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Abstract. The coseismic superficial deformation at the re- 1 Introduction

gion of Lorca (Murcia, southeastern Spain) due to thg M

5.1 earthquake on 11 May 2011 was characterized by a mulOn 11 May 2011, two shallow moderate magnitude earth-
tidisciplinary team, integrating information from DINSAR, duakes occurred at less than 5km northeast of the city of
GPS and numerical modelling techniques. Lorca (Murcia, southeastern Spain). The first event (Mw 4.5)

Despite the moderate magnitude of the event, quantitatook place at 15:05 (UTC), and had a maximum intensity
tive information was obtained from the interferometric study of VI in the European Macroseismic Scale (EMS). The sec-
of a pair of TerraSAR-X images. The DinSAR results de- ond and main event (Mw 5.1) occurred at 16:47 (UTC), with
fined the trace of the fault plane and evidenced uplift of thean epicentre of coordinates 37269, 1.67 W and a depth
hanging wall block in agreement with the estimated deforma-0f 2km (IGN, 2011), Fig. 1. The main event, which was
tion obtained through an elastic rupture dislocation numeri-assigned a maximum intensity of VII (IGN, 2011), did not
cal model. Meanwhile for the footwall block, interferomet- cause surface rupture, but caused nine human deaths and ex-
ric results showed that tectonic deformation is masked by artensive damages to dwelling buildings, schools and monu-
important subsidence related to groundwater extraction prements (Irizarry et al., 2011).
viously identified at the area of study. Around the area of study there have occurred damaging

Horizontal crustal deformation rates and velocity vectors,earthquakes both in the historical and the instrumental pe-
obtained from GPS stations existent at the area, were alsgods. The city of Lorca had suffered two damaging earth-
coherent with the tectonic setting of the southern margin ofquakes in 1579 and 1674, with intensities estimated to be
the Iberian Peninsula and with the focal mechanism calcuVIl (EMS) and VIII (EMS), respectively (Mafhez-Solares
lated for the Lorca event. The analysis of a continuous GPSind Mezcua, 2002). In 1829, an earthquake with a maxi-
site in Lorca showed good agreement with the horizontal N-mum intensity of X (EMS) and an estimated magnitude Ms
S direction component relative to the numerical model and6.9 (Muhoz and Udas, 1991; Buforn et al., 2006) occurred
tectonics of the region. near the town of Torrevieja (Alicante Province).

This is the first time at this seismic active area that a multi- On 6 June 1977, an earthquake of magnitudggn.2
technique analysis has been performed immediately after th€Viezcua et al., 1984) was registered at 10 km SW from the
occurrence of a seismic event, comparing the existing decity of Lorca and it had a maximum intensity of VI (EMS).
formation data with a theoretical numerical model based onln the region of Murcia, another damaging earthquake oc-
estimated seismic rupture dislocation. curred near the town of Mula, 45 km to the NE of Lorca, on

2 February 1999. Its magnitude was,Ns.1 (Buforn et al.,
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Fig. 1. Study area in SE of Spain, showing the main fault traces in red lines; the GPS stations with their associated horizontal displacement

vectors; the epicentral location of the main seismic event (red star) and aftershocks (yellow spots) (IGN, 2011); focal mechanism of the main

earthquake (Delouis, 2011); the plate convergence between Eurasia-Nubia plates based on the MORVEL model (DeMets et al., 2010) is
shown as a red vector on the lower right corner; the principal strain rates are calculated for the four stations connected by the green dashe
lines (see Table 1 for numerical values). The black contour delimits the area for Figs. 3 and 4. AGV: Alto Gira¥alent, FAM: Alhama

de Murcia Fault; TS: Sierra de la Tercia.

2005), and according to IGN (1999), the maximum intensity The earthquakes on 11 May 2011 took place in the east-
reached a value of VI (EMS). On 6 August 2002, an earth-ern part of the Betic Cordillera, along the Alhama de Murcia
quake occurred 40 km west of Mula near the town of Bullas.fault (FAM) (Bousquet, 1979). It is a high seismogenic po-
It had a magnitude of K 4.6 and a maximum intensity of tential strike-slip reverse fault, with a strike between RE5

V (EMS) (Buforn et al., 2005). In the same town on 29 Jan-and N63 E, and a movement of about 4-5 mnTyrsince
uary 2005, there was another earthquake near Bullas (Buforbhleogene times (Masana et al., 2004; Vissiers and Mei-
et al., 2006) with a magnitude of M4.7; the IGN (2005) jninger, 2011). It is located close to the convergent plate
assigned a maximum intensity of VII (EMS). This last earth- limit between the Eurasian and African plates. The conver-
quake was more damaging than the one in 2002, probablgence direction of this fault has remained constant since late
due to the weakening effect produced by the 2002 previousMiocene to present day (Manez-Oaz, 2002).

shock on some structures. Though those events had mainly According to Delouis (2011), the Lorca main event fo-
moderate magnitudes (M< 5.5), they produced damage 0 5| mechanism (Mw 5.1) showed a reverse sinistral motion,
structures and noticeable alarm in the population (GaSParf;ompatibIe with geological and GPS observations. One of

Escribano et al., 2008). Nevertheless, it should be pointeqne calculated fault planes coincides with the same orienta-
out that the Lorca event on 11 May 2011 is the first one dur-45 of the FAM (Fig. 1).

ing the instrumental period that has caused human deaths in

the region. In accordance with IGN (2011), the number of aftershock

events decreased quickly through time to less than five events
per day in five days. Curiously, these events were not located
along the inferred FAM fault plane, dipping towards NNW,
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but rather they were spread '_n seemlngly non-linear fasmonrable 1. Strain rate estimates (maximum and minimum principal
towards the SE from the main shock into the Alto Guada-,yis ;, and ¢, respectively) based on the GPS velocities of the

lentin Valley (AGV), Fig. 1. This supposed mislocation TERc, MELL, PURI and GANU stations. Negative sign means
might have been due to the generation of aftershocks in @&ompression.

zone with high concentration of the static Mohr-Coulomb
stresses out of the FAM plane. &1 (ustrain) &1 azimuth ) & (ustrain)  épazimuth @)

0.31+0.28 77.0:7.6 —0.80+£0.10 167.Gt7.6

2 GPSdata

The GPS data considered in this study consist of the analyTable 1) are also in good agreement with the calculated focal
sis of one continuous GPS (CGPS) station located in Lorcanechanism of the main event. Specifically, the orienta-
(LORC) and six campaign data belonging to the CuaTe-tions of &1 (~N77°E) andé, (~N167 E), deduced from
Neo (Cuantificadn de la Tedinica actual y Neoteohica)  the GPS velocities, agree well with the orientations of the
geodetic network, which was established in 1996 to quantifyT-axis (N112 E) and P-axis (N178W) (Delouis, 2011). Al-
the current rates of crustal deformation in the eastern part ofthough this agreement is not always guaranteed or necessary,
the Betic Cordillera (Colomina et al., 1999). It consists of 15 since the two measurements represent two different physical
geodetic markers covering an area approximately 6000 km parameters, strain and stress, which are not always coinci-
in Murcia and Almeria. The presented data are based on thdent (see Wang (2000) for further details). The NNW ori-
analysis of four campaigns performed in 1997, 2002, 2006entation of the GPS velocities of the three stations located
(Khazaradze et al., 2008) and 2009. During each campaigeloser to the coast (MONT, PURI and GANU) indicates that
every site was observed for three consecutive days (in somthe main driving force behind their motion is related to the
cases up to five days) in sessions of at least 8 hours. Someonvergence between the Nubia and Eurasia plates (see the
of the sites were observed throughout the campaign in a conconvergence vector in Fig. 1). This, convergence accord-
tinuous mode, since it was possible to leave the instrumenting to the MORVEL model (DeMets et al., 2010), equals to
unattended. 5.6+0.3mmyr ! and is oriented N322°EE +1.8°. These
Horizontal velocities of the six CuaTeNeo sites falling values show that roughly one-third of the overall conver-
within the study area are shown in Fig. 1. These veloci-gence between the two tectonic plates is taking place on
ties represent an inter-seismic phase of deformation averageitie southern margin of the Iberian Peninsula, at the Betic
over the 12 years of observations. The stations on the SE sidéordillera.
of the FAM (PURI and GANU) show oblique compression  These values also agree with other published GPS results
with left-lateral direction of motion, 1.9 0.5mmyr?, rel- in a wider region of SE Spain (e.g. Koulali et al., 201 &ré&2z-
ative to the stations on the NW (MELL and TERC) in accor- Pdia et al., 2010), which provide velocities ranging between
dance to geological observations and calculated focal mechd to 2mmyr ! oriented in the NNW direction. However, a
anism of the Lorca earthquake (Fig. 1). The decompositiondetailed comparison with our results presented in this paper
of the station PURI vector into fault parallel and perpendicu-is not possible, since these studies do not include observa-
lar components, give velocity estimates of 0.29 mmband tions that fall within the geographic area considered here.
1.87mmyr?, respectively. This decomposition was per-  Two weeks after the occurrence of the Lorca earthquake,
formed by projecting the GPS calculated vector of PURI tothe UB group organized a special post-event campaign of the
the trace of the FAM fault, deduced from the focal mecha- CuaTeNeo sites located near the epicentre of the earthquake.
nism and used in the numerical model (N&. In conse-  The preliminary results indicated no signs of detectable co-
guence, the relative weight of compression vs. extension iseismic deformation. Nevertheless, our analysis of a contin-
significantly higher than expected from the focal mechanism.uous GPS site LORC, belonging to the Meristemum public
On the contrary, when we used an alternative N@®rien-  network (Garrido et al., 2011) and located in the city of Lorca
tation for the FAM fault, more in accordance to the geology (Figure 1), showed a horizontal co-seismic jump of 5to 6 mm
(see Fig. 1), the fault parallel and perpendicular velocities(5.54 0.2 mm) towards the north and statistically marginal
of PURI became 0.92mmyt and 1.66 mmyrl, respec-  subsidence in the vertical direction-®.0+ 0.9 mm (Fig. 2,
tively. These values are in better agreement with approxi-Table 2). It must be pointed out that before the occurrence of
mately 30 % strike slip and 70 % compression component ofthe Lorca earthquake, our analysis of the LORC data from
the Lorca earthquake focal mechanism (Delouis, 2011). 2008 had already indicated a highly anomalous behaviour
We also calculated strain rates for the four stations sur-at this site, which was most likely due to the instability
rounding the earthquake epicentre (TERC, MELL, PURI of the terrain surrounding the building where it is located
and GANU) using the SSPX software (Cardozo and(Echeverria et al., 2011). Specifically, we had estimated
Allmendinger, 2009). The obtained results (Fig. 1 andthat the LORC CGPS station was subsiding with a rate of
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Table 2. Comparison of coseismic displacement components be- _A vertical d|splacemgnt ma? W_as generated by “”"‘"_ap'
tween the LORC CGPS station and numerical model. Negative verPiNg the phase of the differential interferogram (Costantini,

tical disp|acement means subsidence. 1998) A h|gh Coherence piXel Wlth azero deformation Value
according to the numerical model (see next section) was em-
LORC GPS Numerical model ployed to fix the solution. A median filter was applied to the
deformation map to reduce the impact of the low coherence
S—Ndirection  5.5:0.2mm 8.6 mm i ;
WLE diroct 0.0t 0.0 10 pixels (Fig. 3b).
— Irection . .Zmm .Omm :
Up direction  —2.0+0.9mm —25mm The northern (hanging wall) block of the fault has a max-

imum upward movement of about 3cm that agrees with
the reported focal mechanism, while the southern (footwall)
block of the fault shows a maximum downward movement
of 18 cm (Fig. 3b). There is a remarkable difference of order
98.5+ 1.9mmyr? (Table 3) and moving horizontally with  of magnitude between the displacements in each one of the
arate of 12.2= 1.2mmyr in the SE direction with respect plocks. The limit of these movement tendencies coincides
to stable Eurasia. clearly with the FAM trace (Fig. 3a), reflecting also the local
change in the strike of the fault from N3k to N6C E and
the geological contrasts between the sediments of AGV and
the Tertiary rocks of Sierra de la Tercia (TS).

The maximum downward movement of 18 cm in the
southern block would represent a constant rate of movement
of about 64.2mmyrl. This motion is most likely caused

3 DInSAR analysis

The use of Synthetic Aperture Radar Differential Interfer-
ometry (DInSAR) technique for quantifying coseismic de- by non-tectonic deformation (Table 3; Gétlez et al., 2011)

formations has been previously useo_l at the Afrlca-EuraS|a_r1cmd similar to the terrain instability reported earlier for the
plate boundary at the western Mediterranean area, e.g. INORC CGPS station. It must be pointed out that the ac-
Morocco (Belabbes et al., 2009; Akoglu et al., 2006); andcuracy of the calculated deformation may be lower in the

in the Iberian Peninsula, also at the same seiSmOQeNiC areg, 1o piock than in the northern block. This is justified

|n'th.e Be‘uc; Cordlllgra (Gonadez etal. 2009)..Nevertheless, by the large deformation gradient (compared to the DINSAR
this is the first time in this area that a processing has been per-

¢ qi diatelv after th ¢ o signal’'s wavelength) in this area. As not all the pixels have
ormed Immediately after the occurrénce of a Seismic even nough quality to participate in the unwrapping, some fringes
and it has been compared to theoretical numerical modelle

tical elastic def tion based timated seismi ay be skipped and the overall deformation may be under-
Ylfrrel(;?slgsastifn eformation based on estimated SeISMIC MUPggimated. Assuming this, we consider compatible both DIn-

SAR’s 64.2 mmyr?! constant rate and the inter-seismic sub-

A DINSAR processing (Hanssen, 2001; Mora et al., 2007)sjgence rate of 98.5 mmyt detected at the LORC CGPS
of one pre- and one post-event stripmap TerraSAR-X im-gtation (Table 3 and Fig. 2).

age (25 July 2008 and 14 May 2011) was performed for the
Lorca event. In order to reduce temporal decorrelation and
avoid non-seismic deformation phenomena, a shorter tempo4  Numerical model of coseismic vertical deformation
ral baseline would be desirable. Unfortunately, that was the
only pre-event image available in the TerraSAR-X archive The surface deformation numerical model produced by the
for the study zone. Topography was cancelled employingu,, 5.1 earthquake was generated using the method of Wang
an interpolated SRTM DTM. Atmospheric effects were con- et al. (2003), which considers an elastic deformation field. In
sidered non-significant, as the detected fringe spatial gradia first step, the Green’s functions are computed for a number
ent does not correspond to the typical atmospheric patterf source depths and distances given a layered half-space ve-
(Hanssen, 2001). locity crustal model. For the Lorca area, the chosen crustal
Figure 3a shows the filtered deformation fringes of the model was taken from D#beitia et al. (1998) which con-
differential phase in radians. Each color cycle is equiva-sists of 7 layers between 0 and 35 km in depth.
lent to a deformation of 1.55 centimetres along the line of A second step sets the source rectangular rupture surface
sight (LOS) of the radar{35° of incidence angle). The well by defining six fault parameters: slip, length, width, strike,
marked fringe pattern is aligned along the trace of the FAM,dip and rake of the dislocation. For the present analysis,
showing a defined deformation gradient perpendicular to itsthe first three parameters were set at 15cm, 4km and 2 km
trace. Further to the S and SE of the epicentral area, theespectively, attending the mean values for @ M1 given
quality of the signal (measured by the coherence parametef)y Wells and Coppersmith (1994) and in agreement with
is lower outside the urban areas, mostly associated to agricuthe seismic moment (4.9 10?3 dyn x cm) calculated by De-
tural fields in the AGV, showing a concentric low coherence louis (2011). The moment tensor inversion, calculated by the
fringe pattern. same author, was used to determine the orientation and slip
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Fig. 2. Time-series of LORC continuous GPS station belonging to the Meristemum neththpk//gps.medioambiente.carm)esiThe

analysis was performed by the UB group using the GAMIT-GLOBK software from MIT. Reference frame is ITRF08. Vertical green lines
depict dates of hardware changes and/or earthquake occurrence. The 1st jump in 2009 is due to an antenna change and the 2nd jump is d
to a Lorca earthquake of 11 May 2011. The N-S component, where the co-seismic offset of 5 to 6 mm can be seen, includes a zoom of the
time-series.

Table 3. Comparison of the numerical model vertical displacement results with reported values of maximum displacements and calculated
rates from different GPS and DInSAR studies, at both FAM blocks. Negative sign means subsidence.

Technique Northern block Southern block Southern block
maximum vertical maximum vertical  vertical displacement
displacement (mm) displacement (mm) rate (mmiyr

GPS LORC (2008-2011) (Echeverria et al., 2011) - - —98.5¢

DINSAR (2008-2011) (this study) +30 —180 —64.2

DINSAR (1992-2007) (Goraez and Ferandez, 2011) — — —100*

Numerical model Lorca Event (this study) +40 -10 —

* Measurements made before the Lorca earthquake on 11 May 2011.

of the fault, i.e. 245 for the strike, 68 for the dip and 58 epicentre (Fig. 3b). As shown in Table 3, even if there is
for the rake. According to the hypocenter depth of 2 km, anda good agreement between DINSAR and numerical model
a fault width of 2 km, we assumed that the top of the ruptureresults in the northern block, there is a noticeable discrep-
stops at a depth of 1 km (Fig. 3b). ancy in the southern one.

Considering the geometry described above, the model pre- It should be pointed out that slip, length and width of the
dicts a maximum vertical deformation of 1 cm subsidencerupture area have been chosen considering the average values
2km SE from the epicentre and around 4 cm uplift near theproposed by Wells and Coppersmith (1994); the estimation

www.solid-earth.net/3/111/2012/ Solid Earth, 3, 11149 2012
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Fig. 3. (a)Filtered deformation fringes of the differential interferometric phase in radians. Each color cycle is equivalent to deformation
along LOS of about 1.55 cm. The limit of the Lorca urban area is shown for refer@madertical displacement map. The colour scale shows

the displacement measured by DInSAR. The black curves show the isovalues obtained by the numerical model in cm. The red rectangle
and cross-section line AZAhow the dimensions and location of the rupture plane considered in the numerical model. White liaes] 1-|

II-11", are the traces of vertical displacement profiles shown on Fig. 3c. The limit of the Lorca urban area is shown for rétgMertieal
displacement profiles comparing measured DInSAR vs. numerical model results.

of those parameters assumes a standard value for the sheswave velocity yof 1.9 km st and a density of 2 gcnt3
modulus f«= 30 GPa) that might not fit in this case study to obtain a lower limit for the shear modulus value= p
given the zone peculiarities, such as the existence of prevg = 7.22 GPa, which is approximately 6 times lower than
fractured rocks and the shallowness of the focal depth. the v considered in the first calculations presented above.
A lower value for the shear modulus might be consideredTherefore’ t(.) malntaln the same \(alue of seismic m°”?e”t
Jensor, Mo, it is necessary to multiply by 6 the factor slip-

and a parametric analysis was performed to compute a ne Imes rupture surface. The model had been constructed b
vertical surface displacement by considering a lower value oiI > fup C i y
considering two alternative assumptions on the amount of

ith th b t diff t tibl t dslip”; ) . .
W € subsequent diierent companble TUptUre and s Ipsllp: the first one with an average slip of 15cm and the sec-

di i t di h tral depths. Finally, S . . -
imensions at civerse fiypocentral depins. Fnaty, We Come 4 with an average slip of 30 cm. For each case, three dif-

pared the results with those obtained from numerical mode ! .
and DINSAR results. Ferent focal depths were chosen. For the case which consid-

ers an average slip of 15cm, a hypocentral depth of about

Considering the current velocity models used for ob-4km provides a maximum surface displacement of 4.5cm.
servational seismology (Delouis et al., 2009) we took a

Solid Earth, 3, 111419 2012 www.solid-earth.net/3/111/2012/
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And for an average slip of 30cm and a hypocentral depthexamination of the modelled horizontal motion makes easier
of 6 km, maximum surface displacement of 4 cm is obtained.to appreciate why we were not able to detect any co-seismic
Thus, the results from the variations show similar vertical motion even at the closest CuaTeNeo station TERC after per-
displacement configurations at land surface of the northerrforming a post-earthquake campaign.

block. Therefore, even by considering a lower valuguof

which implies different slip values (between 15 and 30cm)5 Discussion and conclusions

and hypocentral depths (between 2 and 6 km), we obtained

in the northern block synthetic displacements in accordancd)sing the numerical model as reference for the coseismic
with the first assumption. displacement, we found a good agreement between the Din-

Considering again the former results, once they were val-SAR measurements (3cm) and the model estimated values

idated by reviewing other. values, we present two verti- (4cm) on the northern hanging wall block of the fault. This
cal displacement profiles, perpendicular to the strike of theMatch, as well as the distribution of the vertical movement
fault plane used for the numerical model and parallel to thegradient along the FAM trace, allows to state that the numer-
schematic section A-AFig. 3c). The traces of both profiles ical model is a good approximation of the coseismic defor-
are shown in Fig 3b. Profile |/_trace passes through the mation (F|g 3b) The |argeSt difference is the areal extent of
maximum of DINSAR vertical movement, mainly concen- the deformation and concentration of displacements on the
trated to the northwest of the epicentre. Profile ll4iace  North-western sector of the study area. This difference might
passes through the maximum value of the numerical modelPe due to changes of geology and definition of local tectonic
very close to the epicentre. In Fig. 3c, computed and Din-blocks (Martnez-Oaz, 2002) in the area, and to a possible
SAR vertical displacements gUaxe) were compared along heterogeneous rupture process not considered in our uniform

the profiles. Positive values are located at the northern blocklislocation model. .
of the fault while the ones in the southern block are nega- On the other hand, there are differences for the southern

tive. Maximum values in the northern block are of the sameblock with both DINSAR and CGPS (LORC station) results

order of DINSAR and numerical model results, very close to(Table 3). Gonalez and Ferandez (2011) report important
4.0 cm, though differences are reflected in their distribution:Subsidence rates qable 3) at the AGV sedimentary basin,
along profile |-, DINSAR measured movements are con- Of about 100mmyr=, due to intensive groundwater extrac-
stant decreasing rapidly close to the fault trace; while alongfion, which could be responsible of the large differences ob-
profile 11-11’, DINSAR shows more irregularities, decreasing tained by numerical and field techniques (DINSAR and GPS).
constantly towards the fault trace. Considering possible DINSAR movement magnitude under-
At the southern block differences are more accentuatedestimation in this area due to low coherence pixels, both
The DINSAR movement increases constantly almost at thd?INSAR and LORC measurements show reasonable corre-
same rates in both profiles until reaching more than 10.0 Cm;spon@ence. _ _ '
while the model results tendency is for a maximum of 0.5cm  This intensive groundwater extraction might generate
and going back zero as it gets away from the fault trace.Changes of the stress field that could contribute to the
Clearly in this block there is the superimposition of other ver- generation of the aftershocks (IGN, 2011) out of the FAM
tical movement source added to the earthquake deformatiorfface, but further away within AGV (Fig. 1). While model
Unfortunately, separation in the DINSAR *“signal” of coseis- Predicted coseismic vertical deformation is less than few cen-
mic deformation component from other terrain instabilities is timetres, as mentioned earlier, subsidence related deforma-
not possible. Moreover, as the numerical model magnituddion is of the order of tens of centimetres. Unfortunately, as
is of the order of the DINSAR uncertainty, it is not possi- the model magnitude is of the order of the DINSAR, uncer-

ble to differentiate coseismic deformation from other type of ta.|nty itis not pOSSible to differentiate coseismic deformation
subsidence. from the groundwater extraction related subsidence. The co-

Due to its acquisition geometry’ the Sensitivity of the DIn- seismic jump of the LORC station is of the same order as that

SAR signal to horizontal displacements is significantly lower obtained by the numerical model, and only remarkable in the

than to vertical displacements. In fact it is almost blind north direction.

to the N-S component. Therefore, even if it is possible to N synthesis, by combining remote sensing measurements

project LOS deformation in its horizontal component due to (DINSAR), in-situ field measurements (CGPS station LORC)

its high degree of uncertainty, we have not performed anyand numerical models of fault rupture, we were able to char-

comparison between DINSAR and the modelled horizontal@cterize the coseismic deformation for the 11 May 2011,

movement Components_ Therefore, Oniy GPS data has beéHW 51 earthquake. This is the first time that results from

compared to the horizontal model component. interferometry technique are obtained and confirmed by a
The horizontal deformation predicted by the numerical multi-technique and multi-disciplinary study for an earth-

model (Fig. 4 and Table 2) agrees well with the co-seismicduake in Spain.

jump observed at the LORC CGPS station from the anal-

ysis of the N-S, E-W and vertical GPS time-series. The
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118 T. Frontera et al.: DINSAR Coseismic Deformation of the 2011 Lorca Earthquake (Spain)
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Fig. 4. Horizontal coseismic displacement field. A projection of the modelled fault is shown as a rectangle. Green star depicts an epicentre
of the 11 May 2011 Mw5.1 Lorca earthquake. LORC CGPS station includes measured (green) and modelled (red) displacement vectors.
TERC CuaTeNeo station location is shown to illustrate a low level of expected co-seismic deformation at this site.

AcknowledgementsThe authors would like to thank INFOTERRA References

for providing the TerraSAR-X images and the Instituto Geito

Minero Espéol (IGME) for providing helpful information at  Akoglu, A. M., Cakir, Z., Meghraoui, M., Belabbes, S., EI Alami,
the area; the Spanish Ministerio de Ciencia e Inndwagiroject S. O., Ergintav, S., and Akyuz, H. S.: The 1994-2004 Al Ho-
CuaTeNeo (CGL2004-21666-E); the Conskjedle Agricultura y ceima (Morocco) earthquake sequence: Conjugate fault ruptures
Agua of Regbn de Murcia, for the Meristemm GPS Network data; ~ deduced from InSAR, Earth Planet. Sci. Lett., 252, 467-480,
the University of Barcelona (UB) APIF pre-doctoral grant to A.E;  2006.

Financial support by the UB Faculty of Geology and the Laboratori Belabbes, S., Wicks, C., Cakir, Z., and Meghraoui, M.: Rupture
d’Estudis Gedkics Eduard Fontserof Institut d’Estudis Catalans. parameters of the 2003 Zemmouri (Mw 6.8), Algeria, earth-
We thank the numerous volunteers, who have participated in the quake from joint inversion of interferometric synthetic aperture
field campaigns. We are also very grateful to the two anonymous radar, coastal uplift, and GPS, J. Geophys. Res., 11, B03406,
reviewers and to R. L. M. Vissers and C. Gaina whose comments d0i:10.1029/2008JB005912009.

and revisions greatly improved the content of the final version of Bousquet, J. C.: Quaternary strike-slip faults in southeastern Spain,

this paper. Tectonophysics, 52, 277-286, 1979.
Buforn, E., Benito, B., Sanzde Galdeano, C., del Fresno, Chddu
Edited by: C. Gaina D., and Rodiguez, I.: Study of the damaging earthquakes of

1911, 1999, and 2002 in the Murcia, Southeastern Spain region:
seismotectonic and seismic-risk implications, Bull. Seism. Soc.
Am., 95, 549-567, 2005.

Buforn, E., Cesca, S., Goded, T., del Fresno, C., anédduD.:
The Bullas (Murcia, SE Spain) earthquake, 29 January 2005, J.
Seismol., 10, 65—-72, 2006.

Solid Earth, 3, 111419 2012 www.solid-earth.net/3/111/2012/


http://dx.doi.org/10.1029/2008JB005912

T. Frontera et al.: DINSAR Coseismic Deformation of the 2011 Lorca Earthquake (Spain) 119

Cardozo, N. and Allmendinger, R. W.: SSPX: A program to com- IGN: Serie terremoto NE Lorca, 11 mayo 20http://www.ign.es/
pute strain from displacement/velocity data, Comput. Geosci., ign/resources/sismologia/Lorca.p@fil.
35, 1343-1357, 2009. Irizarry, J., Frontera, T., Goula, X., and Barbat, A. H.: Learning
Colomina, 1., Fleta, J., Gianez, J., Goula, X., Masana, E., Or- from Earthquakes Lorca, Spain, Earthquakes of May 11, 2011,
tiz, M. A., Santanach, P., Soro, M., Sfigich, E., Talaya, J., and EERI Newsletter, June 2011, 45, 3, 2011.
Térmens, A.: The CuaTeNeo GPS network to quantify horizontalKhazaradze, G., &ate, J., Sufiach, E., @vila, J. M., and Asensio,
movements in the Southeastern of the IberianPeninsula, edited E.: Crustal deformation in south-eastern Betics from CuaTeNeo
by: Garcia, J. M. and Romacho, M. D., International Sympo- GPS network, GeoTemas, 10, 10123-10127, 2008.
sium Assesment and reduction of natural risk, | Ass. HispanoKoulali, A., Ouazar, D., Tahayt, A., King, R. W., Vernant, P.,
Portuguesa, Almeria. IGN, SIM@1.do, 1999. Reilinger, R. E., McClusky, S., Mourabit, T., Davila, J. M., and
Costantini, M.: A novel phase unwrapping method based on net- Amraoui, N.: New GPS constraints on active deformation along
work programming, IEEE Trans. Geosci. Remote Sens., 36, 813— the Africa-Iberia plate boundar, Earth Planet. Sc. Lett., 308, 211—
821, 1998. 217, 2011.
Dafobeitia, J. J, Sallas, V., and Gallart, J.: Local earthquakes seis- Martinez-Oaz, J. J.: Stress field variety related to fault interaction
mic tomography in the Betic Cordillera (southern Spain), Earth  in a reverse oblique-slip fault: the Alhama de Murcia Fault, Betic

and Planet. Sci. Lett., 160, 225-239, 1998. Cordillera, Spain, Tectonophysics, 356, 291-305, 2002.
Delouis, B.: http://www.emsc-csem.org/Files/event/221132/result Martinez-Solares, J. M. and Mezcua, J.: &ago $smico de la
LorcaEQ.jpg 2011. Perinsula Ikerica (880 a.C.-1900), Monogiafnim. 18, Subdi-
Delouis, B., Charlety, J., and Vak, M.. A Method for reccbn General de Geodesia y Gmita, Instituto Geogdfico
Rapid Determination of Moment Magnitude yMfor Moder- Nacional, Madrid, 2002 (in Spanish).

ate Earthquakes from the Near-Field Spectra of Strong-MotionMasana, E., Mamez-Oaz, J. J., Herandez-Enrile, J. L., and San-
Records (MWSYNTH), Bull. Seismol. Soc. Am., 99, 1827— tanach, P.: The Alhama de Murcia fault (SE Spain), a seismo-

1840,d0i:10.1785/0120080232009. genic fault in a diffuse plate boundary: Seismotectonic impli-
DeMets, C., Gordon, R. G., and Argus, D. F.: Geologically current  cations for the Ibero-Magrebian region, J. Geophys. Res., 109,
plate motions, Geophys. J. Int., 181, 1-80, 2010. B01301,d0i:10.1029/2002JB002352004.

Echeverria, A., Khazaradze, G.afate, J., Asensio, A., Masana, Mezcua, J., Herraiz, M., and Buforn, E.: Study of the June 6,
E., and Suifiach, E.: Present-day GPS crustal deformation rates 1977 Lorca (Spain) earthquake and its aftershock sequence, Bull.
in the Eastern Betics (SE Spain), Geophys. Res. Abstr., 13 Seism. Soc. Am., 74, 167-179, 1984.
(EGU2011-8005), 1, 2011. Mora, O., Arbiol, R., and Pal V.: ICC’s Project for DINSAR Ter-
Garrido, M. S., Gimgnez, E., de Lacy, M. C., and Gil, A. J.: Sur- rain Subsidence Monitoring of the Catalonian Territory, Proceed-
veying at the limits of local RTK 25 networks: Test results from  ings of IGARSS 2007, 4953-4956, 2007.
the perspective of high accuracy users, Int. J. Appl. Earth Obs.Mufoz, D. and Uths, A.: Three large historical earthquakes in
13, 256264, 2011. southeastern Spain. In: Seismicity, Seismotectonics and Seismic
Gaspar-Escribano, J. M., Benito, B., and Gai®ayordomo, J.: Risk of the lbero Maghrebian Region, Instituto Gefgro Na-
Hazard-consistent response spectra in the Region of Murcia cional, Madrid, 175-182, 1991.
(Southeast Spain): comparison to earthquake-resistant proviPérez-P@a, A., Martn-Davila, J., Girate, J., Berrocoso, M., and
sions, Bull Earthquake Eng., 6, 179-1%i:10.1007/s10518- Buforn, E.: Velocity field and tectonic strain in Southern Spain
007-9051-42008. and surrounding areas derived from GPS episodic measurements,
Gonzalez P. J. and Feamdez, J.: Drougth-driven transient aquifer J. Geodynam., 49, 232-240, 2010.
compaction imaged using multitemporal satellinte radar interfer-Vissers, R. L. M. and Meijninger, B. M. L.: The 11 May 2011 earth-

ometry, Geology, 39, 551-554, 2011. quake at Lorca (SE Spain) viewed in a structural-tectonic con-
Gonalez, P. J., Feandez, J., and Lumn, F.: Interferometa radar text, Solid Earth, 2, 199-204pi:10.5194/se-2-199-2012011.
aplicada a terremotos de magnitud moderada en las Cordilleragvang, K.: Stress-strain “paradox”, plate coupling, and forearc seis-
Béticas, SO Espm (in Spanish), Revista de cartodeakistemas micity at the Cascadia and Nankai subduction zones, Tectono-
de informacbn geogafica y teledetecon, 133, 18—-23, 2009. physics, 319, 321-338, 2000.
Hanssen, R.: Radar Interferometry, Kluwer Academic PublishersWang, R., Lorenzo-Mam, F., and Roth, F.: Computation of defor-
2001. mation induced by earthquakes in a multi-layered elastic crust
IGN: Serie $smica de Mula (Murcia). Segundo Informe Gen- — FORTRAN programs EDGRN/EDCMP, Computers & Geo-
eral, Subdirecéin General de Geodesia y Geita, Instituto Ge- sciences, 29, 195-207, 2003.
ografico Nacional, Madrid, 35 pp., 1999 (in Spanish). Wells, D. L. and Coppersmith, K. J.: New empirical relationships
IGN, El terremoto del SW de Bullas (Murcia) del 29 de enero de among magnitude, rupture length, rupture width, rupture area,
2005, Subdirecéin General de Geodesia y Geita, Instituto and surface displacement, Bull, Seismol. Soc. Am. , 84, 974—
Geogafico Nacional, Madrid, 2005 (in Spanish). 1002, 1994.

www.solid-earth.net/3/111/2012/ Solid Earth, 3, 11149 2012


http://www.emsc-csem.org/Files/event/221132/result_Lorca_EQ.jpg
http://www.emsc-csem.org/Files/event/221132/result_Lorca_EQ.jpg
http://dx.doi.org/10.1785/0120080234
http://dx.doi.org/10.1007/s10518-007-9051-4
http://dx.doi.org/10.1007/s10518-007-9051-4
http://www.ign.es/ign/resources/sismologia/Lorca.pdf
http://www.ign.es/ign/resources/sismologia/Lorca.pdf
http://dx.doi.org/10.1029/2002JB002359
http://dx.doi.org/10.5194/se-2-199-2011

