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A database of seismically-induced landslides in the Betic Cordillera is presented. Data included were
classified according to landslide typology. Most of them ( ~ 80%) correspond to small size, disrupted
landslides (including rock/earth falls and earth slides that disorganize as mass-movement progresses)
and the remaining consist mainly of coherent landslides (slumps in soils and rock-slides). Deep seated
induced landslides are uncommon in the study zone and have occurred only after the few events of
large magnitude reported in the Cordillera. Data available show that events of small magnitude
(M, < 5.0) can induce instabilities in the study zone for comparatively large distances ( > 10 km) when
compared with available upper bound curves for maximum epicentral distances for seismic induced
landslides, that concentrate along areas prone to landsliding, like river banks or slopes on soft materials,
which points out the importance of the role of slope susceptibility on the occurrence of instabilities
during earthquakes. Landslides in the database are then analyzed and a power-law relationship that
relates earthquake size, measured as epicentral intensity (I,), to maximum distance of induced
landslide valid for the study zone is proposed. Although included data represent a clear partial and

incomplete dataset, they show the landslide state of knowledge for this region.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

A great effort has been made in the last two decades to study and
understand the problem of landslides induced by earthquakes.
Because this indirect effect of shaking can be widespread, its effect
may cause a major disruption in society, causing significant economic
losses and deaths. This was the case for the events of Alcoy (1620) or
Arenas del Rey (1884) in South Spain, where several counties and
towns were severely damaged by seismic induced landslides.

Several techniques are in use to address this topic and support
planning decisions towards earthquake-triggered landslide risk
management (e.g., [1-5]). Each one has its own requirements and
implies the use of different kinds of data. Choosing among them is
frequently a question of scale and availability of data: the more
rigorous ones are employed for site specific studies, where
detailed information about subsoil materials and properties are
available, while the more generic ones are more appropriate for
regional studies, where detailed data are rarely accessible.

Although seismically-induced landslides have been known for
a long time in the Betic Cordillera, S Spain, there are still few
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studies about this topic and they have been focused on studying
limited areas within the cordillera (e.g., [6-13]) or describing
single landslide topics [14]. No attempt has been made to develop
a database for such landslides or to determine relationships
between landslide occurrence and shaking parameters of events.

In this paper we present for the first time a regional database
compiled for landslides induced by earthquakes occurred in the
Betic Cordillera (Fig. 1). Although this database is incomplete, it
represents a step forward for the progress in the knowledge of
this phenomenon in the area. This database comprises landslides
induced by two types of earthquakes: historical earthquakes,
most of them moderate to strong events (6.0-7.0 M,,), and recent
events (1945 to present) of low magnitude ( <5.0 M,).

2. Seismotectonic framework

Seismicity in the Betic Cordillera is conditioned by the contact
between the Eurasian and the African plates. NUVEL-1 model [15]
reveals a NW-SE to NNW-SSE convergence rate of 4-6 mm/year
between Southern Spain and Africa. In this geodynamic setting,
NW-SE to NNW-SSE compression is combined with NE-SW
extension [16].

In general, the Betic Cordillera is characterized by a continuous
scattered low to moderate seismicity (M < 5.5; Fig. 1) inducing a low
to moderate seismic hazard [17,18]. In any case, some destructive
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Fig. 1. Location of the study zone. Seismicity of the Betic Cordillera and nearby area for magnitudes M,, > 5.0. Earthquakes listed in Table 1 are also showed and labeled.

events in the historical period can be observed (intensities IX and
[X-X) separated by long time intervals.

In most cases there is not a clear link between main epicenters
and main faults observed at surface, although there is a certain
correlation between some significant earthquake groupings and
the main fault systems. They have preferential strikes N70-90°E,
NW-SE and NE-SW [19].

Seismicity ranges from very shallow to intermediate events
(50-150km) in the region that embraces from westernmost
Alboran Sea, to eastern Malaga and southwestern Granada
[20,21], with a N-S trend. Some very deep events were located
beneath Dircal (Granada) in March 29th, 1954 [22], January 30th,
1973, March 8th, 1990 [23], and lately, in April 11th, 2010,
although there is no relationship among these earthquakes and
the overall seismicity in this region. The 1954 Dtrcal earthquake
(mb 7.1) was the biggest earthquake ever recorded in Spain,
although given its depth, it was felt only with intensity V.
Although intermediate and deep events are important for under-
standing the present tectonics of this region, revealing anomalous
structures of great depth, they have little importance from a
seismic hazard point of view [17].

The main source including seismicity of this area is the IGN
seismic catalog [24,25], updated periodically in online digital
format (http://www.ign.es/ign/es/IGN/SisCatalogo.jsp). It includes
pre-1900 moment magnitude reappraisals computed using the
Bakun and Wentworth approach [26,27], and recent real-time
moment tensor determinations [28]. For those earthquakes
included in this work without computed moment magnitude we
have used the following relationship [29]:

My = 0.575Imax+1.150 + 0.56 1)
and the relationship between mbLg and moment magnitude [30]
My =0.31140.637mbLg+0.061(mbLg)?>(1.7 <mblLg <5.7)  (2)

both established specifically for Spain. Errors in location, magni-
tude or maximum intensity are strongly dependent of the period
and available data. Table 1 resumes data for those events that
induced landslides and are included in the compiled database.

3. Landslide database

The database has been compiled from a detailed review
of documentation that includes newspapers, contemporary

manuscripts, technical reports prepared after earthquake occur-
rences, Ph.D. theses, research papers and in situ inventories made
by field inspection (only for events ID14-ID17) and making use of
remote sensed images of the affected zones. In other cases,
contacting people that felt the earthquakes was very helpful for
locating some instability (only for events ID13-ID17). The final
database includes 95 records of landslides induced (triggered or
reactivated) by 17 earthquakes, 23 of them correspond to multi-
ple landslides.

Maps showing the instabilities associated with these events,
classified by their typology and period of occurrence (historical
and instrumental events), are shown in Fig. 2. This division
(historical versus recent) takes into account the fact that location
of the epicenters for the historical events is based on macro-
seismic data, i.e., isoseismal maps or direct intensity data, using
the Bakun and Wentworth [26,27] approach, while location/
magnitude for the instrumental events is rather precise. Para-
meters derived from this second group, such as distance “epi-
center to landslide”, are usually more accurate than that
calculated for the first group of earthquakes. The first instru-
mental event corresponds to the January 7th, 1945 Onteniente
(M,y 4.8) earthquake (ID11).

Locating landslides induced by historic earthquakes has some
limitations. Historical descriptions of the effects of shaking
usually focus on casualties or on damage to structures, and little
attention is paid to seismogeological effects (i.e. soil liquefaction
or landslides). As a consequence, there are several documents that
clearly mention the occurrence of earthquake-triggered land-
slides, but nothing is said about their precise location. This is
the case for the September 22th, 1522 Baza, October 3th, 1713
Lorca, or December 20th, 1818 NE Lorca earthquakes [12,33,34].
Additionally, most available historical documents focus in urban
areas affected by high damages, while areas of low damage are
poorly described. Consequently, for historical events, landslides
identified concentrate around earthquake epicenter at short
distances. When location of a landslide is clearly documented,
this is due to the relevance of the damages caused or to the size of
landslide (e.g., huge size or high concentration of instabilities
affecting an area). Sometimes, descriptions refer to a geographic
area, which is described to be affected by a given landslide
typology. When visited, effectively, there is evidence of this type
of landslide affecting such zones, but several instabilities can be
recognized, some being ancient features and others being of
recent occurrence, even currently active. Dating these instabilities
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Table 1
Characteristics of earthquakes included in the Betic Cordillera database.

ID Location Date Magnitude Depth Location Focal Intensity (EMS-98) Affected Maximum epicentral Source (Appendix A)
(km) error H/Z mechanism!" area (km?)  distance (km)
(km)
Mp, Mw Maximum Range for Disrupted Coherent Flow/lat.
Mg macroseismic landsliding spread
occurrence
1 Carmona 05/04/1504 - 6.9¢ - 20—50h/— VIII-IX VIII-IX - - 17.6 - [A1]
37.383°N, 5.467°W?
2 Vera 09/11/1518 - 6.14 - 10-20"/- VII-IX VIII-IX - 1.4 - - [A2]
37.233°N, 1.867W?
3 Alcoy 02/12/1620 - 5.54 - 20-50"/- VII-VIII VII-VIII 3.6 0.3 1.3 - [A3] [A4]
38.700°N, 0.467°W*
4 NW Malaga 09/10/1680 - 6.8 - 10-20"/- VII-IX VII-IX - - 232 - [A5]
36.800°N, 4.600W*
5  Estubeny 23/03/1748 - 6.2¢ - 10-20"/- IX VII-IX - 113 - - [A6]
39.033°N, 0.633°W*
6 SW Cabo San Vicente 01/11/1755 - 8.7¢ - > 50"/- X V-VII - 769 577 - [A7]

(Lisbon earthquake)
36.500°N, 10.000°W*?

7  Dalias 25/08/1804 - 6.4 - 10-20"/- VII-IX VIl 857 325 26 - [A5]
36.767°N, 2.833°W?

8  Torrevieja 21/03/1829 - 6.6 - 10-20"/- IX-X VIl - 38.7 - - [A8] [A9]
38.083°N, 0.683°W?

9  Huércal-Overa 10/06/1863 - 4.2° - 10-20"/- VI-VII VI-VII 66 8.5 - - [A5] [A10] [A11] [A12]
37.367°N, 1.933°W?

10 Arenas del Rey 25/12/1884 - 6.5¢ - <10"- IX-X VI-IX 3171 35.8 45.4 39.4 [A2] [A5] [A13] [A14] [A15]
37.000°N, 3.983°W? _ [A16] [A17]

11 Onteniente 01/07/1945 4.8 4.8° - 10-60'/- VI \Y - 15.4 - - [A3]
38.800°N, 0.583°W" o

12 NW Purchil 19/04/1956 5.0 5.0f 5 44 VIII VI - 48 - - [A18]
37.192°N, 3.683°W" o

13 SW Galera 09/06/1964 4.8 4.8° 5 10/20° VIII V-VIII 34 8.4 2.3 - [A5] [A19] [A20]™
37.737°N, 2.567°W"

14 W Lentegi 24/06/1984 5.0 5.0f 5 1-10%/- Normal \% \Y% 104 10.4 13.6 - [A5] [A21] [A22]™"
36.838°N, 3.738°WP

15 N Mula 02/02/1999 4.7 4.7¢ 1.1 2229 Strike slip VI VI 80 14.8 8.8 - [A23]™n
38.096°N, 1.501°W" o

16 SW Bullas 06/08/2002 4.8 5.08 12 2.6/3.07 Strike slip \Y% \Y% 35 42 - - m.n
37.883°N, 1.830°W" -

17 LaPaca 29/01/2005 4.7 485 109  2.190.2 Strike slip VI V-VI 18 16.3 - -

37.854°N, 1.756°W"

L1zI-€0zl (110Z) L€ Sumaauidug aypnbyiing pup souupudq jios / v 32 opo3jaq [

2 Macroseismic location [25].

b Instrumental location ([24], updated to 2009).

€ Using the Bakun and Wentworth approach [26,27,31].

4 From maximum intensity [29].

€ Using the Bakun and Wentworth approach [25,26,27].

f From mbLg [30].

& Instrumental ([24], updated to 2009).

" Estimated error [25].

i Usually, estimated error for earthquakes in the period 1920-1980 [32].
I Computed error ([24], updated to 2009).

kK Usually, estimated error for earthquakes since 1980 [32].

! After Stich et al. [52].

™ Data from interviews to people that lived the earthquake.
™ In situ investigation after the earthquake.

S0zl
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Fig. 2. Location of earthquake-induced landslides in the study zone. Green symbols show location of epicenters. Numbers refer to ID column in Table 1. Epicenter location
for event 6 is not included in this figure. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

was out the possibilities of the current research, so it was
impossible to identify which one was really induced by the
earthquake. In these cases or when multiple small size instabil-
ities of the same typology occur close to each other, landslide in
the database refers to the center of the area that includes such
geographical zones (these are the above mentioned 23 records of
multiple landslides included in the database). This is the case of
several landslides related to events ID7-ID10. For even older
earthquakes, identified landslides correspond to instabilities that
affected buildings (even whole streets in towns) of special
importance, allowing their precise location and characterization.
Note that if landslide is not recognizable in the zone, then such
historical data is not included in the database. For some recent
events (ID13-ID15) there was a concentration of small sized
landslides of the same typology at some places of reduced
dimensions. For these cases, the database contains only a record
for these sites.

The database of landslides includes location (as precise as
possible, as previously commented), typology (after Cruden and
Varnes [35]), material involved and macroseismic site intensity,
when available. We realize that this compilation is not complete,
this could not be otherwise, since most data were obtained from
historical sources, and the incompleteness increases with time since
event occurence. Even if dataset is incomplete, this database con-
tains as many data as possible of landslides reported in historical
sources (or recognized during in situ, field inventories for the more
recent events) and provides a first look of the relative abundance of
typologies of landslides, their size and other physical properties, of
great interest for the study of this phenomenon.

Landslides have been classified following the simplified groups
defined by Keefer [2]: disrupted landslides (falls and disrupted
slides), coherent landslides (slides) and flow and lateral spreading
(Fig. 2). Fig. 3 presents histograms showing the frequency of
instabilities according to this criterion. We use the terms “soil”
and “rock” to describe the characteristic of the intact material in the
same sense as this author. From this figure, most data correspond
to falls in rock or soils, depending on the nature of materials in the
area affected by the quake, or slides in soils that disorganize as
motion of unstable mass progress. They represent almost 80% of the
instabilities characterized. Rock/soil falls are characterized by
involving, in general, small blocks of rock/soil (<1 m?). In most

1.0

Rel. Frequency

Disrupted  Coherent  Flows
landslides landslides and Lateral
Spreading

Fig. 3. Relative frequency of landslide typologies in the database.

areas, they are blocks of material delimited by pre-existing planes
of weakness (bedding, foliation, joints, fault planes, etc.). They are
frequent along steep slopes on rocks and river valleys deeply
excavated on low strength materials (marls, clays, alluvial sedi-
ments). At some places affected by events ID15 and ID17, a layer of
fractured limestone and/or calcarenites exists on top of slopes.
Most falls induced by these events correspond to blocks of these
materials detached from their original position during the earth-
quake. Disrupted slides are common in soils. They are frequent
along river banks and affect weathered material slopes and
terraces.

Coherent landslides are less common (about 15%). They are
slightly more frequent during historical than during instrumental
events. This may be due to the greater severity of shaking during
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historical events: usually, both magnitude (M,,) and intensity
(Imax) are higher for such events. This severity would allow higher
levels of peak values of ground motion (ground acceleration, Arias
Intensity, etc.), needed for inducing such typology of landslides
[36,37].

Although some examples of coherent landslides have been
recognized on rocky materials, most of them occur in soils. Usually,
they are slumps or rotational slides in soils. Surface of rupture
is deep (>5m) and, in some extreme cases, it can reach about
15-30 m below ground surface. When affecting rocky materials,
they are frequently translational slides. Rupture surface usually
coincides with the contact among well cemented, rocky material
and plastic, soil-like, underlying material. In such cases, rupture
surface is shallow (between 2 and 4 m). Flows and lateral spreading
are even less frequent in the database, related to historical events
and usually affect marls or soil-like formations.

4. Landslide distribution and seismic parameters

The earthquakes for which landslides could be recognized are
characterized by moderate to low magnitude, with the only excep-
tion of the 1755 Lisbon earthquake, I.x=X, estimated epicentral
intensity I,=XI-XII [38]. Most historical events are characterized by
moment magnitudes comprised between 6.0 and 7.0, and epicentral
intensities ranging from VII to X (EMS-98 scale, used henceforth).
Meanwhile, characteristics of recent events are more homogeneous.
Their magnitudes range between 4.7 and 5.0, and only epicentral
macroseismic intensities show some dispersion (degree VII-VIII for
the former events in this group and V-VI for the more recent ones).

A first analysis has been made considering the site intensity at
each place where landslides occurred. This method for measuring
severity has the advantage of taking into account possible site-
effects that could increase local ground motion severity. Fig. 4
shows the resulting distribution. For this figure, data in mid-range
intensities (i.e., VII-VIII or VIII-IX) have been added to data in the
lower range. Disrupted landslides (falls and disrupted slides) are
frequent for low to moderate intensities (V-VI), while coherent
landslides are predominant in the moderate to severe range of
intensities. This is in agreement with previous results, which
show the fact that the ground motion severity (expressed in Arias
intensity terms) needed to induce coherent landslides is greater
than for disrupted ones [37]. For both landslide typologies, degree

0.5

Disrupted landslides
] Coherent landslides
04 — —

Rel. Frequency

IV v v VIl VIl IX X
Site intensity (EMS)

Fig. 4. Distribution of landslide typologies as a function of site intensity.

V seems to be the minimum required intensity for occurring in
the Betic Cordillera. Note that no attempt is made to estimate site
intensity from the occurrence/absence of instabilities, but the
minimum intensity required to occur.

For the analysis of seismic hazard scenarios and planning, a
starting point in most studies is the recognition of patterns of
distribution of landslides against the severity of shaking. This is
usually accomplished by means of plots of “area affected by land-
slides” or “maximum distance of occurrence” versus size (magnitude
or macroseismic intensity) of events. Based on data from 40 earth-
quakes around the world, Keefer [2] proposed that there are limiting
distances beyond which no landslides are recognized. Additionally,
he proposed that there is a magnitude-threshold for causing land-
slides, which varies depending on the typology: 4.0 for disrupted
landslides, 4.5 for coherent landslides and 5.0 for lateral spreading
and flows. In a complementary work, where Keefer's database is
increased with data from 36 additional worldwide earthquakes,
Rodriguez et al. [39] suggested a slight modification in the relation-
ship among “area affected by landslides” and earthquake magni-
tudes, to account for new available data. Data gathered by other
authors confirm the validity of these relationships [40-45], even
though outliers frequently appear. Although such relationships are
based on earthquake magnitude, some authors point out the interest
of using macroseismic intensity for such studies, because it can take
into account possible variations in the severity of shaking that could
occur within the locus defined by the distance obtained from
magnitude [39,46].

For this study, we have analyzed this relationship but using
epicentral intensity (I,). Fig. 5 plots epicentral distances at which
each single landslide (disrupted and coherent) occurred versus
epicentral intensity (I,) of causative event. Due to the low number
of flows and lateral spreads, the corresponding analysis could not
be accomplished for these kinds of landslides. Moreover, we use
epicentral distances instead of fault-rupture distances because
the causative faults are unknown.

In general, maximum observed distances increase as intensity
does, although some breaks to this pattern can be observed for
several degrees of intensity, likely linked to the incompleteness of
database. The numerical relationship between maximum
observed distance of occurrence of a given typology of landslide
and epicentral macroseismic intensity of event has been studied.
For such purpose, several forms of regression curves have been
employed. Among them, the power-law gave the best fit. The
resulting regression curves are (Fig. 5):

IN(Dyigruptea(km)) = —0.91( + 0.18)+2.04( + 0.09)In(l,) 3)

In(Donerent(km)) = —0.12( + 1.11)+1.68( + 0.55)In(,) @)

The correlation coefficients (p2) are 0.99 (disrupted landslides)
and 0.90 (coherent landslides). These relationships were obtained
discarding the distance values for the XI-XII epicentral intensity
value. Distances computed with both relationships appear as a
reasonable initial estimation of maximum expected distances for
earthquakes occurring within the continental zone of the Betic
cordillera, and of similar characteristics to that used for obtaining
the relationship: shallow and moderate to high epicentral intensity
(Io=V-IX-X).

There is a gap of earthquakes having epicentral intensities of
degree X to XI-XII in the Betic Cordillera, with the only exception of
the 1755 Lisbon earthquake, so we have excluded data from this
event in computing Egs. (3) and (4). Source area of this event is the
Azores—Gibraltar zone, characterized by very low intensity attenua-
tion [47]. This translates into very large distances ( > 600 km). On
the contrary, the continental zone of the Betic Cordillera is char-
acterized by medium to high attenuation, and observed epicentral
distances are comparatively small when compared (less than 45 km
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Fig. 5. Epicentral distances for landslides versus epicentral intensity of event. Solid line: regression fit of extreme distances in the intensity range V-IX-X; dash line:
regression fit of extreme distances for the intensity range V-XI-XII. Each point in the figure represents a record in the database.

for I,=IX-X). This is partially in disagreement with findings of
Keefer [2], who used data from very different areas, and found no
effect of attenuation in his database. Because these very distant data
come from a single event, any conclusion drawn should be con-
sidered with caution.

Although events similar to the Lisbon 1755 earthquake are not
frequent, they appear to occur periodically in the same area. Sandy
‘turbidity’ deposits induced by submarine gravity slides prove that
recurrence periods might be of the order of 1000-2000 years
[48-50]. If we include them, the resulting relationships are (see
Fig. 5)

IN(Dyisrupiea(km)) = —4.88( + 3.61)+4.23( + 1.48)In(l,) (5)

In(Degherent (k) = —3.91( + 4.02) +3.75( + 1.89)In(l,) (6)

The correlation coefficients (p?) are 0.73 (disrupted landslides)
and 0.66 (coherent landslides). Again, these equations are only valid
for the study zone, including events from both the Azores-Gibraltar
and continental area of the Betic cordillera, and for EMS-98 intensities
in the V-XI-XII range

Fig. 6 shows data in the database versus event magnitude (M,y)
together with the maximum epicentral distance relationships pro-
posed by Keefer [2]. Note that we have represented all identified
instabilities with epicentral distances greater than 1 km instead of the
only one occurring at the maximum observed distance for each event.
Two zones may be delineated in this figure, both for disrupted and
coherent landslides, with a magnitude of 5.0 being the approximate
limit between them. Epicentral distances to landslides induced by
events with magnitudes above this threshold value lay below the
limit distance defined by Keefer [2], irrespective of the typology of the
landslide. It may be related with the incompleteness of the used
database, although other factors (as the susceptibility of slopes of the
areas affected or precedent rain accumulated before earthquake
occurrence) may also play an important role. On the contrary,
landslides induced by events of lower magnitude may occur well
above the limiting distances, in spite of such incompleteness. It is
important to point out that, for some events, all instabilities occurred
at distances greater than the limiting distances. Although, as pre-
viously commented, some uncertainties may exist about magnitude/
location of historical events (i.e., My, > 5.0), this is not the case for the
more recent ones, where variation of assigned magnitudes is minimal
and the error of location is also small (most distant data correspond
to instabilities induced by recent events ID13, ID15 and ID17). In the
light of these data, as well as other data published by other authors
[39-44,51] including data for magnitudes (Ms/M,,) ranging from
3.8 to 6.0, it seems that susceptibility of slopes plays an important
role in the occurrence of instabilities [36], and that the use of

currently proposed maximum distances for low to moderate magni-
tudes might give rise to a underestimation of real distances affected
by the occurrence of this geotechnical problem. Evidently, the use of a
more extensive database, including worldwide data, will help to re-
define an overall relationship for maximum distances in the low to
moderate magnitude range. Anyway, obtained results in this work are
only a case study for the Betic Cordillera, showing this distinctive
behavior.

Another analysis has considered the area affected by land-
sliding in relation with event magnitude (Fig. 7). The computed
area corresponds to the surface of a smooth curve that encloses
landslides induced by each event. Note that this was carried out
only for those events with at least three identified landslides
(with the exception of the 1755 Lisbon earthquake, which is not
included in this analysis due to the lack of data in N Africa). As
widely quoted previously, the database is incomplete for most
events, so the computed areas certainly underestimate the real
surface affected.

Two events are characterized by very small areas in Fig. 7. Both
occurred inland and far from the coast. The first is a historical
earthquake (ID3, Alcoy, 1620), where information available is
very scarce and concentrates in well documented landslides in
the urban area that gives name to this event (Alcoy), but no data
exist about other areas that were also likely to have been affected
by landsliding [9]. The second event (ID16, Bullas earthquake,
2002) occurred in a rather flat area, and known landslides
occurred only to the S of the epicenter, in areas where angle of
slopes and state of materials allow the occurrence of instabilities
(asymmetry of relief around epicentral area).

The remaining events are characterized by areas that are close to
the upper bounds proposed by other authors [2,39]. The events of
smaller magnitude (ID9 and ID15) are outliers for these relation-
ships. Although some uncertainty exists about the real magnitude of
historical event 9, this is not the case for the other event.

These results are partially in disagreement with the results
presented in Fig. 6. Although large distances in this figure could lead
one to expect more earthquakes with large areas, this does not occur
because for several events the epicenter is located outside of the area
where landslides have be identified (Fig. 2), increasing the corre-
sponding distances landslide-epicenter but not the affected area. This
is partially due to incompleteness of the database for some events,
especially those occurring during historical times, and partially due to
intrinsic characteristics of the areas affected (landslides do not occur
on flat areas and concentrate along the existing areas with some
relief, like river banks or small mounts, as in the events ID16 and
ID17, the more recent ones and where database can be considered as
complete).
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Fig. 6. Epicentral distances for seismically-induced landslides in the Betic Cordillera versus moment magnitude.
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5. Summary

In this paper we have presented results derived from a
database that includes all landslides that could be located and
characterized, and were induced by earthquakes, in the Betic
Cordillera. Most earthquakes are characterized by moderate to
low magnitude (M,, < 7.0) and shallow events.

Most landslides ( ~ 80%) are classified as falls and disrupted ones
(sensu Keefer, [2]), whereas lateral spread and flows are rare in this
area. Disrupted landslides usually comprises earth/rock falls and
slides in soils that disorganize as movement progresses, and are
frequent on steep slopes on rocky materials, and along deeply
incised valley, eroded by rivers, and along slopes on weathered
materials and terraces (low strength materials) . Coherent landslides
are mainly slides in earth/rock, with the surface of rupture fre-
quently located at great depths (5 m or more). This dataset, although
incomplete, represents a step forward in the knowledge of this
phenomenon in the Betic Cordillera.

These data were used for establishing new relationships, valid
initially only for this area, between maximum distance of occur-
rence of landslides versus earthquake epicentral intensity, with
resulting high correlation coefficients for both, disrupted and
coherent landslides, when data include events in the range
V-IX-X. When the only event with intensity XI-XII is included,
the resulting correlation coefficients are lower, although accep-
table as a starting point for preliminary regional analyses of
seismically-induced landslides hazard studies in the Betic
Cordillera.

When considering magnitude (M,,) of events and epicentral
distances to landslides, it is observed that they can occur at long
distances (> 10 km) for events of low magnitude ( <5.0), irre-
spective of the typology of the landslide. It is important to note
that most data in this range occur at distances greater than those
predicted by pioneering Keefer’s relationships [2]. Even there are
some earthquakes for which all induced landslides occur at
greater distances than these relationships. These instabilities
always occurred at places where susceptibility of slopes is high,
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which likely contributed decisively to landslide occurrence. For
events of magnitude greater than 5.0, observed epicentral dis-
tances to landslides are well constrained by Keefer's curves [2].
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