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Abstract

The Granada basin, located in the central sector of the Betic Cordillera, is one of the most seismically
active zones of the Iberian Peninsula. For the first time, a geodetic network along the Padul fault and two
levelling profiles (Genil and Viznar) crossing the Granada fault were operated to detect crust micro-
deformations in this area. Three years of terrestrial geodetic measurements are analysed to characterize the
behaviour of these faults in a low to moderate strain rate environment. After the comparison of these three
campaigns, we can conclude that there is no significant short-term movement of the Padul fault. Granada
fault measurements show significant differences between 1999 and 2001 campaigns in Viznar profile.
However, more data are needed to correlate this displacement to the tectonic activity.
# 2002 Elsevier Science Ltd. All rights reserved.

1. Introduction

Near-field geodetic surveying have been frequently used to detect interseismic and coseismic
deformation. In most cases, these studies have been operated across active and potentially active
faults with high or very high activity rates. In this paper we have selected two faults located in a
low to moderate strain-rate environment, the Granada basin.
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This basin is located inside a wide collision zone between African and Eurasian plates, which
converge approximately at 5 mm/a according to Argus et al. (1989) and the NUVEL-1A plate
motion model (DeMets et al., 1994).
The study area, located in the central sector of the Betic Cordillera, is an area with one of the
highest rates of microseismic activity of the Iberian Peninsula, with mb45.5 earthquakes (De
Miguel et al., 1989). Occasionally, these earthquakes are grouped in seismic series, as the last
which occurred in the city of Granada between 4 and 12 July 1998. During those nine days, 29
earthquakes with magnitude less than 2.0, 11 earthquakes with magnitude between 2.0 and 3.0,
and 5 earthquakes with magnitude higher than 3.0 occurred. The two most important recent
earthquakes that occurred in this oriental sector of the Granada basin are the 1956 Albolote
earthquake with magnitude 5.0, and the 1911 Santa Fe earthquake with magnitude 4.9. There is
evidence of several historic earthquakes as well. For example the 1806 Santa Fe earthquake which
reached M.S.K. intensity IX, or the 1526 and 1431 Granada earthquakes which reached M.S.K.
intensity VIII and IX respectively. Also, paleoseismic studies show that during the Late Pleisto-
cene and the Holocene, the region has experienced several moderate-high magnitude earthquakes
(Alfaro et al., 2001).
The seismotectonic studies done in the central sector of this Alpine orogen, based on the focal
mechanism, reveal that nowadays, the region is subject to a NW–SE compressive stress field with
a NE–SW linked extension (Galindo-Zaldı́var et al., 1999; Herraiz et al., 2000).
The NE–SW extension is accommodated by normal faults in various orientations, amongst
which the NW–SE faults stand out (Fig. 1). These normal faults show geological evidence of
recent activity (fault scarps, triangular facets, deformed alluvial fans, etc.) (Lhénaff, 1965; Estévez
and Sanz de Galdeano, 1983; Riley and Moore, 1993; Calvache et al., 1997; Sanz de Galdeano
and López Garrido, 1999). From the different heights of Neogene and Quaternary materials dis-
placed by these faults, Sanz de Galdeano (1996) and Keller et al. (1996) have estimated an aver-
age rate of uplift for the Sierra Nevada western sector from 0.4 to 0.6 mm/a, and occasionally of
0.8 mm/a.
In order to quantify the present deformation of these NW–SE normal faults and to compare
this with geological estimations, a geodetic control has been established. In this study two major
faults have been selected; the Padul fault, owing to widespread geomorphological evidence of
recent activity in the area, and the Granada fault, which crosses the city of Granada, selected
because it is a poorly studied normal fault located in a highly population urban area. In this
paper, the recent tectonic activity and the associated seismicity of these two faults are analysed,
the geodetic activities developed are described, and finally, the results of the first three campaigns
are presented.

2. Active faults

2.1. The Padul fault

The Padul normal fault offsets the metamorphic Triassic carbonates of the Betic Cordillera
Internal Zone (Alpujarride Complex) (Fig. 2). This NW–SE fault (locally E–W) is approximately
15 km long and has various segments which dip towards the SW and S.
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Fig. 1. Simplified geological map of the study area with location of the levelling profiles at the Granada fault and the
local network at the Padul fault.
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The footwall is constituted of Alpujarride basement and the fault hanging wall is comprised of
Quaternary and Plio-Quaternary sediments deposited above the Alpujarride basement and upper
Miocene rocks (Fig. 3). Santanach et al. (1980) estimate that the vertical throw of this fault is
approximately 800 m.
There is both geomorphological and tectonic evidence to indicate that this fault continues to be
active at present (fault scarps, deformed Holocene alluvial fans, triangular facets, strong down-
cutting in the drainage network, Holocene peat deposits dipping against the fault plane, etc)

Fig. 2. Padul fault segment in which the eight sites of the local network are located.
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(Lhénaff, 1965; Riley and Moore, 1993; Calvache et al., 1997). From the different elevations of
the Red Formation Plio-Pleistocene deposits displaced by the Padul fault, Sanz de Galdeano et al.
(in press) deduce an average rate of uplift of 0.35 mm/a over the last million years.
Analysis of the slickensides (striations, corrugations,. . .) present on the fault planes show that
the principal displacement has a marked left-lateral horizontal component.
The level of seismic activity along the Padul fault is very low. No evidence of moderate or high
magnitude historic earthquakes exists. In the period 1980–1996 only one earthquake of magni-
tude higher than 3.5 has occurred. In spite of this low recent seismic activity, there is geological
evidence of moderate to high-magnitude earthquakes during the Quaternary (Alfaro et al., 2001).

2.2. The Granada fault

This NW–SE fault runs between the northern part of the town of Pulianas and the south of the
town of Monachil (Fig. 4). Its central part, which crosses the city of Granada, has a N–S seg-
ment. Although it does not have a clear fault plane along its trace, various prominent fault
scarps, some tens of metres high, exist which show the recent activity of this fault.
The Alhambra Formation rocks outcrop in the footwall of the Granada fault. This formation is
composed of alluvial fan deposits of Late Pliocene-Pleistocene age. Probably its age is less than 1
million years (Keller et al., 1996; Aguirre, 1957; Ruiz-Bustos, 1972; Ruiz-Bustos et al., 1990).
Detritic sediments of Late Pleistocene and Holocene age outcrop in the hanging wall.

Fig. 3. Geologic cross-section of the Padul fault along the Dúrcal river showing a general location of geodetic control

sites.
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Fig. 4. Geologic map of the Granada surrounding area with location of the Granada fault, and the Viznar and Genil

levelling profiles.
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Keller et al. (1996) carried out a morphotectonic study near Granada. These authors analysed
the normal faults that offset the Alhambra Formation rocks and calculated that the total vertical
throw accumulated by these faults was about 600 m. In Fig. 5 it is possible to recognize 410 m of
accumulated throw of the faults nearest to the city of Granada (Keller et al., 1996). Sanz de
Galdeano et al. (in press) calculate that the vertical slip-rate of this fault is 0.38 mm/a over the
last 0.8 million years.
There is prominent microseismic activity along its trace and in the nearby zones, but there is no
evidence of the occurrence of large earthquakes associated with this fault. Although the epi-
centres of the recent seismic series of June 1998 are located along the trace of the Granada fault
according to the dip of this fault (to the SW) and the depth of the earthquakes, they might be
associated with another fault located several kilometres to the NE (probably the Fargue fault)
(Sanz de Galdeano et al., in press).

3. Data and method

We analyze two kinds of geodetic data. Firstly, horizontal angles, vertical angles and distance
measurements performed at the Padul fault; and secondly, measurements taken at the Granada
fault. In December 1998, an eight-station Triangulation-Trilateration network was established
along the Padul fault (Fig. 2) (Ruiz et al., 1999), and surveyed for the first time in February 1999,
then in February 2000 and February 2001 by the Microgeodesy Research Group of the Jaén
University (Spain) as part of a project to monitor ground deformations (Gil et al., 1999). This
network is made up of eight reinforced concrete built pillars anchored to the rock and with a
special centred device for geodetic instruments (Gil et al., 2000).
Eighty horizontal angles among sites were measured with the Wild T3000 electronic theodolite
and the TCA2003 total station applying the Schreiber method (Bomford, 1980) in three different
campaigns, February 1999, February 2000 and February 2001. Each angle between two sites was
measured with two sets, that is, two pairs in each position of the graduated circle. In addition,

Fig. 5. Generalized geologic cross-section near Granada, illustrating vertical fault displacement produced by the

activity of the Granada fault and others NW-SE normal faults (after Keller et al., 1996). Location is shown in Fig. 4.
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each vertical angle measurement was taken four times. The standard deviation of a horizontal
direction is 0.6–0.9 s of arc or about 2.9–4.3 microradians. The distances were observed by elec-
tronic distance measurement (EDM) using the infrared Distomat Wild DI3000 and the Leica
TCA2003 instruments together with meteorological data measurements equipment at the end-
points. The forty spatial distances were calculated with a series of forty measurements each. The
error model in the trilateration measurements can be predicted by a standard deviation (Savage
and Prescott, 1973; Laurila, 1983)

� ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a2 þ b�Dð Þ

2

q
ð1Þ

where D denotes the measured distance expressed in kilometers, and a and b are constants. The
values of a and b are 3 mm and 1 ppm for DI3000, and 1 mm and 1 ppm for TCA2003. Table 1
shows some statistics about the data.
To estimate the strain rates, we used a forward modelling network deformation analysis soft-
ware package (Dong, 1993; Dong et al., 1998). Heights estimated by trigonometric levelling were
corrected for geoid undulations in order to reduce spatial distances to International ellipsoid.
DGPS with System 300 and System 500 Leica dual-frecuency receivers were used to obtain the
approximate geodetic coordinates for the stations. For each station, we can estimate as many as
four parameters: the two horizontal components of both the position and velocity vectors in a so-
called ‘free network’ solution (Ferhat et al., 1998). The deformation parameters obtained are
defined by Prescott et al. (1979). The angular shear strain rates (�

:
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:
2), and the maximum

(total) shear strain rate (�
:
) are respectively
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where E
:
nn; E

:
ee and E

:
en are the strain rate tensor components in the north (n) and east (e) direc-

tions and the off-diagonal component respectively. A geometrical interpretation of those �
:
1 and

�
:
2 can be found in Feigl et al. (1990). The shear rate parameter �

:
2 measures the decrease in the

right angle between a ray pointing north and one pointing east. This decrease can be attributed to
either right-lateral shear across a vertical fault striking east or to left-lateral shear across a fault
striking north. Similarly, �

:
1 measures the decrease in the right angle between rays pointing

northwest and northeast, due to right-lateral shear on a fault striking N45�W or left-lateral shear

Table 1
Some statistics about the data used in the 1999–2000–2001 inversion of the local geodetic network at Padul fault

Data Horizontal directions Vertical angles Spatial distances

Values rms (arcsecond) Values rms (arcsecond) Values rms (mm)

1999 112 0.73 40 1.13 40 10
2000 112 0.64 40 0.96 40 3
2001 112 0.58 40 0.93 40 3
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on a fault striking N45�E. We also obtained the azimuth � ¼  � 45� to provide the orientation
of the axis of the most compressive principal strain rate

� ¼ 1
2 atan ��

:
2=�
:
1ð Þ if �

:
1 > 0 ð5Þ

� ¼ 1
2 atan ��

:
2=�
:
1ð Þ � 	=2 if �

:
1 < 0 and �

:
2 > 0 ð6Þ

� ¼ 1
2 atan ��

:
2=�
:
1ð Þ þ 	=2 if �

:
1 < 0 and �

:
2 < 0 ð7Þ

Fig. 6. Comparison of results between 2000–1999, 2001–1999 and 2001–2000 levelling campains in (a) Genil profile,

and (b) Viznar profile. The topography is shown as the darker shaded profile on the bottom. An arbitrary vertical
reference system has been adopted for benchmark heights. Thin vertical bars are 3.29 s cumulative error bounds.
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where

tan2 ¼ �
:
1=�
:
2ð Þ ð8Þ

Both  and � are azimuths measured in degrees clockwise from north. We were able to estimate
dilatation parameter as well, but the quality of distance measurements in 1999 is worse than in

Fig. 6 (continued)
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the rest, so this parameter would not be meaningful and we avoided interpreting it.
In addition, two levelling profiles, each approximately two kilometres long, have been estab-
lished to measure the level of deformation in the Granada fault. The first (Genil Profile) has
fourteen benchmarks and its relief is very smooth (Fig. 6a). The second (Viznar Profile) has six-
teen benchmarks and its relief is more pronounced (Fig. 6b).
The height differences between benchmarks of the levelling profiles come from three separate
observation campaigns in 1999, 2000 and 2001. The first was surveyed from April to May 1999

Fig. 7. Shear strain rates (confidence ellipse at 39%) estimated from 1999 to 2001 geodetic inversion at Padul fault
geodetic network.

A.M. Ruiz et al. / Journal of Geodynamics 35 (2003) 259–272 269



with a WILD N3 precise level and invar rods, and a WILD NA2000 digital level. The second
campaign, February 2000, was performed with two digital levels, a WILD NA2000 and a Leica
NA3003. The 2001 campaign has been carried out exclusively with a Leica NA3003 digital level.
Median mode was used and seven observations were carried out for each measurement to the rod
with the NA3003 digital level. When Median measurement mode is used with NA3003, small
outliers, which appear as systematic collimation falsifications in the very short observation peri-
ods of the digital levels, occur much less frequently (Wehmann, 1999). The measuring equipment
and field procedures were used according to the rules of precise levelling (Kasser and Becker,
1999). The maximum error in each elevation difference between two benchmarks along the pro-
files is smaller than 1–2 mm.

4. Results and discussion

At the Padul fault geodetic network, in the planimetric position, displacement vectors are of similar
magnitude as propagated errors, so the results show no significant movements in general. Table 2
shows the numerical values of the deformation parameters and their 1s uncertainties. Strain rate
analysis shows that the greatest value of shear strain rate parameters �

:
1 and �

:
2 are �

:
1 =4.8�1.7

microradians/a and �
:
2=�3.6�0.9 microradians/a (Fig. 7; Table 2). These values represent a defor-

mation of 0.5mm/a in a block zone of 100–200m, which is the typical size of the subnetwork we used.
As in the planimetric case, the vertical coordinate differences between sites are also in the same
magnitude order than the propagated error.
In relation to levelling profiles across the Granada fault, the Genil profile shows small differ-
ences between benchmark heights in the three surveys. Height differences between each two
consecutive benchmarks at Genil profile comparing all the epochs are less than 1–2 mm. The
Viznar profile is more unstable. There are variations between benchmark heights of nearly 1 cm
between 2000 and 2001 surveys. Fig. 6a and b shows the vertical relative changes of elevation
between the different campaigns with their associated uncertainties. This profile runs along the
local Granada-Viznar road, so these movements could be related to ground settlements. In any
case, more geodetic data campaigns are needed to correlate the displacements to the local geology
and tectonic activity, and to find an appropiate crustal deformation model.

Table 2
Shear strain rates �

:
1 and �

:
2, total shear rate �

:
and the azimuth � of the axis of the most comprehensive principal strain

rate estimated from 1999 to 2001 geodetic inversion

Subnetwork �
:
1 (microradians/a) �

:
2 (microradians/a) �

:
(microradians/a) � (�)

1-2-4 1.5�2.5 �1.5�2.1 2.2�2.3 22.7�30.6
2-3-5 1.9�1.4 �0.8�1.6 2.0�1.4 11.9�21.9
2-4-5 �2.5�1.5 �1.5�1.9 2.9�1.6 74.3�18.3
5-7-8 2.3�1.5 0.7�2.0 2.4�1.5 �7.8�23.1

3-5-8 �2.4�1.5 �3.6�0.9 4.3�1.1 61.7�8.9
3-6-8 �1.6�1.5 �4.2�1.0 4.5�1.1 55.3�9.2
6-7-8 4.8�1.7 �3.0�1.2 5.7�1.6 15.9�6.8

The values refer to the subnetworks in Fig. 7. All values show their associated uncertainties.
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These results agree with geologic evidence and seismicity of the Granada basin, which is located
in a low-strain rate environment. There is clearly a need for geodetic determination of crustal
strain in the Betic Cordillera, but the low rates, close to the accuracy of the geodetic techniques,
and the limitations of the short-timescale observations make such measurement challenging.
Further campaigns should provide a longer record of strain accumulation in the region to
develop a geodynamic model of faults with a low strain-rate of activity.
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General de Enseñanza Superior e Investigación Cientı́fica.

References
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Granada City Faults. Poster of the European Geophysical Society. XXV General Assembly. Nice, France, April
2000.
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