
Lithos 318–319 (2018) 244–266

Contents lists available at ScienceDirect

Lithos

j ourna l homepage: www.e lsev ie r .com/ locate / l i thos
U-Pb ages of detrital zircons from the Internal Betics: A key to
deciphering paleogeographic provenance and
tectono-stratigraphic evolution
Antonio Jabaloy-Sánchez a,⁎, Cristina Talavera b,c, María Teresa Gómez-Pugnaire d,
Vicente López-Sánchez-Vizcaíno e, Mercedes Vázquez-Vílchez f,
Martín Jesús Rodríguez-Peces g, Noreen Joyce Evans c

a Departamento de Geodinámica, Universidad de Granada, 18002 Granada, Spain
b School of Geosciences, University of Edinburgh, The King's Building, James Hutton Road, EH9 3FE Edinburgh, UK
c School of Earth and Planetary Science, John de Laeter Center, Curtin University, Bentley 6845, Australia
d Departamento de Mineralogía y Petrología, Universidad de Granada, 18002 Granada, Spain
e Departamento de Geología, Universidad de Jaén, Jaén, Spain
f Departamento de Física de la Materia Condensada, Cristalografía y Mineralogía, Facultad de Ciencias, Universidad de Valladolid, C/ Paseo de Belén, 7, 47011 Valladolid, Spain
g Departamento de Geodinamica, Estratigrafía y Paleontología, Universidad Complutense de Madrid, Madrid, Spain
⁎ Corresponding author.
E-mail address: jabaloy@ugr.es (A. Jabaloy-Sánchez).

https://doi.org/10.1016/j.lithos.2018.07.026
0024-4937/© 2018 Elsevier B.V. All rights reserved.
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 14 May 2018
Accepted 26 July 2018
Available online 4 August 2018
Zircons from the Nevado-Filábride Complex metamorphic rocks yielded 891 concordant inherited detrital ages.
The 342 concordant ages from the Aulago Fm indicate a Pennsylvanian maximum depositional age, while the
age density distribution indicates that this formation is closely related to the Cantabrian Zone (north of the Ibe-
rianMassif). The dominant Ediacaran and Cryogenian populations, at ca. 596 and 788 Ma respectively, relate the
Nevado-Filábride Complex to northern Gondwana terranes. A discrete Mesoproterozoic zircon population at ca.
1031Ma (Tonian-Late Estenian population) suggests that the basement of the Nevado-Filábride Complex could
have been located near of the Saharan Metacraton and west of the East African Orogen at the beginning of the
Paleozoic. The 549 concordant ages from the Tahal Fm yield an Early Permian age for the protoliths. The age den-
sity distribution pattern records erosion of rocks from the Variscan belt, including Late-Variscanmagmatic rocks.
Zircon spectra differ from those of the Alborán Domain, supporting the hypothesis that the Nevado-Filábride
Complex is part of the South Iberian Domain. Furthermore, data from the Tahal Fm are similar to those of
Permo-Triassic rocks from the Iberian Ranges.

© 2018 Elsevier B.V. All rights reserved.
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1. Introduction

The Betic Cordillera, together with the Rif belt in Morocco (Fig. 1),
constitutes the western end of the Western Alpine Mediterranean
orogen and can provide insights into its evolution. However, the
geodynamic evolution of the Betic Cordillera is under debate given
observed discrepancies in Paleozoic and Mesozoic paleogeographic re-
constructions (i.e. Esteban et al., 2017; Gómez-Pugnaire et al., 2012;
Platt et al., 2013; Rodriguez-Cañero et al., 2018). The controversy essen-
tially arises fromdifferent interpretations of the relative location and or-
igin of continental fragments formed during the opening and evolution
of the Rheic, Paleotethys, andNeothetys oceans. Resolution of the issues
is further complicated by intense metamorphic and deformational
overprinting during the Alpine orogeny, mainly in the Internal zones
of the Western Mediterranean mountain belts.

The Alborán Domain (Fig. 1) was defined by Balanyá and García-
Dueñas (1987) and originally included three metamorphic complexes
that were, from bottom to top, the Nevado-Filábride Complex (NFC),
Alpujárride Complex (AC) and Maláguide Complex (MC) (Fig. 1). The
Alborán Domain has recently been redefined and it now comprises
only the two upper tectonic complexes: the AC below and the MC on
top (Behr and Platt, 2012; Booth-Rea et al., 2007; Gómez-Pugnaire et
al., 2012; Platt et al., 2013; Rodriguez-Cañero et al., 2018). At present,
the NFC (Fig. 2) is considered to be part of the southern paleomargin
of the Iberian Massif that was subducted below the Alborán Domain
(Behr and Platt, 2012; Booth-Rea et al., 2007; Gómez-Pugnaire et al.,
2012; Platt et al., 2013; Rodriguez-Cañero et al., 2018). In addition, the
location and evolution of the redefined Alborán Domain is under
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Fig. 1. A) Tectonic sketch of the Southwestern Mediterranean Sea, and B) Tectonic map of the Betic Cordillera.
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discussion: one hypothesis locates these complexes in the
microcontinent AlKaPeca (Bouillin et al., 1986), while an alternative hy-
pothesis places these complexes near the South Iberian coast constitut-
ing an Alpine collisional chain (e.g. Platt et al., 2003).

Recently, Gómez-Pugnaire et al. (2012) proposed that the NFC
can be related to the Central Iberian Zone of the Iberian Massif
using U–Pb SHRIMP dating of magmatic zircons that yielded ages
between ~282 ± 5 and 295 ± 3 Ma (Early Permian: Sakmarian to
Artinskian). The Early Permian radiometric ages were determined
on acid gneisses with associated metasomatic skarns, enclosed with-
in metasedimentary sequences. Thus, a Paleozoic age was assigned
to the sedimentary succession and their correlation with the granit-
oids of the Central Iberian Zone was proposed. In contrast,
Rodriguez-Cañero et al. (2018) recently proposed that the NFC is re-
lated to the Cantabrian Zone of the Iberian Massif, deduced from
the first conodont fauna described in this complex. Therefore, at
present the paleogeographic domain for the NFC has not been
definitively determined.

Distribution patterns of detrital zircon ages could help to constrain
the age of formation of protoliths, and identify the source area of source
allochthonous terrains. Studies on detrital zircons are scarce in the Betic
Cordillera. They are limited to the Alpujárride and Maláguide com-
plexes, yielding two probability density age plots (Esteban et al.,
2017). For the NFC, Santamaría-López and Sanz De Galdeano (2018)
proposed a Paleozoic age.

A broader suite of detrital zircon ages for these metasediments
would provide independentmaximumages andmight reveal the paleo-
geographical provenance of the Nevado-Filábride lithological succes-
sions. Accordingly, this work presents 891 SHRIMP and LA-ICPMS U–
Pb zircon ages from 9 samples of metasedimentary quartzites selected
from representative outcrops.
2. Geological setting

Five samples (SN-31b, SN-33, SN-36, SN-37 and SN-38) from Car-
boniferous psammites and metapsammites of the Aulago Fm outcrop-
ping in the western Sierra de los Filabres (Figs. 3 and 4, Table 1) were
selected, with sample SN-31b located within the Río Boudurria unit,
and the other four samples located within the Filabres unit. The four
samples from the supposedly Permo-Triassic Tahal Fm were collected
in the eastern Sierra de los Filabres (SN-47, SN-48, SN-49 and SN-51)
(Fig. 5, Table 1).

The Betic Cordillera (Fig. 1) is the northern branch of the Betic-Rif
orogenic belt, anAlpine arcuatemountain belt connecting the continen-
tal crusts of the southern Iberian Peninsula and the north-western Afri-
can plate. This orogenic belt resulted from the collision of the
allochthonous Alborán Domain with the southern paleomargin of the
Iberian plate and the northern paleomargin of the African plate during
the Neogene (i.e. Balanyá and García-Dueñas, 1987; Platt et al., 2013).
During these collisions, the South Iberian Domain (Balanyá and
García-Dueñas, 1987), was deformed by thin-skinned thrust-and-fold
systems (e.g. 1; Platt et al., 2003; Meijninger and Vissers, 2007). The
NFC is now considered one fragment of the southern palaeomargin of
the Iberian massif that was subducted below the Alborán Domain and
accreted below after undergoing Alpine HP-LTmetamorphism and duc-
tile deformations (see Gómez-Pugnaire et al., 2012; Booth-Rea et al.,
2007, 2015; Behr and Platt, 2012; Platt et al., 2013, Jabaloy et al., 2015;
Kirchner et al., 2016). Some authors maintain, however, that the
Alborán Domain was essentially built during the Paleocene-Latest Oli-
gocene (Azañón et al., 1997; Balanyá et al., 1997), in oneN-directed sub-
duction zone (e.g. Behr and Platt, 2012; Booth-Rea et al., 2007, 2015;
Faccenna et al., 2004; Platt et al., 2013) as part of a continental terrane:
the so-called “Alkapeca” terrane from Bouillin et al. (1986).



Fig. 2. Geological map of the southwestern Betic Cordillera with the main outcrop of the the Nevado-Filábride Complex (see Fig. 1 for location).
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The NFC (Fig. 2) includes the Permo-Triassic Tahal Fm and the subja-
cent Paleozoic Veleta units containing the Carboniferous Aulago Fm, ob-
jects of our research. The NFC crops out in the central part of the Betic
Cordillera, in the core of three mayor E-W trending antiforms (Sierra
Alhamilla, Sierra Nevada, and Sierra de los Filabres; Fig. 2). Eastwards,
left-handed strike-slip faults rotate and translate the folds towards the
north to form the Águilas Arc (Fig. 1). Twomajor assemblages of tecton-
ic units called Veleta (bottom) and Mulhacén (top) are commonly dis-
tinguished within the NFC in the Sierra Nevada (Fig. 2) (Martínez-
Martínez, 1986; Puga et al., 1974). The original definition of these com-
plexes (Puga et al., 1974) is not unanimously accepted at present in
terms of name, number, tectonic units, or tectonic limits (i.e. Jabaloy
et al., 2015; Platt et al., 2013; Santamaría-López and Sanz De
Galdeano, 2018). However, given the common use of both terms in
the NFC literature, it has been the custom to use both names for these
sets of tectonic units instead of redefining them (see Figs. 1 to 5).

2.1. Lithological succession of the Veleta units

The lithological successions of the Veleta units in the Sierra Nevada
and Sierra de los Filabres antiforms consist of low-grade metamorphic
rocks from the Aulago Fm with alternating metapsamites with black
phyllites superimposed on a monotonous and thick succession of low-
grade black micaschists (Veleta schists, c.f. Puga et al., 1974, 2002;
Gómez-Pugnaire, 1981; Martínez-Martínez, 1986) (Figs. 1, 2).
Santamaría-López and Sanz De Galdeano (2018) dated detrital zircons
from this succession and obtained a Carboniferous age (depositional
ages younger than 349.1 ± 1.6 Ma, SHRIMP U–Pb).

In the Sierra de los Filabres antiform (Figs. 1, 2), the Veleta succes-
sion is duplicated into a little deformed lower Río Bodurria unit
(Jabaloy, 1993; Rodriguez-Cañero et al., 2018), overlain by the strong-
ly deformed upper Filabres unit (Figs. 3, 4). The Rio Bodurria unit is
composed of white, fine-grained psammites and black slates from
the Aulago Fm (Jabaloy, 1993; Martínez-Martínez, 1986) (Figs. 3 and
4) preserving sedimentary structures. At the base, 10 m of black lime-
stones appear interlayered with black slates, which have provided
Early Bashkirian conodont fauna (Rodriguez-Cañero et al., 2018). The
colour alteration index (CAI index, Epstein et al., 1977) of the
conodonts is 5 (Rodriguez-Cañero et al., 2018) corresponding to
300–480 °C (Epstein et al., 1977; Rejebian et al., 1987). The limestones
are covered by ca. 250 m of alternating 1 to 10 m-thick packages of
medium- to coarse-grained, whitish to greyish quartz-rich
metapsammites (quartzwackes) formed of Qz +Ms+ Bt + Pl + Chl
± Fsp. The metapsammites are separated by thin layers of black slates.
The rocks preserve sedimentary structures, such as scour surfaces,
graded bedding, parallel and cross-lamination, undulatory to lingoid
ripples, flaser structures and burrows (Jabaloy, 1993; Rodriguez-
Cañero et al., 2018).

The Filabres unit comprises low-grade blackmicaschistswithmicro-
fossils indicating Neoproterozoic ages (Gómez-Pugnaire et al., 1982),



Fig. 3. Geological map of the western Sierra de los Filabres area (modified from Jabaloy, 1993; see Fig. 2 for location) with the location of the studied samples and of the conodont fauna
described by Rodriguez-Cañero et al. (2018).
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covered by 800 to 1200 m of metapsammites alternating with black
phyllites and slates of the Aulago Fm. The metapsammites are whitish
and cream rocks made up of Qz + Ms + Pl + Chl + Grt ± Bt, which
crop out in 1.40 m-thick layers intercalated with black schists and
phyllites. Although strongly deformed, they preserve parallel and
cross-laminations marked by thin layers rich in zircon and rutile.

This Filabres unit reached peak temperatures of 350–480 °C during
greenschists facies metamorphism (Gómez-Pugnaire and Franz,
1988), although Raman thermometry on graphite suggests higher tem-
peratures (510–530 °C; Augier et al., 2005; Behr and Platt, 2012). Peak
pressure during this metamorphic event is unclear as published values
vary from 2 kbar (Gómez-Pugnaire and Franz, 1988) to 12–14 kbar
(Booth-Rea et al., 2003).

In the Aguilas Arc (Fig. 1), the Veleta units (i.e. the Lomo de Bas
unit) contain older successions that begin with graphite mica schists
and phyllites which are overlaid by 80–140 m of thick, dark low-
grade marbles (Álvarez-Lobato and Aldaya, 1985; Laborda-López et
al., 2015a, 2015b), where abundant fossils indicate an Early-Middle
Devonian age (Eifelian-Emsian, c.f. Lafuste and Pavillon, 1976;
Laborda-López et al., 2013, 2015a, 2015b). This Devonian succession
is overlain by a 130–500 m sequence of thick, very dark graphitic
schist and phyllite, with intercalations of quartzite (Laborda-López
et al., 2015a,b).

2.2. Lithological succession of the Mulhacén units

The Mulhacén units include a basal sequence of metasediments
which underwent Alpine HP metamorphism at ca. 18–15 Ma
(Gómez-Pugnaire et al., 2004, 2012; Platt et al., 2006) and are thrust
over by a tectonic unit of ultramafic rocks (Jabaloy et al., 2015).

In the selected area, in the eastern of Sierra de los Filabres, the litho-
logical succession consists of ca. 800 m of black micaschists dated as
Upper Carboniferous by U–Pb SHRIMP (Montenegro Schists;
Martínez-Martínez, 1986; Santamaría-López and Sanz De Galdeano,



Fig. 4. A) Lithological columns of the Nevado-Filábride rocks, and B) geological cross sections of the western Sierra de los Filabres (modified from Jabaloy, 1993; see Fig. 3 for locations).
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2018). These are overlain by a ca. 700m of schists, metasandstones, and
metaconglomerates of Permian age (Santamaría-López and Sanz De
Galdeano, 2018) (Fig. 5) called the Tahal Fm (Voet, 1967), which is
one of the lithologies sampled in this study. The Tahal Fm contains a
lower ca. 400 m-thick sequence of metapsammites alternating with
whitish and grey schists, preserving cross laminations and discontinu-
ous layers of conglomerates (Vissers, 1981). The metapsammites are
formed of Qz + Pl + Ms + Grt + Chl + Zrn. They are overlaid by an
ca. 300 m of light grey schists.

The Tahal Fm is overlain by the Metaevaporite Fm (Gómez-
Pugnaire et al., 1994) (Fig. 5), a thin (up to 80m, usually b20m) dis-
continuous succession of scapolite-gypsum-bearing marbles and fine-
grained scapolite-gypsum-anhydrite-barite-bearing metapelites
(Metaevaporitic Fm; Gómez-Pugnaire et al., 1994) that is covered
by a ca. 700 m succession of micaschists, quartzites, marble and
calc-schists (see López Sánchez-Vizcaino et al., 1997; Voet, 1967)
(Fig. 5).

Metaultramafic rocks, interpreted as sub-continental lithosphere ex-
humed in a continental margin, thrust over the basal metasedimentary
Table 1
Location and lithology of the studied samples.

Sample UTM
zone

X Y Lithology Succession

SN31bis 30N 515,584 4,127,922 Sandstone within black schists Aulago Fm (Río B
SN-33 30N 520,306 4,130,073 Sandstone within black schists Aulago Fm (Filab
SN-36 30N 522,680 4,118,992 Sandstone within black schists Aulago Fm (Filab
SN-37 30N 523,932 4,116,119 Sandstone within black schists Aulago Fm (Filab
SN-38 30N 521,503 4,113,436 Sandstone within black schists Aulago Fm (Filab
SN-47 30N 560,668 4,118,706 Sandstone within white schists Tahal Fm (Basal
SN-48 30N 562,623 4,120,437 Sandstone within white schists Tahal Fm (Basal
SN-49 30N 562,789 4,122,373 Sandstone within white schists Tahal Fm (Basal
SN-51 30N 571,067 4,119,912 Sandstone within white schists Tahal Fm (Basal
unit (Trommsdorff et al., 1998) and comprise antigorite-serpentinites
derived from lherzolitic compositions that record prograde metamor-
phism during Middle Miocene subduction of the complex (c.f. Padrón-
Navarta et al., 2011).

3. Analytical methods

Zircon grains were separated using standard heavy-liquid and mag-
netic techniques in the Department of Geodynamics of the University of
Granada.

3.1. SHRIMP IIe/mc method

U-Th-Pb geochronological analyses were carried out on the SHRIMP
IIe/mc instrument of the IBERSIMS lab, University of Granada. Hand-
picked zircons from the studied samples, several grains of zircon refer-
ence standard TEMORA-II (for isotope ratios; Black et al., 2003), one
grain of reference standard SL13 zircon (for U concentration, Claoue-
Long et al., 1995), plus a few grains of REG zircon (high common lead,
Methodology Laboratory

odurria Unit) SHRIMP University of Granada
res unit) SHRIMP University of Granada
res unit) SHRIMP University of Granada
res unit) SHRIMP University of Granada
res unit) SHRIMP University of Granada
Mulhacén unit) LA-ICP-MS John de Laeter Center (JdLC), Curtin University, Perth
Mulhacén unit) LA-ICP-MS John de Laeter Center (JdLC), Curtin University, Perth
Mulhacén unit) LA-ICP-MS John de Laeter Center (JdLC), Curtin University, Perth
Mulhacén unit) LA-ICP-MS John de Laeter Center (JdLC), Curtin University, Perth



Fig. 5.A)Geologicalmapof the eastern Sierra de los Filabres area (modified fromGarcíaMonzónet al., 1973; see Fig. 2 for location). B) Lithological columns of theNevado-Filábride rocks in
the eastern Sierra de los Filabres. C) Geological cross sections of the eastern Sierra de los Filabres (modified from García Monzón et al., 1973).
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for mass calibration) weremounted in a 3.5 cm diameter epoxy mount,
polished and examined using optical (reflected and transmitted light)
and scanning electron microscopy methods (secondary electrons (SE)
and cathodoluminescence (CL)). After extensive cleaning, mounts
were coated with ultra-pure gold (8–10 nm) and loaded for SHRIMP
analysis.
The analytical method followed that described by Williams and
Claesson (1987).

For zircons from metasedimentary samples, each selected spot was
rastered with the primary beam for 90 s prior to analysis, and then
analysed 4 scans, following the isotope peak sequence 196Zr2O, 204Pb,
204.1background, 206Pb, 207Pb, 208Pb, 238U, 248ThO and 254UO. Every
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peak of every scanwasmeasured sequentially 10 timeswith the follow-
ing total counting times per scan: 2 s for mass 196; 5 s for masses 238,
248, and 254; 10 s for masses 204, 206, and 208; and 15 s for mass 207.

The primary beam, composed of 16O16O+, was set to an intensity of
about 5 nA, with a 120 μm Kohler aperture that generated 17 × 20 μm
elliptical spots on the target. The secondary beam exit slit was fixed at
80 μm, achieving a resolution of about 5000 at 1% peak height.

All calibration procedures were performed on the standards includ-
ed on the samemount. Amore detailed description of this method is in-
cluded within the Supplementary material.

3.2. LA-ICPMS methods

LA-ICPMS data collection was performed at the GeoHistory Facility,
John de Laeter Center (JdLC), Curtin University, Perth, Australia. Individ-
ual zircon grains (mounted and polished in 1″ epoxy rounds) were ab-
lated using a Resonetics RESOlutionM-50A-LR, incorporating a Compex
102 excimer laser, coupled to an Agilent 7700s quadrupole ICP-MS. Fol-
lowing a 30 s period of background analysis and two cleaning pulses,
samples were spot ablated for 30 s at a 7 Hz repetition rate using a 33
μm beam and laser energy of 2.5 J/cm2. The sample cell was flushed
with ultrahigh purity He (350 mL min−1) and N2 (3.8 mL min−1) and
high purity Ar was employed as the plasma carrier gas (flow rate 0.98
L min−1). For this work, the following elements were monitored for
0.03 s each: 28Si, 29Si, 49Ti, 91Sr, 147Sm, 202Hg, 204Pb, 206Pb, 207Pb, 208Pb,
232Th, and 238U. International glass standard NIST 610 was used as the
primary standard to calculate elemental concentrations (using 29Si as
the internal standard element and assuming 14.76% Si in zircon) and
to correct for instrument drift.

The primary age reference material used in this study was Plesovice
(337.13 ± 0.37 Ma; Sláma et al., 2008) with 91,500 (1062.4 ± 0.4 Ma;
Wiedenbeck et al., 1995), B188 (559 ± 8; Nasdala et al., 2004) and
M257 (561.3 ± 0.3 Ma; Nasdala et al., 2008) used as secondary age
standards. 206Pb/238U ages calculated for all zircon age standards, treat-
ed as unknowns, were found to be within 3% of the accepted value. The
time-resolved mass spectra were reduced using the
U_Pb_Geochronology4 data reduction scheme in Iolite3.5 (Paton et al.,
2011, and references therein).

Errors cited for individual analysis are at the 2σ level. Dates where
the concordant values were N110% or b90% were considered to be
excessively discordant and were not considered in the age discussion
or plotted on the Wetherill Concordia diagrams. However, they are
listed on Tables 1S and 2S in the Supplementary material. Weighted
mean values for ages given on pooled analyses are at the 95% confidence
level.

4. Results

As two lithological units comprise the focus of this work, we group
the results accordingly, differentiating between zircons from the Paleo-
zoic (Carboniferous) lithologies: i.e. Aulago Fm, and those from the
Permo-Triassic Tahal lithologies. Many measured zircons show similar
internal structures (Figs. 6 and 7) that allow them to be classified into
characteristic groups, as discussed below.

Some zircon crystals show an outer, thin, CL-dark, U-rich rimwith ei-
ther weak or no zoning (see SN-38Z 37 in Fig. 6 and SN-47z22 in Fig. 7).
Similar rims have been also described in the orthogneisses from the
Nevado-Filábride rocks and yield Miocene rim ages (Gómez-Pugnaire
et al., 2004, 2012). They are interpreted as metamorphic rims formed
during the HP-LT Metamorphic event (Gómez-Pugnaire et al., 2004,
2012) and were not targeted for U–Pb dating in this work.

Zircon grainsmainly show continuous oscillatory zoning (Figs. 6 and
7), although there are also zircons with sector-zoning and some com-
posite zircons with partially resorbed inner cores overgrown by inner
rims (i.e. SN-31B_10 in Fig. 6, and SN-51z143 in Fig. 7). The cores can
be rounded or euhedral and have diverse zoning patterns in all samples
(i.e. SN-31B_10, SN-33_6, or SN-36_1 in Fig. 6, and SN-47z66, SN-
48_z60, or SN-51z143 in Fig. 7). These inner rims display either oscilla-
tory or sector zoning (i.e. SN-33_6 or SN-36_1 in Fig. 6, and SN-47z66 or
SN-49z 127 in Fig. 7). U–Pb dates from this work were measured in all
sectors and consistently yielded ages older than Upper Triassic (Tables
1S and 2S of the Supplementary material).

Zircons grains from the Aulago Fm are small (50 × 50 to 50 × 100
μm, Fig. 7), with most having rounded or elliptical morphologies. From
CL imaging, these zircons mostly display continuous oscillatory zoning
or comprise composite grains with a partially resorbed core overgrown
by a rim (i.e. SN-36_1, Fig. 6). There are also some grains with sector
zoning, and in two samples (SN-36 and SN-38), a few small prismatic
crystals were found (i.e. SN-38_12, Fig. 6).

The zircon concentrates from the Tahal Fm provide rounded to ellip-
tical zircons 60 × 50 μm in size, and euhedral grains around 200 μm in
length. The CL images show zircons with continuous oscillatory zoning
or complex grains with a partially reabsorbed core overgrown by a
thick rim (i.e. SN-47z66, Fig. 7). There are also a few zircons with sector
zoning and others that are structureless (SN47z26 and SN-49z105, re-
spectively, Fig. 7).

4.1. Samples from the Aulago Fm

The SHRIMP U–Pb zircon data from the Aulago Fm (SN-31b, SN-
33, SN-36, SN-37, and SN-38) are given in Table 1S of the Supple-
mentary material and are plotted on the Concordia (Fig. 1S in the
Supplementary material) and probability density diagrams (Fig. 8).
Description of individual samples is also given in the Supplementary
material.

The five samples are quite similar in terms of their zircon age spectra
(Fig. 8). The youngest 206Pb/238U zircon grains in the individual samples
range from 325± 6Ma (SN-38) to 523 ± 6Ma (SN-33). In the individ-
ual samples, the youngest zircon populations have 206Pb/238U ages be-
tween 562 ± 9 Ma (MSWD= 1.17 and probability = .32, SN-38) and
614± 10Ma (MSWD= 0.63 and probability= .59, SN-31b) (Fig. 9).

Combined, the 342 SHRIMP U–Pb concordant-nearly concordant
data from the Aulago Fm samples define a zircon age pattern composed
of Paleozoic (9%), Neoproterozoic (51%), Mesoproterozoic (18%),
Paleoproterozoic (12%), Neoarchean (8%), Mesoarchean (1%),
Paleoarchean (~0.5%) and Eoarchean (~0.5%) dates (Fig. 8). On the age
distribution plot, three main populations can be identified: Ediacaran,
Cryogenian and Mesoproterozoic at ca. 596, 788 and 1031Ma, respec-
tively (Fig. 8). There are also three minor populations: two
Paleoproterozoic (ca. 1.81 and 1.91 Ga) and one Neoarchean (ca. 2.62
Ga) (Fig. 8). Furthermore, these data yield one younger zircon popula-
tion that consists of four analyses and has a 206Pb/238U age of 359 ± 5
(MSWD= 1.07, probability = .36) (Fig. 9).

4.2. Samples from the Tahal Fm

The zircon concentrates from the four metapsammite samples from
eastern Sierra de los Filabres (see Fig. 5 for location) provide rounded to
elliptical zircons 60 × 50 μm in size, and euhedral grains around 200 μm
in length.

Information about the four samples are given in the Supplementary
material (Table 2S, Fig. 2S) and in Fig. 10. These four samples display
similar zircon age spectra (see Fig. 10). The youngest 206Pb/238U zircon
age from the individual samples is 223± 5Ma (SN-49),while the youn-
gest zircon populations have 206Pb/238U ages between 274 ± 3 Ma
(MSWD = 0.88 and probability = .45; SN-49) and 295 ± 3 Ma
(MSWD= 1.4 and probability = .20; SN-47) (Fig. 11).

The zircon age pattern resulting from the 549 concordant-nearly
concordant analyses from the Tahal Fm samples is composed of Meso-
zoic (b0.5%), Paleozoic (30%), Neoproterozoic (38%), Mesoproterozoic
(7%), Paleoproterozoic (16%), Neoarchean (6%), Mesoarchean (2%)
and Paleoarchean (b0.5%) zircon grains (Fig. 10). On the probability



Fig. 6. Cathodoluminescence images of representative dated zircons of the samples from the Aulago Fm.
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density plot, the dates cluster in five main populations: Permian (ca.
292 Ma), Ediacaran (ca. 594 Ma), Cryogenian (ca. 650 Ma), Tonian (ca.
992 Ma) and Mesoproterozoic (ca. 1052 Ma) (Fig. 10). Additionally,
there are three minor populations: two Paleoproterozoic (ca. 1.88 and
1.96 Ga) and one Neoarchean (ca. 2.61 Ga) (Fig. 10). Furthermore, the
youngest zircon population from the Tahal Fm is composed of 8 analy-
ses and yields a 206Pb/238U mean age of 275 ± 2 Ma (MSWD = 1.10
and probability= .36) (Fig. 11).

5. Significance of the detrital zircon populations

5.1. Inherited detrital ages vs metamorphic ages

The calculated metamorphic peak temperatures are below the clo-
sure temperature of Pb, U and Th in zircon (∼900 °C; Mezger and
Krogstad, 1997): 300–480 °C in the Río Bodurria unit (Rodriguez-
Cañero et al., 2018); 510 to 530 °C in the Veleta units (Augier et al.,
2005), and 560 to 700 °C in the Mulhacén units (Gómez-Pugnaire et
al., 1994; Jabaloy et al., 2015, and references therein).

Furthermore, the Th/U ratios show higher values than 0.01 (99% of
the concordant-nearly concordant analyses, Tables 1S and 2S of the Sup-
plementary material), similar to the Th/U ratio characteristic of mag-
matic zircons (Kirkland et al., 2015; Möller et al., 2003; Rubatto and
Gebauer, 2000). Nevertheless, there are five zircons with low Th/U ra-
tios, probably metamorphic in origin, but they yield older ages than
those estimated for Alpine metamorphism. There are two grains from
the Aulago Fm (SN31B-39.1 and SN36-73.1, Table 1S in Supplementary
material) with Th/U ratios ≤0.01 that yield ca. 549 and 1034Ma dates,
respectively, while in the Tahal Fm, the three grains with Th/U b 0.01
(SN47z30, SN47z60r and SN47z133r, Table 2S in Supplementary



Fig. 7. Cathodoluminescence images of representative dated zircons from the Tahal Fm.
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material) yield ages of ca. 406, 642 and 592Ma, respectively. These data
suggest a magmatic origin for more of 99% of the dated zircons.

6. Samples from the Aulago Fm

On the basis of our 342 concordant-nearly concordant data from the
Aulago Fm, the maximum depositional age (defined by the 206Pb/238U
date of the youngest zircon grain) is 325 ± 6Ma (SN38-12.1, Table 2).
A more conservative estimate of the maximum depositional age is
given by the youngest zircon population that consists of four analyses
and yields a 206Pb/238U age of 359 ± 5Ma (MSWD= 1.07, probability
= .36) (Fig. 9), pointing to an Upper Devonian-Lower Carboniferous
maximum depositional age for the Aulago Fm metapsammites. The co-
nodont fauna (Rodriguez-Cañero et al., 2018) found at the bottomof the
Aulago Fm sets a Lowermost Bashkirian stratigraphic age for deposition
of the first level of psammites. There is a ca. 35Ma difference between
the age of the faunal relics and the youngest zircon age population,
thus, an Early Pennsylvanian age could be suggested as a plausible depo-
sitional age for the Aulago Fm. U–Pb SHRIMP detrital zircon ages from
the dark schists in both the Veleta and the Mulhacén units
(Santamaría-López and Sanz De Galdeano, 2018) identify a youngest
zircon population at 349.1 ± 1.6 Ma, suggesting a Carboniferous age
for the entire Veleta units and also the Montenegro schists within the
Mulhacén units.

Rodriguez-Cañero et al. (2018) describe the Early Bashkirian cono-
dont fauna in the black limestones interlayered with black slates at
the base of the Aulago Fm and indicate that it is the same fauna present
in the Barcaliente Fm (Wagner et al., 1971) of the Cantabrian Zone,
northern Spain. The Barcaliente Fm is formed of black laminated lime-
stones with high organic matter content (González Lastra, 1978),
which are replaced upwards by siliciclastic sediments (Eichmüller and
Seibert, 1984; González Lastra, 1978; Hemleben and Reuther, 1980),
like those of the siliciclastic turbiditic deposits of the Olleros Fm, and
the lower part of the Prioro Group (Rodríguez-Fernández, 1994). Fur-
thermore, a very similar fauna was also found in the Iraty Fm from the
western Pyrenees, which is overlaid by N800 m of shales, greywackes,
and conglomerates of the Olazar Fm (de Boer et al., 1974, also known
as Culm Facies unit). A similar Early to Late Bashkirian age is considered
for siliciclastic deposits above the Iraty Fm in thewestern endof the Pyr-
enean Axial zone (see Sanz-López and Blanco Ferrera, 2012).

On the other hand, towards the Minorca, Catalonian Massif, East-
ern Pyrenees, Mouthoumet Massif, and Montagne Noir Massif (see
Martínez et al., 2016, and references therein), there are very different
Upper Carboniferous successions compared to those in the Aulago Fm.
A b100 m thick lower lithostratigraphic unit crops out and is com-
posed of black chert with phosphate nodules, nodular limestone, and
dark-green and dark-purple shales with a Tournaisian–lowermost
Viséan age (Colmenero et al., 2002; Delvolvé, 1996). These rocks are
covered by several thousand meters of “Culm series”, consisting of
siliciclastic turbidites with conglomerate, sandstone, and shales
(Colmenero et al., 2002). Conglomerates contain clasts of Silurian
and Devonian limestones (Delvolvé and Schulze, 1996; Sanz-López
et al., 2006), Tournaisian black chert, and crystalline rocks in basins
near the south Montagne Noire, (see Martínez et al., 2016, and refer-
ences therein).

7. Samples from the Tahal Fm

The zircon grains from the Tahal Fm samples yield a youngest popu-
lation of Lower Permian 206Pb/238U age, ranging from 295± 3Ma at the
base of the formation to 274± 3Ma at the upper levels (samples SN-47
and SN-49 respectively) (Fig. 11). The youngest zircon has anUpper Tri-
assic 206Pb/238U date (223± 5Ma). Nevertheless, as at the Aulago Fm,
we prefer a more conservative estimate for the maximum depositional
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Fig. 8. U-Pb age probability plots for combined and individual samples from the Aulago Fm.
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age of the Tahal Fm based on the youngest population, which indicates
an age younger than the Early Permian (274 ± 3 Ma) age for the
protoliths. Santamaría-López and Sanz De Galdeano (2018) studied 3
samples from the Tahal schists: 2 in Sierra Nevada (SF-2 and RA-3),
and one in Sierra de los Filabres (VE-3, near our sample SN-47). They
found youngest zircon populations ranging between 269.6 ± 0.9 Ma
and 334.6 ± 2.9, which agrees with our data.

Similar successions overlaying unconformably the Variscan base-
ment can be found in the Iberian Ranges, where a Middle Permian-
Early Triassic sedimentary succession crops out and comprises two
major sedimentary sequences of siliclastic red bed deposits with
conglomerates, sandstones, siltstones, and clays, (see Sánchez
Martínez et al., 2012 and references therein). Towards the North-
east, in the Eastern Pyrenees, there is an Upper Carboniferous to
Permian succession composed of siliciclastic fluvio-lacustrine de-
posits, but with abundant volcanic bodies of calc-alkaline acidic to
intermediate composition (Gretter et al., 2015, and references
therein).



Fig. 9. Youngest zircon populations for combined and individual samples from the Aulago Fm.
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Within the Maláguide Complex, the Triassic Saladilla Fm is com-
posed of non-metamorphic continental redbeds (red mudstones, sand-
stones and conglomerates with some dolostone and gypsum beds;
Roep, 1972), and shows Pseudoverrucano and Verrucano lithofacies
(Perrone et al., 2006). These lie unconformably on the Marbella
Conglomerate, which has been recently dated as Early Permian
(Esteban et al., 2017), and is made up of a poorly sorted and polymictic
conglomerate interlayeredwith a sandy sequence. It contains pebbles of
quartzite, gneiss, granitoid, schist, aplite, dacite and other volcanic
rocks.



Fig. 10. U–Pb age probability plots for combined and individual samples from the Tahal Fm.
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8. Paleogeographical implications

8.1. Comparison of the Aulago Fm with rocks from the West-Asturian
Leonese and Cantabrian zones

To understand the position of the Aulago Fm during Late Carbonif-
erous times, we compare the detrital zircon ages with datasets derived
from zones with well-developed marine successions of the same age:
i.e., the West-Asturian Leonese and Cantabrian zones (Cambeses,
2015; Cambeses et al., 2017; Martínez et al., 2016; Pastor-Galán
et al., 2013), and the South Portuguese Zone (Cambeses, 2015;
Cambeses et al., 2017; Pereira et al., 2012, 2014; Rodrigues et al.,
2015) (Fig. 12). The Central Iberian, Galicia Tras-Os-Montes and Ossa
Morena zones were not considered due to the absence of marine



Fig. 11. Youngest zircon populations for combined and individual samples from the Tahal Fm.
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Upper Carboniferous sediments in those areas at this time (i.e.
Martínez Catalán, 2011, 2012).

Zircons in the Aulago Fmwith Upper Ordovician, Silurian and Devo-
nian ages (460 to 359Ma) have no known source in theWest-Asturian
Leonese, and Cantabrian zones among other zones of the IberianMassif.
The nearest source of these zircon grains could be in the Avalonian ter-
ranes. During rifting and development of the Rheic Ocean between
Avalonia and Gondwana, as well as during the later collision of
Avalonian with Laurentia and Baltica (e.g. Sánchez Martínez et al.,
2012, 2007), acidic magmatism developed that could be the source of
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Fig. 13. Cambrian (500Ma) plate-tectonic reconstruction modified after von Raumer et al. (2015) to include the main zircon populations in Africa and Arabia (after Abati et al., 2010 and
Cambeses et al., 2017). The Location of the Nevado-Filábride complex at the end of the Cantabrian Zone is marked by a red dot.
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the 460–359MaAulago Fmzircons. In the syn-orogenic Lower andMid-
dle Pennsylvanian sedimentary rocks of the Cantabrian Zone, zircons of
similar ages to those found in the Aulago Fm. (Upper Ordovician, Siluri-
an and Devonian) have also been interpreted as having been derived
from the rocks of the Rheic Ocean suture zone (i.e. Pastor-Galán et al.,
2013) (Fig. 12).
The predominant Ediacaran and Cryogenian populations in the
Aulago Fm (ca. 596 and 788Ma) are equivalent to the 540–850Ma pop-
ulation in the Cantabrian Zone (Pastor-Galán et al., 2013). These domi-
nant populations are also present in the Neoproterozoic to Paleozoic
sediments in different zones of the Iberian Massif, including the West
Astur-Leonian and Cantabrian zones (see Cambeses, 2015), and also in
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the Neoproterozoic sediments from the Anti-Atlas and theWest African
Craton (Gärtner et al., 2017). Thus, the Ediacaran and Cryogenian zircon
populations can be correlated to the Cadomian and Pan-African/
Brasiliano orogenic event, recorded in the northern periphery of the
Gondwana supercontinent (Linnemann et al., 2007, 2008; Nance and
Murphy, 1994). This allows us to identify the northern Gondwana ter-
ranes and suggests that the Aulago Fm, as well as the above-mentioned
Fig. 14. Late Variscan (A) and Hirnantian (B) plate-tectonic reconstructions, modified after von
dot.
zones of the IberianMassif, could be part of the northern Gondwana ter-
ranes, located north of Africa in Cambrian-Ordovician times in agree-
ment with many authors, such as Stampfli et al. (2013) and von
Raumer et al. (2015) (see Figs. 13, 14 and 15).

The Tonian-Late Estenian population at ca. 1031 Ma was also found
in the Carboniferous rocks in the Iberian Massif (but not in the South
Portuguese Zone) (Bea et al., 2010; Cambeses, 2015; Cambeses et al.,
Raumer et al. (2015), with the location of the Nevado-Filábride Complex marked by a red
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2017; Pastor-Galán et al., 2013, among others) (Fig. 12). The position of
the Aulago Fm and also the Central Iberian, West Astur-Leonian and
Cantabrian zones within the northern Gondwana terranes during the
earliest Paleozoic is puzzling because basement rocks with these ages
are not usually exposed in the North African areas (see Avigad et al.,
2012; Bea et al., 2010). There is a characteristic lack of both Tonian
and Late Estenian zircon in the West African Craton (Fig. 13), except
in the far south (Volta Basin and Dahomeyides, Gärtner et al., 2017,
and references therein). Furthermore, there are scarce amounts of
Tonian zircons (6.7% of zircons, ranging from ~750 Ma to ~980 Ma)
within the Lower Paleozoic sediments covering the Tuareg Shield
(Linnemann et al., 2011) (Fig. 13). Also, Early Tonian (0.95 Ga) zircon
U–Pb ages were obtained by Fezaa et al. (2010) on a coble embed-
ded within Late Neoproterozoic metasediments in the eastern
Hoggar. However, similar Tonian-Late Estenian populations have
been described from Carboniferous rocks from the Sahara Metacraton
(Meinhold et al., 2011) (Fig. 13). Also, Late Estenian zircon ages have
been reported from sources within the East African Orogen and Israel
(e.g. Bea et al., 2010; Avigad et al., 2012, and references therein), and
from the Arabian-Nubian Shield (see Avigad et al., 2012; Bea et al.,
2010 and references therein) (Fig. 13). Therefore, our Tonian-Late
Estenian population can be explained, assuming that the nearest
source for the Mesoproterozoic zircon population in the Aulago Fm
was in the Sahara Metacraton, west of the Arabian-Nubian Shield
(Fig. 13). Similar paleogeographic locations have been deduced for
Ordovician samples from Sardinia (Meinhold et al., 2013) and eastern
Pyrenees (Margalef et al., 2016). Furthermore, Bea et al. (2010) sug-
gested that most of the Iberian massif zones were located east of the
Saharan Metacraton in the Cambrian-Ordovician. Fig. 13 shows the
Fig. 15. Paleogeography of the eastern Variscan belt at Early Bashkirian times, during the deposi
(2011): CIZ, Central Iberian; CZ, Cantabrian; GTMZ, Galicia-Trás-os-Montes; MGCZ, Mid-Germ
Portuguese; STZ, Saxo-Thuringian; TBZ, Teplá-Barrandian; WALZ, West Asturian-Leonese.
possible location of the studied rocks within the plate tectonic recon-
struction of the peri-Gondwanian basement terranes during Cambri-
an times (see Stampfli et al., 2013; von Raumer et al., 2015),
previous to the scattering of those terranes by Variscan tectonic pro-
cesses (Fig. 14). These tectonic processes included the opening of the
Rheic Ocean (with an associated rift zone, strong subsidence and ac-
cumulation of detrital sediments), which caused the Avalonian and
Hunian terranes to drift northwards (i.e. Stampfli et al., 2013; von
Raumer and Stampfli, 2008) (see Figs 13 and 14). This was followed
by the opening of the Paleotethys Ocean and the drifting of the Ga-
latian terranes to collide with Laurussia during Carboniferous times
(Fig. 14).
8.2. Comparison of the Aulago Fm with rocks of North-Eastern Spain and
South France

Detritic zircon ages from the Carboniferous Flyschs of the Variscan
outcrops in Minorca, CatalonianMassif, Eastern Pyrenees, Mouthoumet
Massif, and Montagne Noir Massif were studied by Martínez et al.
(2016) (Fig. 12). Those rocks were deposited during Late Visean toMid-
dle Bashkirian times and show different detrital zircon population dis-
tributions to those of the Aulago Fm. The main difference is the
absence of the Tonian-Late Estenian and the Cryogenian populations
that are well represented in the Aulago Fm (Fig. 12). Furthermore, as
there is a prominent Ediacaran age zircon population in our samples
that is not strongly represented in the southern France andnortheastern
Spain zones (Fig. 12), the Aulago Fm cannot be correlated with the
French and Spanish zones.
tion of the Aulago Fm.Modified from Rodríguez-Cañero et al. (2018) andMartínez Catalán
an Crystalline; MZ, Moldanubian; OMZ, Ossa-Morena; RHZ, Rheno-Hercynian; SPZ, South
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Fig. 17. Paleogeography of the eastern Variscan belt at Upper Permian times, during the deposition of the Tahal Fm. Modified from Rodriguez-Cañero et al. (2018) and Martínez Catalán
(2011): CIZ, Central Iberian; CZ, Cantabrian; GTMZ, Galicia-Trás-os-Montes; MGCZ, Mid-German Crystalline; MZ, Moldanubian; OMZ, Ossa-Morena; RHZ, Rheno-Hercynian; SPZ, South
Portuguese; STZ, Saxo-Thuringian; TBZ, Teplá-Barrandian; WALZ, West Asturian-Leonese. The Permian basins are modified from Sánchez Martínez et al. (2012).
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8.3. Comparison of the Aulago Fm with with rocks from South Portuguese
Zone

In the South Portuguese Zone, the Upper Carboniferous Baixo
Alentejo Flysch Group comprises three formations from Late Visean to
Late Moscovian (345–307Ma; Pereira et al., 2012, 2014 and references
therein). This Group is dominated by a Carboniferous population, and
there is a secondary cluster within the 400–612 Ma age group. Addi-
tionally, detrital zircons with Mesoproterozoic ages (0.9–1.1 Ga) are
not well represented (Pereira et al., 2012, 2014; Rodrigues et al.,
2015) and this Group shows a very different population distribution
pattern to the Aulago Fm detrital zircons. The South Portuguese Zone,
together with the Rheno-Hercynian Zone, are considered to be external
thrust belts and foredeep basins related to the Avalonian terranes
(Frischmuth, 1968; Oliveira et al., 1979; von Raumer et al., 2017) (see
Fig. 15).

In summary, the detrital zircon age data from the Aulago Fm and
that from the Lower and Middle Pennsylvanian syn-orogenic succes-
sions in the Cantabrian Zone are similar (Figs. 12 and 15), but they
have a very different age distribution pattern to rocks with similar
ages from the South Portuguese Zone, southeastern France, and north-
eastern Spain.
8.3.1. Source rocks for the Tahal Fm
The Lower Permian zircon population may record erosion of the ig-

neous rocks ascribed to the Late-Variscan magmatic event (ca. 300 to
ca. 275 Ma, i.e. Vai et al., 1984; Cassinis et al., 2000; Gutiérrez-Alonso
et al., 2011). This population may also record erosion of the alkaline ig-
neous rocks generated during the transition from the Late-Variscan
event to the Alpine cycle (Gretter et al., 2013; Stampfli and Kozur,
2006),which accounts for the scarcity of Lower-Middle Permian zircons
(ca. 290–260Ma).

The erosion and recycling of Variscan belt rocks can be identified by
the presence of the Paleozoic to Neoarchean populations in the Tahal
Fm. The older populations include the Upper Carboniferous (295 to 320
Ma), which corresponds to the early manifestations of the Late-Variscan
magmatic event, and an Upper Ordovician population (480Ma) related
tomagmatic events developed in the northernmargin of Gondwana dur-
ing the opening of the Rheic Ocean. Furthermore, there are Cryogenian
(590 to 640 Ma), Tonian (950 to 990 Ma), Paleoproterozoic (1950 to
1970 Ma), and Neoarchean populations (2600 to 2615 Ma) that we
have previously described in the rocks of the Aulago Fm and which
point to source areas from the eroding Variscan Chain.

8.4. Comparison of Tahal Fm with other successions from the Iberian
Peninsula

There is only one published U–Pb detrital age spectrum from the
Maláguide Complex (Esteban et al., 2017) obtained in the Paleozoic
Marbella Conglomerate. This limits opportunities for comparison be-
tween the Tahal zircon populations and the Alborán Domain. In the
studied outcrop, Esteban et al. (2017) found an Early Permian youngest
zircon at ca. 286Ma, a zircon age distribution characterised by a lack of
Mesoproterozoic ages (between 1700 and 1000Ma) and scarce Middle
to Early Neoproterozoic ages (950 to 750 Ma) (Fig. 16). The data from
the Marbella Conglomerate are distinct from the zircon populations in
the Tahal samples as the latter are characterised by one
Mesoproterozoic (ca. 1052Ma)main population (Fig. 16). Furthermore,
the zircon age distribution for the Alpujárride Complex (compiled by
Esteban et al., 2017), although slightly different to that of theMaláguide
Complex, shows the same scarcity of Mesoproterozoic zircons.
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On the contrary, Pastor-Galán et al. (2013) presented data for two
Permian samples from the Cantabrian Zone and the distribution pat-
terns are very similar to the samples from the Tahal Fm as they
contained Proterozoic (850–540 Ma, 41%; 1150–900 Ma, 20% to 25%;
2150–1750Ma, 11 to 20%; and 2800–2500Ma, 2 to 7%), and Paleozoic
populations (510–475 Ma, 2 to 10%; 360–320 Ma, 2 to 5%; 310–290
Ma, 1 to 10%) (Fig. 16). The latter Lower Permian population, however,
is slightly older (310–290 Ma, the youngest zircon dates being at 298
and 290Ma; Pastor-Galán et al., 2013) than the Tahal Fm (the youngest
population at ca. 295 to ca. 274 Ma, and the youngest zircons at ca. 285
to ca. 223Ma).

SánchezMartínez et al. (2012) also studied several samples from the
Permo-Triassic Series of the Iberian Ranges and found that the source
areas of the sediments contain zircons with a range of ages. Samples
Fig. 18. Late Paleozoic (Sakmarian, A) and Early Jurassic (Toarcian, B) plate-tectonic
reconstructions, modified after Stampfli and Kozur (2006), with the location of the
Nevado-Filábride Complex marked by a red dot.
from the Middle-Upper Permian and Middle Triassic rocks are distin-
guished by a dominant population of Variscan (290–360 Ma) zircons,
important populations of Cadomian zircons (520–750 Ma), and the
presence of Mesoproterozoic zircons, indicating a relationship with
long fluvial systems eroding the core of the Ibero-Armorican arc (Fig.
16). However, the Lower Triassic sediments are characterised by scarce
Variscan zircons (4% to 7%) and a higher proportion of Cadomian (38%–
45%), Mesoproterozoic (17%–20%), Eburnian (10%–11%), and post-
Eburnian and Archaean (8%–12%) populations (Sánchez Martínez et
al., 2012). Sánchez Martínez et al. (2012) therefore proposed that the
main source areas in this time period were located further away from
the Variscan axial zone, probably into the Laurussia continent. Our
data from the Tahal Fm are in agreement with the data from the Mid-
dle-Upper Permian and Middle Triassic rocks of the Iberian range (Fig.
17), indicating similar source areas, from the axial zone of the Variscan
belt. This suggests prolongation of the Iberian Permian basins towards
theNFC (Figs. 17 and 18), but there is no evidence to support a Laurussia
continent provenance.

The zircon populations of the Aulago and Tahal Fms indicate a paleo-
geographic location for both formations within the Cantabrian Zone of
the Iberian Massif, in agreement with the results obtained by
Rodriguez-Cañero et al. (2018) using conodonts (Figs. 15 and 15).
These populations also provide new evidence about the adscription of
the NFC into the South Iberian Domain and also redefine the Alborán
Domain as constituting only the Alpujárride and the Maláguide com-
plexes (Gómez-Pugnaire et al., 2004, 2012; Platt et al., 2013). Our data
suggest that the NFC rocks represent the parautochtonous Iberian Mas-
sif overthrust by the Alborán Domain, and therefore, they most likely
moved together during the evolution of the Paleotethys and Neotethys
oceans (see Figs. 13, 14, and 18).

9. Conclusions

Zircons from Nevado-Filábride Complex metamorphic rocks yielded
891 concordant-nearly concordant 206Pb/238U inherited detrital ages.
The 342 concordant-nearly concordant data from the metapsammitic
Aulago Fm indicate a Pennsylvanian age as the maximum depositional
age for the Aulago Fm, in agreement with recently described conodont
fauna in the same rocks (Rodriguez-Cañero et al., 2018). Comparison
of the detrital zircon age spectra with the existing data from Upper Car-
boniferous rocks from Minorca, Catalonian Massif, Eastern Pyrenees,
Mouthoumet Massif, Montagne Noir Massif, and South Portuguese
Zone of the Iberian massif did not yield enough similarities to indicate
that the Nevado-Filábride Complex rocks were deposited in paleogeo-
graphic areas similar to those mentioned. On the contrary, detrital zir-
cons populations in the Aulago Fm indicate that the protolith of this
formation was very similar to that of the Iberian Massif and specifically
that of the Cantabrian Zone (North of the Iberian Massif). Furthermore,
the main Ediacaran and Cryogenian populations, at ca. 596 and 788Ma
respectively, in the Aulago Fm relate the Nevado-Filábride Complex to
the northern Gondwana terranes (Pastor-Galán et al., 2013), while the
Mesoproterozoic population at ca. 1031Ma (Tonian-Late Estenian pop-
ulation) suggests that it can be located north of the SaharanMetacraton
and near the East African Orogen during the Cambrian-Ordovician, sim-
ilar to the Central Iberian, West-Astur-Leonian and Cantabrian zones
(Bea et al., 2010).

The 549 concordant-nearly concordant analyses from the Tahal Fm
yield an Early Permian age for the protoliths. The detrital zircon age pat-
tern records erosion of Late-Variscan and the erosion of alkaline igneous
rocks testifying the transition from the Late Variscan to the Alpine cycle,
accompanied by the recycling of rocks from the Variscan igneous and
sedimentary rocks. Comparison with data from the Maláguide and
Alpujárride complexes (Esteban et al., 2017) adds new evidence in sup-
port of considering the Nevado-Filábride Complex as part of the South
Iberian Domain and supports the redefinition of the Alborán Domain
as comprising the Alpujárride and Maláguide complexes
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(Gómez-Pugnaire et al., 2004, 2012; Platt et al., 2013). The data from the
Tahal Fm are similar to those from the Permo-Triassic rocks of the Iberi-
an Ranges (Sánchez Martínez et al., 2012) suggesting extension of the
Iberian Permian basins towards the NFC. The presented zircon ages
from the Nevado-Filábride Complex record the erosion of IberianMassif
rocks during the late stages of the Variscan Orogeny (Late Carbonifer-
ous), and the beginning of the paleomargin stage during the Permian.
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