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Abstract

A preliminary probabilistic seismic hazard assessment in terms of Arias intensity is presented for the first time in

southeastern Spain. In the calculation, the spatially smoothed seismicity procedure has been used, considering four seismic

models, and a seismic catalog updated up to 1999. One of the models that include the most significant seismicity, considers

earthquakes above 5.5 MS in the last 700 years.

Maps for a return period of 475 years, that is, for a 10% probability of exceedance in 50 years, and for different soil

conditions, have been computed. The uncertainty in the final result is shown by depicting maps for the mean and mean+r
attenuation curves. Independently of the geological soil conditions, higher Arias intensity values have been obtained along the

Betic Cordilleras. The most significant result is the value obtained in the Granada Basin, the most active and hazardous Spanish

seismogenic area. It is of the order of 0.4 m/s for shallow soils, 0.3 m/s for deep soils, and 0.2 m/s for stiff rock conditions, for

the return period quoted above. These are typical values for a moderate seismic hazard region.
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1. Introduction

In recent years, and using the spatially smoothed

seismicity methodology (Frankel, 1995), we have

been able to reevaluate seismic hazard in Spain

(Peláez and López Casado, 2002). In addition, seismic

hazard deaggregation studies have been carried out at

several significant places (Peláez et al., 2002; Peláez
(2005) 139–151
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and López Casado, 2004). Through this work, the

computation of seismic hazard in terms of Arias

intensity, we intend to continue seismic hazard studies

in the south and southeastern Spain, the most

seismically active and hazardous Spanish regions.

This is an area that could be considered as having

moderate seismic hazard (Peláez and López Casado,

2002). The obtained results are a step forward in an

on-going research aimed to complete a probabilistic

seismic–landslide hazard assessment utilizing both

geological and geomorphological inputs. Moreover,

they represent the first stage in a process of landslide

spatial prediction (Corominas, 1993; Faccioli, 1995)

whose goal is to answer the following questions:

dwhere will they occur?T, or to be absolutely precise,

dwhere are they most likely?T
Mean peak ground acceleration (PGA) values (Fig.

1) are not a reliable parameter for dynamic slope

stability studies. In such cases, it is very common to

use the rigid block displacement model developed by

Newmark (1965). In this model, the minimum ground

acceleration required to overcome the maximum

resistance of the slope to sliding is called the
Fig. 1. Seismic hazard in terms of PGA in southeastern Spain: mean PG

exceedance in 50 years (taken from Peláez and López Casado, 2002).
critical-acceleration. Nevertheless, it represents the

acceleration for which shear stress and shear strength

are in equilibrium along the assumed slip surface (Del

Gaudio et al., 2003). Therefore, it uniquely describes

the dynamic stability of a slope, being a measure of

intrinsic slope properties (soil properties, groundwater

and slope geometry) independent of any ground-

shaking scenario (Jibson et al., 2000). This is the

reason for using Newmarks’s critical-acceleration

only for susceptibility studies.

The Arias intensity (Arias, 1970) is a measure of

earthquake intensity based on instrumental records,

attempting to decrease the limitations of the empirical

earthquake intensity scales, affected by many sub-

jective elements. This is not the only instrumental

intensity existing but it is also the most used one in

earthquake triggered landslide studies based on the

procedure developed by Newmark (e.g., Wilson and

Keefer, 1985; Jibson et al., 1998, 2000; Romeo, 2000;

Del Gaudio et al., 2003). The Arias intensity is also

strongly correlated with the level of damage and local

intensity (Margottini et al., 1992; Cabañas et al.,

1997), the occurrence of different landslide categories
A for a return period of 475 years, i.e., with 10% probability of
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(Keefer and Wilson, 1989; Harp and Wilson, 1995),

observed displacements (Carro et al., 2003), and

liquefaction potential (Kayen and Mitchel, 1997a,b).

The Arias intensity was initially defined (Arias,

1970) as

#I ¼
p
2g

Z t0

0

a2 tð Þdt ð1Þ

and was called scalar intensity. It is directly quantifi-

able through the acceleration record a(t), integrating it

over the total duration of the earthquake. By

definition, it is the trace of a second-order tensor.

This is the reason why it is an invariant; therefore, it is

not dependent on the accelerograph axis orientation.

Unlike PGA, it considers the full range of frequencies

recorded and included in the accelerogram and the

duration of the ground motion. The Arias intensity is

claimed to be a measure of the total seismic energy

absorbed by the ground. Arias (1970) also defined the

scalar intensity on the horizontal plane as

Ih ¼
p
2g

Z t0

0

a2h tð Þdt ð2Þ

He pointed out the importance of this variable,

because, among other reasons, man-made structures

are more sensitive to horizontal ground motion than

that vertical. Several landslide reports and field

studies also use this last variable.

In this contribution, a case study, the method and

results obtained in the assessment of probabilistic

seismic hazard are presented in southeastern Spain, an

area of active tectonics, in terms of Arias intensity.

Specifically, we show the results for a return period of
Table 1

Earthquakes quoted in the text (taken from Martı́nez Solares and Mezcua

Date Epicenter Error (km)

12/18/1396 00803VW 39805VN 10–20

04/24/1431 03838VW 37808VN N50

04/05/1504 05828VW 37823VN 20–50

09/22/1522 02840VW 36858VN N50

06/19/1644 00825VW 38848VN 20–50

10/09/1680 04836VW 36848VN 10–20

03/23/1748 00838VW 39802VN 10–20

08/25/1804 02850VW 36846VN 10–20

03/21/1829 00841VW 38805VN 10–20

12/25/1884 03859VW 37800VN b10

An estimation of the error in the epicentral location is included.
475 years, that is, for a 10% probability of exceedance

in 50 years, a return period usually considered in

earthquake engineering studies. These results provide

another assessment of regional probabilistic seismic

hazard maps in terms of this variable such as those

presented in recent years by Romeo (2000) and

Abdrakhmatov et al. (2003). As stated above, the

obtained results, a long-term seismic hazard assess-

ment, are aimed at the identification or prediction of

the limits affected by future earthquake-induced

landsliding.

We think that these types of studies are very

important in the south and southeast Spain. Although

no significant earthquakes have been located in this

region in recent decades, historic reports show clearly

that this phenomenon occurred in the past, for

instance as in the 1504 Carmona, the 1644 Muro de

Alcoy, the 1680 NW Malaga, the 1829 Torrevieja, or

in the 1884 Arenas del Rey earthquakes (Table 1). A

detailed documentation and revision of these and

other historic events in this region, including smaller

uncertainties in the epicentral and maximum intensity

determinations, will be a basis for understanding the

hazard associated with earthquake triggered landslides

(Keefer, 2002).
2. Tectonic setting

The area of study is found in the central and eastern

sectors of the Betic Cordillera, which, together with

the Rif Cordillera in north Africa, constitute the

westernmost part of the Alpine Mediterranean chains.

The Betic Cordillera can be divided into the Internal
, 2002)

Intensity Location

VIII–IX Tabernes de Valldigna (Valencia)

VIII–IX Atarfe (Granada)

VIII–IX Carmona (Sevilla)

VIII–IX Alhama de Almerı́a (Almerı́a)

VIII Muro de Alcoy (Alicante)

VIII–IX NW Málaga

IX Estubeny (Valencia)

VIII–IX Dalı́as (Almerı́a)

IX–X Torrevieja (Alicante)

IX–X Arenas del Rey (Granada)
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Zones, External Zones, Campo de Gibraltar units, and

the Guadalquivir foreland basin. This last unit limits

the cordillera from the Iberian Massif to the north

(Fig. 2). The External Zones represent the former

continental margin of the southern Iberian plate

(Garcı́a Hernández et al., 1980). They have been

subdivided into the Subbetic Zone to the south,

characterized by pelagic facies, and a Prebetic Zone

to the north and east of the previous one, where

shallow marine facies are common. The Internal

Zones consist of four tectonically superimposed

complexes. From bottom to top, they are the

Nevado-Filábride, the Alpujárride, the Maláguide,

and the Dorsal Complex. The Nevado-Filábride and

the Alpujárride show a well-developed Alpine meta-

morphism. The materials of the Campo de Gibraltar

came from the former Flysch basin, originally located

to the south of the Internal Zone (Sanz de Galdeano,

1997). In addition to the previous domains, several

neogene basins (Granada, Guadix-Baza, Huercal-
Fig. 2. Tectonic sketch of the region (adapted
Overa, Lorca, Cartagena, Low Segura Basin, etc.)

exist. They are filled by Upper Miocene to Quaternary

sediments. Their creation and evolution are controlled

by the tectonic activity in the cordillera.

The tectonic activity and associated seismicity in

southern Spain are related to the western boundary

between the Eurasian and African plates. According to

the NUVEL-1 model (De Mets et al., 1994), the

relative motion of compression between Africa and

South Spain varies between 4 and 6 mm/year, with a

NW–SE to NNW–SSE horizontal direction of com-

pression, combined with a perpendicular NE–SW

extension (Sanz de Galdeano, 1990; Galindo Zaldı́var

et al., 1999; Henares et al., 2003).

In the central sector of the Betic cordillera,

characterized by a diffuse, low to moderate seismicity,

the most noticeable aspect during the Quaternary is a

vertical movement, implying some uplift and radial

extension of the cordillera (Sanz de Galdeano and

López Garrido, 1991). The Sierra Nevada range is
from Sanz de Galdeano et al., 1995).
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suffering extensional uplift along its western and

southwestern flanks, with estimated rates of uplift of

0.3 to 0.8 m/ka (Sanz de Galdeano and López

Garrido, 1999; Garcı́a et al., 2003). The extension is

produced by normal faults of several orientations, but

mainly with a NW–SE strike (Alfaro et al., 2001a;

Sanz de Galdeano et al., 2003). Most of them are

clearly active, considering that they show evident and

very recent geological features of current activity

(geomorphologic scarps). There are low-angle faults

on the border of Sierra Nevada and more to the south

as well. Nevertheless, their importance in generating

earthquakes seems to be negligible (Sanz de Galdeano

et al., 2003).

In the eastern sector of the cordillera, there is a

notable development of strike-slip faults (Sanz de

Galdeano, 1983). The main structure in this sector of

the cordillera is the so-called Trans-Alborán Shear

Zone (Larouzière et al., 1988), also known as Eastern

Betic Shear Zone (Silva et al., 1993). It consists of a

left-lateral shear zone of sigmoidal geometry which

extends from Almerı́a to Alicante (Fig. 2). This area

has been struck by some of most destructive earth-

quakes recorded in Spain (Fig. 3), especially at its
Fig. 3. Seismicity map, including seismogenic sources taken from Peláez an

and MSz 5.5 (large filled circles) earthquakes since 1700 and MSz 5.5 e
terminal splays, the Almerı́a and Alicante sectors.

Data coming from geophysics, geomorphology,

trenches, and paleoliquefaction studies (Martı́nez Dı́az

and Hernández Enrile, 2001; Martı́nez Dı́az et al.,

2001) reveal a recent (last 100 ka) uplift of the sector.

According to data compiled by Silva et al. (2003),

uplift of mountain fronts ranges from 0.03 to 0.15 m/

ka in the Almerı́a sector, from 0.04 to 0.08 m/ka in the

central sector, and a range of 0.05 m/ka in the Alicante

sector. The difficulty in discriminating between

seismic and aseismic activity in these data is a

problem. Conversely, the data obtained by Alfaro et

al. (2001b) from the datation of paleoliquefaction

features in Holocene sediments of the Segura river

flood plain are of great interest for characterizing the

seismic activity of active faults in the Alicante sector.

According to their data, an average return period of

approximately 1000 years is obtained for earthquakes

of moderate to high magnitude (MS N5.0, without

discriminating the maximum possible magnitude for

the events nor for the causative fault). Similar return

periods are observed when geotechnical data (soil

strength) are combined with a probabilistic seismic

hazard analysis in the zone (Delgado et al., 1998).
d López Casado (2002), showing 4.5 VMS b 5.5 (small filled circles)

arthquakes since 1300 (large open circles).
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The geological domains and subdomains proposed

as seismic sources in the whole Iberian Peninsula by

Peláez and López Casado (2002) have also been used

here. The seismogenic sources which most contribute

to seismic hazard are those appearing in Fig. 3,

especially the called Ba (mostly Betic External Zones)

and Bb (mostly Betic Internal Zones and Northern

Alboran Sea) sources. They constitute the Betic

Cordilleras. Their main characteristics from the

seismic point of view are quoted below.
3. Data and methodology

The data and methodology are the same as in a

previous assessment of seismic hazard and deaggre-

gation in Spain (Peláez and López Casado, 2002;

Peláez et al., 2002), with the exception of the

attenuation relationship. The main reason for using

spatially smoothed historic seismicity to assess the

seismic hazard is the fact that we work with back-

ground (also called distributed) seismicity. This

method is well adapted to model the seismicity that

cannot be assigned to specific geological structures.

Of all the attenuation relations for the Arias

intensity reported (e.g., Faccioli, 1983; Wilson and

Keefer, 1985; Sabetta and Pugliese, 1987; Wilson,

1993; Kayen and Mitchel, 1997a; Zonno and Mon-

taldo, 2002; Travasarou et al., 2003; Hwang et al.,

2004), we consider that the Sabetta and Pugliese

(1996) relationship is the most reliable one for our

region. The reasons are: (a) the large amount of data

used by them; (b) the fact that it allows us to include

soil condition information; (c) they use the same

magnitude scale, MS, as previous seismic hazard

assessments in this region; and (d) the tectonic

similarities between our region and the Friuly region,

where they collect much of their data. Concerning this

last point, the Italian tectonic activity is a result of a

somewhat similar geological context as our area of

study, i.e., the zone of contact between the Eurasian

and African plates. The Friuly region, in the Alpine

arc, is characterized by a predominant compressive

regime (Romeo and Pugliese, 2000), just like the

Betic Cordilleras.

Additionally, it must be reminded that we cannot

include in this preliminary assessment the source

directivity, as Faccioli (1983) did, nor the fault type,
as Travasarou et al. (2003) have done. The reason is

that, currently, we have no paleoseismic information

to include in the probabilistic assessment. In the

region under study, it was impossible to associate the

main historic earthquakes (Fig. 3) with active faults.

This is the reason why seismicity has been used alone

in the assessment, and not seismotectonic (fault)

sources. The use of active fault data in the seismic

hazard computation at the Granada Basin, in southern

Spain, was done in a previous work (Peláez et al.,

2003). The fact that part of the movements of the

faults were due to a clear aseismic creep, unknown in

magnitude over the total slip rate, led to a clear

overestimation of the hazard values. Alternatively,

relationships including source directivity or fault types

are clearly suitable for ground-shaking scenarios using

deterministic models.

The Sabetta and Pugliese (1996) relationship has

been developed using the horizontal component of the

accelerogram with the largest value of Arias intensity.

Additionally, the following different geological con-

ditions are considered: (a) stiff rocks, with shear-wave

velocity greater than 800 m/s; (b) deep soils (hN20

m); and (c) shallow soils (hV20 m), both with shear-

wave velocity between 400 and 800 m/s. The

relationship is represented by the expression

log Ia ¼ aþ bM þ c logðR2 þ h2Þ1=2 þ e1S1

þ e2S2 ð3Þ

where M is the surface wave magnitude, R is the

epicentral distance (in km) or fault distance, and S1
and S2 are variables, referring to the geological site

classification. a, b, and c are coefficients, and h is a

depth parameter to improve the regression. The

variables e1 and e2 are site parameters.

The performance of this attenuation relationship is

depicted in Fig. 4, where predicted values of the Arias

intensity have been plotted versus distance for differ-

ent magnitudes and soil conditions, showing their

uncertainty (confidence intervals). Moreover, in Fig.

5, a simulation of the predicted values for the most

important earthquakes that have taken place in the

Granada Basin (Betic Cordilleras, southern Spain) is

shown. These are: the 24 April 1431 Atarfe earth-

quake (5.5 MS) and the 25 December 1884 Arenas del

Rey earthquake (5.8 MS; Table 1). The assigned

magnitude to the 1431 Atarfe earthquake is the



Fig. 4. Predicted values using the Sabetta and Pugliese (1996) relationships. Left: Arias intensity vs. distance for shallow and deep soils and stiff

rocks, and for different magnitudes. Right: Arias intensity vs. distance for shallow soils, and for different magnitudes, showing the mean and

mean+r curves.
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macroseismic magnitude obtained using the relation-

ship between magnitude and intensity by López

Casado et al. (2000), specifically developped for the

Ibero-Magrebhian region. The assigned magnitude to

the 1884 Arenas del Rey earthquake is the one

obtained by Molina (1998) using the Ambraseys

(1985) procedure, considering the mean radii of the

isoseismals.

For the seismic hazard assessment, the Iberian

seismic catalog (Mezcua and Martı́nez Solares, 1983;

updated up to 1999) has been used. Peláez and López

Casado (2002) discuss the processing of the catalog to

be used in the seismic hazard assessment for Spain.

The original approach proposed by Frankel (1995) has

been modified taking into account the seismic

characteristics of the region. A characteristic earth-

quake model has not been included, because no

paleoseismic information exists, nor a background

zone. In relation to the method itself, b and mmax

values have been smoothed, as proposed by Bender

(1986), and the weights by which each considered

seismic model contributes to the hazard depend on the

return period.

Four Poissonian seismic models, including shal-

low seismicity (hb30 km), have been considered.

They include (a) earthquakes with magnitude above
MS 5.5 after 1300, (b) those with magnitude aboveMS

4.5 after 1700, (c) those with magnitude above MS 3.5

after 1920, and (d) those with magnitude above 2.5

after 1960.

Only the seismicity included in the first two

models, the largest earthquakes in the last 700 years,

appears depicted in Fig. 3. In addition, in this plot,

we can see the boundaries of the seismic sources

considered in the region (Molina, 1998; Peláez and

López Casado, 2002). As stated above, the whole

Betic domain, where the main historic earthquakes

are included, is divided into the subdomains (seismic

sources) Ba and Bb (Fig. 3), separated by the Cádiz–

Alicante fault. The parameter values of the truncated

Gutenberg–Richter recurrence relationship for these

two seismic sources are the following. b values of

0.55 (r=0.05) and 0.67 (r=0.03), and mmax values

of 6.2 (r=0.72) and 7.3 (r=0.76) are obtained,

respectively, for seismic sources Ba and Bb (Peláez

and López Casado, 2002), using the Weichert (1980)

and Pisarenko et al. (1996) procedures. The values

quoted above have been obtained using the MS

magnitude.

The seismicity included in each of these four

seismic models is counted in a grid with cell

dimension of 10 km, and smoothed using a Gaussian



Fig. 5. Arias intensity predicted values, using the Sabetta and Pugliese (1996) relationship for shallow soils, for the 25 December 1884 Arenas

del Rey earthquake (to the left) and for the 24 April 1431 Atarfe earthquake (to the right). Active faults in the Granada Basin are shown (taken

from Sanz de Galdeano et al., 2003).
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function. This function depends on a spatial parameter

c, called correlation distance, which provides more or

less smoothing; c values of 15, 15, 10, and 5 km,

respectively, were used. Each earthquake is smoothed

into a circle with radius equal to 3c. Therefore, we

consider both the uncertainty in the earthquake

location, a key issue when historical earthquakes are

included in the assessment, and the fact that an

earthquake is not a point process. For example, an MS

6.0 earthquake included in the first model, in an epoch

where macroseismic effects are used to locate its
epicenter, is spread into a circle with radius equal to

45 km.

Seismic hazard generated by these four models is

calculated using the well-known total probability

theorem, expressed in terms of rate of exceedance of

a certain level of Arias intensity. The mean Arias

intensity values are then derived by weighting the

obtained seismic hazards results. The subjective

weights used for a 475 years return period, consider-

ing the above-mentioned guideline, are 0.3, 0.3, 0.2,

and 0.2, respectively.



Fig. 6. Seismic hazard maps in terms of Arias intensity in southeastern Spain. Results for shallow soils: (a) using the mean attenuation curve and

(b) using the mean+r attenuation curve.
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The computation procedure is described in detail in

Peláez and López Casado (2002).
4. Results

Figs. 6–8 depict the results obtained for the seismic

hazard assessment in terms of Arias intensity maps.

The computed and depicted Arias intensity is as

defined by the Eq. (3). Specifically, we show the

probabilistic seismic hazard results for a return period
Fig. 7. Seismic hazard maps in terms of Arias intensity in southeastern Spai

using the mean+r attenuation curve.
of 475 years. The seismic hazard has been computed

using the mean and the mean + r attenuation curves.

Therefore, we stress the uncertainty in the result due

to the variation in defining the attenuation relation-

ship. The maps corresponding to the mean+r
attenuation curve could also be considered as a

conservative result for some uses. In addition, specific

Arias intensity values for several key areas are

reported in Table 2.

The Arias intensity maps in Figs. 6–8 display the

contour levels values of 0.11, 0.32, and 0.54 m/s.
n. Results for deep soils: (a) using the mean attenuation curve and (b)



Fig. 8. Seismic hazard maps in terms of Arias intensity in southeastern Spain. Results for stiff rocks: (a) using the mean attenuation curve and (b)

using the mean+r attenuation curve.
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These values are accepted (Keefer and Wilson, 1989;

Harp and Wilson, 1995) as those triggering three

different classes of landslides: (a) falls, disrupted

slides and avalanches (the most usual ones), (b)

slumps, block slides, and earth flows, and (c) lateral

spreads and flows. Therefore, by inspection of the

maps, we can know the worst likely landslide type

that may occur.

Figs. 6–8 identify the regions with higher seismic

hazard. As expected, we find a strong correlation

between these figures and Fig. 1, where the seismic

hazard in terms of mean PGA is shown. Areas having

mean PGA values above 1.2 and 2.0 m/s2 correlate

well with areas having Arias intensity values above

0.11 and 0.32 m/s, respectively, for shallow soil sites.

Mean PGA values above 1.4 m/s2 correlate with Arias

intensity values above 0.11 m/s, for deep soil sites,

and mean PGA values above 1.6 m/s2 correlate with
Table 2

Obtained Arias intensity maximum values in four selected areas for a retu

Area PGA (m/s2) Ia (m/s)

Shallow soils

Mean Mean + r

Granada Basin 2.25 0.38 0.95

SW Almerı́a 2.09 0.33 0.83

S Valencia 2.09 0.30 0.76

S Alicante 1.81 0.20 0.50

The results using the mean and the mean+r attenuation curves are listed.

terms of mean PGA (Peláez and López Casado, 2002).
Arias intensity values above 0.11 m/s, for hard rocks.

The shape of the seismic hazard maps, both in terms

of Arias intensity and mean PGA, remains constant.

Evidently, not the values.

The four areas with greatest seismic hazard are

shown in Table 2. The Granada Basin, to the SW of

Granada, shows the greatest seismic hazard values, of

the order of those obtained in most of the Italian

Apennine chain (Romeo, 2000; Romeo and Pugliese,

2000). This area has suffered the 1431 Atarfe earth-

quake (I =VIII–IX) and the 1884 Arenas del Rey

earthquake (IX–X), among others (see Fig. 3 and

Table 1). The next important area is the SW of

Almerı́a. In this area, the 1522 Alhama de Almerı́a

earthquake and the 1804 Dalı́as earthquake, both with

maximum assigned intensity of VIII–IX, occurred.

The next one is the south of Valencia area, with

seismic hazard values similar to the SW of Almerı́a
rn period of 475 years

Deep soils Stiff rocks

Mean Mean+r Mean Mean+r

0.30 0.75 0.22 0.54

0.26 0.65 0.19 0.47

0.24 0.60 0.18 0.43

0.16 0.40 0.12 0.29

We also show, as a comparison and reference, the seismic hazard in
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zone. This area has experienced the 1396 Tabernes de

Valldigna earthquake (VIII–IX), the 1644 Muro de

Alcoy earthquake (VIII), and the 1748 Estubeny

earthquake (IX). Finally, the south of Alicante shows

lower seismic hazard that in the previous sites. The

1829 Torrevieja earthquake (IX–X) took place in this

area. The above-cited macroseismic intensity values

(Table 1) are in the EMS-98 macroseismic scale

(Grüntal, 1998) and are those that appear in a recent

revision and comprehensive study of the pre-1900

period of the Iberian earthquake catalog (Martı́nez

Solares and Mezcua, 2002).
5. Summary and final discussion

For the first time, probabilistic seismic hazard

values in terms of Arias intensity for southeastern

Spain have been computed. The spatially smoothed

seismicity procedure has been used (Peláez and López

Casado, 2002). Maps, for different soil conditions, are

presented for a return period of 475 years. The main

aim of this work is to show which are the seismically

triggered landslide prone areas in this region, using a

probabilistic model.

The total uncertainty has not been considered in

this work. Only the effect of the attenuation uncer-

tainty is included. As in any seismic hazard assess-

ment, several factors, some more significant than

others, contribute to the final uncertainty. Among

them, we have the delimitation in seismic sources, the

spanning and quality of the catalog, or the computed

parameters needed in some stages of the computation.

In any case, we are fully confident that the proposed

approach, considering earthquakes where they have

taken place, decreases the model uncertainty, as has

been emphasized by several authors. New improve-

ments of the historic Spanish catalog, adding the

paleoseismic events, and an attenuation relationship

for the Arias intensity specifically developed for the

region, will allow us a more reliable evaluation of the

seismic hazard values.

Typical values for a moderate seismic hazard

region have been obtained, that is, above 0.1 m/s in

most of Betic Cordilleras, considering shallow soils.

The greatest seismic hazard value reached is of the

order of 0.4 m/s in the Granada Basin, the most

seismically active region in Spain. This is due to
several significant historic earthquakes located in this

area. In any case, taking into account the uncertainty

in the attenuation relationships, higher probabilistic

values could be attained.

Future studies including also the geology, geo-

technical properties, and the slope gradient, i.e., soil

conditions and site effects, will further a landslide

prediction model (Murphy et al., 2002; Havenith

et al., 2003).
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Henares, J., López Casado, C., Sanz de Galdeano, C., Delgado, J.,
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active fault data versus seismicity data in the evaluation of

seismic hazard in the Granada Basin (Southern Spain). Bull.

Seismol. Soc. Am. 93, 1670–1678.
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