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ABSTRACT

Most catastrophic earthquakes occur 
along fast-moving faults, although some of 
them are triggered by slow-moving ones. 
Long paleoseismic histories are infrequent in 
the latter faults. Here, an exceptionally long 
paleoseismic record (more than 300 k.y.) of 
a slow-moving structure is presented for the 
southern tip of the Alhama de Murcia fault 
(Eastern Betic shear zone), which is char-
acterized by morphological expression of 
current  tectonic activity and by a lack of his-
torical seismicity. At its tip, the fault divides 
into a splay with two main faults bounding 
the Góñar  fault system. At this area, the 
condensed sedimentation and the distribu-
tion of the deformation in several structures 
provided us with more opportunities to ob-
tain a complete paleoseismic record than 
at other segments of the fault. The tectonic 
deformation of the system was studied by an 
integrated structural, geomorphological, and 
paleoseismological approach. Stratigraphic 
and tectonic features at six paleoseismic 
trenches indicate that old alluvial units have 
been repeatedly folded and thrusted over 
younger ones along the different traces of the 
structure. The correlation of the event tim-
ing inferred for each of these trenches and 

the application of an improved protocol for 
the infrared stimulated luminescence (IRSL) 
dating of K-feldspar allowed us to constrain 
a paleoseismic record as old as 325 ka. We 
identifi ed a minimum of six possible paleo-
earthquakes of Mw = 6–7 and a maximum 
mean recurrence interval of 29 k.y. This pro-
vides compelling evidence for the underesti-
mation of the seismic hazard in the region.

INTRODUCTION

The identifi cation and characterization of 
seismogenic faults are essential in areas with-
out historical damaging seismicity, which is 
common in tectonic regions with low deforma-
tion rates.

The largest possible number of seismic cycles 
should be analyzed in order to better understand 
the seismic behavior of a fault. Given the length 
of the cycles of slow-moving faults (tens of 
thousands of years), the study of these faults 
entails long paleoseismic histories (hundreds 
of thousands of years). Our study is one of the 
few works to date that provides a long record of 
slow-moving faults.

Slow-moving faults are more diffi cult to in-
vestigate than fast-moving ones owing to their 
muted morphological expression and to the 
diffi culty of obtaining and analyzing a long 
paleoearthquake record. The latter drawback 
is not only related to the time range of applica-

bility of the current dating methods but also to 
the technical impracticality of excavating very 
deep trenches. If the seismic activity of a slow-
moving fault is recorded in condensed sedimen-
tary sequences (which are related to moderate 
to low sedimentation rates), trenches of only 
2–3 m depth can provide a paleoseismic record 
of hundreds of thousands of years. We present 
an example of an exceptionally long paleoseis-
mic record of a slow-moving fault affecting a 
condensed sedimentary alluvial sequence: the 
southern tip of the Alhama de Murcia fault.

In the Iberian Peninsula, the historical seismic 
record (~700 yr) is much shorter than the com-
mon recurrence interval of the Iberian seismo-
genic faults (>5000 yr). The Alhama de Murcia 
fault is a slow-moving fault with strong morpho-
logical expression of activity but with no rec-
ord of historical surface-rupturing earthquakes. 
Nevertheless, on 11 May 2011, after the conclu-
sion of this study, the Alhama de Murcia fault 
produced the most destructive earthquake in the 
Iberian Peninsula since 1881 (Andalusian earth-
quake, 25 December, EMS I = X; IGN, 2010). 
This Mw 5.1 event left thousands of people 
homeless and claimed nine fatalities in Lorca. 
The large number of people affected and the 
considerable economic loss caused by this mod-
erate earthquake were mainly due to a shallow 
focus and a high peak acceleration of the ground 
in the most populated areas, which had been 
underestimated in the national seismic hazard  
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plans (Martínez-Díaz et al., 2012a, 2012b). The 
recorded magnitude was much lower than the 
maximum expected magnitude (M > 6) pro-
posed in this work and in earlier paleoseismic 
studies in different segments of the Alhama de 
Murcia fault (Silva et al., 1997; Martínez-Díaz, 
1998; Martínez-Díaz et al., 2001, 2003; Masana 
et al., 2004). This fault could therefore cause 
much more damage in the future.

We present the results of a thorough geomor-
phological, structural, and paleoseismic study 
carried out at the southern tip of the Alhama de 
Murcia fault in the proximity of Góñar (Fig. 1). 
We focused on this area for the following rea-
sons: (1) It is located in an instrumental seismic 
gap; (2) there are no paleoseismic studies of this 
segment of the fault; and (3) some of its geo-
morphological, sedimentological, and geody-
namical characteristics favor the preservation 
of a more complete paleoseismic record than 
adjacent segments.

We employed an improved method of lumi-
nescence dating to K-feldspar grains based on 
elevated-temperature infrared stimulated lumi-
nescence (post-IR IRSL or pIRIR) dating (Soh-
bati et al., 2011, and references therein). This 
method, described in the Methods section, al-
lowed us to constrain much older paleoearth-
quakes than those previously dated by quartz 
optically stimulated luminescence (OSL) dating. 
The combined use of these methods provided us 
with an exceptionally long paleoearthquake rec-
ord. The novel geochronological methodology 
could be useful in the study of surface processes 
and Quaternary geology.

Later herein, we highlight the signifi cance of 
the results in terms of (1) the characteristic rup-
ture of the faults under study, (2) the segmenta-
tion of the fault system during seismic events, 
and (3) the tectonic style in the study area. The 
unusually long paleoearthquake history is ana-
lyzed together with the histories obtained from 
earlier studies along other sectors of the Alhama 
de Murcia fault and Albox faults. This compari-
son offers new insights into the seismotectonic 
behavior of the faults in the Eastern Betic shear 
zone, which will have a considerable impact on 
seismic hazard assessment.

GEOLOGICAL SETTING

The Alhama de Murcia fault is located in the 
eastern part of the Betic Cordillera. This Cor-
dillera is the northern branch of the Rif-Betic 
alpine orogenic belt, which resulted from the 
early Cenozoic collision between the African 
and Eurasian plates. The present-day relative 
plate motion has been estimated as 4.5–5.6 
mm/yr (De Mets et al., 1994; McClusky et al., 
2003). Within the Iberian margin, a large part of 

the shortening is accommodated by faults in the 
Eastern Betic shear zone and by internal defor-
mation (Masana et al., 2004). Faults in the East-
ern Betic shear zone (Bousquet, 1979; Banda 
and Ansorge, 1980; Sanz de Galdeano, 1990) are 
mainly left-lateral strike-slip structures oriented 
N-S to ENE-WSW. Active faults in the East-
ern Betic shear zone are the Alhama  de Murcia 
fault, Carboneras, Palomares, Carrascoy, Bajo 
Segura, and San Miguel faults (Fig. 1A). All 
these faults are located in the internal zone of 
the Betic range, where the basement consists 
of a stack of tectonometamorphic complexes 
( Nevado-Filbride , Alpujárride, and Malaguide  
complexes; Fig. 1). In the eastern part of the 
range, the tectonic exhumation of these com-
plexes during the main postcollisional period 
gave rise to a series of marine-continental tec-
tono-sedimentary basins (Sanz de Galdeano and 
Vera, 1992; Rodríguez-Fernández and Sanz de 
Galdeano, 1992; Montenat , 1996). Most of these 
basins were bounded by extensional faults. Sub-
sequently, Neogene to present-day tectonics re-
activated many of these faults, giving rise to new 
intramontane sedimentary basins (Montenat and 
Ott d’Estevou, 1996; Bardají, 1999).

Alhama de Murcia Fault

The Alhama de Murcia fault is the longest 
fault in the Eastern Betic shear zone. First de-
scribed by Montenat (1973) and Bousquet and 
Montenat (1974), this fault has been considered 
to be one of the most active faults in the East-
ern Betics based on Quaternary geodynamical, 
geomorphological, and paleoseismologic data 
(e.g., Silva, 1994; Silva et al., 1992a, 1993, 
1997; Martínez-Díaz, 1998; Martínez-Díaz 
et al., 2001, 2003; Masana et al., 2004). The 
tectonic activity of the Alhama de Murcia fault 
since the middle Miocene has been character-
ized by oblique left-lateral reverse kinematics 
(Montenat and Ott d’Estevou, 1996; Martínez-
Díaz, 1998).

The Pliocene–Quaternary Alhama de Murcia 
fault extends from Alcantarilla to Lorca, along 
an ~100 km fault trace, according to recent neo-
tectonic studies (e.g., Silva et al., 1997, 2003; 
Martínez-Díaz, 1998; Martínez-Díaz et al., 
2003; Masana et al., 2004; Meijninger, 2006), 
although longer lengths have been proposed in 
earlier studies (e.g., Gauyau et al., 1977; Mon-
tenant et al., 1987) (Fig. 1A).

The Alhama de Murcia fault has been di-
vided into different segments on the basis of 
its tectonic-geomorphological features, its geo-
dynamical evolution, its subsurface geometry, 
and its historical and present-day seismicity 
(Silva et al., 1992a, 2003; Martínez-Díaz, 1998). 
To these criteria, Martínez-Díaz et al. (2012a) 

added the paleoseismic record and distinguished 
four segments, from N to S: Alcantarilla-Alhama  
(25 km); Alhama-Totana (11 km); Totana-Lorca 
(20 km); and Lorca-Góñar (40 km) (Fig. 1B). To 
the SW of the Lorca-Góñar segment, the Alhama  
de Murcia fault Pliocene–Quaternary activity is 
transferred to the Albox fault (Masana  et al., 
2005), and possibly to other active structures 
described by some authors (García-Meléndez , 
2000; García-Meléndez et al., 2003, 2004; 
Meijninger , 2006; Pedrera et al., 2010).

Historical and Instrumental Seismicity

Since the beginning of the historic seismic 
catalog in the Iberian Peninsula, at around 1300 
A.D. (IGN, 2010), some regions have experi-
enced moderate to large earthquakes. Although 
the Alhama de Murcia fault is characterized by 
moderate to low (Mw

 < 5.5) instrumental seis-
micity, it has been identifi ed as the possible 
seismogenic source of at least six damaging 
earthquakes occurring in 1579, 1674 (three of 
them), 1818, and 2011. These events produced 
maximum Medvedev-Sponheuer-Karnik in-
tensities (MSK, very similar to MMI) between 
VII and VIII in Lorca in the central-southern 
part of the Alhama de Murcia fault (Fig. 1B). 
In the southern part of the Alhama de Murcia 
fault, a lack of historical and instrumental seis-
micity has been observed by Silva et al. (1997), 
Martínez-Díaz (1998), and Masana et al. (2004), 
among others. Although other faults in the area 
(such as the Palomares or the Albox fault) also 
reveal an absence of damaging historical earth-
quakes and a weak microseismicity (Fig. 1B), 
they have been shown to be seismogenic faults 
by means of paleoseismic studies (Silva et al., 
1997; Masana et al., 2005).

Earlier Paleoseismic Surveys in the Region

In the proximity of Góñar, seven paleoseis-
mologic sites have been studied: La Carraclaca, 
El Saltador, and El Colmenar sites along the 
Alhama de Murcia fault in the surroundings of 
Lorca; El Ruchete and Urcal sites at the Albox 
fault; and Aljibejo and Escarihuela sites at the 
Palomares fault. The main structural and paleo-
seismic results of these studies are summarized 
in Table 1 (see Fig. 1B for site location) and are 
discussed in this paper.

Most of the deformation observed in the paleo-
seismic studies listed in Table 1 prompted the 
authors (from Silva et al., 1997; Martínez-Díaz 
et al., 2003; García-Meléndez, 2000; García-
Meléndez et al., 2004; Soler et al., 2003; 
Masana  et al., 2004; Masana et al., 2005) to as-
sign earthquake magnitudes of up to M = 6–7 to 
the seismic events recorded in the trenches.
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Figure 1. (A) Location of the 
study area within the Betic-Rif 
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corner). The white arrow at the 
lower part of the fi gure represents 
the convergence rate between 
the Iberian and African plates. 
The faults marked with a thicker 
line constitute the Eastern Betics  
shear zone. CRF—Crevillente  
fault; BSF—Bajo Segura fault; 
SMF—San Miguel fault; CF—
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Huercal-Overa Basin; LB—
Lorca Basin; GDD—Guada-
lentín depression; GD—Garita 
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a white arrow. (B) Seis micity 
of the historical catalog (IGN, 
2010) projected over a shaded 
relief map. Note the gap in in-
strumental-historical seismicity 
for the southwestern tip of the 
Alhama de Murcia fault. Previ-
ous paleoseismological sites in 
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4—El Saltador–El Colmenar. 
Other localities: PB—Pulpí Ba-
sin; ESR—Esuña Range; CR—
Carrascoy Range; LTR—La 
Tercia Range; ER—Enmedio 
Range.



Ortuño et al.

4 Geological Society of America Bulletin, Month/Month 2012

METHODS

We studied the geomorphology and structure 
of the southern tip of the Alhama de Murcia 
fault with the aid of aerial photographs (scale: 
1:33,000 and 1:18,000) and fi eld reconnais-
sance and mapping using ortho-images and 
1:10,000 scale topographic maps. A paleoseis-
mic study was performed at six trenches in the 
Góñar fault zone (Fig. 2). All the trenches were 
2–3 m deep, with the exception of Carrascos-1, 
which is a natural outcrop on the northern mar-
gin of Carrascos Creek. At this site, ~0.5 m of 
material was scraped off the wall to clean the 
exposure. The trenches varied in length (from 
18 m to 50 m) and were all excavated perpen-
dicular to the fault trace, except Carrascos-1, 
which was slightly oblique to it. We installed a 
1 m grid (2 m locally at the Carrascos-1 and Tio 
Rey trenches) and used photo-mosaic and graph 
paper to log the paleodeformation recorded at 
the trenches.

Dating of Quaternary Units

Dating deformed units is essential for con-
straining the age of the paleoearthquakes and 
for calculating the slip rates attributed to each of 
the faults. The age constraints in this work were 
derived from quartz thermoluminescence (TL) 
dating and K-feldspar elevated-temperature in-
frared stimulated luminescence (pIRIR) dating 
of sediments. The results of the dating are given 
in Table 2.

K-Feldspar Post-IR IRSL (pIRIR) Dating
The material sampled for dating consists 

of fi ne sand or mud with a high concentration of 
felsic minerals. One of the advantages of ana-
lyzing K-feldspar is that older samples can be 
dated given that its luminescence signal can 
grow to doses that are much higher than those 
for quartz. However, the luminescence signal 
from K-feldspar is not often thermally stable 
(this phenomenon is called anomalous fading), 
with the result that special care must be taken to 
evaluate and correct the loss of signal during the 
burial time of the sample.

An improved protocol of infrared stimulated 
luminescence (IRSL) dating of K-feldspar based 
on those proposed by Thomsen et al. (2008) 
and Buylaert et al. (2009) was followed to ob-
tain the accumulated doses in the samples from 
paleoseismic trenches at Góñar. Radio nuclide 
concentrations were measured by high-resolu-
tion gamma spectrometry to estimate the dose 
rate. In the pIRIR dating procedure (see Sohbati  
et al., 2011), the IRSL signal is measured at an 
ele vated temperature (e.g., 225 °C for 100 s) 
after  an infrared bleach at a low temperature 

(e.g., 50 °C for 100 s). K-feldspar pIRIR fading-
corrected ages were considered to be the best 
age estimates of the samples.

SOUTHERN TIP OF THE ALHAMA 
DE MURCIA FAULT: THE ALHAMA 
DE MURCIA FAULT–GÓÑAR 
FAULT SYSTEM

The southern tip of the Alhama de Murcia 
fault represents the tectonic boundary between 
the Las Estancias range (uplifted block) and the 
Guadalentin and Huercal-Overa basins (down-
thrown block) (Fig. 1B). The Pliocene–Qua-
ternary infi ll of these basins mainly consists 
of siliciclastic alluvial fans and minor fl uvial 
system deposits and carbonate rocks. These 
deposits overlie a folded and faulted sequence 
of marine marl with interbedded conglomer-
ate and evaporite of the late Miocene (Briend, 
1981; Silva, 1994; Martínez-Díaz, 1998; 
 García-Meléndez et al., 2003). The late Mio-
cene and Pliocene–Quaternary rocks in this area 
are part of a fan-like structure interpreted as a 
cumulative wedge or progressive unconformity 
(García-Meléndez et al., 2003). The geological 
units exposed at the Las Estancias range consist 
of a Permian and older metamorphic basement 
(mainly schist, phyllite, and marble) and a sedi-
mentary cover. The cover is of Miocene age and 
contains mainly red conglomerate interbedded 
with silt, sand, and evaporite (Voermans et al., 
1978) (Fig. 2).

The geomorphology of the northeastern 
and southwestern parts of the study area has 
been mapped by Silva (1994) and Silva et al. 
(1992b), and by García-Meléndez (2000), re-
spectively. The Quaternary active deformation 
of the Góñar  area has previously been reported 
only by Briend (1981), who addressed local de-
formation of Quaternary alluvial fans affected 
by reverse faulting and by folding with a 070°–
080° axis trend. These Quaternary alluvial fans 
overlie late Miocene marls and turbidites in the 
El Judio Creek (Fig. 2). According to Briend, 
the reverse faults offset the Quaternary deposits 
by a few meters.

Figure 2 shows the main geomorphological 
units of the area and the traces of the main struc-
tural features. Morphological and sedimentary 
features such as alluvial fans, slope deposits, 
fl uvial terraces, and faceted spurs were mapped. 
We classifi ed the Quaternary alluvial fans as G0 
(for the deposits of the present-day active drain-
age) to G6 (for the oldest recognizable alluvial 
fan). In most cases, the younger alluvial fans 
are incised in the older ones in an offl ap deposi-
tional style. This entrenching of the alluvial sys-
tem seems to be closely related to the ongoing 
tectonic uplift of the area. Some alluvial fans are 
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locally blocked in the distal area by the tectonic 
uplift of blocks in the Guadalentín Basin. The 
distal part of the alluvial fans has an anomalous 
rectilinear shape where this blockage occurs.

The southern tip of the Alhama de Murcia  
fault at Góñar forms a splay-like structure 
termed the Alhama de Murcia fault–Góñar 
fault system. This system of faults is made up 
of (1) two boundary faults, the northern Alhama  
de Murcia fault and the southern Alhama de 
Murcia fault, and (2) several internal structures, 
known as the Góñar faults (strands 1, 2, 3, and 5, 
henceforth, FS1 to FS5). The minimum length 
of the fault splay is ~6 km. This value might be 
an underestimation of the real length because 
it was calculated from geomorphological map-
ping where the morphology of Quaternary allu-
vial fans is preserved (Fig. 2). To the SW, the 
Quaternary faulting is not evident since only 
subvertical Miocene–Pliocene strata crop out 
along the Garita del Diablo structural high (Fig. 
1B), and no clear geomorphological markers are 
preserved.

Two main features make the Alhama de 
Murcia fault–Góñar fault system more suitable 
than the northernmost segments of the Alhama 
de Murcia fault for the preservation of a com-
plete paleoseismic record. First, the fault zone 
is made up of several strands of oblique to par-
allel faults. This confi guration is more suitable 
for the record of paleoearthquakes than fault 
segments with a single trace and with a continu-
ous orientation. This is attributed to the greater 

spatial coverage associated with a wider fault 
zone, which is usually related to a larger variety 
of erosive and sedimentological environments 
than a discrete fault zone. Second, the orthogo-
nal orientation of some parts of the Alhama de 
Murcia fault–Góñar fault system with respect 
to the NW-SE convergence between the African 
and Iberian plates gives rise to more vertical 
displacements than the northernmost fault seg-
ments. This maximum vertical slip compensates 
for the small slip per event at the tips of fault 
systems.

Northern Alhama de Murcia Fault

The northern structural boundary of the 
Alhama  de Murcia fault–Góñar structure, i.e., 
northern Alhama de Murcia fault, consists of 
a single (locally double) trace and defi nes the 
Las Estancias range front in the study area. The 
fault affects Miocene red sand and conglomer-
ate, and to a lesser degree, Pliocene–Quaternary 
conglomerate (Fig. 2). Near El Judio Creek, the 
northern Alhama de Murcia fault is character-
ized by a centimetric dark-gray and yellow fault 
gouge. The fault plane has a 030°/70°–80°NW 
orientation and slickenlines with a 55° pitch 
to the SW. These data and the geomorphology 
of the area indicate that the NW block of the 
northern Alhama de Murcia fault is being up-
lifted with a southeastward component. At the 
northern end of the study area, the northern 
Alhama  de Murcia fault is a 20–30-m-wide fault 

zone consisting of three fault strands. Two fault 
orientations were observed in this fault zone: 
015°/60°–70°NW and 040–060°/80°NNW. 
Minor  secondary faults with a 100°/85°N orien-
tation and showing slickenlines with a pitch 80° 
to the W were identifi ed.

The strongest evidence for Quaternary defor-
mation along the northern Alhama de Murcia 
fault includes faceted spurs along part of the 
range front, and the left-lateral defl ections of the 
older channels of Bermeja and Casas Creeks. 
In both creeks, the old channel to the SE of the 
fault was displaced clockwise and was aban-
doned. The channel abandonment was probably 
related to a capture process linked to headward 
erosion of the creek to the SW. The left strike-
slip defl ections of the channel are 359 ± 14 m 
at Bermeja Creek and 417 ± 26 m at Casas 
Creek (Fig. 2B). It was not possible to under-
take a paleoseismic study of this fault because 
of the absence of Pliocene–Quaternary deposi-
tional units and geomorphological markers that 
could be correlated on both sides of the northern 
Alhama  de Murcia fault trace.

Southern Alhama de Murcia Fault

The southern Alhama de Murcia fault is 
the southern boundary fault of the Alhama de 
Murcia  fault–Góñar structure. Its activity has 
produced an elongated tectonic high, the La Gata 
hills, parallel to the northern Alhama de Murcia 
fault trace (Figs. 2 and 3). The strata in the La 
Gata hills form a cumulative wedge (or progres-
sive unconformity) representing the northeastern 
continuation of the La Garita del Diablo topo-
graphic high, described by García-Meléndez 
et al. (2003). Beds forming the wedge dip to the 
SE at angles ranging from 80° (Neogene marls) 
to 60°–50° (Pliocene–Quaternary conglomerate) 
and 30° (possibly early Pleistocene limestone 
and conglomerate).

The southern Alhama de Murcia fault crops 
out at site 3 (Fig. 2A) and is covered by Quater-
nary sediments to the NE of La Gata hills. The 
fault was identifi ed as a 5–8-m-wide fault zone 
with a 060°–070°/85°N orientation showing 
slickenlines with a 5°–10° pitch to the SW (Fig. 
4K). The fault zone is characterized by a fault 
breccia and a fault gouge and by a local and sud-
den change in the dip of the conglomeratic beds, 
which are interpreted as part of rotated blocks. 
The continuation of the southern Alhama de 
Murcia fault to the north can be inferred by the 
left-lateral offset of (1) the La Gata hills, which 
are displaced by ~1 km in the outwash zone of 
the Fraile and Bermeja Creeks (probably related 
to the folding of the fault trace, so that the NE-
SW–oriented segment has a major strike-slip 
component, whereas the ENE-WSW segment 

TABLE 2. DATING RESULTS OF THE STRATIGRAPHIC UNITS SAMPLED

Depositional phase Unit
Luminescence age

(ka)
Sample name 
and method

General age
(ka)

General age 
(Epoch)

Poorly sorted alluvial-fan deposits (fast fl ood events)

G2

D3 3.57 ± 0.32 Era-2 (TL) 3.25–3.89

HoloceneD2 14 ± 2 Era-5 (pIRIR) 12–16
D1 23 ± 2 Gaba-3 (pIRIR) 21–25
D1′ 43.7 + 6/–5 Sard-3 (TL) 38.7–49.7

G3 C3

52.4 +7.9/–6.4
49 ± 2
58 ± 3

61.9 +15/–11.2
61 ± 2

46.3 + 6.1/–5.1

Carr-1-2 (TL)
Carra-2-1 (pIRIR)

Era-4 (pIRIR)
Sard-2 (TL)

Sard-4 (pIRIR)
Berm – 1 (TL)

47–63

Late 
Pleistocene

G3-G4 C2

126 +0/–23
108 ± 8
111+36/–21

107 ± 5
120 +39/–21

Carr-1 (TL)
Gaba-2 (pIRIR)*

Gaba-1 (TL)
Era-3 (pIRIR)*

Sard-1 (TL)

100–125

G4 C1 142 ± 7
131 ± 6

Era-2 (pIRIR)*
Era-0 (pIRIR)* 125–149 Middle-late 

Pleistocene

Well-sorted alluvial-fan deposits (channel infi ll and marginal bars)

G5 B1–3 152 ± 7
191 ± 17

Era-1 (pIRIR)*
Carrascos-3 (pIRIR)* >150

Middle 
Pleistocene

G6 Q 258 ± 16 Gaba-1 (pIRIR)*† <242

G6 H 235 ± 10
324 ± 24

Sard-2 (pIRIR)*§

Sard-1 (pIRIR)*§ >400

G6 P-J 290 ± 13 Trey-1 (pIRIR)* 277–348
Note: TL—thermoluminescence; pIRIR—elevated-temperature infared stimulated luminescence.
*Age could be underestimated by 10%–15%.
†Minimum age.
§Maximum age. 
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is active as a major reverse fault) and (2) two 
adjacent creeks (channels b and c in Fig. 5) 
between Carrascos and Yesos Creeks, which 
are displaced by 127 ± 6 m and 77 ± 10 m, re-
spectively. The present-day confi guration of the 
drainage network in this area suggests that the 
southernmost creek was displaced and then cap-
tured by a straighter channel (channel a), result-
ing in the abandonment of part of the channel, 
which was displaced toward the NE (channel b).

Another fault with a 020°/80°NW orientation 
and slickenlines pitching 30° to the north was 
observed a few meters to the SE of the southern 
Alhama de Murcia fault outcrop along the main 
road to Góñar (site 3, Fig. 2A). The fault cuts 
Pliocene–Quaternary bioclastic and brecciated 
limestone. Another fault can be observed at a 
quarry in the neighborhood (site 4, Fig. 2A).

The fault has a reverse component that can 
be deduced from the apparent vertical displace-
ment of alluvial-fan G5 (~1 m; Fig. 4I). It is not 
possible to ascertain whether the fault continues 
to be active because of the agricultural transfor-
mation of the land.

Góñar Fault System
The Góñar fault system is located between the 

northern Alhama de Murcia fault and the south-
ern Alhama de Murcia fault. The splay consists 
of subparallel fault strands trending NNE-SSW 
(FS1–5 in Figs. 2A and 3). The faults are almost 
vertical or dip steeply toward the SE, paral-
lel to the Neogene strata in most cases. In the 
southern part, the Góñar fault system consists of 

two strands (FS4 and FS3). In the northern part, 
next to the linkage with the northern Alhama de 
Murcia fault, the Góñar fault system is made up 
of three strands (FS1, FS2, and FS3). FS2 has 
an associated antithetic fault forming a push-up 
structure. Other minor faults offset the Quater-
nary alluvial fans by only a few centimeters and 
are considered secondary structures. Further 
details of the Góñar fault system are discussed 
later herein on the basis of the paleoseismologi-
cal analysis.

The combined activity of the Góñar faults and 
the southern Alhama de Murcia fault has given 
rise to a wide anticline (the Góñar anticline) 
deforming Miocene and Pliocene–Quaternary 
strata (Figs. 2 and 3). This structure has, at pres-
ent, the shape of a stripped anticline, resulting 
in the outcrop of the underlying Miocene base-
ment (Figs. 4C and 4D). The high erodibility of 
the outcropping marls led to the formation of an 
elongated erosional depression (between the La 
Gata hills and the Las Estancias range in Fig. 
2A). This depression acted as a trap for the Qua-
ternary alluvial fans, which have been deformed 
locally by the Góñar fault system. Recent activ-
ity of the fault system was only detected where 
Quaternary deposits are preserved.

Structure at Depth

Figure 3 shows a sketch of the main struc-
tures observed in the area and their hypothetical 
continuation at depth. The proposed model re-
gards the structure as a compressional bend be-

tween the northern Alhama de Murcia fault and 
the southern Alhama de Murcia fault. Part of the 
Quaternary deformation in this compressional 
zone occurs in the Góñar fault system.

The opposite dip of the northern Alhama de 
Murcia fault and southern Alhama de Murcia 
fault with respect to the Góñar faults suggests 
complexity at depth. The northern Alhama de 
Murcia fault dips to the NW and is left-lateral 
reverse, with the result that the northwestern 
block is uplifted to the SE. The geometry and 
kinematics are consistent with geomorphologi-
cal and structural data reported for the contigu-
ous northern segments (Silva et al., 1997, 2003; 
Martínez-Díaz, 1998; Meijninger, 2006). By 
contrast, the faults in the Góñar fault system dip 
steeply to the SE and have a reverse component 
with an uplifted southeastern block (Figs. 2A, 
3, and 6).

The southern Alhama de Murcia fault is al-
most vertical at the surface and probably dips 
more gently to the NW at depth, where it proba-
bly merges into the northern Alhama de Murcia 
fault. The Góñar faults, located between these 
faults, dip steeply to the NE, so that they prob-
ably merge at depth into the southern Alhama 
de Murcia fault (Fig. 3). The blocks bounded by 
the Góñar faults have been uplifted to accom-
modate the shortening in the area.

The southern Alhama de Murcia fault may 
be assumed to be a detachment zone below 
the Góñar fault system. The displacement of the 
middle-late Quaternary channels, which is at-
tributed to this fault (Fig. 5), attests to its recent 
activity. This accounts for the progressive tilt-
ing of Neogene and Pliocene–Quaternary layers 
that make up the cumulative wedge that crops 
out at the Garita del Diablo and La Gata hills 
(Figs. 1 and 2).

TRENCHING ANALYSIS

Our paleoseismic study focused on the Góñar 
fault system, owing to multiple sites showing 
deformation of middle-late Quaternary cover, in 
contrast to the absence of Quaternary deposits 
overlying the traces of the northern Alhama de 
Murcia fault and southern Alhama de Murcia 
fault (Fig. 2A).

Six trenches were excavated on the strands of 
the Góñar system. Three of them were located in 
the northern area on faults FS1, FS2, and FS3, 
and the other three trenches were placed in the 
central-southern part of the system on FS4 and 
FS5 (Figs. 2A and 3). Faulted alluvial-fan de-
posits are exposed at the trenches. The source 
areas of the alluvial fans are located on late 
Tortonian red conglomerate, cropping out along 
the southeastern border of the Las Estancias 
range. Units P-J, Q, B, and C1 at the trenches 
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Figure 3. (A) Structural sketch 
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correspond to the oldest alluvial fans (alluvial 
phases G4 to G6). The youngest alluvial phases 
(G0 to G3) are represented by units C2–C3 
and D (Figs. 2 and 6; Table 2). These units are 
folded and faulted, giving rise to tectonic highs 
that blocked the youngest alluvial-fan depos-
its, which are also locally deformed, albeit to a 
lesser degree.

The following sections present the descrip-
tions of the trenches. The stratigraphy of the 
units observed at the trenches is summarized 
in the legend in Figure 6. Table 2 compiles the 
facies  interpretation of each unit and its TL and 
pIRIR ages. The pIRIR age was used whenever 
a unit was dated through TL and pIRIR methods 
in order to provide the most uniform chronology.

At each trench, different markers were used 
to measure the deformation along the exposed 
faults. We assigned an uncertainty value (rang-
ing from 2% to 21% of the mean value) to the 
displacement values measured in each case. 
This value depended on the degree of clarity of 
the contact. Only one measurement had a much 
larger uncertainty, this being almost 50% of the 
mean value.

A minimum of 15 events (summarized in 
Table 3) was identifi ed, some of them possibly 
corresponding to the same earthquake observed 
at different trenches. The identifi cation of the 
events was based on (1) the fault displacement of 
the present-day soil, (2) the sealing of a fault by 
a younger unit, (3) the displacement of a fault by 
another fault, (4) the angular unconformity be-
tween two adjacent units, (5) a sudden change in 
the sedimentary conditions due to a possible tec-
tonic origin, and (6) the formation of a colluvial 
wedge interpreted as the collapse of a fault scarp.

The time range of each event was determined 
by using the ages of the postdating and predat-
ing units at its trench (Table 3). For some cases, 
those ages were not available. Then, we used the 
age for those units at the closest trenches.

Carrascos Site (Strands 2 and 3)

Carrascos corresponds to the area where the 
Alhama de Murcia fault changes from a single 
trace to a splay of different fault strands. Two 
trenches separated by ~80 m were studied at this 
site: Carrascos-1 to the NE, and Carrascos-2 to 
the SW (Figs. 2, 3A, 6A, 6B, and 6C). The activ-
ity of the faults has led to the formation of sev-
eral hills blocking the alluvial sediments of the 
small creeks to the SE of Carrascos Creek.

Three depositional phases are observed at 
Carrascos-1: an older phase (G5) represented by 
unit B, an intermediate phase (G4 and G3) con-
sisting of units C1 to C3, and a younger phase 
(G2) made up of units D1 and D2. These allu-
vial deposits are overlain by a soil unit.

With the exception of the upper part of D1, 
all units are faulted and/or folded. Four faults 
are exposed at the trench. The northwestern 
fault corresponds to the Góñar FS2, which 
dips ~15° to the SE and displaces unit C and 

the base of D1 (Fig. 6B). The other three faults 
correspond to FS3, and are termed faults a, a′, 
and b. Fault a is vertical, and faults a′ and b dip 
45° and 40° to the SE, respectively. Faults a′, b, 
and FS2 have a fault-propagation fold associ-

faceted spurs

drainage barrier
Carrascos-II
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B

WNW-ESE

NW-SE

faults

Goñar anticline
NW limb

Goñar anticline
NW limb

ESE-WNW
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La Gata
hills

Las Estancias
range

Góñar
anticline

cummulative
wedge

cummulative
wedge
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SE-NW

E
W-E

Figure 4 (on this and following page). General view and detail of deformation observed at 
several natural and artifi cial outcrops in the study area. (A) Carrascos-1 trench. The white 
box indicates location of photograph G. (B) View of the Góñar fault strand (FS) 2 with a 
sketch of its associated drag fold. (C) View of the lowlands associated with the Góñar anti-
cline. The La Gata hills correspond to the SE limb of this anticline. (D)View of the Pliocene–
Quaternary strata of the NW limb of the Góñar anticline at site 2. (E) Reverse faulting of 
the beds of the G-4 alluvial phase at site 4.
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ated with each of them. The degree of folding 
is greater for the oldest units. Units D1 and D2 
are gently folded. Only fault a′ displaces all the 
units. Adjacent to the faults, the clasts within 
the different beds are progressively rotated, and 
the beds of units B and C1 are stretched. Gouge 
is solely associated with fault a, which is less 
than 20 cm thick. Faults a′ and b match the axial 

plane of the fold without a well-defi ned fault 
plane. The dips of these faults suggest that they 
merge at depth; faults a and b probably merge 
at less than 10 m below the surface, and FS2 
and FS3 probably merge a few meters below 
this intersection.

At Carrascos-2, only units B and C and fault 
2 are exposed. The units are dragged and folded 

by FS2, which dips 55° to the SE and is continu-
ous up to the present-day surface. The fault is 
associated with an asymmetric anticline (affect-
ing unit B) in the upthrown block and a recum-
bent syncline (affecting units C2 and C3) in the 
downthrown block (Figs. 4 and 6C). The fault 
is characterized by a white fault gouge that is a 
few millimeters thick. Subhorizontal open frac-
tures affect unit C1 next to the fault, indicating 
the existence of subhorizontal compressional 
stress orthogonal to the fault.

Paleoseismic Events
Five events were identifi ed at Carrascos-1, 

Ca-1 to Ca-5 from youngest to oldest.
The youngest event, Ca-1, was associated 

with FS2. This event displaces the base of unit 
D2 (D2–1) but not the top (D2–2). The vertical 
displacement associated with this event is 23 ± 
11 cm. The only age constraint of this event is 
the age of unit D1 at the Gabarrones trench, 
21–25 ka TL, and the age of unit D3 at Era, 
3.25–3.89 ka TL.

Event Ca-2 occurred on FS2 and FS3. Near 
FS2, the base of unit D1 and the previous units 
are more folded than the upper part of unit D1 
and the subsequent units. The event occurred 
shortly after the deposition of the base of D1 
and does not affect its upper part. At this fault, 
this event produced a vertical displacement of 
36 ± 4 cm. At fault b (FS3), a deformation event 
led to the tilting of C3 and the underlying units, 
whereas D1 unit overlying fault b was not de-
formed. The horizon of this event next to fault 
b was placed below a colluvial unit interpreted 
as a tectonic colluvial wedge. Both events were 
considered as the same event (Ca-2) because 
the base of unit D1 (deformed by FS3 during 
this event) was probably not deposited next to 
FS2 or was removed by erosion after the earth-
quake. The accumulated vertical slip of these 
events at the base of D1 is 60 ± 9 cm. Thus, this 
event would be bracketed by units C3 and the 
middle part of D1. We selected the age of D1 
at the Gabarrones site (21–25 ka TL at Gabar-
rones), and not the age of D2 at the Era site 
(12–16 ka pIRIR at Era) as the postdating age 
since the former is likely to be closer to the time 
of faulting than the latter. Summarizing, the age 
of event Ca-2 can be constrained by C3 (46–60 
ka pIRIR) and D1 (21–25 ka TL at Gabarrones).

Ca-3 is defi ned by a colluvial wedge formed 
next to fault b. This colluvial wedge is made of 
clasts derived from unit C2, which was prob-
ably uplifted and removed by erosion in the 
upthrown block. Additional evidence in support 
of Ca-3 is the intense red color (enhanced pre-
cipitation of ferrous minerals) at the base of unit 
C3 near the fault zone (Fig. 4G). This feature is 
interpreted as resulting from the formation of an 
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J

H

calcrete

colluvial wedges
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J

P2

fault b

C2
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Figure 4 (continued ). (F) Present-day soil rupture at the Tio Rey trench. (G) Colluvial 
wedges identifi ed at the Carrascos-1 trench. (H) Góñar FS1 displacing Neogene conglom-
erates next to the Gabarrones site. (I) Era trench. (J) Fault plane with slickenlines at the 
Gabarrones trench. (K) Fault plane of the southern Alhama de Murcia fault at site 3. A pen 
is used for scale.
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ephemeral pond at the toe of the scarp, possibly 
related to the obstruction of the drainage caused 
by the coseismic growth of the scarp.

The displacement associated with event Ca-3 
is ~78 ± 6 cm. According to the relationships 
proposed by McCalpin (1996), the vertical 
displacement associated with one event is ap-
proximately twice the maximum thickness of 
the fault-derived colluvial wedge associated 
with it, in this case 39 ± 3 cm. Such a relation-
ship is based on direct observations made on 
present-day fault ruptures (McCalpin, 1996) 
and is based on the fact that the coseismic col-
luvial wedges are made of clasts derived from 
the rapid degradation of the fault scarp after the 
earthquakes so that their maximum thickness 
(i.e., the thickness next to the fault) is approxi-
mately half of the original height of the scarp 
before its collapse.

Another estimation of the vertical slip can 
be obtained from the displacement of the base 
of unit C3, 27 ± 5 cm. These slip values are a 
minimum estimate of the total slip associated 
with such an event because it is an estimate of 
the vertical displacement and only corresponds 
to one of the fault strands of the system. This 
event occurred before the deposition of unit C3 
(46–60 ka TL) and after a period of reduced sedi-
mentation postdating unit C2 (103–26 ka TL). 

This is corroborated by a calcrete layer on top of 
this unit and below the colluvial wedge.

The event horizon of Ca-4 was located within 
subunit B2, the upper part of which was not af-
fected by fault a′. Movement along fault a′ dis-
placed fault a and the beds in subunit B1. Event 
Ca-5 is indicated by faulting of subunit B1 and 
the basal part of B2. The envelope surface of the 
B1-B2 contact and of layers within B2 is dis-
placed vertically by 117 ± 8 cm. Given that this 
displacement is likely to be the result of at least 
four events, a mean value of 23 ± 2 cm per event 
is obtained. It was not possible to correlate the 
layers of unit B dated at Carrascos-2 and the lay-
ers of unit B exposed at Carrascos-1. The age 
of these two events can only be constrained as 
predating unit C1 (at the Era trench, 149–135 
ka pIRIR) and postdating the unit before unit B, 
unit Q at Gabarrones (274–242 ka pIRIR).

Events from Ca-1 to Ca-5 cannot be well con-
strained by the deformation of the units exposed 
at Carrascos-2, where FS2 is exposed. Although 
the fault at this trench extends up to the present-
day surface, no clear offset of the soil is observed. 
The propagation of the fault plane into the soil 
could be due to an event more recent than Ca-1. 
However, it could also be apparent and could 
result from an irregular development of the soil 
over the fault zone. Since such a hypo thetical 

event is not observed at Carrascos-1, 80 m to 
the west, we did not interpret this feature as a 
real faulting of the soil. Consequently, all the 
events may have contributed to the formation of 
the drag fold observed at Carrascos-2, although 
they cannot be well constrained.

Gabarrones Site (Strand 1)

The Gabarrones geomorphological setting 
bears a strong resemblance to that of  Carrascos-2. 
Here, the presence of a lighter-colored topo-
graphic high on G6 delimits the front of allu-
vial-fan G2 (Fig. 2). A trench was excavated 
perpendicular to this linear boundary between 
units G6 and G2, revealing the Góñar FS1. This 
fault strand is also exposed at the El Asno Creek 
with a 020–025/70°SE trend (slickenlines with 
20°S pitch). It has an associated shear zone af-
fecting a well-cemented conglomerate that is 
probably of middle Pleistocene age.

The deposits of alluvial-fan phases (Fig. 6D) 
are folded and faulted in such a way that (1) the 
beds of unit Q dip ~70°SE, (2) intermediate 
units (B, C1, and C2) are less folded and faulted, 
and (3) the youngest units are slightly deformed 
(C3) or undeformed (D1 and soil unit). The 
structure revealed at the trench corresponds to 
an asymmetric syncline with a faulted sub verti-
cal southeastern limb (Fig. 6D). All the faults 
in this limb merge at depth into a vertical fault 
(fault a) that represents the southeastern bound-
ary of the fault zone. The overall structure is 
interpreted as a tilted push-up structure. This is 
supported by a lensoidal-shape defi ned by the 
faults in the NE wall of the trench. Fault b has an 
orientation of 087°/25°S. The slickenlines on its 
plane have a pitch of 70°W, indicating oblique 
reverse and left-lateral movement (Fig. 4J).

Paleoseismic Events
Evidence for fi ve events, Ga-1 to Ga-5 from 

youngest to oldest, was found at this site. The 
youngest event (Ga-1) tilted the synclinal struc-
ture to the NW, slightly folding unit C3. This is 
evidenced by the geometry of the internal lay-
ering of C3, which dips slightly to the SE and 
runs parallel to the contact between C3 and 
C2, except near the fault zone, where it dips to 
the NW. Since C3 is an alluvial unit with a NE 
provenance, the dip of its layers toward the NE 
is not expected to be a sedimentological feature. 
A minimum of 129 ± 3 cm of vertical slip was 
inferred for this event by considering the offset 
of the base of C3, which is observed in the down-
thrown block and can be set to below the present-
day soil in the upthrown block. Tilting is likely 
to be tectonic and cannot be ascribed to fault b, 
as unit C3 is not broken. The fault producing this 
tilting could either belong to the group of faults 
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located to the SE or could be another fault not 
exposed at this trench and located more to the 
SE. This event occurred after the depo sition of 
C3 (47–51 ka pIRIR at  Carrascos-2) and before 
unit D1 (21–25 ka pIRIR).

The previous event, Ga-2, was caused by fault 
b, which cut the colluvial wedge. The contact 
between the colluvial wedge and the overriding 
block is a fault. The uplifted part of the colluvial 
wedge was probably eroded away before the 
depo sition of unit C3, which is expected, since 
the top of the fault scarp would be made of it.

The colluvial wedge consists of angular clasts 
derived from units C1 and B and was formed dur-
ing an earlier event, Ga-3. Using the McCalpin  
(1996) estimates of displacement based on col-
luvial wedge thickness, we obtained a mini-
mum vertical slip of 75 cm for event Ga-3. 
The Ga-2 and Ga-3 events occurred after the 
deposition of C2 (108–116 ka pIRIR ago) and 
before the depo sition of C3 (47–51 ka pIRIR 
ago at  Carrascos-2). The ages obtained at these 
trenches do not allow us to distinguish a differ-
ent time constraint for these events.

The dip displacement of the Q-B contact 
along fault b is 103 ± 22 cm. This slip probably 
resulted from at least two events, one producing 
the colluvial wedge and a successive one dis-
placing it. Then, 51 ± 11 cm of dip displacement 
are attributed to each of the events Ga-2 and 
Ga-3. A 116 ± 25 cm net slip per event was cal-
culated using the aforementioned measure and 
the orientation of the slickenlines of the fault.

Events Ga-4 and Ga-5 are related to the 
movement along fault a and along the group of 
faults that merge into it. Event Ga-4 displaced 
unit B (174–208 ka pIRIR at Carrascos-2) but 
not unit C1 (100–116 ka pIRIR), so that an 
event horizon was placed at the base of unit C1. 
Event Ga-5 corresponds to the angular uncon-
formity between units Q and B. Layers in unit Q 
dip steeply to the SE, with the result that more 
than one event probably occurred between their 
formation (before 258–274 ka pIRIR) and the 
deposition of unit B.

Tio Rey Site (Branch 3)

The Tio Rey site was chosen for excavation 
because of the antislope infl ection of the allu-
vial-fan surface that favors sediment trapping. 
The precise location of the faults in the neigh-
boring El Asno and Los Yesos Creeks helped to 
locate the trench (Fig. 2). The faults in the creek 
are oriented 060°/70°SE and have affected the 
Neogene marls and the overlying Quaternary al-
luvial fans.

The Tio Rey trench only exposes the deposits 
of alluvial phase G6 (units P and J in the trench 
log; Fig. 6). The units within the alluvial fan are 
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part of a train of synforms and antiforms affect-
ing units P and J. In most of the trench, the lay-
ers do not show their natural slope but are tilted 
toward the NW, i.e., facing uphill. These folds 
have been cut by a series of reverse faults, most 
of them dipping SE (e.g.: a, oriented 058°/35°SE; 
b, oriented 060°/35°SE) and one dipping NW 
(fault c, oriented 030°/45°NW). Fault b has slick-
enlines with a pitch of 80°W, indicating a reverse 
left-lateral component. The faults have discrete 
fault gouges consisting of well-cemented white 
silt. All the faults exposed at the trench are prob-
ably secondary faults associated with the main 
faults observed at the El Asno Creek.

We calculated the long-term net slip accom-
modated by the exposed faults. To this end, we 
undertook a microtopographic profi le of the 
folded surface of alluvial-fan G6. The profi le 
was perpendicular to the trace of FS4 and con-
tained the trench (inset of Fig. 6E). The base of 
unit J near the reference point X dips 7° to the 
SE, as in the microtopographic profi le in the NW 
sector. By extrapolating the present-day surface 
of G6 to the trench, we obtained a minimum 
vertical displacement of 3.24 ± 0.36 m of unit J. 
This value is equivalent to the vertical displace-
ment of 3.26 ± 0.36 m of this unit asso ciated 
with fault b, which corresponds to a dip slip of 
6.72 ± 0.74 m (Fig. 6D).

Paleoseismic Events
We were only able to constrain one event at 

the Tio Rey trench, event Tr-1. The movement 
along fault b has a major vertical component, 
as inferred from the slickenlines and from the 
vertical offset of the units. This fault extends 
toward the surface and displaces the top soil 
unit by ~15 cm along the dip (Fig. 4F). Thus, an 
event horizon was placed at the top of the soil 
unit (Tr-1). The age of this event is uncertain. 
Given that the area is affected by natural erosion 

and by plowing, it is debatable whether the soil 
affected by the fault is a modern one. A tentative 
Holocene age has been assigned to event Tr-1 in 
accordance with the degree of soil development.

A total offset of 6.72 ± 0.74 m along the dip 
on this fault suggests the occurrence of some 
earlier earthquakes, identifi ed as Tr-X, after the 
deposition of unit P, i.e., after 290 ± 13 ka pIRIR.

Sardinas Site (Branch 4)

The Sardinas trench is located at Góñar (Figs. 
2 and 6F), on the trace of FS4. The site corre-
sponds to an asymmetric hill, with a maximum 
height of ~3 m on the steepest, NW-facing side. 
The exposure at this trench showed that the 
Neogene basement is uplifted, blocking alluvial 
fans G3 and G2 sourced from the Las Estancias 
range. During the deposition of G3, the alluvial 
fan overran the scarp, as indicated by the pres-
ervation of the G3 alluvial deposits (unit C3) at 
the top of the hill (Fig. 6F).

The Neogene sequence at this site consists 
of an alternation of conglomeratic beds (with 
rounded clasts) and marls dipping 80°SE. Units 
H to C3 dip to the NW, and unconformably over-
lie the basement. Units H1 and H2 consist of 
clasts embedded in a pale silty matrix. The color 
and lithology of units H1 and H2 indicate that 
they are derived from the Neogene basement ex-
posed in the upper part of the trench. Units H1 
and H2 are interpreted as colluvial units gener-
ated by the degradation of the Sardinas scarp. 
Clast imbrications and lithology of alluvial units 
C2, C3, and D1 confi rm that sedimentary load 
comes from the Las Estancias range.

FS4 consists of at least two fault strands, 
fault a and “inferred fault b.” The Neogene se-
quence is affected by a 40–50-cm-thick fault 
zone, i.e., fault a, which is oriented 045°/75°SE 
and is parallel to the bedding. The fault gouge 

is characterized by c-s structures, indicating a 
dominant reverse movement with a minor left-
lateral component. Deformation along fault a 
could have contributed to the progressive uplift 
of the Sardinas hill in the past, but it did not 
affect the overlying deposits (unit H and soil). 
Its location and orientation do not account for 
the folding of the overlying units (H1 to C3), 
which must have been generated by movement 
along an inferred fault, fault b. Deformation of 
the layers in the footwall of fault a is expressed 
as an open fold with the axial plane dipping to 
the SE and probably coincident with the inferred 
fault b. Strong tilting of the layers to the NW 
is observed. The 10° dip in the central part of 
the trench increases to 35° in the northwestern 
part. The uppermost unit, D1, is the only nonde-
formed unit. The 6° dip of the layers to the SE is 
probably depositional, since it is coincident with 
the general slope of alluvial-fan G2 obtained 
through micro topog raphy. The top of this unit 
has been transformed by plowing.

Paleoseismic Events
Evidence of at least three paleoearthquakes 

was obtained at this site, Sa-1 to Sa-3 from 
youngest to oldest. The youngest event ob-
served, Sa-1, is defi ned by an angular uncon-
formity located at the base of unit D1′. This event 
also caused the uplift of part of unit C3 located 
at the top of the hill. To estimate the minimum 
vertical offset associated with this event, we as-
sumed that the original surface of alluvial-fan 
G3 had the same slope as the surface of the 
undeformed alluvial fan G2, i.e., 6° to the SE. 
Then, we restored the folding affecting unit 
C3 (alluvial-fan G3) in the northwestern block 
and projected its base underneath unit C3 in the 
southeastern block (Fig. 6F). This projection 
suggests a minimum vertical displacement of 
3.55 ± 0.39 m for the base of C3. The age of this 

TABLE 3. SUMMARY OF THE EVENTS IDENTIFIED IN THIS STUDY AND THEIR CHRONOLOGICAL CONSTRAINTS

Event Main evidence and slip and estimated value Unit postdates/predates the event
Age range

(ka) Paleoearthquake Fault branch
16472–242,)2-rraC(802–471Q/B)tneveenonahterom(gnidlofdnagnitluaF5-aG

)atluaf(36)abaG(472–242/)arE(941–531Q)Bfoesab(/)Bfopot(1CSVmc2±32,gnitluaF5-aC
15)2-rraC(802–471/611–001B/1CgnitluaF4-aG

)atluaf(35)abaG(472–242,)arE(941–531Q/1Cmc02~,gnitluaF4-aC
46ro/dna,5,4951–99>enegoeN/)1Hfoesab(2CsnoitidnocyratnemidesniegnahC3-aS
14611–801/)2-rraC(15–742C/3CSVmc57,egdewlaivulloC3-aG
44ro/dna3951–99/36–952C/3CsnoitidnocyratnemidesniegnahC2-aS

Ca-3 Colluvial wedge, change in sedimentary conditions. VS 
between 78 ± 6 cm

Contact C3/C2 46–60/103–126 3 or 4 3 (fault b)

13611–801/)2-rraC(15–742C/3CSNmc52±611,SVmc11±15,gnitluaF2-aG
12)2-rraC(15–74/52–123C/1DSVmc3±921,ytimrofnocnuralugnA1-aG
43ro236–95/05–933C/1D)tneveenonahterom(SVm55.3,ytimrofnocnuralugnA1-aS

Ca-2 Colluvial wedge, angular unconformity
36 ± 4 cm (FS3) VS of base of D1

Within D1 ( D2/C3) 21–25 (Gaba)/46–60 2 2 and 3

Ca-1 Angular unconformity , 23 ± 11 cm VS of D2-1/D2-1 Within D2 (D1/D3) 3–4 (Era)/21–25 (Gaba) 1 2
5116–15)61–21(/4–33C/2DytimrofnocnuralugnA1-arE
41enecoloHJ/liosyad-tneserPSDmc51<,erutpurliosyad-tneserP1-rT

Note: When the age comes from another trench, this has been specifi ed as: Carr—Carrascos; Gaba—Gabarrones; Sard—Sardinas. N—northern; C—central; S—southern. 
The slip per event is given as: VS—vertical; DS—dip; NS—net. 
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event is constrained by unit D1′ (39–50 ka TL) 
and unit C3 (59–63 ka pIRIR). Event Sa-1 prob-
ably corresponds to several events, as suggested 
by the anomalously large throw of 3.55 m asso-
ciated with it.

The identifi cation of events Sa-2 and Sa-3 is 
based on the change in sedimentary environ-
ment represented by the base of units H1 and 
H2, respectively. In each of these earthquakes, 
the Sardinas hill would have been uplifted, and 
the newly exposed basement rock would have 
been rapidly eroded and deposited at the foot of 
the scarp. The high erodibility of the basement 
rocks suggests that the colluvial layers (H1 and 
H2) were formed in a relatively short period 
after two events. Alluvial sediments (C2) were 
deposited between this rapid sedimentation 
associated with H1 and H2. Thus, event Sa-2 
should have occurred between units C2 and C3, 
i.e., between 59 ka and 159 ka TL. Event Sa-3 
occurred before the deposition of C2 (99–159 
ka TL), so that a 99 ka TL age is considered as a 
minimum age for it.

We did not consider the ages obtained for 
the H1 colluvial deposit since the distance from 
the source was insuffi cient to ensure the total 
bleaching of the grains used for the lumines-
cence dating.

Era Site (Branch 4)

The Era site is located at Góñar, next to the 
head of a highly entrenched active creek that 
provides a good exposure of the fault (site 6 in 
Figs. 2A and 4E). At the surface, this site shows 
a gentle step of ~1 m, separating orchards (in the 
downthrown block) from an abandoned thresh-
ing fl oor (in the upthrown block). In the north-
western margin of the creek, the Góñar FS4 can 
be deduced from the sharp contact between ver-
tical Neogene marl in the hanging block and late 
Quaternary alluvial deposits in the downthrown 
block. Another natural exposure of this fault can 
be observed at site 1 (Fig. 2), where the layers of 
alluvial-fan G3 are folded and thrusted 0.5 m to 
the NW. The fault is oriented 055°/50°SE in the 
natural outcrop and 060°/25°SE at the trench.

Two faults are observed along the axial planes 
of the folds affecting the units in the Era trench 
(Fig. 6G). Alluvial-fan G5 (unit B2) is overlain 
by alluvial-fan G3 (unit C1), both being folded 
and thrusted toward the N-NW over alluvial-
fans G3 (unit C1–3) and G2 (units D2 and D3). 
This deformation caused an antiformal fold in 
the overthrusting block and a synformal fold 
in the downthrown block. The faults exposed are 
more easily identifi ed in the units with a well-
cemented matrix (the upper part of C1 and C2), 
where discrete fault planes can be observed. 
However, in the units that are clast supported, 

the fault can only be inferred from the align-
ment of the clasts. Small offsets of ~10 cm were 
observed within unit C1 and at the C1-C2 con-
tact. The overall structure bears a strong resem-
blance to that exposed at the Carrascos-1 and 
 Carrascos-2 trenches (Fig. 6A). A vertical dis-
placement of 4.68 m associated with this fault 
was estimated by considering the C1-B contact 
in the upthrown block and its estimated depth at 
the downthrown block. The contact was drawn 
taking into account the maximum thickness of 
C1 observed underneath the fault (Fig. 6G). 
This is a minimum estimate of the vertical slip 
since the base of unit C1 is probably located at 
a lower position.

Paleoseismic Events
At this trench, it was possible to constrain 

only one event, Era-1, at the top of unit C3. Unit 
C3 is folded, in contrast to unit D3, suggesting 
that the event occurred after C3 (at this trench, 
55–61 ka pIRIR) and before the deposition of 
unit D3 (3.25–3.89 ka TL). Since it was not pos-
sible to ascertain whether D2 was deformed, it 
is debatable whether this event occurred before 
the deposition of unit D2. However, the fact 
that D2 was not preserved on the hanging block 
suggests that unit D2 was uplifted during event 
Era-1 and was subsequently eroded away. We 
used the age of C3 as the maximum age for this 
event, although it should be borne in mind that 
this event could be younger than D2. The top of 
C3 is therefore considered to be the paleosur-
face after this event (Fig. 6G).

DISCUSSION

In this section, the timing of the events ob-
tained for the six paleoseismologic trenches 
is compared to obtain the correlation of the 
events, i.e., the common event chronologies that 
could account for the deformation at the dif-
ferent sites. The slip rates derived from the 
trench analysis are also discussed. The results 
are compared with the event chronologies and 
slip rates of the neighboring paleoseismological 
sites studied by other authors. This comparison 
allows us to evaluate the maximum fault rup-
ture inferred from the correlation of the events, 
and to provide some estimates of the maximum 
magnitude expected in the region. Finally, some 
geodynamical implications are discussed at the 
end of the section.

Correlation among the Paleoseismic Events 
at the Goñar Faults

We used the term “paleoearthquake” for the 
paleoseismic events derived from the correla-
tion between different trenches, while the term 

“events” is restricted to those identifi ed by a 
single trench analysis (e.g., Ca-1, etc.). The 
summary of the age constraints and slips associ-
ated with all the events is provided in Table 3. 
The correspondence between each event and the 
common paleoearthquake is given in this table. 
The paleoearthquakes are listed as 1–6, from 
youngest to oldest.

At minimum, six paleoearthquakes are in-
ferred. This is a minimum estimate of the paleo-
earthquakes recorded at the trenches, since we 
cannot be sure that all the earthquakes were 
recorded. In the oldest units, the deformation at-
tributed to a single event is possibly the result 
of two or more successive events. In the case 
of folds, it is not easy to interpret the defor-
mation in terms of the number of events. The 
same thing occurs when assessing the number 
of events related to a large displacement, such 
as the one observed at the Tio Rey trench. Fig-
ure 7A is a synthesis of the event chronologies, 
where the time uncertainty (time span) of each 
event is represented along the x axis.

In order to assess a minimum number of 
paleo earthquakes derived from the correlation 
between the different trenches, we fi rst compared 
the two trenches recording a maximum number 
of events, i.e., the Carrascos and Gabarrones 
trenches. These trenches are located at ~500 m 
from each other, so that correlation between the 
units exposed is easier than between more distant 
trenches. The correlation of events recorded at 
these two trenches enables us to infer a minimum 
of six paleoearthquakes: (1) paleoearthquake 1 
corresponds to event Ca-1, which is not recorded 
at the Gabarrones trench; (2) paleoearthquake 2 is 
event Ca-2, which matches Ga-1; (3) paleoearth-
quakes 3 and 4 are represented at Gabarrones by 
Ga-2 and Ga-3, respectively, and one of these 
events matches Ca-3 at the Carrascos trench; 
(4) paleoearthquake 5 corresponds to events Ca-4 
and Ga-4; and (5) paleoearthquake 6 corresponds 
to events Ca-5 and Ga-5.

By correlating the time distribution of these 
six paleoearthquakes with that of the events at 
the other trenches, it is possible to refi ne the 
age constraints of the paleoearthquakes. Some 
events can be correlated in a unique mode. 
However, others might correspond to several 
of the paleoearthquakes identifi ed at Carrascos 
and Gabarrones. Analysis of the possible com-
binations of events allows us to consider three 
chronologies (known as options 1–3) that are 
compatible with the event timing determined 
in this work (Fig. 7A). The time constraint 
resulting from each specifi c combination of 
events is specified in brackets next to each 
paleoearthquake.

In the three options, paleoearthquakes 1, 5, 
and 6 are defi ned in the same way; paleoearth-
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quake 1 (3–25 ka) is defi ned by events Ca-1 and 
Tr-1, paleoearthquake 5 (135–208 ka) is de-
fi ned by events Ca-4 and Ga-4, and paleoearth-
quake 6 (174–274 ka) is defi ned by events Ca-5 
and Ga-5. Era-1 matches paleoearthquake 1 
but also paleoearthquake 2 in all of the options, 
but this does not change the time range of the 
paleoearthquakes. The same thing happens 
with Ca-3, which matches paleoearthquake 3 
and paleoearthquake 4, and with Sa-3, which 
could represent paleoearthquake 4, 5, or 6. 
The multiple event Tr-X could include all six 
paleoearthquakes.

The three paleoearthquake chronologies 
result from a different combination of events 
in paleoearthquakes 2–4, and are defi ned as 
follows: (Option 1) In this option, paleoearth-
quake 2 (21–51 ka) is defi ned by Ca-2 and 
Ga-1, paleoearthquake 3 (47–63 ka) is defi ned 
by events Ga-2 and Sa-1, and paleoearthquake 4 
(59–116 ka) is represented by events Ga-3 and 
Sa-2. (Option 2) In this option, paleoearthquake 2 
(39–51 ka) is defi ned by Ca-2, Ga-1, and Sa-1, 
paleoearthquake 3 (59–116 ka) is defi ned by 
events Ga-2 and Sa-2, and paleoearthquake 4 
(99 and 116 ka) is represented by events Ga-3 
and Sa-3. (Option 3) In this option, paleoearth-
quake 2 (39–51 ka) is represented by Ca-2, 
Ga-1, and Sa-1, paleoearthquake 3 (46–116 ka) 
is only defi ned by event Ga-2, and paleoearth-
quake 4 (59 and 116 ka) is defi ned by events 
Ga-3 and Sa-2.

Of the three options, option 2 is the one that 
yields a fi ner age constraint for paleoearth-
quakes 2 and 4. This is because in this option, 
compatible events of a very different age range 
are being correlated, so that the common time 
interval between them is shorter than in the 
other options.

Apart from these paleoearthquakes, a more 
recent paleoearthquake could have been re-
corded at the Tio Rey and Carrascos-2 trenches, 
where an apparent rupture of the soil was ob-
served. The interpretation of these ruptures as 
a very recent rupture, younger than 3 ka (mini-
mum age constraint of paleoearthquake 1), is 
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not straightforward, and this should be borne 
in mind in future research. As mentioned in the 
previous section, the apparent offset of the soil 
unit could be the result of an adaptation of the 
soil to the fault zone, which is harder than the 
surrounding material at both trenches. More-
over, the displacement could be real, but the 
soil could be an exhumed soil affected by pedo-
genetic processes.

In the case of very recent ruptures, the ab-
sence of an associated surface scarp could be 
attributed to two factors: (1) the enhanced ero-
sion affecting the surface and/or (2) the oblitera-
tion of the slip by natural erosion or agricultural 
transformation of the land.

Seismogenic Segmentation of the Goñar 
Fault Strands

The comparison of the event chronologies of 
the different trenches helped us to better under-
stand the seismogenic behavior of the system 
during an earthquake.

The event chronologies suggest that seismo-
genic ruptures are able to propagate along all the 
length of the fault splay, as evidenced by a simi-
lar number of events recorded at the opposite 
trenches, i.e., Carrascos-1 and Sardinas (Figs. 6 
and 7A).

However, a comparison of the frontal and 
the inner fault strands shows some differences. 
The northwesternmost strands (FS1–Gabar-
rones and FS4–Sardinas) do not seem to have 
been active during the last two paleoearthquakes 
(paleoearthquake 1 and the recent earthquake 
possibly recorded at Tio Rey and Carrascos-2). 
Conversely, the remaining paleoearthquakes 
seem to have been recorded at all the fault 
strands of the Góñar system, which suggests 
that all the strands could move simultaneously. 
FS1 and FS4 are aligned and could be part of 
a single fault trace. Since such a fault trace is 
located in the hinterland of the system, the 
cessation of its activity during the most recent 
paleo earthquakes can be interpreted as the result 
of a transfer of the activity to the SE in a piggy-
back manner. Further evidence is warranted for 
a detailed discussion of this subject.

Correlation of the Event Chronologies with 
Neighboring Paleoseismologic Sites

The linkage between the Alhama de Murcia 
fault and the Albox fault has been discussed in 
earlier studies (e.g., Masana et al., 2005; Pedrera 
et al., 2010), as has the seismogenic segmentation 
of the Alhama de Murcia fault (Martínez-Díaz, 
1998; Martínez-Díaz et al., 2001, 2003; Masana 
et al., 2004, 2005; Silva et al., 1997, 2003).

The chronology of paleoearthquakes obtained 
in this work can be compared with that obtained 

in earlier studies in the area. Since these studies 
concern trenches with only young units (in con-
trast to the Góñar trenches), only the chronology 
of paleoearthquakes 1 and 2 can be compared.

Góñar and Lorca Sites
A comparison of the event chronologies 

of the trenches at the Góñar fault system with 
those at the southern Alhama de Murcia fault at 
Lorca (Fig. 7B) yields the following scenarios: 
(Scenario 1) Two fault zones “simultaneously” 
rupture during paleoearthquake 1 and paleo-
earthquake 2. (Scenario 2) The fault ruptures 
are different in one of the paleoearthquakes but 
are the same in the other. (Scenario 3) None of 
the paleoearthquakes corresponds with events at 
the Lorca sites. In scenario 1, the “simultane-
ous” rupture could be due to a single event or to 
two independent events during which one of the 
fault segments triggered the slip in the other seg-
ment. It is not possible to differentiate the single 
rupture from the triggered rupture by using the 
available time constraints, since a triggering be-
havior means that such successive events could 
be separated by minutes or hours.

If it were assumed that the simultaneous rup-
ture of the entire Lorca–Góñar system took place 
(scenarios 1 and 2), the age range of the events 
at Góñar would be narrowed because the tim-
ing of the events at the Lorca sites (reported in 
Martínez-Díaz et al., 2003; Masana et al., 2004) 
is better constrained. The proximity between 
the El Colmenar and El Saltador sites (Fig. 1B) 
allows us to assume the synchronicity of their 
events (only two paleoearthquakes are identi-
fi ed). The youngest one would be constrained 
by events T (El Saltador) and Z (El Colmenar), 
henceforth event TZ, so that it would have oc-
curred between 830 B.C. and 1750 B.C. (this is 
2.8 and 3.8 ka). The oldest one, represented by 
event X (El Colmenar) and event N (El Salta-
dor), henceforth event XN, would have occurred 
between 16.7 and 26.9 ka, but probably imme-
diately before 16.7 ka (for discussions of these 
time brackets, see Masana et al., 2004).

For scenario 1 (simultaneous rupture of the two 
fault zones during paleoearthquake 1 and paleo-
earthquake 2), paleoearthquake 1 in the Góñar  
faults would correspond to event TZ, while 
paleo earthquake 2 would match event XN. Then, 
paleoearthquake 1 would have occurred between 
3 and 3.8 ka, and paleoearthquake 2 would have 
occurred between 21 and 26.9 ka. Paleoearth-
quake 2 is only compatible with event XN if the 
wider time range of the two last events is consid-
ered (and not the most probable age immediately 
before 16.7 ka). This scenario is not compatible 
with options b and c of the Góñar chronologies, 
since paleoearthquake 2 has a minimum age of 
39 ka in these options (Fig. 7A).

For scenario 2 (the fault ruptures are different 
in one of the paleoearthquakes but are the same 
in the other), three combinations are possible. 
First, paleoearthquake 2 only matches the old-
est events at Lorca with the age constraints as in 
scenario 1, but without correlation of paleoearth-
quake 1 and event TZ. Paleoearthquake 2 cannot 
be correlated with event TZ but only with event 
XN. The two other correlations consider that 
paleoearthquake 2 was not simultaneous with 
events at Lorca, but that only paleoearthquake 
1 can be correlated with either the youngest or 
the oldest event. If paleoearthquake 1 correlates 
with the oldest event (XN), then its time con-
straint would be coincident with the time brack-
ets of event XN, 16.7 and 26.9 ka. This range 
could be narrowed if the most probable age 
(immediately before 16.7 ka) is considered. If 
paleoearthquake 1 is correlated with the young-
est event (TZ), then the chronology is as stated 
for scenario 1 but with no correlation between 
paleoearthquake 2 and the events at Lorca.

Scenarios 1 and 2 entail a fault rupture greater 
than 40 km (Fig. 1B), which has major implica-
tions for the seismic hazard of the region.

Góñar and Albox Sites
The ages of event X at the Albox fault are 

compatible with paleoearthquake 1 and paleo-
earthquake 2 at the Góñar trenches (Fig. 7B). 
If it were synchronous with paleoearthquake 1, 
such an event would have occurred between 3 
and 25 ka, whereas if it were synchronous with 
paleoearthquake 2, the time constraint would 
be between 21 and 38.3 ka. The youngest event 
recorded at the Albox fault (event Y) is a recent 
event that apparently occurred during historical 
times, though it is not identifi ed in the historical 
catalog. This event is not identifi ed at any of the 
other faults (Fig. 7B).

These faults can move as reverse faults under 
a compressive regime oriented N-NW. A con-
tinuous coseismic rupture at the Albox and the 
Góñar faults is diffi cult to envisage because of 
the absence of a clear fault trace between them.

Slip Rate across the Alhama de Murcia 
Fault–Góñar Fault System

Individual Slip Rates
The vertical slip rates obtained for individual 

strands range between 0.01 and 0.08 mm/yr 
(Table 4). For the Era trench (FS5), it was pos-
sible to obtain the vertical slip for three hori-
zons: the base of units C1, C2, and C3. To this 
end, the logged fold geometry was completed 
in the upthrown block (for C2 and C3) and the 
downthrown block (for C1, see Fig. 6G). The 
slip rate using the base of C1 (0.02–0.04 mm/yr) 
is in agreement with the one obtained for C3, 
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whereas the slip rate derived for the base of C2 
(~0.02 mm/yr) is similar or smaller. This differ-
ence could be due to a slowing down of the slip 
rate during the deposition of C2 or to a decrease 
in the average sedimentation rate. It should be 
noted that the fast fl oods generating units C1–
C3 led to a discontinuous sedimentation rate, 
with the result that variations in the slip rates are 
expected.

The strike-slip rates of the northern Alhama 
de Murcia fault and the southern Alhama de 
Murcia fault were estimated between 0.45 and 
1.33 mm/yr, respectively. The average of the 
minimum strike slip for these faults is 0.51 
mm/yr (Table 4).

For the northern Alhama de Murcia fault, 
the strike-slip rate was obtained by using the 
defl ections of Bermeja/Yesos and Carrascos/
Casas Creeks (see section on the southern tip 
of the Alhama de Murcia fault) and a maximum 
age of 750 ka (end of the middle Pleistocene), 
which was considered to be the most suitable 
estimate for the emplacement of the present-day 
drainage.

For the southern Alhama de Murcia fault, 
the strike-slip rate was calculated using (1) the 
defl ections of channels a and b incised in allu-
vial-fan G4 (between Carrascos and El Asno 
Creeks), bearing in mind that the oldest age for 
the “undefl ected” channel is the age of the allu-
vial fan, 125–149 ka (Figs. 2 and 5; Table 2) and 
(2) the ~1 km left-lateral fault displacement of 

the Pliocene–Quaternary strata of La Gata Hills 
(see section on the southern tip of the Alhama de 
Murcia fault), for which 1.6 Ma is considered a 
minimum age.

A net slip rate of 0.04–0.06 mm/yr was ob-
tained for FS1 at Gabarrones. It was only pos-
sible to obtain the net slip here because of the 
lack of good kinematic indicators at the other 
trenches. A net slip of 2.87–3.01 m was inferred 
from a vertical slip of 1.26–1.31 m at fault b 
(087°/25°S and 70°W pitch). The net slip rate 
obtained (0.04–0.06 mm/yr) is much larger than 
the vertical (0.02–0.03 mm/yr) and the strike-
slip rates (0.02 mm/yr). The wide range of slip 
vectors observed in the study area is likely to 
be the result of the structure formed by fault-
bounded blocks, which may induce space 
constrictions on the movements of the blocks. 
Therefore, it is not recommendable to use the 
net–to–dip slip relationship observed at Gabar-
rones to estimate the net slip at the other sites.

Summed Slip Rates
For the time range between 47 and 63 ka, 

the sum of the vertical slip rates of the Góñar 
strands 1, 2, and 3 in the northern area (Carras-
cos and Gabarrones sites) varies between 0.04 
and 0.07 mm/yr, which is lower than the values 
obtained for the system in the southern sector 
(Era and Sardinas sites) of 0.07–0.12 mm/yr 
(Table 4). This suggests that a greater accumu-
lated vertical uplift has taken place in this area 

with respect to the northernmost sites. Such an 
increase in the vertical slip of the system is in 
agreement with the orientation of the fault traces 
that are more perpendicular to the NW-SE con-
vergence direction (Fig. 1A). The total vertical 
slip of the Alhama de Murcia fault–Góñar fault 
system could double these values should a simi-
lar slip rate be attributed to the northern Alhama 
de Murcia fault and southern Alhama de Murcia 
fault. Such an assumption yields vertical slip 
values in the range of 0.16 and 0.22 mm/yr.

The total minimum strike-slip rate of the 
Alhama  de Murcia fault–Góñar system was 
estimated between 0.95 and 1.37 mm/yr. This 
value was obtained by adding the rates of the 
northern Alhama de Murcia fault and the south-
ern Alhama de Murcia fault to the sum of rates 
in the Góñar faults (Table 4). The latter value is 
close to 0.04 mm/yr, which is twice the strike-
slip rate at Gabarrones, since the Góñar system 
in the Gabarrones transect is made up of two 
strands. The slip rates considered were obtained 
using markers of very different ages, which in-
troduces considerable uncertainty. Such a total 
minimum value would be lower if the northern 
Alhama de Murcia fault were not active during 
the late Pleistocene–Holocene.

A further estimation of the summed slip rate 
was done by extrapolating the net slip rate ob-
tained at Gabarrones (0.04–0.06 mm/yr) to the 
remaining fault strands. This led to a total net 
slip rate of the Alhama de Murcia fault–Góñar 

TABLE 4. SLIP RATES DERIVED FROM THE TRENCH ANALYSIS

Site Marker
(fault strand)

Slip
(m)

Age range
(ka)

Slip rate
(mm/yr)

Net Dip Vertical Strike
Dip Vertical Strike

(net)Min Max Min Max
Carrascos

20.010.005–1204.0–23.0)2SF(1DfoesaB
30.020.0171–52181.4–37.3)btluaf.3SF(1CfoesaB

20.010.036–7489.0)2SF(3CfoesaB
20.010.036–7448.0)btluaf.3SF(3CfoesaB

Base C3 FS2 + FS3 0.02 0.04
Gabarrones

Base of C3 (FS1) 2.87–3.01 2.70–2.83 1.26–1.31 1.04–1.09 47–63 0.04 0.06 0.02 0.03 0.02 (0.04) 0.02 (0.06)
Base C3 FS1 + FS2 + FS3 0.04 0.07

Tio Rey
Base of J (FS4. fault b) 5.98–7.46 2.90–3.62 277–348 0.02 0.03 0.01 0.01

Sardina
80.050.036–7449.3–61.3)4SF(3CfoesaB

Era
40.020.036–7487.1–15.1)5SF(3CfoesaB
20.020.0521–00154.2–90.2)5SF(2CfoesaB
40.020.0171–52150.5–13.4)5SF(1CfoesaB

Base C3 FS4 + FS5 0.07 0.12
Strike slip

(m)
Strike slip rate

(mm/yr)
Min Max

26.0~0061niM0001~sllihataGaLFMAS
60.118.0941–5216±721bkeerConsA/socsarraC
07.054.0941–52101±77ckeerC

64.0057xaM41±953soseY/ajemreBFMAN
25.0057xaM62±714sasaC/socsarraC
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fault system at the Gabarrones transect between 
0.16 and 0.24 mm/yr, for the system here is 
made up of at least four fault strands.

The large difference between the summed 
slip rates obtained by these different approaches 
shows that these estimations have large 
uncertainties.

Comparison of Slip Rates with Neighboring 
Fault Segments

The summed vertical slip rates of the 
fault strands in the Alhama de Murcia fault–
Góñar  fault system (0.16–0.22 mm/yr since 
47–63 ka) are considerably greater than the 
values observed at the Albox fault (0.01 and 
0.04 mm/yr; Masana et al., 2005) and are 
comparable or smaller than those observed at 
the central Alhama  de Murcia fault at Lorca. 
There, Masana et al. (2004) reported vertical 
slip rates between 0.04 and 0.35 mm/yr on the 
southern Alhama de Murcia fault strand for 
the last 30 k.y. (Table 1). This could represent 
half of the total vertical slip, which would range 
between 0.08 and 0.70 mm/yr if the southern 
Alhama de Murcia fault rate is extrapolated 
to the northern Alhama de Murcia fault (Fig. 
1B). A decrease in the vertical slip from the 
central parts of the Alhama de Murcia fault (at 
Lorca) toward the tips of the system (at Góñar) 
is suggested. A similar decrease is observed in 
the net slip rates. At the southern Alhama de 
Murcia fault in the Lorca trenches, the net slip 
rates for the last 30 k.y. range between 0.53 and 
0.66 mm/yr (Masana et al., 2004), whereas at 
the Gabarrones transect, the rates vary between 
0.16 and 0.24 mm/yr, assuming the deforma-
tion of the system is equally partitioned among 
four fault strands. This decrease of the vertical 
and net slip rates is consistent with the expected 
variations in slip from the center to the tips of 
the faults and would be compatible with the two 
sites being part of a single fault segment.

The strike-slip rates obtained at Lorca using 
the pitch of slickenlines on the southern Alhama 
de Murcia fault are 0.06–0.53 mm/yr. These 
values are comparable to or smaller than those 
obtained for the southern Alhama de Murcia 
fault and the northern Alhama de Murcia fault 
at Góñar (between 0.45 and 1.33 mm/yr). If 
smaller, the difference could be indicative of 
(1) a decrease in the activity of the fault with 
time, since the age of the markers used at Lorca 
(30 ka) is much younger than the age used for 
Góñar (100–175 ka and 750 ka) or (2) an over-
estimation of the slip rate at Góñar related to an 
underestimation of the age considered for the 
calculations. This latter possibility would in-
validate the unusually large strike-slip rates for 
Góñar estimated previously herein, so that the 
decrease in the vertical slip rate from the cen-

tral to the southern tip of the Alhama de Murcia 
fault would not be contradicted by the strike-
slip rates. Smaller slip rates would also be more 
consistent with the recurrence period obtained 
in the next section.

Paleoseismic Parameters

Slip per Event
The northern Alhama de Murcia fault, the 

southern Alhama de Murcia fault, and the Góñar  
fault system form a horse-tail structure as sug-
gested by the fault pattern (in map view) and 
the fault geometry, with the result that all the 
faults could be connected at depth. This implies 
that the different strands could all move simul-
taneously during an earthquake. In such a case, 
the slip per event observed at the trenches at 
the Góñar faults is a minimum value that could 
only represent one fourth of the total slip (or 
even less if the slip at the boundary faults is 
greater). The only trench for which the net slip 
was calculated is Gabarrones (event Ga-2). The 
net slip recorded, 1.15 ± 0.25 m, can be taken 
as a minimum slip per event associated with the 
system. A similar slip in the four strands of the 
system at the Gabarrones transect would mean 
a slip per event between 3.6 and 5.6 m. In ac-
cordance with empirical relations proposed by 
Stirling et al. (2002), such single-event dis-
placements are linked to faults that are ~400 km 
long, whereas the Alhama de Murcia fault does 
not exceed 150 km in length. This suggests that 
(1) the slip is distributed in an irregular manner 
among the four strands of the system, or (2) the 
1.15 ± 0.25 m slip corresponds to more than 
one earthquake, or (3) the faults do not move 
simultaneously.

Another way of estimating the minimum slip 
per event is to consider the accumulated slip 
recorded at some of the trenches. For instance, 
at Tio Rey, the six paleoearthquakes could have 
been recorded in the large displacement of unit J 
by fault b (6.72 ± 0.74 m along the dip) as well 
as in the displacement along the other faults at 
this trench (Fig. 6E). This yields a slip along 
dip per event of 1.12 ± 0.12 m, which could be 
smaller if the number of paleoearthquakes rep-
resented were greater. In the Era trench, the ver-
tical offset of the base of unit C1, 4.31–5.05 m, 
probably refl ects the displacement of four to fi ve 
earthquakes. According to the event chronol-
ogies (Fig. 7A), this number of earthquakes is 
the minimum number that occurred after the 
deposition of unit C1 (dated as 124–149 ka). 
These values yield maximum vertical slip per 
events between 0.86 and 1.26 m at FS5, which 
is over the range of the average slip per event 
observed at the paleoseismological sites in the 
region (Table 1).

The aforementioned estimates yielded ver-
tical slips per event in the range of 1.7–2.8 m 
(twice the range of 0.86–1.4 m calculated for a 
single strand).

Maximum Expected Earthquake Magnitude
To estimate the maximum expected magni-

tude associated with the seismic rupture of the 
Alhama de Murcia fault–Góñar fault system, we 
used the length of the system rather than the slip 
per event observed at the trenches. The reason 
for this was twofold: (1) the large uncertainty 
associated with the values of slip per event ob-
served, which in most cases did not correspond 
to the net slip, and (2) the fact that the slip is 
distributed among several fault strands, so that 
the real value cannot be well constrained.

The length of the traces of the Góñar fault 
system is ~6 km, which is a minimum estimate 
of the length of the Alhama de Murcia fault 
southern splay (see section on the southern 
tip of the Alhama de Murcia fault). The sur-
face rupture of a 6 km fault can be related to 
an earthquake magnitude of MW = 5.9 by using  
the empirical relationships that Berryman et al. 
(2002) proposed for strike-slip and reverse 
faults in New Zealand. A similar value, MW = 
6.0, is obtained through the general equations 
of Wells and Copper smith (1994). These mag-
nitudes are slightly greater than the MW = 5.6 
magnitude obtained using the Hanks and Bakun 
(2002) relationships for strike-slip earthquakes 
at global plate boundaries.

The coseismic rupture of the entire Góñar-
Lorca fault segment (40 km) should also be con-
sidered. Given the lack of paleoseismological 
studies in the area between these localities, the 
possible propagation of a seismogenic rupture 
through the 40 km fault trace cannot be ruled 
out. Employing the aforementioned empirical 
relationships, such a fault rupture can be related 
to earthquakes with Mw = 7.0 (equations in 
Berry man et al., 2002), Mw = 6.9 (equation 
in Wells and Coppersmith, 1994), and Mw = 6.7 
(equations in Hanks and Bakun, 2002).

An alternative “intermediate” scenario is the 
coseismic rupture from Góñar to the area im-
mediately north of Puerto Lumbreras (Fig. 1B), 
where a stepover in the fault trace could act as 
a barrier for the propagation of slip on the fault. 
In this case, the fault rupture length would be 
~15 km, which can be related to earthquake 
magnitudes of MW = 6.1–6.4 according to the 
three aforementioned empirical relationships.

For these calculations, we used a rupture 
width of 12 km, which is the most accepted 
value for the seismogenic crust in the area 
( García-Mayordomo, 2005).

The 6 km rupture length is the least probable 
among all the options discussed. It would be an 
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unusually small length for a seismogenetic rup-
ture in accordance with the values commonly 
observed (e.g., Wells and Coppersmith, 1994; 
Gasperini et al., 1999; Stirling et al., 2002), 
and at the same time, it would be related to av-
erage coseismic displacements much smaller 
(~0.18 m according to equations in Wells and 
Coppersmith, 1994) than that expected for the 
Góñar system (more than 0.86–1.26 m).

These estimated magnitudes pose a signifi -
cant risk in this area, where most of the towns 
are built on top of alluvial sediments that could 
trigger amplifi cation of the seismic waves and 
liquefaction. This was shown to be crucial dur-
ing the Lorca earthquake (11/05/2011, Mw = 
5.1), which caused peak ground accelerations in 
the order of 0.36g (IGN, 2011), i.e., three times 
greater than the value assigned to the area in 
the Spanish seismo-resistant construction code 
(NCSR-02, 2002).

Recurrence Period
A preliminary estimate of the maximum value 

of the mean recurrence period of the Góñar  fault 
system can be obtained by considering the three 
options for the paleoearthquake chronology dis-
cussed in the foregoing section. In the three op-
tions, the four latest paleoearthquakes occurred 
within a maximum period of 108–116 k.y. As-
suming a periodic behavior for the fault rup-
tures, we obtained an average time of 27–29 k.y. 
between two successive earthquakes. However, 
in options 1 and 3, paleoearthquake 4 could 
have occurred ca. 59–63 ka, which yields a re-
currence period of 15–16 k.y. When consider-
ing the last six paleoearthquakes, the maximum 
recurrence period increases to 29–47 k.y. If only 
the last fi ve paleoearthquakes are considered, 
the recurrence ranges from 27 to 42 k.y.

Summarizing, the maximum recurrence 
period  yielded ranges between 15 and 29 k.y. 
for the last 108–116 k.y. The minimum value 
is similar to the recurrence interval obtained at 
the Lorca trenches (ca.14 k.y.; Masana et al., 
2004), whereas the maximum value approxi-
mately doubles  it. The 15–29 k.y. range for the 
recurrence interval is, at any case, larger than 
the ~8 k.y. recurrence interval obtained from 
a maximum total slip rate of 0.24 mm/yr and 
a minimum of ~2 m of summed slip per event 
deduced for the system. This latter value is a ro-
bust estimation of the minimum summed slip as 
observed in the trenches. Therefore, such a dis-
crepancy could be due to an underestimation of 
the number of paleoearthquakes, which in any 
case is considered as a minimum, and/or to an 
overestimation of the total slip rate of the system.

The rough estimate of the recurrence period 
made here relates to the large uncertainties asso-
ciated with the time constraints of the events, 

i.e., the result of the large time difference be-
tween the units bracketing the events. Since this 
is related to the discontinuous sedimentologi-
cal record that characterizes the study area, this 
aspect constitutes a major limitation. A better 
estimate of the real recurrence period in the 
area, however, could be obtained with paleo-
seismic data from other sites along the studied 
fault strands and from the northern and southern 
Alhama  de Murcia fault strands.

Insights into the Geodynamics of the 
Alhama de Murcia fault–Góñar System

The structure observed at the southern tip of 
the Alhama de Murcia fault, which is made up 
of a splay of synthetic and antithetic faults, can 
be explained by two models: (1) The structure 
is inherited from the earlier extensional tectonic 
regime. Similar splay geometries have been ob-
served at the tip of extensional systems within 
continental crust by Bahat (1981) and Suter et al. 
(1992), among others. (2) The structure corre-
sponds to a horse-tail termination generated by 
the growth of the Alhama de Murcia fault as a 
strike-slip structure, active since the latest Mio-
cene. Whichever its origin, we documented a 
signifi cant component of reverse slip in this part 
of the Alhama de Murcia fault, where the struc-
ture changes its orientation. The strike-slip com-
ponent of the inner faults of the splay (the Góñar 
faults) is minor compared to the reverse slip.

The southwestern tip of the Alhama de Mur-
cia fault seems to behave like a compressional 
bend in which the strike of the faults undergoes 
a clockwise rotation that favors a larger short-
ening component under the NNW-SSE Shmax 
direction. A similar geometry is observed in the 
central part of the Alhama de Murcia fault in the 
Lorca-Totana segment (Martínez-Díaz, 1998; 
Martínez-Díaz et al., 2003; Masana et al., 2004) 
and in the neighboring northeastern tip of the 
Carrascoy fault (Fig. 1), as described by García-
Mayordomo and Martínez-Díaz (2006). The 
NNW-SSE Shmax differs from the interplate NW-
SE convergence azimuth proposed by Argus  et al. 
(1989) for this interplate transect. This could 
be due to an inland rotation of the convergence 
direction or to local variations in the maximum 
horizontal compression. The latter situation is ex-
pected when the interplate deformation is accom-
modated through structures that are inherited 
from previous tectonic regimes and that show a 
variety of orientations.

CONCLUSIONS

In this study, we present an ~300-k.y.-long 
paleoseismic chronology of a slow-moving fault 
zone, the southern tip of the Alhama de Murcia 

fault. This is one of the longest paleoseismic 
records obtained to date. Since slow-moving 
faults are characterized by long recurrence in-
tervals (greater than tens of thousands of years), 
the time observation window required to ob-
serve several successive earthquakes is in the 
order of hundreds of thousands of years.

A number of factors contributed to the study 
of this long paleoseismic history:

(1) The presence of a splay structure. This 
structure showed simultaneous rupture along 
its fault strands, which provided us with more 
oppor tunities to refi ne the time constraints for 
the recorded paleoearthquakes. This could not 
have been done in a single structure or at a 
single  paleoseismic site.

(2) The possibility of dating units as old as 
325 ka by a new luminescence dating protocol 
developed by Sohbati et al. (2011). This new 
technique, which measures the luminescence 
radia tion on K-feldspar grains, extends the range 
for numerical dating of Quaternary sediments, 
which is usually limited to younger than 100 ka.

(3) The alluvial sedimentary environment 
with a condensed (although not continuous) 
sedimentation. Such a sedimentological setting 
combined with a faulting style consisting of 
oblique-reverse faulting and fault-propagation 
folding enabled the observation of different 
 alluvial-fan phases in relatively shallow trenches 
(of less than 3 m depth).

We documented a fault zone (1.5 km wide 
and minimum length of 6 km long) made up of 
four to fi ve fault strands. The deformation has 
been partitioned into the different strands. The 
overall structure is characterized by (1) oblique 
slip with reverse and left-lateral movement, 
(2) slip rates between 0.03 and 0.12 mm/yr in 
the internal structures (Góñar faults), and be-
tween 0.16 and 0.24 mm/yr for the Alhama de 
Murcia fault–Góñar system, which includes the 
northern Alhama de Murcia fault and the south-
ern Alhama de Murcia fault. The activity along 
the fault system has given rise to a compres-
sional bend between the uplifted Las Estancias 
range and the Huercal-Overa and Guadalentin 
depressions. This deformation forms a smaller 
secondary range front that emerges in the 
Guadalentin Basin, conditioning the draining 
network. A possible foreland migration of the 
deformation is observed.

The paleoseismologic data provided new 
insights into the segmentation of the Alhama 
de Murcia fault. The integrated analysis of the 
event chronologies at six different trenches 
yielded a minimum of six paleoearthquakes dur-
ing the last 174–274 k.y., with a maximum re-
currence interval between 15 and 29 k.y. for the 
last 59–116 k.y. Correlation of the paleoearth-
quakes at the southwestern tip of the Alhama de 
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Murcia fault with those previously observed in 
the central part (Lorca) and at the neighboring 
Albox fault indicates a feasible synchronicity of 
the fault ruptures, which suggests that a maxi-
mum Mw = 7 earthquake could occur in the area. 
These results should be considered in the seis-
mic hazard assessment of the region. This is of 
para mount importance in this part of the Iberian 
Peninsula, where movement in the central seg-
ment of the Alhama de Murcia fault recently pro-
duced a shallow Mw = 5.1 earthquake (11 May 
2011), leaving thousands of people homeless 
and causing considerable economic loss.
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