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Abstract

The Umbria-Marche sequence represents the first case in Italy for which the surface effects of a moderate seis-
mic event (5<M<6) were systematically investigated and documented. Surface fractures attributed to the events
were mapped by several groups of researchers. The coseismic features were expressed mainly by NW-SE trend-
ing, discontinuous, linear open fractures, as well as fracture swarms, locally with centimetric vertical displace-
ments. They affected rocks and loose deposits, buildings, and roads. Because of the earthquake sizes (M=<6), the
deformation was faint, making the detection difficult and giving rise to different seismotectonic interpretations:
specifically, surface rupture of the seismogenic fault, triggered slip on secondary faults, and shaking-induced
sliding of debris. Consequently, different models of connection between surface offsets and displacements at
depth were proposed that integrated geology with other geophysical data. However, whether direct or indirect
expression of the deep dislocation, the geometry of these fractures reflected the seismogenic structure. Even in
the case of these moderate-earthquakes features, geomorphical and paleoseismological studies provide data for
reconstructing the recent tectonic evolution of the region and for determining the frequency and size of earth-
quakes. Finally, we learned a more efficient way to prepare for post-earthquake emergency response, particular-
ly for long-lasting sequences in highly vulnerable built environments, such as the ancient villages within the
Apennines.

Key words Umbria-Marche seismic sequence — co- ber 1997) and three shocks around M=5. The
seismic surface fractures — moderate size earth- sequence lasted from September 1997 to April
quakes — post-earthquake emergency response 1998 and caused severe damage over a large

area (maximum MCS intensity I=IX in some
villages near the epicentral area) and loss of hu-

1. Introduction man lives. Many historical and artistic centers
(e.g. Assisi and Foligno in Umbria) were

The 1997-1998 Umbria-Marche seismic se- strongly damaged. The sequence belongs to the
quence was composed of three 5.5<M<6 main class of the moderate earthquakes which have
events (occurring at 00:33 and at 09:40 UTC on devastating consequences in the Apennines en-
26 September 1997, at 15:23 UTC on 14 Octo- vironment. The enormous cultural and archaeo-

logical heritage of several ancient villages and
towns renders this territory one of the most haz-

ardous and vulnerable.
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events of magnitude around 6, which is consid-
ered the threshold of energy required for pro-
ducing permanent dislocation on the earth’s
surface (e.g. Bonilla, 1988), either primary sur-
face faulting, or faulting associated with the ac-
tivation/reactivation of secondary faults.

The present contribution focuses on the ge-
ological investigations started few hours after
the occurrence of the first mainshock of the se-
quence on 26 September. The Umbria-Marche
sequence definitively drew the attention of ge-
ologists interested in the detection of coseismic
surface deformation. I summarize the many
studies developed in the ensuing years on the
mapping and the analysis of the surface fractur-
ing in and around the epicentral areas. This pa-
per is organized in three sections: 1) the then-
knowledge of geological and seismological da-
ta, 2) the seismic crisis and the collection of
surface data, analysis and interpretation, and 3)
the lessons learned from the experience: in-
sights for assessing the hazard and for improv-
ing post-earthquake intervention.

2. Our Knowledge prior September 1997

The most recurrent consideration that the
scientific community asks itself after a natural
disaster is: was it somehow predictable? Obvi-
ously, there is not a positive answer to this
critical question, yet certainly before this
event we were not completely ignorant. In the
following, I will discuss the geological and
seismological knowledge at that time.

Prior to the 1997 Umbria-Marche se-
quence, the 1980, M; 6.9, Irpinia earthquake in
southern Italy was the only high-energy event
that produced permanent deformation at the
surface in «modern time» and drew the inter-
est of several geologists (Carmignani et al.,
1981; Westaway and Jackson, 1987). The
1980 event marked the recognition in Italy of
earthquake geology as a tool for the compre-
hension of the earthquake generation process.

Earthquakes of 1997-size and larger were
frequent in the historical catalogue of the Um-
bria-Marche region, although none had been
reported in the epicentral area of the 1997
shocks (fig. 1a). Among the earthquakes close
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to the 1997 epicentral area, the 1279 event is
the only one that on the basis of its damage
distribution (effects are reported both west and
east of Colfiorito) could have originated on the
same faults as the September 1997 shocks.
However, the intensity data of this earthquake
are insufficient to estimate an accurate loca-
tion (Castelli et al., 1997; Boschi et al., 1998)
and thus to univocally relate it to the same
fault system. Instrumental crustal seismicity
pre-1997 in the Umbria-Marche region includ-
ed only two M>5 normal-faulting earthquakes
(fig. 1a,b): south of the region of Colfiorito
was the 1979 Norcia event (Mg5.8, De-
schamps et al., 1984), and to the northwest
was the 1984 Gubbio earthquake (M5.3,
Haessler et al., 1988). These events occurred
as single mainshocks followed by aftershocks,
and the instrumental seismicity of the past 20
years in the area does not show any complex
and prolonged seismic sequence as occurred in
1997 and in the eighteenth century (Chiaralu-
ce et al., 2004).

In conclusion, both the historical and in-
strumental records prior to September 1997
showed that large earthquakes, at least over
the past 700 years, had not affected the north-
ernmost portion of the 1997 event area, and its
southern portion for an even longer period.

Despite this lack of seismic activity, the
area struck by the sequence in 1997 (fig. 1a,b)
had already been investigated by several re-
searchers involved in active tectonics studies.
Several Authors had pointed out the presence
of Quaternary faults in the epicentral area of
the 26 September 1997 mainshocks (i.e.
Calamita and Pizzi, 1993; Cello et al., 1997,
Tondi et al., 1997). On the other hand, no in-
dication for fault activity was recognized with-
in the area where the 14 October event oc-
curred. Cello et al. (1997) performed a pio-
neering structural analysis of this sector of the
Apennines and determined the presence of
three NS-oriented main faults with evidence of
left lateral movements, and of NW-SE-trend-
ing minor faults with oblique to vertical dis-
placements. The Colfiorito and Cesi basins,
epicentral areas of the 26 September events,
are bounded on the north by the NW-SE trend-
ing structures and on the east by the western-
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Fig. 1a,b. a) Historical and pre-1981 instrumental earthquakes (CPTI Working Group, 2004) and b) 1981-1997
instrumental seismicity (Castello et al., 2005) within and surrounding the area of the 1997-1998 seismic se-
quence, indicated by the shaded area (stars are the epicenters of the three mainshocks).

most fault of the main NS system. Cello et al.
(1997) found that the NW-SE fault bounding
the Colfiorito basin (Le Scalette Mt. fault) is
exposed at the surface for about 7 km and that
many of the basin-bordering faults have evi-
dence of Late Pleistocene-Holocene disloca-
tion. Most of the faults considered capable of
coseismic faulting are located at the interface
between bedrock and Quaternary (20-15 ka)
slope deposits.

Because the historical and instrumental
records indicated that the area of the 1997 se-
quence was part of a seismic gap at least 7
centuries long, characterized by modest and
rare seismicity, the area could have been inter-
preted incorrectly as a relatively low energy-
releasing zone. However, the geological analy-
sis pointed to the seismogenic potential of the
area. Thus, before the sequence occurred, we
could not have predicted «when» an earth-
quake might occur, but we could have argued
about «how» (i.e. rupture mechanism, source
complexity), and we did know «where», based
on geological-structural analyses.
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3. The field reconnaissance

In this section I will describe the geologists’
responses to the Umbria-Marche seismic crisis
and summarize the data collected in the field.
The seismic sequence consisted of multiple
shocks, so that in the description of the facts, I
will follow the timetable of the main earth-
quakes.

At 00:33 UTC (hereafter called «00:33») on
26 September 1997, the sequence started with a
moderate size (My5.7) yet damaging normal-
faulting earthquake near the village of Colfiori-
to (figs. 2 and 3). This event was the beginning
of a six-month long period of seismic activity
(for extended seismological description, see
Chiaraluce et al., 2003; 2004, and references
therein). The sequence had been preceded by a
M,4.5 foreshock on 3 September (fig. 2).

Early in the morning of 26 September, geol-
ogists from nearby Institutions were already in
the field to document surface effects associated
with the 00:33 mainshock. The team of Cello et
al. (1998) searched for surface faulting features
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Fig. 2. Surface projections of the faults that ruptured during the three largest events (numbered, north to south)
(modified by Chiaraluce et al., 2004). The fault-plane solutions of the 3 September foreshock and of the six
shocks with M>5 are shown. The distribution of the temporary seismic stations (grey triangles) is also mapped.
To the right: the fault parameters for the three mainshocks according to Chiaraluce et al. (2003). The authors de-
fine shallow, gently dipping blind normal faults; the fault planes are not listric, but rather maintain a constant dip

through the entire seismogenic volume.

by using as reference the map of capable faults
(sensu TAEA, 1991) published in Cello et al.
(1997). They started their fieldwork on the Cos-
ta-Cesi fault (~130N trending, 50°-70° SW dip-
ping, 1-3 m high bedrock fault scarp), that runs
along the northeastern steep slope of the Costa-
Cesi basin (see figs. 3 and 4 for location). Be-
hind the village of Costa, features observed
along fresh exposures of the bedrock fault plane
(fig. 5a) suggested a dominant dip-slip motion
with a minor left-lateral component. Cello et al.
(1998) concluded that a maximum 8 cm-high
free-face was produced over a total length of ~1
km along the Costa segment.

Before going further, it is worth remarking
that although sites were visited during the same
period, there were conflicting opinions between
different survey teams on the regularity of slip
vectors (direction and size) and the linear extent
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of surface breaks at the Costa site, as well as at
some of the other surveyed sites. In this synthe-
sis, I report the range of observations (see figs.
5-9) of displacement (D), opening (O) and
length (L) associated with the surface breaks as
summarized from the various authors (i.e.
Basili et al., 1998; Cello et al. 1998; Cinti et al.
1999; Vittori et al., 2000). For the original data
and complete descriptions refer to the cited ref-
erences. The range of the measurement values
at some sites reflects slip variability, from the
description of individual teams of geologists; at
other sites, it reflects different values reported
by different surveyors. As I will discuss, these
latter disagreements contributed to diverging
interpretations of the surface data.

At 09:40 UTC (hereafter called «09:40») a
second normal faulting event (M6.0) occurred
just north of the Colfiorito village (fig. 2). At
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that time, several teams were in the field for in-
spection and many others were on the way. The
initial reconnaissance was based on the distri-
bution of damage and environmental effects,
and was guided by the geological literature (of-
ficial geological and structural maps and Qua-
ternary fault maps) and by the early hypocentral
estimations. Although it was important to col-
lect information on everything that occurred at
surface, major efforts were undertaken to iden-
tify possible surface fracture systems and/or co-
seismic surface faulting.

The general features of the observed ground
ruptures commonly agreed upon by all teams of
investigators can be summarized as follows:
Most of the features were either linear single
fractures or fracture swarms, affecting paved
and unpaved roads, buildings, soil and hard
rock. The ruptures frequently showed en eche-
lon geometry and extended continuously for
tens of meters, with prevailing NW-SE to NNW-
SSE direction. The deformation was mainly ex-
pressed by open fractures (1 to 20 cm wide), lo-
cally characterized by centimetric vertical
movement and a minor left lateral component.
Several ruptures in the 26 September epicentral
areas occurred on pre-existing and mapped fault

planes at the contact between bedrock and slope
debris. Figure 3 shows the first maps of the sur-
face displacements published by different
groups after the third major event in October; a
synthesis is reported in fig. 4.

Besides the Costa site (described above),
most of the significant ruptures were observed
along the northeastern slope of the Colfiorito
basin (Le Scalette Mt. and La Pintura sites) and
on the western slope of Tolagna Mt. Minor
movements formed also in the flat area of La
Palude, and along the western slope of Pennino
Mt. (see fig. 4 for locations and figs. 5 to 7 for
illustrations and descriptions). Along the slope
of Mt. Le Scalette (fig. 5c), discontinuous
down-slope movements (~2 cm, few hundred
meters long) were observed at the contact be-
tween the debris cover and the pre-existing fault
plane (125N-135N-striking, bedrock scarp). To
the southeast along the basin margin, at La Pin-
tura site, a road was crossed by ruptures con-
sisting of 135N to 145N-trending, 2-4 cm open
cracks with a right-stepping en-echelon geome-
try (fig. 6a). Most authors do not report vertical
displacement in this area, but this is another
point of debate. Along the western slope of To-
lagna Mt., open cracks and fissures developed

Fig. 3. First distributions of the surface ruptures published by different groups of surveyors. From left to right:

Cello et al. (1998); Basili et al. (1998); Cinti et al. (1999).
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Fig. 4. Map showing a synthesis of the coseismic ground ruptures sites from the different teams (modified by
Cinti et al., 2000). The rose diagrams show the azimuth of fracture planes (some of them refer to multiple sites)
and the dip of the planes where observed (from Cinti ef al., 2000). Dotted rectangles indicate the upward pro-
jection of the mainshocks rupture planes (Capuano et al. 2000; Hunstad et al. 1999; Salvi et al. 2000; Amato et

al., 1998).

for hundreds of meters along the base of a
bedrock fault plane (160N-140N striking),
where a dark brown band suggested about 3 cm
of vertical movement (fig. 6b). Interestingly, in
the northern area struck by the M6.0 (9:40)
event only a few intermittent cracks formed.
They developed transverse to the rock beds of
Pennino Mt., which is a steep SW-dipping mon-
ocline formed by alternating limestone and clay
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layers. Cinti et al. (2000) suggest that the sur-
face deformation in the area of Pennino Mt. was
locally accomodated by diffuse slip on the bed-
ding planes. A white strip at the base of the ex-
posed bedrock was also observed, which may
be due to sliding of the scree (fig. 7).

The Costa movements had been observed
before the 09:40 event and thus they are likely
associated with the early morning (00:33)
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Fig. 5a,b,c. a) Left: Fresh exposure of the Costa bedrock fault scarp marked by a dark brown strip of soil, which
is indicated by black arrows (photos courtesy of E. Tondi). This feature is interpreted by Cello ef al. (1998) as
reactivation of the fault plane. Middle: Detail of the exposure at the Costa site. The strip height and also offset
roots were used as slip indicators on the fault plane. Right: Detail of a feature near the village of Costa interpret-
ed by Basili e al. (1998) as a gravitational structure affecting debris slope (arrows point to the scree band; pho-
to from Basili et al., 1998). The white bar indicates the height of the exposure; b) A ~500 m-long set of open
fractures (N145 average trend, Omax= 5 cm) in a ploughed field by the flat area of La Palude (photo by F.R. Cin-
ti); ¢) Panoramic view of the Colfiorito basin from south-east looking north. White arrows indicate the bedrock
fault scarp (photo from Messina et al., 2002). To the right: the arrows point to the scree band observed along the
Mt. Le Scalette fault plane (photo from Basili et al., 1998), where the hanging-wall debris cover detached from
the smooth fault plane. Symbols: L = Length, D = Displacement.

event; according to Cello et al. (1998) no addi- mal-faulting earthquake hit the area of Sellano
tional displacement on these fractures were ob- (figs. 2 and 4), about 12 km south of the Septem-
served in the following months. Except for this ber epicenters, and the attention turned to this
site, it is not possible from field observations area. A rather continuous and prominent exten-
alone to discriminate which of the two 26 Sep- sional fracture system was found cross-cutting
tember events caused the mapped surface fea- different surface morphologies in limestone and
tures. However, event-specific contribution to in Holocene alluvium/colluvium at several sites
the displacements was detected through analy- (see fig. 4 for locations and figs. 8-9 for illustra-
ses of geodetic data (see i.e. Salvi et al., 2000; tions and descriptions). Near the village of
Basili and Meghraoui, 2001). Rasenna, a N135°-N150° -striking fracture sys-

At 15:23 UTC on 14 October, a My5.6 nor- tem was formed and showed a maximum vertical
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Fig. 6a,b.

a) Discontinuous set of extensional fractures on a road at La Pintura site, which is coincident with

a normal fault separating Mesozoic formation from late Quaternary deposits outcropping on the adjacent slope.
Fractures generally have a right-stepping geometry: extension and small vertical offset occurs on the 135N to
145N-oriented segments, while NS-oriented segments appear closed, suggesting a left lateral component of mo-
tion (photos from Cello et al., 1998). To the right: fissure in Quaternary deposits formed adjacent to the pre-ex-
isting fault plane (photo by P. Montone); b) View of the Mt. Tolagna fault scarp (upper left). To the right: frac-
tured road and, according to Cello ef al. (1998), reactivated bedrock fault plane showing a free-face (brown strip
pointed by the arrows in photo to the lower left), and crack in hillslope deposits (person is pointing the feature).
Photos courtesy of E. Tondi. Symbols: L = Length, D = Displacement; O = Opening.

offset of ~10 cm (not illustrated). Locally, these
fractures had a right stepping en-echelon pattern,
which was probably related to a minor sinistral
component. According to Basili ez al. (1998), the
total length of the zone was about 3 km. Between
the villages of Renaro and Mevale, a series of ex-
tensional fractures (N140° average strike)
formed along a distance of at least 1000 m (fig.
8). As much as 10 cm wide, they showed an av-
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erage vertical displacement of 5 cm and a maxi-
mum value of 15 cm, northeast side up, and a mi-
nor left-lateral component (max 5 cm horizontal)
(Cinti et al., 1999). The breaks climb through the
Ginepro Mt., where they become parallel to the
NS-striking cleavage of the strata along the slope
(fig. 8). Basili et al. (1998) report that the open-
ing of the fractures at Renaro had increased a
few cm by 15 days after the earthquake. Local
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Fig. 7. Few cm long cracks formed transverse to the rock beds of the Pennino Mt. White strip at the base of the
dark varnished bedrock is possibly related to sliding of the scree. Detail to the right (compass lies parallel to
crack; photos by P. Montone). Symbols: L = Length, D = Displacement; O = Opening.

deformation also occurred just SSE of Sellano at
the Cappuccini site, where ruptures defined a
~600 m-long, ~100 m-wide zone of fracturing
along a paved road and extended into bedrock
outcrops (fig. 9a). To the north, in the Mt. Lugo
area, extensive NW-trending fractures were re-
ported by Cinti et al. (1999). Here, the zone of
fracturing is ~30 m-wide, and the en-echelon
pattern of the segments shows a left lateral com-
ponent to the motion (fig. 9b). Deformation in
both the Mt. Lugo and Cappuccini areas was first
observed prior to the mainshock of 14 October
during the fieldwork by Cinti ef al. (1999). This
southward migration of the deformation from the
zone of Colfiorito to Sellano, observable from
the fieldwork, was later detected through a de-
tailed analysis of the seismicity (Chiaraluce et
al., 2003). Post-event re-survey showed substan-
tial increases of the breaks, both in length and
opening.

3.1. Debate on the interpretations
of surface data

A contentious debate quickly arose over the
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seismotectonic interpretation of the surface
fractures. Although the hypocenters were quite
shallow, the earthquake magnitudes did not ex-
ceed M6 and consequently many of the coseis-
mic surface effects produced were at the thresh-
old of detection and generally faint. However, |
believe that this could only partially explain the
different amplitudes and directions of slip
measured by the surveyors. For clarity, I will
differentiate the interpretations of features asso-
ciated with the 26 September epicenters from
those of the 14 October event.

For the first observations (including the Mt.
Le Scalette, La Pintura, and Costa sites), two
contrasting interpretations and a third that com-
bined elements of both, were provided by dif-
ferent authors. These are summarized in fig. 10
and substantially are as follows: 1) Cello et al.,
1998; Vittori et al., 2000 (among others) inter-
preted the surface fractures as primary surface
faulting. They claim that coseismic surface slip
occurred along pre-existing Quaternary faults
responsible for the recent tectonic evolution of
the area. The amount of displacement they ob-
served (4-8 cm) over lengths of a few km is
what one should expect for My=5.7-6.0 events



F. R. Cinti

Fig. 8. Fractures south of the Renaro village affecting both recent colluvium/alluvium deposits and bedrock.
Maximum horizontal offset of ~5 cm is measured by a dirt road (photo in upper middle); arrows illustrate the
sense of slip on fractures. Upper right: detail of open fracture with vertical displacement (maximum value of 15
cm), northeast side up (photos by FR. Cinti and F. Marra). Frequent right stepping en-echelon geometry of the
fractures was observed on the hill top near Ginepro Mt. (lower photos; white box is the detail to the right; pho-
tos by F. Marra). Symbols: L = Length, Dpean = Vertical Displacement; O = Opening.

based on empirical database for earthquake
faulting (i.e. Wells and Coppersmith, 1994).
They inferred that ground displacement was re-
lated to fault slip rather than ground failure due
to shaking. In fact, the authors argue that where
fractures occurred along reactivated fault seg-
ments, surface offset was remarkably constant
over tens to several hundreds of meters, while
the thickness of slope deposits varied consider-
ably, from a few cm to tens of m. Moreover,
comparable displacements were observed at
sites showing different morphological features,
and slope deposits were in dry and generally
stabilised by tree root penetration. The authors
infer that the seismogenic fault propagated to
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the surface and that its geometry, as suggested
by seismic reflection data, is a 40°-45° dipping
earthquake plane that splays upward into three
synthetic and antithetic high angle fault branch-
es (see sketch 1 in fig. 10). 2) According to oth-
ers (i.e. Basili et al. 1998; Galli & Galadini,
1999), the movements observed at the surface
were not fault reactivations, but earthquake-in-
duced sliding of debris. The ruptures were «ap-
parent», occurring in correspondence with very
steep slopes and with components of movement
in accordance with the maximum slope direc-
tion. The authors claim that: almost all sites
showed displacement as the result of scree or
vegetal soil sliding along planes which usually
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Fig. 9a,b. a) Ruptured paved road at the Cappuccini site, south of the village of Sellano, where a set of N135°-
N155° trending fractures extends into bedrock outcrops (see detail to the right) (photo by L. Cucci); b) Fractures
break across an unpaved road in the Mt. Iugo area. Extensional and compressional features are observable in the
middle photo. The en-echelon pattern of the segments shows a left-lateral component to the motion (arrows il-
lustrate the sense of motion; 20 cm long ruler for scale). Deformation in the form of cracks and mole tracks was
followed for few tens of meters beyond the road (detail to the upper right; photos by F.R. Cinti and L. Cucci).
Photos are taken after the 14 October event. Symbols: L = Length, D = Displacement; O = Opening.

coincide with bedrock fault planes; the lengths
of the observed surface breaks (~500 m) repre-
sent a very small portion of the total length of
the Quaternary active faults; the surface breaks
occurred at the contact with Quaternary de-
posits and did not affect the nearby carbonate
basement, where the fault plane was visible;
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many of the dislocations had both a left-lateral
component on the right side and a right-lateral
component on the left-hand side of stream inci-
sions crossing the slopes, which clearly indicate
a non-tectonic origin. Based on this interpreta-
tion and on the aftershock distribution, the au-
thors hypothesize a listric fault plane whose
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Fig. 10. Three different interpretations of the ground ruptures and of the fault plane geometry associated with
the 26 September earthquakes (corresponding sketches to the right): 1) primary surface faulting and listric fault
geometry at depth by Cello et al. (1998); 2) blind faulting and shaking-related ground failure by Galli and Ga-
ladini (1999); 3) secondary surface slip and postulated geometry of seismogenic fault (assuming constant dip)
by Cinti et al. (1999). Sketch to the right: black squares indicate the location of ground ruptures; location of
hypocenters and relative errors are from Amato et al. (1998).

rupture was confined to 1-2 km below the sur-
face (see sketch 2 in fig. 10). 3) Still other sur-
veyors (i.e. Cinti et al., 1999) concluded that
the observed features were associated with trig-
gered slip on secondary extensional faults that
accommodated the deformation on a broad
scale. Thus, most of the ground ruptures have a
tectonic origin, although at some sites phenom-
ena such as slope failure and compaction of
loose sediments were superimposed. In these
areas, the authors argue that minor amounts of
both left and right horizontal motion were
found, no ruptures occurred in bedrock, and the
amount of slip observed at sites was highly
variable and controlled by local topographic
and near-surface geological conditions (similar
argumentations reported by authors in interpre-
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tation n. 2). Cinti ef al. (1999) emphasized that
most of the ground ruptures formed locally con-
tinuous zones of deformation whose trends are
consistent with the regional stress fields and
that lie on or near known Quaternary faults.
However, they noted that the zones of ground
rupture are significantly shorter than the cumu-
lative length of the three fault- rupture planes.
This interpretation was supported by the lack of
correspondence between the location of surface
fractures and the up-dip surface projection of
the rupture planes (sketch 3 in fig. 10; the red
line is the most reliable fault plane solution from
seismological data for a constant dip through the
entire seismogenic volume). Fractures localized
close to the vertical projection of the rupture tip
and in the hanging wall of the fault.
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Fig. 11. Different interpretations of the ground ruptures and of the fault plane geometry associated with the 14
October event. Sketch corresponding to the surface faulting interpretation shows a hypothetical section of the
earthquake plane reaching the surface by Galli and Galadini (1999). Sketches corresponding to the blind fault hy-
pothesis: to the lower left is shown the relative location of ground ruptures (black square) and fault plane (assum-
ing constant dip) by Cinti et al. (1999); to the lower right are the hypotheses of alternative surface expressions that
relate to slip at depth, by Vita-Finzi and King (1985). The red box may reproduce the Umbria-Marche case: the
surface is characterized by secondary structures including folding, but the main faults do not reach the surface.

There was more agreement in interpreting
the deformation associated with the 14 October
Sellano event as tectonic ruptures, primary or
secondary faulting (i.e. Basili ef al. 1998; Cinti
et al., 1999; Galli & Galadini, 1999), although
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a few authors (i.e. Vittori et al., 2000) ques-
tioned the tectonic significance of the features
and highlighted possible gravitational phenom-
ena (fig. 11). However, it is worth noting that
part of the deformation in the Sellano area was
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Fig. 12. a) Four inferred zones of ground breaks (blue dashed lines), maximum width of 1.5 km (blue rectan-
gles include the sites of measurements belonging to each zone). The two northern zones are ~9 km long and
those to the south are ~5 km long. Azimuthal diagrams of orientation of all ground ruptures for each zone are
compared to the focal mechanism of the largest events and to the area of their fault plane (Capuano et al. 2000;
Hunstad ez al. 1999; Salvi et al. 2000; Amato et al., 1998). Green solid lines are ruptures along pre-existing fault;
b) Comparison between zones of ground breaks (blue dashed lines) (Cinti et al., 1999) and aftershock distribu-
tion (Amato et al., 1998). Red arrow indicates the right step between the northern and southern fracture zones,
the September and October fault planes, and the aftershocks distribution (modified by Cinti et al., 2000). Yel-
low rectangles includes NS shear zones inferred from trends of the mapped faults (grey lines, from Cello et al.
(1997)), and geological and geomorphic observations (Cinti et al., 2000; Marra et al., 2000). A Mw 4.3 event
on 16 October event had its epicenter within one of these shear zones and seismological data indicate it occurred
on a NS striking, left-lateral fault plane. On the lower left, seismicity distribution along a SW-NE vertical sec-
tion from Deschamps ef al. (2000) (see dark green marks in fig. for profile location); the location of Costa-Ce-
si zone of ground breaks is indicated by the blue arrow in the cross section.

first documented prior to the mainshock of 14 This is in accordance with the hypothesis of
October during the fieldwork by Cinti et al. secondary faulting within a broad zone of de-
(1999), and it showed a substantially increased formation.

post-event. One interpretation from Cinti ef al. A contribution to the debate on the signifi-
(1999) is that the southern area of Sellano was cance of the geological effects comes from the
getting ready for the major failure on the 14 Oc- aftershock and slip distribution (see following
tober and was being tectonically deformed. section for fault modelling), which revealed
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that the earthquake ruptures died out at around
1 km depth (e.g. Chiaraluce et al., 2003). Only
the fault rupture of the “9:40” 26 September
main shock (M,, = 6.0) seems to be shallower
than 1 km. Another significant result from seis-
mological analyses is that all the activated seg-
ments show a planar geometry, without any
flattening or evidence for listricity at depth (e.g.
Amato et al. 1998; Chiaraluce et al., 2003).
The above described differences in interpre-
tation are significant for hazard assessment.
Length and slip of the seismogenic fault are pa-
rameters used for the estimation of seismic mo-
ment, and the issue of whether ground ruptures
are primary fault rupture has implications for
whether their extent and displacement can be
used to estimate rupture dimension and thereby
forecast the magnitudes of future earthquakes.

The goal of this paper is not to provide a final
answer in this case, and I prefer to look beyond
differences in interpretation and analyze gener-
al aspects of the surface data that may help us
comprehend the mechanism of rupture, inde-
pendent of the origin of the features. First, in
the next paragraph, I will discuss other types of
data collected during the post-earthquake in-
spections related to the earthquake distribution,
mechanism of rupture, and coseismic deforma-
tion.

3.2. Surface data vs seismological
and InSaR data

The Umbria-Marche sequence provided the
rare opportunity to compare data of local surface

Fig. 13. Inferred zones of surface fractures (blue dashed lines) and interpreted interferometric fringes from Salvi
et al. (2000) (modified from Cinti et al., 2000). Each contour line indicates an increase of the satellite-to-ground
distance of 28 mm. A maximum increase (subsidence) is in and north of the epicentral areas. To the right: Difter-
ential interferogram of the entire sequence by Salvi et al. (2000). Each contiguous inward colour cycle represents
a displacement increment of —28 mm. Symbols: 1 = “00:33” 26 September earthquake; 2 = “09:40” 26 Septem-
ber earthquake; 3 = “15:23” 14 October earthquake; A = Annifo; N = Nocera Umbra; C = Colfiorito; S = Sellano.
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geology with a large and complete set of seismo-
logical and geodetic data, and to test the consis-
tency of the interpretations of the surface breaks.

In order to facilitate comparisons, Cinti et
al. (2000) arbitrarily linked the single sites of
ruptures and inferred four parallel zones of de-
formation (fig. 12a). The zones to the north for
most of their length follow mapped faults bor-
dering the basins (fig. 12a), occurring in corre-
spondence with steep slopes. In contrast, those
to the south occur where no active faults were
mapped and extend into different morphologi-
cal settings.

From the agreement between fractures, fo-
cal mechanisms and modelled fault planes
shown in fig. 12a, we see that the surface data
reflect: 1) the general orientation of the main-
shock faults below the earth’s surface (discrep-
ancy of ~30° for the 14 October fault); 2) the
prevailing extensional mechanism of ruptures
(in the NE-SW direction); 3) the dip toward
SW of the fault planes (although less con-
strained by few data). From fig. 12b, we see
that the surface data follow: 1) the NW-SE
elongation of the aftershock area; 2) the north-
eastern and southwestern boundaries of the af-
tershock distribution, except for the Costa-Cesi
site, which is on the vertical projection of a sec-
ondary plane defined by the seismicity (see
seismic section from Deschamps et al. (2000)
in fig. 12b); 3) the ~5 km-wide right step in the
fault planes and in the aftershock distribution.
This «offset» is marked by transverse structures
(see Quaternary faults from Cello et al. (1997)),
possibly responsible for the southward stress
transfer.

Since the first analysis of the ground defor-
mation in conjunction with the structural set-
ting of the area, many authors referred to a geo-
metric control of the fault plane dimensions by
pre-existing lineaments. Among others,
Meghraoui et al. (1999) introduced the concept
of «fault fragments» to explain the sequence:
that is, the dimensions of the source faults for
the three mainshocks are limited by transversal
thrusts and by basement outcropping. In the
map of fig. 12b, three main NS shear zones are
inferred. The shear zone farthest to the east is
represented by a series of sub-parallel N-strik-
ing faults (mapped by Cello et al., 1997), and

376

the zone farthest to the west extending through
Nocera Umbra has been deduced from geolog-
ical and geomorphic observations by Marra et
al. (2000). Both zones appear to confine the se-
quence; it was hypothesized that these act as
structural barriers that control the dimensions
of the seismogenic structure (Cinti et al., 2000;
Marra et al., 2000). Surface observations from
Cinti et al. (2000), such as the sharp and
aligned west edges of the Colfiorito and Costa-
Cesi basins (fig. 4), suggested the presence of a
third N-S tectonic discontinuity in the area be-
tween the 26 September mainshocks. It is worth
noting that a M4.3 shock occurred on 16 Octo-
ber (fig. 12b) in between the 26 September epi-
centers, on a NS striking, left-lateral fault plane
(based on focal mechanism and seismicity dis-
tribution). Before the 16 October event, no
faults had been associated with this plane, but
the existence of the NS discontinuity at that site
was inferred, and identified as the possible
cause of the opposite propagation direction of
the two ruptures (Amato et al., 1998; Cinti et
al., 2000). All these concepts proposed at the
beginning of the studies have been supported,
refined and developed in the time after the seis-
mic crisis by many researchers, using addition-
al analysis of detailed seismological and struc-
tural data (e.g., for segmentation model of the
faults see Chiaraluce et al., 2005; for the 16 Oc-
tober strike-slip sequence and fault reactivation
analysis see Collettini et al., 2005).

Another view of the sequence comes from
the mapping of the coseismic ground displace-
ment field obtained by Stramondo et al. (1999)
using the SAR Differential Interferometry
(DInSAR) technique (see also Salvi er al.,
2000; Lundgren and Stramondo, 2002). Figure
13 shows the relation between the location of
the surface breaks and the dislocation field de-
picted by the interferometric fringes. The ob-
servations made by Cinti et al. (2000) from this
comparison are: 1) the northeastern zone of sur-
face breaks is located in an area of very low up-
lift (2-3 cm) (see Salvi et al., 2000; Moro et al.,
2007 for detail); 2) the Costa-Cesi fractures
formed along the southern portion of the axis of
maximum subsidence, which occurred north of
Annifo. Few sites of fractures were observed in
this area of maximum deformation and most of
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Fig. 14. View and log of the southern wall of the trench dug across the Renaro surface breaks (from Pantosti
et al., 2000). The 1997 breaks correspond at depth to a well-defined fault zone. Suggestion for the occurrence
of an event before the 1997 event comes from the larger displacement of Unit 3a with respect to that of 1997,

along with a buried colluvial wedge (unit 2).

these were classified by several survey teams as
landslide phenomena (i.e. Esposito et al. 2000);
3) the fracture zone of Renaro-Mevale coin-
cides (in location and orientation) with a high
gradient depicted by the fringes for the 14 Oc-
tober event. The zone of fractures north of and
around Sellano (Mt. Lugo-Cappuccini) locates
in a zone with lower gradient. Cinti et al (2000)
concluded that the comparison between in-
ferred linear ruptures and dislocation field indi-
cates that the fractures were not random but
represented the fragile accommodation of a ver-
tical deformation at the large scale.

Several fault models have been developed
using GPS and DInSAR data, and they do not
converge to the same best-fit solutions. The
fault model proposed by Salvi et al. (2000) sug-
gests that the early 26 September rupture oc-
curred on a blind fault, while the rupture of the
“9:40” shock was shallower and intersected the
surface. For this second event, Hernandez et al.
(2004) inverted the geodetic data and obtained
a modelled fault with a larger slip patch close to
the hypocenter and a second smaller and shal-
lower slip patch to the northeastern edge of the
fault (area of Mt. Pennino). A different model
for this fault is obtained by De Martini et al.
(2003) from elevation changes analysis. These
authors suggest a blind fault with variable slip.
The models of a blind fault for the “9:40” Sep-
tember event show a general agreement with
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the very poor evidence of surface offsets in the
area northwest of Colfiorito (including Annifo
and Pennino Mt.).

4. Geological input for seismic hazard
evaluation

In this section, I will focus on several issues
brought forth by the 1997-1998 sequence that
are important for the evaluation of seismic haz-
ard in the region, as well as for areas with com-
parable seismotectonic characteristics. The
1997-1998 Umbria-Marche sequence con-
firmed the magnitude threshold of around 6 for
which we expect significant surface fracturing.
This is one of the most important outcomes of
this seismic crisis, since it validates the possi-
bility that geologists may contribute to the haz-
ard assessment in areas characterized by mod-
erate-size seismicity. Whether due to primary
or secondary faulting, these sorts of faint sur-
face effects may provide information on the
seismogenic rupture. Moreover, a multidiscipli-
nary approach and the conjunction of distinct
data sets provide the best formula for character-
izing the nature of surface faulting and its be-
haviour through time. If we determine that be-
fore the 1997 sequence, comparable earth-
quakes in the area generated similar ruptures
and at some of the same sites, then we have the



F. R. Cinti

Fig. 15. View of a remnant land surface carved in carbonate bedrock above the Colfiorito basin (Messina e al.,
2002). To the right is a two-part scheme for the evolution of the Colfiorito basin. Below that is the 1997 surface
coseismic deformation as inferred from DinSAR (Messina et al., 2002). The maximum deformation (lowering)

coincides with the deepest depocenter of the basin).

possibility of understanding how faults may fail
in the future, the recurrence of such events, and
rates of slip.

In hopes of characterizing the hazard, dur-
ing the ten years after the sequence, geologists
put their efforts into understanding the past
seismic behaviour of the 1997-1998 seismic
sources.

Two types of features were studied, the out-
cropping active faults and/or of the observed
surface ruptures. Paleoseismological tech-
niques have been the most fruitful for investi-
gating the medium to short term behaviour of
the surface-rupture-producing faults. To date,
the only paleoseismological excavations across
the surface ruptures were done by Pantosti et al.
(2000) at the Renaro site (fig. 14). The trenches
revealed that similar ruptures had occurred pri-
or to 1997, suggesting a recurrence of the
source with 1997-type earthquakes (Mmax=0).
Unfortunately, the interval of time defined for
the penultimate event (170 B.C.- pre 1997) was
too large for a direct comparison with the his-
torical seismic catalogue. The authors could not
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discriminate between primary or secondary
faulting, and generally speaking, when ruptures
are related to secondary faulting (or especially
landsliding or liquefaction) there is uncertainty
in reconstructing the seismic history of a specif-
ic source. This uncertainty may be reduced
through additional constraints, such as the col-
lection and analysis of data from many sites.
Pantosti et al. (2000) used the observational
record provided by local people for the last 50-
60 years led to exclude the possibility that the
deformation prior to the 1997 at the Renaro site
had been produced by the nearby 1979 and
1984 earthquakes (see fig. 1 for locations). The
promising results of this study should encour-
age geologists to do further paleoseismological
studies in the area.

Other studies have been conducted on the
history of the basin bounding faults and partic-
ularly on the evaluation of cumulative coseis-
mic displacements and long-term slip rates
through geomorphological data analyses (field
survey, DEM and aerial photointerpretation)
(e.g. Cello et al., 2000). Messina et al. (2002)
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analyzed remnant land surfaces and borehole
data to reconstruct the Quaternary evolution of
the Colfiorito basin and to define the present
tectonic regime (fig. 15). In contrast with other
authors (i.e. Cello et al., 1997, 2000; Chiara-
luce et al., 2005), they concluded that the evo-
lution of the basin is no longer related to the
bordering fault (see also De Martini et al., 2003
for evidence of present fault inactivity). Since
Middle Pleistocene time, a new depression has
been superimposed on the previous half-graben
whose evolution is related to the lowering of the
inner portion of the basin through warping
(figs. 15a,b). Moreover, Messina et al. (2002)
assert that the activity related to this younger
depression does not result in fault-related sur-
face displacements but only in «continuous»
deformation spread over the basins (Messina et
al., 2002). These results indicate that the diffuse
deformation observed in the 1997 sequence and
the locus of subsidence imaged by DinSAR
(fig. 15c) reflects the long-term pattern of de-
formation. Based on this consistency, Messina
et al. (2002) suggest that the recent history of
the basins results from the cumulation of defor-
mation episodes similar to those of 1997 (mag-
nitude not larger than 6).

Finally, the sequence has focused attention
on the role of tectonic fabric on controlling the
dimensions of earthquake sources. As inferred
for the 1997-1998 sequence (see section 3.2),
geometric and structural discontinuity may pro-
vide information on the propagation behavior
and dimensions of the faults, and consequently
the earthquake sizes. In this regard, a detailed
knowledge of the historic and paleoseismic his-
tory of the whole fault zone is required.

5. A lesson to remember: perspectives
on post-earthquake investigations

The Umbria-Marche sequence was a test
bed for post-earthquake intervention in the
field. It taught us that: 1) it is critical to under-
take an immediate field response and to coor-
dinate interaction between researchers to com-
pare the surface observations directly at site, in
order to avoid later debates on the record of ob-
servations. Timely response is needed since the
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ground deformation undergoes changes in time,
and minor effects are perishable. Discussions
on interpretations should be necessarily left to
after the emergency when time allows and oth-
er sources of data are available. However, the
length, size and direction of fractures have to be
documented as objectively as possible; 2) Mon-
itoring of the region in time and space is critical
to obtaining full coverage of the affected area.
This is particularly true for long-lasting se-
quences characterized by multiple shocks with
M>5 that can result in multiple episodes of de-
formation over a wide area. The southern area
of the 1997 sequence was affected by ground
movements before the nearby 14 October shock
as testified by the significant surface fractures
observed prior to that event. This may mean
that from detailed fieldwork during a seismic
crisis we can notice migration of deformation
from one area to another; 3) Frequent updates
on the development of the pattern of seismicity
is important for guiding geologists in the field.

Last but not least, we had confirmation that
increasing technological capabilities play an
important role in field investigations. For exam-
ple, most of the geologists in 1997 did not have
high quality GPS receivers for precise mapping
of the features observed in the field. Even digi-
tal cameras and telecameras were not common,
so that it was not possible to view images in the
field to make sure features were properly docu-
mented. The present technologies would allow
a good video collection and a more efficient da-
ta archive.

From this experience, the earthquake sci-
ence community became aware of the require-
ments and problems to be solved during a seis-
mic crisis and it became the impetus for effi-
cient initiatives to prepare for future possible
events. Several groups involved in the full spec-
trum of earthquake investigations (GPS, strong
motion, geotechnical, damage distribution,
seismic network, geology) started to organize
for post-earthquake response. Regarding earth-
quake geology, in 2002 scientists and techni-
cians from the Istituto Nazionale di Geofisica e
Vulcanologia (INGV) formed a team called
EMERGEO for coordinating geological field
surveys in areas hit by moderate-to-large earth-
quakes. Response protocol prescribes proce-



F. R. Cinti

dures to follow during the emergency and
guidelines for collecting surface data in the
field and for creating real-time maps.

The underlying message is that scientists
have the responsibility to document the location
and surface extent of fracturing in post-earth-
quake studies as completely and reliably as pos-
sible, both for immediate scientific and social
benefit and to provide high-quality data to fu-
ture investigators.
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