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Abstract

The Nevado-Fildbride metamorphic complex is the lowermost part of the Internal zone
of the Betic Cordillera (Spain). The complex exhibits a succession of metasediments, or-
thogneisses and metabasites. Debate still surrounds the age of the rocks, the petrochrono-
logical evolution of the complex, and several internal divisions proposed in the literature.
This Ph.D. Thesis presents a study concerning the Nevado-Filabride complex based on
different methodological approaches, with the objective to determine the validity of the

previously proposed divisions.

In the first part of the study, new cartography is proposed for key areas of the complex.
The cartography is supported by petrological and mineralogical descriptions of the diffe-
rent schist types existing in the complex. Three lithological formations were identified:
the Dark schists Fm in the lower part, the Tahal Fm, and the overlying Schists and marbles
Fm. The contact between these formations is stratigraphic, characterized by transitional

lithological variations.

U-Pb dating (SHRIMP) was carried out on inherited detrital zircons. The eight dated
samples pertain to the lower and upper part of the complex. The youngest age populations
in the majority of the samples are Carboniferous. According to the results, the most proba-
ble maximum age of deposition of the Dark schists Fm is estimated to be 349.1+1.6. The
most probable maximum age of deposition for the upper part of the complex (Tahal and
Schists and marbles Fms) is 334.6+2.9 Ma. The detrital zircon age patterns in most of the
studied samples provided common age populations at ca. 480-615 Ma (Cambrian-Edia-
caran), ca. 910-1010 Ma (Tonian-Stenian) and ca. 1800-2000 Ma (Orosirian). These age
populations are similar to those found in the Cantabrian zone (Iberian Massif) and the
Maléaguide complex (Betic Cordillera). Hence the results presented in this thesis agree
with recent paleogeographic interpretations that consider the Nevado-Filabride complex

as part of the south Iberian paleomargin.

Five garnet-bearing schists were investigated to constrain and compare the shape of the

P-T paths recorded by the lower and the upper parts of the complex. Quantitative compo-
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sitional mapping of garnet was combined with iterative thermodynamic models for garnet
and phengite. The resulting P-T trajectories suggest that the upper and lower parts of the
complex exhibit similar clockwise P-T path geometries during Alpine metamorphism,
but under slightly different conditions. Garnet nucleation took place at high-pressure and
low-temperature conditions, ranging ~16 kbar and ~480°C in the Dark schists Fm; ~17.5
kbar and ~490°C in the Tahal Fm; and ~18 kbar and ~520°C in the Schists and marbles
Fm. All the samples record a temperature increase of 70-100°C without any significant
change in pressure, followed by a stage of isothermal decompression. The garnet rims
reflect a high-temperature and low-pressure stage dated at ~13 Ma using allanite U-Th-Pb
geochronology (LA-ICP-MS). It is therefore proposed that the isothermal decompression
was triggered by slab break-off of the subducting slab. The isothermal decompression also
supports rapid exhumation of the Nevado-Fildbride rocks. The Nevado-Fildbride complex
was eventually accommodated below the Alpujarride complex (Betic Cordillera) during

the final step of exhumation, describing linear cooling.

The stratigraphic contacts between formations suggest a continuous sequence rather
than a tectonically divided complex. This is in line with the detrital zircon data showing
a progression from older age populations in the lower part of the complex to younger age
populations in the upper part. Additionally, the similarity of the P-T trajectories traced by
the three formations implies all three were already closely related during the burial and

exhumation stages.
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Resumen

El complejo metamorfico Nevado-Filabride constituye la parte inferior de la Zona In-
terna de la Cordillera Bética (Espana). El complejo presenta una sucesion de metasedi-
mentos, ortogneises y metabasitas. Existe un debate en torno a la edad de las rocas, la
evolucion petrocronologica del complejo y su division interna. En esta Tesis Doctoral se
presenta un estudio sobre el complejo Nevado-Filabride basado en diferentes aproxima-
ciones metodoldgicas, con el objetivo de determinar la validez de las divisiones previa-

mente propuestas.

En la primera parte de la tesis se propone una nueva cartografia de areas clave del
complejo. La cartografia estd apoyada por descripciones petrologicas y mineraldgicas de
los diferentes tipos de esquistos existentes en el complejo. Tres formaciones litologicas
se han identificado, de abajo arriba: la Formacion de Esquistos oscuros, la Formacion de
Tahal y la Formacién de Esquistos y Marmoles. El contacto entre estas formaciones es

estratigrafico y caracterizado por una variacion transicional entre litologias.

Se ha llevado a cabo una datacion de U-Pb de circones detriticos heredados mediante
SHRIMP en esquistos de las partes baja y alta del complejo. Las edades maximas mas
jovenes estimadas en la mayoria de las muestras son carboniferas. De acuerdo a los re-
sultados, la edad maxima de depdsito mas probable para el protolito de la formacion
de Esquistos oscuros es 349,1+1,6 Ma. La edad méaxima de deposito del protolito de la
parte superior del complejo (Formaciones Tahal y de Esquistos y marmoles) se estimo
en 334,6+2,9 Ma. Los patrones de edades de los circones detriticos en la mayoria de las
muestras proporcionan poblaciones comunes en ca. 480-615 Ma (Cambrico-Ediacarico),
ca. 910-1010 Ma (Tonico-Esténico) y ca. 1800-2000 Ma (Orosirico). Estas poblaciones
de edad son similares a las que se han encontrado en la Zona Cantébrica del Macizo Ibé-

rico y el Complejo Malaguide (Cordillera Bética).
Cinco muestras de esquistos con granates han sido investigadas para determinar y com-

parar las trayectorias de presion y temperatura de las partes baja y alta del complejo. Para

ello se combinaron mapas composicionales cuantitativos de granate con un modelado ite-
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rativo de granate y fengita. Los resultados sugieren que las partes baja y alta del complejo
describieron trayectorias horarias con una geometria similar durante el metamorfismo
alpino que afecté al complejo. Sin embargo las condiciones de presion y temperatura
fueron ligeramente diferentes entre las dos partes. En la Formacion de Esquistos oscuros,
la nucleacion de granate se produjo a ~16 kbar y~480°C; a ~17,5 kbar y ~490°C en la
Formacion Tahal; y a ~18 kbar y~520°C en la Formacion de Esquistos y Marmoles. Todas
las muestras sufrieron un incremento de temperatura de entre 70 a 100 °C sin un cambio
significativo de presion, seguido de una etapa de descompresion isoterma. Los bordes de
los granates estudiados se formaron en una etapa de baja presion y alta temperatura. Esta
etapa se produjo, de acuerdo a la datacion con alanita mediante LA-ICP-MS, hace ~13
Ma. En la Tesis Doctoral se propone que la descompresion isoterma fue desencadenada
por la rotura de la ldmina subducida. La descompresion isoterma, ademas, apunta a una
rapida exhumacion de las rocas del Nevado-Filabride tras la rotura de la lamina. Poste-
riormente el complejo se acomodd debajo del complejo Alpujarride (Cordillera Bética)

durante la etapa final de la exhumacion.

Los contactos estratigraficos entre las formaciones sugieren una secuencia continua
en vez de una division en unidades tectonicas del complejo. Esto esta en la linea de los
resultados obtenidos de la datacion de circones detriticos, que muestra una progresion
desde poblaciones de edad mas antiguas en la parte inferiordel complejo, y mas jovenes
en la parte superior. Ademads, la similitud entre las trayectorias de presion temperatura
entre las formaciones implica que las tres se encontraban estrechamente cercanas durante

los eventos de subduccion y exhumacion.
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Chapter 1

Introduction

The Betic Cordillera (S and SE of the Iberian Peninsula) constitutes, together with
the Rif (N of Africa), the western termination of the Mediterranean Alpine belt. The
Betic Cordillera is divided in two main domains: the Internal and the External Zones
(Fallot, 1948). The Internal zone is divided into three complexes named from bot-
tom to top: Nevado-Filabride, Alpujarride and Maldguide (Egeler and Simon, 1969).
The Nevado-Filabride metamorphic complex (Betic Cordillera, Spain) has been in-
terpreted as the E-SE prolongation of the Iberian basement (see, Sanz de Galdeano
et al., 2006; Jabaloy et al., 2018). It exhibits a succession of Paleozoic and Mesozoic
metasediments (schists, quartzites and marbles), orthogneisses and metabasites. This
complex is probably the most controversial of the three. Nowadays, it has not been
reached consensus about the internal division of the complex. The age of the sedimen-
tary protolith has just been recently estimated and there is not unanimity regarding the
paleogeographic reconstructions of the Nevado-Fildbride terranes. Besides, the petro-
chronological evolution of the complex is not clear as P-T-t conditions differ between
authors mainly because of the investigated rock types and the thermobarometric and
geochronological techniques applied. Accordingly several tectono-metamorphic mo-
dels have been proposed in order to explain the role of the complex in the tectonic
history of the Betic Cordillera. The debate concerning the number of units forming
the complex is probably the most conflictive in the Nevado-Filabride literature. The
arguments used in order to identify different tectonic units have been mainly based in
metamorphic and structural criteria. These divisions have usually resulted incompati-

ble between them. A complete discussion about the proposed division should take into
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account similarities and differences between the proposed units in regards to litholo-
gy, affinity, geochronological data and on a better knowledge and comparison of the
P-T paths from the different parts of the complex. Accordingly, this Ph.D. Thesis has
as main objective to bring light to the debate concerning the existence of the propo-
sed divisions by using different methodologies, and the comparison of the results in

different areas of the Nevado-Filabride pile.

Below it is briefly described the content of each chapter, including the methodolo-

gy and the studies carried out during the Ph.D. Thesis.

Chapter 2. In this chapter is described the geological setting of the studied zones.
In the first sections it is summarized the current knowledge of the Betic Cordillera,
its division and the models proposed concerning its tectonic story. The following sec-
tions review the existing literature focused on the Nevado-Filabride complex regar-
ding its division, metamorphic conditions during the Alpine orogeny, age constraints,

structure, and the paleogeographic and tectonic models proposed.

Chapter 3. The methods and analytical techniques used during the Ph.D. Thesis

are described in this chapter.

Chapter 4. The aim of this chapter is to provide a new cartography of key areas
of the Nevado-Filabride complex. The maps are complemented with cross sections,
schemes and field images. It has been carried out a mineralogical characterization fo-
cused on the schists and supported by backscattered electron (BSE) images of the stu-
died samples. In the chapter is provided a description of the lithological succession.
Finally, the discussion focuses on the characteristics of the contacts of the previously

proposed tectonic units.

Chapter 5. In this chapter is presented the results of the Sensitive High Mass-Re-
solution Ton Microprobe (SHRIMP) U-Pb dating on detrital zircon from eight schist
samples of the Nevado-Fildbride complex. External and internal zircon grain featu-
res have been analyzed by transmitted-light, backscattered, and cathodoluminescence

images in order to identify crystal properties which allow interpretation of the former
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origin of the zircons. The dating results are discussed in order to provide an esti-
mation of the maximum age of deposition for the complex. The ages obtained have
been compared with the results based on previous dating. Additionally, it has been
presented a preliminary study of the inclusions found in the zircon grains based in

backscattered images.

Chapter 6. In this part is provided the P-T constraints from five schist samples
from the Nevado-Filabride complex. The methodology followed combines quantita-
tive compositional mapping of garnet with iterative thermodynamic models in garnet
and potassic white mica (mainly phengite). Resulting P-T paths for different parts of
the Nevado-Filabride pile are compared between them and with the literature data.
The results presented in this chapter are complemented with allanite Laser Ablation
Inductively Coupled Plasma Mass Spectrometry (LA-ICP-MS) U-Th-Pb geochrono-

logy in order to add time-constraints on the P-T evolution.

Chapter 7. In this chapter are discussed the most remarkable results presented in
chapters 4, 5 and 6. In order to provide a complete story of the sedimentary deposition
and tectonic evolution of the Nevado-Filabride complex, the discussion focuses in (1)
the paleogeographic provenance of the Nevado-Fildbride terranes based on the detri-
tal zircon SHRIMP U-Pb dating, (2) the tectono-metamorphic model which fits the
P-T-t conditions reached during the subduction and exhumation of the complex. Fina-

lly, the conclusions regarding the division of the Nevado-Filabride pile are presented.

Chapter 8. The most remarking conclusions obtained in the Ph.D. Thesis are sum-

marized in this chapter.






Chapter 2

Regional setting and background

2.1. The Betic Cordillera

The western Mediterranean region is formed by a series of segments of the Alpine oro-
geny: the Betic, the Rif, the Tell, the Apennines, the Alps and the Pyrenees-Basque-Can-
tabrian mountains (e.g. Royden, 1993; Jolivet and Faccenna, 2000; Jabaloy et al., 2015).
The Betic and Rif Cordilleras are connected through the Gibraltar Arc, forming a strongly
curved oroclinal. The Betic Cordillera is located in the S and SE of the Iberian Peninsula
(Fig. 2.1) and constitutes, with the Rif, the westernmost part of the Mediterranean Alpine
Belt. The Betic-Rif Cordillera resulted from the convergence of the African and Iberian
plates (e.g. Didon et al., 1973; Durand-Delga and Fontboté, 1980; Bouillin et al., 1986;
Dercourt et al., 1986; Stampfli, 2000; Vera and Martin-Algarra, 2004; Aerden et al., 2013),
which lead to the collision of several tectonic domains (e.g. Durand-Delga and Fontboté,
1980; Bouillin et al., 1986; Augier, et al. 2005b) during the late Mesozoic to the present.
The Iberian Massif is the foreland of the Betic Cordillera. It is included in the central

Europe Variscan belt formed during the Paleozoic collision of Gondwana and Laurasia.

The Betic Cordillera undergone a complex evolution including compressional and ex-
tensional deformations. Several tectonic models have been proposed to explain the struc-
turing of the area since the studies of Andrieux et al. (1971): slab rollback (Fig. 2.2a)
(Morley, 1993; Royden, 1993; Lonergan and White, 1997; Hoernle et al., 1999; Wortel
and Spakman, 2000; Gill et al. 2004; Thiebot and Gutscher, 2006; Brun and Faccena,
2008; Vergés and Fernandez, 2012; Gonzalez-Castillo et al., 2015), delamination (Fig.
2.2b) (Calvert et al., 2000; de Lis Mancilla et al., 2013), convective removal of mantle
lithosphere (Fig. 2.2c) (Houseman et al., 1981; Platt and Vissers, 1989; Vissers, 2012;
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Figure 2.1. Geological map of the Betic Cordillera and northern Rif. Modified from Vera and Martin-Al-
garra (2004). Inset: Iberian Peninsula topographic map showing the position of the Nevado-Filabride
complex.

Williams and Platt, 2018), partial or total break-off and/or tearing (Fig.2.2d) (Buforn
et al., 1991; Blanco and Spakman, 1993; Zeck, 1996; Spakman and Wortel, 2004; Gar-
cia-Castellanos and Villasefior, 2011; van Hinsbergen et al., 2014), or a combination of
slab rollback and delamination (Bezada et al., 2013).

The Betic Cordillera has been divided into the External Zone, the Internal Zone and the
Campo de Gibraltar complex (Durand-Delga and Fontboté, 1980), and several Neogene
basins (Fig. 2.1). The External Zone is formed by Mesozoic and Tertiary sedimentary
successions constituting the sedimentary cover of the S and SE prolongations of the Ibe-
rian Massif. It is divided in two tectonic domains: the Prebetic and the Subbetic. Rocks

in both domains are highly deformed but no metamorphosed. The Prebetic is mostly for-
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Figure 2.2. Main geodynamic models proposed for the western Mediterranean region. a) Slab rollback. b)

Delamination. c) Convective removal of mantle lithosphere. d) Break-off of the subducting slab.

med by shallow marine and continental sediments deposited close to the coast; whilst
the Subbetic is formed by deeper marine sediments and overthrusts the Prebetic domain
(Vera and Martin-Algarra, 2004). The Internal Zone, also known as “Zona Bética” in old
publications, or “Albordn domain” (Balanya and Garcia-Duefias, 1987, Casciello et al.,
2015) is formed by a Paleozoic basement and a Mesozoic cover. It is present in both the
Betic Cordillera and the Rif. This zone is the most deformed region of the Betic Cordille-
ra, and outcrops as a pile of tectonically superposed complexes (see below). The Campo
de Gibraltar complex is in the S of the Iberian Peninsula and NW of Africa (in the Rif and
the Tell). It is formed by Cretaceous and Tertiary deep marine successions including clays
and turbidites (flysch facies) no metamorphosed during Alpine metamorphism (Vera and
Martin-Algarra, 2004).

2.2. The Internal Zone division

The Internal Zone has been divided into three main superposed tectono-metamorphic

complexes (e.g. Egeler and Simon, 1969; Martinez-Martinez et al., 2002; Puga et al.,
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2002; Vera and Martin-Algarra, 2004), in addition to the Dorsal and Predorsal units. The
three complexes are from lower to higher position: the Nevado-Filadbride (not present
in the Rif) (Egeler, 1963), the Alpujarride (called Sébtide in the Rif) (Van Bemmelen,
1927) and the Malé4guide (called Ghomaéride in the Rif) (Blumenthal, 1927). The Mala-
guide complex includes Paleozoic marine sediments affected by the Variscan orogeny,
covered by marine Mesozoic and Tertiary discontinuous (at present) sediments. Rocks in
the Malaguide complex are not metamorphosed or barely metamorphosed (Mékel, 1985;
Chalouan and Michard, 1990; Vera and Martin-Algarra, 2004; Sanz de Galdeano et al.,
2006). The Dorsal and Predorsal units are formed by a set of imbricated Mesozoic and

Tertiary sedimentary units closely linked to the Maldguide complex.

In the Betic Cordillera, the Alpujarride complex is divided in several units (see Sanz
de Galdeano and Lopez-Garrido, 1999; Azandén and Crespo-Blanc, 2000; Vera and Mar-
tin-Algarra, 2004) mainly formed by Paleozoic and Mesozoic (mainly Triassic) metase-
diments including metapelites, quartzites, carbonates and marbles. The higher unit of the
complex includes gneisses, and at its base, large peridotite bodies (Vera and Martin-Al-
garra, 2004). The Alpujarride complex recorded an early HP/LT Alpine metamorphism
at 23-20 Ma (Sanchez-Rodriguez and Gebauer, 2000; Janots et al., 2006). Other authors
have proposed the HP metamorphism developed at ~50 Ma (Platt et al., 2005) and was
followed by a low pressure and locally high temperature stage at 23-21Ma (Platt et al.,
2003). Ar-Ar and zircon fission-track data suggest rapid cooling between 20 and 18 Ma
(Moni¢ et al. 1994; Sosson et al. 1998; Platt et al. 2003; Platt et al., 2013), and suggest

that the rocks reached shallow crustal levels at ~18 Ma.

The Nevado-Filabride complex is formed by a succession of metapelites and mar-
bles, with interlayered orthogneisses and metabasites. The contact with the overlying
Alpujarride complex is characterized by brittle low-angle normal regional faults super-
posing the previous overthrust of the Alpujarride complex over the Nevado-Fildbride
complex (Galindo-Zaldivar, et al., 1989; Jabaloy et al., 1993; Agard et al., 2011). These
faults were formed during late exhumation of the complexes (e.g. Gémez-Pugnaire et
al., 2012).
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2.3. The Nevado-Filabride complex

The Nevado-Fildbride complex was defined by Egeler (1963) for the metamorphic
rocks lying under the Alpujarride complex. The complex occupies the lowermost position
of the Internal zone, in the core of several antiforms in the sierras Nevada, Baza, de los
Filabres, Alhamilla, Cabrera, Almagrera, Almenara, Lomo de Bas, Mazarrén and Carta-
gena (Fig. 2.3).
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Figure 2.3. Geological map of the Betic Cordillera. In this map the Nevado-Filabride complex rocks crop
out primarily in the cores of Sierra Nevada, Sierra de Los Filabres and Sierra Alhamilla. The numbers in
yellow mark the studied areas in this Ph.D. Thesis. Modified from Sanz de Galdeano and Lopez-Garrido
(2016).

2.3.1. Division

The separation of the complex in two or more lithologic formations and/or tectonic
units has remained a matter of debate since the first studies of the area. Nowadays, there
is not a unanimously accepted division, as it depends on the criteria used by each author
(i.e. petrological, structural and/or metamorphic criteria). Hereafter, it is provided a short
summary of the most used divisions over time. Furthermore, in chapter 4 is included a re-
view of the different divisions focused on specific areas of the complex. This presentation

of the background allow the comparison of the proposed divisions with the description of
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the lithological succession carried out in this Ph.D. Thesis. The Fig. 2.4 shows the corres-

pondence between the most used divisions for comparison.
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Figure 2.4. Comparison of the main Nevado-Filabride complex divisions reported in the literature. The di-
vision followed in this Ph.D. Thesis is presented in the right column. Lower and upper parts of the complex
are equivalent to the Crystalline of Sierra Nevada and the Mischungszone respectively (Brouwer, 1926).
Both parts have been shadowed in purple and pink respectively. Modified from Sanz de Galeano and San-
tamaria-Lopez et al. (2019).

Brouwer (1926) distinguished two stratigraphic formations based on lithological cri-
teria: a homogeneous metapelite basement, the Crystalline of Sierra Nevada; and a litho-
logic heterogeneous cover named the Mischungszone (mixed zone). Fallot et al (1959;
1960) raised the possible existence of a disconformity between the Crystalline of Sie-
rra Nevada and the Mischungszone, and discussed the autochthony or allochthony of
the last one. Since these initial studies, variations in the Brouwer (1926)’s scheme have
been proposed. In general, the existence of the monotonous succession of the Crystalline
of Sierra Nevada has been mostly accepted. However, several tectonic units have been
described in the Mischungszone (Nijhuis, 1964; Helmers and Voet, 1967; Egeler and Si-
mon, 1969; Vissers, 1977; Linthout and Vissers, 1979; de Jong, 1993; Puga et al., 2002;
Martinez-Martinez et al., 2002, 2010). In this respect, probably the most used divisions
are those of Puga and Diaz de Federico (1976), Puga et al. (2002) and Martinez-Marti-
nez et al. (2002). According to Puga and Diaz de Federico (1976), the Nevado-Filabride
complex is divided into the Veleta and the overlaying Mulhacén nappes (approximately

equivalent to the Crystalline of Sierra Nevada and the Mischungszone respectively). The
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Veleta nappe includes a monotonous sequence of graphite-bearing schists and quartzi-
tes, whereas the Mulhacén nappe is formed by a larger variety of lithologies including
schists, quartzites, marbles, gneisses, serpentinites and amphibolites. According to Puga
et al. (2002) the differences in metamorphic conditions between these nappes (see section
2.3.3.1) imply they occupied different tectonic settings during the Alpine orogeny. Accor-
dingly these authors reclassified as “complexes” (Fig. 2.4) the “nappes” of Puga and Diaz
de Federico (1976). Puga et al. (2002) divided the Mulhacén complex into three tectonic
units (Fig. 2.4): the lowermost Caldera unit, the Ophiolite unit and the uppermost Sabinas
unit. Martinez-Martinez et al. (2002) renamed the Veleta nappe as Ragua unit (being not
exactly equivalents, see Fig. 2.4), and subdivided the Mulhacén nappe into the lowermost
Calar-Alto unit and the overlying Bédar-Macael unit (Fig. 2.4). However, is important
to note that according to other authors (Galindo-Zaldivar, 1993; Sanz de Galdeano and
Lopez-Garrido, 2016; Sanz de Galdeano et al., 2016; Sanz de Galdeano and Santamaria,
2019) the existence of such tectonic units cannot be reasonably supported by field obser-
vations. By the contrary, they proposed a stratigraphically continous lithological sequence

in the Nevado-Fildbride complex as was initially proposed by Brouwer (1926).

2.3.2. Lithological succession

Below is summarized, from bottom to top, the lithological succession of the Neva-
do-Filadbride complex. Three main formations have been described: one for the lower part
of the complex, equivalent to the Crystalline of Sierra Nevada of Brouwer (1926) and the
Veleta complex of Puga et al. (2002); and two for the upper part of the complex, equiva-
lent to the Mischungszone of Brouwer (1926) and the Mulhacén complex of Puga et al.
(2002) (Fig. 2.4). The variations of the general succession presented here are discussed

in the chapter 4. The section 2.3.2.4 focuses on the igneous rocks found in the complex.

2.3.2.1. The Dark schists formation

The lower part of the complex in the Sierras Nevada and Filabres is formed by a se-
quence of graphite-rich schists and quartzites. The thickness of the sequence has been
estimated in 4000 m (Fallot et al., 1960). The bottom of this sequence does not crop out in
these sierras. According to Gomez-Pugnaire et al. (2012) and Laborda-Lopez et al. (2015)
the formation show locally dark low-grade marbles levels up to 80-140 m of thick. In the

Barranco de San Juan area (W of Sierra Nevada) outcrop scarce metabasites bodies.
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2.3.2.2. The Tahal formation.

The upper part of the complex includes in its base a formation of light- and dark
mica schists alternating with quartzites, metabasites, marbles and scarce gneisses and
metaevaporitic levels, named the Tahal Fm (Fig. 2.4). The thickness of the formation
ranges from 500 to 2300 m. The dark mica schists and quartzites are more common in
the bottom, whilst the occurrence of light mica schists, marbles, metabasites and gneis-
ses increases upwards (e.g. Vissers, 1981; Gomez-Pugnaire, et al., 2012). In the W of
Sierra de los Filabres (area of Escullar - El Tesorillo - Charches) Sanz de Galdeano and
Lopez-Garrido (2016) described apparently not metamorphosed sands (“lutites”) pre-
serving cross laminations. Gomez-Pugnaire et al. (1994) describes the metaevaporites
as a discontinuous succession (up to 80 m) of scapolite-gypsum-bearing marbles and

fine- grained scapolite-gypsum-anhydrite-barite-bearing metapelites.

2.3.2.3. The Schists and marbles formation

The uppermost formation of the complex (Fig. 2.4) consists of a package of alter-
nating light-, dark schists and layers of marbles and calc-schists. The thickness of the
formation varies between 200 and 1300 m. The upper part of the formation includes
massive marbles levels, gneisses and scarce metabasite bodies. Above the Schists and

marbles Fm formation overthrusts the Alpujarride complex.

2.3.2.4. Gneisses and metabasites in the Nevado-Fildabride complex

Gneisses are laterally continuous light layers of variable thickness (from several
centimetres to tens of meters) (Martinez-Martinez et al., 2010), showing sharp con-
tacts with the adjacent schists and marbles. Gneisses have been described only in the
Tahal and the Schists and marbles Fms. Gémez-Pugnaire et al. (2012) and Ruiz-Cruz
et al. (2015) reported the existence of two main types of gneisses: (1) leucocratic
gneisses which can be granoblastic tourmaline-rich or porphyritic; and (2) biotitic
gneisses, which contain minor amphibole-rich layers. Leucocratic gneisses are more
abundant, and according to Gémez-Pugnaire et al. (2012) show textural and field
features which prove the intrusive relationships with the surrounding metasediments.
Both types are present in the same outcrops (Gémez-Pugnaire et al., 2012), ocasiona-
lly forming alternations of few cm (Nieto, 1996). Accordingly it has been interpreted

as probably cogenetic. Gomez-Pugnaire et al. (2012) interpreted both gneisses as
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derived from late Variscan post-collisional leucogranites, recycled during the Alpine

orogeny.

Basic and ultrabasic rocks in the Nevado-Fildbride complex are associated to light-
and dark schists, quartzites, calc-schists and marbles. These rocks are transformed into
eclogites, amphibolites and serpentinites (e.g. Nijhuis, 1964; Gémez Pugnaire, 1981;
Martinez-Martinez, 1986; Puga et al., 2002, Ruiz-Cruz et al., 2015; Puga et al., 2017).
They mainly outcrop in the upper part of the complex as discontinuous bodies, locally
reaching kilometric length. In some areas occur barely or not metamorphosed igneous
rocks surrounded by eclogites. According to Puga et al. (2002) two types of metabasi-
tes are present in the Nevado-Filabride complex: (1) intra-plate derived rocks and (2)
ocean-floor rocks. Nevertheless, the origin of the basic and ultrabasic association in the
Tahal Fm is still under debate, with models ranging from the existence of an ocean floor
sequence (the Ophiolitic unit described in Puga et al. 2002; 2017, Fig. 2.4) to continen-
tal within-plate type magmatism associated with crustal-thinning (Gémez-Pugnaire et
al., 2000).

2.3.3. Metamorphism in the Nevado-Filabride complex

2.3.3.1. Metamorphism P-T constraints

Several lines of evidence suggest a two-stage metamorphic history with a HP/LT Al-
pine event followed by a LP/HT stage during decompression. This latest stage largely
overprinted the previous metamorphic record particularly, but not exclusively, in the
metasediments. Besides, thermobarometric data generally show higher P and T values
were reached in upper part of the complex than in the lower one (e.g. Puga et al., 2002;
Augier et al., 2005b; Behr and Platt, 2012; Booth-Rea et al., 2015, Li and Massonne,
2018). Some few metamorphic studies have been focused on metapelites (Augier et
al., 2005a, 2005b; Ruiz-Cruz et al., 2015), whilst most of the constraints for the HP/
LT stage are provided by studies in mafic and felsic igneous rocks (e.g. Gomez-Pug-
naire et al., 1994; Puga et al., 2000, 2002; Lopez Sanchez-Vizcaino et al., 2001, 2005;
Padron-Navarta et al., 2010; Ruiz-Cruz et al., 2015). The resulting P-T paths, strongly
differ between authors, in particular for the decompression stage (Fig. 2.5). Puga et
al. (2000, 2002) and Behr and Platt (2012) proposed hairpin trajectories (Fig. 2.5a),
which show coincidence in the P and T peaks; Augier et al. (2005a, 2005b), Ruiz-Cruz
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Figure 2.5. P-T paths in the available data for the Nevado-Filabride complex. a) Hairpin trajectories, 1:
Behr and Platt (2012); 2: Puga et al. (2002). b) Isothermal decompression, 1 and 2: Augier et al. (2005b);
3: Augier et al. (2005a); 4: Ruiz-Cruz et al. (2015). ¢) Slight heating upon decompression, Gomez-Pugnaire
and Ferndndez-Soler (1987). d) Late reheating, 1: Bakker et al. (1989), 2: Vissers et al. (1995), 3 and 4. Li
and Massonne (2018).

et al. (2015) and Laborda-Lépez et al. (2018) suggested an isothermal decompression
(Fig. 2.5b); Gémez-Pugnaire and Fernandez-Soler (1987) proposed slight heating upon
decompression (Fig. 2.5¢); and Vissers (1981), Bakker et al. (1989), Booth-Rea et al.
(2015) and Li and Massonne (2018) pointed to the existence of late reheating at lower

pressure conditions (Fig. 2.5d). The discrepancies have been attributed either to diffe-
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rences between thermobarometers, or variations of P-T trajectories throughout the Betic
Cordillera (Platt et al., 2013).

2.3.3.2. Metamorphism age constraints

Similarly to the internal division of the Nevado-Filabride complex and its P-T his-
tory, there is no consensus regarding the age of each metamorphic stage. Age estimations
for both the HP/LT and LP/HT events are reported in Table 2.1. Augier et al. (2005a)
applied in situ laser “°Ar/*’Ar on phengite in metapelite samples from the Calar-Alto and
Bédar-Macael units (Fig. 2.4). They concluded that the HP/LT stage took place at ca. 30
Ma or possibly older, and was followed by the main exhumation between 22-18 Ma and
the last step of exhumation between 14-9 Ma. Monié et al. (1991) obtained an integrated
“OAr/*Ar age range of 48.4+3.3 Ma on amphibole from metabasites for the HP/LT event in
the upper part of the complex. de Jong (2003) and Platt et al (2006) yielded Ar-Ar ages for
phengite in schists and other lithologies rannging 90 to 13 Ma. However, it is almost una-

nimously accepted the excess in Ar in the white mica from the Nevado-Filabride schists

Study HP/LT event LP/HT event age Method
age (Ma) (Ma)
Augier et al. (2005a) ~30 22-18 In situ laser “°Ar/**Ar on

phengite in metapelite

Li and Massonne 33.9-56.0 24.1 £ 0.8 (reheating In situ U-Th-Pb
(2018) loop during exhuma- monazite in schists
tion)
Lopez Sanchez- 15.0+0.6 U-Pb zircon in
Vizcaino et al. (2001) pyroxenite
Gomez-Pugnaire et 17.3+04 U-Pb zircon in gneisses and
al. (2012) schists
Platt et al. (2006) 18-14 Lu-Hf garnet in mafic eclogi-

tes and schists

Kirchner et al. (2016) ~20-13 Multimineral 8Rb/®Sr
Monié et al. (1991) 48.4 +3.3 “0Ar/*Ar amphibole in meta-
basites

Table 2.1. Radiometric ages (in Ma) reported in the literature for the alpine metamorphism affected the
Nevado-Filabride complex

15



Chapter 2

(Hebeda et al., 1980; Andriessen et al., 1991; Lopez Sanchez-Vizcaino et al., 2001; de
Jong, 2003; Platt et al., 2006; Behr and Platt, 2012; Kirchner et al., 2016). According
to several authors (e.g. Lopez Sanchez-Vizcaino et al., 2001; de Jong, 2003; Platt et al.,
2006; Behr and Platt, 2012) the Ar excess prevents this method to be applied because it
could lead to ages older than those obtained by other independent radiometric methods
(see below), and/or unrealistic highly variable age ranges (e.g. Kelley, 2002). Accor-
ding to Li and Massonne (2018) the HP/LT event occurred during Eocene (~40 Ma), and
it was followed by a second P-T loop during exhumation at 24.1+£0.8 Ma. Other studies
reported younger Miocene ages for the pressure peak conditions including Lopez San-
chez-Vizcaino et al. (2001) (15.0+0.6 Ma) and Gémez-Pugnaire et al. (2012) (17.3+0.4
Ma) based on U-Pb dating of zircon from the upper part of the complex; Platt et al.
(2006) who provided ages ranging between 18 and 14 Ma from Lu-Hf dating of garnet
separates in mafic eclogites and schists from several areas of the complex; and Kirch-
ner et al. (2016) who applied multimineral *’Rb/*Sr geochronology to date the HP/LT
event at ~20-13 Ma. Behr and Platt (2012) obtained zircon fission track ages of ~16-13
Ma; and Platt et al. (2006) and Behr and Platt (2012) yielded apatite fission track ages
ranging between ~19 and 6 Ma. de Jong (2003) obtained whole-rock-phengite Rb-Sr
dates at ~17 and ~14 Ma, representing isotopic re-equilibration during the early stages
of exhumation. Johnson et al. (1997) yielded apatite fission track ages at ~12-8 Ma, and

proposed the complex reached upper crustal levels by ~8 Ma.

As a summary, the HP/LT event should have occurred not after the Miocene (48 to
13 Ma). On the other hand, the LP/HT stage has not been extensively dated, with the
exception of Augier et al. (2005a) and Li and Massonne (2018) (24 to 18 Ma).

2.3.4. Nevado-Filabride complex structure

The Nevado-Filabride complex show two main planar fabrics: S1, parallel to the com-
positional layering and a crenulation cleavage S2. The first schistosity S1 is mostly over-
printed by S2, despite is still recognized, and occasionally unaltered, in rocks from the
lowermost levels of the Nevado-Filabride complex (lower part of the Dark schists Fm),
and insolated lenses in the upper levels (Tahal and Schists and marbles Fms). The S2
schistosity is associated with a penetrative stretching lineation L2, more intense towards

the contact with the overlying Alpujarride complex.
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Several shear zones have been described in the Nevado-Filabride complex. The
most evident shear zone affects the top of the Nevado-Filabride pile existing below the
low-angle normal fault acting as the Alpujarride/Nevado-Fildbride detachment. It has
been interpreted as late-metamorphic extensional and formed during exhumation of the
complex (e.g. Galindo-Zaldivar et al., 1989; Jabaloy et al., 1993; Martinez-Martinez et
al., 2002; Augier et al., 2005b; Simancas, 2018) (Fig. 2.3). Kinematic criteria indicate
an overall top-to-the-W sense of movement (Galindo-Zaldivar et al., 1989; Jabaloy et
al., 1993; De Jong, 1993; Martinez-Martinez et al., 2002; Augier et al., 2005b; Siman-
cas, 2018). Conversely, Behr and Platt (2013) have interpreted this shear zone as pro-
duced in a compressional context during exhumation. Martinez-Martinez et al. (2002)
and Martinez-Martinez et al. (2010) described several shear zones of similar kinematics
but interpreted as contractional, separating their three units (Bédar-Macael, Calar-Al-
to units and Ragua unit, see Fig. 2.4). The S2 schistosity was deformed by folds (F3)
which developed a crenulation cleavage (S3) observed in the whole Nevado-Filabride

pile (e.g. Jabaloy et al., 2015).

2.3.5. Nevado-Filabride complex age constraints

The sedimentary age estimations of the Nevado-Fildbride complex in the Sierras
Nevada and Filabres (Betic Cordillera, Spain) have been traditionally based on stra-
tigraphic correlations with the overlying Alpujarride complex. According to these in-
terpretations the Nevado-Fildbride complex is formed by a Paleozoic (or 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 complex (now present as marbles in
the Schists and marbles Fm) has been assumed as Triassic (de Jong and Bakker, 1991).
Gomez-Pugnaire et al. (1982) identified possible pre-Cambrian microfossils in schists
from the western part of the Sierra de los Filabres. However, these preliminary results
have not been confirmed so far. Tendero et al. (1993) studied the upper part of the
complex in Sierra de los Filabres reporting ankeritic “ghosts” interpreted as Cretaceous
planktonic foraminifers. Rodriguez-Cafiero et al. (2018), in the Sierra de Baza, found
Bashkirian (323.2+0.4 to 315.2+0.2 Ma) conodonts in graphite-rich metamorphic li-
mestones included in dark schists (tentatively attributed to the upper part of the com-
plex in this Ph.D. Thesis).
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The radiometric age determinations of the complex (Table 2.2) have been mainly ba-
sed on meta-igneous rocks situated in the upper part of the complex. The first radiome-
tric dating study on the Nevado-Fildbride complex rocks provided a Rb-Sr whole-rock
age of 269+6 Ma for tourmaline-gneisses and metagranites in the eastern part of Sierra
de los Filabres (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 Goémez-Pugnaire et al.
(2000) (in the central part of the complex) proposed Rb-Sr whole-rock from gneisses,
ranging between Permian to Triassic. 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-Filabride complex U-Pb age determinations include: Gémez-Pugnaire et al.

Study Age (Ma) Method Area
Priem et al. (1966) 269+6 Rb-Sr whole-rock in Eastern Sierra
tourmaline-gneisses de los Filabres
Puga (1976) 215115 Rb-Sr whole-rock in Western Sierra
gneisses Nevada
Andriessen et al. (1991) 275+30 Rb-Sr whole-rock in Eastern part of
gneisses the complex
Nieto (1996); Nieto et 30730 Sm-Nd whole-rock in Eastern part of
al. (1997) gneisses the complex
Goémez-Pugnaire et 247411 Rb-Sr whole-rock in Central part of
al. (2000) gneisses the complex
Goémez-Pugnaire et 3017 U-Pb zircon in Western Sierra

al. (2004)

gneisses

Nevada

Martinez-Martinez et
al. (2010)

314+7; 304+23

U-Pb zircon in
gneisses

Western Sierra
Nevada

Goémez-Pugnaire et
al. (2012)

28215; 29543

U-Pb zircon in
gneisses

Several areas
of the complex

Ruiz-Cruz and Sanz de

Galdeano (2017)

~286

U-Pb zircon in
gneisses

Western Sierra
Nevada

Jabaloy et al. (2018)

Pennsylvanian MDA
(Lower part of the
complex)

Early Permian MDA
(Upper part of the
complex)

Detrital U-Pb detrital
zircon in schists

Western Sierra
de los Filabres

Eastern Sierra
de los Filabres

Table 2.2. Radiometric ages (in Ma) reported in literature for the Nevado-Filabride complex
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(2004) who obtained late Carboniferous age in zircons from orthogneisses (301+7 Ma);
Martinez-Martinez et al. (2010), who provided late Carboniferous U-Pb ages in zircons
(314£7 and 304+23 Ma) and 40Ar/39Ar tourmaline ages from gneisses and tourmalinites
(319.85+5.81 and 317.85+3.67 Ma); and Ruiz-Cruz and Sanz de Galdeano (2017), who
yielded lower Permian U-Pb ages from zircons extracted from orthogneisses (~286 Ma).
Gomez-Pugnaire et al. (2012) determined lower Permian U-Pb zircon ages in gneisses

from various areas of the complex (282+5 to 295+3 Ma).

Till the date, only two studies have been focused in radiometric age determinations
of metasedimentary rocks (schists) from the Nevado-Filabride complex, both based on
SHRIMP U-Pb detrital zircon dating (Jabaloy et al., 2018; Santamaria-Lopez and Sanz
de Galdeano, 2018). Santamaria-Lopez and Sanz de Galdeano (2018) proposed a Carbo-
niferous maximum age of deposition for the lithological sequence of the complex in the
Sierras Nevada and de los Filabres (this Ph.D. Thesis, chapter 5). Jabaloy et al. (2018)
yielded a Carboniferous age and Early Permian maximum age of deposition for the Dark

schists and Tahal Fms respectively in Sierra de los Filabres.

2.3.6. Paleogeographic reconstructions of the Nevado-Filabride complex

The paleogeographic location of the terranes which formed the Internal Zone of the
Betic Cordillera is still not well constrained (e.g. Alonso-Chaves et al., 2004; Carminati et
al., 2012; Vergés and Fernandez, 2012; Jabaloy et al., 2018; Simancas, 2018). However, a
probable eastward location for these terranes is commonly accepted. During the Miocene,
they probably drifted westward with respect to Iberia and Africa (e.g. Andrieux et al.,
1971; Durand-Delga and Fontboté, 1980; Boillot et al., 1984; Sanz de Galdeano, 1990;
Rosenbaum et al. 2002; Platt et al. 2003; Williams and Platt, 2018).

Traditionally, the main complexes forming the Internal Zone (the Malaguide, Alpu-
jarride and Nevado-Filabride complexes) have been included in the “Alboran domain”
(Balanya and Garcia-Duefias, 1987), and would share comparable paleogeographic his-
tories. Recent paleogeographic reconstructions for the Nevado-Filabride complex have
challenged this idea. Gomez-Pugnaire et al. (2012) proposed the Nevado-Filabride com-
plex is related to the Central Iberian Zone of the Iberian Massif. This correlation is su-

pported on age and composition similarities between the Nevado-Fildbride gneisses and
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granitoids from the Central and Northwest Zones of the Iberian Massif. By the contrary,
other authors suggest a correlation with the Cantabrian Zone based on similarities in co-
nodont fauna (Rodriguez-Cafiero et al., 2018), and detrital zircon age patterns (Jabaloy
et al., 2018). Both reconstructions consider the Nevado-Fildbride complex to be part of
the prolongation of the South Iberian paleomargin. Accordingly, Rodriguez-Cafiero et al.,
(2018) and Jabaloy et al. (2018) proposed redefining the “Alboran domain” as formed by
the Alpujarride and Malaguide complexes exclusively. In any case, the significance of
the “Alboran domain” is still controversial (Casciello et al., 2015). The Alpujarride and
Malaguide terranes would have been located eastwards of the Nevado-Filabride terranes,
in the prolongation of the Iberian Massif, but in a more distal position (Sanz de Galdeano
et al., 2006).

2.3.7. The role of the Nevado-Filabride complex in the Betic Cordillera tectonic
configuration

No consensus has been reached about the subduction and, particularly, the exhumation
processes involving the Nevado-Filabride complex. Discrepancies between the models
strongly depend on the relative timing of the metamorphic ages estimated for the Neva-

do-Filabride and Alpujarride complexes.

Conventional studies proposed both complexes developed similar tectono-metamor-
phic stories. E.g. the studies based in **Ar/*°Ar on phengite (Augier et al., 2005a) (see
section 2.3.3.2) estimated the minimum age for HP/LT metamorphism occurred in the
Nevado-Filadbride complex at ~30 Ma, and it was followed by exhumation in the Miocene.
In this scenario, the subduction of the Nevado-Fildbride and Alpujarride complexes are
mostly coincident in time, and both complexes shared similar deformational and meta-

morphic histories

However, recent geochronological studies based on U-Pb dating of zircon, Lu-Hf
dating of garnet and multimineral ¥Rb/**Sr pointed to a Miocene age (~20-13 Ma) for
the HP/LT event for the Nevado-Filabride Complex (see section 2.3.3.2) (Lopez San-
chez-Vizcaino et al., 2001; Gémez-Pugnaire et al., 2004, 2012; Platt et al., 2006; Behr
and Platt, 2012; Kirchner et al., 2016). This age is almost coincident with the moment

that the Alpujarride complex reached shallow crustal levels at ~18-16 Ma (Sosson et al.,
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1998; Platt et al., 2003; Platt et al., 2013). Accordingly, the Alpujarride complex suffered
pre-Miocene subduction and was later exhumed during early Miocene by the time the Ne-

vado-Filabride underwent HP metamorphism (e.g. Lopez Sanchez-Vizcaino et al., 2001;

Platt et al., 2006, Jabaloy et al., 2015, Kirchner et al., 2016).

Martinez-Martinez et al. (2002) proposed the late exhumation of the Nevado-Filabride
complex was controlled by a set of top-to-the-W or SW shear zones. According to Behr
and Platt (2012), Behr and Platt (2013) and Platt et al. (2013) the exhumation of the Neva-
do-Filabride complex took place in two stages: a fast initial exhumation thought the sub-
duction channel, followed by a slower accommodation of the complex after been captured
by a low-angle detachment fault. Other authors indicate that after the Nevado-Fildbride
complex reached upper crustal conditions, the exhumation was accommodated by brittle
extensional detachments (e.g., Galindo-Zaldivar et al., 1989; Jabaloy et al., 1993; Augier
et al., 2013; Do Couto et al., 2014).
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Chapter 3

Methodology

3.1. Introduction

In this chapter is described the methodology followed in this Ph.D. Thesis. It includes
field work and the use of analytical techniques in selected rock samples. Field work com-
prehends cartography, identification of minor and major structures and sample collection
in the areas of study. In section 3.2 is summarized the methodology followed for the
SHRIMP U-Pb dating of detrital zircons (chapter 5). In section 3.3 is provided the proce-
dure followed to estimate the P-T conditions of metamorphism in the Nevado-Fildbride
complex, and the methodology followed for the LA-ICP-MS Th-U-Pb dating of allanites,
(chapter 6).

3.2. SHRIMP U-Pb detrital zircon dating

Eight mica-schist samples have been studied in the U-Pb detrital zircon dating study:
SF-1, SF-2, RA-1, RA-2, RA-3, VE-1, VE-2 and VE-3. The UTM coordinates of the sam-

ples are given in Appendix 1.

The zircons were analyzed for U-Pb dating by using the SHRIMP Ile/mc ion micro-
probe at the IBERSIMS laboratory of the University of Granada (Spain) (Fig. 3.1a). A
detailed description of the analytical procedures followed during analyses is provided in
Appendix 2. A summary of the main steps are presented below. The zircon grains were
separated using panning, first in water and then in ethanol, and magnetic techniques fo-
llowed by handpicking of the concentrates using a binocular microscope. Zircon were

mounted in a 3.5 cm diameter epoxy mount and polished. Later they were studied by opti-
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Figure 3.1. Selection of the analytical instruments used during the Ph.D. Thesis. a) Environmental Scanning
Electron Microscope (ESEM) FEI model Quanta 400. b) SHRIMP Ile/mc ion microprobe at the IBERSIMS
laboratory. ¢) Philips PW1040/10 spectrometer. d) Cameca SX100. e) ZEISS EVO 50 scanning electron
microscope. Sources: www.cic.ugr.es (a, b, ¢, d); www.geo.unibe.ch (e).

cal and scanning electron microscopy (SEM) using an Environmental Scanning Electron
Microscope (ESEM) FEI model Quanta 400, operating at 15-20 keV in Centro de Instru-
mentacion Cientifica (CIC), Universidad de Granada (Spain) (Fig. 3.1b). Mounts were
coated with ultra-pure gold (8—10 nm). In order to select the best location for the SHRIMP
study, analyses on the zircons were guided by cathodoluminescence (CL) images (inclu-
ded in Appendix 3). Data reduction was carried out with the SHRIMPTOOLS software
(available from www.ugr.es/fbea). SHRIMP results have been provided in Appendix 4.
Associated errors are one sigma level. The error in 206/238 averaging the standard has
been already propagated. Th/U ratios are atomic (232/238), not in weight. Point-to point
errors, calculated on replicates of the TEMORA standard, are: 0.37 % for 2°Pb/**U, and
0.44 % for *’Pb/**°Pb.

The common lead uncorrected 2*Pb/?**U ages (in Ma) were plotted as a combination of
Kernel Density Estimates (KDE) diagrams and histograms performed with DensiTyPLO-

TTER version 8.0 (Vermeesch, 2012). The statistically significant age populations were

24



Methodology

identified with the mixture modelling option implemented in the program. The optimal
bandwidth automatically calculated by DENSITYPLOTTER resulted in a oversmoothing of
the KDE diagrams in various samples, and the age populations obtained with the mixture
modelling did not fit the modes in the KDE diagrams. Accordingly, a common bandwidth
of 40 Ma was manually set for the KDE in all the studied samples. The resulting modes
reasonably fit the age populations obtained by the mixture modelling. Bin width for his-
tograms was set to 100 Ma. Concordia plots in Appendix 5 were displayed with Isoplot
version 4.15 (Ludwig, 2008).

3.3. Metamorphic P-T conditions

Five garnet-bearing mica-schists were studied: RA-2, RA-0, 10.1, 16.8 and 16.16, in
order to decipher the P-T conditions of the metamorphism affected the Nevado-Filabride
complex (chapter 5).

The petrochronology strategy used in this Ph.D. Thesis involved the following steps
(see Engi et al., 2017 for a detailed description): (1) classical thin section analysis for
petrography (section 3.3.1), (2) quantitative compositional mapping on garnet combined
with phase equilibria modelling on garnet and potassic mica (phengite) to retrieve P-T
conditions (sections 3.3.2., 3.3.3 and 3.3.4) and (3) in situ U-Th-Pb allanite dating to date

the exhumation event (section 3.3.5).

3.3.1. Petrography

The studied samples were investigated first by optical microscopy and SEM using an
Environmental Scanning Electron Microscope (ESEM) FEI model Quanta 400, operating
at 15-20 keV in the Centro de Instrumentacion Cientifica (CIC), Universidad de Granada
(Spain) (Fig. 3.1b).

3.3.2. Bulk rock composition
The computational methods used during phase equilibria modelling require obtaining

bulk rock composition of the studied samples.

X-ray fluorescence (XRF) analyses of major elements of whole rocks in samples RA-0

and RA-2 were carried out with a Philips PW1040/10 spectrometer in the Centro de Ins-
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trumentacion (CIC) Universidad de Granada, (Spain) (Fig. 3.1c). The detection limit for
major elements was 0.01 wt%. Loss on ignition (LOI) was determined with 0.5 g of pow-
dered sample. Sample was first dried at 110°C and then heated to 1000°C for 1h. Typical

precision was better than 51.5 % for an analyte concentration of 10 wt%.

For samples 16.16, 16.8, 10.1 representative bulk rock compositions were determi-
ned following the procedure described in Laurent et al. (2018). In order to check the
reliability of these estimates the same technique was applied for samples RA-0 and
RA-2, and the modelling results were compared with those obtained by XRF for these
samples. The estimated bulk rock composition in samples RA-0 and RA-2 obtained by
the two different methodologies, and the resulting P-T conditions for garnet were simi-

lar within uncertainty.

3.3.3. Quantitative compositional mapping on garnet

Compositional maps for major elements on garnet were obtained by high-resolution
electron probe micro-analyser (EPMA). These grains were carefully selected based on
backscattered electrons (BSE) images and point analyses. The selection criteria applied
in this study included the size of the porphyroblast, the preservation and absence of retro-
gression and, whenever possible, their low inclusion content. The analyses were carried
out at the Institute of Geological Sciences, University of Bern, using a JEOL JXA-8200
superprobe instrument. The detailed analytical procedure is given in Lanari et al. (2013,
2014). The analytical conditions were 15 keV accelerating voltage, 100 nA specimen
current, and variable dwell times: 100 ms (samples 10.1 and 16.16); 150 ms (sample
RA-0); 200 ms (samples 16.8 and RA-2). The dwell time used in each analytical session
was based on the analytical time available and the size of the mapped areas. Map sizes
are: 948 x 1228 um for sample 16.16; 2200 x 2200 um for sample 16.8; 1800 x 1800 pm
for sample RA-0; 770 x 900 pm for sample 10.1; and 800 x 800 um for sample RA-2.
Nine elemental maps were obtained in two passes (Si, Mg, Na, Ca, K and Ti, Al, Fe, Mn).
Data processing was performed using the software XMaprTooLs 2.4.1 (Lanari et al., 2014,
2018). The analytical standardization was performed using the composition of high-qua-
lity spot analyses acquired on the same area (de Andrade et al., 2006). Pixels showing
mixing compositions, either along the grain boundaries or around mineral inclusions were

filtered out using the BRC function of XMarTooLs (Lanari et al., 2018). The grossular
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a Grossular compositional map b
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obtained from each manually selected spatial domain
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Figure 3.2. Diagrams illustrating the method used to estimate P-T conditions from garnet in sample RA-
0. a) Grossular compositional map obtained by EPMA in the studied porphyroblast. Data processing and
image display was performed using the software XMaprTooLs 2.4.1. Dashed lines delimit four growth zones
in the garnet. b) Simplified sketch showing the growth zones and the position and size of the selected spa-
tial domains. The representative composition of each growth zone is obtained by averaging pixels of these
domains.

compositional map obtained from the studied garnet porphyroblast in sample RA-0 is

shown in Fig. 3.2a as an example.

3.3.4. Phase equilibria modelling

Following the strategy described in Lanari et al. (2017), P-T conditions of garnet grow-
th were obtained for each successive growth zone of 5 selected porphyroblasts (one for
each studied sample). These growth zones are identified based in compositional zonations
observed in the end-member fraction maps, i.e. grossular (Fig. 3.2a), almandine, pyrope
and spessartine compositional maps. The representative composition of each growth zone
is obtained by averaging pixels from manually selected spatial domains (yellow areas in

Fig. 3.2b).

The composition of each successive growth zones were used to model the P-T-X condi-
tions of garnet growth by using the program GrtMob 1.5.3 (Lanari et al., 2017). This pro-
gram provides a numerical simulation of the garnet evolution based on the composition of
the successive growth zones characterized in the compositional maps, combined with an
iterative modelling strategy. This model relies on predictions made by Gibbs free energy

minimization and the program THErIAK-Domino (version 04.02.2017, and the internally
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consistent thermodynamic database of Holland and Powell (1998) and subsequent upda-
tes), including an optimization of the reactive bulk composition. Three variables are op-
timized: pressure (P), temperature (T), and for stages n+1/, the volume fraction of all the
previous growth zones fractionated from the bulk-rock composition. So, the reactive bulk
composition of stage n+/ is estimated by fractionating a variable amount of the garnet
previously formed (see details in Lanari et al., 2017). Previously formed garnet can thus
be isolated from the reactive part of the rock (fractionation) or dissolve (resorption), i.e.
partly react to form the new garnet generation. The predicted garnet composition for any
P-T-X conditions is compared to the reference composition obtained from the map. By
minimizing the differences between the measured and the modelled compositions obtai-
ned from each effective bulk composition (using the Nelder-Mead algorithm, a heuristic
search method; Nelder and Mead, 1965) the program leads to constrain the optimal P-T-X
condition for each growth stage. GrrMob additionally yields a residual value (C, in Lana-
ri et al., 2017) during the minimization procedure representing the quality of the isopleths
intersection, i.e. the similarity between the observed modelled and garnet compositions.
Low residual values (generally <0.04) denote a good fit between the measured and the

modelled compositions.

Point analyses of phengites were obtained by EPMA in the Centro de Instrumentacion
(CIC, Universidad de Granada, Spain) using a Cameca SX100 instrument (Fig. 3.1d) with
a beam diameter of 5-7 um, accelerating voltage of 15 kV and 10-15 nA beam current
and variable counting times. The data were reduced using the X-PHI correction (Merlet,
1994). The following standards were used: albite (Na), periclase (Mg), synthetic SiO,
(Si), ALO, (AD), TiO, (Ti), Fe, O, (Fe), Cr,0, (Cr), NiO (Ni), MnTiO, (Mn), sanidine
(K) and diopside (Ca). The composition of phengite measured by EPMA was compared
with the predictions of THERIAK-DomiNo using the two following compositional variables:
Si (atoms per formula unit, apfu) and XMg (Mg/(Mg*+Fe?"), with Mg and Fe in apfu,

assuming no ferric iron, Fe** =

0. By way of illustration, see results for sample 10.1 in
Fig. 3.3. For each Si-XMg pairs (one for each phengite analysed, Fig. 3.3a), the optimal
P-T conditions were determined using the intersection between these two isopleths (Fig.
3.3b). P-T estimates from phengites are presented as ellipses (Fig. 3.3b) corresponding to
each individual analysis in the P-T diagram with a generic uncertainty of £0.01 for both
Si (apfu) and XMg (1o). The relative and absolute uncertainties were estimated using

a Monte Carlo simulation and a single phengite composition. The relative uncertainty,
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d EPMA Phengite point analyses b Si (orange) and XMg (blue) isopleths

Phengite | Si (apfu) XMg
a 3.21 0.58
b 3.18 0.60
Cc 3.18 0.62
d 3.15 0.60
e 3.15 0.60
f 3.14 0.58
g 3.1 0.55

Temperature (C)

Figure 3.3. Diagrams illustrating the method used to estimate P-T conditions from phengite in sample 10.1
a) EMPA analyses showing Si and XMg values for seven analyzed phengites (a-g). Si content is in atoms
per formula unit (apfu). b) P-T diagram showing the Si and XMg isopleths carried out with the program
THERI4K-Domino. Each Si-XMg pair corresponds to one intersection between the two isopleths. The optimal
P-T conditions are presented as ellipses. The uncertainty is +0.01 for both Si and XMg (10).

based on counting statistics, is 3.151+0.006 apfu for Si*" and 0.541+0.008 for XMg. The
total uncertainty including the relative uncertainty and the absolute uncertainty, estimated
using the external reproducibility, is 3.151+£0.011 apfu for Si** and 0.541+0.015 for XMg.
Therefore the generic uncertainty proposed above (+0.01) is relevant to visualize how
the relative uncertainty in composition (between two spot analyses) affects the P-T con-
ditions. The ellipses only show the uncertainty of the EPMA analyses; they do not reflect

the uncertainties of the thermodynamic models.

The procedure with phengites is similar to that followed in garnets, regarding in both
cases the most probable P-T is achieve after comparing the EPMA analysis with the
predictions of THERIAK-DomiNo. Despite the strategy is similar, in the case of phengite
the selection was performed manually, as only two independent variables are involved
(leading to a “perfect” P-T solution marked by the intersection of two isolines; Fig.
3.3b) and fractionation effects for white mica are negligible (Airaghi et al., 2017). This
is not possible for garnet (3-4 isolines) for which a weighted procedure is required to
obtain “optimal” P-T conditions (Lanari and Duesterhoeft, 2019). In addition fractio-
nation effects are strong and can significantly affect the P-T results (Lanari and Engi,

2017 and references therein).
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3.3.5. Th-U-Pb dating in allanites by LA-ICP-MS

Allanite grains were identified in BSE images using a ZEISS EVO 50 scanning elec-
tron microscope at the Institute of Geological Sciences, University of Bern (Fig. 3.1e).
Analyses for the allanite dating were guided by BSE images in order to identify internal
texture and compositional zoning in allanites. Allanite dating was performed by using a
LAI-CP-MS GeoLas Pro 193 nm ArF excimer laser coupled to an Elan Dynamic Reaction
Cell (DRC-e) ICP-MS at the Institute of Geological Sciences, University of Bern (Swit-
zerland). The analytical procedure is described in Burn et al. (2017). Pre-ablation was
performed for four to five pulses with an energy density of 2.5 J cm?, a repetition rate of
1 Hz, and spot sizes of 40 and 32 um. Ablation was carried out with an energy density of
2.5 J cm™, a repetition rate of 9 Hz, and spot sizes of 32 and 24 pm. A gas mixture of He (1
L min') and H2 (0.08 L min'') was used for aerosol transport from the ablation cell to the
plasma. Settings on instrument were optimized to increase the sensitivity of heavy masses
(e.g. 28U, #2Th, °Pb, 2'Pb, 2®Pb). Oxide production (ThO+ / Th+) was kept lower than
0.5 %. NIST SRM 610 measurements were performed for quantify U and Th concen-
trations. PleSovice zircon (Slama et al., 2008) was used as primary standard. In order to
minimize instrumental drift the acquisition series were approximately 1 h, including be-
tween 8 and 12 unknown analyses bracketed by 8 analyses of the standard PleSovice used
for U-Th-PDb ratio calibration and SRM 610 for trace element calibration. Data reduction

was performed using the in-house software Trinity (Burn et al., 2017).
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Description on the lithological succession

4.1. Introduction

The study of a large metamorphic complex implies deciphering the succession of the
rocks, and to highlight the characteristics of the contacts between the different lithologies
(e.g. stratigraphic and tectonic contacts). For that is mandatory the implementation of
geological maps, transects and lithological columns of the area of study, accompanied
by an appropriate petrological characterization. Only after this previous study has been
accomplished, later studies focused on the specific aspects of the metamorphic complex

(e.g. thermobarometric and geochronological studies) can be undertaken.

As stated in section 2.3.1, several divisions in tectonics units have been proposed for
the Nevado-Fildbride through time, and nowadays there is not a unanimous scheme in the
literature (Fig. 2.4). Accordingly, the comparison between geological cartographies inclu-
ded in these studies is difficult in the best case or impossible when the adopted division
criteria are incompatible. Several of these divisions are mainly supported by petrological
and metamorphic criteria exclusively. Although a correct petrological and mineralogical
characterization is undoubtedly important, it is practically useless without field data and
the appropriate mapping of the complex. Besides, if the division criteria are inconsistent
with field data, they lead to improbable tectono-stratigraphic solutions. Additionally, se-
veral geological cartographies in different areas of the Nevado-Filabride complex inclu-
de errors which have been maintained through successive studies. Therefore any tecto-
no-metamorphic study of the Nevado-Fildbride can be accomplished without revising the

cartography of the complex.
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Below it is presented a new cartography of key areas of the Nevado-Filabride complex,

and a description of the lithological succession based on field, petrological and mineralo-

gical data. Six studied areas where selected: three in the western part of the Sierra Nevada,

one in the central part of the Sierra Nevada, one in the central part Sierra de los Filabres

and one in the eastern part of Sierra de los Filabres (Fig. 4.1). The following sections

provide a specific background focused in the different divisions reported in each area,

fol

lowed by a description of the lithological succession of such area. The lithological

successions are supported by geological maps, schemes, cross sections, columns and field

im

im

ages. Besides, the present chapter provides a mineralogical characterization and BSE

ages of the different types of schists (main object of study in this Ph.D. Thesis).
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Figure 4.1. Geological map of the Betic Cordillera with the location of the zones studied in chapter 4.

4.2. Western part of Sierra Nevada

Three areas have been investigated in the westernmost part of the Sierra Nevada (Fig.

4.1): (1) the Pefiones de San Francisco area which includes the area between the Pefiones
de San Francisco hills and the NW sector of the Mount Veleta (Fig. 4.2); (2) the Giié-
jar-Sierra area in NE of the town of the same name (Fig. 4.3); and (3) the Mount Mulha-

cén area and part of its southern hillside (Fig. 4.4).

32



Description on the lithological succession

Samples SF-2
and 16.16

Phyllites
- (Alpujarride complex)
I Marbles
I Gneisses 1 Quatemary

I Metabasites ot 5
[ Light schists - Overthrust

Nevado-Filabride
complex

[ JQuartzites ~— Unconformity

: — Fault
[IDark schists ﬂ'ﬁ Inverted fold @ 500 1000 m

I SE
WNW Sample 10.1
Samples SF-2 ESE| NW Sample SF-1 ‘
d 16.16 s
an S?ggle ‘ San Francisco I _222,0

El Diablo

[

Las Sabinas

—2400

—2200

}

500 —2000

1000 m

NW SE

H Perion de Dilar
Los Panaderos

500 1000 m

Figure 4.2. Geological map and cross sections of the Pefiones de San Francisco area (western part of Sierra
Nevada). Red stars and arrows indicate the location of the samples studied in chapters 5 and 6.
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Figure 4.3. Geological map and cross section of the Giiéjar-Sierra area (western part of Sierra Nevada).

The column in Fig. 4.5 shows the lithological succession of the Nevado-Filabride com-
plex in the Pefiones de San Francisco area (selected as representative for the western part

of the complex in Sierra Nevada).

4.2.1. Previous proposed divisions

The previous cartographies in this sector of the Sierra Nevada strongly differ between
authors. These disagreements are particularly remarkable in the Pefiones de San Francisco
area (Fig. 4.2) and they are discussed in the first place. In the cross section of the Pefo-
nes de San Francisco to Las Sabinas pass (cross section I - I" in Fig. 4.2), Puga (1971)
differentiated two units: the lowermost Sierra Nevada (later named as Veleta unit) and
the Sabinas units. Puga et al. (1974) extended this scheme and identified four units, from
bottom to top: Yeguas (equivalent to Veleta unit), San Francisco, Caldera and Sabinas.

The San Francisco unit was firstly described in this work, and the authors restricted its
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Figure 4.4. Geological map and cross section of the Mount Mulhacén area (western part of Sierra Nevada).

presence to this area of the complex. According to these authors, this unit shares petrolo-
gical and mineralogical similarities with the overlaying Caldera unit. However no clear
differences were provided to support the individualization of the San Francisco unit. Diaz
de Federico et al. (1980) maintained this last division, but Nieto (1996) did not include
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Fig.4.5. (cont.)
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Red arrows indicate the location of the samples studied in chapters 5 and 6.
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the unit of San Francisco, and Puga (1977) and Puga and Diaz de Federico (1978) inclu-
ded the Ophiolite unit between the Sabinas and Caldera units. Galindo-Zaldivar (1993)
did not identify different units in the area but the existence of a continuous lithological
succession. Puga et al. (2002) proposed the existence of two tectonic complexes (Veleta
and Mulhacén) instead of a unique Nevado-Fildbride complex (Fig. 2.4). Their Mulhacén
complex comprises the Caldera, Ophiolite and Sabinas units. Martinez-Martinez et al.
(2002) and Martinez-Martinez et al. (2010) described three units for the Nevado-Filabride
complex in the area: the Ragua, Calar-Alto and Bédar-Macael units (Fig. 2.4). According
to these authors, the contacts between these units are ductile-brittle extensional shear
zones. According to Martinez-Martinez et al. (2010) these shear zones lead to severe
omissions in the sequences from the western area of the complex: the marbles and part
of the light schists from the lower part of the Calar-Alto unit were omitted; whilst the
Bédar-Macael unit preserves dark schists, gneisses, metabasites and marbles, but the light
schists were almost obliterated. Goémez-Pugnaire et al. (2012) provided a succession of
lithological formations in this area: the lower, the Tahal, the metaevaporitic and the Mar-
bles and calc-schists Fms. These authors did not report in this area the presence of the
uppermost rocks for the Nevado-Filabride complex (the Chive formation according their
division, Fig. 2.4).

An example of the discrepancies between the proposed divisions are the differences
in cartographies of Puga et al., (2002) and Martinez-Martinez et al., (2002) in the Pefio-
nes de San Francisco area. Although the rocks attributed to the Veleta complex (Puga et
al., 2002) and La Ragua unit (Martinez-Martinez et al., 2002) are nearly the same (dark
schists and quartzites), no equivalence exists regarding the upper limit of these units. The
Veleta complex widely outcrops in this area, whilst La Ragua unit is not present and the
upper materials of the Veleta unit are included in the Calar-Alto unit of Martinez-Martinez
et al. (2002).

In the Mount Mulhacén area, most of previous divisions have been proposed (Diaz de
Federico et al., 1980; Puga et al., 2002; Martinez-Martinez et al., 2002; Gomez-Pugnaire
et al., 2012) and the discrepancies concerning the extension of the Veleta complex, La
Ragua unit and the lower formation of Goémez-Pugnaire et al. (2012) also lead to an irre-

concilable equivalence.
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In the Gii¢jar-Sierra area, Garcia-Duenas and Navarro-Vila (1979) distinguished be-
tween the Veleta and the Mulhacén units. It is important to note that these authors do
not separate the Mulhacén in different sub-units or formations. By the contrary, they
identified several lithologies (schists, metabasites, gneisses and marbles) not necessary

tectonically superposed.

4.2.2. Lithological succession
The lithological succession of the Nevado-Filabride complex in the Pefiones de San

Francisco area is described below (Fig. 4.5).

4.2.2.1. Dark schists Fm

In the western part of the Nevado-Filabride complex the lowermost rocks are mainly
graphite-bearing dark schists (Fig. 4.6a) pertaining to the Dark schists Fm. Schists are
dark grey- or black coloured and punctually slightly golden coloured. They contain chlo-
ritoid (Figs. 4.6b and inset; 4.6¢), garnet (Fig. 4.6a), tourmaline (Figs. 4.6b and inset) and
epidote (Fig. 4.6a, c). Garnet thickness ranges from 0.5 to 1 cm. Some thin layers (up to

2 m) are garnet-lacking. In the upper part of the formation, in addition to the mentioned

phases, the dark schists contain scarce plagioclase.

Figure 4.6. Backscattered electron images of schists from the Dark
schists Fm (western part of the Sierra Nevada). Abbreviations: Ap
/ (apatite), Chl (chlorite), Cld (chloritoid), Ep (epidote), Gr (graphi-
te), Grt (garnet), Ilm (ilmenite), Pg (paragonite), Phg (phengite), Otz
(quartz), Tur (tourmaline), Zr (zircon).

i
10
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4.2.2.2. Tahal Fm

The contact between the Dark schists and the Tahal Fms is characterized by an alter-
nating of dark schists and quartzites (Fig. 4.5). The thickness of quartzite layers increases
progressively from few meters up to 20 m in the lower part of the Tahal Fm. Remarkably
thicker quartzite levels outcrop in the Pefiones de San Francisco and Giiéjar-Sierra areas
(Figs. 4.2 and 4.3). These rocks include quartz and white mica (phengite and paragonite)

and scarce feldspar.

In the lower part of the Tahal Fm, thin levels of light schists are interbedded with the
dark ones and the quartzites (Fig. 4.5). The occurrence and thickness of the light schists
progressively increases upwards, and reaches hundreds of meters in the Pefiones de San
Francisco and Gii¢jar-Sierra areas (Figs. 4.2 and 4.3). The light schists show chloritoid,
chlorite, kyanite (Fig. 4.7a and inset; 4.7b and inset), tourmaline and epidote. Towards
the top of the formation, the chloritoid, kyanite and tourmaline content in the light schists
decreases and they show garnet (up to 1 cm thick). The dark schists are formed by garnet
(up to 5 mm) (Fig. 4.8a, c, d), plagioclase (Fig. 4.8a-c), epidote (Fig. 4.8a-c), allanite (Fig.
4.8d), tourmaline and scarce chloritoid (Fig. 4.8c). The chloritoid and plagioclase content
strongly varies in the Dark schists being higher in the lower and upper parts of the forma-
tion than in the middle part (Fig. 4.5). The quartzite layers (here with albite and chlorite)
progressively decrease its thickness up to 3 m in the upper part of the Tahal Fm (Fig. 4.5).

" Tahal Fm

Light schists with chloritoid, chlorite, kyanite, tourmaline and epidote

i Figure 4.7. Backscattered electron images of light schists from the
Tahal Fm (western part of the Sierra Nevada). Abbreviations: Cld
(chloritoid), Ilm (ilmenite), Ky (kyanite), Mnz (monazite), Pg (para-
gonite), Phg (phengite), Otz (quartz), Rt (rutile), Zr (zircon).
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S

ahal Fm
Dark schists with garnet, chlorite, plagioclase, epidote and chloritoid

Figure 4.8. Backscattered electron images of dark schists from the
Tahal Fm (western part of the Sierra Nevada). Abbreviations: Aln
(allanite), Ap (apatite), Chl (chlorite), Cld (chloritoid), Ep (epido-
te), Grt (garnet), Ilm (ilmenite), Mnz (monazite), Pg (paragonite),
Phg (phengite), Pl (plagioclase), Otz (quartz), Rt (rutile), Ttn (tita-
nite), Tur (tourmaline).

4.2.2.3. Schists and marbles Fm

In the Schists and marbles Fm, the light schists are remarkably bright and white- or
green-coloured, and show big white mica grains (phengite and paragonite) (Fig. 4.9a-d),
epidote (Fig. 4.9a-c), tourmaline (Fig. 4.9¢, d), big garnet porphyroblasts (up to 2 cm
thick) (Fig. 4.9d), chloritoid (Fig. 4.9a) and kyanite (Fig. 4.9b). There are levels of mi-
cacites of few meters interlayered with the light schists (particularly in the Gii¢jar-Sierra
area, Fig. 4.3). Decametric levels of dark schists are present between the light ones. The
dark schists in this formation show garnet (Fig. 4.10a), biotite (Fig. 4.10a inset), epidote

and allanite. In Pefiones de San Francisco area they also include plagioclase.

In the western part of Sierra-Nevada, the occurrence of metabasic rocks of the Tahal
and Schists and marbles Fms strongly varies between areas. In the Pefiones de San Fran-
cisco and the Mount Mulhacén areas these rocks are common as continuous levels of 2 to
5 m thick, in general preserving general schistosity S2. The levels of gneisses reach thic-
kness of tens of meters and remarkable lateral continuity in the Pefiones de San Francisco

and Mount Mulhacén areas (Figs. 4.2 and 4.4).

Carbonate rocks are present as marble levels of few centimetres to tens of meters thick
in the Tahal and, in particular, the Schists and marbles Fms (Fig. 4.5). They are usually

accompanied by calc-schists. Close to the contact with the overlying Alpujarride com-
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plex, marbles outcrop as remarkably thick banks (up to 30 m) (Fig. 4.5). These rocks are
cream- to bluish coloured, and commonly banded. They are formed by calcite, dolomite
and scarce white mica grains (mainly phengite) following the main schistosity S2. The
marbles are indifferently in contact with light schists, dark schists, gneisses and metabasi-

tes. Calc-schists with abundant phengite and paragonite form thin layers of few centime-

tres interbedded in both light schists and marbles.

Schists and marbles Fm
Light schists with big garnets, chlorite, epidote and
tourmaline (scarce kyanite and chloritoid)

Figure 4.9. Backscattered electron images of light schists from the
Schists and marbles Fm (western part of the Sierra Nevada). Abbre-
viations: Ap (apatite), Chl (chlorite), Cld (chloritoid), Ep (epidote),
Grt (garnet), Ilm (ilmenite), Ky (kyanite), Pg (paragonite), Phg (phen-
1\ gite), Otz (quartz), Rt (rutile), Tur (tourmaline).

)

Schists and mérbles Fm

Darks schists with garnet, chlorite, biotite and epidote

Figure 4.10. Backscattered electron images of dark schists from the
Schists and marbles Fm (western part of the Sierra Nevada). Abbre-
viations: Biotite (bt), Chl (chlorite), Gr (graphite), Grt (garnet), Ilm
(ilmenite), Pg (paragonite), Phg (phengite), Otz (quartz), Rt (rutile),
Zr (zircon).
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4.3. Central part of Sierra Nevada

In the central part of Sierra Nevada it has been studied the area between La Ragua
mountain pass and the S of the village of Bayarcal. This area corresponds to the southern

flank of the general E-W anticline of Sierra Nevada (Fig. 4.11).

4.3.1. Previous proposed divisions

Several divisions proposed for the western part of Sierra Nevada have been also applied
in this area. Initial works include Puga (1971) and Diaz de Federico et al. (1981) who
identified in this sector the Veleta, Caldera and Sabinas units. Galindo-Zaldivar (1993) re-
jected the existence of a division into tectonic units and rather points to a single sequence
for the complex in this area. Puga et al. (2002), Aerden et al. (2013) and Puga et al. (2017)
reported the Veleta complex, the Caldera unit, the Ophiolite unit and the lower part of
the Sabinas unit, these last three included in the Mulhacén complex of Puga et al. (2002).
Martinez-Martinez et al. (2002) identified La Ragua and Calar-Alto units, but excluded
in this area the Bédar-Macael unit (Fig. 2.4). Gomez-Pugnaire et al. (2012) reported the
lower and the Tahal formations of their division, and only locally the Marbles and Calc-

schists formation (Fig. 2.4).

In the central part of Sierra Nevada, most of the studies coincide that the uppermost
rocks of the Nevado-Fildbride pile (equivalent to the Schists and marbles Fm, Fig. 2.4) are
severely reduced or obliterated. As in the western part of Sierra Nevada, in the central part
there are irreconcilable differences regarding the extensions of the proposed units, in par-
ticular for the lower part of the Nevado-Filabride complex. Puga et al. (2002) pointed the
lack of major mineralogical and petrological changes through the sequence of their Veleta
complex. However, the contact between La Ragua and Calar-Alto units of Martinez-Mar-
tinez et al. (2002) is defined inside the Veleta complex of Puga et al. (2002). Likewise, it
is impossible find an equivalence in the extension of La Ragua unit, the Veleta complex

and the lower formation of Gémez-Pugnaire et al. (2012).

4.3.2. Lithological succession
The lithological succession of the Nevado-Filabride in this area is included in Fig.
4.12.
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4.3.2.1. Dark schists Fm

The Dark schists Fm is formed by graphite-bearing black-, dark grey- and brown colo-
red schists (Fig. 4.13a) and layers (tens of meters thick) of dark slates (Fig. 4.13b). In the
lowermost levels of the formation, the dark schists contain chloritoid (Fig. 4.13a and inset
1), epidote (Fig. 4.13a and inset 2) and tourmaline (Fig. 4.13a). Garnet is absent or preser-
ved as small porphyroblasts (up to I mm) usually chloritized (Fig. 4.13a and inset 2). The

garnet content and grain size both increase upwards, whilst chloritoid content decreases.

Dark schists Fm

Dark schists with chlorite, chloritoid, epidote and tourmaline
(scarce garnet)

Figure 4.13. Backscattered electron images of schists from the Dark
schists Fm (central part of Sierra Nevada). Abbreviations: Chl (chlo-
rite), Cld (chloritoid), Ep (epidote), Gr (graphite), Ilm (ilmenite),
Phg (phengite), Pg (paragonite), Pl (plagioclase), Py (pyrite), Otz
(quartz), Tur (tourmaline), Ttn (titanite), Zr (zircon).

In the upper levels of the formation, the dark schists show garnet (up to 8 mm), pla-
gioclase (Fig. 4.14a and inset 1; 4.14b), epidote (Fig. 4.14b) and biotite (Fig. 4.14a and
inset 2). At the top of the formation, dark slate levels are not present and there are felds-
par-bearing quartzites similar to those of the western part of Sierra-Nevada. Quartzite
thickness increases from few centimetres to several tens of meters in the upper part of the

formation.
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400 ym

SRS ¢ Dark schists Fm

Dark schists with garnet, chlorite, plagioclase, biotite and epidote

Figure 4.14. Backscattered electron images of schists from the Dark
schists Fm (central part of Sierra Nevada). Abbreviations: Ap (apa-
tite), Bt (biotite), Chl (chlorite), Ep (epidote), Ilm (ilmenite), Phg
(phengite), Pg (paragonite), Pl (plagioclase), Otz (quartz), Rt (rutile),
Tur (tourmaline).

4.3.2.2. Tahal Fm

The lower part of Tahal Fm is formed by an alternation of dark schists, grey schists,
quartzite banks and thin layers of light schists. The dark schists contain garnet (Fig. 4.15a;
4.15b and inset), chloritoid (Fig. 4.15a and inset; 4.15b and inset) and tourmaline. Tour-
maline content in these rocks decreases upwards. The quartzite banks continue those of

the upper part of the Dark schists Fm (Figs. 4.11 and 4.12).

N

" Tahal Fm

Dark schists with garnet, chloritoid and tourmaline

Figure 4.15. Backscattered electron images of dark schists from the
Tahal Fm (central part of Sierra Nevada). Abbreviations: Ap (apati-
te), Chl (chlorite), Cld (chloritoid), Grt (garnet), Ilm (ilmenite), Mnz
(monazite), Phg (phengite), Pg (paragonite), Py (pyrite), Otz (quartz),
Rt (rutile), Ttn (titanite), Zr (zircon).

46



Description on the lithological succession

The light- and grey schists contain garnet (up to 1 cm) (Fig. 4.16a, d), tourmaline (Fig.
4.16a, b) and scarce chloritoid. In the upper part of the Tahal Fm the dark schists are pro-
gressively replaced by the light ones. Compared with the western part of Sierra Nevada,
marbles layers present lower lateral continuity and thickness in this area. The marbles

contain calcite, dolomite and phengite.

“ m

Light schists with garnet and tourmaline

Figure 4.16. Backscattered electron images of light schists from the
Tahal Fm (central part of Sierra Nevada). Abbreviations: Ap (apati-
te), Chl (chlorite), Cld (chloritoid), Ep (epidote), Gr (graphite), Grt
(garnet), Ilm (ilmenite), Mnz (monazite), Phg (phengite), Pg (parago-
nite), Qtz (quartz), Rt (rutile), Tur (tourmaline), Zr (zircon).

4.4. Central part of Sierra de los Filabres.

In the central part of Sierra de los Filabres is has been studied the lithological succes-
sion outcropping in the village of Velefique. This area corresponds to the northern flank

of the general E-W anticline in Sierra de los Filabres (Fig. 4.17).

4.4.1. Previous proposed divisions

Garcia-Monzoén et al., (1975) proposed the existence of four formations in the Sierra
de los Filabres, from bottom to top: the Nevada, Tahal, Huertecica and Las Casas forma-
tions. According to these authors the contacts between these formations are mostly strati-
graphic in origin, although they could have been tectonically altered later. Vissers (1981)
reported two units, the lowermost Nevado-Lubrin unit and the Chive unit. Garcia-Due-
nas et al. (1988), de Jong and Bakker (1991) and Martinez-Martinez et al. (2010) only
identified the Calar-Alto and Bédar-Macael units (Fig. 2.4). In the area, several authors
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Figure 4.18. Lithological succession and field images of the Velefique area (central part of Sierra de los

Filabres). Red arrows indicate the location of the samples studied in chapter 5.

(e.g. Garcia-Duenas et al., 1988; Martinez-Martinez et al., 2010; Booth-Rea et al., 2015)

includes the contact between the Calar-Alto and Bédar-Macael units in a synmetamorphic

shear zone (the Marchal shear zone, 500 m thick). According to Martinez-Martinez et al.
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(2010), both units reach significantly bigger thickness in this area, than in the western part
of the Nevado-Fildbride complex. Despite Martinez-Martinez et al. (2010) did not report
the Ragua unit in the area, authors as Puga et al. (2002) and Goémez-Pugnaire et al. (2012)

accept in the area the existence of the dark schists from the lower part of the complex.

4.4.2. Lithological succession

The Nevado-Filabride lithological succession of this area is included in Fig. 4.18.

4.4.2.1. Dark schists Fm

In this area widely outcrops the Dark schists Fm including a monotonous succession
of graphite-bearing dark schists and quartzites (Figs. 4.17). In the lowermost part of the
studied succession the schists show chlorite (Fig. 4.19a), usually as stacks up to 1.5 mm
thick (Fig. 4.19b and inset), small garnets (up to 0.2 mm thick) (Fig. 4.19a), tourmaline
and variable content of biotite. Towards the top of the formation the schists are dark grey-,
grey-, or brown colored, and show plagioclase (Fig. 4.20a-c), and variably content of gar-
net porphyroblasts (up to 0.5 mm thick), tourmaline (Fig. 4.20b) and epidote (Fig. 4.20c;
4.21b and inset). Close to the contact with the Tahal Fm the garnet size increases up to 3

mm (Fig. 4.21a and inset), and plagioclase is not present. Quartzites from the upper part

of the formation include quartz and white mica (phengite and paragonite).

Figure 4.19. Backscattered electron images of schists from the Dark
schists Fm (central part Sierra de los Filabres). Abbreviations: Chl
(chlorite), Grt (garnet), Ilm (ilmenite), Phg (phengite), Pg (paragoni-
te), Otz (quartz), Rt (rutile).
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y RO
1\‘ |

Da rk SCh |StS F m Dark schists with plagioclase, garnet, chlorite, tourmaline and epidote

Figure 4.20. Backscattered electron images of schists from the Dark schists Fm (central part Sierra de los
Filabres). Abbreviations: Ap (apatite), Bt (biotite), Chl (chlorite), Cld (chloritoid), Ep (epidote), Grt (gar-
net), Ilm (ilmenite), Phg (phengite), Pl (plagioclase), Qtz (quartz), Tur (tourmaline).

:Dark schists Fm

i Dark schists with garnet, chlorite and epidote

Figure 4.21. Backscattered electron images of schists from the Dark
i schists Fm (central part Sierra de los Filabres). Abbreviations: Ap

: (apatite), Chl (chlorite), Ep (epidote), Grt (garnet), Ilm (ilmenite), Phg
‘phengite), Pg (paragonite), Qtz (quartz), Zr (zircon,).

4.4.2.2. Tahal Fm
The lower part of the Tahal Fm is formed by dark schists with garnet similar to tho-

se of the Dark schists Fm. The upper part of the formation is mostly formed by light
grey schists with intercalations of levels of fine-grained bluish-schists (Fig. 4.22a, b) and
quartzites. The light grey schists and the bluish-schists contain quartz, phengite, parago-
nite and chlorite (Fig. 4.22a, b). The Schists and marbles Fm outcrops northwards (not

studied in this area).

50



Description on the lithological succession

Tahal Fm Fine dark schists
Figure 4.22. Backscattered electron images of schists from the Tahal Fm (central part Sierra de los Fila-
bres). Abbreviations: Ap (apatite), Chl (chlorite), Ilm (ilmenite), Phg (phengite), Qtz (quartz), Rt (rutile),
Tur (tourmaline).

4.5. Eastern part of Sierra de los Filabres.

In order to investigate the Nevado-Fildbride succession in the eastern part of the Sierra

de los Filabres it has been selected the area around the village of Lubrin (Fig. 4.23).
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Figure 4.23. Geological map of the Lubrin area (eastern part of Sierra de los Filabres).
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4.5.1. Previous proposed divisions

In this area is one of the most noteworthy exposures of the upper part of the Neva-
do-Filabride complex (Figs. 4.23). Garcia-Monzon and Kampschuur (1975) reported in
this area the Nevada (which covers materials approximately equivalent to those of Veleta
complex of Puga, 2002), Tahal, Huertecicas and Las Casas formations. According to these
authors, the contact between the Nevada and Tahal formations is stratigraphic, whilst the
contact between the Tahal and Huertecicas, and the Huertecicas and Las Casas is nowa-
days mostly tectonic, but probably stratigraphic in origin. Martinez-Martinez et al. (2002)
distinguished in the area the Calar-Alto and Bédar-Macael units (Fig. 2.4). According to
these authors, this Bédar-Macael unit is almost completely affected by the Marchal shear
zone. Puga et al. (2002) and Puga et al. (2017) reported the Mulhacén complex, whilst
Gomez-Pugnaire et al. (2012) identified the Tahal, the metaevaporitic, the marbles and
calc-schists and the Chive formations (Fig. 2.4). Therefore, most of the authors did not

recognize the lower part of the complex in the area.

4.5.2. Lithological succession

The lithological succession outcropping in this area starts with the rocks attributed to
the Tahal Fm (Fig. 4.24).

4.5.2.1. Tahal Fm

The lower part of the formation is a thick alternation of dark and light schists. Both
rocks are formed by chloritoid, and variable content of garnet, plagioclase, amphibole,
epidote and kyanite; with decametric layers of grey to white quartzites with white mica
(phengite) chlorite and scarce epidote. The upper part of the Tahal Fm includes thin mar-
bles levels with calcite, dolomite, phengite and paragonite (Fig. 4.24).

4.5.2.2. Schists and marbles Fm

The lower part of the Schists and marbles Fm includes an alternation of marbles, calc-
schists, light schists and metabasite levels and few thin levels of dark schists (Fig. 4.24).
The metabasite bodies appear as 20 to 50 m thick layers with a remarkable lateral conti-
nuity, or as thin levels of few centimetres interlayered in light schists, marbles and calc-
schists. Most of the bigger metabasic bodies preserve a basaltic texture in the inner part,
whilst the border is clearly metamorphic. Several levels, described as ultramafic rocks

(e.g. Puga et al., 2002; Puga et al., 2017) contain thin layers of schists and few marbles.
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The upper part of the Schists and marbles Fm is mainly formed by light schists
with garnet up to 5 mm thick, green light schists with amphibole, calc-schists and dark
schists (Fig. 4.24). In these rocks the kyanite, epidote and tourmaline content strongly
varies between sectors. The formation culminates with marbles banks up 100 m thick.
These rocks contain albite and amphibole, and are white-, yellow-, bluish- or brownish-
coloured. Commonly they include metric levels of calc-schists (sometimes with garnet)

or impure marbles.

It is remarkable the presence in the area of a metagranite body up to 6 km width,
and more than 400 m thick, which lower part does not outcrop. The body intrudes the
previous described materials (Fig. 4.23), and is partially covered in some sectors by the
uppermost rocks of the Schists and marbles Fm. Additionally, there are sectors showing
thinner gneiss levels of tens of meters mainly interbedded with light schists from the

Schists and marbles Fm (e.g. in the village of Bédar, Fig. 4.23).

4.6. Summary and conclusions

The Nevado-Filabride complex shows comparable lithological successions in the
all the studied areas. The Fig. 4.25 summarizes the results presented in this chapter by
including the lithological columns for the western and central part of the Sierra Nevada
and the eastern and central part of Sierra de los Filabres. In this figure is proposed a
lithologic correlation between the Nevado-Fildbride formations identified in the areas

of study.

In the sierras Nevada and Filabres, the Dark schists Fm is characterized by a mono-
tonous formation of graphite-bearing dark schists and quartzites. The lowermost schists
of this formation (widely outcropped in La Ragua and Velefique areas) are fine grained
and include scarce small garnets. Upwards the grain size of the schists increases, and
these rocks show plagioclase, epidote and tourmaline. Close to the contact between the
Dark schists and Tahal Fms, in the central and western parts of Sierra Nevada area, the
plagioclase content decreases, and chloritoid increases. In Sierra de los Filabres area
it has not been found the chloritoid-bearing schists. The uppermost meters of the Dark
schists Fm is formed by an alternation of dark schists and quartzites. The quartzite thic-

kness increases upwards from the order of centimeters to tens of meters.
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The upper part of the complex is formed by a succession of several lithologies included
in the lower Tahal and the Schists and marbles Fms. The main difference existing between
these Fms is the occurrence and thickness of marbles, metabasites and gneisses. In gene-
ral, the studied lithological successions (particularly in the Western part of Sierra Nevada)
show several metabasite bodies in the Tahal Fm, whilst the Schists and marbles Fm show

thicker gneisses and marbles.

The lowermost part of the Tahal Fm is formed by an alternation of dark schists, quartzi-
tes, and thin levels of light schists. Dark schists are similar to those of the Dark schists Fm
(i.e. mostly chloritoid-bearing schists) and light schists show chloritoid, tourmaline, epi-
dote and kyanite (this last phase observed in the western part of the Sierra Nevada area).
The alternation of schists and quartzites existing in the contact between the Dark schists
and Tahal Fms is common through the Nevado-Fildbride complex (see the western and
central parts of Sierra Nevada and the central part of Sierra de los Filabres in Fig. 4.25).
This contact is mostly stratigraphic and points to a transition between both formations ra-
ther than a tectonic contact. The upper part of the Tahal Fm show dark schists with garnet,
epidote and tourmaline and variable content in chloritoid, plagioclase and allanite; light

schists with garnets; marble and calc-schists layers; metabasite bodies and quartzites.

The Schists and marbles formation is characterized by the presence of thick levels of
light- grey- and dark schists and marbles. The light schists include big garnet porphyro-
blasts, epidote, tourmaline and variable content of kyanite, chloritoid, plagioclase and
amphibole (this last only found in the eastern part of Sierra de los Filabres). The marbles
contain white mica (phengite and paragonite) and are remarkably thick (tens of meters) in
the uppermost part of the formation, close to the contact with the Alpujarride complex. In
the Schists and marbles Fm, the thickness of the dark schists is comparatively lower than
in the underlying formations. These schists include garnet, epidote and variable content
of plagioclase and allanite. In both the western part of Sierra Nevada and the eastern part

of Sierra de los Filabres outcrop several layers of gneisses.
The main reason which have led to the differentiation of the complex in various struc-

tural units (e.g. Puga and Diaz de Federico, 1976; Puga et al., 2002) is the difference in

metamorphism conditions between the upper and lower part of the complex. An essential
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question to check the existence of these divisions is to determinate how are the contact
between the supposed units in the field. The observations during fieldwork showed that
the contact between the different proposed units or complexes do not occur as lithological
“jumps”, but as a transition. For example, the supposed contact between the Veleta and
Mulhacén complexes of Puga et al. (2002), mostly equivalent to the Dark schists Fm, and
the Tahal and Schists and marbles Fms respectively, is characterized by the occurrence of
quartzite levels and light schists interbedded in the dark ones. Towards the upper part of
the Nevado-Fildbride complex, the light schists are progressively more abundant, and the
dark schists decrease (but do not disappear). No proves have been found of the existence
of large shear zones in the Nevado-Fildbride complex units as previously proposed by
Martinez-Martinez et al. (2002). Conversely, the shear zones found during the study are
interpreted as local and not as generalized structures. The results presented in this chapter
lead to a continuous lithological sequence rather than a succession divided in different

tectonic units.
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Chapter 5

SHRIMP U-Pb detrital zircon dating

5.1. Introduction

An essential topic in the study of lithological successions is the age dating of rocks
which allow geologists to accomplish a better understanding of the processes leading to
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 usua-
lly occurs in metamorphic and igneous rocks, age determinations based on radiometric
dating methods are usually implemented in the studies (e.g. dating methods based on Rb-

St, Sm-Nd, U-Th, U-Pb, etc).

U-Pb geochronology applied to zircon is widely used nowadays to estimate probable
age constraints in lithological successions. This is due to the remarkable resistance of zir-
con grains to deformation and metamorphism processes, and the consequent abundance of
this mineral in sedimentary, metamorphic and igneous rocks (e.g. Fedo et al., 2003; Dic-
kinson and Gehrels, 2009; Diez-Fernandez et al., 2010; Gehrels 2012, 2014; Meinhold et
al., 2013; Schoene, 2014; Litty et al., 2017; Pérez-Caceres et al., 2017; Thomson, 2017).
Dating of zircons formed in metamorphic and igneous rocks allows estimating the age of
geological events involving the hosting rock (e.g. metamorphic stages during orogenies,
intrusion of igneous bodies, etc.). In sedimentary and metamorphic successions, dating of
inherited detrital zircons can be used for determining the most likely maximum age of de-
position (MDA) of the sedimentary protolith. This interpretation relies in the assumption
that the inherited zircons must have grown before the deposition of the hosting sedimen-
tary protolith. Accordingly, dating of these zircons yields necessary a maximum age for

the deposition event. This interpretation is based on the identification of the youngest age
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population and requires a large number of analyses to ensure the results to be statistically
representative (e.g. Andersen, 2005; Fedo, 2003; Gehrels, 2012). Ion microprobe (SIMS)
and Laser Ablation Inductively Coupled Plasma Mass Spectrometry (LA-ICP-MS), which
both 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 these methods), constitute
optimal tools in order to determinate the most probable MDAs. The determination of age
populations in samples from different lithologic sequences allows comparison between
them, and provides results useful to verify or reject proposed sub-divisions which have
been previously based on lithological and tectonic criteria (e.g. Ronadh et al., 2004; Kir-
kland et al., 2008).

The radiometric age determinations in the Nevado-Filabride complex have been main-
ly based on meta-igneous rocks (mostly gneisses) (section 2.3.5) resulting from igneous
intrusive events (Priem et al., 1966; Puga and Diaz de Federico, 1976; Andriessen et al.,
1991; Nieto, 1996; Nieto et al., 1997; Gémez-Pugnaire et al., 2000; Gémez-Pugnaire
et al., 2004; Martinez-Martinez et al., 2010; Goémez-Pugnaire et al., 2012; Ruiz-Cruz
and Sanz de Galdeano, 2017). These rocks were intruded after the sedimentary protolith
deposited, accordingly the age estimations obtained from meta-igneous rocks can only
provide minimum deposition ages (mDA) for the complex. Additionally, the studies based
on meta-igneous rocks have been mainly focused in the Tahal and Schists and marbles
Fms, due to the scarcity of these rocks in the Dark schists Fm. Therefore a comparison
between radiometric ages from the upper part of the complex with those of the lower
part has remained incomplete. Until recent times, the dataset of detrital zircon ages was
limited to the study of a tourmaline-rich mica-schist sample situated in the Tahal Fm (see
Gomez-Pugnaire et al., 2012, sample PC-3, which yielded **°Pb/>*U dates at ~336, ~700
and ~2050 Ma). Recently, Santamaria-Lopez and Sanz de Galdeano (2018) and Jabaloy et
al. (2018) have yielded new U-Pb dating on inherited detrital zircons from the Nevado-Fi-
labride schists. These studies allowed for the first time to estimate MDAs for the protolith
of the Nevado-Filabride schists.

In this chapter are presented and discussed the results of the SHRIMP U-Pb detrital

zircon dating carried out during the Ph.D. Thesis, and published in the International Jour-

nal of Earth Sciences journal (Santamaria-Lopez and Sanz de Galdeano, 2018). The com-
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parison of the age populations obtained in samples from different areas of the complex
and parts of their lithological sequence have been used to check the proposed divisions
traditionally based on tectono-metamorphic observations (e.g. de Jong 1991, 1993; Mar-
tinez-Martinez, et al., 2002; Puga et al., 2002; Augier et al., 2005a; Behr and Platt, 2012;
Booth-Rea et al., 2015;).

5.2. Description and localization of schist samples

Eight mica-schist samples have been studied: SF-1, SF-2, RA-1, RA-2, RA-3, VE-1,
VE-2 and VE-3. Samples SF-1 and SF-2 were collected in the Pefiones de San Francisco
(see Figs. 4.1 and 4.2); samples RA-1, RA-2, in La Ragua area (see Figs. 4.1 and 4.11);
and samples VE-1, VE-2 and VE-3 in the Velefique area (see Figs. 4.1 and 4.17). Their
stratigraphic relative positions are shown in the schematic lithological succession in Fig.
4.25. The UTM coordinates of the samples are given in Appendix 1. It is important to note
that VE-1 and RA-1 were taken in the lower outcropping part of the Dark schists Fm in the
Sierra de los Filabres and Sierra Nevada respectively; i.e. the lower visible points of the
lithological sequence studied in this Ph.D. Thesis. 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 position of the Nevado-Fildbride complex succession studied in this Ph.D.

Thesis; i.e. in the Schists and marbles Fm visible in the Pefiones de San Francisco area.

The studied samples are dark-gray schists, with the exception of VE-3 being a fi-
ne-grained bluish-schist. The major mineral phases are quartz, phengite, paragonite,
and chlorite. Chloritoid is in samples SF-1, RA-1; garnet in samples SF-2, RA-2, RA-3;
and epidote and allanite in samples SF-2, RA-2, RA-1. Graphite, biotite, apatite, ilme-
nite, rutile, xenotime, and zircons appear as minor phases. Zircons grains were obser-
ved both in the matrix and as inclusions in other minerals such as garnet, phengite and

paragonite.

5.3. Zircon morphology and inclusions

5.3.1. Zircon morphology
In Fig. 5.1 is shown a selection of optical images of the several zircon grains. Optical

and CL images of all studied zircons are supplied in Appendix 3.
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The zircons from the Pefiones de San Francisco samples are commonly anhedral or
subhedral. The occurrence of euhedral grains is occasional. The grain size differs between
the samples of this area: sample SF-1 exhibits sizes between 60 and 200 um, and in SF-2
between 40 and 120 um. Some green- and pink-colored grains occur in sample SF-1 (Fig.
5.1a, ¢) but generally the grains are colorless, and transparent (Fig. 5.1b) or translucent

(Fig., 5.1¢).

The zircons from La Ragua area samples are anhedral or subhedral (Fig. 5.1d, f). In
all samples, the grain size is between 60 and 200 um. In general, they are translucent or
transparent, and colorless (Fig. 5.1d). There are few green-, pink-, blue- and brown-colo-

red grains (Fig. 5.1e, ).

In the Velefique area the studied zircons are anhedral (Fig. 5.1g) or subhedral (Fig.
5.1h). The size of zircon grains varies between 10 and 180 um. Samples VE-1 and VE-2

Figure 5.1. Selection of optical images of zircons from Penones de San Francisco area (a, b, ¢), La Ragua
area (d, e, f) and Velefique area (g, h). Scale bars correspond to 100 um.
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include a population of elongated grains up to 300 um long (Fig. 5.1h). The grains are
mainly colorless, and transparent or translucent, although some opaque grains are also

observed in sample VE-2 (Fig. 5.1g).

5.3.2. Deciphering the origin of zircons

Only inherited zircons can be used for determining the MDA of the sedimentary proto-
lith. Indeed, the zircon grains identified as igneous in origin were necessarily inherited in
the Nevado-Filabride protolith. Alike, metamorphic grains formed before metamorphism
of the sedimentary protolith can be used for the MDA estimation. Conversely, as it was
pointed in the introduction, metamorphic zircons formed after the deposition of sediments
should be discarded. The use of CL images of the zircon has proved to be a useful tool in
order to determine the possible former origin. This is based on the interpretation of the
zoning preserved in the grains (Corfu et al., 2003; Rubatto and Scambelluri, 2003; Wu
and Zheng, 2004; Belousova et al., 2006). Besides, the rounded edges observed in several
grains can be interpreted as proving of sedimentary transport (i.e. inherited) regardless of

their former origin (Gértner et al., 2013).

In the CL images the most common texture observed in the core and rim has been an
oscillatory zone (in some cases slightly blurred) (Figs. 5.2 and 5.3), which usually su-
pports 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 me-
tamorphic recrystallization process (see below) (Corfu et al., 2003; Hoskin and Schalteg-
ger, 2003). In a few cases the observed oscillatory zone can be slightly deformed, leading

to convolute zoning (cores in Fig. 5.2f, j).

Few zircons show a xenocrystic core surrounded by variably well-preserved oscilla-
tory zoned rims (Fig. 5.2n; Fig. 5.3k, I, m, o). In some cases the rim preserves radial frac-
tures formed by the expansion of a U-rich core due to metamictization process (Fig. 5.31)
(Corfu et al., 2003; Ewing et al., 2003). However, in other examples the zircon preserves
a U-rich rim, not fractured (Fig. 5.3k). The origin of xenocrystic cores cannot always be
deduced, but few of them show abrasion on their edges (Fig. 5.3k). In these cases, xeno-
crystic cores should probably record a detrital episode after its formation, followed by the

new rim growth. Accordingly, these grains can be interpreted as inherited.
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Some zircons can be recognized as metamorphic zircons based on textural features
pointing to this origin (e.g. Rubatto 2002, 2017; Wu and Zheng 2004). These characteris-
tics include the anhedral morphology of the zircon grain and features in the CL images
as: weak zoning (Fig. 5.3m), the presence of no-zoned patches (arrows in Fig. 5.2c, e, k,
1, p; Fig. 5.3a, g, h, 1, ], k, I, m, n, p), and fir-tree zoned areas (bottom side of the grain in
Fig. 5.3d). Additionally to textural characteristics, it has been found zircons yielding Th/
U<O0.1, these being commonly attributed to metamorphic zircons (Rubatto, 2001). Howe-
ver, several examples of metamorphic zircons with Th/U>0.1 have also been documen-
ted (see Rubatto, 2017 and references herein). The Alpine metamorphism which affected
the Nevado-Filabride complex has been dated as Oligocene and/or Miocene (see section
2.3.3.2). In this sense, probably the thin external no-luminescent rims (Fig. 5.2e¢, 1, m, o;
Fig. 5.3a, b, e, f, 1, m, n) were formed during metamorphism, and accordingly they were

ignored in the SHIRMP study.

Sample SF-1 Sample SF-2 Sample RA-1
' 272.6+1.8

»

 NHé
&,

e

304.2x4.4

Figure 5.2. Selection of cathodoluminescence images of zircons yielding Permian and Carboniferous
206ph/238U zircon ages. 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 um.
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Sample SF-1
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Figure 5.3. Selection of cathodoluminescence images of zircons yielding pre-Carboniferous *""Pb/>*U zir-
con ages. 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 um.

Finally, no-luminescent spots (Fig. 5.2b, e, f, j, 1, m, n, o, p; Fig. 5.3f, g, h, j) have been

attributed to inclusions (see below).

5.3.3. Description of zircon inclusions

BSE images combined with EDX analyses allowed to determine the morphology, size,
and composition of the inclusions. In zircons from sample SF-1, there are quartz inclu-
sions with a size <20 um in diameter, (Fig. 5.4a), apatite <25 pum (Fig. 5.4a and insets),
and xenotime <30 pum (Fig. 5.4b and inset). Sample SF-2 zircons show inclusions of

quartz with a size <15 pm in diameter (Fig. 5.4c), phengite <30 um (Fig. 5.4¢ inset), pa-
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Sample SF-1

Sample SF-2

Fracture

Figure 5.4. Selection of backscattered electron images of the zircons showing the most significant inclusions

observed. Abbreviations: Qtz (quartz ),Phg (phengite), Ap (apatite), Xtm (xenotime), Chl (chlorite), Mnz
(monazite), Pg (paragonite), Rt (rutile), Ep (epidote), Ab (albite). Scale bars correspond to 50 pum.
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ragonite <30 um, apatite <12 pm, albite (<10 pm), and xenotime <10 um. The zircons in
sample RA-1 have common quartz inclusions (particularly in the youngest age zircon
populations) with a size <45 um in diameter (Fig. 5.4d-e) and, to a lower extent, chlorite
<7 um (Fig. 5.4e). Zircons in sample RA-2 have inclusions of quartz with a size <40 um
in diameter, phengite <6 um (Fig. 5.4f), apatite <25 um (Fig. 5.4f and inset; Fig. 5.4g),
and monazite <30 um (Fig. 5.4g and inset). In sample RA-3, quartz inclusions were
found with a size <10 um in diameter, apatite <20 um and paragonite <4 pm (Fig. 5.4h).
The main inclusions present in zircon grains from sample VE-1 are quartz (5-10 um)
(Fig. 5.4j) and apatite (4 um) (Fig. 5.4i-j). Rutile inclusions <5 pum are less common
(Fig. 5.41). Sample VE-2 zircons exhibits quartz as main inclusion, showing a wide va-
riability of sizes. In general, quartz inclusions are small, <7 um in diameter (Fig. 5.4k-
1) but a few other ones are significantly larger (e.g. 75 um in the zircon grain shown in
Fig. 5.4m). Apatite (< 8 um) (Fig. 5.41-m), xenotime (5 um) (Fig. 5.4k and inset 1) and
epidote (5 um) (Fig. 5.4k and inset 2) inclusions were also found. In sample VE-3, the
inclusions are quartz < 25 um (Fig. 5.40-p), apatite <15 um (Fig. 5.40-p), chlorite < 20
um (Fig. 5.4n and inset), albite <15 um (Fig. 5.4n) and phengite of 5 pm (Fig. 5.4p and
inset). The zircons studied in the eight samples exhibit holes, tentatively attributed to
fluid inclusions, or fractures on the surface (e.g. Fig. 5.4k, m, o). Some of these holes

have been filled by gold coating in the images.

5.4. Geochronology results

Below it is summarize the SHRIMP 2°Pb/**U zircon ages provided from each sam-
ple and grouped by age populations. The distribution histogram and the KDE plots are
shown in Fig. 5.5 for the lower part of the complex (Dark schists Fm) (samples SF-1,
RA-1, RA-2, VE-1 and VE-2), and Fig. 5.6 for the upper part of the complex (samples
RA-3 and VE-3 from the Tahal Fm; and sample SF-2 from the Schists and marbles Fm).
In Figs. 5.5 and 5.6 the age populations obtained after mixture modelling are marked for
each sample (arrows). Appendix 4 and Appendix 5 correspond to the SHRIMP results,
and the Wheterill plots respectively.

The majority of the analyses were acquired on the outermost rim of each zircon grain

(excluding the last Alpine metamorphic event). Some zircon grains were analyzed twice

for core and rim. In most cases, the ages obtained for these two domains are different,
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but sometimes core and rim analyses yield the same age within error. Zircon grains
that may have lost lead, according to the high U concentration observed (>3000 ppm),
were therefore rejected from the analyses. Analyses with a discordance value > 10%

were discarded.

5.4.1. Lower part of the complex

5.4.1.1. Sample SF-1°"Pb/3*U 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 997.543.2 Ma; and several Paleoproterozoic analyses define
an age population at 2004+4.3 Ma (Fig. 5.5a).

5.4.1.2. Sample RA-1 *"*Pb/***U 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. 5.5b).

5.4.1.3. Sample RA-2 ***Pb/***U 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 by a smaller population at 982.34+2.9 Ma. Finally, a minor

amount of analyses show Paleoproterozoic ages (Fig. 5.5¢).

5.4.1.4. Sample VE-1 *"*Pb/?**U 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
338+4 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 Ma, and
1875.24+4.9 Ma. There is some representation of Archaean ages (Fig. 5.5d).
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Figure 5.5. Distribution histogram (blue bars)
and kernel density estimates (black lines) showing
the "Pb/?3U zircon ages obtained from the Dark
schists Fm samples (SF-1, RA-2, RA-1, VE-2, VE-
1). Arrows mark the age populations after mixture
modelling. Circles in the lower part of each diagram
represent individual analyses. Diagrams have been
calculated with DensityPlotter version 8.0 (Ver-
meesch 2012) by using lead uncorrected *“Pb/?5U
ages and one sigma level errors.

5.4.1.5. Sample VE-2 *"*Pb/***U 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 analysis, 326+4

Ma, is included in an age population of 336.9+1.4 Ma, closer to a probability peak at
478.9+1.4 Ma. A smaller age population is found at 958.8+2.5 Ma (Fig. 5.5¢).
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5.4.2. Upper part of the complex

5.4.2.1. Sample SF-2 *"Pb/***U 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

23241 Ma. In this sample, analyses defined an age population at 269.6+0.9 Ma, followed

by a prominent age population at 601.2+0.9 Ma (Fig. 5.6a).

5.4.2.2. Sample RA-3 *"*Pb/***U 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 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. A remarkable Paleoproterozoic popu-
lation is observable at 2088+11 Ma (Fig. 5.6b).

601.2£0.9
(73.946.5%)

269.6+0,9
(13+5%)

1091.952.4 a

(13+8.2%)

’ SF-2
n=46

S >
T T B O

@

IS

B

0000 CIEmD@O OO0 @ o
AR R RN R RN

o

0 300 600 900 1200 1500 1800 2100 2400 2700 3000
Age (Ma)
614.8+1.1
(52.246.1%)
327.511.5' 917.5+2.9 1986.7+6.5 C
(10.4+3.7%)1 (16.4+4.5%) (11.9+4%)

N
J

VE-3
n=67

o
N

[ I A

2640.349.3
(9+9.3%)

!

awo O

=]

EN

o

OO0 COUENID OO (B0
N N N RN RN RN

0 300 600 900 1200 1500 1800 2100 2400 2700 3000 3300
Age (Ma)

[e] amoO

70

602.1+3.1 2088+11
(30.616.6%) (26211%)

334.6£2.9 999.315.3 b
(10£4.2%) (22.646%)

0 — @D OCOMMID @D OBMD

© O 000mO [ele]
R N NN RN

0 300 600 900 1200 1500 1800 2100 2400 2700 3000

Age (Ma)
Figure 5.6. Distribution histogram (blue bars) and
kernel density estimates (black lines) showing the
206pp/238U zircon ages obtained from the upper part
of the complex samples: SF-2 (Schists and marbles
Fm); and RA-3, VE-3 (Tahal Fm). Arrows mark the
age populations after mixture modelling. Circles in
the lower part of each diagram represent individual
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errors. Analyses with discordance >10% were dis-
carded.
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5.4.2.3. Sample VE-3 *"*Pb/***U 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
1s 614.8+1.1 Ma, and is followed by small populations at 917.5+ 2.9, 1986.7+6.5 and
2640.349.3 Ma (Fig. 5.6¢).

5.5. Discussion on the geochronology results

5.5.1. Age of the deposition of the protolith of the schists

The youngest age populations that are statistically significant (formed by number of
analyses > 3) for each sample are shown in Table 5.1. The youngest age populations iden-
tified in the lowermost sample in both the upper and lower parts of the complex can be

used in order to estimate MDAs.

Youngest age

Sample ’ Formation
population (Ma)

SF-2 269.61£0.9 Schists and marbles Fm
Upper part of

RA-3 334.6+2.9 Tahal Fm the complex

VE-3 327.5¢1.5

SF-1 354.7+1.9

RA-2 338.9+1.1

RA-1 524.1+1.1 Dark schists Fm Lower part of
the complex

VE-2 336.9+1.4

VE-1 349.1+1.6

Table 5.1 Youngest statistically significant age populations obtained in the studied samples

In the lower part of the complex four of the five samples (SF-1, RA-2, VE-1 and VE-2)
show Carboniferous youngest age populations (Table 5.1). In particular, the sample VE-1
which was taken in the lowest part of the Dark schists Fm shows a youngest age popula-
tion of 349.1£1.6 Ma. This age can be interpreted as the most probable MDA for the lower

part of the complex in Sierra Nevada and Sierra de los Filabres.
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In the upper part of the complex two of the three samples show Carboniferous youn-
gest age populations (RA-3 and VE-3) (Table 5.1). Sample RA-3 was taken in the
lowermost position and the youngest age population in this sample is 334.6+2.9 Ma.
Accordingly it can be interpreted as the most probable MDA for the upper part of the

complex in Sierra Nevada and Sierra de los Filabres.

In samples SF-2 and RA-1 the number of Carboniferous analyses is insufficient
(n<3) to define statistically representative age populations. Nevertheless, a Carbonife-
rous participation is still present in these two samples (Figs. 5.5b and 5.6a), and are in

line with the previous Carboniferous estimations in other samples.

5.5.2. Interpretation of older age populations and similarity between the upper and
lower parts of the complex

In addition to the Carboniferous age populations, other common age populations
have been identified. All the samples show a clear domain ranging at ca. 480-615 Ma
(Cambrian-Ediacaran). All samples, and to a lower extent the sample SF-2, exhibit an
age population at ca. 910-1010 Ma (Tonian-Stenian). In samples SF-1, RA-3, VE-1 the-
re is a particularly relevant age population at ca. 1800-2000 Ma, also present in samples
RA-2, VE-2 and VE-3, almost absent in sample RA-1 and absent in sample SF-2. These
last two samples reported few analyses >1200 Ma, insufficient to define age popula-
tions. Finally, there is a representation of Archaean analyses ca. 2600 Ma in all samples,

although it is remarkable only in sample VE-3.

The similarity between various population ages in samples attributed to the lower
part of the complex (samples SF-1, RA-1, RA-2, VE-1 and VE-2), and the upper part
(samples SF-2, RA-3 and VE-3,) implies a common source area (or areas) for the detri-
tal zircons. However it is important to note that samples SF-1 and RA-1 did not yielded
identical age patterns compared the other samples. The reason is probably the lower
number of analyses obtained from these two samples (52 in sample SF-2, and 48 in
sample RA-1).

72



SHRIMP U-Pb detrital zircon dating

5.5.3. Comparison with previous dating. Geological implications

5.5.3.1. Lower part of the complex

The lack of radiometric dating based in igneous rocks in the Dark schists Fm prevents
to compare the MDA estimated for this formation (349.1+1.6 Ma) with any existing mDA.
No-radiometric estimations for this formation include pre-Cambrian (Gomez-Pugnaire,
1981) and Devonian (Lafuste and Pavillon, 1976; Laborda-Lopez et al., 2015) fossils
from the eastern part of the Betic Cordillera, older than youngest ages populations in sam-
ples SF-1, RA-2, VE-1 and VE-2, and in any case similar to sample RA-1 youngest age
population. A possible explanation is that these fossils were taken in deeper levels of the
formation, which do not outcrop in Sierra Nevada and Sierra de los Filabres. In Sierra de
Baza, Rodriguez-Cafiero et al. (2018) identified early Bashkirian (323.2+0.4 to 315.2+0.2
Ma) conodont fauna slightly younger that the age populations presented here. These difte-
rences are not incompatible because detrital zircons can be older than the fauna included
in the sediment. Jabaloy et al. (2018) yielded SHRIMP U-Pb data from detrital zircons
obtained in four samples of schists taken in the western Sierra de los Filabres area. These
authors assign the samples to the Aulago unit (mostly equivalent to the Dark schists Fm)
and proposed a MDA of 359+5 Ma for the lower part of the complex. This age mostly
coincides with the MDA proposed in this Ph.D. Thesis for this part (349.1+1.6 Ma). Older
age populations yielded by these authors are: Ediacaran (~596 Ma), Cryogenian (~788
Ma), Late Stenian (1031 Ma), Paleoproterozoic (1810 and 1910 Ma) and Neoarchean
(~2620 Ma). With the exception of the Cryogenian populations, our age patterns resem-
ble the results of Jabaloy et al. (2018). Although, analyses yielding Cryogenian dates are
present in the samples from the Dark schists Fm, they are insufficient to define an inde-
pendent age population. In this sense the patterns presented here are similar to the sample

SN-31b of Jabaloy et al. (2018) which does not present this age population.

5.5.3.2. Upper part of the complex

The youngest age populations in the upper part of the complex (Tahal and Schists
and marbles Fms) (Table 5.1), have been compared with the ages determined for these
formations in previous works. Recent studies have been oriented to dating of zircons
included in orthogneisses. Age estimations comprise: Gomez-Pugnaire et al. (2000) of
247+11 Ma in the central part of the complex; Gomez-Pugnaire et al. (2004) of 301£7
Ma, and Martinez-Martinez et al. (2010), of 304+23 and 314+7 Ma in the western part of
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Sierra Nevada; and those of Gomez-Pugnaire et al. (2012), of 282+5 to 295+3 Ma, and
Ruiz-Cruz and Sanz de Galdeano (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.

Jabaloy et al. (2018) yielded LA-ICP-MS data from detrital zircons obtained in four
schist samples taken in the eastern Sierra de los Filabres area (close to the Velefique area,
sample VE-3). These authors assign these samples to the Tahal Fm. The youngest popu-
lations they obtained show 2*°Pb/?*8U ages ranging between 274+3 and 295+3 Ma. Accor-
dingly they proposed an Early Permian MDA for this formation. These age populations are
younger that those from Tahal samples, RA-3 and VE-3. Although, it is important to note
that the youngest analyses in samples RA-3 and VE-3 yielded Early Permian ages (303+12
and 295+6 Ma respectively). Results of Jabaloy et al. (2018) are nearly coincident with
sample SF-2 from the Schists and marbles Fm. Likewise, Jabaloy et al. (2018) results also
record older age populations at Early Permian-Carboniferous (295-320 Ma) Ediacaran
(~594 Ma), Cryogenian (~650 Ma) and Tonian (992 Ma), Mesoproterozoic (~1052 Ma), in
addition to two minor Paleoproterozoic populations (~1880 and ~1960 Ma), and a minor
Neoarchean population (~2610 Ma). Most of these age populations have been identified in
the patterns obtained from samples SF-2, RA-3 and VE-3. However, the Ediacaran and Cr-
yogenian analyses are partially merged defining a single age population in the KDE plots

(Fig. 5.6). Besides, in sample SF-2 no Paleoproterozoic analyses were found.

5.5.3.3. Interval of sedimentation for the protolith of the schists

Most of the youngest age populations presented here are Carboniferous in age. This
finding does not imply that the totally of the sedimentary protolith was deposited during
this period. As the dating of detrital zircons only provides MDAs, a younger age for the
sedimentary protolith cannot be excluded and, therefore, it prevents to estimate an interval

for the sedimentation of the schists protolith.

An approach to narrow the interval of sedimentation of the Nevado-Filabride schists

protolith (comprising both the upper and lower parts of the complex) relies on combining
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the mDAs obtained in the literature with the MDAs obtained in the present study. Go-
mez-Pugnaire et al. (2012) age estimations in orthogneisses from the Schists and Marbles
Fm allowed obtaining mDA of 28245 Ma for the schists (see their sample CB-4). As the
youngest age population obtained in the lowermost sample studied (VE-1) is 349.1+1.6 Ma,
the deposition of the sediments probably happened between ca. 282 to 349 Ma (Fig. 5.7).
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Figure 5.7. Recent age estimations from Nevado-Filabride gneisses in the literature
compared with the maximum deposition age obtained after detrital zircon dating in
this Ph.D. Thesis. Inset shows a probable maximum period for the deposition of the
sedimentary protolith (see text).
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However this interval excludes the youngest age population estimated in sample SF-2,
269.6+0.9 Ma and accordingly this tentatively range should be taken into account with
precaution. A more conservative lapse of deposition ranges between the mDA of Go6-
mez-Pugnaire et al. (2000), 247+11 Ma, and 349.1+1.6 Ma (Fig. 5.7). The present thick-
ness existing between the stratigraphic positions of the samples from Gémez-Pugnaire et
al. (2012) and the sample VE-1 is ~4000-5000 m. 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 with certainty in this study.

The Nevado-Filabride complex succession culminates with marbles resulted from de-

position of carbonates probably during Triassic (de Jong and Bakker, 1991).

5.6. Origin of inclusions

The study of SEM images and EDX patterns, combined with the CL images, permitted
constraining the former origin of the inclusions and their relationship with the host zircon.
Initial approach focused on deciphering 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 (characteristic
of the igneous zircons) around the inclusion. The common interpretation is that the inclu-
sion was trapped during the growth of the igneous zircon. Otherwise, inclusions can be
found in metamorphic regrowth, recrystallizations, or in metamorphic rims surrounding
xenocrystic igneous cores. In these cases the oscillatory pattern does not necessary occur,
and inclusions are related to textural features pointing to metamorphic conditions (e.g.
no-zoned patches, weak zoning, etc.). Inclusions related to fractures can be interpreted as
secondary inclusions formed after precipitation from fluids. The mineral composition of
the secondary inclusion is not necessary dependent of the former origin of the zircon. In
these cases the CL images show patched zoning and/or disturbed textures formed after the

zircon-secondary inclusion interaction (Wu and Zheng 2004).

5.6.1. Primary inclusions
Most of the primary inclusions reported in this Ph.D. Thesis are inclusions trapped in
oscillatory zoned zircons interpreted as igneous in origin. Quartz (Fig. 5.21, o) and apatite

(Fig. 5.4f, g o) are the most common primary inclusions. Phengite (Fig. 5.4c, f), monazi-
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te and xenotime (which in some cases is included by small quartz grains, see Fig. 5.4b)
are scarce. Apatite, monazite and xenotime are not always present in the sample matrix.
Therefore their inclusion in zircons during 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 quartz inclusions

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. 5.4h), albite (Fig. 5.4n) and chlorite (Fig. 5.4n). The regrow-
th surround oscillatory zoned cores interpreted as igneous and commonly fainted and
included by quartz and apatite (Fig. 5.4j). SHRIMP analyses in the regrowth yield dates
ranging ca. 310-350 Ma, interpreted as the age when paragonite, plagioclase and chlorite
were probably formed during metamorphism. The igneous cores show analyses ~350,
~600 and ~1000 Ma, which point to the age of previous igneous phases. The zircon in
Fig. 5.4e preserves an obliterated oscillatory zoned core included by quartz and chlori-
te, surrounded by an oscillatory rim. In this case, a more complex story can be inferred,
including an initial igneous event followed by possible alteration during metamorphism
and, finally, new growth under igneous conditions. Accordingly, observations support the
complex growth story of various grains including several crystallization steps under di-

fferent conditions.

5.6.2. Secondary inclusions

Inclusions related with fractures are quartz (Figs. 5.4d; 5.41 and insets; 5.4m), apatite
(Figs. 5.41 and insets; 5.4m, o), phengite (occasionally included in quartz, see Fig. 5.4p),
paragonite, rutile (Fig. 5.41), monazite (Fig. 5.4g), xenotime and epidote (Fig. 5.4k and
insets). Samples including these inclusions additionally show them as phases in the ma-

trix. The precipitation of inclusions probably occurred during the Alpine metamorphism.
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Conditions of metamorphism

6.1. Introduction

Pressure-Temperature-time (P-T-t) paths have been previously used in order to sum-
marize the changes in pressure and temperature conditions recorded in a rock during an
orogeny. Accordingly determining P-T-t paths for metamorphic rocks of several units has
proved to be a valid method to decipher mountain-building tectonic processes such as the
subduction and exhumation of metamorphic complexes (e.g. Ernst, 1988; Guillot et al.,
2009; Rolland et al., 2012). Identification and quantification of the differences or simila-
rities in conditions recorded by several tectonic units (as those previously proposed for
the Nevado-Filabride complex, see section 2.3.1), allow to constrain tectonic and thermal
histories and propose tectonic scenarios (e.g. Thompson and England, 1984; Jamienson,
1991; Foster and Parrish, 2003; Brown, 2014). Our ability to construct portions of P-T
paths have been improved by the development of analytical and modelling techniques in
metamorphic petrology which have opened new possibilities in order to estimate the P-T
conditions (e.g. Brown, 2007, 2014; Lanari and Duesterhoeft, 2019). Nowadays there
are several thermobarometric methods to estimate P-T conditions including: empirical
thermobarometers (e.g. Hodges and Crowley, 1985), multi-equilibrium or average P-T
approach (e.g. Berman, 1991; Holland and Powell, 1998), equilibrium phase diagrams
(e.g. Holland and Powell, 1998, 2011), Raman spectrometry in carbonaceous material
(e.g. Beyssac et al., 2002). Several of these techniques are based on the assumption of
chemical equilibrium and have absolute uncertainties of £50 °C (Kohn and Spear, 1991).
By contrast, relative thermobarometry between units to be performed in a much precise
way (Worley and Powell, 2000) due to relative errors are smaller. Additionally, thermo-

barometric methods require estimating the composition of minerals assumed to have been
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in chemical equilibrium at one specific stage of the metamorphic history. In this sense, it
is common to rely in porphyroblasts which, in some cases preserve chemical and textural
record of metamorphic conditions affected the rock due to their remarkable resilience
(e.g. Lanari et al., 2017; Yakymchuk et al., 2017). An excellent example for this is garnet
which is a common rock-forming mineral (and is usually present in the Nevado-Fildbri-
de schists). Garnet often preserve compositional zoning interpreted to reflect changes in
equilibrium conditions, and therefore related to changes in P-T conditions during meta-
morphism (Gaidies et al., 2008; Caddick and Kohn, 2013; Cheng and Cao, 2015; Baxter
et al. 2017; Lanari et al., 2017). In order to determinate the mentioned compositional
zoning it is common the application of quantitative compositional mapping (Lanari et al.,
2013,2014,2018). A problem arises as garnet grows, as it becomes isolated from the reac-
tive part of the rock and, therefore, the thermobarometric reconstruction based on the bulk
rock compositions are biased (Spear, 1988; Evans, 2004; Tinkham and Ghent, 2005). The
strategy proposed by Lanari et al. (2017) (described in section 3.3) confronts this problem
and allows predicting P-T conditions based on the composition of each successive growth
zones by taking into account the resorption and fractionation of garnet formed previously.
Therefore, this methodology takes into account the possible variations of the reactive bulk
composition. In this chapter is presented a set of EPMA compositional mapping of garnet
from five garnet-bearing schists taken from different areas of the Nevado-Filabride com-
plex. These data was combined with iterative thermodynamic models (Lanari et al., 2017)
to obtain the P-T conditions of garnet and phengite growth in the studied rocks using the
same modelling technique and thermodynamic data. The samples were collected from the
Dark schists, Tahal and Schists and marbles Fms. The thermobarometric results obtained
from garnet and phengite allowed the P-T paths to be reconstructed. These P-T paths were
combined with in situ U-Th-Pb allanite dating in an attempt to add time-constraints on the

P-T evolution.

6.2. Quantitative petrography

6.2.1. Mineral assemblages

Five garnet-bearing mica-schists were studied: RA-2, RA-0, 10.1, 16.8 and 16.16.
Three of the five investigated samples, 10.1, 16.8 and 16.16, were collected in the Pefo-
nes de San Francisco area (see Figs. 4.1 and 4.2). Samples RA-2 and RA-0 were collected
from La Ragua area (see Figs. 4.1 and 4.11). Their stratigraphic relative positions are

shown in the schematic lithological succession in Fig. 4.25. The UTM coordinates of
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samples are included in Appendix 1. Samples are described below from lower to higher

position in the Nevado-Filabride pile.

Figure 6.1. Optical microscopy (a, b, ¢, d) and backscattered electron (e, f, g) images of garnet porphyro-

blast and the mineral matrix in the studied samples. Abbreviations:Ap (apatite), Chl (chlorite), Ep (epido-
te), Grt (garnet), Ilm (ilmenite), Pg (paragonite), Phg (phengite), Otz (quartz), Rt (rutile), Zr (zircon).

Sample RA-2 (Dark schists Fm) is a fine grained dark schist (Fig. 6.1a) made of major
phases of quartz, albite, phengite, paragonite, chlorite and garnet; and graphite, epidote,
rutile, ilmenite, apatite, titanite and zircon as accessory phases. Most of the garnet por-
phyroblasts have been partially or completely replaced by chlorite (Fig. 6.1a). The preser-
ved garnet grains are relatively small (<1 mm). These porphyroblasts contain inclusions

of quartz, ilmenite, epidote, zircon and titanite.

Sample 10.1 (Dark schists Fm) is a dark schist (Fig. 6.1b, e) consisting of major phases
of quartz, phengite, paragonite, chlorite, chloritoid and garnet; and ilmenite, rutile, epido-
te and allanite as accessory phases. The size of the garnet porphyroblasts is up to 800 um.
They show inclusions of quartz (mainly located in the core) (Fig. 6.1¢), graphite, apatite

(Fig. 6.1e), ilmenite, epidote (Fig. 6.1e), allanite, zircon and titanite.

Sample RA-0 (Tahal Fm) is a dark-grey schist (Fig. 6.1c, f) formed by major phases

of quartz, phengite, paragonite, chlorite, chloritoid and garnet; and the accessory phases
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apatite, zircon, rutile, tourmaline, ilmenite and monazite. Garnet porphyroblasts have a
size of up to 1 mm and they are frequently fractured (Fig. 6.1c, f). The porphyroblasts
are slightly deformed and contain numerous inclusions of quartz (Fig. 6.1f) and in lower

amount of graphite, apatite (Fig. 6.1c, f), rutile and zircon.

Sample 16.8 (Tahal Fm) is a grey mica-schist (Fig. 6.1g) containing quartz, albite,
phengite, paragonite, chloritoid, chlorite and garnet; and accessory phases of graphite,
ilmenite, rutile, apatite, epidode, allanite, tourmaline and biotite. Garnet porphyroblasts
have a size up to 3 mm. They are highly deformed (Fig. 6.1g) and show numerous fractu-

res. The inclusions in garnet are quartz (Fig. 6.1g), rutile, zircon, biotite and apatite.

Sample 16.16 (Schists and marbles Fm) is a dark grey mica-schist (Fig. 6.1d) showing
major phases of quartz, albite, phengite, paragonite, chloritoid, chlorite and garnet; and
graphite, titanite, biotite, ilmenite, rutile, epidote, apatite and allanite as accessory pha-
ses. Garnet porphyroblasts have a size of up to 2 mm and inclusions of quartz, graphite,

ilmenite, allanite, rutile and chlorite. Snowball and atoll garnets are commonly observed.

In samples pertaining to the Tahal and Schists and marbles Fms the graphite content
is lower than in samples from the Dark schists Fm, leading to schists comparatively li-
ght-coloured than those from the Dark schists Fm. Allanite was found in samples 16.8
and 16.16, with comparable features. Allanite size ranges between 40 and 160 um and the
grains are generally located in the mineral matrix. Few of them were observed as inclu-

sion in the outer rim of garnet.

6.2.2. Microstructures

The samples RA-0, 10.1, 16.8, and 16.16 exhibit either the two main planar fabrics S1
and S2. However, sample RA-2 exhibits a single foliation Sp corresponding to S2. The
first cleavage S1 is parallel to the compositional layering and it was folded during forma-
tion of a crenulation cleavage defined as S2 (section 2.3.4). In the Dark schists Fm, S1
is preserved in sample 10.1 in which phengite and paragonite (up to 100 pm long) form
aggregates intergrown by graphite lamellas. In the Tahal Fm, S1 is preserved in sample
RA-0 with phengite (up to 300 um), paragonite (up to 200 um) and chlorite (up to 200
um); and in sample 16.8 with interbedded thin grains of phengite and paragonite (up to
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300 pm). In the Schists and marbles Fm, S1 is preserved in sample 16.16 as intergrowths
of phengite (200 um), paragonite (100 pm), chlorite (50 um) and fine lamellas of graphi-
te. It has already been proposed that the S1 cleavage formed during the prograde history
under greenschist facies conditions (e.g. Martinez-Martinez, 1986; de Jong, 1991). Des-
pite possible partial re-equilibrations at higher grade (e.g. Airaghi et al., 2017), local mi-
neral assemblage described before for S1 (when it is visible) support the conclusion that

it was formed under greenschist facies conditions.

In the Dark schists Fm, S2 is underlined in sample RA-2 by thick aggregates of chlorite
(up to 600 pm long), plagioclase (250 um) and intergrowths of phengite and paragonite
(200 pm); and in sample 10.1 by chlorite (500 um), chloritoid (100 um), phengite (400
um) and paragonite (200 pum) showing graphite inclusions. In the Tahal Fm the following
mineral phases are observed into S2: in sample RA-0, phengite (up to 400 um) included
by graphite lamellas, paragonite (up to 200 pm), and chlorite (up to 300 pm); in sample
16.8, phengite (up to 800 um), paragonite (up to 300 um), plagioclase (up to 300 um) and
chlorite (up to 500 um) which includes phengite. In sample 16.16, pertaining to the Schists
and marbles Fm, S2 is underlined by phengite (up to 400 um), chlorite (up to 100 um), and
paragonite (up to 200 um) include graphite lamellas. The crenulation-cleavage S2 has been
proposed to have formed during exhumation and cooling (Martinez-Martinez, 1986; Platt
and Behrmann, 1986; Garcia-Duefias et al., 1988; Augier et al., 2005b). The local mineral
assemblages described above for S2 suggest that it developed under greenschist facies

conditions in both the upper and lower part of the complex.

In garnet cores of samples 16.16 and 10.1 there are inclusion trails recording the geo-
metry of the S1 cleavage. Besides, the porphyroblasts are deformed by S2 in sample 16.8.
These observations suggest that garnet nucleated and grew significantly after S1 and before
S2. In sample RA-0, garnet porphyroblasts are undeformed preventing the relative timing

to be established, as it is for sample RA-2 in which garnet has been replaced by chlorite.

6.2.3. Mineral compositions and bulk rock compositions
The bulk rock compositions from studied samples used for modelling are included in
Table 6.1. The representative analyses of minerals are listed in Table 6.2. The structural

formulae of white mica were calculated assuming all the iron to be Fe?'.
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K-white mica in S1 show a Si* content of 3.10 to 3.19 apfu, whereas those in S2 have
values ranging between 3.07 and 3.28 apfu (Fig. 6.2). Higher Si** content is observed
in samples from the upper part of the complex, 16.16: 3.23 - 3.24 in S1 and 3.13 - 3.22
in S2 (triangles in Fig. 6.2); and in sample 16.8: 3.15 - 3.21 in S1 and 3.18 - 3.28 in S2
(pentagons in Fig. 6.2); followed by sample RA-0: 3.10 - 3.18 in S1 and 3.09 - 3.15 in S2
(circles in Fig. 6.2). Lower values are found in samples from the lower part of the com-
plex, sample 10.1: 3.18 in S1 and 3.12- 3.21 in S2 (squares in Fig. 6.2); and sample RA-2:
3.07- 3.23 in S2 (stars in Fig. 6.2).

K-white mica yielded Na* content in S1 ranging between 0.09 and 0.19 apfu, and 0.10
and 0.40 apfu in S2 (Fig. 6.2). In sample 16.16, the Na* content of K-white mica varies
from 0.11 - 0.13 in S1 and 0.14 - 0.21 in S2 (triangles in Fig. 6.2); in sample 16.8, 0.12 -
0.171n S1, and 0.10 - 0.14 in S2 (pentagons in Fig. 6.2); in sample RA-0,0.10 - 0.19 in S1,
and 0.15 - 0.18 in S2 (circles in Fig. 6.2); in sample 10.1, is 0.13 in S1, and 0.10 - 0.19 S2
(squares in Fig. 6.2); and in sample RA-2 results are 0.09 - 0.17 in S2 (stars in Fig. 6.2).

3.30 -
°
Sample
325 e o 16.16 4
g 168 o
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Figure 6.2. Phengite chemical diagram Si** vs Na* content in analysed phen-
gites. Si*" and Y content in atoms per formula unit (apfu).

XMg in K-white mica developed in S1 varies between 0.49 and 0.71, and 0.43 and 0.73
in S2. Higher values of XMg are observed in samples from samples 16.16 (Schists and
marbles Fm), 0.65 - 0.71 in S1, and 0.61 - 0.73 in S2; in sample 16.8 (Tahal Fm), 0.61
- 0.65 in S1, and 0.63 - 0.67 in S2. Lower values of XMg are observed in sample RA-0
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(Tahal Fm) showing 0.57 - 0.58 in S1 and 0.43 - 0.54 in S2; and samples from the Dark
schists Fm, 10.1, 0.59 in S1, and 0.48 - 0.62 in S2; and RA-2, 0.49 - 0.56 in S2.

Paragonite composition shows Na* content in S1 varying between 0.80 and 0.86 apfu
and from 0.75 to 0.90 apfu in S2. The Na* content in paragonite in sample 16.16 are ~0.84
in S1, and 0.70 - 0.90 in S2; in sample 16.8 from 0.80 - 0.83 in S1, and 0.87 - 0.91 in S2,
in sample RA-0is 0.86 in S1, and 0.75 - 0.92 in S2; and in sample 10.1 is 0.88 in S1, and
0.87 - 0.89 in S2.

Chlorite developed in S1 has a Si*" content ranging from 2.57 to 2.85 apfu and XMg
from 0.42 to 0.52. In S2, chlorite exhibits higher Si* content varying from 2.57 to 3.26
apfu, and XMg from 0.33 to 0.57. In sample 16.16, Si*" content varies between 2.68 - 3.07
in S1, and a value of 2.84 was obtained in S2; in sample 16.8 between 2.68 - 2.86 in S2;
in sample RA-0 ranges between 2.57 - 2.64 in S1, and 2.58 - 2.64 in S2; in sample 10.1
between 2.63-2.88 in S2; and in sample RA-2 from 2.57 - 3.26 in S2. XMg in chlorite is
0.50-0.52 in S1, and 0.45 in S2 from sample 16.16; in sample 16.8 0f 0.46 - 0.57 in S2; in
sample RA-0 of 0.42 in S1, and 0.42- 0.43 in S2, in sample 10.1 varies between 0.41 and
0.49 in S2; and in sample RA-2 0f 0.33 - 0.42 in S2.

Sample Sample Sample Sample Sample

16.16 16.8 RA-0 10.1 RA-2
SiO; 60.19 57.24 53.00 59.33 75.10
TiO, 0.42 0.50 1.46 0.61 0.80
AlL,O3 20.35 19.91 23.29 19.18 12.04
FeO 10.86 7.60 8.93 9.44 4.49
MnO 0.12 0.30 0.12 0.41 0.04
MgO 2.51 210 1.24 2.30 1.00
CaO 0.82 2.29 0.30 1.27 0.25
Na,O 1.29 1.99 0.89 1.29 0.65
K>0O 2.55 2.14 3.29 2.24 1.81

Table 6.1. Bulk rock compositions from studied samples used for modelling.
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6.3. Results

6.3.1. Compositional zoning of garnet

The compositional variability of garnet has been analysed using quantitative compo-
sitional mapping (the methodology followed is described section 3.3.3). The maps of
end-member fraction for the studied garnet porphyroblasts are shown in Fig. 6.3 for the
samples of the Tahal and Schists and marbles Fms, and Fig. 6.4 for samples of the Dark

schists Fm.

Several growth zones of garnet were defined for each sample based on the compositio-
nal zonations. These growth zones are delimited by dashed lines in Figs. 6.3 and 6.4. The
limit of each growth zone was set using the grossular map as reference (first compositio-
nal map for each set of maps in Figs. 6.3 and 6.4). Smother transitions between growth
zones in almandine and pyrope maps suggest that the original composition may have
been locally affected by diffusion (e.g. between core and first rim in sample RA-0's
almandine map, Fig. 6.3). As these effects are restricted to ~10-40 um around the limit
(see below), it is assumed in the following that the central part of each growth zone was
not significantly affected by diffusion allowing the growth composition to be preserved
(other examples at similar conditions are given in Chapman et al., 2011). As it is des-
cribed in section 3.3.4, the average composition of each growth zone was determined
by integrating the pixel compositions of each domain selected in the central part of the
growth zone. The size of the domain varies between 330 and 7200 um? depending on
the thickness of the growth zone. The garnet domains were carefully selected, avoi-
ding mixing pixels, mineral inclusions and contact between zones that could have been
affected by diffusion. The corresponding compositions and their analytical uncertain-
ties were exported and are reported in Table 6.3. For comparison among samples, these

average compositions are plotted in a ternary diagram (Fig. 6.5).

Garnet porphyroblasts in sample 16.16 (Fig. 6.3a) exhibit a core with typical growth
zoning. Grossular (Xgrs) and spessartine (Xsps) proportions decrease outward (0.18 to
0.10 and 0.029 to 0.015 respectively). Almandine (X ) and pyrope X, proportions
both increase (0.69 to 0.76 and 0.09 to 0.14 respectively). The porphyroblast core is
surrounded by two narrow rims. These rims are not thicker than 100 um and both show

lower X, and X and higher X and X A 50 pm thick fracture crosscuts the garnet
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core. This fracture is sealed by garnet with similar composition of the outermost rim
(Fig. 6.3a). Three garnet domains were selected in this sample. The first domain Grt,
corresponds to the core of the porphyroblast. The average composition was obtained far
away from the fracture (Fig. 6.3a). Two additional garnet domains were selected, Grt,

for the inner rim and Grt, for the outer rim and the sealed fracture (Fig. 6.3a).

As shown by the X, map, garnet in sample 16.8 does not exhibit significant varia-
tions in Ca (0.87+0.03 apfu) (Fig. 6.3b). By contrast, both X and X, maps show
lower values in the core (0.61 and 0.04 respectively) than in the rim (0.66 and 0.08).
This chemical zonation is counterbalanced by a decrease of X s from 0.09 in the core
to 0.01 in the rim. Three garnet domains were selected for modelling: the core, Grt,; the

mantle, Grt; and the rim, Grt, (Fig. 6.3b).

a Sample 16.16
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Figure 6.3. Compositional maps of end-member fractions for garnet porphyroblast analysed from the upper
part of the complex: a) samples 16.16 (Schists and marbles Fm), b) sample 16.8 (Tahal Fm), c¢) sample RA-0
(Tahal Fm). Dashed lines delimit growth zones in the garnet. Circles show the location of the domains used
for extracting the representative composition of each growth zone (see text). Continuous lines show where
compositional profiles reported in Fig. 6.8 were obtained.
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Garnet porphyroblasts in sample RA-0 display a more complex zoning pattern. It in-
cludes a core surrounded by three rings (Fig. 6.3c). The first ring (i.e. the innermost ring)
and the second one are up to 300 um thick. The outermost is up to 150 um. Garnet shows
an oscillatory pattern in both X s and X maps. The core and the second ring are enriched
in X and depleted in X : the first and the outermost ring are both enriched in X , and
depleted in Xgrs. By contrast, X gently increases from core (0.03) to the outermost rim
(0.05). Xops decreases from core (0.08) to the outermost rim (0.01) (Fig. 6.3¢). Four garnet
domains were selected each corresponding to a single growth zone. Grt, was defined in
the core, Grt, in the first ring, Grt, in the second ring and Grt, in the outermost rim (Fig.
6.3¢). It is remarkable to note the sharp compositional transition between Grt, and Grt,
in Ca, Fe and Mg. This finding supports the assumption that post-growth intragranular

diffusion was limited to a distance of less than 10-40 pum.

In sample 10.1 garnet porphyroblasts show three compositional domains delimited by
roughly straight boundaries (Fig. 6.4a). The core is surrounded by a mantle 50-80 um
thick, and a rim up to 160 pm thick. The core shows low X, X s and X, (0.62,0.22
and 0.05 respectively) and high Xsps (0.09-0.12). The two rims are enriched in X, X s
and X and depleted in Xps: The spessartine map shows small-scale diffusion between
the core and the first rim, but not larger than 15 pm (Fig. 6.4a). The slight increase in
Mn between the mantle and the rim from 0.02 to 0.05 suggests garnet resorption (see the
brighter line existing between mantle and rim in the spessartine map in Fig. 6.4a). This
feature is only observed on the bottom side of the grain around a lobate structure generally
interpreted as evidence of garnet resorption (e.g. Giuntoli et al., 2018). Two garnet do-
mains were selected in the core for this sample: Grt, near the centre and Grt, in the outer
part (Fig. 6.4a). Two additional garnet domains were chosen, Grt, for the mantle and Grt,
for the rim (Fig. 6.4a).

The selected garnet porphyroblast from sample RA-2 are clustered of mineral inclu-
sion (Fig. 6.4b) making the zoning pattern more difficult to read and interpret. Neverthe-
less, two zones were identified: a core surrounded by a thin rim (<100 pm thick). The core
shows a growth zoning where X s and X decrease outward (from 0.03 to 0.02 and from
0.12 to 0.04 respectively), and X | and X increase (from 0.59 to 0.69 and from 0.02 to
0.03) (Fig. 6.4b). The rim is enriched in X, Xgrs and X (0.67, 0.27, 0.03) and depleted
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in X ps (0.04) (Fig. 6.4b). Two garnet compositions were defined for this grain: a core Grt,
and a rim Grt, (Fig. 6.4b).
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0.11 0.065
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Figure 6.4. Compositional maps of end-member fractions for garnet porphyroblast analysed from the Dark
schists Fm: a) samples 10.1, b) sample RA-2. Dashed lines delimit growth zones in the garnet. Circles show
the location of the domains used for extracting the representative composition of each growth zone (see
text). Continuous lines show where compositional profiles reported in Fig. 6.8 were obtained.

Garnets from samples 16.8, RA-0, 10.1 and RA-2 yielded similar compositional zo-
ning between core and rim (Fig. 6.3 and Fig. 6.4). Only garnet from sample 16.16 shows

a separate trend characterized a remarkable enrichment in Fe towards the rim (Fig. 6.3a).

As a summary, garnet porphyroblasts of every sample show typical growth zoning
in core and mantle with limited post-growth modification by diffusion. Accordingly the
selected domains from these growth zones were used in the following to model the P-T
conditions using equilibrium thermodynamics (next section). It is important to note that
the garnet rims in samples 16.16 and RA-0 show more complex compositional zonation
with oscillatory zoning (Fig. 6.3a, b). These features suggest non-equilibrium processes;
however an attempt to model these rims with equilibrium thermodynamics is made in the
following. The goal of this test is to determine if equilibrium thermodynamics remain a

reasonable assumption (or if it does not).
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Figure 6.5. Ternary compositional diagram of garnet: Grs (grossular fraction content), Sps
(spessartine fraction content), Alm+ Prp (almandine + pyrope fraction content).

6.3.2. Phase equilibria

Following the methodology described in section 3.3.4, the optimal P-T conditions
for garnet were determined using iterative forward models and the program GrTMobp
(Lanari et al., 2017). A similar approach was followed for phengite (see section 3.3.4).
The results for all the studied samples are reported in Fig. 6.6. As the uncertainty en-
velopes are rarely symmetrical in both P and T for garnet, only the optimal solution
is discussed in the following. Uncertainties are shown in Fig. 6.6 using the method

proposed by Lanari et al. (2017) with a tolerance factor on Cof 1.5.

In sample 16.16 (Fig. 6.6a), garnet nucleation is predicted at 518 °C and 18.2 kbar
using the composition of Grt . By contrast, Grt, is predicted to have formed at higher
temperature and lower pressure conditions of 591 °C and 6.0 kbar. 4.39 vol% of Grt,
was fractionated to model Grt,. No satisfactory solution was found for Grt, showing
a complex oscillatory zoning (a minimum residual value of 0.082 was reached at 585
°C and 6.3 kbar). The P-T estimates for K-white mica form a cluster around ~580 °C

and ~18 kbar, with two analyses showing lower pressures around 14 kbar.

In sample 16.8 (Fig. 6.6b), garnet nucleation is predicted at 489 °C and 17.1 kbar
using the composition of Grt . This stage is followed by two episodes of garnet growth

occurring at higher temperature and lower pressure conditions. Garnet mantle (Grt,)
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is predicted to have formed at 546 °C and 8.3 kbar (fractionation of 3.11 vol% of Grt,).
Garnet rim (Grt,) is predicted at 566 °C and 7.4 kbar (fractionation of 3.11 vol% and
3.66 vol% of Grt, and Grt, respectively). K-white mica P-T estimates form a cluster

around 530-550 °C and 12-15 kbar with two outliers at 530 °C and 15-20 kbar.
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In sample RA-0 (Fig. 6.6¢c), garnet is predicted to have nucleated at 511 °C and
7.8 kbar using the composition of Grt . The crystallization of Grt, is predicted at 521
°C and 6.7 kbar (fractionation of 0.57 vol% of Grt ). No satisfactory solutions were
found for Grt, and Grt, (C = 0.088 at 527 °C, 7.1 kbar for Grt, and C, = 0.078 at 529
°C, 11.3 kbar for Grt,). The P-T estimates for K-white mica suggest higher P-T con-
ditions of ~11-16 kbar at ~530-575 °C.

In sample 10.1 (Fig. 6.6d), four domains of garnet were investigated (Fig. 6.4a). Gar-
net nucleation is predicted at 488 °C and 17.8 kbar using the composition of Grt,. The
outer part of the core (Grt,) is predicted to have formed at 512 °C and 14.5 kbar (fractio-
nation of 0.012 vol% of Grt ) with large asymmetrical uncertainties in both temperature
and pressure. The mantle (Grt,) is predicted at 543 °C and 6.5 kbar (fractionation of
0.01 vol% of Grtl and 6.402 vol% of Grt,). The rim Grt4 is modelled at 548 °C and 7.2
kbar (fractionation of 0.01 vol% of Grt,, 5.503 vol% of Grt,, and 0.069 vol% of Grt,).
The P-T estimates for K-white mica are around 540 °C and 13-16 kbar with two outliers
around 520 °C and 11 kbar.

In sample RA-2 (Fig. 6.6¢), only two garnet domains have been modelled (Fig. 6.4b).
Garnet nucleation is predicted at 477 °C and 15.9 kbar using the composition of Grt,.
The garnet rim is predicted at lower pressure and higher temperature conditions of 524
°C and 7.1 kbar (fractionation of 0.03 vol% of Grt ). The P-T conditions of phengite are
between 515 and 540 °C and ~10-16 kbar.

As a summary, in most of the samples, except for RA-0, garnet nucleation is mo-
delled at high-pressure conditions, above ~16 kbar and temperatures ranging between
480 and 525 °C (Fig. 6.6). The phengite compositions are modelled in general at higher
temperatures and lower pressures that those of the garnet nucleation. The phengite com-
position display a range of pressure comprised between 4 and 7 kbar. All the following
growth stages of garnet, involving mantle and rims, yield lower pressure and slightly
higher temperature conditions. However, garnet in sample RA-0 apparently recorded
nucleation at lower pressure conditions below 8 kbar at 511 °C (Grt, in Fig. 6.6¢).
Additionally, it was not possible to model with reasonable residuals the outer rim(s)

respectively of samples 16.16 (Grt,) and RA-0 (Grt, and Grt,).
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6.3.3. Allanite dating
The dating results of allanite for samples 16.16 and 16.8 are summarized in Fig. 6.7. The

data were plotted in (1) uncorrected Terra-Wasserburg diagrams to estimate the 2*’Pb/>°Pb

Sample 16.16 Sample 16.8
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Figure 6.7. LA-ICP-MS Th-U-Pb allanite dating results. The figure shows the Terra-Wasserburg and Th-iso-
chron diagrams as well as the weighted mean U-Pb age for samples 16.16 (a, b, ¢) and 16.8 (d, e, f).
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common lead composition; (2) Th-isochron diagrams, in which the uncertainty on the com-

mon lead fraction (f, ) was propagated through the age calculation procedure using a

06
Monte-Carlo technique (Burn et al., 2017); and as (3) common lead corrected U ages using

the common lead compositions from (1) and (2).

In sample 16.16, the U- and Th- isochrons defined by 21 allanite analyses yield the
intercept ages of 12.87+3.31 Ma (20, Fig. 6.7a) and 12.40+4.19 Ma (20, Fig. 6.7b). The
corresponding weighted mean U-Pb age is of 12.91£1.10 Ma (20). Allanite core and rim
analyses returns the same age within uncertainty (MSWD = 0.75, see Fig. 6.7¢).

In sample 16.8, the U- and Th- isochrons defined by 20 allanite analyses yield the
intercept ages of 14.61+4.28 Ma (20, Fig. 6.7d), and 18.08+5.83 Ma (20, Fig. 6.7¢). The
corresponding weighted mean U-Pb age is of 14.51+2.01 Ma (20, Fig. 6.7f).

6.4. Discussion

6.4.1. Phase equilibria modelling and quality of predictions

In this Ph.D. Thesis, garnet and phengite were modeled using iterative thermodynamic
models based on Gibbs free energy minimizations. The garnet interiors are the only relicts
of the first stage at HP conditions. Accordingly, the predicted mineral assemblages for
this stage were not considered to refine the P-T conditions. In fact, this technique is for
Grt, similar in essence to isopleth thermometry without considering the coexisting assem-
blage. The main advantages of methodology based in GRtMop are: (1) to enable garnet
fractionation and (2) resorption in order to compute a suitable reactive bulk composition
at each stage and (3) the weighting procedure included in the inversion (Lanari et al.,
2017), allowing “optimal” P-T conditions to be derived in a quantitative way (see Fig. 11
in Lanari and Duesteroheft, 2019 for a comparison between the weighted and unweighted

procedure).

The robustness of the model predictions, such as the garnet compositions and the volu-
me fractions, was tested along a profile (the positions of these profiles are shown as white
lines in Figs. 6.3 and 6.4). The results are given in Fig. 6.8. The chemical composition of
garnet was extracted using XMaprTooLs (points in Fig. 6.8). The distances between each
pixel was transformed into a volume fraction of garnet assuming a total of 4.89 vol% in

sample 16.16; 11.07 vol% in sample 16.8; 1.74 vol% in sample RA-0; 11.89 vol% in
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Figure 6.8. Modelled garnet composition in the selected domains compared with the ex-
tracted chemical composition through a profile. The chemical composition of garnet was
extracted using XMapTooLs. The continuous lines in the compositional maps from Figs.
6.3 and 6.4 show where the compositional profiles were obtained. The distances between
each pixel was transformed into a volume fraction.

sample 10.1; and 0.71 vol% in sample RA-2, of garnet being produced. These modeled
values are in line with the observations in each sample (Fig. 6.8). This procedure allows
the zoning profiles and predictions to be compared assuming a single-size population
of garnet (e.g. Lanari et al., 2017). The modeled garnet zoning profiles are in line with
the observation for most samples (Fig. 6.8) and, accordingly suggesting an overall good
quality of the models. Minor discrepancies are caused by chemical variations within a
single growth zone due to Rayleigh fractionation (e.g. core in sample 16.16, Fig. 6.8a)
or by small oscillations in chemical composition within a single growth zone (e.g. rim in

sample 10.1, Fig. 6.8d). These were probably controlled by kinetics rather than chemical
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equilibrium and cannot be modeled using Gibbs free energy minimizations relying on the

assumption of chemical equilibrium.

As presented in section 6.3.2, the outer rims of garnet in samples 16.16 and RA-0
yielded high residual values. The observed garnet compositions cannot be modelled with
our model based on equilibrium thermodynamics; these are interpreted to reflect disequi-
librium processes such as transport-controlled growth and they are excluded from the

comparison shown above.

6.4.2. Comparison between samples

The combination of thermobarometric results obtained for garnet and K-white mica
allows the P-T paths of each sample to be reconstructed (see Figs. 6.6 and 6.9). The ab-
solute uncertainty on any P-T estimate is commonly assumed to be close to+£50 °C and+2
kbar. However, as the same modelling technique and thermodynamic properties are used,
the relative uncertainty is assumed to be much smaller (between 5-15 °C, see the un-
certainty envelopes in Fig. 6.6). This permits to perform relative thermobarometry (e.g.
Worley and Powell, 2000).

22 —
20 HP/LT stage
18 —
~16
8 L
X 44 L mm16.16 Schists and marbles Fm
g . ==16.8 Tahal Fm
§ 12~ wm RA-0 Tahal Fm
@ 4o | ==10.1 Dark schists Fm
- == RA-2 Dark schists Fm
8 -
a LP/HT stage
4 | | | | | |
450 475 500 525 550 575 600

Temperature (°C)

Figure 6.9. Comparison between the P-T paths of the studied samples.
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The P-T paths exhibit similar shapes of clockwise (Fig. 6.9). The prograde part is iso-
baric. The HP/LT stage is followed by a nearly isothermal decompression to reach the LP/
HT stage (Fig. 6.9). A difference of ~40°C and 2 kbar is observed between samples RA-2
(Dark schists Fm) and 16.16 (Schists and marbles Fm) for the HP/LT stage. The tempera-
ture difference between these samples slightly increases during heating to reach ~70 °C
for the LP/HT stage. The difference between sample 16.16 (Schists and marbles Fm) and
16.8 (Tahal Fm) for the HP/LT stage is ~30°C and 1.1 kbar. Again, the difference of tem-
perature in those samples increases during heating up to ~40°C in the LP/HT stage. The
burial trajectory however cannot be reconstructed as no relic was found in any sample.
Garnet nucleation occurred at high-pressure conditions and phengite was re-equilibrated

after garnet started to growth.

It is remarkable to note that the differences in P-T conditions between samples (Fig.
6.9) are correlated with the structural position. For example, in the Pefiones de San Fran-
cisco area, sample 16.16, recording the higher conditions, was taken in the upper part
of the Schists and marbles Fm, whereas 16.8 and 10.1, recording lower conditions were
taken in the Tahal and Dark schists Fms respectively, i.e. in progressively lower positions
of the Nevado-Filabride pile (see Fig. 4.25).

Samples 16.8 and 10.1, from the Tahal and Dark schists Fms respectively, exhibit iden-
tical P-T paths within uncertainty (Fig. 6.9). This result questions the divisions proposed
in the literature, and particularly the differences in the division existing in Puga et al.
(2002) and Martinez-Martinez et al. (2002) (Fig. 2.4). Sample 10.1 can be assigned to the
highest levels of the Veleta unit according to the division of Puga et al. (2002). However,
according to the division of Martinez-Martinez et al. (2002) this sample can be associated
to the Calar-Alto unit, approximately equivalent to the lower part of the Mulhacén unit of
the Puga et al. (2002)’s division.

As a summary, the results presented in this Ph.D. Thesis suggest that the samples
16.16, 16.8, 10.1 and RA-2 followed P-T trajectories with identical shapes. Only sample
RA-0 does not record the HP/LT stage as Grt, is predicted to growth at LP/HT conditions.
The results also suggest that Schists and marbles Fm reached slightly higher-pressure
conditions than the Tahal and the Dark schists Fms (differences of ~1.1 and ~2.3 kbar res-
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pectively). The difference in temperature between within the complex is maintained and
slightly increased during decompression. The Nevado-Filabride pile thus display an in-
verted metamorphism, as already suggested in previous studies (e.g. Augier et al., 2005a,
2005b; Behr and Platt, 2012; Booth-Rea et al., 2015). However, the mentioned similarity
in the shape of the P-T paths indicate that, despite the differences in pressure and tempe-

rature, the studied formations underwent a similar heating and exhumation history but at

different structural levels.

6.4.3. Petrochronology

Allanite dating can be used to estimate the age of a single metamorphic stage, provided

that growth episodes can be correlated to major phases (Rubatto et al., 2011; Cenki-Tok

-
.0
e¥gs”

D)
<3

LR

Vaua®

Figure 6.10. Backscattered electron (a, ¢, e) and optical microscopy (b, d, f,) ima-
ges of allanite grains from samples 16.16 and 16.8 matrix. Abbreviations: Ab (al-

bite), Aln (allanite), Grt (garnet), Pg (paragonite), Phg (phengite), Otz (quartz),
Rt (rutile).
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et al., 2014; Loury et al., 2016; Engi, 2017). Allanite from samples 16.16 and 16.8 crys-
tallized during Miocene at 12.91+1.10 Ma and 14.51+£2.01 Ma respectively (Fig. 6.7¢c, f).
In these two samples, allanite is present in the matrix (Fig. 6.10) and as inclusion in the

outer rim of garnet (Fig. 6.11).

No age difference was found between these two locations as well as between the REE-
rich core and the REE-depleted rim of single grains (Fig. 6.7c and Fig. 6.10c, e). In both
samples, those allanites included in garnet were found in the garnet rim (Fig. 6.11a) as
well as along late fractures cross-cutting the previous growth zones. For example, in sam-
ple 16.16, allanite was found only in the outer rim (Grt,) showing oscillatory zoning (see
Fig. 6.3a). These observations show that allanite formed before or syn Grt, and allanite
dating provides a maximum age for the formation of the garnet rim in these samples. The-
se rims correspond to the garnet domains that were not modelled properly because of too

high residuals, i.e. Grt, in sample 16.16 (see section 6.3.2). The textural relationships and

ad Sample 16.16

Figure 6.11 Backscattered electron images of allanite inclusions in garnets from samples 16.16 (a)
and 16.8 (b). Abbreviations: Aln (allanite), Ap (apatite), Grt (garnet), Ilm (ilmenite), Qtz (quartz),
Rt (rutile), Zr (zircon).
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the potential presence of reactive fluids to form the last garnet rims in these samples su-
ggest that the allanite formed during the LP/HT stage at ca. 13 Ma. Accordingly, the HP/
LT stage should take place earlier as proposed by other authors (e.g. Moni¢ et al., 1991;
Lopez-Sanchez-Vizcaino et al., 2001; Gomez-Pugnaire et al., 2004; Augier et al., 2005a;
Platt et al., 2006; Kirchner et al., 2016; Li and Massonne, 2018).

Li and Massonne (2018) recognized two monazite age populations formed at 40.2+1.7
and 24.1+0.8 Ma. According to these authors, a first HP event took place before the first
monazite population formed, whereas the exhumation and a second P-T loop coincide
with the age of the younger population. These events are all older than the LP/HT stage
recorded by allanite. On the other hand, other studies reported a Miocene HP metamor-
phism (ranging between 18 to 13 Ma) (e.g. Lopez-Sanchez-Vizcaino et al., 2001; Platt et
al., 2006, Gémez-Pugnaire et al., 2012; Kirchner et al., 2016). These estimations are pre-
vious or nearly coincident with the allanite data for the LP/HT stage. Finally, the results of
de Jong (2003), ~14 and ~17 Ma for the early stages of exhumation are previous or nearly

coincident with the allanite data.

6.4.4. Comparison with literature data
The P-T trajectories obtained in this Ph.D. Thesis are compared in the following sec-

tions with the P-T paths proposed in the previous studies (Fig. 6.12).

6.4.4.1. Dark schists Fm

The shape of the P-T path obtained by Augier et al. (2005b) (path 1 in Fig. 6.12a) for
this formation is quite similar to the P-T path of sample RA-2, whereas the pressure con-
ditions obtained by garnet are slightly higher of ~3 kbar. Li and Massonne (2018) reported
a clockwise P-T loop (with similar P-T conditions to our results) followed by a second
burial stage (path 2 in Fig. 6.12a). The second loop is assumed to have been caused by
the overlying of the hotter Alpujarride complex above the Nevado-Fildbride complex.
This does not agree the P-T path presented in this Ph.D. Thesis. By the contrary, in all the
samples investigated, neither garnet, nor phengite recorded such complex P-T path with
two burial stages (see Rubatto et al., 2011 and Regis et al., 2014 for examples of phengite

zoning recording pressure cycling).
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6.4.4.2. Tahal Fm

Augier et al. (2005b) proposed a P-T path showing similar exhumation shapes and
peak temperature conditions for the Tahal Fm (path 1 in Fig. 6.12b). The results presented
in this Ph.D. Thesis are also similar to the first part of the P-T path of Li and Massonne
(2018) (path 2 in Fig. 6.12b). P-T conditions predicted from mantle and rim in sample
16.8 (Grt, and Grt, in Fig. 6.6b), and from core and rim in RA-0 (Grt, and Grt, Fig. 6.6¢)
are almost the same within uncertainty. Therefore, the possible increase in temperature
and the reheating event of 60 °C proposed by Li and Massonne (2018) (their second loop)
was apparently not recorded by garnet and phengite in our samples, or it cannot be clearly

distinguished.

6.4.4.3. Schists and marbles Fm

Gomez-Pugnaire and Fernadndez-Soler (1987), Bakker et al. (1989) and Vissers et al.
(1995) (paths 1, 2 and 3 respectively in Fig. 6.12c¢) yielded values for the HP/LT between
5 and 7 kbar, significantly lower than the estimates from garnet modelling in sample
16.16. The continuous heating during exhumation proposed in these studies is also not
observed. The P-T estimates of Augier et al. (2005a) (path 4 in Fig. 6.12c¢) are in line with
the estimates presented here. A hairpin P-T path was proposed by Behr and Platt (2012)
(path 5 in Fig. 6.12c¢). This P-T path shows a pressure and temperature maxima remarka-
bly lower than the results presented here (differences of ~4 kbar and ~35 °C). By contrast,
Ruiz-Cruz et al. (2015) yielded a P-T path (path 6 in Fig. 6.12c) showing an increase of
both pressure and temperature during burial with a pressure peak ~3 kbar higher than
the estimates from garnet, but identical temperature during decompression. Considera-
bly higher values for both pressure and temperature peaks were obtained by Lopez-San-
chez-Vizcaino et al. (2001) in ultramafic rocks (difference of ~3 kbar and ~150 °C) (path 7
in Fig. 6.12c). Puga et al. (2002) (path 8 in Fig. 6.12c) proposed a P-T path shape different
to the one obtained in this Ph.D. Thesis (difference of ~5 kbar and ~75 °C respectively).

6.4.4.4. Summary

The P-T paths obtained here show similarities to the studies of Augier et al. (2005a,
2005b); Ruiz-Cruz et al. (2015); and the first part of the decompression trajectory of Li
and Massonne (2018). The differences existing in pressure conditions between the model

used in this Ph.D. Thesis and those of these authors are due to different thermobarometric
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methods used, as well as different positions studied in Nevado-Filabride pile. In several

previous studies (e.g. Puga et al., 2002) it has been proposed that the Dark schists Fm does

not recorded HP metamorphism. However, the results presented here for this formation

confirm the HP metamorphism proposed by Augier et al. (2005b) and Li and Massonne
(2018) (P-T paths in samples 10.1 and RA-2 in Figs. 6.6 and 6.9). A stage of isothermal

decompression is obtained for all the studied samples for the three formations. This is in

line with the results from several previous studies (Augier et al., 2005a, 2005b; Ruiz-Cruz

et al., 2015; and the first part of the decompression trajectory of Li and Massonne, 2018).

Our samples and our petrochronological data do not show any evidence of two successi-

ve loops (Li and Massonne, 2018) or strong reheating during exhumation (Bakker et al.,
1989, Vissers et al., 1995; Aerden et al., 2013).
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Figure 6.12 Comparison between the P-T paths
obtained in the present study and the availa-
ble data: a) Dark schists Fm, 1: Augier et al.
(2005b); 2: Li and Massonne, (2018). b) Tahal
Fm, 1: Augier et al. (2005b); 2: Li and Masson-
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et al. (1989); 2: Vissers et al. (1995); 3: Go-
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6: Ruiz-Cruz et al. (2015); 7: Lopez-Sanchez-Viz-
caino et al. (2001); 8: Puga et al. (2002).

105






Chapter 7

General discussion

7.1. Introduction

Results presented in the previous chapters draw a framework for revision of the exis-
ting data and processes proposed for the formation and tectonic evolution of the Neva-
do-Filadbride complex, as well as its role in the western Mediterranean tectonic configura-
tion. The discussion in sections 7.2 and 7.3 is presented in chronologic order (i.e. from the
initial deposition of the sedimentary protolith, to the subduction of the Nevado-Filabride
terranes and subsequent exhumation of the complex). In section 7.2, the SHRIMP U-Pb
detrital zircon age patterns are examined to identify the sources of the schists” protolith,
and provide paleogeographic constraints for the Nevado-Filabride complex. A compari-
son is made between the age populations identified in the Ph.D. Thesis and the dataset
existing in the literature for other Iberian areas. In section 7.3 the subduction and exhu-
mation history of the complex was refined based on the comparison of the shape of the
P-T paths of the different formations. Finally, in section 7.4 the results obtained in Ph.D.
Thesis are integrated and discussed in light of the debate concerning the division of the

complex.

7.2. The paleogeographic provenance of the Nevado-Fildabride terranes

The SHRIMP U-Pb age populations obtained from the studied samples are: ca. 328-
355 Ma (Carboniferous), ca. 480-615 Ma (Cambrian-Ediacaran), ca. 910-1010 Ma (To-
nian-Stenian) and ca. 1800-2000 Ma (Orosirian) (see section 5.5.2). To be taken into

account, moreover, is the Permian age population obtained in sample SF-2, ca. 270 Ma.
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The Permian age population identified in the Nevado-Fildbride complex was attributed
by Jabaloy et al. (2018) to the Late-Variscan magmatic event (~275-300 Ma, see Vai et
al., 1984; Cassinis et al., 2000; Fernandez-Suarez et al., 2011; Gutiérrez-Alonso et al.,
2011). In this study, only sample SF-2 yielded a Permian age population, at 269.6+0.9
Ma. This finding is consistent because this sample pertains to the upper part of the Schists
and marbles Fm (Fig. 4.25), whose sedimentary protolith was deposited after those of the
Tahal and Dark schists Fms. This age population is present in the Permian units studied
by Pastor-Galan et al. (2013) in the Cantabrian zone and in the Middle-Late Permian and
Middle Triassic of the Iberian range (Sanchez Martinez et al., 2012).

The age population ca. 328-355 Ma can be attributed to a tectonic denudation of ig-
neous rocks formed during early stages of the Variscan orogeny (e.g. Fernandez-Suarez et
al., 2000; Valle-Aguado et al., 2005; Dinis et al., 2012; Pastor-Galan et al., 2013). Similar
age populations are present in the carboniferous units of the Cantabrian zone (Pastor-Ga-
lan et al., 2013), in southeastern France and northeastern Spain (Martinez et al., 2016)
and in the Middle-Late Permian and Middle Triassic rocks of the Iberian range (Sanchez
Martinez et al., 2012).

The zircons yielding ages ranging 480-615 Ma can be attributed to different sources.
The upper Ordovician zircons (~480) probably formed during magmatic events that oc-
curred along the northern margin of Gondwana, associated with the opening of the Rheic
Ocean (Pastor-Galan et al., 2013; Jabaloy et al. 2018); while the zircons showing Ediaca-
ran to Cryogenian ages point to the Cadomian and Pan-African orogeny, ascribed to the
north of Gondwana (Nance and Murphy, 1994; Linnemann et al., 2008; Pastor-Galan et
al., 2013; Pérez-Caceres et al., 2017; Jabaloy et al., 2018). Although all of the samples
provided ~480 Ma analyses, mixture modelling only yielded a clear probability peak at
478.9+1.4 in sample VE-2 (Fig. 5.5¢). Conversely, the strong detrital input from Cado-

mian/Pan-African igneous sources is easily identified in all the studied samples.

The Tonian-Stenian analyses included in the ca. 910-1010 Ma age population can be
ascribed to the Sahara Metacraton and the Arabian-Nubian Shield (Bea et al., 2010; Jaba-
loy et al., 2018).
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The age population ca. 1800-2000 Ma could be integrated by zircons derived from the
amalgamation of the supercontinent Nuna (Bradley, 2011; Pastor-Galan et al., 2013), or

the Eburnean orogeny in North Gondwana (Pérez-Céceres et al., 2017).

The ca. 480-615 Ma and the ca. 1800-2000 Ma age populations are common in several
Iberian areas including the Cantabrian (Pastor-Galan et al., 2013), West Astur-Leonese
(Cambeses, 2015), Central Iberian (Talavera et al., 2012; Cambeses et al., 2017), Os-
sa-Morena (Cambeses et al., 2017), and South Portuguese zones (Pereira et al., 2012;
Pérez-Céaceres et al., 2017), southeastern France and northeastern Spain (Martinez et al.,
2016), and the Middle-Late Permian and Middle Triassic rocks of the Iberian range (San-
chez Martinez et al., 2012).

The ca. 910-1010 Ma age population is probably the most interesting for discerning
relationships of the Nevado-Filabride terranes with other areas of the Iberian Peninsula.
This age population is likewise preserved in the Cantabrian (Pastor-Galan et al., 2013)
and Central Iberian zones (Bea et al., 2010; Cambeses et al., 2017), and in the Iberian
range (Sanchez Martinez et al., 2012). To the contrary, the Tonian-Stenian imprint is tes-
timonial in the Ossa-Morena zone (Cambeses et al., 2017) and in southeastern France and
northeastern Spain (Martinez et al., 2016), while also ascribed to a unique formation in

the South Portuguese zone (Horta da Torre Fm, see Pérez-Caceres et al., 2017).

In view of the comparisons drawn above, one may conclude that the Nevado-Filabride
complex and the Cantabrian zone were closely related (Fig. 7.1), as they provide simi-
lar detrital zircon age patterns (Pastor-Galan et al., 2013, Jabaloy et al., 2018). This is
in agreement with previous paleogeographic reconstructions including those by Sanz de
Galdeano et al. (2006) and Jabaloy et al. (2018).

The relation of the Nevado-Filabride complex with the Alpujarride and Maldguide
complexes is not clear. Esteban et al. (2017) provided LA-ICP-MS U-Pb detrital zircon
analyses obtained from the Marbella conglomerate (Maldguide complex). These authors
proposed an MDA of ~286 Ma based on the youngest age population. Furthermore, they
obtained three Paleozoic main age clusters at ca. 280-310 Ma, 320 Ma, and 345 Ma, a
high proportion of Ediacaran ages (~590 Ma), small age populations ca. 1000, and several
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Late Permian

French
Central
Massif

African craton

Figure 7.1. Paleogeographic reconstruction of the Iberian terranes in the late Permian. Modified from Sanz
de Galdeano et al. (2006).

Paleoproterozoic analyses ranging 1800-2400 Ma. This age pattern resembles those from
the Nevado-Filabride complex presented herein. Accordingly, both complexes would
have been close during the deposition of the sedimentary protolith. In Fig. 7.1 is shown a
probable paleogeographic position for the Malaguide terranes during the Late Permian. In
this reconstruction the Nevado-Fildbride complex is in the prolongation of the Cantabrian
zone, while the Alpujarride and Malaguide complexes are situated to the ESE or SE, in

the prolongation of the Iberian Massif.

7.3. Tectono-metamorphic evolution of the Nevado-Filabride complex

Any model proposed to explain the tectono-metamorphic story of the Nevado-Fila-
bride complex must reconcile several remarks presented in chapter 6: the similarity of
the P-T paths in the upper and lower parts of the complex, the prograde isobaric heating
followed by isothermal decompression, and the LP/HT stage at ~13 Ma.

The results expounded in chapter 6 prove that the three studied formations of the Neva-
do-Filabride complex shared similar metamorphic histories during subduction and exhu-
mation. Accordingly, they were already closely related during the burial and exhumation
stages. Despite the similar P-T path trajectories, the uppermost rocks of the Nevado-Fila-

bride complex recorded higher P-T conditions that the lowest ones. This difference in P-T
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Figure 7.2. Simplified sketch showing the probable distribution of the isotherms
in the subducting slab.

conditions has been pointed out previously (e.g. Puga et al., 2002; Augier et al., 2005b;
Behr and Platt, 2012; Booth-Rea et al., 2015; Li and Massonne, 2018). The inverted ther-
mal gradient has been attributed to factors including: the proximity of the top to a hot han-
ging wall (e.g. Behr and Platt, 2012); a late-stage thermal overprint (Bakker et al., 1989)
involving either shear heating or hot fluid flow (Aerden et al., 2013); and the upwelling
of hot mantle material followed by magmatism (de Jong, 2003). Since the data presented
in this Ph.D. Thesis do not signal late thermal overprint and/or reheating assisted by fluid
(see sections 6.4.2 and 6.4.4), the hypothesis proposed by Behr and Platt (2012) best fits
our observations —i.e. the rocks in the upper part of the complex were closer to the hot
upper plate during subduction, for which reason they underwent higher T than the rocks
from the lower part. Fig. 7.2 depicts a probable distribution of the isotherms in the sub-
ducting slab. The small difference in pressure between the upper and lower part of the
complex (2 kbar between samples RA-2, Dark schists Fm, and 16.16, Schists and marbles
Fm, for the HP/LT stage) could have been caused by the effect of the directed tectonic
pressure exerted in the top of the subducted slab by the upper plate.

The subduction of the Nevado-Fildbride complex would not have started before ~30
Ma (Figs. 7.3 and 7.4a, b). The dataset presented in this Thesis does not allow for a re-
construction of the burial trajectory, as no garnet relict was found. However, it was pos-
sible to estimate a prograde isobaric heating at HP conditions at a depth of ~60-66 km
(Figs. 7.3 and 7.4c).

111



Chapter 7

T HP/LT stage
Pm

Pressure (kbar)
T
Exhumation
stage 1

6 ’, LP/HT stage
e®. 0 ~13 Ma
- P

s e =By S

ge s e And
2 - ﬂ_‘—'—“—"

-
<“uNEEEEEEEEEE NN

0 50 100 150 200 250 300 350 400 450 500 550 600
Temperature (°C)
== Schists and marbles Fm
== Tahal Fm

== Dark schists Fm

Figure 7.3. Comparison between the P-T paths obtained in the Ph.D.
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marbles (red) Fms. Continuous lines are reconstructed based on the
combination of thermobarometric results obtained for garnet and
phengite. Dashed lines for the exhumation stage 2 are proposed ba-
sed on the absence of andalusite and sillimanite in the studied rocks.

Following the isobaric stage, the P-T paths in all the studied samples draw an isother-
mal decompression trajectory attributed to the initial stage of exhumation (exhumation
stage 1 in Figs. 7.3 and 7.4d). In this sense, the results presented in this Ph.D. Thesis do
not fit with other studies proposing hairpin trajectories (i.e. linear cooling, Behr and Platt,
2012), or heating and/or reheating during decompression (Vissers, 1981; Gomez-Pug-
naire and Ferndndez-Soler, 1987; Bakker et al., 1989; de Jong 2003; Aerden et al., 2013;
Booth-Rea et al., 2015, Li and Massonne, 2018). A break-off of the subducting slab is
evoked as the probable mechanism triggering the exhumation of the Nevado-Fildbride
complex (Fig. 7.4d). Indeed, slab break-off has been cited to explain the exhumation of
high pressure rocks (Andersen et al., 1991; Babist et al., 2006; Xu et al., 2010; Duretz
et al., 2012; Duretz and Gerya, 2013, Yamato and Brun, 2016), but also isothermal de-
compression following trajectories without significant cooling, as shown in Fig. 7.3 (An-
dersen et al., 1991; Duretz et al., 2012; Duretz and Gerya, 2013; Warren, 2013; Petersen
and Buck, 2015). Such a conclusion for the Nevado-Filabride complex is furthermore in

line with models invoking slab break-off and/or tearing of the subducting Iberian plate
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(Buforn et al., 1991; Blanco and Spakman, 1993; Zeck, 1996, Spakman and Wortel, 2004;
Garcia-Castellanos and Villasenor, 2011; Rosell et al., 2011; Vergés and Fernandez, 2012;

van Hinsbergen et al., 2014).
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Figure 7.4. Reconstruction over time of the subduction and exhumation of the Nevado-Filabride

complex.
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Fig. 7.5 illustrates the position of the subducted Nevado-Fildbride under the Alpujarri-
de and Maldguide complexes at the time the slab probably broke.

Iberian platform

Figure 7.4. Simplified car-
toon showing the evolution
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Regarding the age of metamorphism, allanite dating results from samples 16.16
(12.91£1.10 Ma) and 16.8 (14.51+2.01 Ma) made it possible to constrain the timing of the

plex during subduction and
exhumation.

LP/HT stage at ca. 13 Ma. This age is comparable with the two main estimations for the
HP/LT metamorphism existing in the literature: early Miocene (~20-13 Ma) (e.g. Lopez
Sanchez-Vizcaino et al., 2001; Gomez-Pugnaire et al., 2004; Platt et al., 2006; Kirchner
et al., 2016), and Eocene to Early Oligocene (Monié¢ et al., 1991; Augier et al., 2005a; Li
and Massonne, 2018). The time frame between the Miocene ages suggested for the HP/LT
event and the allanite data implies a rapid exhumation of the Nevado-Filabride complex
(as previously surmised, e.g., Lopez Sanchez-Vizcaino et al., 2001; de Jong, 2003; Platt
et al., 2006; Behr and Platt, 2012; Kirchner et al., 2016). Rapid exhumation made the Ne-
vado-Filabride complex avoid significant cooling during the first part of decompression
(up to ~20-30 km) and supports the isothermal trajectory observed in the P-T diagrams
(exhumation stage 1 in Fig. 7.3). Additionally, it is compatible with the slab break-off
model (Davies and von Blanckenburg, 1995; O’Brien, 2001; Leech et al., 2005; Duretz et
al. 2012; Petersen and Buck, 2015). In contrast, the results pointing to an Eocene or Early
Oligocene age for the HP/LT event would require much longer subduction and exhuma-

tion processes, which do not agree with our results.
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The allanite dating of the LP/HT (and the acceptance of a Miocene age for the HP/
LT event) has important implications regarding the tectonic relation between the Neva-
do-Filabride and Alpujarride complexes. According to the results presented in this Ph.D.
Thesis, the two complexes underwent different tectono-metamorphic histories, since the
Alpujarride complex was already exhumed in the Early Miocene (~20 Ma), when the Ne-
vado-Filabride complex was affected by the HP metamorphism, and and the LP/HT event

was about to start.

After ~13 Ma the retrograde part of the P-T path probably changed from isothermal to
describe a linear cooling trajectory. Other proposed P-T paths enter the field of andalu-
site (Bakker et al., 1989; Vissers et al., 1995; Augier et al., 2005a, 2005b) or sillimanite
(Augier et al., 2005a, 2005b) during decompression. However (see chapter 4), kyanite is
the only Alpine-age aluminosilicate recorded in the Nevado-Filabride complex (e.g. Behr
and Platt, 2013). Accordingly, this Ph.D. Thesis proposes a P-T trajectory for the late ex-
humation that remains inside the kyanite stability field (exhumation stage 2 in Figs. 7.3
and 7.4e). This part of the P-T trajectory probably coincides with the final emplacement
of the Nevado-Filabride complex under the Alpujarride (Fig. 7.4¢). Johnson et al. (1997)
yielded apatite fission-track ages at 11 Ma for the Nevado-Fildbride complex, implying
the complex was exhumed by this time. Reconciling this age with the allanite dating ne-

cessarily implies fast cooling during stage 2 of exhumation.

To sum up, according to the petrochronological results presented in this Ph.D. The-
sis, the Nevado-Filabride complex was subducted up to ~60-66 km below the Alpuja-
rride complex at ~30 Ma, and reached HP conditions at ~20-18 Ma. The break-off of
the subducted slab triggered the rapid isothermal exhumation of the complex, which
underwent LP/HT conditions at ca. 13 Ma. The last stage of exhumation described li-
near cooling while the Nevado-Filabride complex acquired its final position under the

Alpujarride complex.

7.4. Discussion on the proposed divisions in the Nevado-Filabride complex

The results presented in this Ph.D. Thesis challenge the general opinion that the Ne-

vado-Filabride complex is divided into several tectonic units.
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The study of the lithological succession, supported by petrological and mineralogi-
cal data, demonstrates that the contacts between different the lithological formations
are stratigraphic ones. The supposed tectonic contacts between previously proposed
tectonic units are imprecise and poorly defined in the literature, and their acceptance
leads to incoherencies with the field data. The contacts between the Dark schists and the
Tahal Fms, and between the Tahal and the Dark and marble Fms (or the equivalent units
in the literature) are generally transitional. In particular, the contact between the Dark
schists and the Tahal Fms is characterized, in the studied areas, by alternating dark and
light schists and quartzites, with an upward increase in the light schists. Similarly, the
contact between the Tahal and the Schists and marbles Fms has a stratigraphic character
and is marked by the beginning of thin interlayered levels of marbles, which become
progressively more abundant upwards. Previous shear zones existing between these
units (e.g. Martinez-Martinez et al., 2002; Augier et al., 2005a; Martinez-Martinez et

al., 2010) can be explained as local and not generalized structures.

The upper and lower parts of the Nevado-Filabride complex show comparable de-
trital zircon age patterns. Notwithstanding, this similarity does not necessarily support
the existence of several tectonic units. Nor does it reject their existence, because simi-
lar age signatures have been described in other areas of the Iberian Peninsula (e.g. the
Cantabrian zone, Pastor-Galan et al., 2013). Conversely, the youngest age populations
identified in the studied samples correlate with their structural position: i.e. the youn-
gest age population in the overlying Schists and marbles Fm (269.6+0.9 Ma, sample SF-
2) is younger that those of the Tahal Fm (334.6+£2.9 Ma, sample RA-3; and 327.5£1.5
Ma, VE-3), and those of the underlying Dark schists Fm (354.7£1.9 Ma, sample SF-1;
524.1£1.1, sample RA-1; 338.9+1.1 Ma, sample RA-2; 349.1+1.6 Ma, sample VE-1;
336.9£1.4 Ma, sample VE-2). This finding does not fit with the formerly proposed tec-
tonic differentiation of the Nevado-Filabride complex. Instead, it may be interpreted as
a result of continuity in the sequence, the Dark schists Fm being the older part of the
complex in the Sierra Nevada and Filabres, whereas the Tahal and Schists and marbles

Fms, on the top, are the younger parts.

The similarities between the P-T trajectories of the schists from the upper and lower

parts of the complex do not support the tectonic model of superposed independent com-
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plexes based on tectono-metamorphic criteria (e.g. Puga et al., 2002). Again, a model
without major tectono-metamorphic discontinuities is in line with the results. In this
scenario, the upper and lower parts of the complex were subducted and exhumed toge-
ther. The progressive increase of P-T conditions towards the top of the succession (Fig.
7.2) could be the consequence of an inverted thermal gradient in the complex produced

by the proximity of the upper rocks to the hot plate during subduction (Fig. 7.2).

This Ph.D. Thesis, in summary, proposes that the existence of a tectonic division in
the Nevado-Filabride complex can be rejected in light of the evidence described. Ra-
ther, it is strongly suggested that the Nevado-Fildbride pile is formed by a succession of
three formations preserving mainly stratigraphic contacts in between. The conclusions
provided in previous paragraphs, taken independently, may not constitute sufficient evi-
dence for a stratigraphic continuity of the complex. The robustness of what is concluded
here lies in the combination of different methodological approaches. Stratigraphic, pe-
trological, mineralogical, geochronological and petrochronological criteria are further
supported by a comparison of data from samples collected in different sectors of the
Nevado-Filabride pile.
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Conclusions

This chapter summarizes the results compiled in the previous chapters in order to un-
derline the main contribution of this Ph.D. Thesis for a better understanding of the Neva-

do-Filabride complex and its evolution during the Betic Cordillera configuration.

The lithological succession of the Nevado-Filabride complex is formed, from bottom
to top, by a lower part including a monotonous succession of dark schists and quartzites
(the Dark schists Fm), and a more heterogeneous upper part showing dark schists, li-
ght schists, calc-schists, marbles, quartzites, gneisses and metabasites (the Tahal and the
overlying Schists and marbles Fms). The contact between these formations is stratigra-

phic, with a transitional character.

Schist samples taken from different areas of the complex underwent a SHRIMP U-Pb
detrital zircon study. The youngest age population estimated in the lowermost sample
from the Dark schists Fm, 349.1+1.6 Ma (Carboniferous), was interpreted to be the most
probable maximum deposition age for the lower part of the complex in the area of Sierra
Nevada and Filabres. Furthermore, the youngest age population yielded by the lowermost
sample from the Tahal Fm, 334.6+2.9 Ma (Carboniferous), is held to be the most probable
maximum deposition age of the upper part of the complex protolith. The sample taken in
the Schists and marbles Fm (upper part of the complex) provided a youngest age popula-
tion of 269.6+0.9 Ma (Permian). Overall, the youngest age populations were found in the

upper part of the complex, and they are progressively older downward in the succession.
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Hence, the protolith of the Nevado-Filabride schist would have been deposited in a nearly
continuous lapse of time: the Dark schists Fm was probably deposited firstly, followed by
the Tahal Fm and finally the Schists and marbles Fm. Combining the estimated maximum
deposition age of the Dark schists Fm with the minimum age of deposition previously ob-
tained from orthogneisses made it possible to constrain the deposition of the Nevado-Fila-
bride sediments in a period of 67 Ma (between ca. 282 to 349 Ma) or a more conservative

period of 102 Ma (between ca. 247 to 349 Ma).

Comparison of detrital zircon patterns led to the identification of common age popu-
lations at 480-615 Ma (Cambrian-Ediacaran), ca. 910-1010 Ma (Tonian-Stenian) and ca.
1800-2000 Ma (Orosirian), suggesting a common source area for the schists” protolith.
These age populations are similar to those previously provided for the Cantabrian zone
(Iberian Massif) and the Maldguide complex (Internal Zone of the Betic Cordillera). Ac-
cordingly, it can be interpreted that the Nevado-Filabride terranes were part of the Iberian

paleomargin, in the ESE or SE prolongation of the Iberian Massif.

The petrochronological study based on thermo-barometric estimates of garnet and
phengite, combined with U-Th-Pb allanite dating, confirmed that the Nevado-Filabride
complex displays an inverted metamorphism, characterized by higher P-T conditions in

the upper part of the complex.

The Darks schists, the Tahal, and the Schists and marbles Fms exhibit similar clockwise
P-T trajectories characterized by prograde isobaric heating at HP/LT conditions reached
after burial, and followed by an isothermal decompression leading to a LP/HT stage. Du-
ring the HP/LT stage, the Dark schists Fm reached ~16 kbar and ~480 °C. The temperature
difference increased during decompression up to ~47 °C during the LP/HT stage. In the
Tahal Fm, the HP/LT stage was recorded at ~17.5 kbar and ~490 °C, and the temperature
difference increased during the decompression up to ~50 °C in the LP/HT stage. For the
Schists and marbles Fm the HP/LT stage was estimated at ~18 kbar and ~520 °C, and the
temperature increase in decompression was ~70 °C during the LP/HT stage. Despite such
differences in pressure and temperature between formations, the similarities in the shape
of P-T paths indicate that they underwent a similar subduction and exhumation history,

but at different structural levels.
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Based on the allanite dating of two samples from the upper part of the complex (Schists
and marbles and Tahal Fms), the age of the LP/HT stage could be constrained at ca. 13
Ma. A rapid exhumation is proposed for the Nevado-Filabride complex, characterized by
an initial fast isothermal decompression, followed by linear cooling. This rapid isother-
mal exhumation was probably triggered by the break-off of the subducting south Iberian

paleomargin.

The combination of cartographic, stratigraphic, geochronological, and petrochronolo-
gical results presented in this Ph.D. Thesis lead to an interpretation for the Nevado-Fi-
labride complex as a continuous metamorphic sequence showing an inverted metamor-

phism, rather than a tectonically divided complex.
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Chapter 8

Conclusiones

Este capitulo resume los resultados presentados en los capitulos anteriores, con el
objetivo de resaltar la contribucion de esta Tesis Doctoral al conocimiento del comple-
jo Nevado-Filabride y su evolucion durante la configuracion tectonica de la Cordillera

Bética.

La sucesion litologica del complejo Nevado-Filabride presenta una parte inferior for-
mada por una sucesion monotona de esquistos oscuros y cuarcitas (Formacion de Es-
quistos oscuros), y una parte superior mas heterogénea que incluye esquistos oscuros,
esquistos claros, calcoesquistos, marmoles, cuarcitas, gneises y metabasitas (formacio-
nes Tahal y, por encima, la formacién de Esquistos y Marmoles). El contacto entre estas

formaciones es estratigrafico y transicional.

Las muestras de esquisto tomadas de diferentes areas del complejo, que abarcan desde
las partes mas bajas a las mas altas de la sucesion litologica, se sometieron a un estudio
SHRIMP U-Pb para datar circones detriticos. La edad mas joven estimada en la muestra
mas baja de la Formacion de Esquistos oscuros es 349,1+1,6 Ma (Carbonifero). Esta
edad se ha interpretado como la edad méaxima de deposito del protolito sedimentario
en la parte inferior del complejo en las Sierras Nevada y Filabres. Por otro lado, la po-
blacion de edad mas joven estimada para la muestra mas baja de la Formacion Tahal,
334,6+2,9 Ma (Carbonifero), es la edad maxima de depdsito mas probable para la parte
superior del complejo. La muestra tomada en la parte mas alta de la secuencia del Neva-
do-Filabride (Formacion de Esquistos y Marmoles) proporcioné una poblacién de edad
mas joven, 269,6+0,9 Ma (Pérmico). En general, las poblaciones de edad més joven se
encontraron en la parte superior del complejo, y son progresivamente mayores hacia aba-
jo en la sucesion. Por lo tanto, el protolito del esquisto se debid depositar en un lapso de
tiempo casi continuo. Asi, el protolito de la Formacion de Esquistos oscuros se depositd
en primer lugar, seguido del de la Formacion Tahal y finalmente por el de la Formacion
de Esquistos y Marmoles. El periodo de sedimentacion del protolito debi6 tener lugar
en un periodo aproximado de 67 Ma (entre ca. 282 a 349 Ma) , o bien un periodo menos

restrictivo de 102 Ma (entre ca. 247 a 349 Ma), a tenor de la comparativa entre las eda-
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des de deposicion méaximas obtenidas en esta Tesis Doctoral y las edades de deposicion

minimas obtenidas en la literatura a partir de ortogneises.

La comparacion de los patrones de circones detriticos condujo a la identificacion de
poblaciones de edades comunes ca.480-615 Ma (Cambrico-Ediacarico), ca. 910-1010 Ma
(Ténico-Sténico) y ca. 1800-2000 Ma (Orosirico), lo que sugiere un area fuente comun
para el protolito de los esquistos. Estas poblaciones de edad son similares a las propor-
cionadas previamente para la Zona Cantabrica (Macizo Ibérico) y el complejo Maldguide
(Zona Interna de la Cordillera Bética). En consecuencia, se puede interpretar que el area
donde se sediment6 el Nevado-Fildbride eran parte del paleomargen ibérico, y se encon-

traba en la prolongacion hacia el ESE o SE del Macizo Ibérico.

El estudio petrocronolégico basado en estimaciones termo-barométricas en granate
y fengita, combinado con la datacion de alanita U-Th-Pb, confirmaron que el complejo
Nevado-Fildbride muestra un metamorfismo inverso, caracterizado por condiciones de

presion y temperatura mas altas en la parte superior del complejo.

Las formaciones estudiadas exhiben trayectorias horarias de presion y temperatura
en sentido horario, similares entre si y caracterizadas por un calentamiento isobarico en
condiciones AP / BT, seguido de una descompresion isotérmica que conduce a una etapa
de BP / AT. Durante la etapa de AP / BT, la Formacion de Esquistos oscuros alcanzé ~ 16
kbar y ~ 480 °C. La diferencia de temperatura aument6 durante la descompresion hasta ~
47 © C durante la etapa de BP / AT. En la Formacion Tahal, la etapa de AP / BT se registro
a~ 17.5 kbar y ~ 490 °C, y la diferencia de temperatura aumentd durante la descompre-
sidn hasta ~ 50 © C durante la etapa BP / AT. Por ultimo, en la Formacion de Esquistos y
Marmoles la etapa HP / LT se estim6 en ~ 18 kbar y ~ 520 °C, y el aumento de temperatura
en la descompresion fue de ~ 70 °C durante la etapa BP / AT. A pesar de estas diferencias
en la presion y la temperatura entre las formaciones, las similitudes en la forma de las
trayectorias indican que estds estuvieron sometidas a un proceso de enterramiento y ex-

humacion similares, pero en diferentes niveles estructurales.

A partir de los datos de datacion de alanita (LA-ICP-MS) de dos muestras de la parte

superior del complejo (Formaciones Tahal y de Esquistos y Marmoles), la edad de la
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etapa de BP / AT se estimo en ca. 13 Ma. Se ha propuesto una exhumacion rapida para el
complejo Nevado-Filabride, caracterizada una primera etapa de descompresion isotérmi-
ca, seguida de una segunda etapa de enfriamiento describiendo una trayectoria lineal. La
exhumacion isotérmica mencionada probablemente se desencadend tras la ruptura de la

lamina subducida del paleomargen Ibérico.

La combinacién de resultados cartograficos, estratigraficos, geocronologicos y petro-
cronologicos presentados en esta Tesis Doctoral senalan que el complejo Nevado-Filabri-
de presenta una secuencia continua que muestra un metamorfismo invertido, en lugar de

ser un complejo dividido tectonicamente.
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Appendix

Appendix 1 UTM coordinates of studied samples (chapters 5 and 6).

Sample Formation Band: 30S Area of study
SF-1 Dark schists Fm 464424 4106792
SF-2 Schists and marbles Fm 462710 4107880 Pefiones de San Francisco
10.1 Dark schists Fm 465766 4105274 (western part of
16.8 Tahal Fm 462668 4107906 Sierra Nevada)
16.16 Schists and marbles Fm 462705 4107860
RA-0 Tahal Fm 501530 4096400
RA-1 Dark schists Fm 498284 | 4103669 | L2 Ragua
RA-2 Dark schists Fm 500104 | 4099243 | (Centralpart
RA-3 Tahal Fm 501534 | 4096508 | O SierraNevada)
VE-1 Dark schists Fm 551198 4111193
VE-2 Dark schists Fm 552063 | 4118932 | oiefique (Central part
VE-3 Tahal Fm 551400 | 4121466 | ©OF Sierradelos Filabres)

Appendix 2 U-Th-Pb Geochron analytical procedure used in the SHRIMP Ile/mc ins-
trument of the IBERSIMS lab (UGR).

Zircon grains were separated using panning and magnetic techniques. Hand-picked
zircons from the studied samples, several grains of the TEMORA-1 standard (for isotope
ratios; Black et al., 2003), one grain of the SL13 zircon standard (for U concentration,
Claoué¢-Long et al., 1995), plus a few grains of the REG zircon (plenty of common lead,
for calibrating the masses) were cast on a 3.5 cm diameter epoxy mount (megamount), po-
lished and documented using optical (reflected and transmitted light) and scanning elec-
tron microscopy (secondary electrons and cathodoluminescence). After extensive clea-
ning, mounts were coated with ultra-pure gold (8-10 nanometers-thick) and inserted into

the SHRIMP for analysis.
The analytical method followed that described by Williams and Claesson (1987). Each

selected spot was rastered with the primary beam for 120 s prior to analysis, and then

analysed 6 scans, following the isotope peak sequence '°Zr20, 2*Pb, 2**!'background,
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206pp, 207PDb, 2%8Pb, 28U, 2¥ThO, »*UO. Every peak of every scan was measured sequen-
tially 10 times with the following total counting times per scan: 2 s for mass 196; 5 s for
masses 238, 248, and 254; 15 s for masses 204, 206, and 208; and 20 s for mass 207. The
primary beam, composed of single charged, double '°O"™, was set to an intensity of about
5 nA, with a 120 microns Kohler aperture, which generates 17 x 20 micron elliptical spots
on the target. The secondary beam exit slit was fixed at 80 microns, achieving a resolution
of about 5000 at 1% peak height.

All calibration procedures were performed on the standards included on the same
mount. Mass calibration was done on the REG zircon (ca. 2.5 Ga, very high U, Th and
common lead content). Every analytical session started measuring the SL13 zircon, which
was used as a concentration standard (238 ppm U). The TEMORA-1 zircon (416.8+1.1

Ma), used as isotope ratios standard, was then measured every 4 unknowns.

Data reduction was done with the SHRIMPTOOLS software (available from www.
ugr.es/~fbea), specifically developed for IBERSIMS by F. Bea. This software is a new
implementation of the original PRAWN software developed for the SHRIMP, and has
been extensively checked against PRAWN and Ludwig’s SQUID. SHRIMPTOOLS is
platform-independent and runs on any Windows, Mac or Unix computer regardless of
language, time, and date system settings. It has been written in the programming lan-
guage of the STATA commercial package which implements powerful algorithms for
robust regression, outlier detection and time-series analysis. The software calculates the
intensity of each measured isotope in two steps. First, it uses the STATA letter-value
display algorithm to find outliers in the ten replicates measured in each peak during each
scan, discarding them and averaging the rest. Then, the blank, measured at 204.1 mass
is subtracted from each peak. This may produce negative values in mass 204 when it
recorded next to zero counts. Once normalized to the SBM measurements, the software
calculates the 204/206, 207/206, 208/206, 254/238 ratios using Dodson’s (1978) double
linear interpolation method. The 206/238, 206/195, 238/195, and 248/254 ratios are cal-
culated by dividing the value at the mid-time of the analysis of each isotope calculated
from the robust regression lines of the peak average of each scan vs the time at which
it was measured. Errors for Dodson interpolated ratios are calculated as the standard

error of the (scans-1) interpolations for each ratio. Errors for the isotope ratios calcu-
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lated by regression result from propagating accordingly the standard error of the linear
prediction at the mid-point of the analysis. °°Pb/***U is calculated from the measured
206pb+/28U+and UO+/U+ following the method described by Williams (1998). The error
reported for 2°Pb/?*¥U includes (1) the error in UO+/U+ (2) the error in the regression line
In(UO+/U+) vs In (*°Pb/?**U) (3) the standard error in the replicate measurements of the
TEMORA zircon. For high-U zircons (U > 2500 ppm) 2°Pb/>**U is further corrected using
the algorithm of Williams and Hergt (2000). Though seldom necessary, the software also
permits correction for instrumental drift with time using the sequence of replicate measu-

rements of the TEMORA zircon.
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Appendix 3 Optical and cathodoluminescence images of the studied zircons (chapter
5) can be found in the digital version of this Ph.D. Thesis (CD). Circles and numeric codes

correspond to selected points analyzed in the SHRIMP sessions.

Appendix 4 Tables comprising the SHRIMP U-Th-Pb analytical data of zircons (chap-
ter 5) can be found in the digital version of this Ph.D. Thesis (CD).

Appendix 5 Wetherill plots of the SHRIMP U-Pb detrital zircon dating (chapter 5).
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Appendix 5 (cont.)
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Appendix 5 (cont.)

Sample VE-3
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