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SUMMARY
We propose a dislocation model for the two normal faulting earthquakes that struck the
central Apennines (Umbria^Marche, Italy) on 1997 September 26 at 00:33 (Mw 5.7) and
09:40 GMT (Mw 6.0). We ¢t coseismic horizontal and vertical displacements resulting
from GPS measurements at several monuments of the IGMI (Istituto Geogra¢co
Militare Italiano) by means of a dislocation model in an elastic, homogeneous, isotropic
half-space. Our best-¢tting model consists of two normal faults whose mechanisms
and seismic moments have been taken from CMT solutions; it is consistent with other
seismological and geophysical observations. The ¢rst fault, which is 6 km long and
7 kmwide, ruptured during the 00:33 event with a unilateral rupture towards the SE and
an average slip of 27 cm. The second fault is 12 km long and 10 km wide, and ruptured
during the 09:40 event with a nearly unilateral rupture towards the NW. Slip distri-
bution on this second fault is non-uniform and is concentrated in its SE portion
(maximum slip is 65 cm), where rupture initiated. The 00:33 fault is deeper than the
09:40 one: the top of the ¢rst rupture is deeper than 1.7 km; the top of the second is
0.6 km deep. In order to interpret the observed epicentral subsidence we have also
considered the contributions of two further moderate-magnitude earthquakes that
occurred on 1997 October 3 (Mw 5.2) and 6 (Mw 5.4), immediately before the GPS
survey, and were located very close to the 09:40 event of September 26. We compare
the pattern of vertical displacements resulting from our forward modelling of GPS
data with that derived from SAR interferograms: the ¢t to SAR data is very good,
con¢rming the reliability of the proposed dislocation model.

Key words: central Apennines, coseismic displacements, GPS data, normal faulting.

INTRODUCTION

Two earthquakes struck the central Apennines (Umbria^
Marche, Italy) on 1997 September 26 at 00:33 GMT (Mw 5.7)
and 09:40 GMT (Mw 6.0) (see Fig. 1); they caused severe
damages and several casualties. In the surrounding area several
moderate-magnitude historical earthquakes (Boschi et al. 1995;
Amato et al. 1998) occurred in the past few centuries (see Fig. 2).
The two closest and most recent seismic events occurred
near Norcia in 1979 (MS 5.8, Deschamps et al. 1984) and near
Gubbio in 1984 (MS 5.3, Haessler et al. 1988) and both
ruptured normal faults as shown in Fig. 1. The September
1997 earthquakes and their aftershocks have been recorded
by both permanent and temporary seismic stations, which
allowed earthquake locations to be found and the analysis of
the seismic sequence (Amato et al. 1998), as well as the com-
putation of CMT fault plane solutions (EkstrÎm et al. 1998).

Several M§4.0 aftershocks occurred in the following 50 days.
On October 14 (at 15:23 GMT) another moderate earthquake
(Mw 5.5) occurred 15 km south of the epicentral area of the
September 26 events, extending the whole seismogenic area
towards the SE (see Fig. 1). The CMT fault plane solutions of
the three largest events of the sequence and of the two largest
aftershocks, which occurred very close to the September 26
main-shock hypocentres, are shown in Fig. 1. Fig. 2 depicts the
tectonic setting and the historical earthquakes that occurred in
this central section of the Apennines. An extensional tectonic
stress ¢eld is suggested by fault plane solutions of recent
earthquakes (shown in Fig. 1).
The aim of this paper is to constrain a dislocation model for

the two largest earthquakes of September 26 (Mw 5.7 and 6.0)
using geodetic data. Up to now only vertical displacements
(from levelling measurements) have been used to study earth-
quakes in Italy such as the 1908 Messina (M7.3) and the 1915
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Avezzano (M6.5) seismic events (Capuano et al. 1988; Ward &
Valensise 1989; De Natale & Pingue 1991) as well as the 1980
Irpinia (M6.9) earthquake (Bernard & Zollo 1989; Pantosti &
Valensise 1990; Pingue & De Natale 1993) . Only recently have

the Istituto Geogra¢co Militare Italiano (IGMI) and other
Italian institutions deployed GPS networks for cartographical
purposes or for monitoring the crustal deformation of seismic
areas. In this study we analyse GPS measurements collected

Figure 1. Instrumental seismicity and aftershock distribution during the 1997 Umbria^Marche sequence (September^November 1998). Open
squares show historical earthquakes. Focal mechanisms of the three largest-magnitude events of the sequence (September 26 00:33 GMT Mw 5.7,
09:40 Mw 6.0 and October 14 Mw 5.6) are shown in blue, while those of the two largest aftershocks (October 3 Mw 5.2 and October 6 Mw 5.4) are
indicated in red. The two closest and most recent earthquakes (the 1979 Valnerina and 1984 Gubbio events) and their focal mechanisms are also
shown on the map. An extensional tectonic setting is revealed by fault plane solutions of recent earthquakes, suggesting that the present-day active
stress ¢eld is characterized by nearly horizontal extension perpendicular to the Apenninic belt.
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during two campaigns performed in 1992^1996 by the IGMI
and in 1997 by the Istituto Nazionale di Geo¢sica (ING)
immediately after the two earthquakes of September 26. This
data set is particularly relevant because for the ¢rst time in
Italy coseismic horizontal displacements have been measured
and used to constrain a source model.

GPS DATA

During the period 1992^1996, the IGMI set up and measured a
new national geodetic network designed for GPS observations
consisting of more than 1200 sites uniformly distributed over
the Italian peninsula and the islands. The average accuracy of
the coordinates of each GPS monument is estimated by the
IGMI to be 2.2 cm for the horizontal components and 3.5 cm
for the vertical component, all at 95 per cent con¢dence levels
(Surace 1993, 1997).
10 days after the two September 26 events, we began to

reoccupy the monuments from the IGMI network (Fig. 3)
within 30 km of the epicentre using Trimble 4000SSE/SSI
dual-frequency GPS receivers. 12 sites were occupied twice for
4^6 hr measurement sessions. Two of them (FOLI and COLF)
were occupied continuously during the campaign. The 1997
GPS observations were processed with the Bernese software
(version 4.0, Rothacher & Mervart 1996) using the precise
satellite ephemerides computed at the Centre for Orbit
Determination in Europe (CODE), adopting standard pro-
cedures: tropospheric delays were estimated and the ambiguities
were ¢xed, rounding their real values to the nearest integer
values using variance and covariance information (Rothacher
& Mervart 1996). The solutions of independent baselines were
adjusted in a network; 3-D coordinates were obtained at a
mean accuracy of 1.0 cm in the horizontal components (mean
value of the semi-axes of the error ellipses) and 2.0 cm in the
vertical component, both at 95 per cent con¢dence levels
(see Fig. 3 and Table 1). The mean values of the rms GPS
baseline Cartesian components are equal to 0.9, 0.5 and 0.8 cm
in the x-, y- and z-components, respectively.

In Table 2 the repeatabilities of the independent baselines
used for network adjustment are reported (their residuals with
respect to the adjustment values). The coseismic displacements
were obtained by comparing the 1997 campaign coordinates
with those collected by the IGMI for the study area in 1995;
they are listed in Table 3 and shown in Fig. 3, together with an
estimate of their error ellipses. Unfortunately, the displace-
ment error ellipses are computed from the 1995 campaign, for
which we cannot dispose of the covariance matrix relative
to the adjustment of the IGMI network. For this reason,
the displacement uncertainties and the error ellipses can be
estimated only by using the average accuracy of the IGMI
coordinates together with the accuracy derived by a rigorous
adjustment of the observations performed in 1997. Some obser-
vations from the 1992^1996 IGMI survey were reprocessed to
ensure an independent check for some baseline lengths of the

Figure 2. Structural setting of the Umbria^Marche region. The main historical earthquakes are shown by open squares, while the stars indicate the
three largest events of the 1997 sequence.

Table 1. Planar and vertical accuracy of the ING97 and IGM95 GPS
campaigns. Smax and Smin are the major and minor semi-axes
of the error ellipses (planar component); Dh is the vertical accuracy
(all at 95 per cent con¢dence levels).

Station Smax Smin Az: Dh
(mm) (mm) (mm)

01=COLF 5:4 5:4 11:25 11:9
02=BEVA 9:5 6:7 01:35 19:2
03=CROC 12:2 9:5 06:51 23:4
04=CAPA 10:8 8:1 07:48 19:2
05=CSAN 14:8 10:8 00:23 30:1
06=FOLI 6:7 5:4 06:53 13:5
07=GAIF 10:8 8:1 00:56 20:3
08=OGAT 5:9 4:0 01:34 10:4
09=PENN 10:8 9:5 02:19 22:3
10=RIVO 9:5 6:7 07:30 18:2
11=TPAR 14:8 13:5 11:16 30:6
12=VISS 12:2 9:5 17:10 29:0

IGM95
mean accuracy 22 22 = 35
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network that cross the epicentral area: the baseline length
scatter was less than 3 cm. In order to eliminate any systematic
e¡ect due to di¡erences in reference frame, a seven-parameter
conformal transformation has been applied, minimizing the
coordinate residuals of the sites located at distances greater
than 15 km from the epicentres. According to the accuracies of
the network adjustment solution of the 1995 and 1997 GPS
surveys (shown in Fig. 3 and listed in Tables 1 and 2), for our
investigation we rely on the ¢t to those monuments where
observed horizontal and vertical displacements are larger than
3.0 and 4.0 cm, respectively. This is quite a restrictive assump-
tion, which allows us to avoid bias in modelling coseismic
displacement possibly due to data processing.
The four closest sites (CROC, PENN, COLF, CAPA) to the

fault and FOLI (see Fig. 3) provided the largest horizontal
displacements. In performing our forward modelling we verify
that the predictions of the coseismic displacements at the other
monuments are below the uncertainties derived by the network
adjustment. We exclude TPAR from our analysis because this
monument was measured only during a single session because
of instrument problems during the second survey session;
therefore, it provided statistically unreliable ¢nal coordinates.
Our GPSmeasurements were performed 3 yr after the IGMI

survey, so we have to take into account the contribution of
tectonic deformation during this time interval. As the geodetic
strain in the Umbria^Marche area over a period of 100 yr is
no more than 0.1 ppm yrÿ1, as recently computed by Hunstad
& England (1999) using angle change data from repeated
triangulation performed by the IGMI between 1870 and 1950,
we can assume that the observed displacements are due to
the earthquake dislocation. Moreover, the measured vertical

displacements resulting from GPS data agree with those pro-
vided by di¡erential SAR interferometry using pre- and post-
seismic ERS satellite images spanning a period of 35 days
(Stramondo et al. 1999); this provides further con¢rmation
that the observed displacement is coseismic.
On October 14 a third moderate-magnitude (Mw 5.6)

earthquake occurred south of the September 26 epicentres
(see Figs 1 and 2) in the area of Sellano and Preci. Two weeks
after this event we reoccupied ¢ve new sites of the IGMI^GPS
network and three sites of the former survey (VISS, FOLI and
COLF in Fig. 3). Two were occupied continuously (FOLI
and COLF), while the remainder were occupied for a single
8 hr session. The analysis of the GPS data from this further
campaign did not provide signi¢cant detectable displace-
ments (less than 2 cm for the planar component and 4 cm for
the vertical component). We thus conclude that the Sellano
earthquake did not produce measurable surface deformation
at the reoccupied monuments, eliminating any possibility of
performing a source modelling for this seismic event with GPS
data.

CONSTRAINTS ON FAULT GEOMETRY

In this study we present the results of a forward modelling
of the horizontal and vertical GPS displacements caused by
the two earthquakes of 1997 September 26. The available geo-
detic measurements do not allow us to attempt any inversion
to determine fault geometry and slip distribution, but they
can provide constraints on the faulting mechanism and slip
amplitudes. Despite the small dimension of the available data
set, the positions of some geodetic monuments are ideally

Figure 3. Map of the monuments of the GPS network used in this study. The epicentres of the two September 26 events are shown (stars). The error
ellipses at 95 per cent con¢dence level of the displacement vectors are shown (for the 1995 campaign only, the IGM95 mean accuracy is available;
see Table 1). Comparisons between observed GPS horizontal displacements (open arrows) and predicted displacements (solid arrows) resulting from
the best-¢tting model for the two 1997 September 26 earthquakes are also shown. Numbers indicate observed vertical displacements (units in cm)
(see Table 3). The surface projections of the activated faults are shown as a line with ticks on the downthrown side.
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located with respect to the activated faults (Fig. 3). The sur-
face projection of the fault plane of the second shock (Amato
et al. 1998; EkstrÎm et al. 1998) passes between the CROC
and PENN GPS monuments, while CROC and CAPA lie
on the hangingwall of the 09:40 fault (see Figs 3 and 4). This

is fortunate for our modelling because the ¢t to the data
measured in these monuments allows us to constrain the source
model. In addition, the elevation changes at CROC and COLF
are large enough to be included in the forward modelling
(see Table 1). We note that the vertical coseismic displace-
ments observed at the four closest sites are consistent with
the pattern of vertical deformation resulting from SAR inter-
ferometry (Stramondo et al. 1999). In particular, this com-
parison con¢rms that only at CROC and COLF is it expected
that vertical displacement measurements will be larger than
GPS data uncertainties. This is a further corroboration of the
data processing performed in this study.
We compute static displacements using a dislocation model

in an elastic, homogeneous, isotropic half-space (see Okada
1985 and references therein). The fault is represented by a
rectangular dislocation where slip distribution can be hetero-
geneous (see e.g. Arnadottir & Segall 1994; Hodgkinson et al.
1996). The source parameters of the dislocation model are the
fault length, width, strike and dip, the depth of the top of
the fault, and the strike and dip components of the slip vector.
A heterogeneous slip distribution can be represented as a sum
of several subsources distributed on the fault plane.
In the ¢rst set of tentative models we ¢x the strike and dip of

the causative faults as well as the slip direction (rake angle)
from the CMT solutions. We initially assume that the slip on
the fault plane is uniform. In this way we attempt to constrain
the fault length and width and the depth of the faults. In a
second set of models, we verify the e¡ect of changing the rake
and we run a further set of models with a heterogeneous
slip distribution for the 09:40 fault. In all these models, the
possible range of variability for the input parameters is con-
strained with results and observations from other studies. We
emphasize that this approach allows us to reduce the number of
dislocation models that provide a reliable ¢t to the data. We
brie£y explain the constraints on fault geometry in this section.
The hypocentre locations are taken from Amato et al.

(1998). The ruptures nucleated at shallow depths: the hypo-
centre of the ¢rst earthquake has been located at 6+1 km and
the second event at 6+2 km (Massimo Di Bona, personal
communication, 1998; see also Amato et al. 1998). The fault
orientations and slip directions (strike, dip and rake) are taken
from the CMT solutions obtained by EkstrÎm et al. (1998),
which show normal faulting with extension perpendicular
to the Apennines. The distribution of aftershocks shows a
NW^SE elongated fault zone extending for about 40 km
(Amato et al. 1998), which is consistent with the orientation of
ground and pavement ruptures induced by the two earthquakes
(Cinti et al. 1999) and with the fault plane solutions of the main
shocks and the largest aftershocks (EkstrÎm et al. 1998). The
1997 main shocks did not produce any direct evidence of
surface faulting (Cinti et al. 1999). The aftershock distribution
reveals that the presumed fault planes dip SW, and that the
rupture initiated close to the bottom edge of the activated fault
planes (EkstrÎm et al. 1998; Amato et al. 1998; Cinti et al.
1999). Table 4 lists the earthquake parameters for the largest
events of the sequence from EkstrÎm et al. (1998) and from
standard CMT solutions. The seismic moments Mo of the two
shocks are 4:0|1024 and 1:2|1025 dyne cm.
The relative positions of the hypocentres of the two

September 26 events (see Figs 1 and 2), the distribution of the
early aftershocks (see Fig. 3 of Amato et al. 1998), the distri-
bution of damage reported after each event (A. Tertulliani,

Table 2. Repeatability of the independent baselines used for network
adjustment and their residuals with respect to the adjusted values.

Baseline Residual (m)

DOY 280
COLF=PERU {0:003
CROC=PERU {0:001

DOY 281
BEVA=CROC {0:005
COLF=CROC {0:004
CSAN=CROC 0:005
FOLI=CROC {0:004
GAIF=CROC {0:009
PERU=CROC {0:007
RIVO=CROC {0:002
VISS=CROC 0:003

DOY 282
BEVA=COLF 0:001
CAPA=COLF {0:003
CROC=COLF 0:001
CSAN=COLF {0:001
FOLI=COLF {0:001
OGAT=COLF 0:003
GAIF=COLF 0:011
PERU=COLF 0:003
PENN=COLF 0:004
RIVO=COLF {0:001
VISS=COLF {0:001

DOY 283
COLF=PERU 0:001
CAPA=PERU {0:003
CROC=PERU 0:001
GAIF=PERU 0:009
PENN=PERU {0:007
TPAR=PERU {0:003

DOY 284
COLF=CROC 0:005
PERU=CROC 0:001

Table 3. Horizontal and vertical coseismic displacements along the
north (N), east (E) and vertical (U) components. The estimated
accuracies (2p) are reported in parentheses.

Station N (m) E (m) U (m)

01=COLF {0:001 (+0:023) 0:012 (+0:023) {0:069 (+0:036)
02=BEVA 0:002 (+0:023) 0:000 (+0:023) {0:044 (+0:039)
03=CROC {0:138 (+0:023) {0:019 (+0:023) {0:247 (+0:042)
04=CAPA {0:057 (+0:023) 0:011 (+0:023) 0:001 (+0:039)
05=CSAN 0:024 (+0:025) 0:001 (+0:025) 0:012 (+0:046)
06=FOLI {0:032 (+0:023) {0:032 (+0:023) 0:033 (+0:037)
07=GAIF {0:007 (+0:023) 0:036 (+0:023) 0:017 (+0:040)
08=OGAT {0:008 (+0:023) 0:037 (+0:023) 0:040 (+0:036)
09=PENN 0:076 (+0:026) 0:080 (+0:026) {0:039 (+0:046)
10=RIVO {0:020 (+0:023) {0:013 (+0:023) {0:019 (+0:039)
11=TPAR 0:005 (+0:023) {0:031 (+0:023) {0:064 (+0:041)
12=VISS 0:027 (+0:025) 0:008 (+0:025) 0:023 (+0:045)
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personal communication, 1997) and the distribution of peak
ground acceleration (Berardi et al. 1998) all suggest that
during the two earthquakes the rupture propagated in opposite
directions along the same fault plane or on two adjacent
parallel faults. This hypothesis agrees with the results of
regional broad-band modelling performed by Pino et al. (1999)
and with the analysis of strong motion data modelled by Zollo
et al. (1998) and Capuano et al. (1999); these studies provide
evidence for rupture directivity towards the SE for the 00:33
event and towards the NW for the 09:40 earthquake. Recent
analysis of broad-band teleseismic data (Olivieri & EkstrÎm
1999) as well as regional broad-band seismograms recorded by
the MedNEt network (Pino et al. 1999) suggest that the 09:40
main shock is a complex event. Two subevents are evident in
the source time functions, both associated with normal fault-
ing. The ¢rst subevent ruptured towards the NWwith a rupture
duration of nearly 4.0 s, while the total source duration of the
09:40 earthquake was roughly 7.0 s; the 00:33 event had a
rupture duration of nearly 5.0 s (Olivieri & EkstrÎm 1999).
We use the seismic moment value and the source duration

(assuming reasonable rupture velocities ranging between
2.5 and 3.0 km sÿ1) to constrain the average slip and the
source dimensions (length and width of the causative faults).
According to the data and results discussed above, our starting
model consists of two unilateral ruptures along distinct fault
planes, the ¢rst rupturing towards the SE and the second
towards the NW. For the ¢rst shock, we use fault lengths and
widths ranging between 5 and 8 km; for the second event, we
use fault lengths and widths ranging between 10 and 15 km
and 7 and 10 km, respectively. The average slip changes with
the fault dimension according to the seismic moment values.
Although several observations and results suggest a unilateral
rupture, we also consider a bilateral rupture as well as a uni-
lateral rupture propagating in the opposite direction. We vary
the fault depth as well as the position of the hypocentres on the

fault plane, ¢rst with uniform dislocations, then with variable
slip.We vary the dislocation only on the fault plane of the 09:40
earthquake, because it is more constrained by the available
data than the 00:33 event.

FORWARD MODELLING RESULTS

We will test the best fault geometries for the two earthquakes
using all the available information from other investigations.
We use in our modelling fault lengths and widths that match
seismic moments and source durations with a reasonable
rupture velocity. The ¢rst set of tentative models allowed us to
verify that these constrained fault dimension values provide
good initial models and an acceptable ¢t to the data. We will
use a heterogeneous slip distribution only for the 09:40 earth-
quake, because the data do not permit us to constrain both
fault geometry and slip distribution for the 00:33 fault.
The best ¢t to the data is obtained when the top of the fault

of the 09:40 event is quite shallow, less than 1 km depth; if
this fault is deeper, the ¢t in both amplitude and orientation
of horizontal displacement vectors degrades. Fig. 5(a) shows
the horizontal displacement residuals for both amplitude
and orientation at CROC and PENN as a function of the
upper fault depth. The orientation of the displacement vectors
at all the monuments agrees better with the observations when
the depth of the upper fault edge is shallower than 1.0 km
and deeper than 0.3 km, but the ¢t to the amplitudes requires
a fault shallower than 0.6 km. In particular, the ¢t of the
horizontal displacement amplitude observed at PENN requires
a quite shallow fault (see Fig. 5a): if the fault is deeper
than 0.5 km the mis¢t becomes larger than the GPS data
uncertainty. Furthermore, the ¢t of vertical displacement at
CROC ({24:7 cm) also requires a shallow depth for the 09:40
fault plane. The ¢t of the vertical component at COLF and

Figure 4. Contouring of vertical displacement (cm) predicted by the best-¢tting model (see Table 5).
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(a)

(b)

Figure 5. (a) Displacement residuals for both amplitude and orientation at PENN and CROC as a function of the upper depth of the 09:40 fault
plane. (b) Displacement residuals as a function of the slip direction on the 09:40 fault plane.
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the absence of horizontal displacement (less than the GPS
uncertainty) suggest that the depth of the top edge of the 00:33
fault is deeper than 2.0 km.
We also investigate the in£uence of di¡erent slip directions

on ¢tting the data. Fig. 5(b) shows the horizontal displacement
residuals for both amplitude and orientation at CROC and
PENN as a function of the rake angle. The best ¢t was obtained
for rake angles ranging between 2700 and 2900, which agrees
well with the various CMT solutions (Table 4) and with the
modelling results of Zollo et al. (1998) and Capuano et al.
(1999). In particular, the horizontal displacements observed at
CROC and CAPA (which are located on the hangingwall of the
fault) constrain the slip direction. A pure normal fault solution
provides an acceptable ¢t to the observed displacement
amplitudes but the orientation residual at CROC and CAPA
decreases for larger values of the rake angle. We have also

tested the possibility of a bilateral rupture for both faults as
well as of a unilateral rupture in the opposite direction (that is,
the ¢rst event ruptured towards the NW while the second
ruptured towards the SE). For both models the ¢t to the data is
strongly degraded and mis¢ts greatly increase. From these
results we can exclude such alternative fault models.
A uniform slip model for the 09:40 fault does not allow

one to ¢t both the horizontal and the vertical displacements at
any of the three nearest sites, CROC, CAPA, and PENN. The
simultaneous ¢t of these three sites requires an increase of slip
in the SE section of the 09:40 fault. For this reason, we tried to
¢t the observations with a non-uniform slip distribution on the
09:40 fault plane. The resulting slip distribution for the best-¢t
model is shown in Fig. 6. Slip changes mostly along the fault
strike, since the ¢t to the data observed at PENN and CROC
requires large slip in the SE fault section (at shallow depth),

Figure 6. Slip distribution on the fault plane that ruptured during the 09:40 GMT earthquake of 1997 September 26 from the best-¢tting model.
Maximum slip on the plane is 65 cm (average value is 33 cm). The slip distribution on the 00:33 fault plane is kept uniform (see text).

Table 4. Earthquake parameters.

Time Lat:* Long:* Depth* M^
0 M^

w Strike^ Dip^ Rake^

(GMT) north east (km) (dyne cm)

97/09/26 00:33 43001':31 12053':31 6+1 0:40|1025 5:67 1520 460 2770
97/09/26 00:33z 0:38|1025 5:66 1560 380 2890
97/09/26 09:40 43001':77 12051':08 6+2 1:20|1025 5:99 1440 420 2800
97/09/26 09:40z 1:14|1025 5:98 1420 390 2730
97/10/03 08:55 43001':88 12050':19 6:4+0:5 0:86|1024 5:20 1410 430 2860
97/10/06 23:24 43001':07 12050':33 7:1+0:6 1:70|1024 5:40 1450 400 2800
97/10/14 15:23 42055':15 12055':62 6+1 0:34|1025 5:62 1220 380 2600

*After Amato et al. (1998)
^ After Ekstrom et al. (1998)
z Standard CMT solution (Dziewonski et al. 1998)
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while at CAPA we need slip on the deeper SE fault portion.
Maximum slip on the 09:40 fault is 65 cm. An increase of slip
in the NW fault section as well as a uniform slip model does not
allow us to ¢t both amplitude and orientation of horizontal
displacement at CAPA. For the 00:33 fault plane the depth,
rather than a non-uniform slip distribution, strongly a¡ects
both the vertical and the horizontal ¢t at COLF, thus the slip
on the 00:33 fault is held constant.
We summarize in the following the results of our forward

modelling and we discuss the source parameters of the best-
¢tting model listed in Table 5 and shown in Fig. 6. Fig. 3 shows
the comparison between model predictions and the horizontal
observed displacements, while Fig. 4 shows the predicted
vertical displacements. In Table 6 we compare the observed
displacements and the model predictions resulting from the
best-¢tting model. We list only data from the sites for which
measurements are well above the GPS data uncertainties
(for either the horizontal or the vertical components). Our
modelling results show that for the best-¢tting model the
upper depth of the fault is 0.5 km for the 09:40 event, while
the depth of the top of the fault for the 00.33 event is not well
constrained: values ranging between 3.8 and 2.4 km provide
almost the same ¢t to the data (see Table 5). Among the
numerous models tested in this study, our best-¢tting model is
the only one that allows us to retrieve 4 cm of subsidence at
COLF (see Table 4).
The best-¢tting model (Table 5 and Fig. 6) predicts hori-

zontal displacements in good agreement with the observations
at all the available monuments (see Table 6 and Fig. 3); the
resulting mis¢t for the vertical component is quite satisfactory
at both CROC and COLF, which are the only two monuments
for which the observed vertical displacement is well above the
GPS data uncertainties. Our best-¢tting model predicts almost
no vertical displacement at PENN. The observed vertical com-
ponent at this site ({3:9 cm) is slightly above the GPS data
uncertainty and below the threshold value we adopted in this
study. Moreover, it is important to point out that a negative

vertical displacement is incompatible with the observed ampli-
tude of the horizontal displacement (11.0 cm). In fact, the
amplitudes and orientations of the displacements observed at
PENN and CROC strongly control the position of the surface
projection of the fault and suggest that only CROC is on the
fault hangingwall; therefore, the horizontal coseismic displace-
ment at PENN is consistent only with a very small (positive)
value of vertical displacement. The model prediction for
the vertical displacement at COLF yields a mis¢t close to the
observational error but still high (the residual is 2.8 cm),
although it is the smallest residual amongst the numerous
models tested in this study. Nevertheless, we believe that the
best-¢tting model proposed in this study is well constrained
both by GPS data and by results from other investigations.
In order to verify the reliability of the dislocation model

proposed to ¢t the horizontal and vertical GPS displace-
ments, we compare in Fig. 7 the resulting vertical displacement
pattern (shown in Fig. 4) with the surface deformation pattern
resulting from SAR interferometry (Stramondo et al. 1999).
Fig. 7 indicates that the best-¢tting model (Table 5) proposed in
this study guarantees an acceptable ¢t to an independent data
set: the area of maximum subsidence observed in the SAR
interferogram is quite well reproduced by our best-¢tting
model. We emphasize that the result of this comparison
con¢rms the absence of measurable vertical deformation at
PENN. We believe that these results provide an important
validation of the proposed model.

POSSIBLE CONTRIBUTIONS FROM OTHER
EARTHQUAKES

The 1997 post-earthquake GPS survey was performed
between October 7 and 11. Two moderate-magnitude earth-
quakes occurred between the earthquakes of September 26
investigated in this study and the GPS campaign, on October 3
at 08:55 GMT, Mw 5.2, and on October 6 at 23:24 GMT,
Mw 5.4, both located close to the 09:40 GMT hypocentre

Table 6. Measured and modelled displacement resulting from best-¢tting model
(two faults).

Horizontal Horizontal Horizontal Vertical Vertical Vertical
Station Observed Predicted Misfit Observed Predicted Misfit

(cm) (cm) (cm) (cm) (cm) (cm)

CROC 14 14 0 {25 {27 2
CAPA 6 4 2 1a {3 =

PENN 11 10 1 {3:9a 1 =

COLF 1a 2 = {7 {4 {3
FOLI 4 2 2 3a 0 =

a Data are less than GPS uncertainties

Table 5. Model parameters of the best-¢tting model.

Event M0 Strike Dip Rake L W D zat
(dyne cm) (km) (km) (cm) (km)

97/09/26 00:33 4:5|1024 1540 460 2830 6 7 36 2:4
97/09/26 09:40 1:2|1025 1430 400 2850 12 10 33b 0:5

a Depth of the top edge of the fault
b Average value
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(see Fig. 1), between CROC and COLF. Fault plane solutions
(EkstrÎm et al. 1998) and good-quality hypocentre locations
(Amato et al. 1998) are available for these events (see Fig. 1 and
Table 4). Even if we cannot constrain in detail the fault geo-
metries of these two events, they could have contributed to the
observed surface deformation. In this section we tentatively
test this hypothesis. The two October events have similar focal
mechanisms and they were located very close to each other.
The suggested fault models are listed in Table 7. Source para-
meters of the 00:33 and 09:40 faults are those previously
discussed (best-¢tting model), except that the slip on the

00:33 fault is now 27 cm. Figs 8 and 9 show the horizontal and
vertical displacements predicted using the four-faults model
(see also Table 8). This model improves the ¢t to the data
observed at FOLI and COLF (see Table 6). We conclude that
these two events contributed slightly to the observed vertical
displacements, increasing the area that underwent subsidence
(see Figs 4 and 9). A value of nearly 5 cm of subsidence at
COLF agrees with the vertical deformation resulting from
SAR interferograms (Stramondo et al. 1999). With the four-
faults model, uniform slip for the 09:40 event does not allow us
to ¢t the observed GPS displacements at PENN and CROC,

Figure 7. Comparison between the pattern of vertical displacement simulated using the best-¢tting model (red lines) and the vertical deformation
pattern resulting from SAR interferometry (blue lines). Line separation is 5 cm. The positions of the closest GPS monuments (red solid circles) and
the topography of the area are also shown on the map (redrawn from Stramondo et al. 1999). Blue solid circles show the epicentres of the two main
shocks of September 26; triangles show the two main cities of the area, which were severely damaged.

Table 7. Model parameters for the four-faults model.

Event M0 Strike Dip Rake L W D zat
(dyne cm) (km) (km) (cm) (km)

97/09/26 00:33 3:4|1024 1540 460 2830 6 7 27 2:4
97/09/26 09:40 1:2|1025 1430 400 2850 12 10 33b 0:5
97/10/03 08:55 8:6|1023 1410 430 2860 4 4 18 3:0
97/10/06 23:24 1:7|1024 1450 400 2800 5 5 23 3:2

a Depth of the top edge of the fault
b Average value
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con¢rming the best-¢tting model listed in Table 5 and shown in
Fig. 6. According to the four-faults model the fault depth of the
00:33 event can be shallower than 3 km. Our modelling results
do not permit us to constrain a ¢xed value for the 00:33 fault
depth: values ranging between 1.7 and 3.8 km ¢t the observed
GPS displacements satisfactorily.

CONCLUSIONS

We ¢tted vertical and horizontal coseismic displacements
resulting from GPS measurements in order to propose a
dislocation model for the two earthquakes that occurred on
1997 September 26 at 00:33 and 09:40 GMT in the central

Figure 8. Comparison between observed GPS horizontal displacements (open arrows) and predicted displacements (solid arrows) using the four-
faults model for the two September 26 and the October 3 and 6 earthquakes. The epicentres (stars) of the four earthquakes and the error ellipses of the
two GPS campaigns are shown. The surface projections of the activated faults are shown as a line with ticks on the downthrown side.

Figure 9. Contouring of vertical displacement (cm) predicted by the four-faults model.
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Apennines (Umbria^Marche). Despite the small dimension
of the available data set, the position of the GPS monuments
with respect to the activated faults and the availability of
the seismological data permitted us to propose a su¤ciently
well-constrained source model that is consistent with the
observations and the results arising from other investigations
(Amato et al. 1998; EkstrÎm et al. 1998; Cinti et al. 1999;
Olivieri & EkstrÎm 1999; Pino et al. 1999).
The source parameters of the best-¢tting model are listed in

Table 5 and the ¢t to the data is shown in Figs 3, 4 and 7 and
listed in Table 6. Based on the ¢t to the data, we can exclude a
bilateral rupture as well as a unilateral rupture in the opposite
direction. Fault lengths and widths are quite well constrained
and allow us to match seismic moments and rupture durations
(EkstrÎm et al. 1998; Olivieri & EkstrÎm 1999). The slip distri-
bution for the 09:40 event is not uniform, as shown in Fig. 6. Our
best-¢tting model is very consistent with the rupture model
proposed by Capuano et al. (1999), who modelled strong-
motion data. It provides a good ¢t to the vertical displace-
ment pattern resulting from SAR interferometry (see Fig. 7
and Stramondo et al. 1999). The agreement between models
resulting from independent data sets further con¢rms the
reliability of our results.
We have veri¢ed that two smaller-magnitude earthquakes

that occurred on October 3 at 08:55 (Mw 5.2) and October 6 at
23:24 (Mw 5.4) (both located close to the 09:40 earthquake)
contributed slightly to the observed coseismic displacements.
These two events enlarged the area of subsidence. Modelling
results con¢rm that the 00:33 fault plane is deeper than the
09:40 fault plane; the former has to be deeper than 1.7 km.We
obtained an acceptable ¢t using a fault depth of 2.4 km for the
00.33 fault.We note that the four-faults model allows the 00:33
fault plane to be shallower than that resulting from the best-
¢tting model discussed in the previous section. This result
is more consistent with the distribution of main shocks and
aftershocks at depth (Amato et al. 1998), which shows that
large-magnitude earthquakes nucleated at the bottom of the
seismogenic layer. We emphasize that geodetic data represent
an important tool to constrain dislocation models for the
moderate-magnitude earthquakes of the 1997 Umbria^Marche
sequence. Geodetic observations resulting from GPS and SAR
analyses have to be considered in order to interpret surface
geological data.
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