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Lithospheric-scale tearing is commonly linked to the lateral termination of subduction rollback and slab segmen-
tation. The upper-crustal expression of this process can be associated with the development of arcuate orogenic
belts (oroclines) generated by a combination of vertical-axis block rotations and strike–slip faulting. However,
the link between such strike–slip faults and slab tearing is relatively poorly constrained. We show here an
example from the Gibraltar Arc in the westernmostMediterranean, where lithospheric-scale tear faulting during
the Late Miocene accommodated westward subduction rollback. The dextral strike–slip Socovos Fault in the
eastern Betics may represent one of the surface expressions of this process. We document a high concentration
of mantle-derived volcanic rocks (lamproites) along the Socovos Fault, which were intruded as dikes during
the LateMiocene. Phlogopite andwhole-rock 40Ar/39Ar ages of lamproites along the Socovos Fault show a spatial
age zonation, with older ages (9.3–8.2 Ma) in the east and younger ages (7.3–7.1 Ma) in the west. This age dis-
tribution of the lamproites along the Socovos Fault is compatible with the westward retreat of the lithospheric
slab that was active beneath the eastern Betics in the Late Miocene. We therefore hypothesize that tearing
allowed pathways for lamproite melts in the subcontinental lithospheric mantle and lower crust, with the
Socovos Fault channelizing these magmas in the upper crust.

© 2013 Elsevier B.V. All rights reserved.
1. Introduction

Tear faulting along sub-vertical planar structures is predicted to
occur in response to subduction rollback at slab edges (e.g., Govers
and Wortel, 2005; Hale et al., 2010; Rosenbaum et al., 2008). These
structures are likely to act as transfer faults that propagate in the
direction of subduction rollback. Their lithospheric-scale nature means
that they can provide pathways for asthenospheric upwelling and
upper mantle flow (e.g., Liu and Stegman, 2012; Schellart, 2004), thus
generating localized magmatism in the area of tear faulting (Gasparon
et al., 2009;Maury et al., 2000; Rosenbaum et al., 2008). Therefore, trac-
ing the spatial and temporal distribution of tear-related magmatism
could provide crucial information on the geodynamic history of conver-
gent plate boundaries.
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The formation of the Gibraltar Arc in the Betic-Rif orogenic belt
(Fig. 1) has supposedly involved westward rollback accompanied by
slab tearing (Duggen et al., 2008; Gutscher et al., 2012; Rosell et al.,
2011; Rosenbaum and Lister, 2004). Westward rollback and slab tearing
is supported by geophysical evidence, such as seismic tomography
(Spakman and Wortel, 2004; Wortel and Spakman, 2000), deep electric
resistivity (Rosell et al., 2011), and SKS splitting analysis (Bokelmann
et al., 2011; Díaz et al., 2010). Rollback has triggered continental backarc
extension in the Alborán Sea (Booth-Rea et al., 2007) and oroclinal bend-
ing by vertical-axis block rotations (Lonergan and White, 1997; Mattei
et al., 2006, 2007). Possible active subduction beneath the Gibraltar Arc
(Gutscher et al., 2002, 2012; Pedrera et al., 2011) is restricted to a narrow
slab segment, with potential tear faulting occurring at the slab edges,
beneath the Betics and Rif mountain chains (Govers and Wortel, 2005).

This paper focuses on the surface magmatic expression of slab
tearing along the northern edge of the Gibraltar Arc. We present
structural, geochemical and geochronological results from the Socovos
Fault, which is a dextral strike–slip fault in the eastern Betics that may
have accommodated some of the kinematics associated with westward
subduction rollback. The Socovos Fault shows a large concentration of
mantle-derived ultrapotassic dikes, which raises the question whether
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Fig. 1. Geological map of the Betic-Rif orogen (modified from Comas et al., 1999). Map also shows major strike–slip faults and shear zones, as well as lamproite outcrops.
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the spatio-temporal distribution of magmatism was controlled by the
fault geometry. To address this question, we provide new 40Ar/39Ar
data on the timing of lamproitic magmatism. We then discuss these
data in the context of the geochemistry of the lamproitic dikes, and
the possibility that melt migration was assisted by the existence of a
lithospheric tear fault underlying the Socovos Fault.

2. Geological setting

The Gibraltar Arc, in the westernmost Mediterranean, is depicted by
the strongly curved Betic-Rif orogen, which wraps around the Alborán
Sea (Fig. 1). Orogenesis occurred during Africa–Iberia convergence
(Faccenna et al., 2004; Rosenbaum et al., 2002), combined with west-
ward slab rollback and simultaneous back-arc extension in the Alborán
Sea (Bokelmann et al., 2011; Booth-Rea et al., 2007; Duggen et al., 2008;
Gutscher et al., 2002; Martínez-Martínez et al., 2006). Extensional
tectonics that formed the Alborán Sea is also recognized in ductile and
brittle structures within the Betics and Rif (Balanyá et al., 2012;
Booth-Rea et al., 2007). In addition, slab tearing and/or slab detachment
is evidenced by seismic imaging (e.g., Mancilla et al., 2013; Spakman
and Wortel, 2004) and in the geochemistry of magmatic rocks
(e.g., Duggen et al., 2008). The formation of the Betic-Rif orogen and
Alborán Sea have been explained by a number of alternative geodynamic
models (e.g. orogenic collapse, Platt et al., 2003b; Turner et al., 1999) but
based on geochemical and geophysical data, the model involving
subduction rollback, slab tearing and slab break-off provides the most
consistent and well-constrained scenario (Bokelmann et al., 2011;
Garcia-Castellanos and Villaseñor, 2011).

Deformation in the Betic-Rif orogen resulted from the collision of
the Internal Zone (Alborán Domain) with the two External Zones
(South-Iberian and Maghrebian paleomargins, Fig. 1), which constitute
thin-skinned fold-and-thrust belts (e.g., Platt et al., 2013). The South-
Iberian paleomargin is subdivided into two major domains, Subbetic
and Prebetic Units, which consist of Mesozoic and Cenozoic sedimenta-
ry rocks. These rocks are unconformably overlain by Late Miocene to
Quaternary sedimentary rocks, which are locally intruded by rocks of
the SE Spain Volcanic Province (Fig. 1).

Strike-slip faults and shear zones that supposedly accommodated
the westward emplacement of the Alborán Domain (Fig. 1) (Leblanc
and Olivier, 1984), are generally sinistral in the Rif (e.g., Leblanc,
1990) and dextral in the Betics (Mattei et al., 2006; Platt et al., 2003a).
In the central Betics, dextral strike–slip faulting acted as a transfer be-
tween two sectors undergoing active normal faulting (Martínez-
Martínez et al., 2006). In the eastern Betics, the dextral Crevillente
Fault accommodated the lateral displacement between the Alborán Do-
main and the South-Iberian paleomargin (Sanz deGaldeano and Buforn,
2005).Within the South-Iberian paleomargin, the dextral Socovos Fault
represents a major structure (Platt et al., 2003a) with a length of more
than 80 km and an average slip of 35 km in its central segment (Jerez-
Mir, 1973). The Socovos Fault is characterized by a wide (~300 m)
fault zone with cataclasites, foliated cataclasites and fault gouges. Two
Mesozoic units with contrasting thicknesses (1–4 km and 8–10 km,
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respectively) are placed side by side along the Socovos Fault, thus
suggesting that the underlying Paleozoic basement was also faulted.

The Neogene volcanic province of SE Spain includes calc-alkaline
(CA), high-K calc-alkaline (KCA), shoshonitic (SH) and ultrapotassic
(UK) rocks, aswell as alkali basalts (Benito et al., 1999). Due to geograph-
ical distribution and age younging from the CA to UK series, the volcanic
rocks have been interpreted to be genetically linked (Benito et al., 1999;
Duggen et al., 2005). Volcanism associated with the CA, KCA and SH
series was emplaced only in the Alborán Domain (Fig. 1), while the UK
rocks (lamproites) also intruded the South-Iberian paleomargin. The al-
kali basalts are younger (Duggen et al., 2005), and were interpreted as
post-collisional anorogenic magmatism emplaced during the Pliocene
(e.g., Beccaluva et al., 2011). Nevertheless, mantle xenoliths from the al-
kali basalts show a mantle metasomatic component that is also recog-
nized in rocks of the SE Spain Volcanic Province (Beccaluva et al., 2004).

Ultrapotassic rocks from the SE Spain Volcanic Province seem to be
spatially related to strike–slip faulting (Fig. 1). In particular, a large
cluster of lamproitic dikes (27 dikes) and a volcanic edifice (Calasparra)
were emplaced along the 25 km-long central segment of the Socovos
Fault (Fig. 2). These dikes intruded along the main fault planes, as well
as along secondary Riedel faults and tension gashes inside the fault
zone, thus indicating an intimate link between faulting and volcanism
Fig. 2. Geological map of southeast Spain showing lamproite occurrences and major geologica
40Ar/39Ar ages (from Duggen et al., 2005) in smaller italics letters. SF: Socovos Fault; CvF: Crev
(Pérez-Valera et al., 2010). The size of these dikes varies along the
fault trace, with dikes in the western part being ~2 m thick and
b300 m long, and those in the easternmost part reaching a thickness
of up to 10 m and a length up to ~2 km. Sedimentary-derived xenoliths
from the host rock are commonly found close to the dike limits. Never-
theless, deep-crustal xenoliths have been observed only in a few dikes
emplaced east of Calasparra (Fig. 2). The easternmost dikes show a
large proportion of granite and other crustal xenoliths.

The Socovos Fault was active at least sinceMiddleMiocene as inferred
from the relationship of Neogene sedimentation and faulting (Jerez-Mir,
1973). Some of the lamproitic rocks are faulted, striated or incorporated
into the fault breccia, thus indicating that faulting also occurred after
volcanism. A few segments of the Socovos Fault, including the one de-
scribed here, show evidence for Quaternary activity (Sánchez-Gómez
et al., 2011).

3. Analytical methods

3.1. Whole-rock and mineral analyses

Major elements was determined by XRF on fused Li-tetraborate
beads at the Scientific Instrumentation Center of the University of
l structures. New 40Ar/39Ar ages are shown with sample name. Also shown are published
illente Fault; AMF: Alhama de Murcia Fault.
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Granada (CIC-UGR), using a Panalytical MagiX Pro sequential spectrom-
eter equipped with a Rh X-ray tube, which was calibrated using a large
number of certified geological standards. Typical precision is better than
1.5% relative for concentration of 10%. Loss on ignition was determined
gravimetrically as weight loss between 110 °C and 1000 °C. Zr was de-
termined by XRF on pressed-power pellets, using Compton scattered ra-
diation for matrix corrections. Detection limits for Zr are around
2–4 ppm. Other trace elements were determined by ICP-MS at the Uni-
versity of Granada (PE/Sciex Elan 5000), following dissolution of 0.1 g in
concentrated HF-HNO3 in Teflon lined vessels at high temperature and
pressure in a microwave, evaporation to dryness, and final dilution to
100 mL of 4% HNO3. Rh was used as an internal standard. Typical
Table 1
Major (%, by XRF-fused beads) and trace elements (ppm, by ICP-MS, except Zr by XRF) for Soc

Socovos Fault lamproites (W-E sorted)

Sample 09LA-12 09LA-7 09LA-11 09LA-10 DC-06 09LA-8 09-LA-9

Dike name DC-03 DC-04 DC-CN DC-13 DC-06 DC-13 DC-16

Position (W–E) 1 2 3 4 5 7 8

Latitude (N) 38°15.6V 38°14.8V 38°14.5V 38°14.1V 38°13.9V 38°13.6V 38°13.6V

Longitude (W) 1°48.0V 1°45.0V 1°43.1V 1°42.6V 1°41.8V 1°40.4V 1°40.2V

SiO2 57.0 55.4 56.2 56.6 57.0 59.8 55.0
TiO2 1.78 1.71 1.64 1.73 1.68 1.64 1.67
Al2O3 9.9 10.6 9.5 9.9 9.8 9.7 10.4
Fe2O3 4.8 5.5 5.3 5.1 5.0 4.2 5.7
MnO 0.05 0.06 0.07 0.05 0.06 0.06 0.07
MgO 10.7 8.8 12.0 9.2 10.6 4.8 6.8
CaO 2.84 3.56 2.69 3.49 2.91 5.4 5.7
Na2O 0.31 0.47 0.22 0.65 0.66 0.60 0.39
K2O 8.9 10.2 9.9 9.3 10.0 9.7 9.8
P2O5 1.18 1.43 1.12 1.08 0.96 0.93 1.57
LOI 2.28 1.69 0.87 1.99 0.63 2.52 2.32
Sum 99.62 99.41 99.51 99.07 99.20 99.28 99.26
Mg# 0.82 0.76 0.82 0.78 0.81 0.70 0.70
Li 45 56 43 78 64 34 77
Be 23.1 25.5 20.6 21.7 14.8 21.4 22.5
Rb 697 852 737 432 866 726 614
Cs 45 14.2 44 8.6 18.2 15.8 12.1
Sr 870 640 558 745 739 515 1675
Ba 2539 1927 1883 2047 1276 1518 2669
Sc 12.0 12.8 12.3 12.9 16.0 12.9 11.3
V 83 95 88 93 110 101 73
Cr 477 442 434 396 866 511 658
Co 29.7 28.8 35 30 35 24.2 30
Ni 505 365 470 424 849 148 416
Cu 34 37 33 29.9 40 36 22.3
Zn 100 100 88 91 101 98 99
Ga 23.1 23.1 21.7 25.9 32 22.7 20.6
Y 28.0 23.8 24.3 26.1 30.4 23.5 24.7
Nb 49 47 41 48 53 47 57
Ta 3.8 3.2 3.1 3.8 4.6 3.3 3.9
Zr 969 869 849 905 874 849 907
Hf 27.3 24.3 23.6 66 38 23.7 24.7
Mo 0.79 0.61 0.70 1.54 0.48 0.42 0.12
Sn 28.1 21.7 24.3 22.0 18.3 21.4 27.4
Tl 1.97 3.68 1.48 1.19 0.69 2.47 2.10
Pb 114 70 71 76 73 83 21.1
U 24.0 9.4 26.3 28.4 16.7 28.3 33
Th 128 130 108 127 140 124 138
La 117 96 95 100 114 121 113
Ce 319 265 263 278 335 334 294
Pr 46 39 39 42 58 48 43
Nd 203 175 173 161 250 206 187
Sm 38 33 33 27.9 44 36 35
Eu 6.6 5.3 5.2 4.9 6.3 5.3 5.8
Gd 21.8 18.7 18.4 15.9 21.3 19.8 19.4
Tb 2.38 2.17 2.12 1.78 2.33 2.26 2.18
Dy 8.8 7.5 7.4 6.2 7.3 8.0 7.4
Ho 1.12 0.97 1.02 0.97 1.15 1.00 0.99
Er 2.16 2.01 1.92 2.04 2.40 2.08 2.02
Tm 0.31 0.27 0.28 0.28 0.34 0.30 0.25
Yb 1.96 1.65 1.84 1.60 2.08 2.00 1.74
Lu 0.27 0.27 0.29 0.24 0.29 0.26 0.24
precision was better than 2% and 5% relative for analyte concentrations
of 50 and 5 ppm, respectively (Montero and Bea, 1998), and typical de-
tection limits are considered to be below 10% of chondritic values. Rep-
resentative analyses of international standards analyzed in the Granada
laboratory are shown in Table 1 and were also reported by Torres-Ruiz
et al. (2003).

Sr and Nd isotope composition was determined by TIMS (thermal
ionization mass spectrometry) at the CIC-UGR in a Finnigan Mat 262,
following ultraclean acid digestion of the samples and chromatographic
separation with ion-exchange resins. Normalization values were
86Sr/88Sr = 0.1194 and 146Nd/144Nd = 0.7219. The external precision
(2σ), estimated by analyzing 10 replicates of the standard WS-E
ovos Fault and Moratalla-Cehegin lamproites.

Moratalla-Cehegin PM-S PM-S

08LA-9 08LA-14D DC-22 DC-24 PU-1 TA-6 Analyzed Certified

DC-17 DC-18 DC-22 DC-24 DC-CPU DC-CTA

9 10 11 12

38°12.9V 38°13.3V 38°13.2V 38°12.8V 38°08.5V 38°09.1V

1°37.6V 1°37.0V 1°35.7V 1°34.7V 1°48.0V 1°49.3V

54.6 57.1 56.0 54.6 55.5 55.5
1.55 1.67 1.62 1.41 1.68 1.96
8.4 9.8 9.6 8.6 8.3 9.8
5.0 5.2 5.3 4.9 5.6 5.5
0.07 0.06 0.05 0.07 0.04 0.04

12.1 11.0 11.3 12.5 13.3 9.9
3.62 3.06 2.06 3.61 3.50 4.66
0.95 1.96 0.61 1.60 0.78 0.47
9.0 6.7 9.6 8.8 8.0 9.3
1.52 1.03 1.15 1.34 1.13 0.97
2.45 1.75 2.07 1.93 2.09 1.87

99.23 99.37 99.23 99.25
0.83 0.81 0.81 0.84 0.82 0.78

77 49 108 58 65 57 7.5 7.3
20.2 18.5 16.3 16.3 19.8 25.1 0.47 0.5

643 360 614 510 300 480 1.02 1
10.3 9.9 12.0 15.3 0.39 0.35

1685 496 838 1391 680 584 277 280
2576 1287 3276 3892 2402 1881 148 148

11.5 13.1 16.6 17.3 14.8 15.4 34 34
71 82 103 89 84 93 194 192

669 560 831 1426 446 536 266 280
29.4 31 35 42 41 41 48 49

411 442 611 856 633 563 119 115
22.9 9.6 28.9 37 28.1 33 56 59
94 70 94 72 104 101 59 60
22.5 24.6 29.4 26.2 9.6 14.7 15.2 16
26.2 28.1 34 37 22.6 23.6 10.7 11
59 50 66 89 48 48 2.29 2.6
4.2 3.9 5.1 7.1 6.3 0.20 0.18

848 905 991 1013 773 883 38 39
57 63 41 46 23.9 27.1 1.08 1.12
0.56 2.88 0.61 0.63 0.20 0.15 1.78 1.9

22.4 19.5 21.1 24.6 19.8 18.8 1.28 3
1.92 0.84 2.02 1.77 5.2 3.21 0.04 0.04

20.0 17.6 7.5 78 93 52 1.21 2.5
38 36 34 51 31 12.2 0.01 0.03

146 124 177 220 116 137 0.05 0.05
105 90 111 112 85 112 2.8 2.8
273 250 318 305 232 310 7.7 6.8
40 38 55 50 36 47 1.12 1.08

185 152 239 217 165 208 5.9 5.5
36 27.2 43 41 32 38 1.77 1.75
4.8 4.9 6.4 6.3 5.3 6.2 1.12 1.07

15.6 15.5 21.4 21.0 20.2 23.9 1.93 2
1.77 1.76 2.33 2.43 1.87 2.14 0.32 0.36
6.2 6.4 7.7 8.6 6.7 7.4 2.06 2
0.94 1.04 1.22 1.29 0.86 0.92 0.44 0.42
1.91 2.32 2.69 2.78 2.64 3.00 1.12 1.1
0.26 0.32 0.38 0.38 0.24 0.25 0.17 0.17
1.52 1.88 2.36 2.28 1.64 1.69 1.01 1
0.23 0.29 0.35 0.33 0.20 0.21 0.16 0.15
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Fig. 3.A)Microphotograph showing a phlogopite grainwith a ferrous-titanian xenocrystic
core. B) Microphotograph showing an olivine xenocryst.
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(Govindaraju et al., 1994), was better than ± 0.003% for 87Sr/86Sr
and ± 0.0015% for 143Nd/144Nd (Bea et al., 2003). 87Rb/86Sr and
147Sm/144Ndwere directly determined by ICP-MS following themethod
developed by Montero and Bea (1998) with a precision better than ±
1.2% and ± 0.9% 2σ, respectively.

A preliminary survey ofmineral compositionswas carried out with a
Cameca SX100 electron probe micro analyzer (EPMA) at the
University of Granada, equipped with four wavelength dispersive spec-
trometers, using both natural and synthetic standards. An accelerating
voltage of 20 kV, with a beam current of 30 nA and a beam diameter
of ~ 2 μm,was used. Counting times on peakswere twice those of back-
grounds, with 15 s for Na and K; 20 s for Ti and Ca; 25 s for Fe, Si and Al;
and 30 s for Mg. Na was counted first in order to minimize Na mobility
during analysis. Data were reduced using the procedure of Pouchou and
Pichoir (1985).

3.2. 40Ar/39Ar geochronology

Eight lamproite samples from the Socovos Fault and Moratalla-
Cehegín area (Fig. 2) were dated by laser 40Ar/39Ar incremental heating.
Following a petrographic investigation, we selected relatively unaltered
samples, six from the Socovos Fault zone and two additional samples
from outside the fault zone. The analyses were performed on whole-
rock for samples DC-CTA and DC-CN and on phlogopite grains for the
rest of the samples.

Samples were crushed to 1–2 mm, washed in absolute ethanol and
then air-dried. We analyzed 4 whole-rock grains from each sample
DC-CTA and DC-CN and 12–19 phlogopite grains from each sample
DC-04, DC-21, DC-17, DC-CM2, DC-27 and 08LA-2. Grains were loaded
into a 21-pit Al disk alongwith theneutronfluence Fish Canyonmonitor
(28.201 ± 0.046 Ma, Kuiper et al., 2008), following the geometry
described by Vasconcelos et al. (2002). The disks were closed with alu-
minum cover, wrapped in aluminum foil, vacuum heat sealed into
quartz vials and irradiated for 14 h over the period from 18 July 2012
to 23 July 2012 for samples DC-27 and 08LA-2 and from 25 January
2011 to 26 January 2011 for the rest of samples. Irradiation was done
in the Cadmium-lined B-1 CLICIT facility, a TRIGA-type reactor, Oregon
State University. After a post-irradiation decay period, the samples
were separately analyzed by the laser step heating 40Ar/39Ar method
at the University of Queensland Argon Geochronology Earth Sciences
(UQ-AGES) laboratory. Before analysis, the rock grains and fluence
monitor were baked-out under vacuum at ~200 °C for ca. 12 h. Each
grain was heated incrementally with a continuous-wave Ar-ion laser
with a 2 mm wide defocused beam. The gasses released during laser
heating were cleaned by a cold trap (–133 °C) and two C–50 SAES
Zr–V–Fe getters, and analyzed in a MAP 215-50 noble gas mass
spectrometer. Full system blanks and air pipettes were determined
before and after each sample. The resulting data were corrected for
nucleogenic interferences, atmospheric contamination and mass dis-
crimination following the procedures in Vasconcelos et al. (2002),
using the software “MassSpec Version 7.527” developed by Alan Deino
of the Berkeley Geochronology Centre. J-factors for each Al-disk were
determined by the laser total fusion analyses of 15 individual aliquots
of neutron fluence monitor, each consisting of one to three grains of
Fish Canyon sanidine. An 40Ar/36Ar value of 298.56 ± 0.31 for atmo-
spheric argon was used for the calculation of the mass spectrometer
discrimination (Lee et al., 2006).

40Ar/39Ar ages were calculated using the following accepted decay
constants (Steiger and Jäger, 1977): 40K isotopic abundance: 0.01167;
40K epsilon: (0.581 ± 0.017) × 10−10 yr−1; 40K beta: (4.962 ±
0.086) × 10−10 yr−1; 37Ar decay: 0.01975 d−1; 39Ar decay:
7.068 × 10−6 d−1; 36Cl decay: 6.308 × 10−9 d−1. Errors are quoted
at the 2σ confidence level (95%), including the errors in J and the errors
in the irradiation correction factors. The tabulated data from the analy-
ses (Table A1), as well as 40Ar/39Ar plateau and probability ages are
presented in Appendix A.
4. Results

4.1. Petrography and mineral chemistry

The studied rocks are defined as olivine phlogopite lamproites, using
the nomenclature of Mitchell and Bergman (1991). The rocks are
microporphyritic with phlogopite, olivine, diopside, apatite and ore
microphenocrysts in a glassy to microcrystalline groundmass, partially
recrystallized to K-feldspar. The rocks are scarcely vesicular or non-
vesicular, and commonly include abundant host rock sedimentary-
derived xenoliths. Most samples show pervasive alteration to clay
minerals and mixing with secondary carbonate minerals.

Phlogopite phenocrysts commonly appear as abundant euhedral to
subhedral mm-sized plates, mainly composed of zoned yellowish-
whitish cores and slightly darker rims. A preliminary EPMA survey
shows high and homogeneous values of magnesian composition from
cores (Mg# 0.93–0.94, Al2O3: 11.1–11.6%, TiO2: 1.5–2.2%) to rims
(Mg# around 0.92). There are also smaller, unzoned subhedral phlogo-
pite crystals in the groundmass. Some anhedral varieties with more
ferrous-titanian composition (Mg# 0.85, Al2O3: 9.8%, TiO2: 6.4%)
resemble partially resorbed xenocrysts. These compositions also occur
as partially resorbed, patchy cores inside larger euhedral phlogopites
(Fig. 3A).

Olivine is less abundant than phlogopite and usually strongly al-
tered. In the freshest samples, we have recognized two olivine varieties.
The first type corresponds to anhedral crystals or aggregates (2–4 mm),
with very irregular, serrated boundaries, undulose extinction and kink-
bands (Fig. 3B), pointing to a xenocrystic origin (Fo91). The other variety
of olivine is smaller (0.1–0.3 mm) subhedral to euhedral grains that
show engulfments (Fo92–94). Some of the phenocrysts contain small
chromite inclusions (~58% Cr2O3, ~2.5% TiO2).
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Fig. 4. Silica vs. total alkali diagram (TAS, Le Bas et al., 1986) showing a comparison of the
Socovos Fault lamproites with lamproite dikes from Moratalla-Cehegín (triangles).

Fig. 6.Diagram of REE normalized to the chondritic values of Sun andMcDonough (1989).
The shaded field corresponds to lamproitic rocks from SE Spain (Conticelli et al., 2009;
Duggen et al., 2005; Prelević et al., 2008; Turner et al., 1999; Venturelli et al., 1984).
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In some of the samples, we found scarce subhedral diopside micro-
phenocrysts (≈0.1 mm). Diopside is also abundant in the groundmass,
as subhedral to euhedral prisms. Its composition is En45–50Fs6Wo43–49,
with significant contents of TiO2 and Cr2O3 (0.5–1%).

The groundmass (N60%) is composed of microcrystalline diopside,
phlogopite flakes, apatite needles, anhedral potassium feldspar, scarce
opaque minerals and interstitial glass. Other glassy-rich varieties are
also present. Scarce analcitized leucite was found in samples from
Moratalla-Cehegín lamproites (Férriz et al., 1994).

4.2. Major and trace elements

Major and trace elements of the lamproite dikes intruded along the
Socovos Fault and in the nearby Moratalla-Cehegín area are presented
in Table 1. Due to pervasive alteration and contamination with carbon-
ate, only analyses with less than 4% LOI (loss on ignition) have been
used. Major element composition is similar to other ultrapotassic
rocks from the SE Spain Volcanic Province (e.g., Conticelli et al., 2009;
Duggen et al., 2005; Fúster et al., 1967; Prelević et al., 2008; Venturelli
et al., 1984). The rocks are ultrapotassic (MgO N 3%, K2O N 3%, and
K2O/Na2O N 2), with moderate SiO2 values (54–57.1%), high MgO
(4.8–12.2%), K2O (6.7–10.2%), and P2O5 (0.9–1.5%), and very low Al2O3

(8.4–10.6%) and Na2O (0.2–1.9%) (Fig. 4). K2O values are among the
highest recorded in the SE Spain Volcanic Province, and Mg# values
Fig. 5. Spider diagram for the studied lamproites normalized relative to a primitivemantle
(Sun and McDonough, 1989). The OIB and MORB values are from Sun and McDonough
(1989). The shaded field corresponds to other lamproitic rocks from SE Spain (Conticelli
et al., 2009; Duggen et al., 2005; Prelević et al., 2008; Turner et al., 1999; Venturelli
et al., 1984).
are very high (0.70–0.84). We have not found any clear correlation
trend among major element contents.

The variation in compatible trace element contents is large, from
moderate to very high (Ni: 148 to 856 ppm, and Cr: 430–1425 ppm),
and unrelated to the SiO2 or MgO contents. Incompatible trace element
contents are displayed in Fig. 5 as multielemental diagrams normalized
to the primitive mantle values of Sun and McDonough (1989). Refer-
ence values for OIB and MORB basalts are also shown, as well as the
field for published analyses of lamproites from the SE Spain Volcanic
Province (Conticelli et al., 2009; Duggen et al., 2005; Prelević et al.,
2008; Turner et al., 1999; Venturelli et al., 1984). The diagramshows en-
richment in Cs, Rb, K, Th, U, and Pb, and relatively lower values for Ba
and some high-field-strength elements (HFSE: Ti, Nb, Ta, heavy REE).
Zr, Sr (and P) show values higher than OIB but with lower values than
adjacent elements. Evidence for a crustal component involved in the
origin of lamproites is indicated by high LILE (large ion lithophile
elements) and LREE contents, high LILE/HFSE ratios, troughs at Nb and
Ta, and a Pb peak (Fig. 5).
Fig. 7. Nd–Sr isotope diagram showing a comparison between the Socovos Fault
lamproites and other volcanic rocks from the Alborán, the Neogene Volcanic Province of
SE Spain and Mediterranean lamproites. Fields are: (A) Depleted, tholeitic to calc-
alkaline basalts and andesites from Alborán and Málaga; (B) Calc-alkaline, K-rich calc-
alkaline and shoshonitic volcanic series from SE Spain; (C) Lamproites from SE Spain;
(D) Serbian lamproites; (E) Italian lamproites; (F) Tallante alkali basalts. Data from
Duggen et al., 2004; Duggen et al., 2005; Turner et al., 1999; Prelević et al., 2008; Conticelli
et al., 2009 and our unpublished data.
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Table 2
Rb, Sr, Sm, Nd concentration (ppm) and isotopic data (by ICP-MS and TIMS).

Socovos fault lamproites

Sample Rb (ppm) Sr (ppm) 87Rb/86Sr 87Sr/86Sr Error Sr/Sr 87Sr/86Sri Sm (ppm) Nd (ppm) 147Sm/144Nd 143Nd/144Nd 143Nd/144Ndi Error Nd/Nd ε Nd (8 Ma)

09LA-11 640 495 3.748 0.72116 0.003 0.72074 31 158 0.118 0.51205 0.51205 0.002 −11.35
09LA-12 582 748 2.252 0.71735 0.003 0.71709 36 187 0.116 0.51204 0.51203 0.002 −11.62
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The Rare Earth Element (REE) patterns are fractionated with an
extreme enrichment in light REE, and a small negative Eu anomaly
(Eu/Eu*: 0.61–0.7) (Fig. 6, normalized to the chondritic values of Sun
and McDonough, 1989). These REE patterns are similar to the patterns
described for other lamproites in SE Spain and the Mediterranean
(e.g., Conticelli et al., 2009; Duggen et al., 2005; Prelević et al., 2008;
Turner et al., 1999).

We have found irregular variations in dike chemical composition
along the Socovos Fault. From W to E, there is a decrease in TiO2, Pb,
and an increase in Na2O, Ba, Cr, Nb, Th, and U. Other elements show ir-
regular variations (MgO and CaO increase from west to east, except for
two central samples). The remaining elements show no trend along the
fault.
4.3. Sr and Nd isotopes

The samples analyzed are characterized by high and variable values
of 87Sr/86Sr (0.71735–0.72116) and relatively uniform low 143Nd/144Nd
ratios (0.51204–0.51205) (Fig. 7 and Table 2). The latter correspond to
negative initial εNd values of (−11.35) − (−11.62), corrected for an
age of 8 Ma. The samples plot in the enriched quadrant of the Sr–Nd
isotope diagram (Fig. 7). Our samples are within the field of other
lamproites from SE Spain (e.g., Conticelli et al., 2009; Prelević et al.,
2008; Turner et al., 1999), but Nd isotopic ratios are lower than those
reported by Duggen et al. (2005).
Fig. 8. 40Ar/39Ar vs. 36Ar/40Ar isotope correlation diagrams (inverse isochrones) for incremental
mental heating data and diagrams for each grain in supplementary data). The diagrams show is
yielded a younger age. 36Ar/40Ar intercepts for all samples except DC-CN arewithin error of the
effects of small quantities of excess Ar, possibly present in sample DC-CN.
4.4. 40Ar/39Ar geochronological data

Geochronological results are presented as isochron ages (Fig. 8). The
distribution of ages along the Socovos Fault (Fig. 2) show older ages for
eastern samples (east of Calasparra) DC-21 (8.2 ± 0.2 Ma), DC-17
(9.3 ± 0.2 Ma) and DC-27 (9.0 ± 0.1 Ma; 8.2 ± 0.1 Ma); and younger
ages for western samples (west of Calasparra) DC-CN (7.1 ± 0.1 Ma)
DC-04 (7.2 ± 0.2 Ma) and 08LA-02 (7.3 ± 0.2 Ma). The ages indicate
a ~2 Ma period of lamproitic volcanism along the ~25 km segment of
the Socovos Fault. Outside the fault zone, the two dated samples have
yielded ages of 7.5 ± 0.1 Ma south of the fault (DC-CTA) and 6.9 ±
0.2 Ma north of the fault (DC-CM2). All duplicate grains show compati-
ble ages within the 2σ error, except of sample DC-27, from the eastern-
most dike, which shows two different ages for the two grains, 9.0 ±
0.1 Ma and 8.2 ± 0.1 Ma.

5. Discussion

5.1. Age of lamproitic magmatism

Based on the closure temperature estimated for Argon in the biotite/
phlogopite system (~450 °C, e.g., Reiners and Brandon, 2006) and the
estimated temperature of crystallization for lamproite minerals
(1200 °C to 650 °C, Salvioli-Mariani and Venturelli, 1996), we consider
the 40Ar/39Ar ages as emplacement ages. In some kimberlite systems,
the phlogopite ages do not represent emplacement ages due to the
heating of duplicate grains from each sample and individual grains from DC-27 (see incre-
ochron ages compatible at the 2σ confidence level with plateau ages, except of DC-CN that
present atmospheric (Atm) value of 298.56. The inverse isochron ages permit obviating the
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Fig. 10.Age distribution of lamproites from the SE Spain Neogene Volcanic Province. *Data
from Duggen et al. (2005).
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rapid ascent and low diffusion rate of Ar in phlogopite (e.g., Hopp et al.,
2008; Kelley and Wartho, 2000). In these cases, phlogopite grains are
mainly derived from mantle xenoliths and show an increasing age pat-
tern on incremental step heating analysis (Hopp et al., 2008). The
phlogopites dated here are phenocrysts with euhedral or subhedral
shape, indicating that they were probably generated in a single crystal-
lization event. Moreover, the incremental step heating analysis of all
phlogopite grains yielded almost flat spectra, with almost no evidence
for a stepwise increase in ages (see 39Ar/40Ar plateau diagrams, Appen-
dix A). Therefore, the various plateau ages obtained in the different
samples are interpreted as different emplacement ages of the lamproite
dikes.

The only 40Ar/39Ar age that is somewhat more complicated is from
sample DC-27, which yielded two different ages for the two dated
phlogopite grains. This sample corresponds to one of the thickest and
longest dike, which also includes granitic xenoliths and phlogopites
with a ferrous-titanian rich xenocrystic core. These different ages
could be explained if one of the phlogopites has a xenocrystic core, in
which the Ar system had not been reset. However, a stepwise pattern
during incremental heating is expected if the dated phlogopites are in-
deed characterized by xenocrystic cores. The two dated phlogopites
have similar size and thickness, and both resulted in flat spectra
(Fig. 9), thus excluding the possibility for a partial Argon diffusive loss.
Excess Argon does not appear to be present, or at least is not detectable
for the older grain within the error margin. We therefore think that the
ages of the two phlogopite grains are emplacement ages, with the older
grain possibly representing a phlogopite from an older dike emplaced
into an upper crustal level at ~9.0 Ma and reassimilated by a new dike
intrusion at ~8.2 Ma. This process occurred without sufficient time to
reset the system, thus resulting in an older age for the reassimilated
grain. The possibility that different generations of melts followed a
Fig. 9. Incremental step-heating data for both grains of phlogopite from sample DC-27.
similar pathway during ascent is consistent with our suggestion that
the Socovos Fault acted as a channel for lamproite melts (see
Section 5.3). Evidence for older dikes in the proximity of sample DC-
27 is found in sample DC-17, which yielded an age of 9.3 Ma.

The ages of lamproite dikes emplaced within the South-Iberian
paleomargin range from 9.3 to 7.2 Ma, whereas lamproite edifices
range from 7.1 to 6.8 Ma (Fig. 10, our data and Duggen et al., 2005).
This shows that the dikes are generally older than volcanic edifices,
though we note that the ages (with errors) of the youngest dikes and
the older lamproite edifices overlap. For the lamproites emplaced
along the Socovos Fault, the 40Ar/39Ar ages show an age zonation char-
acterized by older ages in the eastern zone and younger ages in the
western zone (Fig. 10). This pattern suggests that lamproitic volcanism
generally migrated along the fault westward. Within the Alborán Do-
main, lamproites range from 8 to 6.4 Ma (Fig. 10) (Duggen et al.,
2005). Nevertheless, some of the latter lamproites recorded a process
of magma mixing involving crustal melts (Zeneta, Toscani et al., 1995;
Zeneta and Aljorra, Cambeses, 2011) originated beneath the Alborán
Domain at ~9 Ma (Cesare and Gómez-Pugnaire, 2001) indicating that
these lamproites may have experienced different ascent patterns than
those emplaced within the South-Iberian paleomargin.

5.2. Petrogenesis of the lamproites

The origin ofMediterranean lamproites is amatter of debate, but it is
generally agreed that the source of these melts is within an ultra-
depleted mantle contaminated by subduction-related crustal material
(Benito et al., 1999; Conticelli et al., 2009; Peccerillo and Martinotti,
2006; Prelević and Foley, 2007; Prelević et al., 2007; Turner et al.,
1999). In our samples, we have found a similar geochemical signature,
with high Mg, Ni and Cr content, and high-Mg olivine phenocrysts
(up to Mg#-0.94), pointing to an ultra-depleted mantle source
(e.g., Prelević and Foley, 2007). Furthermore, our samples show enrich-
ment in incompatible elements (high LILE and LREE contents, high LILE/
HFSE ratios, troughs at Ba, Nb, Ta, Sr and P, and a peak at Pb), which is
characteristic of a crustal component derived from sediments recycled
within the subcontinental lithospheric mantle (SCLM). This evidence
highlights the importance of subduction processes in the genesis of
the metasomatized SCLM where the Mediterranean lamproites were
sourced (e.g., Nelson, 1992; Peccerillo and Martinotti, 2006; Prelević
et al., 2008). We emphasize, however, that the petrogenesis of the
lamproites was likely more complex, as indicated by the abundance of
several elements and their relationships (e.g., Th/La, Sm/La and isotope
composition of Pb, Sr and Nd) that cannot be explained by the simple
model of an ultra-depleted SCLM metasomatized by slab derived sedi-
ments (Prelević et al., 2008; Tommasini et al., 2011).

The majority of lamproites from the SE Spain Neogene Volcanic
Province occur in the South-Iberian paleomargin (Fig. 1), relatively
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close to the Iberian foreland. Orogenic deformation within the South-
Iberian paleomargin started in the Early Miocene, but there is no evi-
dence that subduction processes affected the underlying lithosphere
of Gibraltar Arc Miocene subduction during the Mesozoic and Cenozoic
(Platt et al., 2013 and references therein). It is therefore unlikely that
Miocene subduction processes were responsible for metasomatizing
the Iberian SCLM, thus suggesting that thismetasomatismmay have oc-
curred prior to the Mesozoic. This interpretation contrasts with other
models (e.g., Murphy et al., 2002; Prelević et al., 2008), which assumed,
based on Pb isotopic compositions in lamproites, that metasomatism of
the Iberian SCLMwas predominantly controlled by a recent subduction.
However, Tommasini et al. (2011) pointed out that the measured Pb
isotopic compositions require a long-term (N100 Ma) isolation, having
been generated earlier.

To sum up, we suggest that SE Spain lamproite petrogenesis
involved a Pre-Mesozoic stage responsible for their characteristic
geochemical signature, followed by a second stage of mantle partial
melting, triggered by Late Miocene crustal extension (see Section 5.3).
This petrogenetic model is somewhat similar to the one described by
Tommasini et al. (2011) for Tethyan lamproites, with the difference
that in SE Spain, mantle metasomatism was not driven by recent
subduction.

5.3. Geodynamic implications

Geodynamic scenarios proposed for the formation of the Betic-Rif
orogen can be grouped into two main models: (1) subduction rollback
and slab tearing (e.g., Gutscher et al., 2012; Lonergan and White,
1997; Rosenbaum and Lister, 2004); and (2) continental delamination
and/or convective removal of an overthickened continental lithosphere
(e.g., Booth-Rea et al., 2007; Calvert et al., 2000; Duggen et al., 2005;
Platt et al., 2003b). The convective removal/delaminationmodel mainly
assumes vertical movements, and predicts a radial distribution of defor-
mation at the upper crust. In contrast, the subduction rollback model
assumes large lateral movements, propagating westward. Most
Fig. 11. Schematic illustration of the lithospheric structure in the eastern Betics, showing the a
Fault; CvF: Crevillente Fault; AMF: Alhama de Murcia Fault; TAB: Tallante Alkali Basalts. Data
et al. (2002), Jabaloy-Sánchez et al. (2007), Ruiz-Constán et al. (2012), Mancilla et al. (2013).
geophysical data, namely seismic tomography (Spakman and Wortel,
2004), SKS splitting (Bokelmann et al., 2011; Buontempo et al., 2008;
Díaz et al., 2010) and GPS data (Nocquet, 2012; Palano et al., 2013),
are consistent with the subduction rollback model. Volcanic rocks of
the CA-KCA-SH series were emplaced in the Alborán Domain, in a
supra-subduction environment (e.g., Duggen et al., 2005). Therefore,
the geochemistry of volcanic rocks is also compatible with subduction
rollback (e.g., Duggen et al., 2008), except for some of the ultrapotassic
rocks that were emplaced outside the supra-subduction zone.

The emplacement of lamproites occurred ubiquitously both in the
Alborán Domain and the South-Iberian paleomargin, with most occur-
rences in the South-Iberian paleomargin. As pointed out earlier (see
Section 5.2), there is no evidence for Neogene subduction underneath
the South-Iberian paleomargin, thus implying that a supra-subduction
origin for the lamproites is unlikely. Therefore, partial melting responsi-
ble for the origin of lamproites was likely generated in the underlying
mantle lithosphere of the Betic orogen (i.e. Iberian lithosphere), possi-
bly triggered by decompressional melting due to Late Miocene crustal
extension (e.g., Booth-Rea et al., 2007). Decompressional melting
could have resulted in the very low melt rates invoked for lamproite
melt formation (b1%, e.g., Benito et al., 1999). This stage of crustal
extensionmayhave also resulted in crustalmelting beneath theAlborán
Domain (Cesare and Gómez-Pugnaire, 2001), as indicated by the geo-
chemical features of crustal xenoliths from volcanic rocks of the KCA
and SH series (Álvarez-Valero and Kriegsman, 2007, 2008; Cesare and
Gómez-Pugnaire, 2001; Cesare et al., 2008). The existence of present-
day crustal melting beneath the Alborán Domain (Soto et al., 2008)
may also explain the low velocity zones observed in seismic images
(e.g., Julià et al., 2005).

Lamproite occurrences along the Neogene Volcanic Province of SE
Spain mostly correspond to relatively large isolated volcanic edifices
with volcanic cones, domes, necks, plugs, maars and lava flows
(e.g., Seghedi et al., 2007). In contrast, lamproitic dikes were relatively
rare, with only four known occurrences outside the Socovos Fault
zone (Moratalla-Cehegín, Mula, Fortuna and Vera). The occurrence of
scent of lamproitic melt from its mantle source (Iberian lithospheric mantle). SF: Socovos
extrapolated from Banda et al. (1993), Galindo-Zaldívar et al. (1997), Garcia-Castellanos
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a cluster of lamproitic dikes along the Socovos Fault raises the question
on the relationships between lamproitic magmatism and faulting.
A spatial link between K-rich mantle-derived magmatism and
lithospheric-scale strike-slip faulting has been documented in a number
of tectonic environments (Carlier et al., 2005; Dilek and Altunkaynak,
2009; Pe-Piper and Piper, 2007; Prelević et al., 2007; Vaughan and
Scarrow, 2003), but in all of these localities magmatism was not local-
ized exactly within the fault zone. We do not claim that magmatism
was triggered by faulting, but we propose that the Socovos Fault
channelized the mantle-derived magmas through the upper crust,
while a tear fault beneath the Socovos Fault channelized these magmas
at depth, possibly across the upper lithospheric mantle and lower crust
(Fig. 11). As such, the Socovos Fault may represent the upper crustal ex-
pression of a segment of a tear fault related to the northern edge of the
Gibraltar subducted lithospheric slab that was rolling back westwards
in the Late Miocene.

We propose that initiation of mantle melting processes beneath the
Betics resulted in the intrusion of the oldest lamproite dikes at ~9 Ma, in
agreementwith the age of crustal anatexis beneath the Alborán Domain
(Cesare and Gómez-Pugnaire, 2001). Tear faulting beneath the Socovos
Fault area allowed the ascent of melts. We envisage that the volume of
magma was very small and its ascent through the crust and upper lith-
ospheric mantle was possible only through a mechanical pathway. The
Socovos Fault and its related tear fault at depth may have acted as
such a mechanical boundary during the ~2 Ma period from 9.3 Ma to
7.1 Ma. A change in the tectonic regime at ~7 Ma, from transpression
to transtension (de Vicente et al., 2008; Galindo-Zaldívar et al., 1993;
Martín-Velázquez et al., 1997), possibly led to the main phase of
lamproitic magmatism, allowing the ascent of lamproitic melts through
a broader network of pathways.

6. Conclusions

Intrusion ages of synkinematic lamproite dikes in the Socovos Fault
range from 9.3 to 7.1 Ma. The unusual concentration of dikes along the
fault suggests that the Socovos Fault is the upper crustal expression of a
tear fault acting as a channel for the ascent ofmantle-sourced lamproitic
magmas through the upper crust. Partial melting in the Iberian SCLM
commenced in the LateMiocenewith a very low rate ofmelt production
(b1%), giving rise to the older lamproitic dikes (9.3 to 8.2 Ma) in the
eastern part of the Socovos Fault. The ascent of this melt wasmade pos-
sible by the mechanical discontinuity created by the tear fault in the
lithospheric mantle and the Socovos Fault in the upper crust. The age
distribution of dikes along the Socovos Fault is compatible with the
westward retreat of the lithospheric slab. We therefore suggest that
the Sovocos Fault represents the surface expression of a Late Miocene
tear fault that accommodated a component of the required dextral
kinematics at the northern edge of the retreating Gibraltar Arc.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.lithos.2013.08.016.
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