campaigns were performed only twice over a
time interval of 22 years. It is therefore quite
reasonable to question whether the observed
height differences can be attributed solely to
the Irpinia earthquake. Cotecchia et al. (1990)
have presented arguments to the effect that the
height differences are to a large extent an ex-
pression of the earthquake. The essence of
these arguments is that the measured subsi-
dence along portions of the Montocchio-Grot-
taminarda line is comparable to the measured
subsidence along secondary lines which were
surveyed in different overlapping time frames
which include the time of the Irpinia earth-
quake. Although one cannot conclude that the
surface deformation in the area of Irpinia was
due solely to the earthquake, this evidence in-
dicates that a predominant part was of coseis-
mic nature.

The degree of predominance of coseismic
deformation over other processes is, however,
difficult to assess. This uncertainty in the
geodetic data will also produce uncertainty in
the inferred features of the slip model obtained
from the inversion process. It is possible to ad-
dress this problem by performing the inversion
not only for the best fault slip model, but also
for a family of slip models which are compati-

ble with the data in the sense of misfitting it
within a permitted tolerance. This inversion
methodology and subsequent analysis to deter-
mine the reliability of the inferred slip distribu-
tions are briefly described in the following sec-
tion.

3. Inversion methodology

3.1. Formulation of the inverse problem
for coseismic slip

The employed inverse methodology is based
on the forward model of an earthquake as a
spatial and time dependent slip discontinuity
across the surface of one or more rectangular
fault planes. The elastodynamic representation
theorem, as expressed in the frequency do-
main, is used to linearly relate slip velocity on
the fault with ground velocity (Spudich, 1980;
Olson and Anderson, 1988). At 0 Hz, this lin-
ear relation reduces to one between coseismic
slip and surface deformation and can be repre-
sented by the following matrix equation:

Gs=d 3.1)

In eq. (3.1) the unknown quantity, s , repre-
sents the spatial varying slip on the fault in
terms of its values at N subfaults into which
the fault (or faults) of interest are subdivided.
The matrix G is comprised of Green’s function
for each subfault and relates the slip on the
subfault with the recorded surface data. These
latter are grouped into the vector d. It is impor-
tant to note that eq. (3.1) contains several im-
plicit assumptions. For one, it is assumed that
the geometry of the fault plane is known. The
second assumption is that slip on the fault is
parallel to its surface and, although a spatial
variability in amplitude is permitted, the rake
of the slip vector remains constant.

It is possible to introduce further physical
assumptions regarding general characteristics
of the unknown slip distribution by appending
additional equations to the original system
(3.1). These assumptions usually regard con-

1604



A study of rupture characteristics of the 40 s subevent of the 1980 Irpinia earthquake

straints on the degree of permissible roughness
of the solution (Olson and Apsel, 1982;
Hartzell and Heaton, 1983; Hartzell, 1989, for
example) and can also take the form of bound-
ary conditions that the solution should satisfy
at the fault edges (Cohee and Beroza, this vol-
ume, page 1515, for example). Another ap-
proach consists in modifying the matrix G in
such a way that the fundamental physics of the
" problem, given by the elastodynamic represen-
tation theorem, remains fulfilled. One such ap-
proach is described in Mendez er al. (1990)
when performing the inversion for slip velocity
in the frequency domain. At 0 Hz, this ap-
proach is equivalent to that of Harris and
Segall (1987). For the purpose of illustrating
this method, let D be the matrix representation
of the Laplacian operator. The original linear
system (3.1) can be transformed by inserting
the identity matrix in the form (D! D), and
solving for the new unknown u = Ds):

GD'D)s =d (3.2a)

(GD Yu =d (3.2b)
after which the spatial slip distribution is re-
covered from:
s =D 'w. (3.2¢)
The reason for the transformations embod-
ied in egs. (3.2a) and (3.2¢) is to take advan-
tage of the fact that there is a unique solution
to the linear system with minimal 2-norm. If
is the minimal 2-norm solution of eq. (3.2b),
then (D s) also has a minimum 2-norm. Since
D represents the Laplacian operator, which in-
volves spatial derivatives, the fact that the
2-norm of (Ds) is minimal is equivalent to
stating that the linear system (3.2b) and (3.2¢c)
has been solved for the smoothest spatial slip
distribution s which best fits the data. Thus the
resulting solution for the slip distribution is de-
void of spurious features that are permitted but
not actually required by the data, and retains
only those features that can be resolved to
within the limits imposed by the layout (or ge-
ometry) of the surface observations (Olson and
Anderson, 1988; Mendez er al., 1990).

3.2. Stability analysis

The goal of the stability analysis is to pro-
vide a quantitative estimate of the influence
that possible errors in the geodetic data set can
have on the slip model obtained through the in-
version process. The approach used here is that
originally developed in Olson and Apsel
(1982). The solution to egs. (3.2b) and (3.2¢)
will yield a slip model s which produces a least
squares fit to the geodetic data d with a misfit
determined by the number of singular values of
(G D) that are retained. We will refer to this
least squares slip model as §;. If the geodetic
measurements were free of error and if the for-
ward model relating slip on the fault to surface
deformation was perfectly accurate, s,, would
qualify as the best slip model among all others
producing larger misfits. However, since both
the data and forward model are likely to con-
tain errors, any slip model producing a slightly
larger misfit could also be accepted as reason-
able. The stability analysis seeks to identify a
particular subset of these other acceptable slip
models, as described in the following. It is car-
ried out by first defining a tolerable amount of
misfit; and then finding the largest possible
variation that each component (each slip value)
of s, can undergo without degrading the initial
least squares fit by more than the stated toler-
ance. This analysis produces a family of slip
models, where one component (one slip value)
of each of the models deviates in this extremal
sense from its corresponding component in ;.

In order to quantify the above discussion,
let §s; represent the just defined maximum
variation that the jth component of ;s can un-
dergo. The relation between the slip model pre-
senting this maximum variation and the least
squares slip model s, is:

wis = wls,+ ds; (3.3)

where w; is a vector with all components equal
to zero except for the jth component, which is
set to one. The superscript 7 in eq. (3.3) de-
notes the transpose of a vector. Next, let Ad
represent the residual vector between the data
vector produced by s, and the data vector pro-
duced by any of the extremal slip models de-
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fined in eq. (3.3). The prescribed tolerance, d,
is then defined as:

5d=(Ad" Ad)'? (3.4)

Following Olson and Apsel (1982), it can
be shown that the relation between Js; and 6d
for the inverse problem embodied in egs.
(3.2a) through (3.2¢) is:

Ss;= = W D' VARVID'w)'?8d  (35)

where the matrix A contains the singular val-
ues, and the-matrix V the right singular vec-
tors, that are retained in the singular value
decomposition of the matrix (GD™') of eq.
(3.2b). In practice, for the case of a fault
discretized by subdivision into N subfaults,
each one of the N extremal variations or
bounds, Js;, is obtained by solving eq. (3.5) us-
ing the corresponding weight vector w;. The fi-
nal result of this type of stability analysis con-
sists in a family of slip models which misfit
the true data within a fixed tolerable amount.
The seismic moment of any of these slip mod-
els can be obliged to fall within certain limits
by a simple scaling procedure. Instead of pre-
senting each possible slip model with its corre-
sponding data fit, the results are summarized
graphically in the following manner:

a) the least squares data fit is displayed to-
gether with «error» bars. These error bars de-
fine the band of acceptable data fits. The size
of the error bars is related to the predefined
tolerance Od, a larger tolerance results in a
wider band. The value of the tolerance is se-
lected so that the band of acceptable data fits
encompasses the true data vector as far as pos-
sible;

b) the least squares slip model is sand-
wiched between two extremal slip models.
These two extremal models represent bounds
on the maximum possible variations in the val-
ues of slip on the fault. The most important
point to note is that any slip model outside of
these bounds will necessarily produce a data fit
outside of the band of acceptable data fits de-
scribed above in (a).

4. Application to the Irpinia earthquake

In the context of the Irpinia earthquake, the
idea behind the comparative study was to iden-
tify recurrent features of the inferred slip mod-
els obtained using the different proposed fault
geometries. These common features could then
be attributed a physical significance, especially
if they continued to appear in the stability anal-
ysis.

It should be noted that the two fault models
briefly outlined in section 2 differ not only in
their geometries, but also in the amount of slip
that the two groups of authors propose to have
occurred on the various faults of their models.
This information was incorporated into the in-
version by forming a new data vector:

d =d- (G sy “.1)

where (G s;) denotes the resulting fit to the
geodetic data from the proposed constant slip
models. The inversion was then performed us-
ing this new data vector d” in place of the orig-
inal d in egs. (3.2a) and (3.2b). The inferred
slip distribution s was then added to the initial
constant slip distribution sy to obtain the final
slip model.

Figure 2 is a partial summary of the results
of inverting the geodetic data using the fault
system proposed by Valensise et al. (on the left
hand side) and that of Bernard and Zollo (on
the right hand side). It is a partial summary as
it only displays the data fit to the Montocchio-
Grottaminarda line, although the data from the
two lines were jointly inverted. In this figure,
the solid trace represents the data while the
dashed line is the fit obtained from the inver-
sion. The dotted line represents the contribu-
tion to the overall fit from the inferred slip on
each fault. In other words, summing the dotted
line values along a column yields the dashed
line values.

A first observation that can be made regard-
ing these results is that slip on the main event
and 40 s event fault planes dominates the fit to
the Montocchio-Grottaminarda line. Slip on the
20 s event fault plane has only a slight influ-
ence in determining vertical deformation along
this line. The second observation is that the
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placement of the 40 s event fault plane appears
critical in determining the quality of the overall
fit to Montocchio-Grottaminarda. While in
both models slip on the main event fault plane
produces a fit which displays the same trend as
the data, slip on the 40 s event fault plane is
very important in modeling the sharp gradient
observed in the NW portion of the line (data
points numbered from 60-70, approximately).
In fact, by replacing the 40 s event fault plane

40 s subevent of the 1980 Irpinia earthquake
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of the Bernard and Zollo model with that of
the Valensise et al. model and repeating the in-
version, the data fit improves greatly to the
point of becoming almost indistinguishable
from the fit obtained using the Valensise et al.
fault system.

Figure 3 compares the inferred spatial slip
distributions when the inversion is performed
using the Valensise er al. fault system and
when performed using this hybrid model which
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Fig. 3. Comparison of inferred slip distributions when inverting the geodetic data using the Valensise et al.
fault system (bottom illustrations), and when using a hybrid model combining the main event fault of Bernard
and Zollo with the Valensise et al. faults for the 20 s and 40 s events (top illustrations). Contours represent

pure dip-slip amplitudes in units of cm.

combines the main event fault of Bernard and
Zollo with the Valensise et al. faults for the
20 s and 40 s events. In this figure, the relative
displacement between the main event fault
plane of the two models is intended to repre-

sent the NW translation of the Bernard and
Zollo fault some 5 km with respect to the
main event (M. Marzano-M. Carpineta and
Cervialto) fault planes in the Valensise et al.
model.
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It is seen that the spatial slip distributions
on the 40 s event fault plane in both models
are very similar; the largest slip amplitudes are
located in the NW portion, and tend to de-
crease rapidly toward the SE. Of course, the 40
s event fault plane in these two models is iden-
tical in geometry. So one can expect that these
two slip distributions contribute to the fit to
Montocchio-Grottaminarda in a similar fash-
ion. The remaining fit has to be made up pre-
dominantly from slip on the main event. In this
case, the difference in fault geometries pro-
duces what at first appears as considerably dif-
ferent slip distributions. The trend in the spatial
slip distribution on the Bernard and Zollo main
event fault is to decrease going from the SE to
the NW. A similar trend is present in the
Valensise er al. model as one jumps from one
fault to the other, but on the M.Marzano-M.
Carpineta fault the slip decreases in value as
one goes from the NW to the SE.

The stability analysis described in section
3.2. is useful in determining if the above fea-
tures of the inferred slip distributions are actu-

ally necessary to fit the data. This is illustrated
for the case of the Valensise et al. model in
figs. 4 and 5. The solid trace in fig. 4 again
represents the vertical surface deformation as
measured along the Montocchio-Grottaminarda
line. The dotted trace represents the fit assum-
ing the original spatially constant slip distribu-
tion proposed in this model. The dashed trace
is the fit from the inversion process. This least
squares fit is now enveloped in a band formed
by the vertical bars. This band is obtained from
the stability analysis and represents the family
of acceptable data fits. Although the band of
acceptable data fits overlaps the original data
fairly well, it should be noted that the overlap
with the constant slip model is generally
poorer. This would imply the need for a spa-
tially varying slip distribution to model the
data correctly.

Figure 5 displays the two extremal slip
models -obtained from the stability analysis.
We recall that this analysis insures that any
slip distribution with values outside of these
extremal models will necessarily produce a
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Fig. 4. Summary of the stability analysis applied to the Valensise ez al. model. The solid trace is the vertical
surface deformation measured along the Montocchio-Grottaminarda benchmarks. The dotted trace represents
the fit assuming a constant slip distribution on each of the faults comprising this model. The dashed trace is
the fit from the inversion. The band of acceptable data fits is represented by the vertical bars.
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Fig. 5. Summary of the stability analysis applied to the Valensise et al. model. The two slip models represent
the upper and lower bounds on variations in the spatial slip distribution. Any slip model with amplitudes out-
side these bounds will produce a data fit outside of the band of acceptable data fits shown in fig. 4. Contours
are in units of cm. Horizontal scale exaggerated by a factor of 1.5.

data fit outside the band of acceptable data fits
shown in fig. 4. As stated previously, an analy-
sis of this sort provides additional information
on the inferred slip distributions. For example,
in the case of the 40 s event fault plane, the
maximum and minimum slip. envelopes both
exhibit the same strong trend for slip to de-

crease from the NW to the SE. The minimum
slip value on the maximum envelope is always
less than the maximum slip value on the mini-
mum envelope. This is then a strong indication
that the area of large slip amplitudes is actually
real.

Similarly, the envelopes for the main event
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Table 1. Summary of geodetic inversion: Valensise et al. fault model.

Fault So Sy M, M, (Sp Max M, Min M,
ID (cm) (cm) (10" Nm)  (10'® Nm) (10" Nm) (10'® Nm)
#1
M. Marzano- 200. 208. 16.2 16.8 18.3 15.4
M. Carpineta
#2
. 100. 83. 4.5 3.7 5.1 2.3
Cervialto
#3
. 70. 35. 2.8 1.4 2.4 0.4
S. Gregorio
#4
50. 6l. 2.3 2.8 3.1 2.5
‘40 s’
All - - 25.8 24.7 26.1 23.5

also point to a decrease in slip values as one
jumps from the M.Marzano-M.Carpineta fault
to the Cervialto fault. Slip values on the maxi-
mum envelope of the Cervialto fault never
exceed slip values on the minimum envelope
of the M. Marzano-M. Carpineta fault. But on
analyzing only the slip envelopes for the
M.Marzano-M.Carpineta fault, it is difficult to
Jjudge whether the trend for slip to decrease in
value from the NW to the SE is strictly re-
quired to fit the geodetic data. The extremal
models simply are not tight enough to exclude
the possibility of models with the opposite
trend in slip amplitudes.

We conclude this section by summarizing
the results of the inversion and stability analy-
sis for the model of Valensise et al. in table 1.
In this table, s, is the constant value of slip

proposed in this model for each fault, while Sy

is the average slip found from the inversion.
Columns 4 and 5 are estimates of seismic mo-
ment assuming a constant shear modulus of
3x 10" N/m”. Column 4 corresponds to the
initial constant slip model while column 5
refers to the value obtained using the slip
model obtained from the inversion. The total
seismic moment is tabulated along the row
with fault ID «All», and is simply a scalar sum
of individual fault moments. The last two
columns contain the seismic moments associ-
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ated with the family of slip models obtained
from the stability analysis. It should be noted
that the sum of minimum moments for individ-
ual faults does not add up to the minimum total
moment. The same observation applies for the
maximum moment. This reflects the fact that
the two extremal models which contain the
family of acceptable slip models do not them-
selves produce data fits which lie in the band
of acceptable data fits. The two extremal mod-
els are not to be thought of as acceptable mod-
els but rather as bounds on the maximum pos-
sible variations in slip which the best model
can exhibit, while still fitting the data to within
some acceptable tolerance.

5. Initiation of the 40 s event rupture

The lack of an absolute time scale for the
strong motion recordings of the Irpinia earth-
quake has been a major obstacle in their study.
The different models for this earthquake all
propose different hypocenters for the various
subevents. In part, this is due to the impossibil-
ity of specifying one unique timing scenario
without more stringent constraints coming
from the data.

In this section, we explore the possibility of
using the results of the geodetic inversion as an
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aid in determining a plausible hypocenter for
the 40 s event. The analysis is based on the
rather sharp drop in slip values which occurs
between the M.Marzano-M.Carpineta fault and
the Cervialto fault, as inferred from the inver-
sion. The area between these two faults is oc-
cupied by the Sele Valley, and Pantosti and
Valensise (1990) identified surface faulting on
either side of the valley but not within the val-
ley. The question we have posed is: what does
the resulting strain field look like in the vicin-
ity of the 40 s event fault plane, assuming the
inferred spatial slip distributions on the main
and 20 s event fault planes of the Valensise et
al. model and assuming that no slip occurred in
the Sele Valley? Through the analysis of the
strain field, the idea was to identify possible
areas where the normal stress across the 40 s
event fault plane had diminished, therefore fa-
cilitating its rupture. This hypothesis is equiva-
lent to the Coulomb criterion for brittle frac-
ture (see for example, Turcotte and Schubert,
1982).

To be more specific, we calculated the dis-
placement field on two planes parallel to the
40 s event fault, and situated on either side of
the fault, using the analytic expressions derived
by Okada (1992) for the internal deformation
of a halfspace due to shear faults. In this calcu-
lation, the average values of slip on the main
(M.Marzano-M.Carpineta and Cervialto) and
20 s event fault planes inferred from the
geodetic inversion (and reported in table I)
were used as opposed to the inferred spatially
varying slip distributions. The two planes
placed on opposite sides of the 40 s event fault
define a thin rectangular volume, a pillbox, and
the calculated displacement fields were sub-
tracted and then projected along the vector nor-
mal to these planes in order to obtain the net
extension across the piflbox. Figure 6 is a con-
tour plot of the resulting net extension across
the 40 s event fault plane in units of cm, but
the contour values can be interpreted as the
component of the strain field normal to the
fault plane after scaling by a factor of 107,
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Fig. 6. Planar view of the net extension across a pillbox surrounding the 40 s event fault plane. Contour val-
ues are in units of cm, negative values represent a net compression while positive values a net extension.
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In fig. 6, the superficial edge of the pillbox
volume enclosing the 40 s event fault plane is
buried at a depth of 2 km. As one proceeds to
greater depths along the dip direction, one can
observe that starting at approximately 1-2 km
downdip from the top edge, the 40 s event fault
plane experiences a net compression (negative
contour values) except for a small portion
which experiences a net extension (positive
contour values). It is interesting to note that
this area of net extension on the 40 s event
fault plane is located on that part of the fault
which crosses the Sele gap between the M.
Marzano-M. Carpineta and Cervialto faults
(fig. 1b). If the net extension can be translated
into a reduction of normal stress across the
40 s event fault plane, then these results sug-
gest this area as a plausible nucleation point
for the 40 s event rupture.

A stronger argument for a cause-and-effect
relation between the lack of slip in the area of
the Sele Valley and the nucleation area of the
40 s event could be made from an analysis of
arrival times in the strong motion records. An
analysis along these lines was performed by
Bernard and Zollo, indicating that the hypocen-
ter of the 40 s event is located in the NW sec-
tion of the fault. This analysis is not straight-
forward since the records lack an absolute time
scale. This problem also hinders an indepen-
dent confirmation of the location of the 40 s
event hypocenter which could be obtained by
inverting the strong motion records for the rup-
ture characteristics of this event. Another diffi-
culty of performing such an inversion is the
fact that the ground motion time histories asso-
ciated with the 40 s event also present energy
from the main event. This is especially evident
in the integrated acceleration records where
low period (< 1 Hz) reverberations precede and
then mix with wave arrivals from the 40 s
event (fig. 7). At higher frequencies though,
the signal from the 40 s event increasingly
tends to dominate. This fact suggests the possi-
bility of modeling the high-frequency ground
motion from the 40 s event, based on informa-
tion of the rupture gained from the geodetic in-
versions. The following section describes the
methodology and results of this approach.
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6. Forward modeling of high-frequency
acceleration records

The modeling of high-frequency accelera-
tion records is based on the calculation of radi-
ated seismic energy using the isochron formu-
lation of Bernard and Madariaga (1984) and
Spudich and Frazer (1984). Rather than at-
tempt to model the high-frequency oscillations
observed in the ground motion time histories,
our efforts were directed towards modeling the
envelope of these oscillations. In principle, this
latter approach would seem more robust to in-
accuracies regarding the description of the
small scale features of rupture and medium of
propagation.

In our application of the isochron formula-
tion, propagating Dirac delta functions scaled
by geometrical spreading were used as Green’s
functions. Propagation times from each portion
of the fault to the site of interest were calcu-
lated by raytracing. In addition, a random
phase was introduced in the Green’s functions.
In this manner, the contribution to ground mo-
tion at a given site due to each isochron is cal-
culated as an incoherent sum of the emitted ra-
diation. The final step in the calculation of syn-
thetic envelopes consists in smoothing the ob-
tained time histories with a running mean fil-
ter.

Since the calculation of synthetic envelopes
is based on the use of simplistic Green’s func-
tions, the amplitudes of ground motion will in
general be different from those calculated us-
ing Green’s functions representing the exact
response of the medium. However, the relative
amplitudes of ground motion between one site
and another should be similar to those obtained
using the exact response of the medium. For
the purpose of comparing with the data, all the
synthetic envelopes were scaled by the same
constant factor.

The synthetic envelopes were calculated for
shear wave motion only from a 40 s event rup-
ture scenario with the following characteristics.
The rupture nucleates at a point centered in the
area which in section 5. was found to have suf-
fered a net extension due to slip on the main
and 20 s event fault planes. This point is lo-
cated 9 km down dip from the most superficial
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Fig. 7. NS component of velocity time histories,

integrated from the corresponding ground accelerations

recorded during the Irpinia earthquake at four ENEL strong motion sites: Bisaccia (BSC), Rionero in Vulture
(RNR), Bagnoli (BGI) and Calitri (CLT). Time histories are bandpassed filtered between 0.1-0.5 Hz (top
trace), 0.5-0.75 Hz (middle trace), and 0.75-1.0 Hz (bottom trace). The time histories have been aligned as
proposed by Bernard and Zollo, implying that wave arrivals from the 40 s event cannot come in earlier than at

least 40 s into the recordings.

edge of the 40 s event fault plane and 3.5 km
from its NW edge. From this point, the rupture
propagates radially outward, deviating slightly
from a perfectly circular rupture front by the
addition of a small stochastic component to the
rupture times. Following Spudich and Frazer
(1984), the calculation of ground motion is

performed by integrating over isochron strips.
The rupture velocity was set to a value of 2.2
km/s. The spatial slip distribution on the fault
corresponds to that found from the inversion of
the geodetic data using the fault geometry pro-
posed by Valensise et al. (1989).

The velocity model used for raytracing is a

1614



A study of rupture characteristics of the 40 s subevent of the 1980 Irpinia earthquake

simplified version of that used by Bernard and
Zollo for the Irpinia region and has the follow-
ing characteristics. The shear wave velocity in
the first layer of 3 km thickness is 1.26 kmys.
In the second layer, 4 km thick, the shear wave
velocity is 2.96 km/s. Finally, the shear wave
velocity of the underlying halfspace is 3.46
km/s.

Regarding the data processing, the defini-
tion of envelope as the modulus of the analytic
signal (Bracewell, 1978) was used in the caicu-
lation of the acceleration time history en-
velopes. Prior to this step, it was necessary to
determine the duration of the time histories to
be used in the formation of the analytic signal.
The criterion that we selected was that of Tri-
funac and Brady (1975) and is defined as the
time interval for the normalized Arias’ inten-
sity (1969) to build up from the 5 to 95 percent
value. Figures 8a-d illustrate these ideas for the
EW component of acceleration at the ENEL
sites: Bagnoli (BGI), Auletta (ALT), Bisaccia
(BSC), and Brienza (BRN), respectively. For
each site, two curves are displayed. The bot-
tom trace is the actual acceleration time his-
tory. The top trace is a Husid (1969) plot of
normalized Arias’ intensity. The normalized
Arias’ intensity, denoted by £ (), is defined
as:

J-; a* (1) dt

h(t) = 6.1)

a’ (1) dt
0

where T is the total duration of the acceleration
record, a. The vertical lines in the Husid plot
are also present in the acceleration time history
and represent the effective duration of ground
shaking using the definition of Trifunac and
Brady.

Figures 9a-d compare the synthetic en-
velopes with the acceleration time history en-
velopes for the ENEL sites BGI, ALT, BSC,
and BRN, respectively. Both horizontal com-
ponents for each site are confronted with the
same synthetic envelope. At present we have
not introduced the effect of the radiation pat-
tern in the synthetic calculations. The data en-
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velopes are shown with a solid trace, while the
synthetic envelope is shown with a dashed
trace.

The duration of the synthetic envelopes is
very close to that of the data for the sites near-
est the fault: BGI and BSC. For both ALT and
BRN, the mismatch in duration is always
greater than 4 s. A possible explanation for the
discrepancy in durations lies in the fact that the
synthetic envelopes are calculated based on di-
rect arrivals of shear waves from the extended
fault to the sites. The actual data also contain
multipath arrivals, such as those from scattered
energy. As noted by Dobry et al. (1978), dif-
ferent wave arrival regimes can be approxi-
mately associated with different slopes in a
Husid plot. In the case of ALT, the corre-
sponding Husid plot does exhibit a clear
change in slope at approximately 8 s, which
would imply that the theoretically calculated
duration (6.9 s) is in accord with the duration
of direct arrivals for this site (5.9 s). A similar
argument could perhaps be used for BRN, but
in this case it is difficult to identify a unique
time after which the predominant contribution
to ground motion is from multipath arrivals.

A comparison between data and synthetics
can also be made in terms of amplitudes and
waveform shapes. In figs. 9a-d, it is seen that
the synthetic amplitudes are in general agree-
ment with the true amplitudes. The greatest
discrepancies are observed for ALT (overesti-
mated in the middle part of the traces), and
BSC (underestimated in the later part of the
traces). Regarding the shape of the synthetic
envelopes, the resemblance with the data varies
in quality. Laying aside the mismatch in ampli-
tudes, some examples of features which are re-
produced in the synthetics are: the waveform
shape of the WE component of ALT, at the be-
ginning and end portions of the synthetic enve-
lope, the waveform shape of the NS compo-
nent of BSC, especially in the first 2 and last
3-4 s; the middle portion of both components
at BRN; and finally, the waveform shapes of
both components at BGI, especially the NS.

In summary, although this example of for-
ward modeling of acceleration envelopes does
not prove the proposed rupture scenario for the
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40 s event, the results would seem consistent
with the scenario constructed from the geodetic
inversion study.

7. Conclusions

This paper has dealt with the following is-
sues regarding the use of inversion methodolo-
gies in the study of earthquakes: 1) the inver-
sion of geodetic data to infer the spatial slip
distribution on a multiple fault system; 2) the
problem of assessing the accuracy of slip mod-
els inferred from inaccurate data, and 3) the
possibility of utilizing information describing
the static characteristics of an earthquake as an
aid in understanding the kinematics of the rup-
ture. These issues were discussed and illus-
trated through examples from a comparative
study of the 1980 Irpinia earthquake using an
inverse theory approach.

The major point to be stressed regarding the
geodetic inversion is that the recurrent features
of inferred slip distributions are those which
can be most safely attributed a physical signifi-
cance. The stability analysis repeats this point
by providing bounds on the possible variations
exhibited by slip models which fit the data to
within a certain tolerance and whose seismic
moment is within certain limits. Examples of
the application of this stability analysis tech-
nique to time domain inversions can be found
in Olson and Apsel (1982), Hartzell and lida
(1990), and Mendez and Luco (1990).

The clear identification of at least three
subevents in the Irpinia rupture sequence offers
the opportunity of studying the mechanism by
which its constituent faults might have inter-
acted. An example was presented in which we
calculated the strain field in the vicinity of the
40 s event fault, induced by the inferred slip on
the main and 20 s event fault planes. A simple
hypothesis based on the reduction of normal
stress was put forth as a possible indicator of
the location of the nucleation point of the 40 s
event. This analysis was completely static; the
problem of studying the influence of dynamic
stresses created by the rupture of the main and
20 s event faults was not addressed. The gen-
eral problem of seismicity induced by an earth-

1618

quake is discussed in further detail and also at
different time and length scales in papers by
Spudich and Stein in this volume.

The proposed hypocenter for the 40 s event,
together with its inferred slip distribution, were
used in a forward modeling study of horizontal
acceleration records at four sites. In a broader
context, this example illustrates how informa-
tion inferred at low frequencies, or in a limited
frequency bandwidth, can be used as an aid in
modeling data in higher frequency bands. The
forward modeling makes use of the isochron
formulation of radiated seismic energy from an
extended fault to create synthetic acceleration
envelopes. Although not discussed here, this
technique can be merged with stochastic mod-
eling methods to simulate ground acceleration
in the near-source region of faults. For exam-
ple, in Boore’s method (1983), synthetic accel-
eration time histories are generated by win-
dowing Gaussian white noise by a suitable en-
velope in the time domain; after which the sig-
nal is filtered in the frequency domain so as to
exhibit the desired spectral characteristics of
earthquake ground motion. Incorporating the
isochron generated envelopes into this method
affords the opportunity of modeling the high-
frequency oscillations observed in ground mo-
tion time histories in a stochastic fashion,
while generating the envelopes of these oscilla-
tions in a deterministic fashion from a given
rupture scenario of an extended fault plane.
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