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Abstract—The main active faults of the Granada Basin are located in its central-eastern sector, where

the most important tectonic activity is concentrated, uplifting its eastern part and sinking the western

border. Several parameters related to the seismic potentiality of these active, or in some cases probably

active, faults in this basin are used for the first time. Many of these faults can generate earthquakes with

magnitudes larger than 6.0MW, although this is not the general case. The fault situated to the N of Sierra

Tejeda, probably the one responsible for the big earthquake of 25/12/1884, stands out, because it could

generate an earthquake with magnitude 6.9 MW. Although at present all the data needed are not fully

known, we consider that the final results show, as a whole, the average expected return periods of the faults

in the Granada Basin.
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Introduction

The Granada Basin is located in the central sector of the Betic Cordillera (Fig. 1)

and is filled by upper Miocene, Pliocene and Quaternary sediments, covering the

contact between the Betic Internal and External zones. There exist many faults that

individualize the basin, also affecting its interior. In the basin and nearby there is a

noticeable, generally moderate to very moderate seismicity, although in its southern

sector occurred the so called ‘‘Andalusian Earthquake’’ (25/12/1884), Io MM = IX,

the most important one known in the region. Also, other earthquakes of remarkable

intensity occurred in this area.
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In this paper we present the seismic potentiality of the active, or probably active

faults of the Granada Basin (these active faults are also presented here for the first

time, especially the map where they are represented). We start with the creation of a

database of faults in the Granada Basin, as was done in other works (WGNCEP,

1996; CDC-DMG, 1996). Initially, we consider the faults moving sensu lato during

the Neotectonic period, that is to say, during the last 10 Ma, although several of

them were older. Initially the number of faults considered was very large (507 faults),

but those shorter than 5 km have been eliminated, and among these remaining, we

only considered the faults with clear active features, or probably active. Here, a fault

is assumed to be active in a wide sense, that is to say, when it affects the Pleistocene

sediments. Nevertheless, in the Granada Basin, most of the faults considered active

have associated seismicity and other very recent geologic features, such as

geomorphologic scarps (see the notes of Table 1).

The database is focused on the knowledge of the seismic potentiality in the area

and will be useful as complementary information in the valuation of the seismic

Figure 1

Geologic setting of the Granada Basin in the Betic Cordillera, in southern Spain.
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á
ja
r-

F
a
ra
g
ü
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á
x
im
u
m

m
a
g
n
it
u
d
e4

M
W
,
r M

w

t5
(y
r)
to

M
W
=
6
.0

N
ea
rb
y

to
w
n
s

N
o
te
s6
.
A
ta
rf
e,
n
A
ct
iv
e

2
7
.
N
W
b
o
rd
er

o
f
S
ie
rr
a
A
ra
n
a
,

n

P
ro
b
a
b
ly

a
ct
iv
e

�
3
:5
2
8
,
3
7
.3
6
2

�
3
:5
5
6
,
3
7
.3
0
7

6
.7

>
1
0
(g
)

6
0
�

>
0
.1
2
[5
M
a
]

5
.9
,
0
.6
a

<
6
.3
,
0
.2
b

>
5
.8
,
0
.4
c

<
4
0
0
0
(2
1
)

D
ei
fo
n
te
s,

C
o
g
o
ll
o
s
d
e

la
V
eg
a
,

Iz
n
a
ll
o
z

T
h
is
fa
u
lt
h
a
s
b
ee
n
v
er
y

a
ct
iv
e
d
u
ri
n
g
th
e
P
li
o
ce
n
e-

P
le
is
to
ce
n
e.

2
8
.
Z
a
fa
rr
a
y
a
,

n
-
sl

P
ro
b
a
b
ly

a
ct
iv
e

�
4
:1
7
2
,
3
6
.9
7
1

�
4
:0
9
8
,
3
6
.9
6
0

7
.0

>
5
(g
)

6
0
�–
7
0
�

0
.1
[5
M
a
]

6
.0
,
0
.6
a

6
.3
,
0
.2
b

>
5
.5
,
0
.4
c

6
.1
,
0
.2

a

>
5
.6
,
0
.1

c

<
9
7
0
0
(2
5
)

Z
a
fa
rr
a
y
a
,

V
en
ta
s
d
e

Z
a
fa
rr
a
y
a

T
h
is
fa
u
lt
h
a
s
a
ct
ed
d
u
ri
n
g

th
e
n
eo
te
ct
o
n
ic
p
er
io
d
,
b
u
t

th
e
p
re
se
n
t
ev
id
en
ce
d
o
es

n
o
t
lo
o
k
im
p
o
rt
a
n
t.

2
9
.
D
a
im
u
z

B
a
jo
,
n

P
ro
b
a
b
ly

a
ct
iv
e

�
3
:8
7
1
,
3
7
.2
5
8

�
3
:8
3
0
,
3
7
.2
0
4

7
.0

>
3
(s
p
)

6
0
�

0
.0
8
[5
M
a
]

6
.0
,
0
.6
a

6
.3
,
0
.2
b

>
5
.3
,
0
.4
c

<
1
9
0
0
0
(3
3
)
D
a
im
u
z
B
a
jo
,

E
sc
ó
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hazard. That allows us to open a new application of probabilistic methods to hazard

assessment, called probabilistic fault displacement hazard analysis (COPPERSMITH

and YOUNGS, 2000).

The obtained information must be gradually completed and corrected, because

the used data must be improved as the geologic and seismic knowledge of this area

increases. The trend and length of the fault, its geometry and the slip rate, have been

considered in the cases when it can be known from the accumulated throws. We used

empiric relations between the longitude and the surface of the fault and the greater

magnitude that it could generate. On the contrary, the existing paleoseismic

information in this basin is very scarce and consequently the paleoseismic intervals of

recurrence are not known, nor paleoseismic estimations of the displacement occurred

in earthquakes.

The aim of this paper is to estimate the seismic potentiality of the faults affecting

the Granada Basin, mind full of future applications such as the determination of the

seismic hazard.

The Network of Faults in the Granada Basin

This basin is affected by many faults distributed in three sets.

The faults of N70E to E-W direction form the first set. They are the longest and

oldest because many of them moved during the early and middle Miocene. Then they

moved as dextral strike slip, but from the late Miocene rested paralyzed or moved as

reverse and normal faults, according to its location. This occurred because from this

last time, the Betic Cordillera was affected by an approximateNNW-SSE compression,

combined with a near perpendicular extension, that in many points is more important

than the compression. At the same time, the region as a whole was rising.

The second set includes the NNE-SSW faults, which are very important,

especially to the east of the cordillera (e.g., faults of Lorca, Palomares and

Carboneras). They are present on the eastern border of the Granada Basin in its limit

with Sierra Nevada and further south. Its motion is normal, locally very important,

combined in some points with left lateral displacements (sometimes dominant). They

moved from the late Miocene to the present.

The approximate NW-SE faults form the third set. These faults are also present in

the eastern sector of the basin as well as in its interior, affecting areas such as Sierra

Elvira, Granada, Padul, etc. They basically move as normal faults, locally very

important and, as in the previous set, moved from the late Miocene to the present.

Some of them show a constant and noticeable microseismicity.

Moreover, there are low angle faults on the border of Sierra Nevada and more to

the South affecting the contact between the tectonic units of the Nevado-Filabride

and Alpujarride complexes (these complexes are the two lower ones of the Betic

Internal Zone). The displacement of these faults is in accordance with the direction of
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extension (NE-SW), moving the hanging blocks to the SW; its present importance

generating earthquakes is not known, but seems to be negligible because there are no

earthquakes that could be associated with them.

These three set of faults that individualize the basin from the beginning of the

Pliocene are distributed in two systems: one is formed by the set of N70E to E-W

faults and the second by the other two sets. Owing to the stress orientation existing

from the late Miocene, the first system is not very active, as indicated by the geologic

features, and when it moves presents basically normal motions. Nevertheless, at

present this system can easily accumulate energy, and for this reason cannot be

discarded that it could move, even as reverse faults. Although both the focal

mechanism of the Andalusian earthquake (25/12/1884) and the exact position of the

hypocenter are not known, probably correspond to the movement of one of the E-W

faults of the South of the Granada Basin (the N of Sierra Tejeda fault).

The second system is very active and is responsible for many earthquakes

affecting the central and eastern sectors of the basin. The trend of the faults of its two

sets facilitates the extension, generally producing small to moderate earthquakes.

Figure 2 shows the total number of faults affecting the basin, presenting

displacements which occurred in the neotectonic period sensu lato. As can be

observed, some of them have an important length, particularly that of the N70E to

E-W strike. In the database they have been divided into their different segments;

Figure 2

Net of faults of the Granada Basin presenting movements during the Neotectonic sensu lato period.
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otherwise in the calculation of the maximum magnitude that potentially could

generate, should result, unexpected high values.

The Database of Faults

To create the database we used the published cartography of the faults known in

the Granada Basin and its proximity, taken primarily from the geologic maps of the

region at 1:50000 scale, published by the Instituto Geológico y Minero de España

(IGME), although their trace has been corrected at many points with our own data.

Some of the faults have been known from seismic profiles made by Chevron�
(RODRÍGUEZ-FERNÁNDEZ and SANZ DE GALDEANO, 2001). The map obtained was

reduced to 1:100000 scale and digitized. For each fault we have considered the

following information.

Trace and total length of the faults. The location of each fault and the geometry of its

trace in the topography are needed in any evaluation of seismic hazard, as well as in

determinig different derived geometric parameters. The errors introduced during the

digitalization of the faults are usually less than 100 m and never exceed 150 m.

Given that generally there is no other type of reliable information, as could be

paleoseismic data, the total length of the fault obtained from its length trace is

considered as the maximum possible rupture of the fault. This is the value used in the

relationships between the length of the rupture and magnitude. Some authors

(WELLS and COPPERSMITH, 1994) consider that the rupture observed in surface

during an earthquake is only of the order of 75% of the length of the rupture which

occurred below the surface. According to this criterion, when using the length of a

fault as the maximum length of rupture, the seismic potentiality is possibly

underestimated. These and other authors (WYSS, 1979; ANDERSON et al., 1996;

PAVLIDES et al., 2000), established relationships between the observed dimension of

the fault (total length of the trace of the fault or rupture length in surface) and the

maximum magnitude. Using these relationships would avoid the underestimate of

the maximum magnitude that the studied fault is able to generate.

At first we had 507 faults able to generate earthquakes, potentialy active, using

the terminology of MACHETTE (2000). Their distribution is shown in Figure 2.

Using the lengths computed from the digitized traces, we have plotted the

cumulative number of faults N with length longer than a given value l (see Fig. 3).

Different authors (SCHOLZ and COWIE, 1990; WALSH et al., 1991; MARRETT and

ALLMENDINGER, 1992) have found, in some areas, that these two variables are related

through a relationship of the type

N / l�C:
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In a log-log plot, such as in Figure 3, we should see, in case the faults under study

follow this kind of distribution, a straight line with slope given by the C parameter.

We can assume that this power law behavior agrees with the fault length distribution

in the Granada Basin and its surroundings, at least for the faults longer than 10 km,

approximately.

Concerning the study of the potentiality of the faults in the basin, we have

considered only those with a length greater than 5 km. This diminishes the number of

faults to be considered to 71.

Depth of the fault. In contrast to previous studies in which the lack of information

led to a consideration of most faults with equal depth (e.g. CDC-DMG, 1996), in this

work we try to establish, if not a value of the depth for every fault, at least an

estimation of it (a minimum value). In order to do so, we have used data of

associated seismicity, of seismic profiles and, when it has not been possible, simply

through several geologic features. We are aware that these estimations have a clear

margin of error, especially in the last case.

From this value, together with the length and dip, we estimated the fault-plane

surface, which was also used to estimate the maximum magnitude that the fault could

generate. The dip used was that detected on the surface, but numerous faults in the

Granada basin have listric geometry. This circumstance has been taken into account

in some cases.

According to MORALES et al. (1997) and GALINDO-ZALDÍVAR et al. (1999), the

seismicity in the Granada Basin is concentrated at a depth of about 15 km in its

0.1 1.0 10.0 100.0
l (km)

N

1

10

100

1000

C=3.6  

Figure 3

Accumulative number of faults vs. length. A power-law fit for faults longer than 10 km has been computed.
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northeastern part and towards the west until a depth of 20–25 km. This implies that

many of the faults of the basin reach these depths, approximately locating there the

main detachment level of the bottom of the basin.

Slip rate. To calculate this parameter, the throw obtained from the displacement of

several reference levels has been taken into account. The Tortonian marine

calcarenites, deposited approximately 8 Ma ago, are especially used because they

now reach very different heights. These range between 1830 m, in the western sector

of Sierra Nevada, and less than the present level of the sea in several sectors of the

Granada Basin: in the Cubillas and Pinos Puente areas (RODRÍGUEZ-FERNÁNDEZ and

SANZ DE GALDEANO, 2001). The estimation of the throw of the faults that displaced

the reference levels and the interval of time in which it has been occurring gives

average values of the slip rate of the fault. In some cases the Pleistocene levels permit

obtainment of the slip, as it occurs in the Granada town and its surroundings. In

other cases some geologic features, such as the escarpment height, provide estimates

of slip rate of the fault blocks.

Activity of the faults. As previously indicated, the faults with a length greater than 5

km are only 71, all of them studied in detail. 37 of them have been discarded because

the known geologic and seismic data show that they have nonexistent, or practically

nonexistent, activity during the Quaternary. Among the discarted faults some of the

longest are included.

We have estimated only 15 faults of the Granada Basin as clearly active. These

faults show clear geologic features of recent activity and/or an associated seismicity.

Twenty other faults are considered as probably active. These 35 faults directly

considered are included in Table 1 and in Figure 4.

Maximum magnitude. To estimate the maximum magnitude that each fault is

capable of generating, and considering that generally there are no data of earthquake

magnitudes associated with a specific fault, we used different relationships proposed

by several authors between the maximum magnitude and the length or the surface of

the fault; additionally, the slip rate has been included in the estimation of the

maximum magnitude, as proposed in recent works. In this way we calculated several

values that enable us to verify the consistency of the results.

Independent of the value of the maximum magnitude obtained from the distinct

relations used, we estimated the error of the value obtained. For this, given that the

parameters appearing in the different proposed lineal relationships are accompanied

by their respective variance, simulations were performed using the Monte Carlo

method (RUBINSTEIN, 1981) when determining the variance (uncertainty) of the

estimated result.
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The relationships used are the following: First, that proposed by WELLS and

COPPERSMITH (1994) between the moment magnitude MW and the length of the

surface rupture l. Also, we used the one proposed by these authors between the

moment magnitude and the rupture area A; this latter relationship is statistically

more robust than the former, in the sense that a greater number of earthquakes

was used to estimate the parameters and to establish the relationship, and as a

result the errors were slightly lower. Finally, we also used the relationship proposed

by ANDERSON et al. (1996) between the moment magnitude, the length of the

surface rupture and the slip rate v of the fault. With this relationship, since it

includes the fault-slip rate, we attempt to improve the fit between MW and l, thus

reducing somewhat the maximum magnitude expected for faults with high slip

rates.

Although the previous relationships are established for the moment magnitude,

as indicated by WELLS and COPPERSMITH (1994), there is no significant difference

between the magnitudes MW and MS in the range 5.7 to 8.0. This is precisely the

range of values of interest to us. Above the 8.0 value the MS scale saturates and we

have to work using MW instead. Below the 5.7 value the MS magnitude is

systematically smaller than MW. When expressing the maximum magnitude in

different scales for this area, the relationship proposed by LÓPEZ CASADO et al. (2000)

can be used in order to relate the MS and mb scales for the Iberian Peninsula, in

addition to the cuadratic relationship proposed by the same authors between the mb

scale and the macroseismic intensity I0.

Return period. It would be desirable to determine the return period for a given

magnitude using the palaeoseismic information by studying the displacements

detected in the fault and taking into account the epochs on which these occurred,

however in this region such information is scarce.

To calculate the return period t, we used an approximation based on empirical

relationships. The expression used was

t ¼ d=v:

v is the slip rate, known for at least the main faults in the region. This is determined,
as indicated previously, from the displacement detected in the fault during a given

time interval, although in some cases this may not be the present value of this

variable; this one could be known with geodetic measurements made during an

interval of years long enough to yield more confident results that those obtained from

geologic data. The variable d is the average coseismic slip, which again would be

useful to know from palaeoseismicity (movement that has generated a certain

earthquake in the fault). From the definition of seismic moment M0

M0 ¼ l � A � d;
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where l is the rigidity modulus and A the surface rupture, we can calculate the

displacement d that caused an earthquake with seismic momentM0, or equivalently,

we can use the know relationship of HANKS and KANAMORI (1979)

MW ¼ 2

3
logM0 � 10:7

to calculate the value of d that causes an earthquake of moment magnitude MW.

The slip rate, although barely influenzing on the maximum magnitude that a fault

may generate, considerably affects the return period of a given earthquake. The faster

a fault is, the lesser is the maximum magnitude that it can generate (ANDERSON et al.,

1996), given that it has less capacity to accumulate stress, and otherwise the return

period for a given earthquake is shorter because the average coseismic slip will be

already reached.

Results: The Distribution of the Active Faults in the Granada Basin;

Their Slip Rate and Their Seismic Potentiality

Table 1 shows the potentially more dangerous faults of the Granada Basin; those

considered active or at least probably active. The rest, particularly those included in the

list of the 71 longer than 5 km, couldmove, but in fact theymoved insignificantly during

the Quaternary, according to the geologic and tectonic features existing in each case.

The 35 faults considered have been classified according to themaximummagnitude

that they can generate. Similarly they have been classified in accordance with the return

period for themagnitude 6.0MW (I0 MM� IX, using the relationship of LÓPEZ CASADO
et al. (2000) for the region), considered as an indicator objective enough of their

potential risk. In Table 1 are initially firstly indicated the faults considered active,

arranged by the maximummagnitude that they could generate (we use the relationship

of ANDERSON et al. (1996) to obtain this classification, taking into account the slip rate

and the total length of each fault). Also, in the column where the return period for

magnitude 6.0MW is indicated, anordinal ismarked, indicating the relative importance

of the potential seismic of each fault in the basin (this is in relationwith the returnperiod

obtained in every case). The faults considered as probably active are situated

immediately after; equally arranged. In every case we indicate the typology, the total

length of the surface trace (l), the depth (p), the dip (d), the slip rate (v), the maximum
magnitude that they can generate together with their uncertainty, the return period (t)

calculated/estimated for a 6.0 MW earthquake, and the villages nearest the trace.

Finally, notes and comments are added in each case.

The maximum magnitude to be expected is of the order of 6.9 MW in the case of

the so-called N of Sierra Tejeda fault, with a length of about 23 km and a slip rate of

0.125 mm/yr. This fault was probably the one which generated the Andalusian

earthquake (25/12/1884) (Fig. 5). Considering the length in the Granada Basin there
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are about thirty faults that could generate earthquakes with magnitudes higher than

6.0, although some of them have not been included in Table 1 because they do not

present clear displacements during the Quaternary.

The faults presenting higher slip rates are, fromNtoS:Obéilar - PinosPuente, Pinos

Puente, El Fargue - Jun, Granada, Belicena - Alhendı́n, Dı́lar, Padul y Padul - Dúrcal

and Lanjarón. These and others also important, although with lesser slip rate, are

shown in Fig. 4. Principally, the first ones are the faults presenting the shorter

recurrence periods. Among them the El Fargue - Jun and Granada faults stand out by

their slip rate. These two faults have produced importantmodern throws clearly visible

(they affect the Pleistocene sediments that are a good reference to calculate the vertical

slip). In both faults the age of 0.8Mahas been taken in a conservative estimation, as the

epochwhen the displacements began. Estimations of 0.6Ma or even 0.4Ma also can be

supported. Indeed, there is a group of faults, previously cited, whose slip rate can be

considered very similar, and moreover, that are very active from the seismic point of

view. This great activity can prevent the accumulation of energy required to produce

earthquakes with high magnitudes. Nevertheless, these faults concentrate most of the

important earthquakes of the Granada Basin (with the important exception of the

largest one, that of 1884). This fact can mean that they easily recharge the energy after

an earthquake and, consequently, that they continue moving at present as actively as

during the Quaternary.

The database permits the plotting of Figures 4 and 5 in which, for the first time,

the active and probably active faults of the Granada Basin are shown. The inspection

of these maps allows deduction of an interesting geologic feature: presently the more

active faults of the Granada Basin are located in its central-eastern part and

correspond to NW-SE faults. Beyond doubt, this sector concentrates the most

important tectonic activity, while during the late Miocene the faults with higher

motion were the more eastern ones. Probably in the future the same mechanism will

work again, and the higher activity will be translated to the west, likely in the area of

Agrón (East of Alhama de Granada), where several recent earthquakes are located.

The movement of the present active faults uplifts as a whole, with some

exceptions, its eastern block, while sinking on the western side. This same mechanism

occurs in other sectors of the Betic Cordillera.

Conclusions

In this paper the estimation of diverse parameters related to the seismic potential

of the main faults of the Granada Basin is carried out for the first time. However,

estimations have some limitations, probably because the net of the faults is not

totally known in that some of them do not outcrop or their traces are hidden among

marly sediments and growings. Nevertheless, we think that the most important faults

are certainly shown in this work. Another limitation is that the geometry of the faults

1554 Carlos Sanz de Galdeano et al. Pure appl. geophys.,



is not well known, mainly as concerns the dip and depth. For this reason we have

adopted conservative estimations, avoiding exaggeration.

In any case, we consider that the final results accurately indicate the average return

periods to be expected in the Granada Basin, and additionally that they define clearly

several very active faults. From north to south are the faults of Obéilar - Pinos Puente,

Pinos Puente, El Fargue - Jun, Granada, Belicena - Alhendı́n, Dı́lar, Padul, Padul -

Dúrcal and Lanjarón. The return period marks an exaggerated seismic hazard in

several faults, according to their seismic data; this variable is known with more

uncertainty than themaximummagnitude expected. It is necessary to take into account

that the return period is inversely proportional to the slip rate and to the length of total

rupture. It is possible that in some cases the slip rate was overestimated. Also the length

of the faults may have been overestimated, in that the segmentation of faults is not

always well known. Moreover, it is highly unlikely that the faults move along their

entire length in every earthquake, especially in the longer ones.

Many of those faults can potentially generate earthquakes with magnitudes

higher than 6.0 MW, although this is not expected. In this sense the N of Sierra

Tejeda fault stands out because it could generate an earthquake of 6.9 MW, and

probably caused the earthquake of 25/12/1884.

Although this last fault presents the greater seismic potentiality in the basin, the

main active faults are located in its central-eastern sector, in the area where the

present tectonic activity is more important, uplifting the oriental block as a whole

and sinking the western one. Figure 5 points out the high correlation existing

between the more energetic seismicity of the area and the active faults with higher

seismic potentiality and higher rate of slip of the Granada Basin.
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1040 (Zafarraya), 1041 (Dúrcal) y 1042 (Lanjarón).
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