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Abstract

We study source properties of the main earthquakes of the 1997-98 Umbria-Marche (central Italy) sequence by
analysis of regional-distance and teleseismic long period and broadband seismograms recordet\by &hd
IRIS/GSN stations. We use a modified Harvard centroid-moment tensor (CMT) algorithm to allow inversion of
long period waveforms, primarily Rayleigh and Love waves, for small earthquakes: (My < 5.5) at local to

regional distances < 15°). For the seven largest earthquak&gy( > 5.2) moment tensors derived from local

and regional data agree well with those determined using teleseismic waveforms and standard methods of analysis.
We also determine moment tensors for a foreshock and 12 other aftershocks, that were too small for global analysis.
Focal depth and rupture propagation are analyzed for three largest shocks by inversion of teleseismic broadband
body waves. The earthquakes are generally located at shallow depth (5 km or shallower) and are characterized by
normal faulting mechanisms, with a NE-SW tension axis. The presumed principal fault plane dips at a shallow
angle towards the SW. Only one of the events analyzed has an entirely different faulting geometry, indicating
instead right-lateral strike-slip motion on a plane approximately E-W, or left-lateral faulting on a N-S plane. The
other significant exception to the regular pattern of mechanisms is represented by the March 26, 1998, event,
located at 51 km depth. Its connection with the shallow earthquake sequence is unclear and intriguing. The time
evolution of the seismic sequence is unusual, with the mainshock accounting for only approximately 50% of the
total momentrelease. The broadband teleseismic waveforms of the main, September 26, 09:40, earthquake are very
complicated for the size of the event and suggest a complex rupture. In our favored source model, rupture initiated
at 5 km depth, propagated updip and was followed, 3 seconds later, by a shallower subevent with a slightly rotated
mechanism.

Introduction 1998; Cello et al., 1998; Cinti et al., 1998; Ekstrom et

al., 1998; Hunstad et al., 1998; Olivieri and Ekstrom,

1999; Pino et al., 1999; Stramondo et al., 1999; and
papers in this special issue). The earthquakes fit well
into the known seismotectonic regime of the central
Apennines, a region undergoing extension (see Fig-
My = 6.0 just 9 hours apart. Over the next 30 days Uré 1_) and subjef:t to normal faulting e_arth_quakes v_vith
or so, four more events with magnitudes larger than MaXimum magnitudes, known from historical and in-

5 followed (Ekstrom et al., 1998). The earthquakes strumental catalogs (Boschi et al., 1997), of around
were the most damaging to strike in Italy since the 6.0.

1980 Irpinia event and have been well studied (see for Previ(_)us_studies have shown that Fhe 199_7 events
instance the studies by Amato et al., 1998; Basili et al., of the seismic sequence can be associated with a NW-

A series of earthquakes hit the regions of Umbria and
Marche, in central Italy (Figure 1), starting in 1997,
with a My = 4.5 foreshock on September 4, followed
on September 26 by two events witlhy, = 5.7 and
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Figure 1. Source mechanisms for major earthquakes in Italy and the surrounding region since 1976 and before September 1997 (Harvard CMT
Catalog). The box marks the epicentral area of the Umbria-Marche 1997-98 earthquake sequence studied. The numerical labels indicate dates
(month, day, year) for italian earthquakes.

SE elongated fault zone with a length of about 40 tershock distribution at depth, which also identifies a
km (Amato et al., 1998). The three largest shocks plane dipping to the SW. The inversion of teleseismic
appear to have ruptured different, parallel, segments broadband P waveforms reveals that the rupture of the
of this fault zone. Moment tensors, calculated by Ek- mainshock nucleated at depth and propagated updip
strom et al. (1998) show normal faulting mechanisms and towards the north (Olivieri and Ekstrom, 1999),
with NE-SW tension axes, in agreement with the af- as confirmed by the aftershock distribution (Amato et
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al., 1998) and the modeling of regional waveforms algorithm in view of its systematic application in a
(Pino et al., 1999). The mainshock appears to have rapid-response manner.
a complex rupture history, with two subevents about 3
seconds apart and a total duration of about 7 seconds
(Olivieri and Ekstrém, 1999). The waveforms are con- Data and methods
sistent with seismic ruptures confined to the top 5-7
km of the crust. Sllp has been observed in the field on We calculate seismic moment tensors by inverting
bedrock fault surfaces, but was attributed to secondary |ong period seismograms. This is routinely done on
reactivation of old faults by gravitational movements g global scale by several research groups for events
(Basili et al., 1998; Cello et al., 1998; Cinti et al., with magnitudes greater than approximately 5.5 (e.g.,
1998). ERS-SAR differential interferometry and GPS  Ekstrom, 1994; Sipkin, 1994; Kawakatsu, 1995).
data detected maximum horizontal displacement of The Harvard centroid moment tensor (CMT) method
about 14 cm, and vertical subsidence up to 25 cm (Dziewonski et al., 1981; Dziewonski and Wood-
(Stramondo et al., 1999; Hunstad et al., 2000) which house, 1983) fits seismograms in two frequency bands.
can be fit by a model with slip confined to the shal- For moderate earthquakeS, oniy |0ng period body
lowest 6.5—7 km and suggest that rupture stopped verywaves, low-pass filtered at 45 s, are matched, while for
close to the surface. The moment tensors calculated|arge earthquakes, with magnitude aba¥g = 6.0,
by inversion of long period waveforms recorded at also mantle wavesZ{ > 135 s) are included. Syn-
regional distance for the main shocks, a foreshock, thetic seismograms are computed by superposition of
and aftershocks with moment magnitude as small as normal modes calculated for PREM (Dziewonski and
Myw = 4.2 (Ekstrom et al., 1998), show a remarkable Anderson, 1981) with corrections for 3D mantle struc-
consistency, indicating high coherence of the faulting ture. The CMT method has proved to be very reliable,
process. and has produced an extensive global catalog of earth-
After a decrease in seismic activity, other signi- quake source mechanisms that is widely employed to
ficant shocks Mw > 4.5) struck the same area in  characterize and quantify the seismic release of stress

1998, first in February and then in another crisis in in active regions (e.g., Pondrelli et al., 1993). The
March-April. Among these earthquakes, the strongest magnitude threshold — abouty, = 5.2 — is de-

had magnitude 5.3, and was unexpectedly located in termined by the signal to noise ratio at the seismic
the mantle. frequencies of interest at teleseismic distances.

In this paper we expand on our previous studies of  |n order to lower the magnitude of the earthquakes
the earthquake sequence (Ekstrom et al., 1998; andthat can be studied, we need to use data characterized
Olivieri and Ekstroém, 1999) We add the events of by h|gher Signai to noise ratio. This can be accom-
1998 to the general analysis, and address their rela-plished by analyzing intermediate period (38.35 s)
tion with the earlier shocks. We extend the previous syrface waves recorded at shorter epicentral distance
discussion on source characteristics and focal depths(as shown, for instance, by Fukushima et al., 1989;
of the main earthquakes by interpreting seismological patton and zZandt, 1991; Romanowicz et al., 1993;
observations in view of newly available results of geo- Ritsema and Lay, 1993; Thio and Kanamori, 1995;
detic data modeling (Hunstad et al., 2000; Stramondo Arvidsson and Ekstrém, 1998). At close distance, the
etal., 1999). seismogram is not yet dispersed and is dominated by

The technique of computation of seismic moment the fundamental mode surface wave arrival (Figure
tensors by inversion of surface waves that we use has2), making it impossible to isolate the long period
been previously employed by Arvidsson and Ekstrom pody waves used in the standard Harvard CMT al-
(1998) to study seismic sequences in North America gorithm (Dziewonski et al., 1981; Dziewonski and
and Greece. We apply it here to a different receiver woodhouse, 1983) and thus calling for a modification
geometry, where nearly-realtime seismograms from of the processing scheme. At larger epicentral distance
closer seismographic stations are available (station it would also be convenient to model the fundamental
AQU is less than 100 km from the epicentral area). mode surface waves for smaller magnitude earthquake
Our goal is then also to test robustness and celerity gnalysis, because they have large amplitudes, but
of the regional CMT algorithm in view of its system-  this has always proved to be difficult because of the
atic the robustness and Celerity of the regional CMT high Sensitivity of these waves to the usua”y p00r|y

known heterogeneous structure of the crust and litho-
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Figure 2. Left panel: example of waveforms recorded at regional distance for one of the snisligst= 4.2) events analyzed. Right panel
shows seismograms at two stations at farther distance (PAB in Spain, and KONO in Norway) for the Octabgr £%.2, event. Each trace
is labeled with station code (capital letters), component (vertical, longitudinal, or transverse), epicentral distance, and azimuth. Continuous
lines plot filtered observed ground motion; dotted lines show synthetic seismograms calculated after inversion for source mechanism.

sphere where they propagate. Our approach follows at the MEDNET data center is triggered by the oc-
the modified Harvard CMT algorithm described by currence of an earthquake and dials up field stations
Arvidsson and Ekstrom (1998) and Ekstrém et al. to retrieve waveform data for analysis (Mazza et al.,
(1998). The complete waveform is included in the in- 1998). The actual computation of regional moment
version. Higher order modes are computed as in the tensors is not automatic, but it can in principle be run
standard Harvard method by normal mode summation by an operator within approximately 30-45 minutes
in a three-dimensional Earth model, but fundamental of the earthquake occurrence. The source mechan-
Love and Rayleigh modes are dispersed according toisms we present here have been revised and are based
the high-resolution phase velocity maps by Ekstrém et on an enriched dataset; however, they differ only
al. (1997), which provide a global representation of slightly from those computed immediately following
heterogeneous wave propagation with unprecedentedthe events. A more detailed report of the robustness
detail. The method was used in the preliminary ana- and effectiveness of the rapid regional moment tensor
lysis of the sequence by Ekstrom et al. (1998). We analysis, applied to the whole Mediterranean area for
primarily use data from the very-broadband seismo- a longer time period, will be presented elsewhere.
graphic stations of the EDNET Network (Figure 3), Details of the earthquake source — such as source
but also from the IRIS Global Seismic Network. depth, source time function, and direction of rup-
A new data retrieval system had just been activ- ture propagation — can be calculated by analysis of
ated and was operational during the 1997 central Italy broadband P wavetrains recorded at teleseismic dis-
earthquake sequence. This allowed timely computa- tance. The results shown here were obtained using the
tion of source mechanisms. The automatic system method of Ekstrom (1989), which was previously ap-
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Figure 3. Map of stations of the Mediterranean very-broadband seismographic netweddNElr. Stations MEB (Medea, Algeria), TIR
(Tirana, Albania) and VAE (Valguarnera, Sicily, Italy) were not operational during years 1997 and 1998.

plied to events in the central Italy sequence by Olivieri the events we list the plane dipping to the SW and
and Ekstrom (1999). The displacement pulses, filtered corresponding to the inferred orientation of the fault
between 1 and 25 s, are fit using ray theory synthetic plane of the main event, described in the Introduction.
seismograms calculated in the Earth model PREM Hypocentral depths of these events are in the shallow
(Dziewonski and Anderson, 1981) with an appropriate crust, except for the puzzling March, 26, 1998, event,
crustal velocity model for the source region given by located in the mantle at 51 km. The moment tensor in-
a 7 km thick shallow layer witlVp = 5.15km/s and version is not very sensitive to source depth, which we
Vs = 2.71 km/s overlying a 23 km thick layer with  fix at 10 km in the analysis for the crustal events. The
Vp = 6.3 km/s andVs = 3.31 km/s. actual depth is better determined by the teleseismic
broadband analysis, discussed below.

Regional centroid moment tensors for the 1997

Source parameters events of the sequence have been published by Ek-

strom et al. (1998). The shocks which followed in
The double-couple components of the momenttensorslgg& after a quiescence lasting a few months, were

for all the earthquakes of the sequence that we studledalso strong: three had a magnitude larger than 5, were

are shown in Figure 4, using the usual convention of strongly felt and caused limited damage. The 1998

shading compressional quadrants of the lower hemi- events did not modify two distinctive characteristics

sphere of the focal sphere. Source parameters are

listed in Table 1. Onl tocal ol hauak of this sequence: the uniformity of source geomet-
listed In Table 1. Only one focal plane per earthquake ;g gnq the unusual time evolution, already apparent
is recorded in the table for clarity: for all but two of
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Figure 4. Moment tensor solutions for all the events analyzed (see Figure 1 for location). Double couple components of the moment tensors
are shown. Each solution is labeled by its date (month and day). The radius of each focal sphere is proportional to the moment magnitude.
Compressional quadrants are shaded in different colors to distinguish between 1997 and 1998 events.

in the first month of the sequence. With the excep- though the late events contribute less than 10% to the
tion of the March 26, 1998My = 5.3 event, the total moment release, they nevertheless raise ques-
new source mechanisms share the normal faulting geo-tions concerning the character of mutual interaction
metry, with NE-SW extension, of previous events. The and stress diffusion among different fault segments
April, 1998, events are located at the NW end of the (see Cocco et al., 2000). Similar irregularities, and
NW-SE trending epicentral area. It appears that the late reactivation of seismogenic structures, during an
reactivation of the sequence can be directly connec- earthquake sequence, have been observed in other in-
ted to the stress regime responsible for the first month stances and in other areas of Italy, such as Western
of earthquake activity, modified by the occurrence of Sicily (Belice, 1968; see Anderson and Jackson, 1987)
previous earthquakes. and the Eastern Alps (Friuli, 1976; see Pondrelli et al.,
The time evolution of stress release of the sequence 2000).

does not follow the common pattern of a mainshock Figure 5 also shows the (approximate) minimum
followed by aftershocks with decaying frequency and moment (4o = 1 - 10?* dyne cm) for an earth-
magnitudes. Figure 5 shows this behavior by a graph quake to have globally well recorded body waves,
of the scalar moments of the events, resulting from and to be studied using the standard Harvard CMT
our analysis, as a function of days preceding and fol- algorithm. The seven largest events of the Umbria-
lowing the September 26, 1997, main shocks, and Marche sequence are included in the Harvard CMT
the cumulative moment released. Only the events that Catalog (Dziewonski et al., 1998) and a comparison is
we have analyzed (with moments greater than ap- therefore possible, as shown in Figure 6. The agree-
proximately 2. 10°? dyne cm) are included. Even ment is excellent, and it is slightly less than so only
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Figure 5. Scalar moments as a function of time. The dashed line in the top panel (corresponding to éﬁdyme():m) represents the current
approximate threshold for global centroid moment tensor analysis. Only events analyzed in this study are included (approximately%bove 2
dyne cm).

for the smallest of the events (100397 and 101297), (only body waves are used in the standard CMT in-
which approach the minimum moment threshold for version, while the regional technique is dominated by
global analysis. We conclude that the regional CMT fundamental mode surface waves). As mentioned in
technique gives comparable results to those of the section 2, synthetic seismograms are calculated fol-
well-established, standard CMT analysis, at the same lowing different approaches. We therefore think that
time allowing a considerable lowering of the energy the comparison, shown in Figure 6, is a signific-

threshold for events that can be studied. ant measure of reliability of centroid moment tensor
Figure 6 gives an empirical, but conservative, es- solutions.
timate of the errors involved in our moment tensor in- The results of broadband modeling for the three

version. Solutions in the two rows have been computed strongest shocks are reported in Figure 7, which
using partly different stations (local and regional- summarizes findings by Olivieri and Ekstrom (1999).
distance ones are only included in the regional CMT) Shaded radiation patterns correspond to mechanisms
and completely different portions of the seismograms determined by the broad band inversion, and are super-
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Figure 6. Comparison of regional CMTs (top) with CMT solutions from the Harvard catalog (bottom). Full moment tensors are plotted by
grey shading. Best-fitting double couple solutions are shown by lines. Each earthquake is labeled with its date (see Table 1). The radius is
proportional to magnitude.

Table 1.Earthquake focal parameters for the 20 strongest with 5 seconds duration. The September 26, 09:40UT,
shocks of the sequence . _
event is shown to have a more complex source, with
Date Time Strike Dip Rake M My two subevents — the second being delayed by about
(um) dyne cm 3 seconds — and having a rotated source mechanism.
The first sub-source also shows evidence for rupture
directivity up dip and to the north.
The earthquake of March 26, 1998, with moment
magnitude 5.3, was located at a depth of 45 km based

09/03/97 22:07 137 30° -88 80-10%2 454
09/26/97 00:33 152 46° -8% 4.0.10%* 5.67
09/26/97 09:40 144 42 -8 12.10%° 5.99
09/26/97 13:30 147 29 -8% 7.3-10?2 451

09/27/97 08:08 148 55 -8% 42.10%2 435 on local and regional travel times. The broadband ana-
10/03/97 0855 141 43 -7 86.1073 5.23 lysis of this event (Figure 8) results in a depth of 51
10/04/97 16:13 125 49° —99 12.10%3 4.66 km and a source mechanism consisting of a combina-
10/06/97 23:24 145 40° -80° 1.7-10%* 5.42 tion of normal faulting and strike-slip, with a NE-SW
10/07/97 0124 126 26° -102 2.3.10%2 4.18 tension axis. The source duration is short compared to
10/07/97 05:09 141 42 7P 6.7-10%2 4.49 the other events, about 1 second, but this is not un-
10/12/97 11:08 15% 51° -82 7.8-10%% 5.20 usual for mantle earthquakes. This events also lacked
10/14/97 1523 122 38 -100 3.4-10?* 5.62 aftershocks.

10/16/97 12:00 287 80° 175 3.9.10%2 4.33
10/19/97 16:00 128 44° -103 2.8-10%2 4.24
02/07/98 00:59 138 55° -84 51.10°2 4.41
03/21/98 1645 137 15° -97 4.0.10% 5.00

03/26/98 16:26 204 38 —21° 12.10%4 5.32 ) .
04/03/98 0726 142 30° -108 57.10%% 511 With the exception of the March, 26, 1998, event,

04/03/98 0759 152 3% -108 33.10%22 4.28 all earthquakes of the Umbria-Marche sequence were
04/05/98 1552 138 31° —9& 19.10%3 4.79 shallow. Data recorded by a dense temporary network,
promptly installed after the main shocks (Amato et al.,
1998), show that the aftershocks are located in the top
7—-8 km of the crust, and delineate a SE-dipping fault
plane. Stramondo et al. (1998) inverted SAR differen-
imposed on nodal lines representing the mechanismstial interferometry and GPS data for the two principal
from long period CMT analysis. For two of the events events of September 26, and inferred a maximum fault
(September 26, 00:33, and October 14) the agreementdepth of 6.5—7 km, with a centroid of slip distribu-
between the different determinations is very good. tion located about 3—-4 km below the surface. Their
They also show rather similar source time functions, slip distribution has non-negligible values at shallow

Discussion
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Figure 7. Broadband modeling of the three largest events of the sequence. For each event both the mechanism (above) and the source time
function (below) that best fit the data are plotted. Shaded areas represent the preferred broad-band solution while the superimposed lines are the
best double couple nodal planes of the CMT solutions. For the 9:40 event, the two sub-sources are displayed.
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P .

0.9 sec

20 sec

Figure 8. Broadband modelling of the mantle earthquake (26/03/1998). Synthetic seismograms (dashed) are calculated for our preferred source
model. The lower hemisphere projection of the focal mechanism is presented together with the source time function. Dots plotted on the focal
mechanism indicate the take-off points for each event-station ray path.
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depths & 1 km), but does not involve surface faulting. The technique for computation of centroid moment
In agreement with Cinti et al. (1999) they suggest that tensors by inversion of intermediate period surface
the rupture stopped very close to the surface. This view waves recorded at regional distance (Arvidsson and
is also consistent with seismological estimates. Broad Ekstréom, 1998; Ekstrom et al., 1998) has shown to be
band modeling for the two September, 26, events flexible, fast, and reliable. It allows for the computa-
(Olivieri and Ekstrom, 1998) shows a best-fitting focal tion of moment tensors for earthquakes with moment
depth — to be interpreted as location of the centroid magnitude between 4.2 and 6.0, analyzing seismo-
of moment release — of about 2 to 4 km. Short-period grams recorded at regional — down to less than 100 km
hypocentral determination puts the depth of nucleation — and teleseismic distance. Provided that they cover a
at 6 km. This is in agreement with the model proposed fair azimuthal range, as few as 3 stations at distances
by Olivieri and Ekstrém (1998), in which the first sub- of the order of 100's of kilometers were sufficient.
source nucleates at about 5.3 km and propagates updipGood agreement is found with the more established
with a velocity of about 1.3 km/s for 4 s, stopping at a and known standard Harvard technique. The ability of
shallow depth beneath the surface. calculating robust solutions also for intermediate mag-
Figure 4 shows the remarkable consistency of nitude earthquakes proves to be important for the study
source geometries for the events of the sequence. Theof complex sequences, such as the 1997-98 Umbria-
only exceptions to the uniform normal faulting pattern Marche, and for the seismotectonic study of regions,
are represented by the deeper, March 26, 1998, eventsuch as the Mediterranean, where large earthquakes
and by the strike-slip mechanism of October 16, 1997. are not frequent. We plan to apply it routinely to the
This shows that, at least down tdy = 4.2, the study of Italian and Mediterranean seismicity.
individual events of the sequence ruptured structures
with highly similar orientations. The largest earth-
quakes fit well in a model of elastic interaction in  Acknowledgements
which each mainshock promotes the subsequent rup-
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