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Abstract
U–Pb dating on inherited detrital zircons has been applied to obtain the probable maximum age of deposition of the detrital 
protolith of the Nevado–Filábride complex (Betic Cordillera, Spain). Five of eight samples correspond to the lower part of 
the lithologic sequence of this complex, where radiometric dating of metasediments has not been presented till the present. 
The youngest age populations in the majority of samples are Carboniferous. The estimation of the maximum age of deposi-
tion in the lower and upper units is 349.1 ± 1.6 and 334.6 ± 2.9 Ma, respectively. In addition, samples show common age 
populations at ca. 490–630 and ca. 910–1010 Ma. Observations agree with the Carboniferous to early Permian U–Pb ages 
previously obtained in orthogneisses levels which are situated in the upper part of the complex. Combination of the minimum 
age of deposition deducible from the orthogneisses studies and the maximum ages of deposition obtained from the detrital 
zircons of this work, allow establishing the deposition of de studied lithological succession comprised between ca. 282 and 
349 Ma or a shorter period.
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Introduction

An essential topic in the study of lithological successions is 
the determination of the age of rocks which yield geologists 
to a better understanding of the formation and evolution of 
the stratigraphic sequences. Paleontological approach is one 
of the primary tools to determinate the age of the rocks. But 
in absence of fossils, as usually occurs in metamorphic and 

igneous rocks, age determinations based on radiometric dat-
ing methods are usually implemented in the studies.

U–Pb geochronology applied to zircon is widely use to 
estimate probable age constrains in lithological succes-
sions due to the remarkable resistance of zircon grains to 
deformation and metamorphism, and the consequent abun-
dance of this mineral in sedimentary and metamorphic 
rocks (e.g., Dickinson and Gehrels 2009; Díez-Fernández 
et al. 2010; Fedo et al. 2003; Gehrels 2012, 2014; Litty 
et al. 2017; Meinhold et al. 2013; Pérez-Cáceres et al. 
2017; Schoene 2014; Thomson et al. 2017). In particu-
lar in sedimentary and metamorphic successions, dating 
of inherited detrital zircons can be used to determinate 
the most likely maximum age of deposition (MDA) of the 
detrital protolith. This interpretation is based on the iden-
tification of the youngest age population and requires a 
large number of samples to ensure the results to be statisti-
cally representative (e.g., Andersen 2005; Fedo et al. 2003; 
Gehrels 2012). Therefore, ion microprobe (SIMS) and 
Laser Ablation Inductively Coupled Plasma Mass Spec-
trometry (LA-ICPMS), which permit the analysis of large 
number of zircon grains (see Davis et al. 2003; Fedo et al. 
2003; Kosler and Sylvester 2003 for a historical review of 
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the methods), constitute the best analytical instruments to 
determinate the most probable MDAs. The determination 
of age populations in samples from different lithologic 
sequences allow comparison between them, and provide 
results useful to verify or reject proposed subdivisions 
which have been previously based on lithological and 
tectonic criteria (e.g., Kirkland et al. 2008; Rónadh et al. 
2004).

The sedimentary age estimations of the Nevado–Filábride 
complex in the Sierras Nevada and Filabres (Betic Cordil-
lera, Spain) (Fig. 1) are traditionally based on stratigraphic 
correlations with the overlying Alpujárride complex (see 
the geological setting below), and show a Paleozoic (and 
even older) lower sequence, and a Permo-Triassic cover 
(e.g., Egeler and Simon 1969). In addition, the deposition 
of carbonates in the upper part of the Nevado–Filábride 
sequence (now present as marbles) has been assumed as 
Triassic (de Jong and Bakker 1991). Gómez-Pugnaire et al. 
(1982) identified possible pre-Cambrian microfossils in 
metapelites from the western part of the Sierra de los Fila-
bres. However, these preliminary results have not been con-
firmed so far. Tendero et al. (1993) studied the northern part 
of this sierra and reported ankeritic “ghosts” in the higher 
parts of the lithological sequence that were interpreted as 
Cretaceous planktonic foraminifers. Recently, Rodríguez-
Cañero et al. (2017), also in the Sierra de los Filabres, found 
Bashkirian conodonts in graphite-rich limestone levels 
(323.2 ± 0.4–315.2 ± 0.2 Ma) which in our interpretation are 
situated in upper part of the lithological sequence.

Radiometric age determinations of the complex have 
been mainly based on meta-igneous rocks situated in the 
upper part of the complex. However, the ages of the lower 
part of the sequence have not been determined until now. 
The first radiometric dating study on the Nevado–Filá-
bride complex rocks provided Rb–Sr whole-rock age of 
269 ± 6 Ma for tourmaline-gneisses and metagranites in 
the eastern part of Sierra de los Filabres area (Priem et al. 
1966). Puga (1976) (in the western part of Sierra Nevada), 
Andriessen et al. (1991) (in the eastern part of the complex) 
and Gómez-Pugnaire et al. (2000) (in the central part of 
the complex) proposed Rb–Sr whole-rock ages from early 
Permian to Triassic for gneisses. Nieto (1996) and Nieto 
et al. (1997) reported an age of 307 ± 30 Ma using Sm–Nd 
whole-rock analyses in orthogneisses. In the western part 
of the Nevado–Filábride complex U–Pb age determinations 
include: Gómez-Pugnaire et al. (2004), who obtained late 
Carboniferous age from orthogneisses (301 ± 7 Ma); Mar-
tínez-Martínez et al. (2010), who proposed late Carbonifer-
ous U–Pb ages in zircons (314 ± 7 and 304 ± 23 Ma) and 
40Ar/39Ar tourmaline ages in gneisses and tourmalinites 
(319.85 ± 5.81 and 317.85 ± 3.67 Ma); and Ruiz-Cruz and 
Sanz de Galdeano (2017), who gave lower Permian U–Pb 
ages from zircons extracted from orthogneisses (~ 286 Ma). 
Gómez-Pugnaire et al. (2012) determined lower Permian 
U–Pb zircon ages in gneisses from various areas of the com-
plex (282 ± 5–295 ± 3 Ma).

In our opinion the study of the ages of the Nevado–Filá-
bride lithological sequences remains incomplete because 

Fig. 1  Geological setting of the southeast of the Iberian Peninsula. a 
General map of the Betic cordillera showing the Nevado–Filábride 
complex distribution. The sampling areas: Velefique, La Ragua and 

Peñones de San Francisco, are shown as lines labeled as 1, 2 and 3 
respectively. b Schematic lithological succession of the Nevado–Filá-
bride  complex
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the studies based on meta-igneous rocks can only provide 
minimum ages of sedimentation. The dataset of detrital zir-
con ages is, to our knowledge, limited to a single study of a 
tourmaline-rich mica-schist sample situated in upper part of 
the lithological sequence (see Gómez-Pugnaire et al. 2012 
and their sample PC-3, whose zircons yielded 206Pb/238U 
dates ~ 336, 700 and 2050 Ma). Therefore, to determinate a 
better constrained MDA for the complex it is necessary to 
undertake a more extensive study based on multiple sam-
ples. Besides, determination of age populations obtained in 
samples from different parts of the complex can be used to 
check the proposed subdivisions which have been tradition-
ally based on tectonometamorphic observations (e.g., Augier 
et al. 2005; Behr and Platt 2012; Booth-Rea et al. 2015; de 
Jong 1991, 1993; Martínez-Martínez et al. 2002; Puga et al. 
2002).

The Nevado–Filábride complex and the debate concern-
ing the age and the proposed subdivisions constitute an 
excellent case of study for the application of U–Pb dating on 
detrital zircons. In the present paper we provide the results 
of detrital zircon U–Pb SHRIMP dating of eight schist sam-
ples from the Nevado–Filábride complex. Five of these sam-
ples were taken in the lower part of the sequence allowing, 
for the first time, to provide age estimates for the MDA of 
this part of the complex. External and internal zircon grain 
features have been analyzed by transmitted-light, backscat-
tered, and cathodoluminescence (CL) images to identify 
crystal properties which allow interpretation of the former 
origin of the zircons, and to rule out the presence of meta-
morphic grains formed after the deposition. Ages obtained 
have been compared with the results based on meta-igneous 
rocks dating. Additionally, it has been presented a prelimi-
nary study of the inclusions found in the zircon grains based 
in backscattered images.

Geological setting

The Betic Cordillera, situated in the S and SE of the Ibe-
rian Peninsula (Fig. 1), constitutes, together with the Rif, 
the westernmost part of the Mediterranean Alpine belt. It is 
divided in two domains: the Internal and the External Zones 
(Fallot 1948). The External Zone is a Mesozoic and Tertiary 
age sedimentary succession deposited in the S and SE paleo-
margin of the Paleozoic Iberian Massif. The Internal Zone is 
divided into three main complexes (Fig. 1) named, from bot-
tom to top, Nevado–Filábride, Alpujárride, and Maláguide 
(Egeler and Simon 1969).

The Nevado–Filábride complex was defined by Egeler 
(1963) and its tectonic division has been under debate since 
the original studies. Brouwer (1926) initially differentiated 
two formations mainly based in lithological differences: the 
lower one “Crystalline of Sierra Nevada”, and the upper 

“Mischungszone” (or Mixed zone). The Crystalline of Sierra 
Nevada (Fig. 1) is formed by a monotonous Paleozoic or 
older succession of dark graphitic mica schists with quartz-
ite layers. The Mischungszone (Fig. 1) has more lithologi-
cal variety, and it is formed by dark and light schists, mica 
schists, quartzites, marbles, gneisses, serpentinites, and 
amphibolites. Several subdivisions have been introduced 
later on. Puga (1976) divided the Nevado–Filábride complex 
into the lowermost Veleta nappe and the Mulhacén nappe at 
the top, which essentially correspond to the Crystalline of 
Sierra Nevada and the Mischungszone, respectively. Puga 
et al. (2002) redefined these nappes as complexes based in 
tectonometamorphic criteria: the Veleta complex and the 
Mulhacén complex. Martínez-Martínez et al. (2002) divided 
the Nevado–Filábride complex into three major tectonic 
units called from bottom to top: Ragua, Calar-Alto, and 
Bédar-Macael. The subdivision proposed by Martínez-
Martínez et al. (2002) and those of Puga (1976) are not 
completely equivalent. The Ragua unit is almost equiva-
lent to the Veleta nappe, but in the Ragua unit the upper 
part of the Veleta nappe is excluded, this being named by 
Martínez-Martínez et al. (2002) as Montenegro dark schists. 
The Calar-Alto unit corresponds to the Montenegro dark 
schists and the lower part of the Mulhacén nappe. Finally, 
the Bédar-Macael unit corresponds to the higher part of the 
Mulhacén nappe. On the contrary, some authors, based on 
lithological and structural studies, do not support the divi-
sion of the complex in several units, but the existence of a 
continuous lithological succession (e.g., Galindo-Zaldívar 
1993; Monié et al. 1991; Sanz de Galdeano and López-Gar-
rido 2016; Sanz de Galdeano et al. 2016). The Nevado–Filá-
bride complex underwent Alpine polyphased metamorphism 
proposed to be Miocene (Behr and Platt 2012; Gómez-Pug-
naire et al. 2004, 2012; López-Sánchez-Vizcaíno et al. 2001) 
or to have developed during Oligocene and Miocene (Augier 
et al. 2005).

Methodology

The SEM-EDX (X-ray dispersive energy) study and electron 
backscattered (BSE) images were made using an environ-
mental scanning electron microscope FEI model Quanta 
400, operating at 15–20 keV (Centro de Instrumentación 
Científica-CIC, University of Granada, Spain).

The zircon grains were separated using panning, first 
in water and then in ethanol, and magnetic techniques fol-
lowed by handpicking of the concentrates using a binocular 
microscope. Once mounted and polished zircon grains were 
studied by optical and CL imaging and analyzed for U–Pb 
using a SHRIMP IIe/mc ion microprobe at the IBERSIMS 
laboratory of the University of Granada (Spain). SHRIMP 
investigations were guided by CL images to select the best 
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location for the analyses in the mounted zircons. Optical 
and BSE images of zircons grains have been supplied in 
Online Resource (1) Data reduction was performed with the 
SHRIMPTOOLS software (available from http://www.ugr.
es/fbea). Associated errors are one sigma level. SHRIMP 
results have been provide in Online resource (2) The com-
mon lead uncorrected 206Pb/238U ages (in Ma) were plot-
ted as a combination of Kernel Density Estimates (KDE) 
and histograms performed with DensityPlotter version 8.0 
(Vermeesch 2012). Application of the optimal bandwidth 
calculated by DensityPlotter resulted in a over smoothing of 
the KDE in various samples. Accordingly, a common band-
width of 40 Ma was selected for all samples. Statistically 
significant age populations were identified with the mixture 
modeling option implemented in DensityPlotter. Populations 
were reasonably well identified. However, in some few cases 
peaks of the mixture modeling do not fit the modes showed 
in KDE. One inadvisable procedure to fit them is to diminish 
the KDE bandwidth to identify various modes on the same 
diagram. However, a bandwidth value too low can lead to 
identification of spurious and non-informative modes. Bin 
width for histograms was set to 100 Ma. Concordia plots 
in Online resource 3 were done with Isoplot version 4.15 
(Ludwig 2008).

Description and localization of schist 
samples

It has been studied eight samples taken in three areas of the 
Nevado–Filábride complex: the Peñones de San Francisco 
area (samples SF-1 and SF-2) and La Ragua area (samples 
RA-1, RA-2 and RA-3), which are both located in Sierra 
Nevada; and the Velefique area (samples VE-1, VE-2, and 
VE-3) in Sierra de los Filabres (Fig. 1). Samples SF-1, 
RA-1, RA-2, VE-1, and VE-2, were taken in the Crystalline 
of Sierra Nevada (Veleta unit), and SF-2, RA-3 and VE-3 
in the Mischungszone (Mulhacén unit). Their stratigraphic 
relative positions are shown in the schematic lithological 
succession in Fig. 1b. It is necessary to emphasize that VE-1 
and RA-1 correspond to the lower visible points of the litho-
logical sequence, respectively, in the Sierra de los Filabres 
and Sierra Nevada. The rest of the samples were taken pro-
gressively in higher positions of the lithological succession. 
The sample SF-2 was taken in the highest structural position 
of the Nevado–Filábride complex succession studied in this 
work.

The studied samples are dark-gray schists, with the excep-
tion of VE-3 being a fine-grained bluish-schist. The major 
mineral phases are quartz, phengite, paragonite, and chlorite. 
Chloritoid has been found only in samples SF-1, RA-1; gar-
net in samples SF-2, RA-2, RA-3; and epidote in samples 
SF-2, RA-2, RA-1. Graphite, biotite, apatite, ilmenite, rutile, 

xenotime, and zircon appear as minor phases. Zircon grains 
were observed both in the matrix and as inclusions in other 
minerals such as garnet, albite, phengite, and paragonite.

Zircon morphology and inclusions

Zircon morphology

In the Peñones de San Francisco area, zircons are anhedral 
or subhedral, but a few cases of euhedral grains have been 
preserved. The grain size differs in the samples: SF-1 exhib-
its sizes between 60 and 200 µm, and in SF-2 between 40 
and 120 µm. Some green-colored grains occur in sample 
SF-1 but generally the grains appear to be colorless, and 
transparent or translucent.

The zircons studied in La Ragua area sampling are anhe-
dral. In all samples, the grain size is between 60 and 200 µm. 
In general, they are translucent or transparent and colorless. 
Nevertheless few green-, pink-, blue- and brown-colored 
grains can be found.

The zircons in the Velefique area sampling are anhedral 
or subhedral. Rounded edges are common, and elongated 
grains are present in zircons from sample VE-2. The size 
of zircon grains varies between 10 and 180 µm, but a few 
larger grains appear in sample VE-1 with sizes up to 300 µm. 
Grains are mainly colorless, and transparent or translucent, 
although some opaque grains are also observed in sample 
VE-2.

Only inherited zircons can be used for determining the 
MDA. Zircon grains identified as igneous in origin neces-
sarily imply that they were inherited in the Nevado–Filábride 
schists. Alike, metamorphic grains formed before the dep-
osition can be used. Conversely, as it was pointed in the 
introduction, metamorphic zircons formed after the deposi-
tion of sediments should be discarded. CL images of zircon 
grain studied in this work have proved to be a useful tool to 
determine the possible former origin based on zoning (Bel-
ousova et al. 2006; Corfu et al. 2003; Rubatto and Scambel-
luri 2003; Wu and Zheng 2004). Besides, the rounded edges 
observed in most of zircon grains point to a final episode 
of sedimentary transport and can be considered inherited 
regardless of their former origin (Gärtner et al. 2013).

The most common texture observed in the core and rim 
has been an oscillatory zone (in some cases slightly blurred) 
(Figs. 2, 3), which usually supports an igneous origin (Corfu 
et al. 2003). Some grains show blurred oscillatory zone and 
non-oscillatory patches which can be common features 
formed during a partial metamorphic recrystallization 
process (Corfu et al. 2003; Hoskin and Schaltegger 2003). 
Finally, in a few cases the observed oscillatory zone can 

http://www.ugr.es/fbea
http://www.ugr.es/fbea
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be slightly deformed, leading to convolute zoning (cores in 
Fig. 2 f, j).

Few zircons show a xenocrystic core surrounded by vari-
ably well-preserved oscillatory zoned rims (Figs. 2n, 3k–o). 
In some cases the rim preserves radial fractures formed by 
the expansion of a richer U core due to metamictization pro-
cess (Fig. 3l) (Corfu et al. 2003; Ewing et al. 2003). How-
ever, in other examples the zircon preserves a richer U rim, 
and a rim which does not fracture (Fig. 3k). The origin of 
xenocrystic cores cannot always be deduced, but sometimes 
the cores show abrasion on their edges (Fig. 3k). In these 
cases, xenocrystic cores record a detrital episode after its 
formation, followed by the new rim growth.

Some grains can be recognized as metamorphic zircons 
based on features pointing to this origin (e.g., Wu and Zheng 
2004; Rubatto 2002, 2017). These characteristics include 
anhedral morphology of the zircon grain and features in 
the CL images as: weak zoning (Fig. 3m), the presence of 
no-zoned patches (arrows in Figs. 2c, e, k, l, p, 3a, g, h, i, 
j, k, l, m, n, p), and fir-tree zoned areas (Fig. 3d). Addi-
tionally, it has been found zircons yielding Th/U < 0.1, 
these being commonly attributed to metamorphic zircons 
(Rubatto et al. 2001), even if examples of metamorphic 
zircons with Th/U > 0.1 have also been documented (see 

Rubatto 2017 and references herein). Metamorphic zircons 
crystallized after the deposition of the clastic sediments of 
the Nevado–Filábride complex are consequently not inher-
ited, and cannot be used to determine the MDA. As it was 
pointed in the “Geological setting”, the polyphased Alpine 
metamorphism which affected the Nevado–Filábride com-
plex occurred during the Oligocene and/or Miocene, and 
the existence of metamorphic grains showing these age 
values has been taken in to account. Cenozoic age values 
have not been found in the present work, so the existence of 
metamorphic grains formed in this event can be discarded. 
Additionally, thin external no-luminescent rims (Figs. 2e, l, 
m, o, 3a, b, e, f, l, m, n) possibly were formed during Alpine 
metamorphism and were ignored in the SHIRMP study.

Finally, no-luminescent spots (Figs. 2b, e, f, j, l, m, n, o, 
p, 3f, g, h, j) have been attributed to inclusions (see below).

Description of zircon inclusions

Backscattered images combined with EDX analyses 
allowed to determine the morphology, size, and compo-
sition of the inclusions. In sample SF-1, there are quartz 
inclusions with a size ≤ 20 µm in diameter, (Fig. 4a), 
apatite ≤ 25 µm (Fig. 4a and insets), and xenotime ≤ 30 

Fig. 2  Selection of cathodoluminescence images of zircons show-
ing representative Permian and Carboniferous analyses. See text for 
a detailed description. Circles correspond to SHRIMP analysis points 

and ages are in million years. Arrows show no-zoned patches. Scale 
bars correspond to 50 µm
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µm (Fig. 4b and inset). Sample SF-2 zircons show inclu-
sions of quartz with a size ≤ 15 µm in diameter (Fig. 4c), 
phengite ≤ 30 µm (Fig.  4c inset), paragonite ≤ 30 µm, 
apatite ≤ 12 µm, albite ≤ 10 µm, and xenotime ≤ 10 µm. 
In the zircon grains of sample RA-1, quartz inclusions 
with a size ≤ 45 µm in diameter (Fig. 4d, e) were common 
(particularly in the youngest age zircon populations) and, 
to a lesser extent, chlorite ≤ 7 µm (Fig. 4e). Zircons in 
sample RA-2 have inclusions of quartz with a size ≤ 40 
µm in diameter, phengite ≤ 6 µm (Fig. 4f), apatite ≤ 25 
µm (Fig. 4f and inset; Fig. 4g), and monazite ≤ 30 µm 

(Fig. 4g and inset). In sample RA-3, quartz inclusions 
with a size ≤ 10 µm in diameter, apatite ≤ 20 µm and para-
gonite ≤ 4 µm were found (Fig. 4h). The main inclusions 
present in zircon grains from sample VE-1 are usually 
quartz (5–10 µm) (Fig. 4j) and apatite inclusions (4 µm) 
(Fig. 4i, j). Rutile inclusions ≤ 5 µm are less common 
(Fig. 4i). Sample VE-2 zircons exhibits quartz as main 
inclusion, showing a wide variability of sizes. In general, 
quartz inclusions were small, ≤ 7 µm in diameter (Fig. 4k, 
l), but a few other ones were significantly larger (e.g., 75 
µm in the zircon grain shown in Fig. 4m). Apatite (≤ 8 

Fig. 3  Selection of cathodoluminescence images of zircons show-
ing representative older than Carboniferous analyses. See text for a 
detailed description. Circles correspond to SHRIMP analysis points 

and ages are in million years. Arrows show no-zoned patches. Scale 
bars correspond to 50 µm
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Fig. 4  Selection of BSE images of the zircons and of the most significant inclusions observed. Qtz Quartz, Phg phengite, Ap apatite, Xtm xeno-
time, Chl chlorite, Mnz monazite, Pg paragonite, Rt rutile, Ep epidote, Ab albite. Scale bars correspond to 50 µm
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µm) (Fig. 4l, m), xenotime (5 µm) (Fig. 4k and inset 1) 
and epidote (5 µm) (Fig. 4k and inset 2) inclusions were 
also found. In sample VE-3, the inclusions are quartz ≤ 25 
µm (Fig. 4o, p), apatite ≤ 15 µm (Fig. 4o, p), chlorite ≤ 20 
µm (Fig. 4n and inset), albite ≤ 15 µm (Fig. 4n) and phen-
gite of 5 µm (Fig. 4p and inset). The zircons studied in the 
eight samples exhibit holes, attributed to fluid inclusions, 
or fractures on the surface (e.g., Fig. 4k, m, o). Some of 
these holes have been filled by gold coating in the images.

Geochronology results

Below it is summarize the 206Pb/238U zircon age provided 
by the analyses for each sample and grouped by age popu-
lations. The distribution histogram and the KDE plots are 
shown in Fig. 5 for the Mischungszone (Mulhacén unit) 
samples (SF-2, RA-3 and VE-3), and Fig. 6 for the Crystal-
line of Sierra Nevada (Veleta unit) samples (SF-1, RA-1, 
RA-2, VE-1 and VE-2). Age populations obtained after mix-
ture modeling are detailed for each sample. Online Resource 
2 and Online Resource 3, correspond to the SHRIMP results, 
and the Wetherill plots, respectively.

The majority of the analyses were acquired on the out-
ermost rim of each zircon grain (excluding the last Alpine 
metamorphic event). Nevertheless, some zircon grains were 
analyzed twice for core and rim. In most cases, the ages 
obtained for these two domains are different, but sometimes 
core and rim analyses yield the same age within error. Zircon 
grains that may have lost lead, according to the high U con-
centration observed (> 3000 ppm) were, therefore, rejected 
from the analyses. Analyses with a discordance value > 10% 
were discarded. The results are described first for the Mis-
chungszone (Mulhacén unit) samples, followed by the Crys-
talline of Sierra Nevada (Veleta unit) samples.

Mischungszone (Mulhacén unit) 206Pb/238U age 
populations

Sample SF‑2 206Pb/238U age populations

In sample SF-2, 52 zircon analyses (39 in rims and 13 in 
cores) were obtained; six of them were rejected because of 
their high discordance (> 10%). The youngest analysis is 
232 ± 1 Ma. In this sample, analyses defined an age popula-
tion at 269.6 ± 0.9 Ma, followed by a prominent age popula-
tion at 601.2 ± 0.9 Ma (Fig. 5).

Sample RA‑3 206Pb/238U age populations

In sample RA-3, 54 analyses (38 in rims and 16 in cores) 
were obtained; four of them were rejected because of 
their high discordance (> 10%). The youngest analysis 

Fig. 5  Distribution histogram (grey bars) and kernel density esti-
mates (black lines) showing the 206Pb/238U zircon ages obtained from 
the Mischungszone (Mulhacén unit) samples (SF-2, RA-3, VE-3). 
Arrows mark the age populations after mixture modeling. Circles in 
the lower part of each diagram represent single analyses. Diagrams 
have been calculated with DensityPlotter version 8.0 (Vermeesch 
2012) using lead uncorrected 206Pb/238U ages and one sigma level 
errors. Analyses with discordance > 10% were discarded. Selected 
analyses are included in Online resource 2
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Fig. 6  Distribution histogram (grey bars) and kernel density esti-
mates (black lines) showing the 206Pb/238U zircon ages obtained from 
the Crystalline of Sierra Nevada (Veleta unit) samples (SF-1, RA-2, 
RA-1, VE-2, VE-1). Arrows mark the age populations after mixture 
modeling. Circles in the lower part of each diagram represent single 

analyses. Diagrams have been calculated with DensityPlotter version 
8.0 (Vermeesch 2012) using lead uncorrected 206Pb/238U ages and one 
sigma level errors. Analyses with discordance > 10% were discarded. 
Selected analyses are included in Online resource 2
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is 303 ± 12 Ma. A younger age population is observed at 
334.6 ± 2.9 Ma, followed by two prominent probability 
peaks at 602.1 ± 3.1 and 999.3 ± 5.3 Ma. Finally there is a 
remarkable Paleoproterozoic population at 2088 ± 11 Ma 
(Fig. 5).

Sample VE‑3 206Pb/238U age populations

In sample VE-3, 70 analyses (63 in rims and 7 in cores) were 
obtained; three of them were rejected because of their high 
discordance (> 10%). The youngest analysis is 295 ± 6 Ma. 
The youngest age population is 327.5 ± 1.5 Ma. The biggest 
age population is 614.8 ± 1.1 Ma, and is followed by small 
populations at 917.5 ± 2.9, 1986.7 ± 6.5 and 2640.3 ± 9.3 Ma 
(Fig. 5).

Crystalline of Sierra Nevada (Veleta unit) 206Pb/238U 
age populations

Sample SF‑1 206Pb/238U age populations

In sample SF-1, 78 analyses (70 in rims and 8 in cores) were 
obtained; three of them were rejected because of their high 
discordance (> 10%). The youngest analysis, 330 ± 6, Ma, 
is included in an age population of 354.7 ± 1.9 Ma. Two 
prominent probability peaks are present at 590.2 ± 1.1 and 
997.5 ± 3.2 Ma. Finally several Paleoproterozoic analyses 
define an age population at 2004 ± 4.3 Ma (Fig. 6).

Sample RA‑1 206Pb/238U age populations

In sample RA-1, 48 analyses (34 in rims and 14 in core) were 
obtained; seven of them were rejected because their high 
discordance (> 10%). The youngest analysis is 300 ± 4 Ma. 
The youngest statistical significant population yield an age 
of 524.1 ± 1.1 Ma, followed by scattered Neoproterozoic and 
Mesoproterozoic analyses (Fig. 6).

Sample RA‑2 206Pb/238U age populations

In sample RA-2, 64 analyses (49 in rims and 15 in cores) 
were obtained; two of them were rejected because of 
their high discordance (> 10%). The youngest analysis, 
309 ± 6 Ma, is included in a population at 338.9 ± 1.1 Ma. 
The most prominent probability peak is 593.1 ± 1.3 Ma, and 
is followed a smaller population at 982.3 ± 2.9 Ma. Finally, 
a minor amount of analyses show Paleoproterozoic ages 
(Fig. 6).

Sample VE‑1 206Pb/238U age populations

In sample VE-1 86 analyses (77 in rims and 9 in cores) 
were obtained; three of them have been rejected because 

of their high discordance (> 10%). The youngest analysis 
is 335 ± 6 Ma. The youngest age population is present at 
349.1 ± 1.6 Ma. The most prominent probability peak is 
574.8 ± 1.2 Ma. A broad population is present at 966.2 ± 2.3, 
and 1875.2 ± 4.9 Ma, Finally there is some representation of 
Archaean ages (Fig. 6).

Sample VE‑2 206Pb/238U age populations

In sample VE-2, 70 analyses (58 in rims and 12 in cores) 
were obtained; eleven of them were rejected because 
of their high discordance (> 10%). The youngest analy-
sis, 326 ± 4  Ma, is included in an age population of 
336.9 ± 1.4 Ma, closely followed by a probability peak 
at 478.9 ± 1.4 Ma. A smaller age population is found at 
958.8 ± 2.5 Ma (Fig. 6).

Discussion

Age of the metasediments

The youngest age populations that are statistically signifi-
cant (formed by number of analyses ≥ 3) for each sample are 
shown in Table 1. The youngest age populations identified 
in the lowermost sample in each unit can be used to estimate 
MDAs.

In the Crystalline of Sierra Nevada (Veleta unit) four of 
the five samples (SF-1, RA-2, VE-1 and VE-2) show Car-
boniferous youngest age populations (Table 1). In particular, 
the sample VE-1 which was taken in the lowest part of the 
Crystalline of Sierra Nevada (Veleta unit) (Fig. 1b), shows a 
youngest age population of 349.1 ± 1.6 Ma. This age can be 
assumed as the most probable MDA of the unit.

In the Mischungszone (Mulhacén unit) two of the three 
samples show Carboniferous youngest age populations 
(RA-3 and VE-3) (Table 1). In this unit, sample RA-3 was 
taken in the lowermost position (Fig. 1b) and the youngest 

Table 1  Youngest statistically significant age populations obtained in 
the studied samples

Sample Youngest age population 
(Ma)

Unit

SF-2 269.6 ± 0.9 Mischun-
gzone 
(Mulhacén 
unit)

RA-3 334.6 ± 2.9
VE-3 327.5 ± 1.5

SF-1 354.7 ± 1.9 Crystalline 
of Sierra 
Nevada 
(Veleta 
unit)

RA-2 338.9 ± 1.1
RA-1 524.1 ± 1.1
VE-2 336.9 ± 1.4
VE-1 349.1 ± 1.6
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age population in this sample is 334.6 ± 2.9 Ma, and cor-
responds to the most probable MDA of this unit.

In samples SF-2 and RA-1 the number of Carboniferous 
analyses is insufficient (n < 3) to define statistically repre-
sentative age populations. Nevertheless, a Carboniferous 
participation is still present in these two samples (Figs. 5, 6), 
and are in line with the previous Carboniferous estimations.

Comparison with previous results and geological 
implications

The youngest age populations in the Mischungszone (Mul-
hacén unit) (Table. 1), have been compared with the ages 
determined for this unit in previous works. Various studies 
have been oriented to dating of zircons included in orthog-
neisses. Age estimations comprise: Martínez-Martínez et al. 
(2010), of 304 ± 23 and 314 ± 7 Ma, and Gómez-Pugnaire 
et al. (2004) of 301 ± 7 Ma, in the western part of Sierra 
Nevada; and those of Gómez-Pugnaire et al. (2012), of 
282 ± 5 to 295 ± 3 Ma, and Ruiz-Cruz and Sanz de Gal-
deano (2017) of ~ 286 Ma, in the south-western area of 
Sierra Nevada. Youngest age populations in samples RA-3 
and VE-3 are older than the cited. The differences between 
our results and literature can be attributed to the different 
origin of the zircons: detrital zircons are inherited in the 
sediment, while zircons obtained from the orthogneisses 
yield ages later the deposition. Only youngest age population 
in sample SF-2 is younger than the ages reported by those 
authors. Bashkirian (315 ± 2–323 ± 2 Ma) conodonts found 
by Rodríguez et al. (2017) point to an age younger than our 
results in samples RA-3 and VE-3, which, according to our 
interpretation, shares the stratigraphic position with these 
authors’ samples. Again, differences are not incompatible 
because detrital zircons can be older than the fauna included 
in the sediment. On the contrary, sample SF-2 was taken in 
an upper part the lithological succession, where it can be 
expected younger sediments.

The lack in the literature of radiometric ages of the sedi-
ment protolith in the Crystalline of Sierra Nevada (Veleta 
unit) prevents to compare the ages obtained in samples SF-1, 
RA-1, RA-2, VE-1 and VE-2, with any other absolute age 
estimation. Until our knowledge, the only no-radiometric 
estimations for this unit were yielded from pre-Cambrian 
(Gomez-Pugnaire et al. 1982) and Devonian (Laborda-López 
et al. 2015; Lafuste and Pavillon 1976) fossils (these lat-
ter not in the Sierras Nevada and Filabres, but eastwards in 
the complex), older than our results in samples SF-1, RA-2, 
VE-1 and VE-2, and in any case similar to sample RA-1 
youngest age population.

The predominance, in this work, of Carboniferous 
youngest age populations does not necessary implies that 
the totality of the sediment protolith was deposited during 
this period. According to the results a younger age of the 

sediment protolith cannot be excluded. Gómez-Pugnaire 
et al. (2012) age estimations in orthogneisses from the upper 
part of the complex (see their sample CB-4) allow obtaining 
minimum ages of deposition of 282 ± 5 Ma for the schists in 
the Mischungszone (Mulhacén unit). Therefore, combining 
the minimum age with the MDAs obtained in the present 
work it is possible to narrow the time lapse of deposition of 
the Nevado–Filábride sediments, comprising the Crystal-
line of Sierra Nevada (Veleta unit) and the Mischungszone 
(Mulhacén unit). As the youngest age population obtained 
in the lowest sample studied (VE-1) is 349.1 ± 1.6 Ma, the 
deposition of these sediments should happen between ca. 
282–349 Ma. This period could be shorter because the 
rock can be younger than the estimated MDA. The present 
thickness existing between the stratigraphic positions of the 
samples from Gomez-Pugnaire et al. (2012) and the sample 
VE-1 is ~ 4000 to 5000 m, according to our estimations. As 
the sequence could present several tectonic repetitions, the 
actual estimation of the deposited sediment volume, even if 
it can be high, cannot be estimated in this work.

Interpretation of older age populations 
and similarity between units

In addition to the Carboniferous age populations, other 
common age populations have been found in the studied 
zircons. All the samples show a clear domain ranging ca. 
490–630 Ma, pointing to a Cadomian growth of many of 
these zircons. Moreover, all samples, and to a lesser extent 
in sample SF-2, exhibit age populations ca. 910–1010 Ma 
(possibly Grenville). Paleoproterozoic ages are particularly 
present in samples SF-1, RA-3, VE-1, but absent in sample 
SF-2 and almost absent in sample RA-1. Those two samples 
reported few analyses > 1200 Ma insufficient to define age 
populations. Finally, although there is a representation of 
Archaean analyses in all samples, it is remarkable only in 
sample VE-3.

The similarity between various population ages in sam-
ples attributed to the Crystalline of Sierra Nevada (Veleta 
unit) (samples SF-1, RA-1, RA-2, VE-1 and VE-2), and 
the Mischungszone (Mulhacén unit) (samples SF-2, RA-3 
and VE-3,) implies a common source area for the detri-
tal zircons. Even when both units share the same detrital 
inheritance pattern, do not imply that both units constitute 
a continuous sequence. Therefore, the observed similarity 
is not conclusive in relation to the proposed division of the 
Nevado–Filábride complex into several tectonically super-
posed units. Nevertheless, the youngest age populations in 
the upper samples of the complex (additionally confirmed 
by dating in orthogneisses) are younger than those of the 
lower samples. This finding does not necessarily support the 
proposed tectonic differentiation of the Nevado–Filábride 
complex. On the contrary, the observed tendency can be 
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interpreted as a result of a continuity in the sequence where 
the Crystalline of Sierra Nevada (Veleta unit) is the older 
part of the complex, and the Mischungszone (Mulhacén 
unit), on the top, is the younger part.

Origin of inclusions

The study of SEM images and EDX patterns, combined 
with the CL images, allowed constrain former origin of the 
inclusions and their relationship with the host zircon. Ini-
tial approach focused on the determination of the primary 
or secondary origin of the inclusions. Primary inclusions 
can be present in both igneous zircons and metamorphic 
regrowth. In the first case, the CL image shows a mostly 
unaltered oscillatory pattern and no-alterations around the 
inclusion. The common interpretation is that the inclusion 
was trapped during the growth of the zircon. Otherwise, 
inclusions can be found in metamorphic regrowth, recrys-
tallizations, or in metamorphic rims surrounding xenocrystic 
igneous cores. In those cases the oscillatory pattern can be 
absent, and inclusions are related to no-zoned patches, weak 
zoning, etc. Finally, inclusions related to fractures can be 
interpreted as secondary inclusions formed after precipita-
tion from fluids. Therefore, CL images show patched zoning 
and/or disturbed structures formed after the zircon-second-
ary inclusion interaction (Wu and Zheng 2004).

Primary inclusions

Most of the primary inclusions reported in this paper are 
inclusions trapped in oscillatory zoned zircons interpreted 
as igneous in origin. Quartz (Fig. 2i, o) and apatite (Fig. 4f, 
g, o) are the main primary inclusions. Phengite (Fig. 4c, f), 
monazite and xenotime (which in some cases is included 
by small quartz grains, see Fig. 4b) are occasional. Apa-
tite, monazite and xenotime are not always present in the 
sample matrix. Therefore, their inclusion in zircons dur-
ing the igneous phase seems plausible. Quartz, apatite and 
phengite occupy positions in cores and rims, while xenotime 
and monazite usually are found in mantle and rim. Some 
quartz and apatite are present in cores showing oscillatory 
pattern partially fainted. In those cases an igneous origin 
has been attributed to inclusions and cores, later affected 
by a metamorphic event which led to alteration of the 
oscillatory pattern. In general, igneous primary inclusions 
have been found in zircons which yield SHRIMP analyses 
of ca. 300–380 Ma. Only few inclusions of quartz, apatite 
and xenotime are included in zircons showing analyses ca. 
520 Ma, and a quartz inclusion have been found in a rim 
showing analyses of ca. 620 Ma.

Zircons showing metamorphic regrowth are occasionally 
included by metamorphic minerals as paragonite (Fig. 4h), 
albite (Fig. 4n) and chlorite (Fig. 4n). The regrowth envelop 

oscillatory zoned cores, commonly fainted and included 
by quartz and apatite (Fig. 4j). SHRIMP analyses in the 
regrowth yield dates ranging ca. 310–350 Ma, interpreted 
as the age when paragonite, plagioclase and chlorite were 
formed during metamorphism. The igneous cores show 
analyses ~ 350, ~ 600 and ~ 1000 Ma, which point to the 
age of previous igneous phases. Results support the com-
plex zircon growth story which includes several crystalliza-
tion steps under different conditions. Conversely, zircon in 
Fig. 4e shown an obliterated oscillatory zoned core included 
by quartz and chlorite, surrounded by an oscillatory rim. 
In this case, an even more complex story can be inferred, 
including an initial igneous event followed by possible alter-
ation during metamorphism and, finally, new growth under 
igneous conditions.

Secondary inclusions

Inclusions related with fractures are quartz (Fig. 4d, l and 
insets, and 4m), apatite (Fig. 4l and insets, 4m and 4o), 
phengite (in some cases included in quartz, see Fig. 4p), 
paragonite, rutile (Fig. 4i), monazite (Fig. 4g), xenotime and 
epidote (Fig. 4k and insets). Samples which contain those 
inclusions additionally show them as phases in the matrix. 
We interpret that precipitation of inclusions occurred dur-
ing the Alpine metamorphism (see the Geological setting).

Conclusions

Detrital zircons were dated to obtain in situ SHRIMP U–Pb 
ages in eight mica-schist samples from the Nevado–Filábride 
complex. The most notable findings in this study are:

The youngest age populations obtained in the Crystalline 
of Sierra Nevada (approximately equivalent to the Veleta 
unit) in four of the five samples are Carboniferous. Lower 
sample youngest age population, 349.1 ± 1.6 Ma, is the sta-
tistically estimation of the maximum deposition age of this 
unit.

The youngest age populations obtained in two of the three 
samples in the Mischungszone (approximately equivalent 
to the Mulhacén unit) are Carboniferous. The sample taken 
in the upper part of the unit shows a Permian youngest age 
population (269.6 ± 0.9 Ma). The lower sample youngest age 
population, 334.6 ± 2.9 Ma, is the statistically estimation of 
the maximum deposition age of this unit.

Age results obtained in the Mischungszone (Mulhacén 
unit) are in agreement with previous estimations of the mini-
mum age for the sedimentation.

Combining the estimated MDA obtained in the lowermost 
sample (VE-1) with the minimum age of deposition obtained 
by Gómez-Pugnaire et al. (2012) allow constraining the 
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deposition of the Nevado-Filábride complex sediments in a 
maximum period of 67 Ma (between ca. 282 and 349 Ma).

In the studied samples, common age clusters have been 
found at ca. 490–630 and ca. 910–1010 Ma.

The similarities between the age populations found in the 
Crystalline of Sierra Nevada (Veleta unit) and the Mischun-
gszone (Mulhacén unit) samples suggest a common source 
area for the sediments. Results show progression from older 
age populations in samples from the Crystalline of Sierra 
Nevada (Veleta unit) to younger age populations in sam-
ples from the Mischungszone (Mulhacén unit). This can be 
attributed to a continuity between both units, and the lack of 
a tectonically superposition.

Inclusions found in zircons are manly quartz and apa-
tite, and to a lesser extent phengite, paragonite, chlorite, 
rutile, epidote, monazite, xenotime and albite. Inclusions in 
oscillatory zoned zircons have been interpreted as trapped 
during zircon growth in igneous episodes ca. 300–380, 
520 and 620 Ma. Paragonite, albite and chlorite inclusions 
have been found in no-zoned and weak-zoned patches inter-
preted as formed during metamorphic regrowth ranging ca. 
310–350 Ma.
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