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Abstract

This paper forms the Introduction to this Special Issue of Tectonophysics, devoted to selected scientific research
presented during events sponsored by the INQUA Subcommission on Paleoseismicity in the past few years. In this
note, we summarize the contents of the contributed papers and use the issues they raise to review the state-of-the-art in
paleoseismology from a Quaternary geology perspective. In our opinion, the evolution of paleoseismological studies in
the past decade clearly demonstrates that in order to properly understand the seismic potential of a region, and to
assess the associated hazards, broad-based/multidisciplinary studies are necessary to take full advantage from the
geological evidence of past earthquakes. A major challenge in future paleoseismic research is to build detailed
empirical relations between various categories of coseismic effects in the natural environment and earthquake magni-
tude/intensity. These relations should be compiled in a way that is fully representative of the wide variety of natural
environments on Earth, in terms of climatic settings, Quaternary tectonic evolution, rheological parameters of the
seismogenic crust, and stress environment. For instance, available data indicate that between earthquake magnitude and
surface faulting parameters different scaling laws exist, and they are a function of the local geodynamic setting
(including style of faulting, typical focal depths, heat flow). In this regard, we discuss in some detail the concept of
seismic landscape, which provides the necessary background for developing paleoseismological research strategies. The
large amount of paleoseismological data collected in recent years shows that each earthquake source creates a signature
on the geology and the geomorphology of an area that is unequivocally related with the order of magnitude of its
earthquake potential. This signature is defined as the seismic landscape of the area (e.g., Serva, L., Vittori, E., Ferreli,
L., Michetti, A.M., 1997. Geology and seismic hazard. In: Grellet, B., Mohammadioun, B., Hays, W. (Eds.),
Proceedings of the Second France—United States Workshop on Earthquake Hazard Assessment in Intraplate Regions:
Central and Eastern United States and Western Europe, October 16, 1995, Nice, France, 20-24, Ouest Editions, Nantes,
France; Michetti, A.M., Hancock, P.L., 1997. Paleoseismology: understanding past earthquakes using quaternary geology.
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Journal of Geodynamics 24 (1-4), 3—10). We then illustrate how this relatively new framework is helpful in understanding
the seismic behavior of faults capable of producing surface faulting and provides a comprehensive approach for the use of

paleoseismicity data in earthquake hazard characterization.
© 2005 Elsevier B.V. All rights reserved.

Keywords: Paleoseismology; Seismicity; Quaternary; Geomorphology; Seismic hazard

1. Introduction

Paleoseismology is the study of ground effects
from past earthquakes as preserved in the geologic
and geomorphic record. Through the integration of
geology (primarily Quaternary), seismology, archae-
ology, history, and tectonic information, paleoseismic
research provides data and criteria for (a) quantifying
the rates of ongoing tectonic activity in a region
(e.g., Vittori et al., 1991; McCalpin, 1996; Michetti
and Hancock, 1997; Yeats et al., 1997), (b) under-
standing the influence of this activity on the local
landscape (e.g., Wallace, 1984; Audemard, 1999;
Serva et al.,, 2002), and (c) constraining structural
and seismological models of fault behavior and
growth (e.g., Wesnousky, 1988; Cowie, 1998;
Gupta et al.,, 1998; Wesnousky, 2000; Roberts and
Michetti, 2004).

These research lines broadly summarize the main
fields of investigation that can significantly benefit
from paleoseismic analyses. Paleoseismology is a
young and developing discipline and, under several
respects, is still lacking firm methodological para-
digms. However, the past decades of research have
made quite clear which are the most relevant direc-
tions for paleoseismological studies in the near
future. This paper describes some of the major
implications of research performed for two
INQUA inter-congress periods of activity in the
framework of the Subcommission on Paleoseismi-
city (1995-2003), and provides an outline of the
general scope of paleoseismic investigations neces-
sary to develop appropriate data for seismic hazard
analyses.

In addition, this paper provides an introduction to
this Special Issue on “Paleoseismology, integrated
study of the Quaternary geological record for earth-
quake deformation and faulting”, arising from selected
research presented during three INQUA Subcommis-

sion on Paleoseismicity sponsored events in the past 5
years.'

2. Paleoseismology: looking for paradigms

Fault trench investigations, and in general the study
of all categories of seismites (sensu Vittori et al.,
1991), are aimed at determining the seismic nature
of the features under observation, and the magni-
tude(s) and date(s) of the causative earthquake(s). A
proper understanding of the local seismic and geolo-
gical setting (in other words, of the seismic landscape:
Serva and Slemmons, 1995; Serva et al., 1997,
Michetti and Hancock, 1997), in terms of recent tec-
tonic and climatic evolution, crustal stress environ-
ment (e.g., Mohammadioun and Serva, 2001; Scholz,
2002), style of faulting, fault slip rates, and Quater-
nary geomorphic—stratigraphic framework, is the cru-
cial requirement for achieving these goals. The
resulting data on location, magnitude, and recurrence
of large earthquakes form the basic input to seismic
hazard analyses, with the goal of characterizing the
risk to the built environment from earthquakes.

The methodology and techniques for paleoseismo-
logical characterization of source parameters, however,
are still evolving. Work conducted in the past decade
has shown that “standards” in paleoseismology have a
very short life, because this is a relatively new field of
scientific investigation, and the methodologies have

! (1) XVI INQUA Congress, Durban, South Africa, August 3—10,
1999, Session and Workshop P4, “Quaternary geology, Paleoseis-
micity and seismic hazard assessment for critical facilities such as
nuclear power plants”.(ii) 31st IGC, Rio de Janeiro, Brazil, August 6
to 17, 2000, Special Symposium E-3, “Active Tectonics, Geomor-
phology, Paleoseismicity”(iii) INQUA-PAGES-BRUNEL Confe-
rence, Uxbridge, West London UK, Aug. 27-Sept. 3, 2002,
Session SS4a “Holocene Paleoseismicity: geological criteria for
mitigating future seismic catastrophes”.
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evolved to encompass very broad and multidisciplinary
approaches for characterization of past earthquakes.
The following sections describe the major issues and
provide recommended approaches for paleoseismic
investigations, with specific emphasis on integration
of multiple data sets for robust characterization of the
magnitude and recurrence of earthquakes.

Given that a fault has been identified as a potential
earthquake source, the critical task for paleoseismic
investigations is to estimate the magnitude, recurrence
rate, and timing of paleoearthquakes. Approaches in
estimating magnitudes of paleoearthquakes commonly
are based on empirical relationships between rupture
parameters (surface length and displacement) and mag-
nitude (described in Wells and Coppersmith, 1994;
Stirling et al., 2002). The earthquake recurrence rate
is a function of the fault slip rate and earthquake
magnitude, and it has a direct effect on the seismic
hazard associated with the fault because average earth-
quake recurrence intervals tend to decrease as slip rates
increase (e.g., Roberts et al., 2004). Paleoseismic data
developed in recent years and in a variety of tectonic
settings (e.g., Swan, 1988; Crone and Luza, 1990;
McCalpin and Nishenko, 1996; Benedetti et al.,
2002; Zilberman et al., 2005—this volume) clearly
show that for some fault zones, temporal clustering of
paleoearthquakes is more of a rule than an exception.
Historical seismicity records of several regions world-
wide, in fact, also indicate that sequences or clusters of
earthquakes may be separated by much longer periods
of quiescence (e.g., Ambraseys et al., 1994, 2002, for
the Near East; Postpischl, 1985a,b, for Italy). If earth-
quake sequences on a given fault exhibit temporal
clustering, analysis of paleoearthquake dates and slip
rates will allow only qualitative evaluations of the
timing of future events, unless both the short-term
and long-term recurrence behavior of that fault is
very well constrained. Considerable debate has ensured
regarding the applicability of various types recurrence
models (for a comprehensive review see, for instance,
Scholz, 2002; and references herein).

Of course, even if the interpretation of paleoseismic
data describing the distribution of seismicity through
time requires particular prudence, this only emphasizes
the need to develop better constraints on and reduce
uncertainty in paleoearthquake dates, earthquake recur-
rence intervals, and fault slip rates. One essential strat-
egy is to compare information from several categories

of paleoseismic evidence. Off-fault evidence for past
earthquakes, such as seismite layers and other soft
sediment deformations (e.g., Ken-Tor et al., 2001;
Marco and Agnon, 2005—this volume; Mborner,
2005—this volume), liquefaction (e.g., Talwani and
Cox, 1985; Amick and Gelinas, 1991; Tuttle, 2001;
Guccione, 2005—this volume), stream response to
gradient changes (e.g., Russ, 1982; Schumm et al.,
2000; Guccione, 2005—this volume), broken spe-
leothems (e.g., Lemeille et al., 1999), tsunami deposits
and turbidites (e.g., Clague et al., 2000; Schnellmann et
al., 2002; Morner, 2005—this volume), landslides
(e.g., Bell et al., 1998; Dramis and Blumetti, 2005—
this volume; Rust, 2005—this volume), and damage to
man-made structures (e.g., Ellenblum et al., 1998; in
this volume, see the papers by Piccardi; Silva et al.;
Zilberman et al.; and reference herein) are all useful for
assessing paleoearthquake dates and magnitudes, and
earthquake recurrence rates, and should be consistently
combined with fault trench results.

Fault trenching investigations are critical to
paleoseismic analysis because they have the poten-
tial to provide a direct assessment of the amount
and timing of fault movement. However, it should
be noted that not always trench investigations along
a fault segment are in fact able to capture all recent
surface faulting events which occurred along that
segment. For instance, the earthquake rupture may
not occupy exactly the same trace every time.
Capable faults? might be prominent, composite tec-
tonic structures, especially when viewed at the scale
of a trench excavation site (tens to a few hundreds of
meters). Typically fault zones are wider and more
complex at bends of the fault trace in map view, or
within stepovers. Their surface expression might be
distributed over a significant fault width across strike,
and often includes a set of second-order surface rup-
tures, such as antithetic, en-echelon, and release faults.

Strong normal faulting earthquakes from the
extensional provinces of Italy and Greece, for
instance, typically reactivate only some of the sev-
eral Holocene fault scarps developed during the
growth of the causative capable fault segment

2 Capable faults are those active faults that have the potential for
generating displacement at or near the ground surface (e.g., Azzaro
et al., 1998; TAEA, 2002), and therefore can be directly studied
through exploratory trenches.
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(e.g., Jackson et al., 1982; Westaway and Jackson,
1984; Stewart and Hancock, 1988, 1991; Michetti et
al., 2000; Porfido et al.,, 2002; Morewood and
Roberts, 2002; Papanikolau et al., 2005—this
volume). The Irpinia—Lucania area in Italy is a
very clear example of how important timing of
events is in capturing a full understanding of fault
behavior for hazard analysis. This area was hit by
an Mg 6.9, intensity X (MCS scale) earthquake on
November 23, 1980, and by an intensity X earth-
quake on September 8, 1694 (Serva, 1981; Post-
pischl, 1985a,b). The reported damage, ground
effects and isoseismal maps for the two earthquakes
are nearly identical, which strongly suggest that they
were generated by the same seismogenic source
(Porfido et al., 2002). However, trench investiga-
tions along the surface ruptures that accompanied
the November 23, 1980, M6.9, Irpinia—Lucania nor-
mal faulting earthquake in Italy demonstrated that
surface faulting apparently did not occur at these
sites during the 1694 earthquake as the penultimate
event is constrained to have occurred at least 1500
to 2000 years before present (Pantosti et al.,
1993a,b). Evidence for the 1694 surface rupture is
therefore likely preserved along other Holocene
scarps that did not break during the 1980 event
(Salvi and Nardi, 1991; Porfido et al., 2002), or at
other sites along the 1980 ruptures. Coseismic sur-
face faulting was in fact quite extensive, including
an over 40-km-long main rupture (Westaway and
Jackson, 1984; Pantosti et al., 1993a,b), a 7-km-
long, cross-fault rupture in the Senerchia area within
the footwall of the main rupture (Cinque et al.,
1981), and at least two parallel, ca. 8-km-long,
antithetic ruptures in the Muro Lucano area (Blu-
metti et al., 2003; Porfido et al., 2002).

Available paleoseismic data sets are generally
insufficient to provide robust estimates of the varia-
bility in earthquake recurrence intervals or to precisely
estimate fault slip rates (Grant, 2002). However, the
identification of and precise dating of large magnitude
paleoearthquakes provide data that can be used to
assess whether seismic hazard evaluations based
only on historical and instrumental seismicity ade-
quately model the recurrence of large magnitude
earthquakes. The case of the “aseismic” Pollino region
in Southern Italy is emblematic in this regard (e.g.,
Michetti et al., 2000).

The variability or uncertainty in recurrence rates
can easily be addressed in hazard analysis through
the use of logic trees or Monte Carlo simulations.
The more difficult issue is to adequately estimate the
variability/quantify the uncertainty in recurrence inter-
vals/slip rates. However, inclusion of uncertainty in
hazard analysis is necessary to adequately evaluating
the hazard, specifically to avoid significantly under-
estimating seismic hazard (e.g., Glirpinar, 2005—this
volume).

3. Lessons learned from the intensity scales

It is well known that seismic events produce
effects on the geological environment, especially if
hypocentral depth is shallow (say, less than 20 km)
and magnitude is significant (say, more than 5).
Most earthquake intensity scales adequately consider
these effects (for a comprehensive analysis of the
environmental phenomena considered in the Mer-
calli-Cancani—Sieberg (MCS), Modified Mercalli
(MM), and Medvedev—Sponheuer—Karnik (MSK)
intensity scales, see Dengler and McPherson, 1993;
Serva, 1994; Esposito et al., 1997). In paleoseismol-
ogy, when geologists assess the magnitude of past
earthquakes, a single category of paleoseismic evi-
dence (such as fault rupture length or surface displa-
cement, size of liquefaction features, and amount of
coseismic uplift of shorelines) is generally used.
However, it is useful to check the assessed magnitude
for consistency with other phenomena (mainly ground
shaking effects in the epicentral area, such as quality
and quantity of landslides, changes in topography,
tsunamis) that are described in the intensity scales at
the intensity degree coherent with the assessed mag-
nitude and focal depth, and with the local geologic—
geomorphic setting. This is one of the main rationales
for the newly proposed INQUA intensity scale
(Michetti et al., 2004), which is only based on ground
effects. The full discussion of the INQUA scale is
available in the ad hoc paper presented at the XVI
INQUA Congress in Reno (Michetti et al., 2004).
Here we use the INQUA scale to show that when
shallow crustal (hypocentral depth in the order of 10
to 20 km) seismic events with epicentral intensity
>VIII in the MM scale (which can be considered
equivalent to intensity VIII or higher in the INQUA,
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Fig. 1. Diagram showing relations between epicentral intensity and
surface faulting ([A] maximum displacement, MD; [B] surface
rupture length, SRL) parameters for crustal earthquakes (hypocen-
tral depth in the order of 10 to 20 km); data from seismic events
listed in Table 3 of Michetti et al. (2004); regressions of epicentral I
on MD and SRL give the equations represented by the solid lines in
panels (A and B), respectively.

MCS, and MSK scales)3 are considered, in terms of
geological evidence there is no “blind” earthquake
source. For strong seismic events, coseismic effects
on the natural environments are so clear and wide-
spread that their cumulative expression over a geolo-
gical time interval can be recognized in the field.
Obviously, confirming the seismically-triggered origin
of some features is often not an easy process (e.g.,
Hanson et al., 1999). However, investigations to cat-

3 For a detailed comparison among the scales, see Shebalin et al.
(1974); Krinitsky and Chang (1988); Reiter (1991).

alog the extent of ground effects and their repeated
occurrence over time typically enable an observer to
detect the presence of a tectonic structure capable of
generating large magnitude earthquakes.

A similar observation was made by Lettis et al.
(1997), in that reverse earthquakes, including “blind”
thrust earthquakes, were associated with recognizable
deformation of surficial geologic deposits or quantifi-
able tectonic deformation of landscapes. A compilation
of epicentral intensity values for more than 70 earth-
quakes accompanied by surface faulting phenomena
(and mostly belonging to the same set of events studied
by Wells and Coppersmith, 1994) shows a significant
correlation between surface rupture length, maximum
displacement and epicentral intensity (Fig. 1). It is
evident that intensity VIII MM (or MCS or MSK) is
the threshold at which surface faulting becomes a con-
sistently detectable and quantifiable phenomenon.
When surface faulting cannot be observed, for instance
because the causative fault is located offshore or the
fault does not rupture to the ground surface, a wide
range of other ground effects can be investigated, as
shown in Appendix A. As an example of this
approach, Guccione (2005—this volume) describes
the extensive use of ground surface features in the
New Madrid seismic zone for identification and char-
acterization of past earthquakes.

4. Paleoseismology and seismic hazard assessment

Paleoseismology in the past decades has been used
for investigating a variety of earthquake characteristics
such as distribution of slip along the strike (e.g.,
Roberts and Michetti, 2004; Papanikolau et al.,
2005—this volume), deformation rates in active tec-
tonics regions (e.g., Collier et al., 1998; Papanikolau et
al., 2005—this volume); for assessing the dates of
earthquakes and intra-event recurrence intervals to cal-
culate time-dependent probabilities of earthquake
occurrence (McCalpin and Nishenko, 1996; Working
Group on California Earthquake Probabilities, 2003),
evaluating the distribution of damage and ground
effects (in order to model possible future scenarios;
e.g., Momer, 2005—this volume; Zilberman et al.,
2005—this volume), site effects (e.g., Silva et al.,
2005—this volume), and testing magnitude—frequency
distribution models (e.g., Wesnousky et al., 1983;
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Schwartz and Coppersmith, 1984; Wesnousky and
Leffler, 1992; Roberts, 1996; Grant, 2002). However,
seismic hazard assessment remains the most relevant
framework for paleoseismic analyses worldwide, and is
in fact the fundamental basis for most of the research
listed above. In our opinion, without a solid context of
seismic hazard analysis, paleoseismology might easily
loose internal consistency, and become a rather aca-
demic exercise. It is therefore convenient, at this point,
to review the seismotectonic background in which
paleoseismic studies must be incorporated (e.g.,
Allen, 1975; 1986; Slemmons and dePolo, 1986; Cop-
persmith, 1991; Giirpinar, 2005—this volume).

As already pointed out, some of the coseismic phe-
nomena described in the intensity scales, or their cumu-
lative effects, are used for the recognition of past
earthquakes. Fig. 2 summarizes the main steps required
to produce a reliable database for seismic hazard ana-
lyses (see also TAEA, 2002; Giirpinar, 2005—this
volume).

Geological-geomorphological mapping provides
the basic tool for defining the stratigraphy, structural
geology and tectonic history of the region. The tectonic
history should be very well characterized for the more
pertinent recent periods. For instance, Late Pleistocene
to Holocene is generally the appropriate time-window
for interplate regions, while Pliocene to Quaternary is
often best for intraplate regions. Use of age dating, of
any applicable methodology, is strongly recommended
to assess the age and timing of deformation of strati-
graphic units or geomorphic features.

For the understanding of the current tectonic
regime and rates of activity, the following should be
used: aerial photographs, remote sensing data (such as
those derived from satellite imagery), GPS and inter-
ferometry data, strain rate measurements, mapping
and analysis of Quaternary formations and/or land-
forms (such as terrace analysis and investigation of
drainage network evolution), and pedological and
sedimentological studies. Usually, it is necessary to
perform detailed geomorphological-geological map-
ping, geophysical prospecting, or subsurface investi-
gation to fully characterize the identified structures.
Subsurface information derived from geological and
geophysical investigations (such as drilling, seismic
reflection and refraction, gravimetric, electric and
magnetic techniques) is also useful to spatially char-
acterize the identified structures in terms of geometry,

extent, and rate of deformation. Heat flow data could
also be useful.

Investigations should be done in sufficient detail
such that the causes of each relevant recent (according
to the pertinent time-window for the specific local
tectonic environment) geological and geomorphologi-
cal feature, such as linear topographic or structural
features seen on photographs, remote sensing imagery
or geophysical data, might be properly included in a
reasonable model for the recent geological evolution
of the area.

Based on the framework of information needed for
seismic hazard analysis (described above), paleoseis-
mic data are of decisive value in the following fields:

a) Identification of the relevant earthquake sources,
such as capable faults (following the well-estab-
lished regulatory terminology arising from the seis-
mic hazard assessment for nuclear power plants;
e.g., IAEA, 2002; Giirpinar, 2005—this volume;
see also California Geological Survey, 1997; New
Zealand Ministry for the Environment, 2003) or
other active tectonic structures (such as deep struc-
tures within subduction zones). Recognition of
effects of past earthquakes in the region, such as
fault scarps (Papanikolau et al., 2005—this
volume), soft-sediment deformation (Marco and
Agnon, 2005—this volume) and liquefaction fea-
tures (Guccione, 2005—this volume), is useful for
this goal.

b) Estimation of the maximum potential earthquake
for a given seismogenic structure. This is typically
performed using (i) empirical relations between
fossil ground effects (such as displacement per
event and/or rupture length from paleoearthquake
scarps studies; e.g., Papanikolau et al., 2005—this
volume) and magnitude, and (ii) seismic landscape
scales (as discussed below; see also Dramis and
Blumetti, 2005—this volume), using the integrated
evidence of recurrent coseismic effects (for
instance, using slip rates for evaluating the cumu-
lative effects of several surface faulting earth-
quakes) over a geological time interval.

c) Precise identification and dating of pre-historic
earthquakes. For instance, trenching across youth-
ful fault scarp/traces allows for assessment of the
location of capable fault traces, and measurement
of size (e.g., using the thickness of colluvial
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Fig. 2. Proposed flow chart methodology for the use of paleoseismology in seismic hazard assessment; adapted from Audemard (1989). For an approach specifically defined for
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wedge(s); e.g., McCalpin, 1996; Audemard,
2005—this  volume; McCalpin, 2005—this
volume; Zilberman et al., 2005—this volume)
and age (when suitable sediments for dating are
encountered) of past event(s).

d) Quantification of seismic source parameters from
a, b, and c, for input to probabilistic and determi-
nistic hazards analyses.

e) Calibration or checks of probabilistic hazards ana-
lyses. The assessed seismic hazard must be in
agreement with the paleoseismological evidence
(e.g., Giirpinar, 2005—this volume). If an M7
earthquake is hypothesized, for instance, along a
crustal normal fault, evidence for surface faulting
of the appropriate dimension should be found in
the field. Otherwise, the hypothesis is wrong and
the entire process should be reconsidered.

From the five points listed above, there are several
critical issues to be discussed in greater detail, speci-
fically (A) the applicability of empirical relations
between surface faulting and magnitude, and (B)
how the concept of seismic landscape is useful in
understanding seismic behavior and hazards.

5. Empirical databases, seismic landscape, and the
value of Quaternary geological evidence for
understanding seismicity

(A) The most widely used correlations between
surface faulting characteristics and earthquake magni-
tude are the ones derived by Wells and Coppersmith
(1994). Wells and Coppersmith (1994) clearly indicate
that the proposed regressions (a) show large standard
deviations and (b) are derived from crustal earth-
quakes and cannot be applied to all tectonic environ-
ments in the Earth. This is usually ignored and it is
common practice in the scientific literature to just use
the regression lines as “true” physical laws.

Fig. 3, modified from Mohammadioun and Serva
(2001), serves to illustrate this point. It shows a
comparison between data from the Apennines, the
eastern flank of Mount Etna Volcano in Sicily, and
the Wells and Coppersmith (1994) database. First, it is
possible to note that the Apennines earthquakes are in
good agreement with the worldwide data. They also
show that the magnitude threshold for surface faulting
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Fig. 3. Earthquake surface rupture length vs. moment magnitude
(M) for earthquakes in the Central and Southern Apennines
(circles), the eastern flank of Mt. Etna Volcano (squares), and data
from Wells and Coppersmith (1994; dots). Adapted from Moham-
madioun and Serva, 2001.

in the Apennines, and elsewhere, lies in the range of
5.5 to 6.0. This is illustrated by the September 26,
1997, M5.7 and 6.0 Colfiorito (Vittori et al., 2000),
and the September 9, 1998, M5.6 Lauria (Michetti et
al., 2000; Serva et al., 2002) earthquakes. This obser-
vation further challenges the commonly accepted pre-
mise that earthquakes of magnitude 5.5 to 6.0 do not
produce surface rupture. Engineers may not be very
concerned about surface rupture for these smaller
earthquakes because the displacements are small and
are not significant for most structures. However, in
countries characterized by ancient building stocks,
and high vulnerability, such as in Europe, the Medi-
terranean region, and the Middle East, geological
identification of faults capable for small offset per
event might be extremely valuable for earthquake
risk mitigation.

Second, and perhaps more important, data from
eastern Sicily illustrate that the Wells and Coppersmith
(1994) relationships, in some cases, can be also sig-
nificantly inadequate to estimate magnitudes (another
data set that addresses this issue is Hanks and Bakun,
2002). Along the eastern flank of the Mt. Etna volcano,
a set of capable faults including the Moscarello
fault (a normal fault segment located at the northern
end of the well-known Malta escarpment; Azzaro et
al., 2000), during modest but shallow tectonic earth-
quakes produces surface faulting. As shown in Fig. 3,
data from this area follow an entirely different length—
magnitude scaling, due to the peculiar local tectonic
conditions. As pointed out by Mohammadioun and
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Serva (2001), the apparent difference in scaling
observed in the Mt. Etna earthquakes shows that
it is worthwhile to conduct further investigation to
see if other geographic regions/tectonic settings are
different from the worldwide data sets. In any case,
this effort will provide regional relationships that are
more representative of the local crustal stress environ-
ment (for instance, see Ambraseys and Jackson, 1998;
Ambraseys et al., 2002; Pavlides et al., 2000, for the
Eastern Mediterranean region; and Stirling et al., 2002,
for New Zealand), and more appropriate for earthquake
hazard characterization.

(B) It is obviously always best to build up a
specific database that will allow a reliable estimate
of magnitude for the events identified by paleoseis-
mological techniques. In this line, the concept of
“seismic landscape”, defined as the cumulative geo-
morphological and stratigraphic effect of the signs left
on the environment of an area by its past earthquakes
over a geologically recent time interval, provides a
suitable framework for the study of seismic behavior
and hazards. It is important to emphasize that the term
seismic landscape refers first of all to a conceptual
landscape (Serva et al., 1997; Michetti and Hancock,
1997). It is quite evident that the magnitude given to a
seismic event identified, for instance, by trenching
analyses should be consistent with the geomorphol-
ogy and stratigraphy of the area (refer to the Oca-
Ancoén fault case in Audemard, 2005—this volume).
In landscapes where surface displacements and defor-
mation by young faulting exceeds the destructive or
concealing action of erosion and sedimentation, this
comparison is a relatively straightforward task. Many
surface effects of an earthquake, including faulting,
liquefaction, landslides, coastline uplift, subsidence,
repeated over a tectonic cycle, generate a specific
local topographic and stratigraphic expression,
which to be interpreted properly must be distinguished
from non-tectonic effects. The paper by Guccione
(2005—this volume), among others, clearly demon-
strates that this is true even if sedimentation rates are
much greater than fault slip rates. In a geomorphic
environment dominated by fluvial deposition and ero-
sion, such as the Mississippi Valley in the Reelfoot
Rift zone (epicentral area of the 1811-12 New Madrid
seismic sequence), the cumulative Holocene evidence
for paleoseismicity, that is, the local seismic land-
scape, is indicated by, and must be investigated

through, the analysis of extensive liquefaction fea-
tures, short-lived folds and scarps, and stream/river
drainage anomalies.

More in general, assuming that recurring earth-
quakes are not random in time, space and magnitude,
as clearly indicated by the Quaternary geological
evidence (Allen, 1975; Slemmons and dePolo,
1986; Michetti and Hancock, 1997), it is a reasonable

10 15 20 Kmly

Fig. 4. Shaded relief map showing comparison between topography
and contemporary earthquake surface faulting (in red) for two
intermountain basins in Central Italy, (A) the Fucino basin, affected
by the January 13, 1915, Mg 7.0 earthquake (Michetti et al., 1996),
and (B) the Colfiorito basin, affected by the September 26, 1997, M
5.6 and 6.0 earthquakes (Vittori et al., 2000). The differences in the
geomorphology of the two basins are consistent with the repeated
occurrence of similar earthquakes of different magnitude and rup-
ture length over the Quaternary, so that it is possible, within the
extensional setting of the Apennines, to define (A) as a M7-type
seismic landscape, and (B) as a M6-type seismic landscape. For a
full discussion, see Serva et al. (2002), from which this figure is
adapted. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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working hypothesis that earthquakes should influence
the evolution of an area in such a way as to enable an
observer to recognize features in the local geologic
landscape that are diagnostic of general magnitudes
of earthquakes (e.g., M 6, M 7, M 8). The main con-
trolling factors for this “seismic landscape” are (a) the
geodynamic setting in which the seismic source is
located, including style of faulting, rate of tectonic
activity, and the thickness and rheology of the seismo-
genic layer, (b) the local climatic, geomorphic, sedi-
mentary, and anthropic environment and the
Quaternary history, because the cumulative effect at
or near the surface also depends on rates of erosion and
deposition. Within a region, a seismogenic structure
capable of, say, M 7 earthquakes appears to form a
characteristic seismic landscape that is different from
the seismic landscape formed by a structure capable
only of M 6 earthquakes. In most cases, and especially
where tectonic deformation dominates over erosional/
depositional processes and controls the morphogenesis
of the region, these different seismic landscapes are
associated with a distinctive geomorphic expression. A
specific example in Italy is the relative size of the
Fucino and Colfiorito basins, which are bounded by

active normal faults that have ruptured in earthquakes
of ~M 7 and ~M 6, respectively (Fig. 4).

However, taking into account that stratigraphy is
the sedimentary record of buried, fossil environments,
we emphasize again that the term seismic landscape is
used here to indicate the full range of geological
effects resulting from significant earthquakes. In cou-
pling geomorphology and recent stratigraphy, it is
possible to define a scale of seismic landscapes, con-
ceptually equivalent to a magnitude (or intensity)
scale, that provides input values for the seismic hazard
assessment in terms of location, geometry, seismic
potential and rates of activity of the relevant earth-
quake sources. To reach this goal, the following meth-
odological approach is recommended. First, the
location, geometry and seismic potential (magnitude
and rate of occurrence of the “characteristic” earth-
quake) of possible relevant earthquake sources in the
region should be analyzed following the approach
recommended in Fig. 2. Second, according to the
assessed seismic potential, the expected assemblage
of paleoseismic features should be defined. Third, the
resulting hypotheses should be tested against the
paleoseismic evidence in the field, near each outlined
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Fig. 5. Diagram of earthquake magnitude—frequency vs. the geomorphic evidence of capable faults in areas where tectonic rates exceed climatic
rates of landscape modeling. Following Serva et al. (2002), data from the Fucino and Colfiorito basin in Fig. 4 have been included; it is quite
evident that the two basins are representative of two different seismic landscapes, characterized by M7 and M6 earthquakes, respectively.

Modified from Slemmons and dePolo (1986).
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source, and also in the subsurface (e.g., using explora-
tory trenching). If the paleoseismological evidence
does not fit the assessed earthquake magnitude and
recurrence, the adopted seismic landscape is wrong,
and the described methodological steps should be
reconsidered, until a proper calibration of the source
parameters is obtained. This approach guarantees that
the assessed magnitude and recurrence are consistent
with the geological, geomorphic and paleoseismic evi-
dence around the causative earthquake source(s).

As noted above, Fig. 4 represents, in a way, the
concept expressed above. It is clear that the shape of
the two Apennines intermountain basins shows the
cumulative effects of repeated earthquakes of a
“characteristic” magnitude and recurrence over a geo-
logical time interval, in this case basically the Quatern-
ary period (Serva et al., 2002, and reference herein).

Slemmons and dePolo (1986) described a similar
concept using typical relations between slip rates and
geomorphic expression of capable faults from world-
wide observations (Fig. 5, adapted from Serva et al.,
2002, to include the examples of the two basins
shown in Fig. 4). The concept of seismic landscape
is a logical extension of the Slemmons and dePolo
(1986) approach, suitably developed to take full
advantage from the Quaternary geological evidence
of all types of coseismic ground effects.

6. Paleoseismology, integrated study of the
Quaternary geological record for earthquake
deformation and faulting: a Special Issue

This Special Issue presents selected state-of-the-
art paleoseismic studies from the perspective of sev-
eral years (1995 to present) of activity of the
INQUA Subcommission on Paleoseismicity. The
contributed papers in this issue have been ordered
following first a methodological criterion, and then
according to the pertinent geographical and Quater-
nary tectonic setting. The first paper by Giirpinar
gives the engineering needs of a “user” of paleoseis-
mic results, which provides a context for paleoseis-
mological studies in the seismic hazard assessment
of critical facilities, such as dams, chemical/petro-
chemical facilities and nuclear power plants. The
paper by Audemard, based on the experience of
several decades of research in Venezuela, gives,

arguably for the first time in the international scien-
tific literature, the basic technical guidelines on how
to plan and conduct a paleoseismic investigation
using exploratory trenches. Ota et al. (2005—this
volume) illustrate the extraordinary advance of
paleoseismic investigations that occurred in Taiwan
following the recent My 7.6 1999 Chi-Chi earth-
quake. Zilberman et al., and Marco and Agnon,
introduce different methodological approaches and
results from paleoseismic studies along the Dead
Sea transform fault. From a different tectonic setting,
Piccardi describes paleoseismic research along
another major strike—slip structure, the right-lateral
Gargano fault system in the Apulia foreland, Italy.
Similar to the studies in Israel, his study takes
advantage of historical and archaeological evidence.
The evidence for archaeoseismology is also the main
focus of Silva et al. in analyzing the possible envir-
onmental and site effects recorded at the Roman
town of Baelo Claudia, in southern Spain.

Moving to a normal faulting environment, Papani-
kolau et al. use paleoseismic and fault slip rate data to
describe and quantify ongoing crustal extension in the
Central Apennines of Italy. Dramis and Blumetti pre-
sent a wide review of the relations between earthquakes
and geomorphology in the Mediterranean region, espe-
cially focusing on surface deformation and displace-
ment from combined tectonic and gravitational
processes.

Landscapes characterized by gravitational defor-
mation and earthquake faulting are also the focus of
Rust, who describes the paleoseismological features
of the Big Bend region of the San Andreas fault in the
Transverse Ranges of California. Moving eastward
from the strike—slip deformation in California to the
Basin and Range extensional province, McCalpin
describes Quaternary deformation in the Rio Grande
Rift of New Mexico.

Guccione describes the paleoseismic investigations
in the intraplate setting of the Mississippi Valley
region of the central U.S., and Morner describes the
remarkable Latest Pleistocene to Holocene paleoseis-
mic catalogue of Sweden, providing a comparison of
the two stable cratonic regions.

In summary, this volume of work shows how Qua-
ternary, and frequently late Quaternary, geological evi-
dence provides critical data for interpreting and
extending the study of the seismicity of a region
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beyond the historical record, resulting in a more robust
characterization of the seismic hazards to the built
environment.
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Comparison between the INQUA scale and the Modified Mercalli scale (Wood and Neumann, 1931) for the
grades VIII and above (from Michetti et al., 2004); in the INQUA scale, text in italics refers to those effects
directly usable to define an intensity degree (e.g., jumping stones, soil cracking, surface faulting).

Intensity ~ Modified Mercalli scale of 1931

INQUA Scale

VI Fright general—alarm approaches panic. Disturbed persons
driving motor cars. Trees shaken strongly—branches, trunks,
broken off, especially palm trees. Ejected sand and mud in
small amounts. Changes: temporary, permanent; in flow of
springs and wells; dry wells renewed flow; in temperature of
spring and well waters. Damage slight in structures (brick)
built especially to withstand earthquakes. Considerable in

ordinary substantial buildings, partial collapse:

furniture.

Considerable effects on the environment

Primary effects observed rarely. Ground ruptures (surface
faulting) may develop, up to several hundred meters long,
with offsets generally smaller than 5 cm, particularly for very
shallow focus earthquakes, such as volcano-tectonic events.
Tectonic subsidence or uplift of the ground surface with
maximum values on the order of a few centimeters may occur.

racked,  Fractures up to 25-50 cm wide are commonly observed in
tumbled down, wooden houses in some cases; threw out
panel walls in frame structures, broke off decayed piling.
Fall of walls. Cracked, broke, solid stone walls seriously.
Wet ground to some extent, also ground on steep slopes.
Twisting, fall, of chimneys, columns, monuments, also factory
stack, towers. Moved conspicuously, overturned, very heavy

loose alluvial deposits and/or saturated soils; in rare cases
fractures up to 1 ¢cm can be observed in competent dry rocks.
Decimetric cracks common in paved (asphalt or stone) roads,
as well as small pressure undulations.

Springs can change, generally temporarily, their flow rate and/
or elevation of outcrop. Some small springs may even run dry.
Variations in water level are observed in wells.

Water temperature ofien changes in springs and/or wells.
Water in lakes and rivers frequently becomes muddy.

Small to moderate (10°~10° m?) landslides widespread in
prone areas; they rarely can occur also on gentle slopes;
where equilibrium is unstable (steep slopes of loose/saturated
soils; rock falls on steep gorges, coastal cliffs) their size is
sometimes large (10°-10° m®). Landslides can occasionally
dam narrow valleys causing temporary or even permanent
lakes. Ruptures, slides and falls affect riverbanks and artificial
embankments and excavations (e.g., road cuts, quarries) in
loose sediment or weathered/fractured rock. The affected area
is usually less than 100 km?.

Liquefaction may be frequent in the epicentral area, depending
on local conditions; sand boils up to ca. 1 m in diameter;
apparent water fountains in still waters; localised lateral
spreading and settlements (subsidence up to ca. 30 cm), with
fissuring parallel to waterfront areas (riverbanks, lakes,
canals, seashores).
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Appendix A (continued)

Intensity

Modified Mercalli scale of 1931

INQUA Scale

VII

IX

Panic general. Cracked ground conspicuously. Damage
considerable in (masonry) structure build especially to
withstand earthquakes: threw out of plumb some wood-frame
houses built especially to withstand earthquakes; great in
substantial (masonry) buildings, some collapse in large part;
or wholly shifted frame buildings off foundations, racked
frames; serious to reservoirs; underground pipes sometimes
broken.

Karst vaults may collapse, forming sinkholes.

Frequent occurrence of landslides under the sea level in coastal
areas.

Significant waves develop in still and running waters.

Trees shake vigorously; some branches or rarely even
tree-trunks in very unstable equilibrium may break and fall.
In dry areas, dust clouds may rise from the ground in the
epicentral area.

Natural effects leave significant and permanent traces in
the environment.

Primary effects observed commonly. Ground ruptures (surface
faulting) develop, up to a few km long, with offSets generally
smaller than 10-20 cm. Tectonic subsidence or uplift of the
ground surface with maximum values in the order of a few
decimeters may occur.

Fractures up to 50-100 cm wide are commonly observed in
loose alluvial deposits and/or saturated soils; in competent
rocks they can reach up to 10 cm. Significant cracks common
in paved (asphalt or stone) roads, as well as small pressure
undulations.

Springs can change their flow rate and/or elevation of outcrop
to a considerable extent. Some small springs may even run dry.
Variations in water level are observed in wells.

Water temperature often changes in springs and/or wells. Water
in lakes and rivers frequently becomes muddy.

Landsliding widespread in prone areas, also on gentle slopes;
where equilibrium is unstable (steep slopes of loose / saturated
soils; rock falls on steep gorges, coastal cliffs) their size is
frequently large (10° m®), sometimes very large (10° m?).
Landslides can dam narrow valleys causing temporary or
even permanent lakes. Riverbanks, artificial embankments
and excavations (e.g., road cuts, quarries) frequently collapse.
The affected area is usually less than 1000 km?.

Liquefaction and water upsurge are frequent; sand boils up to
3 m in diameter, apparent water fountains in still waters;
frequent lateral spreading and settlements (subsidence of
more than ca. 30 cm), with fissuring parallel to waterfront
areas (riverbanks, lakes, canals, seashores).

Karst vaults of relevant size collapse, forming sinkholes.
Frequent large landslides under the sea level in coastal areas.
Large waves develop in still and running waters. Small
tsunamis may reach the coastal areas with tidal waves up to
50-100 cm high.

Trees shake vigorously; branches or even tree-trunks in
unstable equilibrium frequently break and fall.

In dry areas dust clouds may rise from the ground.

In the epicentral area, small stones may jump out of the
ground, leaving typical imprints in soft soil.

(continued on next page)
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Appendix A (continued)

Intensity

Modified Mercalli scale of 1931

INQUA Scale

X

XI

Cracked ground, especially when loose and wet, up to widths
of several inches; fissures up to a yard in width ran parallel to
canal and stream banks. Landslides considerable from
riverbanks and steep coasts. Shifted sand and mud horizontally
on beaches and flat land. Changed level of water in wells.
Threw water on banks of canals, lakes, rivers, etc. Damage
serious to dams, dikes, embankments. Severe to well-built
wooden structures and bridges, some destroyed. Developed
dangerous cracks in excellent brick walls. Destroyed most
masonry and frame structures, also their foundations. Bent
railroad rails slightly. Tore apart, or crushed endwise, pipe
lines buried in earth. Open cracks and broad wavy folds in
cement pavements and asphalt road surfaces.

Disturbances in ground many and widespread, varying with
ground material. Broad fissures, earth slumps, and land slips in
soft, wet ground. Ejected water in large amounts charged with
sand and mud. Caused sea-waves (“tidal” waves) of significant
magnitude. Damage severe to wood-frame structures,
especially near shock centers. Great to dams, dikes,
embankments, often for long distances. Few, if any (masonry),
structures remained standing. Destroyed large well-built
bridges by the wrecking of supporting piers, or pillars.
Affected yielding wooden bridges less. Bent railroad rails
greatly, and thrust them endwise. Put pipe lines buried in
earthy completely out of service.

Environmental effects become dominant.

Primary ruptures become leading. Ground ruptures (surface
faulting) can extend for several tens of km, with offsets reaching
50—100 cm and more (up to ca. 1-2 m in case of reverse faulting
and 3—4 m for normal faulting). Gravity grabens and elongated
depressions develop; for very shallow focus earthquakes, such
as volcano-tectonic events, rupture lengths might be much
lower. Tectonic subsidence or uplift of the ground surface
with maximum values in the order of few meters may occur.
Large landslides and rock-falls (>10°—~10° m?) are frequent,
practically regardless to equilibrium state of the slopes, causing
temporary or permanent barrier lakes. Riverbanks, artificial
embankments, and sides of excavations typically collapse.
Levees and earth dams may even incur serious damage. The
affected area is usually up to 5000 km?.

Many springs significantly change their flow rate and/or
elevation of outcrop. Some may run dry or disappear, generally
temporarily. Variations in water level are observed in wells.
Water temperature often changes in springs and/or wells. Water
in lakes and rivers frequently becomes muddy.

Open ground cracks up to more than 1 m wide are frequent,
mainly in loose alluvial deposits and/or saturated soils; in
competent rocks opening reach several decimeters. Wide cracks
develop in paved (asphalt or stone) roads, as well as pressure
undulations.

Liquefaction, with water upsurge and soil compaction, may
change the aspect of wide zones; sand volcanoes even more
than 6 m in diameter; vertical subsidence even >1 m; large and
long fissures due to lateral spreading are common.

Large karst vaults collapse, forming great sinkholes.

Frequent large landslides under the sea level in coastal areas.
Large waves develop in still and running waters, and crash
violently into the shores. Running (rivers, canals) and still
(lakes) waters may overflow from their beds. Tsunamis reach
the coastal areas, with tidal waves up to a few meters high.
Trees shake vigorously; branches or even tree-trunks very
frequently break and fall, if already in unstable equilibrium.
In dry areas, dust clouds may rise from the ground.

Stones, even if well anchored in the soil, may jump out of the
ground, leaving typical imprints in soft soil.

Environmental effects become essential for intensity assessment.
Primary surface faulting can extend for several tens of km up to
more than 100 km, accompanied by offSets reaching several
meters. Gravity graben, elongated depressions and pressure
ridges develop. Drainage lines can be seriously offset. Tectonic
subsidence or uplift of the ground surface with maximum values
in the order of numerous meters may occur.

Large landslides and rock-falls (>10°-10° m3) are frequent,
practically regardless to equilibrium state of the slopes, causing
many temporary or permanent barrier lakes. Riverbanks,
artificial embankments, and sides of excavations typically
collapse. Levees and earth dams incur serious damage.
Significant landslides can occur at 200-300 km distance from
the epicenter. Primary and secondary environmental effects can
be observed over territory as large as 10000 km?.
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Appendix A (continued)

Intensity

Modified Mercalli scale of 1931

INQUA Scale

XI

XII

Damage total—practically all works of construction damaged
greatly or destroyed. Disturbances in ground great and varied,
numerous shearing cracks. Landslides, falls of rock of
significant character, slumping of riverbanks, etc. numerous
and extensive. Wrenched loose, tore off, large rock masses.
Fault slips in firm rock, with notable horizontal and vertical
offset displacements. Water channels, surface and
underground, disturbed and modified greatly. Dammed lakes,
produced waterfalls, deflected rivers, etc. Waves seen on
ground surfaces (actually seen, probably, in some cases).
Distorted lines of sight and level. Threw objects upward into
the air.

Many springs significantly change their flow rate and/or
elevation of outcrop. Frequently, they may run dry or disappear
altogether. Variations in water level are observed in wells.
Water temperature often changes in springs and/or wells. Water
in lakes and rivers frequently becomes muddy.

Open ground cracks up to several meters wide are very
frequent, mainly in loose alluvial deposits and/or saturated
soils. In competent rocks they can reach 1 m. Very wide cracks
develop in paved (asphalt or stone) roads, as well as large
pressure undulations.

Liquefaction changes the aspect of extensive zones of lowland,
determining vertical subsidence possibly exceeding several
meters, numerous large sand volcanoes, and severe lateral
spreading features.

Very large karst vaults collapse, forming sinkholes.

Frequent large landslides under the sea level in coastal areas.
Large waves develop in still and running water, and crash
violently into the shores. Running (rivers, canals) and still
(lakes) waters may overflow from their beds. Tsunamis reach
the coastal areas with tidal waves up to many meters high.
Trees shake vigorously; many tree branches break and several
whole trees are uprooted and fall.

In dry areas dust clouds may arise from the ground.

Stones and small boulders, even if well anchored in the soil,
may jump out of the ground leaving typical imprints in soft
soil.

Environmental effects are now the only tool enabling inten-
sity to be assessed.

Primary surface faulting can extend for several hundreds of km
up to 1000 km, accompanied by offSets reaching several tens of
meters. Gravity graben, elongated depressions and pressure
ridges develop. Drainage lines can be seriously offset.
Landscape and geomorphological changes induced by primary
effects can attain extraordinary extent and size (typical
examples are the uplift or subsidence of coastlines by several
meters, appearance or disappearance from sight of significant
landscape elements, rivers changing course, origination of
waterfalls, formation or disappearance of lakes).

Large landslides and rock-falls (>10°—10° m*) are frequent,
practically regardless to equilibrium state of the slopes,
causing many temporary or permanent barrier lakes.
Riverbanks, artificial embankments, and sides of excavations
typically collapse. Levees and earth dams incur serious
damage. Significant landslides can occur at more than
200-300 km distance from the epicenter. Primary and
secondary environmental effects can be observed over territory
larger than 50000 km?.

Many springs significantly change their flow rate and/or
elevation of outcrop. Frequently, they may run dry or disappear
altogether. Variations in water level are observed in wells.
Water temperature often changes in springs and/or wells. Water
in lakes and rivers frequently becomes muddy.

(continued on next page)
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Appendix A (continued)

Intensity ~ Modified Mercalli scale of 1931

INQUA Scale

XII

Ground open cracks are very frequent, up to 1 m or wider in
the bedrock, up to more than 10 m wide in loose alluvial
deposits and/or saturated soils. These may extend up to several
kilometers in length.

Liquefaction occurs over large areas and changes the
morphology of extensive flat zones, determining vertical
subsidence exceeding several meters, widespread large sand
volcanoes, and extensive severe lateral spreading features.
Very large karst vaults collapse, forming sinkholes.

Frequent very large landslides under the sea level in coastal
areas.

Large waves develop in still and running water, and crash
violently into the shores. Running (rivers, canals) and still
(lakes) waters overflow from their beds; watercourses change
the direction of flow. Tsunamis reach the coastal areas with
tidal waves up to tens of meters high.

Trees shake vigorously; many tree branches break and many
whole trees are uprooted and fall.

In dry areas dust clouds may arise from the ground.

Even large boulders may jump out of the ground leaving
typical imprints in soft soil.
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