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Resumen

1 Macizo Ibérico contiene una excelente representacion de la estratigrafia del Paleozoi-

co Inferior, asi como de la transicion con el Neoproterozoico Superior. La geoquimica
de las series siliciclasticas (elementos mayores y trazas) y sus fuentes isotdpicas (Sm-Nd)
han sido muy poco investigadas hasta tiempos recientes, a pesar de que estos aspectos son
importantes a la hora de conocer el contexto dinamico de las cuencas y su ubicacion en el
paleomargen de Gondwana. En esta tesis se presenta un estudio basado en estas metodolo-
gias y tiene como objetivo principal la investigacion de las series estratigraficas que definen
la transicidn entre el CAmbrico Inferior y el Ediacarense. Las series estudiadas corresponden
a las Unidades Aloctonas Superiores y a las Unidades Al6ctonas Basales del NW, al Cambrico
Inferior y Alcudiense del sector meridional de la Zona Centroibérica y a las Unidades Alécto-
nas Basales del SW. La labor realizada se ha sintetizado en varios trabajos ya publicados, que
se han incluido en esta memoria y representan su contenido fundamental. La memoria se
ha completado ademas con unos apartados introductorios de contenido metodolégico y un
capitulo final que presenta una sintesis de resultados a escala del Macizo Ibérico.

Los resultados obtenidos indican como conclusién general, un cambio significativo en la
influencia de un arco volcanico Cadomiense sobre los procesos sedimentarios que tenian
lugar en el margen de Gondwana y por consiguiente, sobre la composicion quimica de las
secuencias sedimentarias siliciclasticas ediacarenses y cambricas. Este cambio supuso una
evolucion progresiva del contexto deposicional, probablemente ligado a la apertura y ensan-
chamiento de una extensa cuenca back-arc. Esta apertura ocasion6 durante el Paleozoico
mas inferior un progresivo alejamiento de las cuencas sedimentarias del foco principal de la
actividad magmatica, cuya actividad era también aparentemente decreciente, y una evolu-
ciéon muy lenta pero continua hacia un margen pasivo durante la mayor parte del Cambrico.
La transicion es especialmente evidente en la geoquimica (elementos mayores y trazas) de
las secuencias sedimentarias del CaAmbrico Inferior y del Alcudiense (Ediacarense) del sector
meridional de la Zona Centroibérica. También es patente en la composicién de las secuencias
detriticas de las Unidades Al6ctonas Basales del NW de Iberia. La investigacion de las fuentes
isotdpicas (Sm-Nd) refleja la misma evolucion geodindmica de los terrenos peri-Gondwa-
nicos entre el Ediacarense y el CAmbrico. Es particularmente visible en el caso de las se-
cuencias metasedimentarias de la Zona Centroibérica, donde la evolucion de los valores de
€Nd indican una menor influencia del arco volcanico durante la sedimentacién de las series
cambricas. Las T, mas antiguas registradas en estas secuencias del Cambrico Inferior (1444
- 1657 Ma), son compatibles con un incremento de los aportes desde areas fuente gondwani-
cas antiguas y una disminucion de los aportes juveniles procedentes del arco volcanico.

Teniendo en cuenta los resultados anteriores y la distribuciéon conocida de los terrenos de
edad ediacarense y de las masas craténicas en el norte de Africa, en este trabajo se propone
un modelo de reconstruccion paleogeografica, para la posicion de los terrenos peri-Gondwa-
nicos representados en el Macizo Ibérico durante la transicién Ediacarense - CaAmbrico. Se-
gun este modelo, los diferentes terrenos que en la actualidad forman parte de un gran apila-
miento de mantos de cabalgamiento, ocuparian originalmente posiciones laterales relativas
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dentro de una extensa cuenca back-arc. Las edades modelo registradas permiten posicionar
todos los terrenos entre un arco volcanico activo, que ocuparia la posicién mas externa en
el margen, y diferentes sectores en las proximidades del Cratén del Oeste de Africa (COA).
Las cuencas originarias de las series estudiadas en el Macizo Ibérico pueden posicionarse
entre si con cierta claridad. De este modo, las caracteristicas geoquimicas e isotopicas han
permitido establecer criterios claros de correlacion entre las Unidades Aldctonas Basales del
NW y SW del Macizo Ibérico. Las T, observadas en el conjunto de las Unidades Basales son
muy antiguas (1499 - 2156 Ma), claramente mayores que las de las secuencias sedimentarias
de edad similar de la Zona Centroibérica (1256 - 1334 Ma). Todas las Unidades Basales del
Macizo Ibérico proceden pues de un unico dominio paleogeografico muy préximo a Gond-
wana, del que recibirian un aporte dominante de materiales corticales antiguos. Las cuencas
sedimentarias originales debieron situarse en una periferia muy préxima al COA, ya que esta
es la unica interpretacion posible para explicar los valores muy antiguos de T, que se han
encontrado. Las cuencas sedimentarias donde se depositaron las series del dominio autéc-
tono relativo (Zona Centroibérica), ocuparon posiciones mas alejadas en relacién al COA,
probablemente desplazadas hacia sectores mas orientales del paleomargen de Gondwana.
Finalmente, los valores de eNd positivos y las T, bastante mas jovenes de las Unidades Aldc-
tonas Superiores del NW de Iberia (720 - 1215 Ma), sitlian su procedencia en posiciones muy
cercanas al arco volcanico activo pero siempre dentro de la cuenca back-arc. El arco volcani-
co seria el area fuente del abundante material juvenil que resulta necesario para explicar los
valores de T, caracteristicos de estas unidades.

Una conclusion fundamental de este trabajo es que la investigacion combinada usando
geoquimica de elementos mayores y trazas y geoquimica isotépica (Sm-Nd), representa una
herramienta siempre util a la hora de estudiar el contexto dinamico de deposicion y las areas
fuente de series siliciclasticas antiguas. El valor de estas metodologias es aun mayor para el
estudio de series azoicas, deformadas y metamorfizadas, donde la aplicacién de un analisis
estratigrafico o paleontoldgico tradicional es virtualmente imposible.
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Abstract

he Iberian Massif contains an excellent representation of the Lower Paleozoic strati-

graphy, as well as its transition to the Upper Neoproterozoic. The geochemistry (ma-
jor and trace elements) of the siliciclastic series and their isotopic sources (Sm-Nd) have
been scarcely investigated until recently, even though these aspects are important to infer
the geodynamic context of the sedimentary basins and their location along the paleomargin
of Gondwana. This PhD Thesis presents a study based on these methodologies, whose main
objective is the investigation of the stratigraphic series that define the transition between
Lower Cambrian and Ediacaran times. The studied series correspond to the Upper Alloch-
thonous Units and the Basal Allochthonous Units of NW Iberia, the Lower Cambrian and Al-
cudian series from the southern sector of the Central Iberian Zone and to the SW Basal Allo-
chthonous Units of the Iberian Massif. The whole research has been synthesized in several
works already published, which have been included in this PhD Thesis constituting its main
content. The document has also been completed with an introductory section incorporating
the description of the used methodology and a final chapter that presents a synthesis of the
conclusions within the geological frame of the Iberian Massif.

As a general conclusion, the obtained results indicate a significant change in the influence
of a Cadomian volcanic arc on the sedimentary processes that took place along the Gondwa-
na margin and consequently, on the chemical composition of the Ediacaran and Cambrian
siliciclastic sequences. This change meant a progressive evolution of the depositional con-
text, probably linked to the opening and widening of an extensive back-arc basin. During the
Lower Paleozoic, this opening caused a progressive separation of the sedimentary basins
from the main focus of the magmatic activity, which apparently was also decreasing, and a
very slow but continuous evolution towards a passive margin during most of the Cambrian.
The transition is especially evident regarding the geochemistry (major and trace elements)
of the Lower Cambrian and Alcudian (Ediacaran) sedimentary sequences of the southern
sector of the Central Iberian Zone. It is also very noticeable in the composition of the detrital
sequences of the Basal Allochthonous Units of NW of Iberia. The investigation of the isotopic
sources (Sm-Nd) reflects the same geodynamic evolution of the peri-Gondwanan terranes
between Ediacaran and Cambrian times. It is particularly visible in the case of the metasedi-
mentary sequences of the Central Iberian Zone, where the evolution of eNd values indicates
a lower influence of the volcanic arc during the sedimentation of the Cambrian series. The
older T, recorded in the Lower Cambrian sequences (1444 - 1657 Ma), are compatible with
an increase in the contributions from older Gondwana sources and a decrease in the juvenile
contributions from the volcanic arc.

In the light of former results regarding the known distribution of the Ediacaran terranes
and the cratonic masses in North Africa, this PhD Thesis proposes a paleogeographic recons-
truction model for the location of the peri-Gondwanan terranes represented in the Iberian
Massif during the Ediacaran - Cambrian transition. According to this model, the different
terranes, that are currently part of a stack of nappes, would originally occupy lateral posi-
tions within an extensive back-arc basin. The recorded model ages allow us to locate all the
terranes relative to an active volcanic arc, which would cover the outermost position in the
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margin and various sectors in the proximity of the West African Craton (WAC). The original
basins of the studied series from the Iberian Massif can be placed with some clarity. In this
way, the geochemical and isotopic features have enabled us to establish a clear criterion of
correlation between the NW and SW Basal Allochthonous Units in the Iberian Massif. The T,
observed in the Basal Units as a whole are very old (1499 - 2156 Ma), clearly greater than
those from sedimentary sequences of similar age from the Central Iberian Zone (1256 - 1334
Ma). Thus, all the Basal Units of the Iberian Massif would come from a single paleogeographic
domain, very close to Gondwana, from which they would receive a dominant contribution
of old crustal materials. The original sedimentary basins had to be located very close to the
WAG, since this is the only possible interpretation to explain the very old T, that have been
found. The sedimentary basins, where the series of the relative Autochthonous domain (Cen-
tral Iberian Zone) were deposited, occupied more distant positions in relation to the WAC,
probably displaced towards more oriental sectors along the paleomargin of Gondwana. Fina-
lly, the positive values of eNd and the much younger T, of the Upper Allochthonous Units of
NW Iberia (720 - 1215 Ma), places their origin in positions very close to the active volcanic
arc, but always within the back-arc basin. This volcanic arc would be the source of the abun-
dant juvenile material needed to explain the T, values, typical of these units.

A fundamental conclusion of the present work is that the combined research, using geo-
chemistry of major and trace elements and isotopic geochemistry (Sm-Nd), represents a cri-
tical tool when studying the geodynamic context of deposition and the source areas of old
siliciclastic series. The value of these methodologies is even greater for the study of azoic,
altered and metamorphic series, where the application of a traditional stratigraphic or pa-
leontological analysis is virtually impossible.
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Capitulo 1

Introduccion y objetivo general

1.1 Introduccién

1.2 Objetivo general







INTRODUCCION Y OBJETIVO GENERAL

1.1 Introduccion

n procedimiento habitual para in-
Uvestigar la paleogeografia previa a

la formacién de cualquier orégeno, con-
siste en estudiar las caracteristicas de las
series sedimentarias involucradas en el
mismo (Pettijohn et al, 1972; Crook, 1974;
Dickinson y Suczek, 1979; Bhatia, 1983; Ro-
ser y Korsch, 1986, 1988; Floyd et al., 1987;
Wronkiewicz y Condie, 1987; Johnsson,
1993). De manera particular, las series sili-
ciclasticas representan un valioso registro
del contexto dindmico existente durante
su depdsito y también de las fuentes iso-
topicas implicadas en su formacion (areas
fuentes) (Dickinson et al.,, 1983; Dickinson,
1985 y 1988; Heller et al, 1985; Bhatia y
Crook, 1986; McLennan et al., 1990, 1993 y
1995; Floyd et al,, 1991; Maas y McCulloch,
1991; Cullers et al., 1997). Las rocas silici-
clasticas tienen una composiciéon quimica
caracteristica, controlada en general por
cuatro factores esenciales: (i) el contexto

tectonico en el que se produjo la forma-
cién de las cuencas; (ii) la naturaleza de
las areas fuentes; (iii) las caracteristicas
climaticas, que condicionan tanto el volu-
men erosivo como el tipo e intensidad del
transporte sedimentario; y (iv) la natura-
leza del sistema sedimentario en general
y de los sedimentos de manera particular.
Estos factores y sus interacciones condi-
cionan la implicacion de las areas fuentes,
los procesos de meteorizacion (tanto qui-
mica, como fisica), la granoclasificacion y
el grado de reciclado que sufren los sedi-
mentos clasticos durante su transporte
desde las areas fuentes hasta las cuencas
sedimentarias, el tamafio de grano y final-
mente los posibles procesos de alteracion
diagenética y/o hidrotermal, capaces de
modificar en diferente grado la composi-
cién quimica final (Nesbitt y Young, 1982
y 1996; Condie et al., 1992; Johnsson, 1993;
McLennan etal.,, 1993; Cullers, 1994y 1995;
Cox etal, 1995; Fedo et al, 1995; Nesbitt et
al, 1996; Price et al, 2003).



Capitulo 1

Los procesos de interaccion entre los facto-
res anteriores son complejos y sus resultados
implican una dificil correlacion entre las areas
fuente y las caracteristicas mineralégicas y
composicionales observadas en las rocas se-
dimentarias resultantes (Jonhsson, 1993).
Sin embargo, varios autores han observado
y registrado un evidente paralelismo entre la
procedencia, el contexto tecténico en el que
se ubican las paleocuencas sedimentarias y
la composicion quimica que presentan las se-
ries siliciclasticas (Bhatia y Crook, 1986; Roser
y Korsch, 1986; Winchester y Max, 1989; Floyd
et al, 1991). Este hecho sugiere que los pro-
cesos de erosidn, transporte y sedimentacion
ligados a contextos tectonicos particulares
se comportan de una manera similar, lo que
confiere a los sedimentos terrigenos unas ca-
racteristicas distintivas que varian de un am-
biente tecténico a otro (Bhatia, 1983; Bhatia y
Crook, 1986; McLennan et al.,, 1990; Jonhsson,
1993; McLennan et al, 1993). Estas singulari-
dades permiten buscar analogias entre series
generadas en un ambiente tecténico conocido
y otras cuyo origen es incierto y motivo de in-
vestigacion. El objetivo final de esta compara-
cion es conocer las condiciones en las que se
produjo la sedimentacién de las series proble-
maticas investigadas.

La informaciéon geoquimica registrada en
los sedimentos terrigenos es particularmente
relevante a la hora de investigar el ambien-
te tectonico y las fuentes isotopicas (Bhatia,
1983 y 1985; Heller et al, 1985; Roser and
Korsch, 1986; McLennan et al, 1990 y 1995;
Maas y McCulloch, 1991). Este hecho, bien es-
tablecido, hace que estas series tengan una
gran importancia para el conocimiento de sis-
temas muy antiguos, azoicos o intensamente
deformados y/o metamorfizados (O’Nions et
al, 1983; Miller y O’Nions, 1984; Nelson y De-
Paolo, 1988a; Linnemann et al., 2002 y 2004).
McLennan et al. (1993) sefalaron las venta-
jas que presenta la aproximacion geoquimica

para el estudio de las rocas sedimentarias:
(i) su aplicabilidad a rocas sedimentarias
tanto de grano fino como grueso; (ii) su uti-
lidad en rocas mineralégicamente alteradas,
siempre y cuando esta alteracion no afecte
de modo significativo a la composicién qui-
mica total de la roca, posibilitando la evalua-
cion de procesos sedimentarios secundarios;
(iii) la elevada precisién en la determinacién
y estudio de determinados elementos traza
e isotopos, que permite la identificacion de
componentes menores no reconocibles petro-
graficamente; (iv) la evaluacion del origen y
la evolucion geoquimica de la roca; y por ulti-
mo (v) la utilizacién de datos isotépicos per-
mite delimitar la edad de las areas fuentes y
la evolucién temporal de los sedimentos.

Debido a las posibilidades que plantea la
investigacion geoquimica de las series silici-
clasticas, son muchos los trabajos que se han
centrado en el estudio de las abundancias de
determinados elementos traza que muestran
un comportamiento relativamente inmovil
en los procesos de meteorizacién y transpor-
te, con ausencia de alteracion en su transfe-
rencia desde el area fuente a las cuencas se-
dimentarias, lo que proporciona una valiosa
informacién acerca de la procedenciay el con-
texto geodinamico en el que se produjo la se-
dimentacion (Bhatia y Crook, 1986; Winches-
ter y Max, 1989). De un modo andlogo, otros
trabajos han investigado la informacién que
proporcionan determinados is6topos radio-
génicos, capaces de delimitar la procedencia
primaria de los depésitos siliciclasticos y por
tanto de acceder a las claves de la evolucién
cortical, como ocurre en el caso particular de
los isotopos de Nd (McCulloch and Wasser-
burg, 1978; O’Nions et al, 1983; Taylor et al,
1983; Miller et al, 1986; McLennan et al., 1989;
Gleason et al, 1994; McLennan et al.,, 1995). En
este caso, es importante tener en cuenta que
el fraccionamiento mas importante del Sm y
el Nd se produce en los procesos de cristaliza-
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cion desde un fundido mantélico, para formar
las rocas plutonicas y volcanicas que se expo-
nen posteriormente en la corteza continental
(DePaolo y Wasserburg, 1976; Goldstein et al,
1984; DePaolo, 1988). La edad modelo de Nd
de las rocas siliciclasticas corresponde al pro-
medio de la edad de extraccion desde el manto
de los diferentes componentes detriticos deri-
vados de los procesos erosivos que afectaron
a las areas fuente (McLennan et al, 1993). En
términos practicos, las edades modelo de Nd
determinadas nos proporcionan informacion
acerca de la composicidn isotopica de las ro-
cas investigadas. Estos valores representarian
una media de los aportes relativos de mate-
riales juveniles (derivados del manto o de una
corteza continental recién formada), en rela-
cion con materiales procedentes de una cor-
teza continental mas antigua (O’Nions et al,
1983; Arndty Goldstein, 1987; Nelson y DePao-
lo, 1988b; McLennan et al, 1989; McLennan y
Hemming, 1992; Murphy y Nance, 2002).

El Macizo Ibérico esta constituido por una
gran variedad de series sedimentarias depo-
sitadas en los dominios Gondwanicos y pe-
ri-Gondwanicos. Las rocas sedimentarias/
metasedimentarias son las litologias casi ex-
clusivas en las zonas mas externas y su super-
ficie de afloramiento, siempre muy importan-
te, se reduce hacia las zonas internas, donde la
presenciadelitologias ortoderivadas prevaris-
cas o granitoides variscos se va haciendo pro-
gresivamente mayor (Farias, 1990; Rodriguez
Aller, 2005; Diez Montes, 2007; Talavera, 2009;
Diez Ferndndez, 2011; Rubio Pascual, 2013; y
referencias en ellas incluidas). La estratigra-
fia, paleontologia y la evolucién tectonome-
tamorfica de estas series son complejas, pero
han sido objeto de una intensa investigacion,
especialmente durante los ultimos 50 afios.
No obstante, el estudio de sus caracteristicas
geoquimicas e isotdpicas ha sido escasamente
abordado, a pesar de que su potencialidad es
muy grande a la hora de avanzar en el cono-

cimiento de la paleogeografia del Paleozoico
y de la naturaleza de las areas fuentes impli-
cadas. Este es especialmente el caso de las se-
ries constituidas por rocas sedimentarias si-
liciclasticas de tipo turbiditico (Bouma, 1962
y 2004; Zavala y Arcuri, 2016; y referencias in-
cluidas). La pequeia atencidn prestada a estas
cuestiones queda patente cuando se compara
la escasisima bibliografia existente sobre es-
tos aspectos, con la gran cantidad de trabajos
que describen la estratigrafia, paleontologia,
tectonica y/o evolucién metamorfica de las
series metasedimentarias de las zonas exter-
nas e internas del ordgeno.

1.2 Objetivo general

os trabajos incluidos en esta Tesis Doc-
Ltoral pretenden completar el amplio es-
tudio que se ha venido realizando en las series
metasedimentarias del Macizo Ibérico desde
otros planteamientos mas clasicos. El objeti-
vo general de esta Tesis Doctoral es el estudio
de la composicion geoquimica convencional e
isotépica (Sm-Nd) de las series siliciclasticas
que definen la transicién Ediacarense - Cam-
brico Inferior en diferentes sectores del Maci-
zo Ibérico. Para ello se han seleccionado algu-
nas series poco afectadas por metamorfismo
y deformacion, evitando en la medida de lo
posible la alteracién de los sistemas quimicos
e isotopicos. Estas series afloran en el NW y
SW del Macizo Ibérico y también en su domi-
nio mas central (Diaz Garcia, 1990; Ugidos et
al, 1997ay 1997b; Valladares et al., 2000; Fer-
ndndez-Sudrez et al, 2003 y 2014; Pereira et
al, 2006; Diez Ferndndez et al, 2010 y 2017;
Albertetal, 2015a). La estructuracion del Ma-
cizo Ibérico tuvo lugar durante los episodios
finales del ensamblado de Pangea, ligados a
una colision con fuerte componente lateral
entre Gondwana y Laurussia durante el De-
vonico y el Carbonifero (Matte, 1986 y 1991;
Stampfli et al., 2002 y 2013; Martinez Cataldn
et al, 2007 y 2009; Arenas et al, 2009 y 2014;
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Diez Ferndndez et al,, 2012a, 2015y 2016; y re-
ferencias en ellas incluidas). Actualmente, las
series seleccionadas forman parte de la exten-
sa zona de sutura existente en el Macizo Ibé-
rico (Diez Ferndndez y Arenas, 2015; Arenas et
al, 2016a), definida por varios terrenos aloc-
tonos con ofiolitas (Sdnchez Martinez, 2009;
Sdnchez Martinez et al, 2009) y unidades de
alta presion, asi como de los dominios autoc-
tonos situados estructuralmente mas abajo
(Arenas et al, 2016b; y referencias en ella in-
cluidas). Las conclusiones principales que se
han obtenido en esta Tesis indican con clari-
dad que la transiciéon Ediacarense - CAmbrico
en el dominio peri-Gondwanico investigado
tuvo lugar en un contexto de arco magmati-
co. Distintos aspectos del origen y evolucion
durante el Neoproterozoico y el Paleozoico
mas temprano del sistema de arcos y de las
secciones proximas del margen de Gondwana,
quedan registrados en las series sedimenta-
rias siliciclasticas coetaneas. Sus caracteris-
ticas geoquimicas e isotdpicas particulares
ofrecen la posibilidad de delimitar tanto sus
areas fuente, como el contexto geodindmico
preciso en el que se produjo la sedimentacion,
y por consiguiente avanzar en la paleogeogra-
fia del Paleozoico en el contexto peri-Gondwa-
nico.



Capitulo 2

Metodologia

2.1 Preparacion de muestras geologicas
2.2 Analisis geoquimico de roca total
2.3 Analisis isotopico (Sm-Nd)







METODOLOGIA

os trabajos presentados en esta Tesis

Doctoral incorporan una gran cantidad
de resultados analiticos, que conforman la
base del estudio geoquimico de las series si-
liciclasticas seleccionadas y proporcionan las
claves para las conclusiones obtenidas. Dadas
las caracteristicas de este tipo de técnicas,
resulta conveniente describir la metodologia
utilizada en los trabajos de laboratorio. Por
ello, a continuacién se incluyen breves des-
cripciones de los procedimientos seguidos
para la obtencion de los resultados analiticos
alcanzados, haciendo especial énfasis en la
técnica de analisis isotdpico Sm-Nd, realizada
por el propio autor, y que conforma la base de
muchas de las conclusiones aqui expuestas.

2.1 Preparacion de muestras
geoldgicas

as caracteristicas petrograficas de las

muestras analizadas fueron estudiadas
detenidamente, como un paso necesario para
conocer sus texturas, mineralogia y otros as-
pectos de su evolucidon tectonotermal, asi
como para descartar la presencia de alteracio-
nes significativas de la composicién quimica

original. Para ello, se han preparado secciones
delgadas de todas las muestras recogidas, asi
como se han tenido en cuenta las muestras y
trabajos petrograficos previos generados en
nuestro equipo de investigacién en relacion a
las series siliciclasticas investigadas.

Previo al tratamiento analitico de las mues-
tras recogidas en las diferentes regiones es-
tudiadas, éstas fueron preparadas en los La-
boratorios de Preparaciéon de Muestras del
Departamento de Petrologia y Geoquimica de
la Facultad de Ciencias Geolégicas (UCM). La
preparacion rutinaria de muestras para ana-
lisis quimicos (elementos mayores y trazas)
e isotopicos comprende el lavado y retirada
de restos bioldgicos que puedan existir en el
exterior de las rocas, asi como la retirada de
cualquier parte de la muestra que muestre
alteracion significativa. A continuacion, frag-
mentos de roca del tamafio aproximado de
un pufio se trituran en un molino de mandi-
bulas de acero. Tras este paso, fracciones de
la muestra con un tamafio aproximado de en-
tre 2 y 3 centimetros se pasan por un molino
de discos de acero de tungsteno, graduando
la separacién de los discos para conseguir el
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tamafio de grano deseado. El polvo resultante
del paso anterior se cuartea hasta conseguir
una fraccion representativa del total y poste-
riormente se pulveriza en un mortero de aga-
ta. El resultado obtenido se pasa por un tamiz
de nylon de 100 micras, para recuperar Uni-
camente la fraccién con granos menores de
ese tamafio y que aseguran posteriormente
una buena disolucién de la muestra, necesa-
ria para las sistematicas analiticas utilizadas
en esta Tesis.

2.2 Andlisis geoquimico de roca
total

2.2.1 Introduccion
Las rocas siliciclasticas representan un
registro temporal completo de la com-
posicion quimica de la corteza continental
superior (Taylor y McLennan, 1985; McLen-
nan y Taylor, 1991; Condie, 1993; McLennan,
2001; Hawkesworth et al, 2010). Este registro
brinda la oportunidad de descifrar las claves
que permitan comprender los procesos que
tuvieron lugar durante la sedimentaciéon y
consolidacion de dichas rocas (McLennan et
al, 1993). Las series metasedimentarias estu-
diadas presentan un bajo grado de alteracion
en procesos post-deposicionales, lo que se
traduce en la ausencia de modificaciones im-
portantes de las caracteristicas quimicas. Ca-
racteristicas heredadas desde las areas fuente
gracias a una transferencia quimica cuantita-
tiva y a la permanencia del sistema quimico
como un conjunto relativamente hermético
(Bhatia y Crook, 1986, McLennan, 1989; Nes-
bitt et al., 1996).

Existe una variabilidad importante en las
propiedades relativas a la movilidad de los di-
ferentes elementos quimicos, que légicamen-
te se relaciona con sus caracteristicas quimi-
co-fisicas (Henderson, 1982). Determinados
elementos mayores y menores resultan muy
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moviles durante los procesos de meteoriza-
cién, transporte sedimentario, diagénesis y
metamorfismo (Nesbitt et al, 1980; Cullers,
1995). Por lo tanto, deben utilizarse con cau-
tela en la obtencion de conclusiones acerca
de la composicion quimica del area fuente o
del contexto tectonico en el que tuvo lugar
la sedimentacion (Armstrong-Altrin y Verma,
2005; Verma y Armstrong-Altrin, 2016). Por el
contrario, existen numerosas evidencias de
una relativa ausencia de modificaciones en las
abundancias de algunos elementos menores y
traza durante los procesos comentados ante-
riormente, lo que permite obtener una infor-
macion precisa de su procedencia (McLennan
etal, 1991 y 1993). Elementos quimicos tales
como las Tierras raras (REE: Rare Earth Ele-
ments), Hf, Ti, Cr, Co, Zr, Nb, Ta, Y, Th y Sc pro-
porcionan un excelente factor discriminante
de la procedencia y del ambiente geodinami-
co en el que se produjo la sedimentacién de
las rocas siliciclasticas (Bhatia y Crook, 1986).
De igual manera, las relaciones entre elemen-
tos compatibles o incompatibles nos permi-
ten conocer aspectos importantes acerca de la
procedencia de estas rocas (McLennan et al,
1993). De un modo analogo, los patrones de
distribucion de las REE en rocas detriticas in-
dican las afinidades continentales de sus pre-
cursores tras la homogenizacién debida a los
procesos erosivos y sedimentarios (Taylor y
McLennan, 1985; McLennan, 1989; McLennan
y Hemming, 1992).

2.2.2 Geoquimica de elementos mayores

y trazas
Los analisis quimicos de elementos ma-
yores y trazas que se han utilizado en
esta Tesis Doctoral (78 muestras) se han rea-
lizado en los laboratorios ACTLABS de Onta-
rio, en Canada (Activation Laboratories Ltd,
http://www.actlabs.com/), siguiendo en su
totalidad el método analitico denominado
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4Lithores - Lithium Metaborate/Tetraborate
Fusion - ICP and ICP/MS. La sistematica anali-
tica utilizada asegura una completa puesta en
disolucion de las muestras y un preciso anali-
sis de los elementos mayores y traza. El méto-
do de disolucion utilizado consistié en una fu-
sion con metaborato y tetraborato de litio en
un horno de induccion. La mezcla fundida se
puso inmediatamente en contacto con una so-
lucion de acido nitrico (5%), que contenia un
estidndar interno, mezclando continuamen-
te hasta la disolucion total de la muestra si-
licatada (aproximadamente 30 minutos). Las
muestran diluidas se analizaron con un equi-
po de espectrometria de masas con una fuen-
te de ionizacion por plasma de acoplamiento
inductivo (ICP-MS, modelo Perkin Elmer Sciex
ELAN 6000®, 6100® o 9000®). Durante el
proceso completo, se asegurd la bondad de
los analisis y la ausencia de contaminacién ex-
terna al proceso con el analisis simultaneo de
blancos de preparacién, controles internos,
duplicados de muestras seleccionadas y ma-
teriales estandar certificados. La calidad de
los andlisis obtenidos es alta y la precision ge-
neral se calcula en aproximadamente 0.01%,
con precisiones mas altas (ca. 0.001%) para
MnO y TiO,.

2.3 Analisis isotopico (Sm-Nd)

a sistematica isotopica utilizada en esta

Tesis ha sido la geoquimica isotopica de
Sm y Nd. Esta sistematica se ha llevado a cabo
en su totalidad en el Centro de Asistencia a la
Investigacion de Geocronologia y Geoquimi-
ca Isotépica de la Universidad Complutense
de Madrid (UCM-CEI) (https://www.ucm.es/
geocronologia). Para ello, se ha empleado la
técnica de analisis mediante dilucién isotopi-
ca por espectrometria de masas de ionizacion
termal (ID-TIMS). Esta técnica sofisticada nos
ha permitido conocer las concentraciones
precisas de ambos elementos y la composi-
cion isotdpica del Nd en la misma fraccion de
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la muestra. En esta Tesis Doctoral se presen-
tan los resultados isotépicos Sm-Nd de un to-
tal de 78 muestras. A continuacion, y previo
a la descripcion del método analitico seguido,
se resumen las bases teodricas de esta sistema-
tica y de los calculos llevados a cabo para la
obtencion de los parametros de utilidad para
la consecucién de los objetivos planteados en
el presente trabajo de Tesis.

2.3.1 Base tedrica

os isotopos radiogénicos se han utiliza-

do ampliamente en los dltimos tiempos
para llevar a cabo estudios geocronolégicos,
estratigraficos y de procedencia en rocas se-
dimentarias, con la intencion de ayudar a de-
limitar los cambios temporales producidos
en la superficie terrestre y los procesos que
los causan (O'Nions et al, 1983; Taylor et al,
1983; Miller et al., 1986; McLennan et al.,, 1989,
1990y 1995; Gleason et al., 1994; Cullers et al,
1997; Murphy y Nance, 2002). Esto es debido
a que la composicién isotopica de los mate-
riales terrestres cambia con el tiempo, lo que
estd causado en mayor medida por procesos
de desintegracién radiactiva, interacciones
cosmogénicas o fraccionamiento de masas
(Blum, 1995; Dickin, 1995; Dunai, 2010).

2.3.1.1 Geoquimica Sm-Nd

1 Sm y el Nd son elementos que perte-

necen al grupo de las REE, con numeros
atomicos (Z) de 62 y 60, respectivamente. Los
elementos pertenecientes a este grupo for-
man generalmente iones con cargas 3+ (con
excepciones como Eu?* o Ce*, bajo determina-
das condiciones), y sus radios decrecen pro-
porcionalmente al incremento de su nimero
atomico, desde el Lantano (La, Z=57) con un
radio atémico de 1.15 A, al Lutecio (Lu, Z=71),
con un radio atémico de 0.93 A (McLennan,
1989; Faure y Mensing, 2005). El Sm tiene sie-
te is6topos naturales, de los cuales tres son
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radiactivos. De estos tres is6topos, inicamen-
te el *’Sm sufre una desintegracién tipo-q,
con una vida media equivalente a una cons-
tante de desintegracién (A) de 6.54*10'% afios’
! (Lugmair y Marti, 1978), lo suficientemente
corta como para producir una variacién cuan-
tificable en la abundancia de su is6topo hijo
(**3Nd) en un periodo de tiempo de 10%afos o
mas (O’Nions et al.,, 1979).

El radio i6nico de las REE y su relativamen-
te elevada carga hace que estos elementos
sean considerados moderadamente incompa-
tibles, siendo el Nd ligeramente mas incom-
patible que el Sm (Sun y McDonough, 1989),
y que por tanto no se incorporen facilmente a
la red cristalina de algunos minerales. A pesar
de todo ello, las REE reemplazan a iones de
elementos mayores (Henderson, 1984; McLen-
nan, 1989), encontrandose presentes en mu-
chos de los minerales mas comunes y for-
mando parte de inclusiones de determinados
minerales accesorios (Faurey Mensing, 2005).
Estos minerales ejercen una importante se-
lectividad a la hora de incluir estos elementos
dentro de su estructura cristalina, por lo que
determinados minerales, como feldespato,
biotita o apatito tienden a concentrar Tierra
Raras ligeras (LREE), grupo al cual pertenecen
el Sm y Nd; mientras que el piroxeno, anfibol
y granate concentran por el contrario Tierras
Raras pesadas (HREE). Esta selectividad a la
hora de concentrar ambos tipos de REE tiene
un importante reflejo en las abundancias pre-
sentes en las rocas que forman dichos minera-
les, observandose a veces amplias variaciones
(Faure y Mensing, 2005). El comportamiento
geoquimico diferenciado del Sm y Nd es fru-
to de la denominada “contraccion de los lan-
tdnidos” (Henderson, 1984), como resultado
de una disminucion constante del tamaiio, a
lo largo de la serie del Lantano al Lutecio, y
que tiene su explicacion en la distribucién de
los electrones en el orbital f de estos elemen-
tos, lo cual dictamina su comportamiento qui-
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mico. Como consecuencia, el radio idnico del
Sm3* (1.04 A) es menor que el del Nd3* (1.08
A), atin teniendo este ultimo un niimero até-
mico menor. Esto hace que el radio idnico de
la mayor parte de las REE trivalentes sea si-
milar al del Ca?*, Th** y U*, siendo este hecho
clave en el comportamiento de las REE duran-
te los procesos petrogenéticos, al reemplazar
a elementos con radio i6nico similar. A pesar
de que la diferencia en el radio i6nico del Sm y
Nd es minima, tiene consecuencias en la qui-
mica de ambos elementos. El Nd tiende a con-
centrarse en la fase liquida durante la fusion
parcial de los minerales silicatados, mientras
que el Sm permanece en los sélidos residua-
les (Faure y Mensing, 2005). Por otra parte, su
elevada valencia favorece fuertes enlaces, que
junto con su tendencia a rodearse de radica-
les OH-, hace que este grupo sea relativamen-
te poco soluble y por tanto presente una baja
movilidad (White, 1995).

2.3.1.2 Notacion épsilon-Nd (¢Nd)

as propiedades quimicas similares del

Sm y Nd hacen posible que el fraccio-
namiento durante los procesos de cristaliza-
cion y fusién sea relativamente bajo (Dickin,
2005), lo que supone bajas desviaciones de la
relacion **Nd/'**Nd con respecto a la elevada
pendiente de la linea de evoluciéon de CHUR
(chondritic uniform reservoir - DePaolo y Was-
serburg, 1976a). Esta observacion condujo al
desarrollo de la notacién eNd (épsilon-Nd),
que representa la desviacion de la relacion
inicial Nd/**Nd con respecto al valor del
condrito (DePaoloy Wasserburg, 1976b; Jacob-
sen y Wasserburg, 1980 y 1984). Debido a que
dichas desviaciones son pequeias, los valores
de €Nd se expresan como partes por 10.000,
definiéndose matematicamente como:
(143Nd /144Nd)muestra (t) _]} 0
(5N / *Nd )y (0

gNda):(
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En esta ecuacion, t representa el mo-
mento para el que se calcula eNd (DePaolo y
Wasserburg, 1976a), siendo necesario cono-
cer el valor de CHUR para ese tiempo deter-
minado, siempre teniendo en cuenta que los
valores actuales de CHUR para las relaciones
Nd/"™Nd y Sm/"Nd son 0.512638 y
0.1967, respectivamente (Jacobsen and Was-
serburg, 1984).

El uso de la notacién €Nd, con respecto a la
relacion isotopica *Nd/**Nd, implica el uso
de numeraciones mas simples, con valores
que varian entre +14 y -20 para la mayoria de
las rocas terrestres, lo que mejora la compara-
cion entre rocas de diferentes edades (White,
2015). Los valores positivos o negativos del
eNd nos ayudan a conocer detalles acerca de
la procedencia y evolucién geoldgica de las
rocas. Un valor positivo de eNd implica una
relaciéon *’Sm/**Nd mayor que las de CHUR,
y por tanto supone una evolucion temporal de
la relacion *Nd/**Nd hacia valores mayores
que los del condrito, lo que se explicaria con
una fuente dominantemente mantélica, ya
que la relacién Sm/Nd es mayor en el manto
(debido principalmente a la mayor incompati-
bilidad del Nd, con respecto al Sm). De la mis-
ma manera, valores negativos indican rocas
derivadas de fuentes con un valor Sm/Nd mas
bajo que el reservorio condritico proceden-
tes de rocas corticales antiguas, cuya relacion
Sm/Nd es menor que la de un reservorio con
un patrén condritico de REE (Faurey Mensing,
2005).

2.3.1.3 Edades modelo de Nd

dicionalmente a las edades modelo de
Nd basadas en la evolucion condritica
del manto (T, . 0 también Edad de residencia
cortical - DePaolo y Wasserburg, 1976b), es
posible el calculo de las edades modelo refe-

ridas a un manto empobrecido con respecto a
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T T T T
N Manto empobrecido a 3.5 Ga
0.513f_ "\, (relacién Sm/Nd elevada) -

Manto empobrecido
0511 b= de manera continuada

La Tierra

143Ndl144Nd

0.509 = Cortezaformadaalos3.5Ga ™ =1
(relacion Sm/Nd baja)

0.507 1 1 1 1
1.0 2.0 3.0 4.0

Tiempo (Ga)
Fig. 2.1- Evolucién de la composicién isotépica de Nd en
el manto y corteza. Se muestran tanto la linea de evolucién
de la Tierra o CHUR (chondritic uniform reservoir), como la
evolucion de la corteza creada a 3.5 Ga y su manto residual
correspondiente, en comparacién con la evolucién isoté-

pica en el tiempo del manto empobrecido continuamente
(Fuente: White, 2015).

CHUR. Este calculo asume la existencia de una
corteza enriquecida preferentemente en Nd
en relacion a Sm, con el progresivo empobre-
cimiento del manto en Nd, en comparacién a
su contenido en Sm. Este manto empobrecido
presenta una linea de evolucion con una pen-
diente mayor que la del condrito (Fig. 2.1) y al
igual que en el caso de la T, el calculo ma-
tematico de esta edad modelo (T,,) supone
llegar a conocer el punto de interseccion entre
la linea de evolucién isotopica de la muestra y
la linea de evolucion del manto empobrecido,
caracterizada por un progresivo aumento en
las relaciones, Sm/Nd y **Nd/**Nd (DePaolo
y Wasserburg, 1976b).

muestra

143 144
T 1 ( Nd / *“Nd

- Wgm [ 4N

_ 143 144
= Nd / *Nd.,, +1J

147Sm / 144NdDM

muestra

Este punto de interseccion representaria la
edad a la cual la muestra estudiada tenia una
relacion **Nd/**Nd igual de la del manto em-
pobrecido, lo que coincidiria con el momento
exacto en el que se produjo la extraccion des-
de este manto de los precursores de la mues-
tra estudiada (Murphy and Nance, 2002) (Fig.
2.2). Segun el modelo utilizado en los trabajos
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presentados en esta Tesis y propuesto por De-
Paolo (1981), este punto de interseccion ven-
dria definido por la siguiente igualdad:

eNdROCA(t) = eNdPM(L),

donde eNd®“A(t) representa la composi-
cion isotépica de Nd en la roca, en un momen-
to determinado del pasado (t), y eNd”™(t) la
composicion del manto empobrecido en rela-
ciéon a CHUR, y que viene dada con suficiente
precision, para un tiempo ¢, por la siguiente
ecuacion (DePaolo, 1981):

eNdPM(t) = 0.25t2- 3t + 8.5

La ausencia de posibles alteraciones en el
sistema de Sm-Nd debidas a procesos de ero-
sion, sedimentacion, metamorfismo o incluso
fusion cortical sugiere que la relacién Sm/Nd
observada en los sedimentos de grano fino no
difiere mucho de la observada en sus precur-
sores, por lo que el sistema nos permite calcu-
lar los tiempos de residencia cortical a partir
de la los valores observados de T, y conocer
la historia geoldgica de las rocas selecciona-
das (Dickin, 2005).

2.3.2 Principios tedricos del método de
dilucién isotépica

| calculo cuantitativo de la concentra-

cion de un determinado elemento utili-
zando Espectrometria de Masas con Dilucion
I[sotopica (ID-MS) se basa en el uso de un spi-
ke como un estandar interno (Heumann, K.G.,
1986). Para ello es necesaria la adiccion de
una cantidad precisa del trazador ala muestra
y posteriormente, utilizar un espectrémetro
de masas para analizar la relacion isotépica
de una porcién de la mezcla de los isétopos
con una procedencia diferente. Previo a todo
esto, se debe realizar una caracterizacion del
spike muy precisa, normalmente con el uso
de un estandar en la técnica conocida como
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€Nd(rom)1
eNd(rom)2

0
eNd()4

eNd

eNd(i),
eNd(o)1

eNd(o)2

-12

Edad (Ga)

Fig. 2.2- Diagrama Edad vs €Nd, donde se muestra la linea
de evoluciéon del manto empobrecido segin DePaolo, 1981.
Se incluyen las lineas de evolucién de la composicién isoté-
pica de Nd de dos rocas, durante el momento de su extrac-
cién del reservorio mantélico (T, y T,,.,), de la cristaliza-
cién delaroca o de la consolidacién de la roca sedimentaria
(T, ¥ por ultimo, en la actualidad. Igualmente se reflejan
en el eje y los valores de la notacion épsilon-Nd.

dilucidén isotdpica inversa. Esto, junto con un
conocimiento previo de la composicion apro-
ximada de la muestra, ayuda al calculo preciso
de la cantidad de spike a afiadir, lo que condu-
ce a una minimizacion en la propagacion de
errores en el calculo posterior de la concen-
tracidn del elemento (Faure, 1986).

Es esencial conocer los aspectos criticos
del procedimiento experimental, asi como
conocer las principales fuentes de error para
conseguir una elevada exactitud en el calculo
de la concentracidn de un elemento. Por tanto,
es necesario un equilibrio quimico completo
en la mezcla resultante entre los is6topos del
elemento en la muestra y el spike. De esta ma-
nera se asegura un comportamiento idéntico
durante el procedimiento analitico. Para ello,
la muestra debe disolverse completamente, y
el trazador y muestra ser quimicamente equi-
valentes en la mezcla resultante. Este equi-
librio evita que se produzca una separacion
cromatografica diferenciada, debida a dife-
rentes eficiencias relativas, relacionadas con
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las posiblemente distintas formas quimicas
existentes.

Tras conseguir este equilibrio isotdpico, la
composicion isotopica de la mezcla se analiza
por espectrometria de masas, aunque como
ya se ha comentado, previamente puede pro-
cederse ala separacion del elemento con el fin
de alcanzar una mayor eficiencia en la ioniza-
cion del elemento y poder eliminar posibles
interferencias isobaricas. Este proceso de se-
paracion del analito no es necesario que sea
cuantitativo, constituyendo ésta su principal
ventaja a la hora de disefiar con una mayor
flexibilidad los procesos de purificacion (Ma-
kishima, 2016).

Los principales inconvenientes de esta
técnica son el elevado coste y la limitada dis-
ponibilidad de soluciones spike; los posibles
efectos isotopicos debido al desequilibrio de
la mezcla en el proceso analitico, la necesidad
de un analisis con suficiente exactitud en el
espectrometro de masas y la imposibilidad
de utilizar esta técnica con elementos mo-
no-isotépicos. Estas desventajas se compen-
san en gran medida por el hecho de que hay
un numero limitado de potenciales fuentes de
error: (i) la pureza del spike y el control sobre
la concentracion y la composicion isotdpica
del mismo, (ii) la ausencia de contaminantes
externos a la mezcla muestra-spike, lo que
se consigue con un control exhaustivo de los
blancos de preparacién; y por ultimo, (iii) la
exactitud en el analisis isotépico en el espec-
trémetro de masas (Faure, 1986).

2.3.3 Metodologia especifica del analisis
isotépico Sm-Nd (ID-TIMS)

e manera rutinaria, el proceso de ana-
lisis isotépico de Sm y Nd por espec-
trometria de masas con ionizacion termal y
dilucion isotépica (ID-TIMS) implica la puesta
en solucién de la muestra sé6lida pulverizada y
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la separacion cromatografica de las REE de la
matriz de la muestras y de ambos elementos
entre si. Estos procesos son necesarios para
conseguir una sefial de suficiente intensidad
para ambos elementos, que permita su ana-
lisis de una manera prolongada en el tiempo
alcanzando una precisién estadistica satisfac-
toria.

Previo a la pesada de la muestra, se proce-
de al calculo preciso de la cantidad de traza-
dor (spike) a afadir. Una cantidad demasiado
baja o demasiado elevada de esta solucidn
introduciria un error en la precisién analiti-
ca final. Para ello, calculamos el peso de spi-
ke necesario para que, teniendo en cuenta los
contenidos observados en los analisis de roca
total para las REE, la relacién **°Nd/**Nd en
la mezcla resultante de la muestra y el spike
sea cercana a la unidad. Una vez calculada
esta cantidad, se procede a la pesada en una
balanza de precision de las muestras pulveri-
zadas (ca. 100 mg), junto con la solucién de
spike mixto (**°Sm-'*°Nd) en recipientes lim-
pios de PFA-Teflon®. Bajo ambiente libre de
contaminacion se afiade una mezcla de 1 mL
de HNO, y 5 mL de HF ultrapuros (Merck-Su-
prapur®). Los recipientes cerrados se co-
locan a alta temperatura (1202C) durante al
menos 48 horas. Tras varios pasos en los que
se consigue la evaporacion total del SiF,, las
muestras se introducen junto con 5mL de HCI
6N destilado durante 12 horas en una estufa a
1209C. Este paso asegura la conversion a clo-
ruros y una 6ptima homogenizacién quimica
entre las REE de la muestra y la solucién de
spike, necesaria para una separacion cromato-
grafica cuantitativa y lineal (Fig. 2.3).

La primera fase de separacion cromatogra-
fica se realiza en una resina DOWEX AG50x8
(200-400 mesh), donde utilizando como elu-
yentes HCl 2.5N y 6N separamos el grupo
completo de las REE del resto de elementos
de la matriz de la muestra (Fig. 2.4). En un
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Muestra en polvo
(<100 micras)

N

Bomba de
Teflén

Spike "°Sm-"5'Nd

+2mL HNO,
+5mL HF

Calentamiento en estufa
a 120°C durante 65 horas

v

Evaporacion en placa a 120°C
+ 1mL HNO;
v

Evaporacion en placa a 120°C

+ 5mL HCI 6N destilado y
calentamiento en estufa a
120°C durante 18 horas

Evaporacion en placa a 120°C

+ 2mL HCI 2.5N destilado
y valorado

v

Cromatografia de Intercambio

Fig. 2.3- Esquema del protocolo seguido para la disolu-
cién quimica de las rocas metasedimentarias, previo al
paso de separacién cromatografica.

segundo paso cromatografico se utiliza una
resina con particulas de Teflon® recubiertas
de grupos funcionales formados por HDEHP
(dcido di(2-etilhexil) fosforico) (Richard et al,
1976). En este caso los acidos para la elucion
del Nd y el Sm son HCI 0.3N y 0.6N, respec-
tivamente (Fig. 2.4). La separacion de ambos
elementos es imprescindible para un analisis
preciso, debido a las interferencias isobaricas
que presentan ambos elementos. La presen-
cia de Sm en el concentrado de Nd implicaria
un analisis no lineal de las abundancias de los
is6topos con masas compartidas por ambos
elementos, ya que el espectroémetro de masas
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Unicamente discrimina entre masas y no en-
tre elementos.

Ambos elementos se cargan en forma de
fosfato sobre un filamento lateral de renio
(Re), en lo que se denomina una disposicion
de triple filamento, formada por tres filamen-
tos de Re, dos laterales y uno central (Fig. 2.5).
La conversion a fosfato se consigue al redisol-
ver el residuo seco de la muestras, tras el se-
gundo paso cromatografico, con acido fosfo-
rico 0.05M (H,PO,). Esta forma quimica y la
disposicion de triple filamento, gracias al con-
trol electrénico separado de los filamentos la-
terales y central, aseguran una éptima rotura
de los enlaces moleculares del fosfato (evapo-
racién) y de la consiguiente ionizacién del Nd
y Sm metalicos. El elemento metalico liberado
del filamento lateral, donde se ha cargado la
muestra, se ioniza cerca del filamento central,
que permanece durante todo el andlisis a una
elevada temperatura (22000 °C).

Los filamentos utilizados para la carga de
la muestra y el posterior analisis en el espec-
trometro de masas han seguido previamente
un proceso de limpieza por degasificacion. En
un equipo degasificador y bajo un vacio de
~1.0*107 bar, se procede a generar una rampa
de corriente a través del filamento hasta lle-
gar a los 44, intensidad que se mantiene du-
rante 30 minutos. Una vez limpios todos los
filamentos, se dejan un tiempo en reposo para
conseguir su despolarizacion debida al paso
de corriente. En caso contrario podria existir
el peligro de una posible repulsién de la gota
de muestra disuelta por parte del filamen-
to.

Los andlisis de Nd se han llevado a cabo en
espectrometros de masas de ionizacién térmi-
ca, modelos VG Sector-54® y Phoenix-Isoto-
pX® (Fig. 2.6 y 2.7, respectivamente), me-
diante el método denominado multicoleccién
dindmica, en el cual y mediante un cambio
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Resina Dowex-AG50x8 (200-400 mesh)

.

1. Lavado de laresina:
50mL de HCI 6N

50mL de H20 desionizada
50mL de HCI 6N

2. Acondicionamiento
de laresina:
25 mL de HCI 2.5N

3. Carga de la muestra:
2 mL de HCI 2.5N

4. Lavado de la columna:
1+1 mL de HCI 2.5N

5. Elucion de la matriz:
49 mL de HCI 2.5N
6 mL de HCI 6N

6. Recogida de la fraccion
de REE:
15 mL de HCI 6N

1. Lavado de laresina:
20mL de HCI 6N

2. Acondicionamiento
de laresina:
5 mL de HCI 0.3N

3. Carga de la muestra:
1 mL de HCI 0.3N

4. Lavado de la columna;:
1+1 mL de HCI 0.3N

5. Elucion:
9 mL de HCI 0.3N
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6. Recogida de la fraccion
de Nd:
10 mL de HCI 0.3N

7. Elucion:
5 mL de HCI 0.6N

8. Recogida de la fraccion
de Sm:
6 mL de HCI 0.6N

47

Resina HDEHP (acido di(2-etilhexil) fosforico)

Fig. 2.4- Diagrama esquematico del procedimiento quimico de separaciéon cromatografica del Sm y Nd en las rocas meta-

sedimentarias objeto de estudio.
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Fig. 2.5- Imagen de una disposicidn de triple filamento
(Re) sobre un bloque de fijacion de los mismos, para su
union a la torreta de carga del TIMS.

controlado del campo magnético se automa-
tiza a lo largo de tres secuencias la llegada de
diferentes masas a distintos detectores Fara-
day, consiguiendo una optimizacién del tiem-
po de retardo del detector y por consiguiente
una reduccioén en el error estadistico resultan-
te. Esto se consigue gracias a la integracién de
los valores de las relaciones isotopicas anali-
zadas teniendo en cuenta las intensidades re-
cogidas en tres detectores diferentes. De ma-
nera rutinaria en todas las muestras se realiz6
el analisis de las relaciones isotépicas de Nd
durante 160 ciclos de medida, repartidos en
10 bloques de 16 ciclos cada uno. Previo al
inicio de un nuevo bloque de medidas, se con-
figuran la intensidad de analisis (1 voltio de

intensidad de la masa '**Nd), el campo mag-
nético, los voltajes de focalizacidn, y la linea
base de todas las masas. Igualmente, a lo lar-
go de todo el proceso de analisis se recalculan
las relaciones de interés teniendo en cuenta
la posible existencia de interferencias debi-
das a la presencia de '*’Sm y/o **Ce, asi como
para el fraccionamiento de masas debido al
proceso fisico de calentamiento del filamento
metalico. Segun este proceso se favorece una
ionizacién fraccionada de los is6topos mas
ligeros frente a los mas pesados, debido a la
necesidad de menos energia para la rotura de
los enlaces moleculares que implican los pri-
meros. La normalizacién aplicada en este caso
es una correccion exponencial e interna, gra-
cias a la existencia de un par isotopico estable
y constante en la naturaleza. Estos is6topos
ni se desintegran, ni son fruto de una desin-
tegracion radiogénica, por lo que la relacién
146Nd/1**Nd permanece constante y presenta
un valor conocido de 0.7219 (O'Nions et al,
1979). Una vez cuantificada la desviacién de
la relacién medida frente a la real y calculado
un factor de normalizacidn, se aplica al resto
de relaciones analizadas, lo que mejora la pre-
cision en la relacion **Nd/**Nd en un orden
de magnitud.

Fig. 2.6- Imagen del espectrometro de masas de ionizacion térmica (TIMS) VG-Sector 54® ytilizado en este trabajo

(CAI de Geocronologia y Geoquimica Isotopica - UCM).
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Fig. 2.7- Imagen del espectrometro de masas de ioni-
zacion térmica (TIMS) IsotopX - Phoenix® utilizado en
este trabajo (CAI de Geocronologia y Geoquimica Iso-
topica - UCM).

En el caso del Sm, su andlisis se ha llevado a
cabo en los mismos espectrometros que en el
caso del Nd, esta vez utilizando un método de
coleccion simple. En este método, se programa
un cambio en la intensidad del campo magné-
tico, por el cual conseguimos que incidan tres
isotopos del Sm en el detector Faraday Axial
de una manera secuencial, conservando un
tiempo de retardo controlado que impide la
existencia de efectos memoria en la sefial de
amplificacion del detector. Durante siete blo-
ques de 16 ciclos cada uno, las intensidades
de los is6topos *’Sm, *°Sm y *2Sm se regis-
tran en comparacion con una linea base y sus
relaciones isotdpicas obtenidas (}*°Sm/*’Sm
y 1%2Sm/*’Sm) nos permiten, en ultima ins-
tancia, calcular la concentraciéon del Sm en la
muestra.
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De manera rutinaria se ha comprobado la
calidad de los resultados obtenidos, asi como
la 6ptima calibracion del espectrometro, ana-
lizando repetidamente el estandar isotépico
de Nd conocido como Lajolla (Lugmair et al,
1978). En los respectivos trabajos incluidos
en la presente memoria de Tesis, se mues-
tra el nimero de veces que dicho estandar
fue analizado a la vez que las muestras estu-
diadas, asi como el promedio y la doble des-
viacion estandar aplicable a cada grupo de
valores. Este valor medio obtenido para el
estandar se utiliz6 para calcular un factor de
correccion, que aplicado a las relaciones iso-
topicas *Nd/**Nd de las muestras, consigue
corregir la posible deriva de las mismas con
respecto al valor real del estdndar. De la mis-
ma manera, se analizé el material de referen-
cia BHVO-2 (USGS - Wilson, 1997; Raczek et al,
2003), con unas abundancias comparables a
las de las muestras analizadas en este trabajo
de Tesis, para controlar la 6ptima homogeni-
zacion quimica de la muestra durante el pro-
ceso de disolucién y tener un control preciso
del proceso de dilucion isotépica. El basalto
de referencia, disuelto y analizado siguiendo
el mismo proceso metodolégico que las mues-
tras, presenta para un numero de analisis de
21 réplicas un valor medio para el Sm y Nd
de 5.4 = 0.8 ppm y 21.8 + 3.4 ppm, respecti-
vamente. La relaciéon isotépica **Nd/***Nd
analizada en un total de 28 réplicas muestra
un valor promedio de 0.512994 + 0.000036.
Todos los valores obtenidos son coherentes
con los valores certificados del Sm y Nd para
el material de referencia analizado en el labo-
ratorio, asi como los valores de las relaciones
isotdpicas, que concuerdan con los valores
observados en la bibliografia (Raczek et al,
2003).
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OBJETIVOS ESPECIFICOS

3.1 Objetivos especificos
Como ya se ha comentado en el capitulo
inicial, el objetivo general de esta Tesis
Doctoral es el estudio de las series siliciclas-
ticas de la transicidon Ediacarense — Cambrico
Inferior del Macizo Ibérico, mediante la uti-
lizacién de herramientas geoquimicas (ele-
mentos mayores y trazas) e isotépicas (Sm-
Nd). La formacion de estas series tuvo lugar
en relacién con el desarrollo de un arco mag-
matico, aparentemente activo en el contexto
peri-Gondwanico durante la mayor parte del
Neoproterozoico y del Cambrico (Murphy y
Nance, 1987 y 1991; Nance et al.,, 1991 y 2008;
Gutiérrez-Alonso et al, 2003; Murphy et al,
2004; Pereira et al, 2006 y 2012; Linnemann
et al, 2007 y 2014; Sdnchez Martinez et al,
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2009; Albert et al, 2015a; Rubio-Ordoriez et
al, 2015; Andonaegui et al,, 2016). Este nuevo
enfoque complementa los estudios conven-
cionales que hasta el momento se habian rea-
lizado en estas series sedimentarias, y centra
sus esfuerzos en: (i) el uso de las abundancias
de elementos mayores y trazas para la discri-
minacion del ambiente tectonico concreto en
el que tuvo lugar la sedimentacién de cada se-
rie; (ii) el analisis de la composicion isotopica
de Nd (eNd) y el calculo de las edades mode-
lo (T,,) para la caracterizacion de las fuentes
isotdpicas y la procedencia; y (iii) teniendo en
cuenta los resultados obtenidos con ambos
protocolos analiticos, abordar reconstruccio-
nes paleogeograficas de las cuencas sedimen-
tarias en relaciéon al margen del continente
Gondwana, durante la transicion entre el
Ediacarense Superior y el CAmbrico Inferior.
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Para avanzar en el conocimiento sobre la
tematica general de esta Tesis, se programa-
ron diferentes objetivos especificos basados
en investigaciones concretas que se han ido
desarrollando a lo largo del tiempo, y sinte-
tizando en los diferentes trabajos publicados
que conforman esta memoria. Estos objetivos
especificos son los siguientes:

Objetivo 1.- Investigar las caracteristicas geo-
quimicas, ambiente geodindmico de sedimen-
tacidn, fuentes isotdpicas y procedencia de las
metagrauvacas de las Unidades Al6ctonas Su-
periores del NW del Macizo Ibérico. Estas me-
tagrauvacas afloran de forma excepcional en
la seccion costera del Complejo de Ordenes,
donde han sido investigadas durante la reali-
zacion de esta Tesis Doctoral. Su edad aproxi-
mada es Cambrico Inferior (edad maxima de
sedimentacién), de acuerdo con los datos de
geocronologia U-Pb que aportan sus circones
detriticos (Ferndndez Sudrez et al., 2003).

Objetivo 2.- Contribuir al andlisis estructural
de las metagrauvacas culminantes del Com-
plejo de Ordenes y al estudio de geocronolo-
gia U-Pb de ciertos protolitos implicados en
esta serie siliciclastica. Esta informacién es
importante a la hora de interpretar el con-
texto geodinamico donde se generd la cuenca
sedimentaria que se rellen6 de sedimentos
siliciclasticos, asi como para conocer algunos
detalles de la paleogeografia durante CaAmbri-
co Inferior y Medio en la periferia de Gondwa-
na.

Objetivo 3.- Investigar las caracteristicas geo-
quimicas, ambiente geodindmico de sedimen-
tacion, fuentes isotdpicas y procedencia de las
metagrauvacas y litologias relacionadas de las
Unidades Basales del NW del Macizo Ibérico.
Estas rocas metasedimentarias tienen buenas
condiciones de afloramiento en el Complejo
de Malpica-Tui y en menor medida en el oeste
del Complejo de Ordenes; en ambos sectores
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han sido investigadas durante la realizacién
de esta Tesis Doctoral. La edad de las litolo-
gias estudiadas se situa en el Ediacarense Su-
perior (ca. 560 Ma, secuencia inferior) y en el
Cambrico Medio (ca. 500 Ma, secuencia supe-
rior), de acuerdo con los datos de geocronolo-
gia U-Pb que aportan sus circones detriticos
(Diez Ferndndez et al,, 2010).

Objetivo 4.- Investigar las caracteristicas geo-
quimicas, ambiente geodinamico de sedimen-
tacion, fuentes isotdpicas y procedencia de
las series metasedimentarias que contienen
la transicion Ediacarense — Cambrico Inferior
en el sector mas meridional de la Zona Cen-
troibérica. Esta transiciéon se realiza duran-
te la sedimentacién de dos series concretas:
la serie grauvaquica del Alcudiense Inferior,
que ocupa la posicidn inferior, y las pizarras
cambricas de la Formacién Pusa. Para ambas
formaciones existe un buen registro cronoes-
tratigrafico (San José et al, 1990; Vidal et al.,
1994a; Jensen et al, 2007), ademas de infor-
macién procedente del estudio de circones
detriticos (Talavera et al., 2012).

Objetivo 5.- Investigar las caracteristicas geo-
quimicas, ambiente geodinamico de sedimen-
tacion, fuentes isotdpicas y procedencia de las
metagrauvacas y litologias relacionadas de las
Unidades Basales del SW del Macizo Ibérico.
Se han investigado las series metasedimenta-
rias pertenecientes a la Unidad de Escoural,
en el Macizo de Evora (Chichorro, 2006; Pe-
reira et al, 2006, 2007 y 2008). La Unidad de
Escoural esta afectada por metamorfismo de
alta presion. Estructuralmente se sitia entre
formaciones afines al autéctono de la Zona
Centroibérica y otras constituidas por rocas
maficas de probable naturaleza ofiolitica. Asi
pues, resultan en principio correlacionables
con las Unidades Basales del NW del Macizo
Ibérico. La investigacion geoquimica e iso-
topica en la Unidad de Escoural se planificé
también con el objetivo de buscar otros ele-
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mentos de correlacion entre los terrenos del
NW y SW del Macizo Ibérico.

Objetivo 6.- Contribuir a avanzar en la re-
construccion de la paleogeografia del mar-
gen continental de Gondwana (en el entorno
de Iberia) durante la transicién Ediacarense
- Cambrico, mediante el estudio e interpreta-
cion de las cuencas sedimentarias contempo-
raneas.

Objetivo 7.- Contribuir a avanzar en la corre-
laciéon general de los terrenos aloctonos que
constituyen el NW y SW del Macizo Ibérico,
revisando la zonalidad general que tradicio-
nalmente se ha propuesto para el mismo.
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articulos que conforman esta Tesis Doctoral,
en tres de los cuales el autor de la memoria
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THE GALICIA—OSSA-MORENA ZONE

5.1 Introduccion

1 Macizo Ibérico representa el marco

geoldgico del que forman parte las se-
ries siliciclasticas estudiadas. Constituye la
seccion meridional del Orégeno Varisco, for-
mado durante los episodios finales del en-
samblado de Pangea que tuvieron lugar entre
el Devonico Inferior y el Carbonifero (Missisi-
piense) (Arenas et al,, 2014). Se considera que
la formacién de Pangea ocurri6 tras el cierre
de una de las principales cuencas oceanicas
Paleozoicas, el Océano Reico (Nance et al,
2010), que fue seguido por la colisién progre-
siva y con una fuerte componente dextral de
dos grandes bloques continentales, Laurussia
al norte y Gondwana al sur (Diez Ferndndez et
al, 2012a; Arenas et al,, 2014). Como en otros
dominios incluidos dentro de este complejo
Orégeno Varisco, el Macizo Ibérico se ha di-
vidido en diferentes zonas geotecténicas o
paleogeograficas, siempre de acuerdo a cri-
terios estratigraficos, estructurales, magma-
ticos y metamorficos (Lotze, 1945; Julivert et
al, 1972).

La zonalidad geotectoénica tradicionalmen-
te establecida en el Macizo Ibérico considera
dominios orogénicos externos y otros que re-
presentan zonas internas, afectadas por una
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deformacion, metamorfismo y magmatismo
de mayor intensidad (Julivert et al, 1972). Las
zonas internas contienen terrenos con afini-
dades propias de las cortezas oceanicas (ofio-
litas), que junto con otros terrenos afectados
por metamorfismo varisco subductivo de alta
presion definen la sutura o suturas del oroge-
no. En el NW del Macizo Ibérico, la denomi-
nada Zona de Galicia-Tras-os-Montes contie-
ne una sutura varisca y esta constituida por
varios Complejos Aldctonos que contienen
unidades ofioliticas y otras de afinidad con-
tinental, con una clara impronta heredada de
un sistema de arco peri-Gondwanico Ediaca-
rense-Cambrico (Cadomiense) (Arenas et al,
2016Db). Los Complejos Aléctonos se encuen-
tran emplazados por encima de un Dominio
Parautoctono (también conocido como Do-
minio Esquistoso de Galicia-Tras-os-Montes),
que a su vez estd emplazado por cabalgamien-
to sobre la denominada Zona Centroibérica,
considerada como el dominio autdctono de
Iberia Central. La zona de sutura del NW del
Macizo Ibérico muestra una continuidad li-
mitada y se encuentra aparentemente desen-
raizada, ya que su contacto basal sale al aire
al oeste del denominado Complejo de Malpi-
ca-Tui (Martinez Cataldn et al.,, 2009; Diez Fer-
ndndez y Arenas, 2015).



Capitulo 5

En el suroeste del Macizo Ibérico, en el
dominio que se ha definido como Zona de
Ossa-Morena, aparecen también unidades
ofioliticas y otras que presentan un metamor-
fismo de alta presién de edad Varisca (Diez
Ferndndez y Arenas, 2015; Diez Ferndndez et
al, 2016). Estas unidades son similares a al-
gunas de las que se han descrito en el NW de
Iberia, pese a lo cual la correlacion entre am-
bos dominios nunca pudo ser establecida con
claridad. El trabajo que aqui se presenta ex-
plora las posibilidades para esta correlacion
en funcion de las afinidades litologicas y de
las caracteristicas y cronologia de su evolu-
cion tectonotermal. La posibilidad de corre-
lacion es real, proponiéndose la inclusion de
ambos dominios en una nueva zona geotec-
tonica comun del Macizo Iberico. Esta nueva
zona representaria el dominio mas deforma-
do durante la colisién entre Laurussia y Gond-
wana, tendria un caracter aléctono al haberse
emplazado sobre dominios autéctonos mas
externos y estaria limitada por el suroeste y
oeste por el margen meridional de Laurussia,
representado por Avalonia (la Zona Sudportu-
guesa en Iberia).

5.2 Conclusiones parciales
Las afinidades litoldgicas, la evolucion
tectonotermal y en particular la crono-
logia y tipo del metamorfismo de alta presion,
permiten correlacionar las Unidades Basales
aléctonas del NW de Iberia y ciertas unidades
de alta presion del SW (Unidad Central y Uni-
dad de Cubito-Moura, en la Zona de Ossa-Mo-
rena). Esta correlacion define un terreno aloc-
tono basal, que presenta afinidad continental
y una continuidad estructural que puede ob-
servarse desde el noroeste al suroeste de Ibe-
ria. Su posiciéon estructural por debajo de uni-
dades ofioliticas, asi como la edad y el registro
metamorfico de alta presion, le identifican
como una seccién subducida del margen de
Gondwana y por tanto parte de una gran zona
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de sutura Varisca. En el SW de Iberia, por en-
cima de esta seccién (constituida por las Uni-
dades Basales y las Unidades Ofioliticas) se
sitla una potente secuencia metasedimenta-
ria y metaignea con edades comprendidas en-
tre el Ediacarense y el Devonico, que permite
igualmente una correlaciéon coherente entre
las Unidades Superiores del NW de Iberia y el
sector central de la Zona de Ossa-Morena.

La correlacion anterior permite definir un
nuevo complejo aloctono, el Complejo de Os-
sa-Morena, que se afiadiria a los previamente
considerados dentro del Macizo Ibérico (Cabo
Ortegal, Ordenes, Malpica-Tui, Braganca y
Morais). La existencia de este nuevo comple-
jo hace posible seguir la sutura desenraizada
desde el noroeste de Iberia hacia el sur, hasta
el limite con la Zona Sudportuguesa, donde la
Ofiolita de Beja-Acebuches define un limite
tecténico mas joven, que corta los apilamien-
tos previos. La presencia de tres grupos lito-
l6gicos comunes en los Complejos Al6ctonos
(las unidades Basales, Ofioliticas y Superio-
res), con una disposicién estructural similar
en el NW y SW del Macizo Ibérico, permite
proponer la definicion de una nueva zona
geotectdnica, la Zona de Galicia-Ossa-Morena.
Puede definirse también un dominio autdcto-
no relativo para el suroeste del Macizo Ibéri-
o, que ocuparia una posicion mas externa en
el margen de Gondwana que la Zona Centroi-
bérica.

Caracteristicas tectonoestratigraficas si-
milares y la presencia de unidades ofioliticas
emplazadas sobre otras unidades afectadas
por un metamorfismo de alta presion, pue-
den observarse en otros macizos del Orégeno
Varisco (Macizo Armoricano, Macizo Central
Francés y Macizo de Bohemia), definiendo
una Zona Varisca Interna. Esta zona contie-
ne los restos de un basamento Cadomiense,
que representan una seccidon del margen mas
externo de Gondwana con un desarrollo im-
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portante de un sistema de arcos magmaticos
durante la transicion entre el Ediacarense y el
Cambrico. Esta seccidn exterior del margen se
vio implicada en dos episodios sucesivos de
colision con Laurussia, con desarrollo de una
importante subduccién continental marcada
por la presencia de dos episodios de meta-
morfismo de alta-P, datados en ca. 400 Ma y
ca. 370 Ma.
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1. Introduction

The Iberian Massif, like other sectors of the Variscan Orogen, has been
classically divided in geotectonic/paleogeographic zones. Although there
is no formal definition for a “geotectonic zone” of an orogen, its use is
widely accepted to distinguish among orogenic domains with contrasted
characteristics regarding their stratigraphy, structure, metamorphism
and magmatism (e.g. Hatcher, 1989; Hodges, 2000; Schmid et al.,
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0040-1951/© 2016 Elsevier B.V. All rights reserved.

2004). It is also somewhat diffuse the concept of external and internal
zones of orogens, although external domains are generally characterized
by thin-skinned tectonics, low-grade regional metamorphism and scarce
magmatism, while internal domains are characterized by pervasive duc-
tile deformation, regional foliations and intense metamorphism and
magmatism. In addition, internal zones typically contain the suture or
sutures of the orogen, which are manifested by the presence of ophiolites
and terranes affected by subduction-related high-P metamorphism. In
collisional orogens, geotectonic zones can be used to separate different
sectors of the colliding continental platforms and tectonic blocks affected
by variable intensity of deformation. If well-preserved ophiolites are
present, geotectonic zones can also provide information on the oceanic
domains closed before collision.

Lotze (1945) and Julivert et al. (1972) made the first geotectonic
division of the Iberian Massif, which prevailed for a long time. From
northeast to southwest, the Cantabrian, West Asturian-Leonese, Central
Iberian, Ossa-Morena and South-Portuguese zones were distinguished.
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The Cantabrian and South-Portuguese zones represent foreland (exter-
nal) domains located at the Gondwanan and Laurussian flanks of the
orogen, respectively. The rest of the zones show variable intensity of
metamorphism and magmatism and thus make the hinterland (internal
zone) of the orogen. More recently, Farias et al. (1987) defined a new
geotectonic zone within the hinterland of the Iberian Massif, the
Galicia-Tras-os-Montes Zone, with far-travelled character and consti-
tuted by a gigantic thrust-sheet overriding the Central Iberian Zone.
This zone includes several allochthonous complexes which contain
ophiolites and terranes recording high-P metamorphism, and are
emplaced on top of a parautochthonous domain also termed Schistose
Domain or Parautochthon (Arenas et al., 1988). The Galicia-Tras-os-
Montes Zone shows limited continuity, as it can only be followed in
Galicia and along the Portuguese region of Tras-os-Montes, although a
correlation of the nappe stack in the Ibero-Armorican arc across the
Bay of Biscay has been recently proposed (Ballévre et al., 2014). Impor-
tantly, this zone contains a Variscan suture, as suggested by the chronol-
ogy of its ophiolites (Diaz Garcia et al., 1999; Sanchez Martinez et al.,
2011; Arenas et al., 2014a) and the high-P metamorphism experienced
by some of its units (Ordofiez Casado et al., 2001; Rodriguez et al., 2003;
Fernandez-Sudarez et al., 2007; Abati et al., 2010). That suture zone is
apparently rootless, as its trace lies above bedrock geology of Galicia to-
wards the Atlantic Ocean to the West of the Malpica-Tui Complex
(Martinez Catalan et al., 2009).

The aforementioned geotectonic division of the Iberian Massif is built
on contrasted differentiation criteria from one region to the other, and so
it suffers from significant divergences and inconsistencies. This is mainly
due to the large amount of geologic data accumulated since the papers
by Lotze (1945) and Julivert et al. (1972) were published. It is hence
timely a revision of the subdivision that takes into account new advances
in the geology of the Iberian Massif and that is based on uniform criteria.
In this regard, perhaps the most important problems faced when
subdividing the Iberian Massif concern the interpretation of the geology
of its NW and SW sections. The SW Iberian Massif, specifically the Ossa-
Morena Zone, is characterized by lithological, structural and metamor-
phic features that are also representative of the Galicia-Tras-os-Montes
Zone (Castro, 1987). For instance, the Ossa-Morena Zone contains
ophiolites (e.g. Pedro et al., 2010), and units affected by high-P metamor-
phism of Variscan age (Azor et al., 1994; Ordéfiez Casado, 1998; Moita
et al., 2005; Pereira et al., 2010).These high-P units of SW Iberia have
been recently correlated with equivalent units located in the NW of the
Iberian Massif, allowing the proposal for a continuation of the rootless
Variscan suture of NW Iberia and the allochthonous complexes of the
same region to the W and SW (Diez Fernandez and Arenas, 2015). In
this paper, we explore the existing geological data at the regional scale
in order to review the subdivision of geotectonic zones of the Iberian
Massif in an attempt to reach a simpler though successful scheme. We
will mainly consider the new advances in the geology of NW and SW
Iberia, specifically the distribution of ophiolites and the units affected
by high-P metamorphism together with the geochronology of these
events, the interpretation of the autochthonous or allochthonous charac-
ter of the main geological domains and the correlation along the Iberian
Massif of all these first order geological aspects.

Our new approach allows a more integrative view of the geology of
the Iberian Massif, which could be eventually considered for a simpler
interpretation of the Variscan Orogen and the assembly of Pangea. The
whole Variscan Orogen is affected by oroclinal bends, formed after an
originally near-linear orogen (Martinez Catalan, 2011; Weil et al.,
2012). The Variscan Orogen can be followed from Iberia to the
Bohemian Massif, forming also the basement of the Alps, Corsica and
Sardinia. It has also continuity in Morocco and eastern North America
in the Appalachian-Alleghanian Orogen and defines a long collision
zone generated during the main stages of Pangea's assembly (Diez
Fernandez et al., 2012a; Arenas et al., 2014b). Our aim is also to extrap-
olate the new correlations proposed for Iberia throughout the Variscan
Orogen, and to outline the distribution of the most internal zone of

the orogen, the one featured by ophiolites and high-P units. Another
consequence of the new correlations across the orogen is a better un-
derstanding of the location of the true Rheic suture, which can be clearly
distinguished now from other secondary sutures involved in the orogen
(Diez Fernandez and Arenas, 2015).

2. The NW section of the Iberian Massif: the
Galicia-Tras-os-Montes Zone

The NW Iberian Massif contains one of the most complete and repre-
sentative sections of the Variscan Orogen. From East to West the North
Iberia section extends from a foreland thrust and fold belt (Cantabrian
Zone) through the external sectors of the hinterland represented by
the West Asturian-Leonese and Central Iberian zones, and to the most
internal domains well inside the hinterland (Galicia-Tras-os-Montes
Zone) (Fig. 1).

The Galicia-Tras-os-Montes Zone includes the allochthonous com-
plexes of the NW Iberian Massif, namely Cabo Ortegal, Ordenes,
Mapica-Tui, Braganca and Morais complexes. They are preserved in
late upright synforms and represent the remnants of a huge pile of
far-travelled terranes, with different origin and tectonothermal evolu-
tion. A detailed review of the geology of these allochthonous complexes
has been presented by Arenas et al. (submitted for publication). The
upper and basal terranes have continental affinity and bear the imprint
of two distinct high-P metamorphic events, whereas the intermediate
terrane consists of a set of ophiolitic units (Arenas et al., 2014b)
(Fig. 1). They also include a thick serpentinitic mélange, the Somozas
Mélange, only represented in the eastern part of the Cabo Ortegal Com-
plex, i.e. at the advancing front of the allochthonous complexes (Arenas
et al., 2009). Therefore the allochthonous ensemble represents one of
the sutures of the Variscan Orogen and contains key units to understand
the earliest tectonothermal events related to the assembly of Pangea,
and the origin of intervening oceanic domains. The allochthonous com-
plexes are thrust on top of a parautochthonous domain, the so-called
Schistose Domain of Galicia-Tras-os-Montes or Parautochthon (Fig. 1).
It is formed by Late Cambrian to Devonian metasedimentary rocks,
Late Cambrian to Late Ordovician calc-alkaline and alkaline
metavolcanics (Valverde-Vaquero et al., 2005; Dias da Silva et al.,
2014, in press), and Upper Devonian to Early Carboniferous synorogenic
sediments (Martinez Catalan et al., 2016), all of which are tectonically
emplaced onto the Central Iberian Zone. According to Picarra et al.
(2006), stratigraphic and faunal affinities of the Silurian sediments of
the Parautochthon suggest a more distal palaeogeographic position rel-
ative to the Central Iberian Zone. Regarding the allochthonous com-
plexes, the detrital zircon input from both the Parautochthon and the
basal units of the allochthonous complexes are almost identical, so
they are also considered as neighbouring sections of the same continen-
tal margin (Diez Fernandez et al., 2012b).

The basal units are formed by metasedimentary rocks (comprising a
pile of metagreywackes with alternations of metapelites, graphitic
schists, calc-silicate rocks, metacherts and quartzites), calc-alkaline to
peralkaline metagranitoids and more scarce mafic rocks. Maximum de-
positional ages for the metasedimentary rocks range between Ediacaran
and Early-Middle Cambrian (Diez Fernandez et al., 2010, 2013), while
the granitic magmatism developed in the range c. 493-470 Ma, and
was followed shortly after by alkaline-peralkaline magmatism (Abati
et al., 2010; Diez Fernandez et al., 2012c). The basal units have been
interpreted as a section of the margin of Gondwana located between
the West African Craton (WAC) and the Saharan Craton (SC) (Diez
Fernandez et al., 2010). The first Variscan tectonothermal event record-
ed in these units is a high-P and low to intermediate-T (HP-LIT) meta-
morphic event dated at c. 370 Ma (Rodriguez et al., 2003; Abati et al.,
2010). It was generated during oblique subduction of the Gondwana
margin under a previously deformed ensemble (upper and ophiolitic
units) located to the North (West in present-day coordinates; Diez
Fernandez et al., 2012a).
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Modified from Diez Fernandez and Arenas (2015).

Above the suture zone (ophiolites), the upper units are formed by a metasedimentary rocks include a thick greywackic series with
10-12 km thick pile of metasedimentary rocks intruded by large Cambrian maximum depositional ages (Albert et al., 2015), while the
massifs of calc-alkaline granitoids and arc-tholeiitic gabbros. The intrusive igneous massifs have been dated at c. 500 Ma (Andonaegui
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et al,, 2012). The stratigraphic record of the upper units of NW Iberia is
not well known, although U-Pb and Lu-Hf isotopic ratios obtained from
detrital zircon grains indicate a distinct Gondwanan provenance in the
periphery of the WAC (Albert et al., 2015). This origin, together with
their lithological constitution and pre-Variscan evolution, indicate that
the upper units represent a section of a peri-Gondwanan magmatic
arc (Abati et al., 1999). The tectonic fabrics and the tectonothermal
events related to the evolution of the arc are dominant features in the
higher structural level of the upper units, which shows less penetrative
Variscan deformation and metamorphism generally concentrated in
discrete shear zones (Abati et al., 1999, 2007; Gomez-Barreiro et al.,
2006; Gonzalez Cuadra, 2007). In contrast, the lower part of the upper
units is affected by an eo-Variscan high-P and high-T (HP-HT) meta-
morphic event, dated at c. 400-390 Ma (Ordoiiez Casado et al., 2001;
Fernandez-Sudrez et al., 2007). This high-P event, probably the first
and oldest tectonothermal event related to the Variscan cycle, occurred
in response to the initial collision between Gondwana and Laurussia
(Arenas et al., 2014b).

The ophiolites of NW Iberia have received considerable attention in
recent years, when numerous papers have described in detail their li-
thologies, chemical composition and isotopic geochronology. It is now
well-established that their igneous protoliths have a wide age range,
what hinders their assignment to a single oceanic domain. Their
protoliths do not represent common MORB types, their origin being
usually associated with a supra-subduction setting. Two groups of
ophiolites have been described (Arenas and Sanchez Martinez, 2015):
an older group (lower ophiolitic units) that contains metaigneous
rocks of Middle-Late Cambrian age (c. 500-495 Ma), and a younger
group (upper ophiolitic units) that includes ultramafic rocks and
Devonian gabbros (Emsian-Eifelian; c. 395 Ma; Diaz Garcia et al.,
1999; Pin et al., 2002). The lower ophiolites are interpreted to represent
the opening of a back-arc basin in the periphery of Gondwana (Vila de
Cruces Ophiolite; Arenas et al., 2007), or remnants of a Cambrian peri-
Gondwanan ocean tract (Iapetus-Térnquist) accreted to the base of a
magmatic arc (Bazar Ophiolite; Sanchez Martinez et al., 2012). Recent
isotopic data (Lu-Hf in zircon, whole rock geochemistry and Sm-Nd
systematics) indicate that the protoliths of the upper ophiolites (Caredn,
Purrido and Moeche ophiolites) interacted with isotopic sources of con-
tinental nature (Sanchez Martinez et al., 2011; Arenas et al., 2014a).
Consequently, their origin is hard to reconcile with wide oceanic do-
mains. The origin of these ophiolites is a key aspect to understand the
first tectonothermal events related to the assembly of Pangea. They
have been recently interpreted as generated during the opening of an
ephemeral pull-apart basin. The inception of this basin occurred in the
way of two events of dextral convergence between Gondwana and
Laurussia. These two collisional episodes led to different high-P meta-
morphic events that affected two different sections of the margin of
Gondwana at ¢. 400 Ma (upper units) and c. 370 Ma (basal units)
(Arenas et al., 2014b).

3. The SW section of the Iberian Massif: The Ossa-Morena Zone

The SW of the Iberian Massif has been classically divided in two
different zones separated by an ophiolite dated at c. 340-332 Ma
(Beja-Acebuches Ophiolite; Castro et al., 1999; Diaz-Azpiroz et al.,
2006; Azor et al., 2008), the South-Portuguese Zone and the Ossa-
Morena Zone (Fig. 1). The South-Portuguese Zone is correlated along
the Variscan Orogen with the Rhenohercynian Zone, considered part
of Avalonia and hence a section of the southern margin of Laurussia
(Franke, 2000; Matte, 2001; Murphy et al., 2011; Linnemann et al.,
2012). The Ossa-Morena Zone is part of the peri-Gondwanan realm
(Lépez-Guijarro et al., 2008; Pereira et al., 2012), and has been usually
considered an autochthonous domain of the Variscan Orogen. New geo-
logical data and correlations indicate that rather it should be considered
a composite ensemble formed by several different terranes with distinct
origin and tectonothermal evolution. In this view most of the previous

Ossa-Morena Zone can be interpreted as an allochthonous complex of
the Iberian Massif, the Ossa-Morena Complex (Diez Fernandez and
Arenas, 2015). The arguments for this interpretation are similar to
those already used in other parts of the orogen, such as in the NW of
the Iberian Massif: the presence of ophiolitic units located on top of con-
tinental terranes bearing the imprint of high-P metamorphism and
thrust on top of continental units not affected by high-P events. This
new interpretation of the geology of the Ossa-Morena Zone presented
by Diez Fernandez and Arenas (2015), has been the subject of a recent
and detailed discussion (Simancas et al., 2016; Diez Fernandez and
Arenas, 2016). The reader may find in those papers additional informa-
tion regarding the structure and tectonothermal evolution of the units
making the Ossa-Morena Complex. In some sectors of the SW Iberian
Massif rocks located below high-P units lack evidence of high-P meta-
morphism and, consequently, should be considered autochthonous do-
mains in relation to the high-P units (Fig. 1). This SW Iberia autochthon
probably represents the continuation of the Central Iberian Zone below
the Ossa-Morena allochthonous complex.

The Ossa-Morena Zone contains an uppermost pre-orogenic pile of
metasedimentary and metaigneous rocks with ages ranging from
Ediacaran to Devonian. Variscan and eo-Variscan deformation shows var-
iable intensity and tectonic polarity (Simancas et al., 2001). This zone also
records previous tectonothermal and igneous activity typically referred
to as Cadomian, and probably linked to the dynamics of a peri-
Gondwanan arc-system that was active during Neoproterozoic and Cam-
brian times (Linnemann et al., 2008). The Ossa-Morena Zone includes
two HP-LIT metamorphic units, the Central Unit (Blastomylonitic Corri-
dor or Coimbra-Cérdoba Shear Zone) to the North (Azor et al., 1994)
and the Cubito-Moura Unit to the South (Aratjo et al., 2005; Booth-Rea
etal,, 2006; Rubio Pascual et al., 2013) (Fig. 1). The high-P metamorphism
is dated at c. 370 Ma in the Cubito-Moura Unit (Moita et al., 2005), and
hence its Variscan nature is clear. A less precise Variscan age has been ob-
tained also for the high-P event in the Central Unit (c. 380-340 Ma;
Ordoiez Casado, 1998; Pereira et al.,, 2010). The distribution and extent
of the ophiolites of the Ossa-Morena Zone (to the north of Beja-
Acebuches) is not well known. However, mafic-ultramafic sequences
are located structurally above the high-P units (Fig. 1). These ophiolites
are referred to as the internal ophiolitic units of the Ossa-Morena Zone,
and some of them have been dated at Cambrian-Ordovician (Pedro
et al., 2010). Other ophiolites exposed throughout the Ossa-Morena
Zone include the Carvalhal Amphibolites and the Calzadilla Ophiolite
(Fig. 1).

The Ossa-Morena Zone is usually considered separated from the
Central Iberian Zone by the intermediate Obejo-Valsequillo Domain
(Apalategui and Pérez-Lorente, 1983; Martin Parra et al., 2006), with sup-
posedly transitional stratigraphic characteristics (Martinez Poyatos,
2002; San José et al., 2004). However, its paleontological record is some-
what enigmatic and also different of that of the Central Iberian Zone,
what has casted doubt on such transitional character (Gutiérrez-Marco
etal,, 2014). The interpretation of the Ossa-Morena Zone as an allochtho-
nous domain of the Iberian Massif proposed by Diez Fernandez and
Arenas (2015) overcomes this problem, because the Central Iberian
Zone and the Obejo-Valsequillo Domain would be originally located
far apart each other. The northern limit of the Ossa-Morena Zone is
defined by a large extensional fault, the Puente Génave-Castelo de
Vide detachment (Fig. 1; Martin Parra et al., 2006), which subtracts
a significant portion from both the overlying Obejo-Valsequillo Domain
and the underlying Central Iberian Zone, thus making it difficult to
identify a suture zone in this boundary.

4. Equivalence between the NW and SW of the Iberian Massif: the
Galicia—Ossa-Morena Zone

The affinity between the continental crusts of NW and SW Iberia was
first suggested by Castro (1987). The Ossa-Morena Zone was considered
a microcontinent accreted to the Gondwanan margin, represented by
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the Central Iberian Zone, during a collision in Cadomian times (Late
Proterozoic-Early Cambrian). The allochthonous complexes of NW Iberia
would represent transitional parts between the Central Iberian and
Ossa-Morena zones, but the Malpica-Tui Complex of NW Iberia and
the Central Unit (Badajoz-Cordoba Corridor) were considered parts of
a same lithological unit. Following Franke and Engel (1982); Castro
(1987) also presented an updated geological map at the scale of the
Variscan Orogen showing the location of the Rheic suture, described
as the Hercynian suture.

More recently, according to the presence of two high-P belts defin-
ing its northern and southern limits, the Ossa-Morena Zone has been
interpreted as part of an individual peri-Gondwanan continental micro-
plate, drifted to some extent from the main continent. Such plate was
identified as Armorica, a microcontinent that includes sectors of Iberia
and Brittany (Matte, 2001; Diaz-Azpiroz et al., 2006; Azor et al., 2008).
The two high-P units would represent rooted sutures related to the dy-
namics of Armorica and its Variscan accretion (Simancas et al., 2001;
Azor et al,, 2008), but the real significance of the high-P units remain un-
clear because an integrated model for their subduction and exhumation
has not been presented so far. In the case of the Coimbra-Cérdoba Shear
Zone (Badajoz-Cérdoba Corridor), it has also been proposed a Cadomian
age for this suture (Abalos et al.,, 1991).

However, the lithologies and structural evolution as well as the age
and type (HP-LIT) of metamorphism are similar in the basal allochtho-
nous units of NW Iberian Massif and in the high-P units of the SW
(Central Unit and Cubito-Moura Unit). Hence, these units can be corre-
lated defining a basal allochthonous terrane with continental affinity
and structural continuity from NW to SW Iberia. Considering the high-
P record of this terrane, the age of metamorphism (c. 370 Ma) and its
structural position below ophiolitic units, this basal terrane has been
identified as a subducted section of the Gondwanan margin and a mark-
er of a long suture zone of Late Devonian age (Fig. 1; Diez Fernandez and
Arenas, 2015). The ophiolitic units of the Ossa-Morena Zone are still
poorly described although, regardless of their age, their structural
position suggests a correlation with their structural equivalents in
NW Iberia.

One of the corollaries of the proposed correlation of both groups of
allochthonous terranes in NW and SW Iberia is that the largest area of
the Ossa-Morena Zone, the thick pile of metasedimentary and
metaigneous rocks with Ediacaran-Devonian depositional/crystalliza-
tion ages, rests on top of a group of units with clear allochthonous na-
ture. The correlations established for the high-P units and the
ophiolites, the general synformal structure of the Ossa-Morena Zone
(Borrego et al., 2005) and the activity of some significant faults, lead
to an important conclusion: most of the central sector of the Ossa-
Morena Zone is equivalent to the upper units of NW Iberia, thus
representing a large allochthonous unit (Fig. 1; Diez Fernandez and
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Arenas, 2015). Accordingly, most of the Ossa-Morena Zone represents
an allochthonous complex of the Iberian Massif, the Ossa-Morena Com-
plex, which should be added to the Cabo Ortegal, Ordenes, Malpica-Tui,
Braganca and Morais complexes. The rootless suture of NW Iberia can be
therefore followed c. 1000 km south until the limit with the South
Portuguese Zone, where the age of the Beja-Acebuches Ophiolite
(340-332 Ma) clearly indicates that this is a much younger tectonic
limit that transects all the previous nappes (Fig. 1). This interpretation
also allows to correlate pre-Variscan events in the upper units of NW
Iberia (Abati et al., 1999; Diaz Garcia et al., 2010) and in the central
part of the Ossa-Morena Zone (described as Cadomian), where its re-
markable bearing has been widely accepted (Galindo, 1989). Moreover,
our proposal implies that some sectors usually included in the Ossa-
Morena Zone represent the autochthonous domain of the new
allochthonus complex. This is the case of the Sierra Albarrana Unit
(Azor, 1994; Gonzalez del Tanago, 1995), and the entire structural
domain resting below the Cubito-Moura Unit (Fig. 1).

According to the data and interpretations presented in previous sec-
tions, the geology of NW and SW Iberian Massif can be described in
terms of the presence of three different groups of allochthonous ter-
ranes, the basal, ophiolitic and upper units (Fig. 1). These terranes main-
tain the same structural arrangement in both sectors of the Massif, and
have comparable lithological constitution and tectonothermal evolu-
tion. If this correlation holds correct, it should be accepted that the re-
gions of the Iberian Massif where they appear must be interpreted
similarly. However this is not the case so far because the structure of
the Galicia-Tras-os-Montes Zone and the Ossa-Morena Zone has been
interpreted in rather contrasted ways. Based on the structural and
tectonostratigraphic correlation of both zones we propose their
merging into a single geotectonic zone of the Iberian Massif: the
Galicia-Ossa-Morena Zone (Fig. 2). This new zone would be constituted
by the allochthonous complexes of the Iberian Massif, from NE to SW,
the Cabo Ortegal, Ordenes, Braganca, Morais, Malpica-Tui and Ossa-
Morena complexes.

The allochthonous complexes of the Galicia-Ossa-Morena-Zone are
emplaced on top of a substrate that apparently shows some different
characteristics in NW and SW Iberia. The Parautochthon of the NW sec-
tion (Fig. 2) does not seem to be represented in the SW, as comparable
series have not been described so far. Moreover, sedimentary succes-
sions such as the Serie Negra have not been found in the autochthonous
sections of Central and NW Iberia, whereas it occurs in the autochtho-
nous domains resting under the Ossa-Morena Complex defined by
Diez Fernandez and Arenas (2015). On the contrary, some of the
metasedimentary series represented in the SW show great lithological
similarities with the autochthonous sections of the Central Iberian
Zone. In this regard, it is remarkable the presence of quartzitic facies,
comparable to the Armorican Quartzite in fossil content and probable
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age, in Sierra Albarrana Unit (Azor et al., 1991). Therefore, a preliminary
distinction could be made between the autochthons of the Galicia-
Ossa-Morena Zone, and thence the denomination of SW Iberia Autoch-
thon is proposed for the domains underlying the Ossa-Morena Complex
(Fig. 2). The stratigraphic characteristics of this autochthonous domain
are not well known at present, but it likely occupied an outboard posi-
tion across the margin of Gondwana compared to the autochthon of
the Central Iberian Zone (Fig. 2).

The general structure of the Galicia-Ossa-Morena Zone is character-
ized by the presence of a large allochthonous sheet, thrust onto different
domains of the continental platform of Gondwana (Fig. 3). This alloch-
thonous sheet includes the most external domains of the margin of
Gondwana. Therefore, the geology of the most internal part of the Iberi-
an Massif accounts for a virtual duplication of the Gondwana margin
(Fig. 3). The most external domains of this margin were transported
during Variscan convergence above other domains of the Gondwana
continental platform closer to the mainland, juxtaposing fairly distant
regions with different stratigraphic and paleontological features. The
stratigraphic and faunal contrast between the Central Iberian Zone
and the Obejo-Valsequillo Domain pointed out by Gutiérrez-Marco
et al. (2014) highlights these differences.

5. Variscan implications

The most important characteristics of the Galicia-Ossa-Morena Zone
of the Iberian Massif can be also found in other massifs of the Variscan
Orogen. The presence of ophiolitic units and units affected by Variscan
high-P metamorphism is described in the Armorican Massif (Ballévre
et al., 2014), the French Massif Central (Lardeaux et al., 2001), the
Bohemian Massif (Kryza and Pin, 2010; Faryad and Kachlik, 2013;
Kroner and Romer, 2013) and the basement of the Alps, Corsica and
Sardinia (Rossi et al., 2009; Von Raumer et al., 2009, 2015). These do-
mains can be followed along the orogen and appear in the same geotec-
tonic position. They configure an Internal Variscan Zone, limited to the
north by the southern margin of Laurussia represented by the
Rhenohercynian Zone (Fig. 4). The Internal Variscan Zone includes base-
ment exposures that were previously correlated according to their
strong Cadomian imprint (Linnemann et al., 2008; Martinez Catalan,
2011). Therefore it represents the external section of the Gondwanan

margin, particularly the one showing the most prominent igneous and
tectonothermal activity related to the magmatic arc-system developed
in the periphery of Gondwana in Ediacaran-Cambrian times. This is
also the most strongly deformed section of the Variscan Orogen. This
section of the Gondwanan margin was involved in two continental sub-
duction systems of Variscan age, and the resulting high-P metamorphic
belts can be followed along the orogen (Arenas et al., 2014b). The dy-
namics of this margin is also characterized by the presence of ophiolitic
units with similar ages and probably similar tectonic setting along the
Variscan orogen (Arenas and Sanchez Martinez, 2015).

The correlations between allochthonous and autochthonous units in
Iberia increase the perception of the Variscan Orogen as a markedly lin-
ear mountain belt. The Variscan orogeny resulted in a complex suture
zone bounded by the southern margin of Laurussia. The duplication of
the margin of Gondwana observed in the suture zone exposed in the
Iberian Massif has not been described so far in other massifs of the
orogen. But the observed analogy between the high-P units and the
ophiolites existing throughout the orogen represents a solid argument
to search for a similar structural correlation.
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A PERI-GONDWANAN ARC IN NW IBERIA I

6.1 Introduccion
En las Unidades Superiores de los Com-
plejos Al6ctonos del NW del Macizo Ibé-
rico, los trabajos anteriores a la publicacion
que se presenta en este capitulo han sido muy
numerosos y han abordado una diversidad
de aspectos relativos al estudio de la estruc-
tura y evolucién metamorfica (Diaz Garcia,
1990; Ferndndez Rodriguez, 1997; Azcdrraga,
2000; Mendia, 2000; Puelles, 2004; Castifieiras,
2005; Gémez Barreiro, 2007; Gonzdlez Cuadra,
2007; Garcia Izquierdo et al, 2011; y referen-
cias incluidas en ellos) o de la geocronologia
de los procesos implicados (Santos Zalduegui,
1995; Abati, 2002; Albert, 2015b; y referencias
incluidas en ellos). Una sintesis de la geologia
de estas unidades puede encontrarse en Are-
nas et al. (2016). Dichos trabajos aportan un
gran conocimiento de la historia geologica de
las Unidades Superiores y establecen que una
parte de la evolucion de estas unidades se re-
laciona con la actividad de un arco magmatico
peri-gondwanico, activo en el Paleozoico infe-
rior. El margen de Gondwana y los restos de
este arco fueron afectados por los episodios
principales de la Orogenia Varisca durante el
posterior ensamblado de Pangea y la colision
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entre Laurussia y Gondwana, durante el De-
vonico y Carbonifero. Por su parte, el trabajo
que aqui se presenta intenta profundizar en el
estudio de estas unidades aportando nuevos
datos sobre el origen de este arco, de algunas
de las series sedimentarias relacionadas y de
la naturaleza de sus areas fuentes.

Para llevar a cabo este estudio se han ca-
racterizado los aspectos geoquimicos e isoto-
picos de las series grauvaquicas culminantes
que afloran en las Unidades Superiores del
Complejo de Ordenes. Se han estudiado las
composiciones de 20 muestras recogidas en
la seccion costera de la Ria de Ares, entre las
localidades de Ares y Redes. Estas series me-
tasedimentarias de bajo grado nos han permi-
tido interpretar, desde un punto de vista geo-
quimico, el ambiente dinamico de generacion
de las Unidades Aléctonas Superiores. Por
otra parte, la geoquimica isotopica (Sm-Nd)
permite también una aproximacion precisa
al origen de sus areas fuente (fuentes isoto-
picas). Los nuevos datos son coherentes con
los trabajos previos, pero permiten aumentar
el conocimiento sobre la evolucion del paleo-
margen de Gondwana.
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6.2 Conclusiones parciales
Los resultados geoquimicos presentados
en este trabajo para las series grauva-
quicas del Complejo de Ordenes, muestran
una clara afinidad con una sedimentacién
relacionada con un arco volcanico altamente
evolucionado, con un magmatismo dominan-
temente félsico. Este arco se habria desarro-
llado en el contexto de un margen continen-
tal activo, como un arco magmatico edificado
sobre un margen continental adelgazado. Por
consiguiente, las abundancias de determina-
dos elementos, que se muestran inmdviles en
procesos sedimentarios y metamorficos, se
encuentran alejadas de las concentraciones
tipicas de contextos de margenes pasivos o de
arcos volcanicos construidos sobre cortezas
oceanicas (arcos de islas tipicos).

Por su parte, las edades modelo de Nd
(T,,) varian desde el Neoproterozoico Medio
hasta el Mesoproterozoico Superior (720-
1215 Ma). Este rango de edad, junto con la
ausencia de circones detriticos de estas eda-
des (Ferndndez Sudrez et al, 2003), sugiere
una participacion de diferentes areas fuentes
con mezcla de componentes ediacarenses y
paleoproterozoicos y/o mas antiguos. Esas
edades estdn ampliamente representadas en
las poblaciones de circones detriticos de es-
tas series, y son comunes en dreas cercanas al
Cratén del Oeste de Africa. Esta procedencia
parece también confirmada por la ausencia
de una poblacion de circones de edad Meso-
proterozoica (Ferndndez Sudrez et al., 2003).
Por otra parte, las poblaciones de circones de-
triticos de estas grauvacas indican una edad
maxima de sedimentaciéon comprendida entre
ca. 510 y 530 Ma (Cambrico Medio - Inferior).
La cercania entre las edades maximas de sedi-
mentacion de las metagrauvacas y la edad del
magmatismo de las unidades superiores del
Complejo de Ordenes (ca. 500-520 Ma; Ando-
naegui et al, 2016), indica que la sedimenta-
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cion de estas series tuvo lugar coincidiendo
con una fase principal de actividad del arco
peri-Gondwanico. La probable deposicion de
las grauvacas sobre una corteza continental
adelgazada y la posicion actual de las series
turbiditicas sobre una serie compleja de ro-
cas metamorficas de alto grado, cuya historia
tectonotermal esta al menos en parte relacio-
nada con la actividad del arco (Arenas et al,
2016), sugiere que su posicion refleja la lo-
calizacion originaria. La sedimentacién tuvo
lugar posiblemente en una cuenca intra-arco,
situada sobre complejos metamorficos y plu-
tonicos relacionados con la actividad del arco
y con presencia de basamento continental an-
terior a la formacidn del sistema de arcos.
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The arc-derived upper terrane in the NW Iberia Variscan belt contains a 3000 m thick turbiditic formation at
its structural top. Most of the sandstones are feldspathic greywackes with a framework of quartz and weakly
altered plagioclase. Rock fragments of vitric and microgranular texture are common in polymictic
conglomerates and coarse-grained greywackes, together with slates, cherts and bipyramidal volcanic quartz
fragments. Although recrystallization under greenschists facies conditions (chlorite and biotite zones) and the
presence of two cleavages hinder detailed textural analysis, the sandstones appear to be typically immature,
first-cycle sandstones. The metagreywackes have average major and trace element compositions similar to
PAAS (Post Archean Australian Shale), which is considered to reflect the composition of the upper continental
crust. Their trace element composition is very consistent and records deposition within a convergent tectonic
setting, probably in an intra-arc basin located in a volcanic arc built on thinned continental margin. Detrital
zircon populations suggest a Middle Cambrian maximum depositional age (530-500 Ma) and a Gondwanan
provenance located at the periphery of the West African Craton. Nd isotope data suggest mixing Ediacaran and
Paleoproterozoic sources for the provenance of the greywackes, with Tpy ranging between 720 and 1215 Ma
with an average of 995 Ma (n=20)—an age range unrepresented in the detrital zircon population. The Nd
model ages are similar to those exhibited by West Avalonia, Florida or the Carolina terrane, but younger than
those of Cambrian and Ordovician sandstones and shales from the autochthonous realm. These data suggest
a westernmost location along the Gondwanan margin for the upper terrane of NW Iberia relative to other
terranes located in the footwall of the Variscan suture, consistent with several previously proposed
paleogeographic models for the NW Iberia terranes.

© 2009 International Association for Gondwana Research. Published by Elsevier B.V. All rights reserved.
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1. Introduction considered to be remant klippen of a large nappe pile (Fig. 1). The
allochthonous complexes in the NW Iberian Massif include three main
terranes designated, from bottom to top, the basal units, ophiolitic

units and upper units (Fig. 2). The basal units are considered to be the

The European Variscan Belt and its continuation through the
Appalachian Orogen is a major orogenic belt developed during the

final stages of the assembly of Pangea as a result of the closure of the
Rheic Ocean (Casini and Oggiano, 2008; Nance et al., 2010-this issue;
Keppie et al., 2010-this issue; Melleton et al., 2010) and the collision
between Gondwana and Laurussia (Matte, 1991; Martinez Catalan et
al., 2007), which was probably oblique (Arenas et al., 2009). In Europe,
the most internal part of this belt includes a succession of
allochthonous complexes that define the main suture zone and are

* Corresponding author. Departamento de Petrologia y Geoquimica, Facultad de
Geologia, Universidad Complutense de Madrid, C/José Antonio Novais, no. 2, 28040
Madrid, Spain.

E-mail address: arenas@geo.ucm.es (R. Arenas).

most external margin of Gondwana subducted beneath Laurussia
at the onset of Variscan deformation (c. 370 Ma; Arenas et al., 1995;
Martinez Catalan et al., 1996; Rodriguez et al., 2003; Abati et al.,
2010), whereas the upper units are interpreted to be an arc-derived
terrane. This arc also has a peri-Gondwanan provenance (Fernandez-
Suarez et al., 2003), but left the main continent during the Middle
Cambrian-Early Ordovician and drifted north contemporaneously
with the opening of the Rheic Ocean, which is represented within the
stack of allochthonous units by different types of ophiolites (Diaz
Garcia et al., 1999; Pin et al., 2002; Arenas et al., 2007; Sanchez
Martinez et al., 2007a,b). This rifted arc was finally accreted to the
southern margin of Laurussia during the Lower or Middle Devonian
(Gémez Barreiro et al., 2007).

1342-937X/$ - see front matter © 2009 International Association for Gondwana Research. Published by Elsevier B.V. All rights reserved.

doi:10.1016/j.gr.2009.09.007
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Fig. 1. Sketch showing the distribution of the Paleozoic orogens in a reconstruction of the Baltica-Laurentia-Gondwana junction developed during the assembly of Pangea. The distribution
of the most important domains described in the Variscan Belt is also shown, together with the position of the Ordenes Complex in NW Iberia. LBM: London-Brabant Massif.

From Martinez Catalan et al. (2002).

Different articles have described the structure and general meta-
morphic evolution of the arc-derived upper units of the allochthonous
complexes of NW Iberia (see Martinez Catalan et al., 2002 and references
therein), and data also exist on the geochronology of the tectonothermal
events and main magmatic pulses. However, most previous work on the
tectonothermal evolution of these units has focussed on events related to
the accretion of the arc to Laurussia, and its subsequent Variscan history.
Details of the arc's tectonothermal evolution during its development
at the periphery of Gondwana are less well known. In addition, the
location of the arc within peri-Gondwana and whether it was built on the
Gondwanan continental margin or was generated above an intra-
oceanic subduction zone at some distance from the margin, remain

unknown. To help resolve these issues, we present two consecutive
papers on aspects related to the initial development of this magmatic arc.
The first paper describes the geochemical features, tectonic setting and
provenance of the thick low-grade greywacke series that occupies the
uppermost structural position in the upper units of the Ordenes Complex
(Figs. 1 and 2) in order to constrain the tectonic setting of the magmatic
arg, its internal constitution and its location within peri-Gondwana. The
second describes the internal structure of the metagreywacke series and
presents new U-Pb age data for a diabasic dyke swarm that intrudes the
metasediments (Diaz Garcia et al,, 2010-this issue). The new age data
constrains the origin of the main fabric at the upper structural levels in
the Ordenes Complex and its relationship to magmatic arc dynamics.
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Fig. 2. Geological map of NW Iberia. It shows the distribution of the Autochthon and Parautochthon domains and the main terranes involved in the allochthonous complexes located

in the most internal part of the belt.

2. Geological setting of the arc-derived terrane

The upper units of the allochthonous complexes of NW Iberia
represent a well-preserved section of a peri-Gondwanan magmatic
arc. These units are well exposed in the Cabo Ortegal and Ordenes
complexes, and include a large variety of lithologies (Fig. 3). The

internal structure of the upper units is characterized by the presence
of two sheets that display slightly different tectonothermal histories.

The lower sheet (HP-HT upper units) is a polymetamorphic assem-
blage affected by a widespread high-pressure and high-temperature
metamorphic event, the age of which is estimated to be 410-390 Ma
(Ordofiez Casado et al,, 2001; Fernandez Sudrez et al., 2007). This
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Fig. 3. Geological sketch and cross-section of the Ordenes and Cabo Ortegal complexes (Martinez Catalan et al., 2002; Arenas et al., 2007), with the distribution of the main
allochthonous terranes, the basal, ophiolitic and upper units. The position of the area represented in Fig. 4 is also shown. CD, Corredoiras detachment; CMD, Campo Marzo
detachment; LFT, Lalin-Forcarei thrust; PCD, Ponte Carreira detachment; PSD, Pico Sacro detachment.

metamorphic event is considered to be related to the accretion of the
arc to the southern margin of Laurussia, which facilitated imbrication
of a basal sheet that subducted until the development of the HP-HT
event. The metamorphic P-T conditions reached around 800 °C and
20-23 kb, obscuring preservation of tectonothermal events prior to
the accretion of the arc to Laurussia. Nevertheless, Fernandez-Suarez
et al. (2002) identified a widespread metamorphic event dated at ca.
490-480 Ma in paragneisses of the lower sheet. This early event
reached high-temperature and medium-pressure conditions, but its
significance is uncertain. It may be related to the dynamics associated
with the magmatic arc while it occupied a position at the periphery of
Gondwana.

The upper sheet (intermediate-pressure upper units) consists of
medium- to low-grade metasedimentary sequences of problematic
age, massifs of variably deformed and metamorphosed gabbros and
granitoids, and a thick metagreywacke series occupying the upper-
most position (Fig. 3). Both gabbros and granitoids have typical
volcanic arc compositions, and have been dated at c. 500 Ma. Abati
et al. (1999) have dated (TIMS U-Pb zircons) the Monte Castelo
gabbro (western part of the Ordenes Complex) at 499 +2 Ma and
the Corredoiras orthogneiss (easter part of the same complex) at
50042 Ma. The upper sheet shows a widespread medium-pressure
and variable low- to high-temperature event (see Abati et al., 2003 and
references therein), with which most of the regionally distributed
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fabrics can be associated. The significance of this metamorphic event is
uncertain, although it has been repeatedly dated at c. 490-480 Ma
(Abati et al., 1999, 2007) and, as in the lower sheet, has been in-
terpreted as related to the earlier dynamics of the peri-Gondwanan
arc. The generation of granulitic shear zones that affect the large
gabbroic massifs at the base of this sheet has been linked to this event
(Abati et al., 2007). In this intermediate-pressure upper unit, it is often
difficult to recognize the significance of the tectonothermal evolution
subsequent to the development of the dominant regional fabrics,
including events associated with the accretion of the arc to Laurussia
and those that came later, during the Variscan. As a result, these
uppermost units afford an excellent opportunity to investigate the role
of the early dynamics of the peri-Gondwanan magmatic arc.

The metagreywacke series, which occupies the uppermost
structural levels, is particularly well exposed on the coastline, where
it outcrops a schistose formation with frequent recumbent folds,
intruded by a swarm of diabasic dykes that, in most cases, clearly

J.M. Fuenlabrada et al. /| Gondwana Research 17 (2010) 338-351

cut the regional fabrics. The features and internal structure of this
metagreywacke formation were first described by Matte and
Capdevila (1978), who identified the presence of large recumbent
folds. These folds make it difficult to create detailed stratigraphic
columns of the greywacke formation or estimate its true thickness.

3. Lithological and sedimentological features of the top
greywacke series

The uppermost series in the intermediate-pressure upper units
occupies the central part of the Ordenes Complex (Fig. 3) and is
exclusively composed of metasediments intruded by minor gabbroic
and diabasic dykes. Intense polyphase deformation precludes precise
determination of thickness, but it is roughly estimated to be a
maximum of 3 km (Fig. 4). The lower half of this series contains a
strong penetrative crenulation cleavage (S,), with syntectonic garnet
and biotite porphyroblasts, the paragenesis of which culminates in the

Fig. 4. Sketch showing the geology of the top metagreywackes and related metasediments in the Ares region. A general columnar section of these metasediments is shown, together
with the distribution of the most important diabase dykes, the position of the samples dated by U-Pb (detrital zircons in two greywackes; Fernandez-Sudrez et al., 2003) and the
location of the sections sampled for whole rock geochemistry of the metagreywackes. The age diagram used to deduce the maximum sedimentary age of the greywackes is also

included (U-Pb ages for the younger group of detrital zircons).
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pressure upper units) were collected in order to study their geo-
chemistry, provenance and tectonic setting. Samples were collected
along three sections on the coastline surrounding Redes and Ares
(Fig. 4). Sample preparation was carried out at Universidad Complu-
tense de Madrid, and whole rock major and trace elements analyses
were performed at Activation Laboratories Ltd. (Actlabs) in Canada.
The method used for sample digestion was fusion with lithium
metaborate/tetraborate, and the analytical techniques for major and
trace element determination were ICP-OES and ICP-MS, respectively.
The chemical analyses of the greywackes are shown in Tables 1 and 2.

4.1. Composition and classification

The analysed greywackes are characterized by variable SiO,
contents (59.8-75.7 wt.%), with an average of 65.7 wt.%. Only three
samples have SiO, contents higher than 70 wt.% (SO-13 to SO-15).
The grewackes have relatively high, homogeneous Na,0 contents
(2.5-3.9 wt.%), with an average of 3.1 wt.%, and relatively low and
variable contents in CaO (0.1-3.1 wt.%) and K,0 (1.5-3.4 wt.%), with
averages of 1.1 and 2.5 wt.%, respectively. The compositional ranges
of the remaining major elements are Al,O5; (11.4-18.1 wt.%), Fe,03
(3.6-8.0 wt.%), MnO (0.04-0.15 wt.%), MgO (1.0-2.9 wt.%), TiO,
(0.54-0.89 wt.%) and P,0s5 (0.07-0.18 wt.%). Based on the SiO,
contents and the K;0/Na,O ratio (0.4-1.2), most of the greywackes
are quartz-intermediate (Crook, 1974). A negative correlation exists
between SiO, and Fe,03, MgO, MnO, CaO and TiO,, whereas a positive
correlation exists between TiO, and Al,0s. There is also significant
scatter in the SiO,/K;0 and SiO,/Na,0 ratios due to the high mobility
of Na and K during alteration processes.

The chemical classification of sedimentary rocks differentiates
between mature and immature sediments. One of the most widely
used parameters is the Fe,03/K,0 ratio (Herron, 1988), which is
especially applicable to arkoses. This ratio is better than the Na,0/K,0
ratio used by Pettijohn et al. (1972), and can be applied to uncon-
solidated fine- to coarse-grained sediments. Based on the chemical
classification diagram by Herron (1988), most of the analysed samples
cluster in the greywacke field (Fig. 5a). Only samples SO-14 and SO-15
fallin the field of litharenites. The SiO,/Al,05 ratio of the samples is low
(3.3-6.7), which is indicative of immaturity. The variable K,0/Na,0
ratio (0.4-1.2) and average value of 0.8, can be interpreted in the same
way (Asiedu et al., 2004; Spaletti et al., 2008). The Rb/Sr ratio, which
also reflects recycling processes, varies between 0.15 and 0.88, with
an average value of 0.5. Weathering processes and, in some cases,
diagenesis can lead to an important increase of the Rb/Sr ratio,
due largely to Sr loss during plagioclase alteration. Values higher
than 0.5 are interpreted by McLennan et al. (1993) as a weathering
and sedimentary recycling index. An average value of 0.5 in the
greywackes indicates a certain increase relative to the average value of
the Rb/Sr ratio in the upper crust (0.32; Taylor and McLennan, 1985).
This, in turn, suggests that alteration processes during the sedimentary
history of the greywackes were minor.

The effects of homogenization in sedimentary processes result in a
relatively uniform distribution of REE in detrital rocks, the pattern
reflecting the abundance of REE in the upper crust. REE are generally
considered to be immobile, with only slight changes during sedi-
mentation processes. The results of the REE analysis can be seen in
Table 2. The analysed greywackes show little variability in 3REE,
with values ranging between 79 (sample SO-16, with a marked
depletion in LREE) and 169 (sample SO-5, with a pronounced positive
Ce anomaly). The samples also show similar chondrite-normalized
(Nakamura, 1974) fractionation patterns, with slight enrichment in
LREE (La-Sm) relative to HREE (Fig. 5b). Likewise, the samples show a
weak negative Eu anomaly, which varies from 0.76 to 0.96 (calculated
according to Taylor and McLennan, 1985). Eu anomalies are usually
interpreted in sedimentary rocks as being inherited from the igneous
source rocks. The samples also display an unfractionated HREE

Fig. 5. Chemical diagrams for the metagreywackes from the uppermost levels of the
Ordenes Complex. (a) Classification diagram (Herron, 1988). (b) Chondrite-normalized
rare earth elements plots; the dotted line corresponds to the PAAS (Post Archean
Australian Shale; Taylor and McLennan, 1985). (c) Compositional range of the chondrite-
normalized rare earth elements plots.

Normalizing values are from Nakamura (1974).

pattern. As can be seen in Fig. 5b and c, despite some intersample
differences in abundance, the REE patterns of the greywackes are
similar to those of PAAS (Post Archean Australian Shale; Taylor and
McLennan, 1985), which are considered representative of upper
continental crust.

The depletion of HREE relative to LREE is usually related to low
concentrations of heavy minerals, especially zircon. Here, the low
concentration of Zr in the greywackes (average=187 ppm) is
consistent with that interpretation. Almost all the samples have
Gdn/Yby values between 1.0 and 2.0 (0.73-1.40) and low Eu/Eu*
ratios (0.76-0.96), indicating a provenance from upper continental
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crust of Post Archean age, based on the similarity of the REE patterns
to PAAS. The Lan/Yby ratio shows an average value of 5.26 (ranging
between 2.59 and 8.07), which is lower than that of PAAS (Lan/
Ybyn=9.08) due to a lower La concentration (average La = 24.06 ppm,
Yb=3.12 ppm). The abundance of La agrees with that reported by
Bathia and Crook (1986) for igneous terrigenous sediments generated
within a volcanic arc built on thinned continental crust, as discussed
below.

4.2. Tectonic setting

The geochemistry of major elements has been widely used to
establish the tectonic setting of detrital sedimentary rocks (Bathia,
1983; Roser and Korsch 1985, 1986, 1988; Bathia and Crook, 1986;
Hegde and Chavadi, 2009). However, diagrams based on the
abundance of elements, such as Na or K, must be treated with
caution, because of their high mobility during depositional processes.
Certain trace elements, such as REE, Cr, Co, Th, Sc, Y, La and Zr, are
considered relatively immobile and consequently provide better
discrimination of possible tectonic settings (Taylor and McLennan,
1985). Various tectonic discrimination diagrams developed by Bathia
and Crook (1986) are shown in Fig. 6. These diagrams allow clear
differentiation among the four tectonic settings considered to be the
most common sites of greywacke deposition: (A) oceanic island arc,
(B) continental island arc, (C) active continental margin, and (D)
passive margin. In the Ti/Zr-La/Sc diagram (Fig. 6a), all the samples
plot within the continental island arc field. The La/Y-Sc/Cr diagram
(Fig. 6b) shows greater scatter due to the variability of the La/Y ratio,

the values of which range between 0.55 and 1.41. Nevertheless, all the
samples plot in fields related to convergent plate tectonic settings. In
the ternary diagrams, La-Th-Sc, Th-Co-Zr and Th-Sc-Zr (Fig. 6c, d
and e, respectively), the samples are tightly grouped in the
continental island arc fields, with only two samples falling within
the field for oceanic island arcs in one of the diagrams. This reflects the
low La contents of the two samples relative to the others.

According to Bathia and Crook (1986), the most significant
chemical signatures for characterizing greywackes deposited
in a continental island arc setting are: La (25 ppm), Th (11 ppm),
La/Sc (1.8), Th/Sc (0.85), Ti/Zr (20) and La/Th (2.3). These average
values closely match those characteristic of the greywackes of the
upper levels of the Ordenes Complex: La (24 ppm), Th (7.86 ppm),
La/Sc (1.59), Th/Sc (0.51), Ti/Zr (25) and La/Th (3.1). Hence, accord-
ing to the concentrations of trace elements with the highest
discriminative power, the greywackes were deposited in a sedimen-
tary basin related to a convergent dynamic regime, and in a tectonic
setting designated as a continental island arc by Bathia and Crook
(1986).

Finally, Fig. 7a and b shows PAAS-normalized plots of the most
significant elements for the discrimination of tectonic setting.
The figures are plotted according to the criteria of Thompson
(1982). The patterns defined by the metagreywackes are very similar
to those typical of continental island arcs or active margins
(Winchester and Max, 1989). The plots are characterized by depletion
in most of the large ion lithophile elements (LILE: Cs, Rb, Th, U, K50,
La, Ce, and P,0s5), which deviate slightly from one, whereas the
high field strength elements (HSFE: Zr, Hf, HREE, Sm, TiO, and Sc)

Fig. 6. Trace elements tectonic setting discrimination diagrams for the metagreywackes. A—Oceanic island arc; B—continental island arc; C—active continental margins; D—passive

margins.
Diagrams are after Bathia and Crook (1986).
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Fig. 7. (a) PAAS-normalized trace elements plots for the metagreywackes. (b) Plot
showing the compositional range of the PAAS-normalized trace elements composition
of the metagreywackes.

PAAS after Taylor and McLennan, 1985.

are generally close to one, with a slight characteristic negative TiO,
anomaly. In general, a slightly increasing pattern can be observed,
culminating in a flat pattern close to one. However, three important
differences exist between the diagram for continental island arcs
and active margins proposed by Winchester and Max (1989) and
that obtained for the analysed greywackes: (1) there is essentially
no negative P,0s anomaly, perhaps because of low contents of
apatite and monazite; (2) there is a less marked positive Sr anomaly,
perhaps as a result of alteration processes; and (3) the Cr and Ni
abundances are significantly lower, suggesting an essentially felsic
provenance for the greywackes, although the values lie close to the
analytical detection limits. The felsic provenance appears to be
corroborated by Hf values and La/Th ratio, and is a likely indication
of the association of the greywackes with an evolved (mature)
volcanic arc.

4.3. Sm-Nd isotope systematics
Isotopic analysis of the greywackes was performed at the Centro

de Geocronologia y Geoquimica Isotépica at the Universidad Com-
plutense de Madrid. For whole rock Nd isotopic analysis by isotope

Table 3
Whole rock Nd isotope data of the top metagreywackes from the Ordenes Complex.

Muestra Nd  Sm  '¥Sm/!*Nd '*>Nd/'*Nd 20 &Nd (0) &Nd Tsna

(500" (Ma)?

SO-1 22.60 4.93 0.1318 0.512531 3 =21 2.0 986
SO-2 1844 422 0.1383 0.512555 4 -—16 2.1 1017
SO-3 2449 5.77 0.1425 0.512480 3 =31 0.4 1215
SO-4 20.51 4.62 0.1363 0.512633 4 —01 38 855
SO-5 26.83 5.85 0.1318 0.512456 3 =35 0.6 1111
SO-6 16.39 3.78 0.1393 0.512518 3 =23 13 1098
SO-7 20.64 4.69 0.1373 0.512529 3 =21 1.7 1052
SO-8 19.82 4.07 0.1241 0.512589 3 —-10 3.7 818
SO-9 2597 4.82 0.1122 0.512482 3 =31 2.3 878
SO-10  29.29 6.07 0.1253 0.512497 3 -—28 1.8 973
SO-11 26.13 5.56 0.1287 0.512518 3 =24 2.0 974
SO-12  31.11 6.56 0.1276 0.512537 3 20 24 932
SO-13 19.56 4.06 0.1255 0.512587 4 —-10 3.6 833
SO-14  21.11 4.22 0.1207 0.512636 3 0.0 48 720
SO-15 17.66 3.57 0.1224 0.512506 3 26 2:2) 930
SO-16 1576 3.66 0.1402 0.512481 3 =31 0.5 1180
SO-17 33,57 7.11 0.1281 0.512427 3 —41 0.3 1115
SO-18  26.85 6.20 0.1396 0.512468 3 —-33 0.3 1194
SO-19 3282 6.81 0.1254 0.512467 3 —-33 12 1021
SO0-20 2321 4.80 0.1252 0.512476 3 =32 14 1003

2 Nd model ages calculated according to DePaolo (1981).
* gNd(t) calculated for 500 Ma.

dilution-thermal ionization mass spectrometry (ID-TIMS), the sam-
ples were first dissolved in ultra-pure reagents in order to perform
isotope separation by exchange chromatography (Strelow, 1960;
Winchester, 1963), and subsequently analysed using a Sector 54 VG-
Micromass multicollector spectrometer. The measured *>Nd/'*4Nd
isotopic ratios were corrected for possible isobaric interferences from
142Ce and *4Sm (only for samples with #’Sm/!*4Sm <0.0001) and
normalized to '®Nd/'4*Nd =0.7219 in order to correct for mass
fractionation (Table 3). The La Jolla Nd international isotopic standard
was analysed during sample measurement, and gave an average
value of 3Nd/'*Nd=0.511859 for 7 replicas, with an internal
precision of 40.000015 (20). These values were used to correct the
measured ratios for possible sample drift. The error estimated for
the '47Sm/"4Nd ratio is 0.1%.

In crustal evolution models based on Nd isotopic composition, the
main source of fractionation during the formation and evolution of
continental crust takes place during partial melting of lithospheric
mantle to generate crustal rocks (McLennan and Hemming, 1992).
The eNd model age of a sedimentary rock represents the average age
of the extraction of its components from the mantle. In the case of
detrital rocks, model ages usually reflect complex mixing based on the
different age and provenance of their components. The combined
interpretation of model ages and detrital zircon ages has proved to be
a powerful tool for investigating the evolution of continental crust,
especially in orogenic domains (e.g., Linneman et al., 2004). The Nd
model ages calculated for the metagreywackes are included in the eNd
vs. the time diagram in Fig. 8. The analysed metagreywackes show
1475m/44Nd ratios <0.145, which is an appropriate ratio for NdTpy
calculations. Stern (2002) suggests that a 4’Sm/*4Nd ratio of 0.165 is
the upper limit for performing NdTpy; calculations. The Tpy model
ages (DePaolo, 1981) range between 720 and 1215 Ma (Table 3), with
an average value of 995 Ma (Fig. 8). eNd (0) values vary from —4.1 to
0, while eNd (500), that is, the eNd value at the time of greywackes
sedimentation, ranges between 0.3 and 4.8 (Table 3). A collection of
Nd model ages from different regions (Linnemann and Romer, 2002)
is also included in Fig. 8. These ages have been divided into two groups
according to the age of the dominant source (Grenvillian and post-
Grenvillian/pre-Cadomian crust, or pre-Grenvillian, >0.9-1.1 Ga,
cratonic crust).
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Fig. 8. Tpy model ages (DePaolo, 1981) of the top metagreywackes from the Ordenes Complex. Triangles show the Nd values at 500 Ma, a reference age for the deposition of the

turbiditic series.

Data source for comparative model ages from different regions taken from Linnemann and Romer (2002).

5. Discussion

According to the age groups recorded by the detrital zircons, the
greywackes of the upper levels of the Ordenes Complex have a
maximum depositional age of 510-530 Ma (Middle Cambrian). The
complete absence of detrital zircons of Mesoproterozoic age (1000-
1600 Ma) indicates that the sedimentary basin in which they were
deposited was probably located in the peri-Gondwanan realm
along the periphery of the West African Craton (Fernandez-Suarez
et al.,, 2003). The geochemistry of the greywackes clearly shows that
their deposition took place on a convergent margin in a volcanic arc,
and specifically (according to the criteria of Bathia and Crook, 1986),
in a continental island arc. Within this setting, Bathia and Crook
(1986) include sedimentary basins located in the inter-arc, back-arc
and fore-arc environments of volcanic arcs developed over thinned
continental crust. These arcs have a crystalline continental basement,
but lack the thick continental basement of typical arcs generated at
active continental margins. The analysed greywackes show very
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different chemical compositions to those deposited in passive margins
or oceanic island arcs. Instead, the geochemical signature of the
greywackes indicates deposition in a mature, highly evolved volcanic
arc with abundant felsic magmatism.

Pinpointing the location of this sedimentary basin and volcanic arc
system turns is more problematic. The similarity in the timing of the
greywacke sedimentation (c. 510-530 Ma) and magmatism in the
upper units (c. 500-520 Ma; Abati et al., 1999; Ferndndez Sudrez et al.,
2007), requires deposition of the turbidites to have taken place during
the main phase of volcanic arc activity. Synchronicity of sedimen-
tation with active magmatism is supported by the fact that the
greywackes are cross-cut by a coeval diabasic swarm (Diaz-Garcia
et al., 2010-this issue). The chemistry of the greywackes also points to
the possible presence of thinned continental crust in the root of
the arc. Furthermore, the turbiditic series presently forms the upper
levels of the arc-derived terrane, and lies structurally above a complex
series of high-grade metamorphic rocks (both orthogneisses and
paragneisses), the tectonothermal record of which is at least partly
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Fig. 9. Paleogeographic reconstruction for the Cambrian-Ordovician limit showing the probable location of the peri-Gondwanan arc where the greywackes were deposited. The

figure shows the moment immediately previous to the opening of the Rheic Ocean.
Modified after Arenas et al. (2007).

related to the dynamics of the arc itself. Thus, it is probable that the
present position of the turbiditic series partly reflects its primary
location (although the contacts with the underlying series are
tectonic), and that greywacke deposition took place in an intra-arc
basin above thick metamorphic and plutonic complexes and possible
pre-arc continental basement, the existence of which has not been
investigated in the allochthonous complexes of NW Iberia.

The Tpy model ages of the greywackes range from the Middle
Neoproterozoic to the Upper Mesoproterozoic (720-1215 Ma, Fig. 8).
This, together with the absence of detrital zircons with these ages in
the greywackes (Fernandez-Sudrez et al., 2003), which rules out the
presence of Grenvillian terranes in the source area, indicates that the
Tpyv model ages reflect a mixing of components of the Paleoproterozoic
and Ediacaran ages. Both sources are represented in the detrital
zircon population and are characteristic of the realms bordering the
West African Craton.

The presence of Mesoproterozoic basement (1100-1600 Ma)
below most of the NW Iberian Massif has been proposed by Murphy
et al. (2008). The Paleozoic passive margin sedimentary sequence of
the NW Iberian Massif, from the Schistose Domain of the Galicia-Tras-
os-Montes Zone to the Cantabrian Zone, may have been deposited on
this basement. The combined interpretation of the detrital zircon and
Nd model ages from the greywackes of the uppermost levels of the
Ordenes Complex, however, indicates a provenance incompatible
with the participation of such a basement. If this basement exists, the
sedimentary basin in which the greywackes were deposited would
have to have been located on a sector of the Gondwanan margin well
removed from that represented by the rest of the NW Iberian Massif,
although still at the periphery of the West African Craton. A collection
of Nd model ages for various terranes of Gondwanan affinity is
included in Fig. 8, in addition to the data from the Grenville belt of
NE North America (Linnemann and Romer, 2002). Although the ages

overlap and the terranes included represent a rather general group,
the Nd model ages of the greywackes of the Ordenes Complex com-
pare most closely with those of West Avalonia, Florida and the
Carolina terranes, and differ slightly from those of East Avalonia and
other terranes, and the domains of the Bohemian Massif. Fig. 9 shows
the probable location of the peri-Gondwanan arc immediately prior to
the opening of the Rheic Ocean. The opening of this ocean caused the
rifting and separation of the external part of the arc, which was
transported to the north, carrying with it the sedimentary basin in
which the turbiditic series was deposited.

The data obtained from the greywacke provenance of the Ordenes
Complex confirm the equivalence of the upper units of the allochthonous
complexes of NW Iberia with an arc-derived terrane originally located
at the periphery of the West African Craton. This arc was probably
generated in the Avalonian peri-Gondwanan realm, in a more westerly
position than that occupied by the Lower Paleozoic autochthonous
sequence of NW Iberia (Fig. 9). This is consistent with previous
data related to the provenance of this allochthonous terrane (Gémez
Barreiro et al, 2007). No domain containing the Mesoproterozoic
basement was involved in the genesis of the arc. The analysed
greywackes were likely deposited adjacent to a mature volcanic arc
with abundant felsic magmatism. Although the specific location of the
turbidite basin within the volcanic arc is uncertain, the present data
suggest deposition in an intra-arc basin generated during the main
phase of volcanic arc activity, roughly coincident with the intrusion of
the largest plutonic bodies.
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7.1 Introduccion

| trabajo incluido en este capitulo con-

siste en un estudio sobre la estructu-
ra de las series turbiditicas culminantes del
Complejo de Ordenes (Unidades Aléctonas
Superiores). La escasa recristalizacion que
afecta a los niveles mas altos de esta serie ha
favorecido la preservacion de determinadas
estructuras primarias, que proporcionan in-
formacion valiosa acerca de las etapas inicia-
les en la evolucion tecténica de las Unidades
Alébctonas Superiores.

El trabajo también incluye la datacién U-Pb
de uno de los diques de diabasas que intruye
la serie siliciclastica. Esta datacion se habia in-
tentado en diferentes ocasiones, pero el pro-
blema se mostraba repetidamente refractario
al avance del conocimiento, ante la imposibi-
lidad de recuperar los minerales necesarios
para realizar la datacion. Las relaciones que
se establecen entre la edad de las diabasas y
las relaciones estructurales de los diques con
la fabrica de las grauvacas, permite hacer im-
portantes inferencias sobre la evolucién tec-
tonotermal pre-Varisca de las Unidades Supe-
riores.
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De acuerdo con las conclusiones presenta-
das en el capitulo anterior; la secuencia turbi-
ditica culminante del Complejo de Ordenes se
generd en un contexto convergente en rela-
cion con un importante arco volcanico activo.
Probablemente la sedimentacién tuvo lugar
en una cuenca de intra-arco, desarrollada en
la seccion mas externa del margen de Gond-
wana y localizada en la cercania del Cratén del
Oeste de Africa. Este arco se desarrollé sobre
una corteza continental adelgazada, y por tan-
to podria haber incorporado restos de un ba-
samento continental.

Los resultados que se presentan en este
trabajo se han obtenido en las mismas series
siliciclasticas y también mediante el estudio
de los diques de diabasas que intruyen a este
conjunto. Por consiguiente, ambos trabajos
se complementan y presentan una vision de
conjunto de las caracteristicas geoquimicas,
estructurales y geocronoldgicas de las series
grauvaquicas culminantes de las Unidades
Al6ctonas Superiores. El trabajo en su conjun-
to, es importante para avanzar en el conoci-
miento de la dinamica asociada al sistema de
arcos magmaticos peri-Gondwanicos en el li-
mite Ediacarense - Cambrico Inferior.
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7.2 Conclusiones parciales
Los datos de geocronologia U-Pb en cir-
cones de uno de los numerosos diques
de diabasas que intruyen la secuencia turbi-
ditica culminante del Complejo de Ordenes,
proporcionan una edad de ca. 510 Ma, inter-
pretada como la edad de cristalizacién de
los protolitos maficos. Este dato, junto con
el analisis de las relaciones estructurales ob-
servadas entre los diques de diabasas y las
fabricas regionales dominantes en las series
encajantes (S1 y S2), indican que las fabricas
tecténicas existentes en los niveles mas altos
en facies de esquistos verdes tienen un cla-
ro caracter pre-Varisco. El desarrollo de es-
tas fabricas tuvo lugar muy probablemente,
en relaciéon con la dinamica asociada al arco
magmatico peri-Gondwanico, con el que tam-
bién se ha relacionado la sedimentacion de la
serie grauvaquica. Asi pues, la generacion de
las fabricas tectonicas, en su mayor parte con-
temporaneas con la actividad plutdnica ligada
al arco, la propia sedimentacion de las series
turbiditicas y la intrusiéon de los diques dia-
basicos, indican un ambiente muy dindmico,
como se asocia de manera caracteristica a la
dinamica de los arcos volcanicos desarrolla-
dos en margenes continentales activos.

En relacion a la estructura pre-Varisca con-
creta de la serie turbiditica, la primera fase
de deformacion D1 se caracteriza por el desa-
rrollo de grandes pliegues recumbentes ver-
gentes hacia el oeste (coordenadas actuales).
Estos pliegues tienen por plano axial la fase
esquistosa dominante en los niveles superio-
res de menor grado (S1). Hacia los niveles in-
feriores se generaliza la presencia de una se-
gunda esquistosidad, que constituye la fabrica
principal (S2). Esta esquistosidad muestra
indicadores cinematicos que indican un movi-
miento de techo hacia el norte y se considera
de caracter extensional. Los diques diabasicos
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datados en ca. 510 Ma se emplazaron al final
de D2, segln las indicaciones microestructu-
rales que se han observado, lo que demuestra
el caracter pre-Varisco de las dos primeras fa-
bricas. Finalmente, una tercera deformacion,
de edad ya Varisca, genera pliegues erguidos
de tamafio y apretamiento muy variable que
pueden observarse afectando a todas las uni-
dades que constituyen el Complejo de Orde-
nes.

En relacién al contexto dinamico y paleo-
geografico regional, se interpreta que el de-
sarrollo de la primera deformacién (D1) esta
ligado a un proceso de acrecion por debajo
del arco volcanico, lo que resulta coherente
con el desarrollo de una zona de subduccion
por debajo del margen externo adelgazado de
Gondwana. D2 se desarrollé durante un epi-
sodio extensional, probablemente ligado al
colapso gravitacional del arco volcanico. La
edad obtenida para el protolito de los diques
maficos (ca. 510 Ma), cuyo emplazamiento se
produjo al final del episodio extensional D2,
y la edad maxima de sedimentacion calculada
para las series turbiditicas (ca. 510-530 Ma),
que intruyen estos diques, delimitan la evolu-
cion tectonica de los niveles culminantes de
las Unidades Alo6ctonas Superiores.
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The arc-derived upper units of the Ordenes Complex, NW Iberia, are emplaced above the Variscan suture and
contain a low-grade metasedimentary uppermost section, with a maximum depositional age of 510-530 Ma,
intruded by a number of mafic dykes. Three deformational events affect the metasedimentary section. The
youngest deformation event (D) is of undifferentiated Variscan age and consists of metre- to decametre-scale,
close upright folds with axes plunging gently towards N20°E. The most important D, structure is a regional S,
foliation axial planar of minor folds with dextral asymmetry. The presence of a stretching lineation parallel to the
D, fold axes is related to a top-to-the-north sense of shearing in a context of regional extension. The oldest meter-
scale D, folds are developed in suitable greywacke-pelite alternations and consist of tight folds with chevron and
similar morphologies, axes plunging gently toward N20°E, and a continuous S; axial planar foliation. The essential
characteristic of the D; deformation event is depicted by a set of west-vergent folds with reverse limbs less than
2 km in wavelength, that are affected in their lower part by the generalised presence of the regional S, foliation.
The age of D, and D structures is not well constrained. The diabase dykes intruding the low-grade turbidites cut
the D, folds and their field relationships suggest that they were emplaced at the end of the D, shearing event
and prior to the upright D3 Variscan folds. Zircon grains obtained from one of the diabase dykes were analysed
for U-Pb at the SHRIMP-RG facility at Stanford University. An age of c. 510 Ma, based on the analysis of 31
individual zircon grains, is interpreted to date the crystallization of the Ares dyke. The tectonic and magmatic
evolution of the top turbiditic series of the Ordenes Complex is tentatively related to the dynamics of a peri-
Gondwanan arc developed during active subduction beneath Gondwana and suggests: (1) accretion beneath the
arc during west-vergent (present coordinates) nappe development (D,); (2) extension of the arc during top-to-
the-north shearing (D,); and (3) final intrusion of the diabasic dykes into an intra-arc turbiditic series. This
evolution spans the end of volcanic arc activity and the onset of the opening of the Rheic Ocean.
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1. Introduction turbiditic series was deposited, located in a peri-Gondwanan realm

peripheral to the margin of the West African Craton. The volcanic arc

The arc-derived upper units of the allochthonous complexes of NW
Iberia include a thick turbiditic series that occupies the uppermost
structural position. An earlier first companion paper in this issue
(Fuenlabrada et al., 2010) describes the geochemistry of the turbidites
and their provenance based on new Nd isotope data and a revision of
previously published U-Pb ages for detrital zircon grains (Fernandez-
Suarez et al., 2003). Fuenlabrada et al. (2010) also provide a general
description of the tectonothermal evolution of the upper units based on
field evidence and U-Pb ages (Abati et al., 1999, 2007; Fernandez-
Suarez et al., 2002, 2007; Ordofiez Casado et al., 2001). Present data
suggest an intra-arc setting for the sedimentary basin in which the

* Corresponding author. Departamento de Petrologia y Geoquimica, Facultad de Geologia,
Universidad Complutense de Madrid, C/ José Antonio Novais, no 2, 28040 Madrid, Spain.
E-mail address: arenas@geo.ucm.es (R. Arenas).

was probably built on the most external margin of Gondwana on
thinned continental basement. The Nd isotopic data suggest an affinity
with West Avalonia, Florida and the Carolina terrane, and a more
westerly provenance than that accepted for the Early Paleozoic
autochthonous sequence in NW Iberia and its equivalents in the
Bohemian Massif (Linnemann and Romer, 2002), largely confirming
earlier data on the provenance of this allochthonous terrane (Goémez
Barreiro et al., 2007).

This paper presents a detailed structural and microstructural anal-
ysis of the turbiditic series from the coastal section of the Ares-Sada
region, east of A Coruiia city (Fig. 1), and U-Pb age data for diabase dykes
intruding the sedimentary succession. Structural analysis of the low-
grade uppermost section of the upper units complements the history
recorded in the rest of the upper units for two reasons. First, minor
recrystallization and grain growth favour the preservation of old

1342-937X/$ - see front matter © 2009 International Association for Gondwana Research. Published by Elsevier B.V. All rights reserved.
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Fig. 1. (a) Structural map, and (b) cross section of the Ordenes Complex showing location of area depicted in Fig. 2. AC, A Corufia granodiorite; AS, A Silva granodiorite; C, Corredoiras
granodiorite; CD, Corredoiras detachment; F, Fornds unit; FD, Fornds detachment; MC, Monte Castelo gabbro; PCD, Ponte Carreira detachment; S, Sobrado unit; XD, Xesteda detachment.

structures, such that the unit provides unique information about early
stages in the tectonic evolution of the upper units which is usually lost
elsewhere as a result of higher grade metamorphic recrystallization.
Second, large numbers of mafic dykes intrude the low-grade metasedi-
ments and show various relationships with the regional deformation
events. The relative timing of mafic dyke emplacement can be establ-
ished by field relationships, and the new U-Pb age of dyke emplacement
can be used to date the structural evolution of this uppermost
section. The age data and cross-cutting relationships clearly indicate
that this part of the upper units was deformed in Middle Cambrian
times. This structural evolution therefore provides important informa-
tion about the dynamics of the peri-Gondwanan arc represented
in the upper allochthonous terrane of NW Iberia, including the
structures and kinematics developed during the transition between
the contractional and extensional regimes that preceded the Cambro-

Ordovician opening of the Rheic Ocean at the periphery of the West
African Craton.

2. Structure of the upper units at the Ares-Sada region: the
coastal section

In contrast to the rest of the upper units, which are characterized by
a pervasive regional S, foliation developed under medium- to high-
grade conditions that prevents analysis of earlier deformation events,
their uppermost low-grade unit can be studied as a typical slate belt
by applying classical macroscopic and microscopic geometrical analysis
and superpositional criteria. On this basis, three main deformation
events can be distinguished, each associated with different structures
and kinematics. Hence, the uppermost unit provides a unique oppor-
tunity to identify the earliest deformation event in the upper units of the
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allochthonous complexes. The three deformation events are described
below, starting with the most recent.

The youngest deformation event (D3) consists of metre- to
decametre-scale folding developed throughout the entire unit and
comprising close, upright structures with axes plunging gently N20°E.
Centimetre-wide greywacke layers show flattened parallel folds,
sometimes developing cuspate-lobate forms. A near-vertical axial
planar crenulation cleavage (S3) is always present and is better
developed in metapelitic beds. These beds sometimes show strong
differentiation with a spaced, non-penetrative crenulation cleavage
that is less evident, discontinuous or absent, in the metagreywackes.
In the coastal section (Figs. 1 and 2) meter-scale D; folds show
opposite asymmetry, defining a major D3 synform, the enveloping
surface of which is shown in cross-section in Fig. 2b and can be
followed inland, where it defines the major Ordenes synform (Fig. 1).
This major synform belongs to a widespread Variscan refolding phase
in the Ordenes Complex that affected the stacking of allochthonous
units and their bounding shear zones (e.g., (Martinez Catalan et al.,
1996)).

Structures belonging to the older D, deformational event affect almost
all the upper units, but in the study area an upper deformation front can
be traced parallel to the “biotite in” boundary (Fig. 2). The most impor-
tant structure of this event is a regional S, foliation that shows various
microstructures corresponding to early and intermediate stages in the
morphological evolution of a crenulation cleavage under increasing de-
formation and temperature, as proposed by Passchier and Trouw (2005).
Although strongly affected by upright folding, it is assumed that S,
was initially subhorizontal. The foliation is axial planar of minor folds
that are dextral in asymmetry, and sometimes non-cylindrical with the
intensely sheared short limbs. This feature, together with the presence of a
stretching lineation parallel to the fold axes, suggests top-to-the-north
sense of shear. At deeper structural levels the S, foliation is a highly
evolved compositional foliation, the development of which was coeval
with amphibolite facies metamorphism (Castifieiras, 2005). Towards the
base of the intermediate pressure upper units, partial melting of the
metasediments took place during the final stages of S, development,
which shows a metatexitic appearance and is locally disaggregated by
diatexite. U-Pb analysis of monazites from metatexites has yielded an age
of 490 Ma (Abati et al., 1999). This apparently structural continuity is
interrupted by the development of a major extensional shear zone, the
Ponte Carreira detachment (Martinez Catalan et al., 2002; Gomez Barreiro,
2007) (PCD in Fig. 2), which led to the thinning of the garnet and staurolite
zones, strong retrogression and phyllonitization, and the formation of C’
shear bands (Berthé et al., 1979). The mineral stretching lineation parallel
to D, fold axes is well defined in these rocks where it is aligned north-
south and indicates top-to-the-north sense of shear.

The first deformation event (D) was probably present throughout
the intermediate pressure upper units, although at lower structural
levels no major structures have been identified, and D is represented
only by an S; cleavage strongly overprinted by S,. In fact, it is only
recognizable in relict D, fold hinges or as oriented inclusion trails in
garnet or staurolite porphyroblasts. The low-grade turbiditic rocks on
the coastal section near Ares, however, are devoid of D, deformation
and so are suitable for the study of minor D; fold asymmetries.
Combining this with the angular relationships between the existing
foliations (S; and S3) and bedding (Sy), and the younging direction of
the strata, allows the position of the fold hinges to be located and
provides a means of determining fold facing vs. vergence in polyphase
folded terrains. Metre-scale folds developed in alternating grey-
wackes and pelites are tight with chevron and similar morphologies.
Their axial planes have varying orientations as a consequence of late
D5 folding, but their axes plunge gently towards N20°E. The axial

Fig. 3. Microstructural aspects of the different types of foliation in the low-grade part of
the upper units and their angular relationships that, together with the presence of
graded bedding, suggest a west vergence for the D; fold nappe. (a) Minor “Z shaped”
folds developed in the reverse limb of a west-vergent D, fold that was later affected by a
crenulation cleavage (Ss). (b) Angular relationship between bedding (Sp) and slaty
cleavage (S;) within the normal limb of a minor downward facing D, fold.

planar S; cleavage is a pervasive slaty cleavage at a low angle to the
bedding and is well developed in the metapelitic tops of the turbiditic
strata. In thin section, S; is a continuous foliation (sensu (Passchier
and Trouw, 2005)) mainly defined by flattened and elongate quartz
grains and the non-domainal homogeneous distribution of platy
mineral grains with a preferred orientation. The younging direction
deduced from graded bedding in greywacke layers shows frequent
changes, from which it can be inferred that the largest D, reverse
limbs never exceed 1 km in wavelength.

Decametre- and centimeter-scale, upward facing D folds can be
observed in the western limb of the major Ordenes D3 synform. From
these the sinistral asymmetry of a major west-vergent fold can be
deduced. In the eastern limb of the Ordenes D; synform, suitable minor
folds have not been found, but microscopic analysis of oriented samples
of Sy, S5 and Sy angular relationships suggests a west vergence for this
first deformation event (Fig. 3). Thus, the structural and younging
criteria discussed above, together with the main stratigraphic features of
the area permit the reconstruction of the cross section shown in Fig. 2b.
Here, the structural architecture is depicted by a set of west-vergent D,
folds that have reverse limbs less than 2 km in wavelength and are

Fig. 2. (a) Geological map of the Ares-A Corufla-Betanzos region showing the main lithologies, the sectors with reverse stratigraphic polarity, and the asymmetry of minor folds of
the different deformation events. (b) Interpretive cross sections accounting for the presence of several sectors with reverse stratigraphic polarity and So/S; angular relationships. The
structural level with abundant of conglomerates and thick greywacke layers has been highlighted. The location of the dated diabase dyke is also shown.
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affected in their lower part by the general presence of the regional S,
foliation, the development of which culminates in the formation of the
Ponte Carreira detachment. The whole package is then overprinted by
upright D3 Variscan folding.

3. Relative timing of dyke emplacement

From a regional point of view, mafic dykes are almost exclusive to
the low-grade part of the upper units and are likely linked to the major
igneous bodies in the underlying section. Their absence in the remaining
part of the orogenic section, however, suggests that they were emplaced
prior to the stacking of the allochthonous units. The sills and cross-
cutting dykes show a rectilinear geometry and range from 20-30 cm to
20-30 m in thickness, both in map view and in vertical exposures.
Individual dyke segments are sub-parallel (from N30°E to N15°W) and
perpendicular (N110°E) to the regional foliation (S1 or S2). The dykes
are mainly composed of medium-grained gabbro and diabase showing
chilled margins, and consist of plagioclase, hornblende, epidote and
sphene with minor amounts of quartz and relict pyroxene. The
similarity of the macroscopic appearance, phase assemblages, and
textures of the gabbroic and diabasic dykes and sills precludes field and
petrographic distinction of different magma series. Mafic dykes in the
lower part of the study area show clear cross-cutting relationships with
the S, foliation, but some are boudinaged and sheared at their margins.
Syntectonic garnet growth in these sheared margins points to a syn- to
post-tectonic intrusion with respect to the regional S, foliation. In the
uppermost part of the unit, which is devoid of S,, the mafic dykes are
undeformed and transect D; folds. Conversely, a number of thin,
rectilinear diabase dykes are folded by upright D; Variscan folds. In
addition, a number of quartz veins were formed at high angles to the S,
cleavage during D,. The presence of these veins together with the
diabase dyke swarm suggests the existence of a dilational event that
may be linked to brittle behaviour during the final stages of D,.

4. U-Pb dating of the dyke network
4.1. Analytical methods

Zircon crystals from the Ares dyke were separated at Universidad
Complutense (Madrid) using conventional gravimetric and magnetic
techniques. At the Stanford-US Geological Survey Micro-analytical
Center (SUMAC), 39 zircon grains were handpicked under a binocular
microscope and mounted on double-sided adhesive on glass slides
in 1x 6 mm parallel rows together with chips of the zircon standard R33
(Black et al., 2004). After being set in epoxy resin, the zircon grains
were abraded to expose their central portions by using 1500grit wet
sandpaper, and then polished with 6 pm and 1 pm diamond abrasive on
a lap wheel. Prior to isotopic analysis, the internal structure, inclusions,
fractures and physical defects were identified with transmitted and
reflected light on a petrographic microscope, and with cathodolumines-
cence (CL) on a JEOL JSM 5600 electron microscope (Fig. 4). Following
analysis, secondary electron images were taken to locate the exact
position of the spots.

U-Th-Pb analyses of zircon were conducted at the Bay SHRIMP-RG
(sensitive high-resolution ion microprobe-reverse geometry) facility
operated by SUMAC in a single analytical session in July 2008. Analytical
procedures for zircon dating followed methods described in Williams
(Williams, 1997). The primary oxygen ion beam operated at 6-7 nA and
produced a spot with a diameter of ~25um and a depth of 1-2 um for an
analysis time of 12-13 min. Data for each spot were collected in sets of
five scans through the mass range. The concentration of U was calibrated
using zircon standard CZ3 (550 ppm U; (Pidgeon et al,, 1995)), and
isotopic compositions were calibrated against R33 (2°°Pb*/
238y =0.06716, equivalent to an age of 419 Ma; (Black et al., 2004)),
which was analyzed every fourth scan.

Data reduction follows the methods described by Williams (1997)
and Ireland and Williams (2003), and used SQUID and ISOPLOT software

Fig. 4. Cathodoluminescence images of selected zircon crystals from the Ares dyke: (a) Variscan zircons, (b) crystallization age zircons, and (c) inherited zircons.
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(Ludwig, 2002, 2003). Ages younger than 1 Ga are reported based on
206ph 238 ratios corrected from common Pb using the 2°’Pb method.
Older ages are reported based on the 2°*Pb-corrected 2°°Pb/2°’Pb
isotopic ratio. The Pb composition used for initial Pb corrections (>**Pb/
206ph = 0.0554, 207Pb/2°°Pb=0.864 and 2°3Pb/2°°Pb=2.097) was
estimated using the Stacey and Kramers (1975) model. Analytical
results are presented in Table 1 and plotted in Figs. 5 and 6.

La to Yb and Hf were measured concurrently with U-Th-Pb analysis
as additional masses on each pass through the mass range. The
concentrations of these elements were calibrated against an in-house
standard (MAD) and are reproducible at 2-4% (10), except for La (15%)
because of its typical very low concentration (30 ppb). U, Th, Hf and rare
earth element (REE) analyses are listed in Table 2.

4.2. Zircon description and U-Pb results

The analysed zircon grains are colorless with variable length to width
ratios (between 1:1 and 3:1). Most are rounded prisms with pitted
surfaces, although a few are less rounded with smooth faces. Inclusions
are common in all the zircon crystals. Under CL, the zircon grains
show an assortment of textures suggesting for most an inherited origin
(Fig. 4). Common textures include non-luminescent homogeneous zir-

con crystals, variably luminescent oscillatory and sector zoning, and
complex grains with xenocryst cores mantled by oscillatory zoning and
occasionally surrounded by an irregular non-luminescent rim.
Thirty-two analyses were obtained on 31 zircon grains (Fig. 5). The
data can be roughly sorted in four age groups, <400 Ma, 480-530 Ma,
545-735 Ma and >2000 Ma (Table 1). In the first group, three scat-
tered ages around 320 Ma could represent metamorphic ages or ex-
treme Pb-loss from older zircon grains during the Variscan orogeny
(analyses 20, 21 and 25). Since both the CL images and Th/U ratios
are typically magmatic, we favour the latter interpretation. This is also
in agreement with the general absence of important tectonothermal
events of this age in the Ordenes Complex. From the second group, the
best age estimate is obtained by pooling six analyses that yield an age of
510.53 (+8.39, —2.29)Ma using the TuffZirc algorithm (Ludwig and
Mundil, 2002). This age is the median obtained from a group of 11
analyses ranging from 480 to 530 Ma, which represent the largest set of
internally concordant dates that are statistically coherent, and is
interpreted to date the crystallization of the Ares dyke. Ages calculated
using this method are reliable provided the data are cogenetic and
unaffected by Pb-loss. In this case, we argue for the validity of these
assumptions based on the zircon features, namely their homogeneity
and sector zoning, which are consistent with zircon growth in mafic

Table 1

SHRIMP Th-U-Pb zircon data from sample GCH-06-2 (dyke Ares-1).
Spot Common u Th Th/U 238U/206Pbb 207Pb/206pbb 238U/206Pb*c 207Pb*/206Pb*° 206pb*/238Ud zuapb/zssu
number and 206ph (%) (ppm) (ppm) (%) (%) (%) age®'
description®
GCH-06-2: Ares dyke
Variscan ages
25 m 0.12 521 813 1.61 20.27+04 0.0535+1.3 20.25+04 0.0541+1.4 0.0493 4 0.0002 310.1+14
21 C 0.13 833 810 1.00 1932404 0.0540+1.0 1934404 0.05324+1.2 0.0517 4-0.0002 3249+1.2
20 r <0.01 706 252 0.37 17.76 £ 0.4 0.0528+1.2 17.77+£04 0.05244+1.3 0.0564 =4 0.0002 3535+1.5
Magmatic ages
6 m 0.14 57 48 0.87 1290+1.3 0.0579+3.2 1293+1.3 0.0556 4+3.9 0.077440.0010 480.8 +6.0
31 m <0.01 55 41 0.76 12.52+1.2 0.0562 +3.4 12.52+1.2 0.0562 +3.4 0.0800 4 0.0010 496.0 +6.0
13 m 0.09 200 34 0.17 1244406 0.0579+1.6 12.46 £0.6 0.05674+1.9 0.0803 = 0.0005 498.1+3.0
18 m 0.01 1163 638 0.57 1235403 0.057440.7 1235403 0.0577 +0.7 0.0809 4 0.0002 501.7+13
22 m <0.01 37 28 0.78 12.234+1.5 0.0550+3.7 12234+1.5 0.05504+3.7 0.0820 4 0.0012 508.2+7.3
3.1 m, r 0.06 157 72 0.47 12.18 0.7 0.05804+2.3 12.164+0.7 0.0595+2.6 0.0821 4 0.0006 5084 +3.7
11 m 0.06 150 47 0.32 12.15+£0.7 0.0579+1.8 12.16 £0.7 0.0574+1.9 0.0823 4 0.0006 509.6 + 3.8
5 m <0.01 169 108 0.66 12.11+£038 0.05744+1.9 12.11+£038 0.05744+1.9 0.0826 4 0.0007 511.5+3.9
10 m <0.01 110 49 0.46 12.10+0.8 0.0544+2.1 12.11+038 0.05374+2.3 0.0829 4 0.0007 513.7+4.3
1 m 0.16 126 66 0.54 11.914+0.8 0.0590+2.0 11.92+0.8 0.0584+42.2 0.0838 4 0.0007 518.9+4.0
28 m <0.01 151 93 0.64 11.734+0.8 0.0555+1.9 11.73+0.8 0.0556+1.9 0.0855 4 0.0007 528.8+4.0
Inherited ages
29 m <0.01 195 79 0.42 1134406 0.0581+1.5 11.354+0.6 0.05714+1.9 0.0882 4 0.0006 545.14+34
17 m <0.01 118 70 0.61 11.14+0.8 0.0585+1.9 11.144+0.8 0.0585+1.9 0.0898 4+ 0.0007 5543444
27 m 0.13 104 73 0.72 1098+1.0 0.0599 +3.4 11.01+1.0 0.05724+4.2 0.0910 4 0.0009 561.4+5.5
26 m <0.01 36 29 0.83 1096 +£1.7 0.0588 4.1 1099+ 1.7 0.0563 £ 5.1 0.0913 4 0.0016 563.0+9.4
30 m 0.25 168 61 0.38 10.80+£0.7 0.0611+1.6 10.82+0.7 0.05984+1.8 0.0924 4 0.0006 569.6 +3.8
19 m <0.01 264 103 0.40 10.84+0.5 0.0578+1.3 10.86+0.5 0.0561+1.8 0.0924 4 0.0005 569.6 + 3.0
9 m 0.22 69 37 0.55 10.78+1.1 0.0609 + 2.5 10.78+1.1 0.0609 4 2.5 0.0926 4-0.0010 570.9+45.9
32 m <0.01 207 88 0.44 9.85+0.7 0.0592+ 1.5 9.83+£0.7 0.0607 +1.9 0.1017 4 0.0007 624.5+4.0
16 m <0.01 302 212 0.73 9.6540.5 0.0599+1.1 9.654+0.5 0.05994+ 1.1 0.1037 4 0.0005 636.3 £3.0
4 m <0.01 185 131 0.73 9.384+0.6 0.0605+ 1.4 9.37+0.6 0.06124+1.5 0.1067 & 0.0007 653.8+3.9
7 m <0.01 178 73 0.43 8.38+0.7 0.0634+14 8.38+0.7 0.0634+1.4 0.1194 4 0.0008 727.1+4.7
3.2 C <0.01 244 170 0.72 8.274+0.5 0.0636+ 1.1 8.28+0.5 0.0633+1.1 0.1209 £ 0.0007 735.7+3.8
2 m 0.05 74 59 0.82 2.764+0.8 0.12294+0.8 2.76+0.8 0.1227 4+0.8 0.3621 4-0.0034 1996 + 15
23 m, r 3.14 481 174 0.37 350404 0.124440.8 3.504+04 0.1242 4+ 0.8 0.2766 4 0.0012 2018 £ 14
24 c 1.18 192 75 0.40 2.934+0.6 0.1248+1.9 2.93+0.6 0.12474+2.0 0.337040.0025 2024435
12 m <0.01 108 51 0.49 2.5440.7 0.128940.7 2.5440.7 0.128640.7 0.3960 + 0.0034 2079413
14 m <0.01 45 21 0.47 2574+1.1 0.1297 +1.1 257+1.1 0.1289+1.1 0.3901 4 0.0051 2083420
15 m 0.93 142 33 0.24 1.90+0.7 0.1937+0.6 1.904+0.7 0.1936 + 0.6 0.5207 4 0.0049 2773 +9

Bold ages represent the analyses considered to date the crystallization age of the dyke. All errors are 10.

a

b
c
d
e
f

Zircon characterization: m = magmatic; zoned: ¢ = core, r = rim.
Uncorrected ratios.
Radiogenic lead 2°Pb corrected for common lead.
Radiogenic lead 2°7Pb corrected for common lead.
207ph corrected for common lead.
Except analyses 2, 23, 24, 12, 14 and 15 (>°’Pb/?°°Pb age, 2°*Pb corrected for common lead).
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Fig. 5. Tera-Wasserburg plot showing distribution of SHRIMP zircon analyses from sample
GCH-06-2. Grey ellipses correspond to analyses considered to date the crystallization age.
Error ellipses are +20.

rocks (Corfu et al., 2003). The last two age groups are interpreted as
inherited components (Fig. 6) based on the variable morphology and CL
features of the zircon grains. There is a cluster of six analyses at ca.
565 Ma; three single analyses between 625 and 650 Ma, and two at ca.
730 Ma. Five analyses reveal a Paleoproterozoic signature at ca. 2010
and 2080 Ma. All of these age groups match ages defined by zircon age
spectra for cycles of continental crust production (Condie et al., 2009).

Fig. 6. Diagrams illustrating the distribution of (a) 2°°Pb/2*8U ages, and (b) 2°’Pb/2°°Pb
ages from the Ares dyke zircon grains.

4.3. Trace element data

The magmatic character of the Ares dyke zircon is further supported by
their rare earth element (REE) composition. Overall, their REE patterns are
typical of magmatic zircon (Hoskin and Schaltegger, 2003), with low light
(L) REE contents, a pronounced positive Ce anomaly, a variably negative
Eu anomaly, and variable fractionation in the heavy (H) REE (Fig. 7).

Even though inter- and intra-grain compositional variation is usually
large in zircons, and thus zircon REE studies should be based on both
multiple zircon grains and multiple analyses per grain, some limited
petrogenetic information can be suggested for the Ares dyke zircon
based on their REE contents and certain elemental ratios. The following
section is based on a number of general observations presented by
Wooden et al. (2006) using the vast dataset obtained in their laboratory.
According to these authors, Yb/Gd, which represents the steepness
of the HREE pattern, appears to be an excellent monitor of magma
evolution by fractional crystallization during zircon growth. For com-
mon magmatic suites, it shows a starting ratio of about 10 and in-
creases rapidly at relatively low temperatures (<750 °C). Conversely,
Th/U tends to decrease with zircon crystallization temperature, showing
the strongest changes at higher temperature. The Ce/Sm ratio is
preferred to that of Ce/Ce* by these authors because it varies more
regularly when plotted against a fractionation index, typically showing
an increase with increasing fractionation (e.g., Yb/Gd ratio).

These features are illustrated for the Ares dyke zircons in plots of Yb/
Gd versus Th/U and Ce/Sm versus Yb/Gd (Fig. 8a and b, respectively). In
both diagrams, the low and homogeneous Yb/Gd ratio in the zircon
grains used to define the age of the dyke is apparent, consistent with
crystallization from a poorly evolved magma such as a mafic dyke.
Conversely, the remaining zircon grains usually show higher and more
scattered Yb/Gd ratios, consistent with their inherited nature. The
homogeneous character of the zircons used to determine the age of the
dyke is also evident in their low Ce/Sm ratios compared to the remaining
grains.

Hence, given the CL features together and characteristics of the Ares
dyke zircons, it can be argued that the grains selected for the age
determination represent a homogeneous population of clear magmatic
rather than being of metamorphic origin. This population is clearly
different from the rest of the zircon grains, which show high variability
in their chemical and CL features suggesting an inherited source.

Based on the U-Pb and trace element data, a crystallization age of
510 Ma is proposed for the Ares dyke. However, the possibility that the
whole zircon population is inherited cannot be completely discounted
since this is a common situation in mafic rocks where the total number
of zircon grains is often low. However, even if the zircon grains are
inherited, this youngest zircon population would provide a maxi-
mum age of intrusion in the same way that detrital zircons provide
a maximum depositional age in sedimentary rocks. In this case, the
maximum age of intrusion would likely be close to the actual
crystallization age. The volcanic arc preserved in the upper units of
NW Iberia is characterized by an early intra-arc high-temperature
metamorphism dated in the interval 505-483 Ma (Abati et al., 1999,
2007). Moreover, subsequent accretion of the arc to the southern
margin of Laurussia at 410-390 Ma (Ordofiez Casado et al., 2001;
Fernandez Suarez et al., 2007) resulted in high-pressure/high-temper-
ature metamorphism in the lower parts of the upper units. The absence
in the dyke of a significant zircon population younger than 510 Ma, and
the complete absence of metamorphic zircon grains, consequently
provide additional arguments favouring its intrusion at around 510 Ma,
even in the case of a completely inherited zircon population.

5. Discussion
Fuenlabrada et al. (2010) show that the sedimentary sequence

in the uppermost part of the upper units has a maximum depositional
age in the range 510-530 Ma (Middle Cambrian), which overlaps the
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Table 2

Th, U, Hf (in ppm) and chondrite-normalized rare earth element data from zircon from sample GCH-06-2 (dyke Ares-1) and zircon standard R33.
Spot number Th 0] Hf La Ce Preac  Nd Sm Eu Gd Dy Er Yb Th/U Yb/Gd Ce/Sm Ce/Ce* Eu/Eu*
and description
GCH-06-2: Sada Dyke
Variscan ages
25 m 792 485 9298 0.09 306 067 1.88 104 18.9 53.2 139 320 565 1.63 8.8 12.02 128 0.80
21 c 799 792 10669 0.72 731 3.5 6.59 304 258 1202 280 668 1170 1.01 8.1 9.87 48 0.43
20 r 246 662 10,703 0.05 42.1 0.54 167 124 120 69.9 194 561 1111 037 13.1 1393 245 0.41
Ages <500 Ma
6 m 48 54 12,696 009 114 034 0.68 5.1 22 35.0 123 354 604 0.88 143 9.10 65 0.16
31 m 40 52 9877 0.08 26 079 246  20.7 2.2 152.2 462 1165 1781 0.77 9.7 0.50 10 0.04
13 m 34 193 11,897 006 1.1 045 120 173 1.1 1846 1017 3200 5177 0.18 232 0.27 7 0.02
18 m 629 1098 11,082 0.10 833 1.27 454 423 109 3437 1271 3338 5018 0.57 121 8.08 233 0.09
Dyke crystallization ages
22 m 27 34 7967 0.09 3.0 0.60 1.57 9.0 7.4 51.1 126 312 515 0.79 83 1.37 13 0.34
3.1 m, r 70 147 10,832 0.06 24 074 255 293 14 2447 902 2452 3758 0.48 12.7 0.34 11 0.02
11 m 46 141 10,061 0.08 29 078 248 197 6.2 1311 423 1139 1785 033 113 0.59 12 0.12
5 m 105 158 11,203 0.08 102 092 317 214 115 1296 380 1009 1579 0.67 10.1 1.95 38 0.22
10 m 48 104 7650 018 34 153 444 344 252 2251 636 1494 2239 047 8.2 0.40 6 0.29
1 m 64 118 7960 0.12 119 1.11 343 205 214 131.7 413 1177 2133  0.54 134 2.38 33 0.41
Inherited ages 510-600 Ma
28 m 91 142 10,155 0.09 7.5 1.24 457 340 6.6 2118 578 1338 1876  0.64 7.3 0.90 22 0.08
29 m 78 184 10287 018 73 056 0.98 5.1 9.1 25.4 73 237 532 042 173 5.92 23 0.80
17 m 69 111 10,793 0.07 219 039 0.89 8.1 6.2 57.4 197 572 1065 0.62 15.4 11.15 129 0.29
27 m 71 97 10598 0.08 147 0.82 264 200 147 1450 478 1372 2361 0.73 13.5 3.00 58 0.27
26 m 28 33 8565 0.11 105 0.85 241 130 16.6 61.4 152 426 830 0.84 11.2 333 35 0.59
30 m 60 158 10,159 750 117 271 1.63 34 49 16.8 59 234 654 0.38 323 14.07 3 0.65
19 m 101 248 11,034 005 221 032 0.82 7.6 34 55.0 198 606 1127 041 17.0 11.85 176 0.17
9 m 36 66 10482 003 120 0.19 0.47 5.1 34 414 161 507 952 055 19.0 9.68 151 0.24
Inherited ages 600-750 Ma
32 m 86 193 11,218 0.1 245 034 0.58 5.8 33 46.6 189 689 1515 045 26.9 17.21 126 0.20
16 m 213 291 9917 021 399 0.89 1.82 113 14.1 68.7 223 692 1497 0.73 18.0 14.46 92 0.51
4 m 132 178 7737 0.09 236 048 1.10 7.5 131 449 142 426 883 0.74 16.3 12.84 114 0.71
7 m 72 167 10,657 0.05 349 022 0.47 4.5 2.8 33.6 142 461 981 043 242 31.67 340 0.23
3.2 c 169 234 10,643 005 309 044 131 112 8.1 76.9 275 795 1435 0.73 15.4 1126 205 0.27
Inherited ages >2000 Ma
2 m 59 71 9500 0.05 285 0.47 1.45 9.9 5.8 58.9 170 427 688 0.83 9.7 11.75 185 0.24
23 m, 170 448 12,322 151 48.6 1.17 1.02 9.2 4.7 75.2 324 1187 2469 038 27.2 21.59 37 0.18
24 c 74 181 12,562 0.07 46.1 031 0.68 6.6 42 53.4 222 792 1717 041 26.6 2862 319 0.22
12 m 50 100 9420 0.08 26.0 0.60 1.61 109 7.4 60.4 181 539 1012 0.50 139 980 118 0.29
14 m 20 42 10,500 0.12 157 0.51 1.04 6.6 7.9 35.7 98 284 595 048 13.8 9.83 63 0.52
15 m 32 133 11,836 0.03 113 0.10 0.17 24 2.1 19.6 93 306 645 024 273 19.71 193 0.30
R-33 zircon standard
1 m 184 263 10312 009 82 0.87 268 168 156 1119 416 1384 2700 0.70 20.0 2.01 29 0.36
2 m 117 158 9174 013 83 1.19 364 239 186 166.0 592 1690 2863 0.74 143 143 21 0.30
3 m 137 199 10,025 006 7.7 056 176 134 139 95.0 345 1091 2150 0.69 18.7 2.37 43 0.39
4 m 150 180 8419 014 122 160 534 390 317 2829 942 2459 3915 0.83 11.5 1.28 26 0.30
5 m 178 273 11,759 0.03 106 036 121 112 12.5 86.6 343 1138 2330 0.65 223 3.90 98 0.40
6 m 153 203 9262 0.12 9.5 1.30 427 265 19.8 178.1 675 2045 3520 0.75 164 1.47 24 0.29
7 m 129 194 10484 0.05 74 0.69 269 181 154 115.5 427 1353 2565 0.67 184 1.68 42 0.34
8 m 95 136 9688 0.06 7.2 0.70 247 181 147 1226 429 1259 2252 0.70 15.2 1.64 37 0.31
9 m 40 95 9074 0.04 46 0.19 0.44 43 4.0 36.3 153 542 1161 042 26.5 4.35 53 0.32
10 m 136 165 8709 0.05 160 061 213 164 131 1268 500 1454 2490 0.83 16.2 4.00 20 0.29
11 m 122 158 8916 0.15 9.0 1.40 426 2638 21.0 1919 699 1974 3262 0.77 14.1 1.38 71 0.29
12 m 39 93 9252 0.03 6.0 025 0.75 6.9 6.1 55.8 232 785 1567 042 232 3.59 55 0.31
13 m 90 134 9895 0.04 6.7 041 137 119 113 90.2 324 989 1837 0.67 16.9 231 4 0.34
14 m 78 144 9264 237 94 280 3.05 9.6 9.5 37.4 123 412 918 054 203 3.99 41 0.50
15 m 12 35 9196 0.04 2.7 0.10 0.16 1.6 15 15.1 68 245 501 034 274 7.00 60 0.30
16 m 269 251 8445 0.08 13.7 0.65 184 148 122 1120 435 1279 2193  1.07 16.2 3.82 53 0.30
17 m 33 75 9125 0.04 57 025 0.60 5.7 5.2 479 196 667 1322 044 228 4.07 92 0.32

Some elemental ratios cited in the text are also shown. Pry is calculated from Lay and Ndy contents (Pr = Lay*1/3*Ndn"2/3). Zircon description as in Table 1.

age range of the arc plutonic rocks of the same terrane (500-520 Ma).
The turbiditic sequence of the Ordenes Complex was generated in a
convergent setting, probably in an intra-arc sedimentary basin
developed within a major, active volcanic arc located at the periphery
of the West African Craton. This arc was likely built on the most
external section of the Gondwanan margin, on thinned continental
crust, and may incorporate remnants of the continental basement. The

turbiditic sequence is intruded by numerous diabase dykes, one of
which (near the village of Ares; Fig. 2), has now yielded a protolith age
of c. 510 Ma. The structural relationships between the diabase dykes
and the most important regional planar fabrics (S; and S;) show these
tectonic fabrics to be pre-Variscan and to have developed in the
dynamic setting of the peri-Gondwanan volcanic arc. Moreover, the
largely coeval development within the arc of plutonic activity,
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Fig. 7. Rare earth element (REE) patterns for the different age groups defined by the Ares dyke zircon crystals, illustrating their magmatic character. R33 zircon standard patterns are
shown for reference (grey area), Chondrite normalization values after Anders and Grevesse (1989) modified by Korotev (1996).

deposition of turbiditic rocks in intra-arc basins, regional deformation, Structural analysis of the lowest grade part of the upper unit allows the
and the intrusion of a swarm of diabase dykes, suggest a very dynamic oldest dynamic history of this terrane to be examined. This study describes
setting, which is typical of volcanic arcs developed on active con- the structure of D; in the turbiditic series above the D, deformation front,
tinental margins or of island arcs. and the link between the younger deformation to the pervasive regional

Fig. 8. Plots of (a) Yb/Gd versus Th/U, and (b) Ce/Sm versus Yb/Gd for the zircon grains analyzed in the Ares dyke. Data from R33 zircon standard (open diamonds) are included for
comparison and typical magmatic fractionation trends for the standard are shown.
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foliation (S,) that affects the entire intermediate pressure upper units. In
addition, the chronology of these two deformational events has been
constrained by U-Pb dating of the dyke swarm and reinterpretation of
previously reported detrital zircon ages (Fernandez-Suarez et al., 2003).
As a result, a more complete knowledge of the structural evolution of the
upper units has emerged that contributes to a better understanding of the
Cambrian subduction processes affecting the margin of Gondwana, and
the subsequent rifting associated with the opening of the Rheic Ocean (see
(Murphy et al., 2009; Santosh et al., 2009), and references therein). The
vergence of the D, folds has remained an open question since the
visionary paper of Matte and Capdevila (1978), but detailed study of the
low-grade sector has revealed the existence of a fold nappe, the basic
geometry of which consists of two antiform-synform pairs of west-
vergent recumbent folds later folded into an upright Variscan antiform.
This D; evolution suggests accretion below the volcanic arc, consistent
with the development of a subduction zone below the external thinned
margin of Gondwana, which has been previously proposed to account for
the origin of the volcanic arc itself (Arenas et al., 2007; Martinez Catalan
et al,, 2007; Abati et al., 2009). Subduction eventually led to the accretion
at the base of the arc of oceanic slices, as is suggested by evidence from the
western part of the Ordenes Complex, where a thick Cambrian ophiolitic
sequence (the Bazar ophiolitic unit) has been emplaced immediately
below the arc-related plutonic and metasedimentary successions (San-
chez Martinez, 2009).

The development of the D, fold nappes was followed by a general top-
to-the-north shearing event (D) that, in the study area, is only weakly
developed and disappears upwards through a gradual deformation front.
Field observations indicate that mafic dykes were emplaced at the end of
the D, shearing. The 510 Ma protolith age obtained for the mafic dykes
and the maximum depositional age obtained for the turbiditic succession
(510-530 Ma), restrict the earliest stages of the tectonic evolution of
the upper units to a short time interval. The regional S, foliation of
the uppermost series can be traced downwards into the intermediate
pressure upper units, where it developed under increasing temperature
conditions with depth, and shows a metatexitic appearance dated at c.
490-500 Ma using U-Pb geochronology in monazites (Abati et al., 1999).
This tectonic change is best interpreted in the more general framework of
accretion and break up along the northern Gondwana margin. Recently,
Nance et al. (2002), Murphy et al. (2006) and Linnemann et al. (2008)
proposed a geodynamic model for this margin, in which latest Neo-
proterozoic to Early Cambrian ridge-trench collision, leads diachronously
to the termination of subduction and the generation of a continental
transform during the Cambrian, along which the Rheic Ocean later
opened. Our data for the arc-derived upper terrane in NW Iberia indicate
that accretionary processes, recorded by the D1 west-vergent fold nappes,
continued until 510 Ma and that this age marks the change to a period of
north-directed extension, anatexis, intrusion of arc plutonics, and
emplacement of a mafic dyke swarm, eventually linked to ridge
subduction. A similar family of mafic dykes with a comparable age has
been described in the tectonic blocks of the Somozas mélange, the basal
tectonic mélange of the allochthonous complexes of NW Iberia (Arenas et
al., 2009). This mélange includes highly dismembered remnants of a
volcanic arc similar to that represented in the upper units. In this case, the
diabasic dykes show compositions typical of island-arc tholeiites and
intrude submarine volcanic successions with calc-alkaline composition. It
has been suggested that the intrusion of the tholeiitic swarm defines the
transition to an extensional regime in a mature calc-alkaline arc, which
would favour the development of intra-arc basins and marks the onset of
the opening of the Rheic Ocean.
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BASAL ALLOCHTHONOUS UNITS OF NW IBERIA

8.1 Introduccion

Las Unidades Basales de los Comple-
jos Aléctonos del NW del Macizo Ibé-
rico han sido objeto de gran atencién en los
ultimos afios, cuando se han publicado gran
cantidad de trabajos sobre distintos aspec-
tos de su geologia. Atendiendo sélo a trabajos
monograficos o de sintesis, Santos Zalduegui
(1995), Llana - Finez (2001), Rodriguez Aller
(2005), Diez Ferndndez (2011), Lépez Carmo-
na (2015), Arenas et al. (2016) y Diez Ferndn-
dez et al (2016) han descrito los aspectos mas
relevantes de su estructura, evoluciéon meta-
morfica y geocronologia. El trabajo que aqui
se presenta, aporta un estudio geoquimico e
isotdpico (Sm-Nd) de las rocas metasedimen-
tarias que forman parte de las Unidades Basa-
les en el Complejo de Malpica - Tui y en menor
medida en el Complejo de Ordenes. Las carac-
teristicas composicionales de estas litologias
no habian sido investigadas hasta ahora, por
lo que este trabajo pretende aportar infor-
maciéon sobre el contexto dinamico de gene-
racion de las cuencas implicadas y también
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sobre las areas fuente. Se han investigado las
composiciones de 23 muestras, seleccionadas
por su representatividad y escasa modifica-
cion quimica.

En el Complejo de Malpica - Tui, las rocas
metasedimentarias definen dos secuencias de
caracteristicas composicionales diferencia-
das, que también pueden reconocerse en el
Complejo de Ordenes. La secuencia inferior
tiene una composicién esencialmente silici-
clastica y afinidad turbiditica, mientras que
la secuencia superior es de composiciéon pe-
litica. Las edades maximas de sedimentacién
que se deducen para la secuencia inferior y
la superior, mediante geocronologia U-Pb de
circones detriticos, son de ca. 560 y 500 Ma,
respectivamente (Diez Ferndndez et al.,, 2010).
Ambas secuencias aparecen intruidas por una
diversidad de rocas graniticas y maficas de
afinidad variable entre calcoalcalina y alcali-
na - peralcalina, datadas en un rango de edad
comprendido entre ca. 493 - 470 Ma (Abati et
al, 2010a; Arenas et al, 2016; Diez Ferndndez
etal, 2016; y referencias en ellos incluidas).
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En los sectores que han sido investigados
en este trabajo, las Unidades Basales han ex-
perimentado una deformacién muy intensa
(con frecuencia milonitica) y metamorfismo
en facies de eclogitas que puede alcanzar unas
condiciones P-T de ca. 550 °C y 25 Kb (Ldpez
Carmona, 2015). No obstante, la reparticion
de la deformacion es heterogénea y facilita la
conservacion de niveles muy escasamente de-
formados, que en el caso de las rocas siliciclas-
ticas permiten observar series turbiditicas
bien preservadas, con estructuras sedimenta-
rias reconocibles e incluso una conservacion
perfecta de las relaciones entre granos detri-
ticos. Estas caracteristicas han producido en
el pasado una cierta confusién en el Complejo
de Malpica - Tui, al ser confundidos con uni-
dades poco metamorfizadas y diferenciadas
del resto de las rocas metasedimentarias de
este complejo (Llana - Fiinez, 2001). Asi pues,
las condiciones de partida son correctas para
acometer un muestreo geoquimico como el
que se presenta en este trabajo. A pesar de la
intensidad de la deformacion y del metamor-
fismo de alta-P, existen sectores bien conser-
vados que han mantenido intactas sus compo-
siciones quimicas originales.

Como en el caso de las Unidades Alécto-
nas Superiores, el origen de los protolitos de
las Unidades Al6ctonas Basales se ha relacio-
nado repetidamente con la actividad de un
arco magmatico peri-Gondwanico (Rodriguez
Aller, 2005; Abati et al, 2010a; Arenas et al,
2016; Diez Ferndndez et al., 2016). El magma-
timo calcoalcalino se habria originado duran-
te la actividad convergente a la que se liga la
formacion del propio arco, mientras que el
magmatismo alcalino - peralcalino se ha re-
lacionado con el desarrollo de un episodio de
rifting en el contexto peri-Gondwanico que fa-
vorecio el colapso del propio arco. El trabajo
que se incluye en este capitulo complementa
los trabajos geoquimicos existentes, que has-
ta ahora sé6lo se habian realizado en las rocas
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metaigneas, y permite ampliar el conocimien-
to de las series siliciclasticas implicadas y de
la dindmica y caracteristicas del propio siste-
ma de arcos peri-Gondwanico durante la tran-
sicion Ediacarense - Cambrico.

8.2 Conclusiones parciales
Los resultados geoquimicos obtenidos
para las metagrauvacas y esquistos con
albita ediacarenses de las Unidades Basales
(secuencia inferior) del Complejo de Malpi-
ca-Tui, confirman el caracter inmaduro sefia-
lado por un porcentaje dominante de clastos
angulares de feldespato y en menor medida
de micas. Esta naturaleza conlleva una baja re-
lacion Si0,/AlOQ,, asi como valores de ALO,/
Na, Oy ALO,/TiO, similares a los de la corteza
continental superior. Por su parte, determina-
dos elementos marcadamente inmoviles y con
diferente grado de compatibilidad o incompa-
tibilidad, muestran valores para las relaciones
Th/Sc, La/Sc, Zr/Sc mayores que las del PAAS,
lo que junto con unos bajos contenidos en Cr
y Ni, apuntan a unas areas fuente constituidas
porrocas igneas dominantemente félsicas. Los
patrones de REE son similares a los del PAAS,
con un ligero enriquecimiento de las LREE
con respecto a las HREE, lo que se traduce en
una elevada relacion La /Yb, unos patrones
casi planos de éstas ultimas, con una relacion
Gd,/Yb, muy cercana a la unidad, y una ano-
malia de Eu ligeramente negativa. Todas estas
caracteristicas sugieren propiedades geoqui-
micas heredadas de rocas igneas procedentes
de la corteza continental superior. La similitud
en los patrones de REE, asi como valores de
las relaciones Rb/Sry Th/U, similares a los de
la corteza continental superior, sugieren una
ausencia de alteracion quimica significativa
en los procesos sedimentarios, mientras que
el valor medio del indice CIA (Chemical Index
of Alteration - Nesbitt y Young, 1982) apunta a

una baja alteracion por meteorizacién de las
rocas fuente.



BASAL ALLOCHTHONOUS UNITS OF NW IBERIA

Por su parte, el caracter dominantemente
pelitico de las litologias de la secuencia su-
perior de las Unidades Basales queda confir-
mado por unos valores de las relaciones SiO,/
A1203 y K,0/Na,O, menores y mayores, res-
pectivamente, que los de las grauvacas de la
secuencia inferior, y similares a los del PAAS.
Los patrones normalizados de REE muestran
en este caso una clara variabilidad. Tres de las
rocas estudiadas presentan unos valores si-
milares a los valores medios de la corteza con-
tinental superior, representados por el PAAS,
mientras que dos de ellas registran patrones
fraccionados compatibles con una posible al-
teracion quimica, como confirman los eleva-
dos valores de las relaciones Rb/Sr y Ti/Zr,
muy alejados de los valores de referencia de
la corteza continental superior. El valor me-
dio del indice CIA para estas muestras, similar
al valor del PAAS y claramente superior al de
las litologias de la secuencia inferior, resulta
compatible con una moderada meteorizacion
quimica o fisica, un caracter mas maduro y un
mayor reciclado de estas rocas metasedimen-
tarias. Otro aspecto diferencial en estos me-
tasedimentos son los mayores contenidos en
Cr, Ni, Scy V, lo que junto con valores de Th y
La similares a los de las grauvacas y esquistos
con albita de la secuencia inferior, y practica-
mente iguales a los valores del PAAS, sugieren
un area fuente de composicién intermedia,
con un mayor aporte de rocas igneas maficas
que las observadas en el caso de las rocas sili-
ciclasticas de la secuencia inferior.

De acuerdo con los diagramas de Bhatia y
Crook (1986), en el origen de los sedimentos
siliciclasticos de la secuencia inferior es cla-
ra la implicaciéon de un margen convergente
ediacarense. Asi lo indican las abundancias
medias de elementos como el Th, Co, y Zr, y
los valores medios de las relaciones Th/Sc,
Zr/Th y Ba/Rb. Estos valores apuntan a la
participacién de un arco magmatico evolu-
cionado. En estos diagramas se evidencia
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también que el desarrollo del arco tuvo lugar
sobre una corteza continental engrosada y la
posible existencia de una cuenca asociada de
tipo marginal (back-arc) evolucionando hacia
un margen pasivo. Las elevadas abundancias
de los grandes cationes (Rb, Ba y K), La y Ce,
el bajo contenido en Sc, y los valores medios
para las relaciones Ti/Zr, Sc/Cr y La/Sc pare-
cen confirmar esta tendencia.

Por su parte, las litologias estudiadas en la
secuencia superior cambrica no permiten un
tratamiento analogo utilizando los diagramas
anteriormente comentados. Dichos diagra-
mas son aplicables sélo a series grauvaquicas
inmaduras, lo que excluye a los micaesquitos
de esta secuencia. Sin embargo, si es posible
una comparacién geoquimica de las litologias
de las dos secuencias atendiendo a los conte-
nidos de una seleccidon de elementos mayores
y traza normalizados a los valores del PAAS,
recogidos en un diagrama propuesto por Win-
chestery Max (1989). Estos patrones muestran
una serie de caracteristicas discriminantes
que los autores asocian a contextos tectonicos
concretos. Segun estos criterios, las series si-
liciclasticas ediacarenses-cambricas de la se-
cuencia inferior presentan un patron caracte-
ristico de un margen continental activo: (i) la
aparente variabilidad en los contenidos de los
elementos utilizados, propios de sedimentos
inmaduros, con un grado de reciclaje limita-
do; (ii) los contenidos relativamente eleva-
dos de los grandes cationes (LILE), los cuales
muestran un patrén casi plano, con una clara
tendencia hacia la unidad; (iii) la ausencia de
una clara anomalia negativa de Sr; y por ulti-
mo (iv) la presencia de una anomalia negativa
del TiO,, tipica de sedimentos depositados en
este tipo de contextos. De igual manera, tam-
bién se observan determinados aspectos que
indican la posible existencia de una cuenca
asociada de tipo back-arc. El patron norma-
lizado presenta en su parte intermedia unos
valores medios mas elevados de lo esperable,
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como sucede en el caso de los HFSE, especial-
mente en relacion con las abundancias de Zr,
Hf, Sc, La y Nd; asi como en el caso del P,O,,
con un valor medio muy similar al del PAAS.

La tendencia hacia un patrén mas propio
de una sedimentacién en el marco de un po-
sible margen pasivo se continda de manera
mas patente en los micaesquistos CaAmbricos
analizados en la secuencia superior. En este
caso no se han tenido en cuenta las dos mues-
tras que presentan indicios de una posible
alteracion quimica, por lo que el nimero de
muestras es limitado. En el caso de las tres
muestras restantes, el patrén que observa-
mos es practicamente similar, lo que sugiere
un comportamiento analogo de las mismas
en los procesos sedimentarios. Estas rocas
no evidencian la variabilidad hallada en los
patrones de la secuencia inferior, como ya
se ha comentado con anterioridad, posible-
mente debido a un mayor grado de madurez
y reciclaje sedimentario. Los LILE muestran
una clara cercania a la unidad, sin una dismi-
nucion en sus abundancias con respecto al
PAAS, caracteristica de contextos activos. En
general, el patron de estas tres muestras es
casi plano, y presenta anomalias negativas, en
diferentes grados para el Sr, Uy TiO,, muy co-
munes en sedimentos depositados en un con-
texto de margen pasivo, debidos al aumento
de la movilidad e intercambio de los mismos
en procesos de reciclaje sedimentario. Es lla-
mativo el hecho de que los micaesquistos de
la secuencia superior muestren, al contrario
de lo esperable, abundancias de Zr y Hf me-
nores que los metasedimentos de la secuen-
cia inferior. Estos elementos habitualmente se
encuentran presentes en minerales pesados,
mas resistentes a un cierto grado de reciclaje
sedimentario, coherente con una sedimenta-
ciéon en el marco de un margen pasivo. Esta
caracteristica posiblemente tiene su explica-
cién en una procedencia de areas fuentes mas
maficas. Otro aspecto a tener en cuenta, y que
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se repite en ambos grupos de muestras, es la
ausencia de la anomalia negativa de P,0.. De
acuerdo con los diagramas propuestos por
Winchester y Max (1989), la presencia de esta
fuerte anomalia es comun para rocas deposi-
tadas en contextos de margen activo y pasivo.
El contenido en fésforo estd estrechamente
relacionado con la proporciéon de determina-
das fases minerales como apatito, monacita
y/o xenotima. La presencia habitual de estos
minerales, incluso como inclusiones, ejerce
una fuerte influencia en la abundancia de este
elemento, limitando posiblemente el uso del
mismo como un factor discriminante del con-
texto tectonico de sedimentacion.

Los analisis isotopicos segtn la sistematica
Sm-Nd no han proporcionado una discrimina-
cion evidente en las fuentes isotopicas de am-
bas secuencias. Los valores de €Nd inicial de
las litologias de la secuencia inferior, calcula-
dos para una edad de ca. 560Ma, varian entre
-8.1 y -13.1. En la secuencia superior, los va-
lores de €Nd inicial calculados para una edad
de ca. 500 Ma, varian entre -8.5 y -10.1. De
igual manera, los valores registrados de eda-
des modelo de Nd (T,,) para ambas secuen-
cias no indican una diferenciacidn clara entre
ambos grupos de rocas, definiendo mas bien
una unica poblacion de edades. Estas T, cal-
culadas segun el método de DePaolo (1981),
se distribuyen a través del Paleoproterozoico
en el rango 1743 - 2223 Ma. Este dato sugiere
que la deposicion de ambas secuencias tuvo
lugar en una misma cuenca sedimentaria y
que sus fuentes isotépicas no experimentaron
cambios significativos durante la transicion
entre el Neoproterozoico y el CAmbrico.

Los resultados geoquimicos obtenidos
para las rocas metasedimentarias de ambas
secuencias litolégicas, indican un cambio en el
contexto tectonico de su sedimentacion. A pe-
sar de que la secuencia inferior muestra una
cierta afinidad por un contexto relacionado
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con un arco volcanico altamente evoluciona-
do, desarrollado sobre una corteza continen-
tal adelgazada, las abundancias de algunos
de sus elementos quimicos discriminantes se
comportan mas acordes con contextos mas
pasivos. Esta tendencia se continua en la se-
cuencia superior, donde es clara la transicion
hacia un contexto de margen pasivo durante el
Cambrico. A pesar de que la influencia del arco
Cadomiense es clara en los aportes terrigenos
recibidos por la secuencia inferior, las eviden-
cias geoquimicas comentadas anteriormente
permiten concluir que esta secuencia se depo-
sité dentro de una gran cuenca back-arc en-
tre el Ediacarense y el CAmbrico Inferior. Esta
cuenca se situaria cercana al margen externo
de Gondwana y en una posicién donde los
aportes sedimentarios dominantes llegarian
desde el dominio continental. Por su parte y
de acuerdo con los resultados geoquimicos
obtenidos, la sedimentacion durante el Cam-
brico Superior de la secuencia suprayacente
se realiz6 en un contexto de margen pasivo.
La transicion observada entre un contexto de
cuenca tipo back-arc y uno de margen pasivo
es coherente con la apertura del Océano Reico
entre el CAmbrico Medio y el Ordovicico Infe-
rior (Arenas et al,, 2007; Nance et al, 2010), y
explicaria la mayor proporcidn de los aportes
desde fuentes maficas a la secuencia superior.
La sedimentaciéon de la secuencia superior,
teniendo en cuenta posibles variaciones la-
terales de la cuenca a lo largo del margen de
Gondwana con respecto a la posicién de la se-
cuencia inferior, se habria producido muy cer-
cana a la plataforma continental.

Las conclusiones anteriores se basan igual-
mente en los valores muy negativos de eNd
para ambas secuencias. Estos valores de €Nd,
junto con una ligera anomalia de Eu, y los va-
lores de las relaciones Th/Sc (igual o ligera-
mente superior a la unidad) y Th/U (valores
superiores a los valores de la corteza conti-
nental superior), apuntan a una procedencia
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relacionada con una corteza continental su-
perior antigua y un cierto grado de reciclaje
sedimentario (McLennan et al, 1993). Esta
procedencia parece confirmada también por
unos valores de T, muy antiguos, inicamen-
te compatibles con areas fuente Paleoprote-
rozoicas y Arcaicas, que permiten situar a la
cuenca sedimentaria en el margen Gondwani-
co contiguo al Cratén del Oeste de Africa (Cra-
ton de Reguibad). La contribucion de fuentes
juveniles de edad Ediacarense fue extremada-
mente reducida, ya que de otro modo se ha-
bria producido una dilucién isot6épica impor-
tante de una sefial de procedencia tan antigua.
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1. Introduction

ABSTRACT

The basal units of the allochthonous complexes of NW Iberia are formed by thick metasedimentary rock se-
quences intruded by granitoids, ranging in composition from calc-alkaline (c. 493 Ma) to minor alkaline-
peralkaline massifs (c. 475-470 Ma), and mafic rocks. The granitoids were transformed into variably de-
formed othogneisses and the associated mafic rocks were transformed into amphibolites, blueschists and
eclogites during eo-Variscan high-P metamorphism dated at c. 370 Ma. Two different superimposed
metasedimentary rock sequences can be distinguished. The lower sequence (maximum depositional age at
¢. 560 Ma) is mainly composed of metagreywackes, while the upper sequence (maximum depositional age
at ¢. 500 Ma) consists of mica schists and other minor types. Major and trace element geochemistry of the
metagreywackes of the lower sequence suggests that they were generated in relation to a peri-Gondwanan
arc system built on the thinned continental margin, although some chemical transition to passive margin
greywackes is also observed. This sedimentary sequence was probably deposited in an Ediacaran-Early Cam-
brian back-arc setting or retro-arc setting, closer to the thinned platform of the continental margin. The geo-
chemical features of the sedimentary rocks of the upper sequence suggest some affinity with passive margin
sediments; they were probably deposited closer to the continental domain and to certain distance from the
most active zones of the magmatic arc. The Nd model ages of 23 analysed samples are Paleoproterozoic and
range between 1782 Ma and 2223 Ma (average value 1919 Ma). The Nd model ages are slightly younger in
the upper sequence than in the lower sequence, but altogether they define a single population, and therefore
the two metasedimentary rock sequences can be clearly related. Sedimentation probably took place within
the same basin located in the continental platform of Gondwana, the main source areas of these sedimentary
rocks did not change during the Late Neoproterozoic and Cambrian times. The Nd model ages are very old
and they seem to be compatible with Paleoproterozoic or Archean source areas, with only minor participation
of younger sources probably represented by intrusive Cadomian-Pan-African granitoids.

© 2012 Elsevier B.V. All rights reserved.

consequently little information can be obtained from traditional studies
based in paleontology or stratigraphy. In these cases, provenance anal-

The interpretation of metasedimentary series involved in the suture
zone of mountain belts is a key issue to unravel the origin of the most
relevant terranes, frequently with different tectonic settings and some-
times characterized by an important exoticism (Hatcher et al., 2007;
Merschat and Hatcher, 2007; Searle, 2007). These are generally highly
deformed and variably metamorphosed azoic metasedimentary series;
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ysis based in U-Pb dating of detrital zircons can be a complement to
major and trace element geochemistry and Sm-Nd systematics (Diez
Fernandez et al., 2010; Drost et al, 2004; Linnemann and Romer,
2002; Linnemann et al., 2004). In favourable situations, these data
allow to determine the tectonic setting and location of the sedimentary
paleo-basins. Sedimentary series formed by greywackes are particularly
useful for these studies since the analysis of immobile elements during
post-sedimentary and orogenic processes has been proven to be suit-
able for constraining the tectonic setting (Bathia and Crook, 1986).
This paper presents a case-study of the metasedimentary rocks from
the basal units of the allochthonous complexes of NW Iberia, one of the
far-travelled terranes involved in the Variscan suture that are exposed
in southern Europe (Martinez Catalan et al., 2009). The structural and
metamorphic characteristics of this crustal-derived terrane indicate
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that it was affected by high-P and low-to-intermediate-T eo-Variscan
metamorphism reaching the blueschist and eclogite facies. The origin
and geological history of this terrane are still under discussion, and the
complex tectonothermal evolution makes difficult to deduce the original
setting and provenance of the protoliths of these metasedimentary rock
series using traditional techniques. These series include clastic rocks

197

suitable for a provenance study based on geochemical methods. Only
few works have applied so far this methodology in the metasedimentary
rocks of the Variscan Belt (Fuenlabada et al., 2010; Linnemann et al.,
2004, 2007; Ugidos et al.,, 2003). Moreover, the progressive incoming
and comparison of this kind of data may help to correlate the terranes
that bound the suture zone of the Variscan Belt.

Fig. 1. (a) Location of the study area in the Variscan belt. (b) Map showing the terranes involved in the Variscan suture exposed in NW Iberia and the location of the analysed sam-
ples. (c) Representative cross section showing the general structure. Note the nappe stacking and the position of the lower and upper metasedimentary rock sequences. Top-to-the-
ESE kinematics often represents thrusting, whereas top-to-the-WNW movements are related to post-nappe stacking gravitational extension. The general map and section of NW
Iberia are based in previous data and maps by Diaz Garcia et al. (1999), Arenas et al. (2009), Martinez Catalan et al. (2009) and Diez Fernandez et al. (2010).
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2. Geological setting

The NW Iberian section of the Variscan Belt contains a set of alloch-
thonous terranes thrust over an autochthonous domain representing

Fig. 2. Idealized stratigraphic columns summarizing the main sedimentological fea-
tures observed in the lower (a) and upper (b) sequences. The position of the analysed
samples is also shown. Due to strong Variscan deformation, the vertical distribution of
the facies of the lower sequence shown in this figure is approximate.

the margin of Gondwana (Fig. 1a). It is generally accepted that the low-
ermost allochthonous terrane (Parautochthon), mainly constituted by
metasedimentary rocks, represents an external section of the Paleozoic
Gondwana margin. However, the interpretation of those terranes locat-
ed either in the hanging wall or in the footwall to the Variscan suture
zone is more complex, as they are probably affected by important dis-
placements and may have an exotic nature (Martinez Catalan et al.,
2007, 2009). In the NW Iberian Massif, the suture zone is marked by
several ophiolitic units (Fig. 1b and c) different in age and likely related
to different geodynamic settings, but considered as a whole formed dur-
ing different evolutionary stages of the Rheic Ocean. These units were
obducted over the most external margin of Gondwana at the onset of
the Variscan collision, after closure of this ocean at the end of Devonian
times (Arenas et al., 2007; Diaz Garcia et al., 1999; G6mez Barreiro et al.,
2010; Sanchez Martinez et al., 2007).

The upper section of the allochthonous pile (upper units) rests
over the ophiolites and contains an intricate succession of
siliciclastic metasedimentary rocks intruded by large massifs of
granitoids and gabbros (Fig. 1b and c). This terrane has a poly-
metamorphic tectonothermal evolution developed during two
consecutive Middle Cambrian and Late Silurian-Middle Devonian
events (Abati et al., 1999, 2007; Fernandez-Suarez et al., 2002,
2007). The upper units are considered a section of a Cambrian
peri-Gondwanan magmatic arc, some of these units show a
counter-clockwise P-T evolution associated to magmatic under-
plating (Abati et al., 2003). In a subsequent event, the arc drifted
away from Gondwana leaving the Rheic Ocean at its tail, being
accreted to the southern margin of Laurussia afterwards (Gomez
Barreiro et al., 2007). The uppermost sequence of this terrane is
constituted by a low grade thick sequence of metagreywackes in-
truded by a network of diabasic dikes. These metagreywackes are
Middle Cambrian in age, and their tectonic setting was revealed
using major and trace element geochemistry and Sm-Nd system-
atics (Fuenlabrada et al., 2010).

The basal units of the allochthonous complexes define a crustal
accretionary complex stacked below the ophiolites (Fig. 1c).
They are formed by thick metasedimentary rock sequences in-
truded by calc-alkaline granitoids (c. 493 Ma; Abati et al., 2010b;
Diez Fernandez et al., 2012) and minor alkaline to peralkaline
massifs (c. 475-470 Ma; Diez Fernandez et al., 2012; Rodriguez
Aller, 2005; Rodriguez et al., 2007), both transformed in variably
deformed orthogneisses, as well as mafic rocks transformed in
amphibolites, blueschists and eclogites (Gil Ibarguchi and Ortega
Gironés, 1985). These units are considered to represent a section
of the most external margin of Gondwana (Arenas et al., 1986;
Diez Fernandez et al., 2011; Martinez Catalan et al., 1996).
According to the chemical composition of the orthogneisses, the
protoliths of the basal units were formed in the context of a
peri-Gondwanan magmatic arc (calc-alkaline granitoids), affected
by subsequent rifting during the opening of the Rheic Ocean
(alkaline-peralkaline granitoids; Abati et al., 2010b). However, any de-
scription of the compositional characteristics of the metasedimentary
rocks did not exist until now, although these are the oldest
lithologies and they can be used to deduce the initial tectonic setting.
This margin was subsequently affected by eo-Variscan high-P low-to-
intermediate-T metamorphism, developed at c. 370 Ma during sub-
duction beneath Laurussia at the onset of the Variscan collision,
in the main stage of the Pangea assembly (Abati et al., 2010b;
Rodriguez et al., 2003).

3. The sedimentary record of the basal units

Two different and superimposed metasedimentary rock se-
quences can be distinguished in the basal units. The deformation
shows an heterogeneous character with important partitioning,
which allows the preservation of low to very low deformed sections,
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sometimes almost intact and even preserving the original sedimenta-
ry features (Diez Fernandez, 2011). In the low deformed sections, the
lower metasedimentary sequence consists of a thick pile of meta-
greywackes alternating with minor layers of metapelites, graphitic
schists, calc-silicate lenses and quartzites (Fig. 2a). The meta-
greywackes preserve Bouma sequences, crossed bedding, erosive
contacts and normal graded bedding. Their protoliths were clast-
supported sedimentary rocks containing angular feldspar fragments
(the most abundant clasts), quartz and detrital micas in a clay rich
matrix with carbonaceous material. No conglomeratic levels have
been found. Metapelitic horizons are common, and carbonaceous
matter within them can be so abundant as to form graphitic horizons.
Quartzite layers occur in the upper part of the sequence (Fig. 2a). The
original thickness of the lower sequence cannot be calculated due to
the intense ductile deformation accompanying the Variscan subduc-
tion and subsequent exhumation, but a minimum present thickness
of 4 km can be estimated, although this value probably represents
less than half of the original thickness. The maximum depositional
age, as revealed by the detrital zircon input, is latest Neoproterozoic
(c. 560 Ma; Diez Fernandez et al., 2010).

The upper sequence appears strongly deformed. No significant de-
formation partitioning associated with the subduction-exhumation
process can be seen in this series during the subduction-exhumation
process. This sequence consists of mica schists alternating with minor
lenses of amphibolites, graphite schists, metacherts, calc-silicate
lenses, metagreywackes and quartzites (Fig. 2b). The maximum de-
positional age of this sequence is Late Cambrian (c. 500 Ma; Diez
Fernandez et al., 2010).

4. Whole rock geochemistry

The chemical composition of sedimentary rocks depends on nu-
merous factors, including the nature of the source areas and the sub-
sequent processes affecting them, such as weathering, diagenesis or
metamorphism. Likewise, the abundance of some elements, such as
rare earth elements (REE), Hf, Ti, Cr, Co, Zr, Nb, Ta, Y, Th and S, is pre-
served in sedimentary rocks in spite of the weathering processes.
These elements have very low residence times in oceanic waters,
being transferred almost quantitatively to sedimentary rocks. Thus,
they provide excellent discriminating factors for determining the
provenance and tectonic setting of sedimentary rocks (Bathia, 1983;
Bathia and Crook, 1986; Hegde and Chavadi, 2009; Roser and
Korsch, 1986, 1988; Taylor and McLennan, 1985). The effects of
homogenization in sedimentary processes result in a relatively uni-
form distribution of REE in detrital rocks, whose pattern reflects the
REE abundance in the upper crust. Moreover, the Th/Sc, La/Sc, Ti/Zr,
Zr/Sc and La/Th ratios has been frequently used to investigate prove-
nance according to the different compatibility of these elements dur-
ing magmatic crystallization (McLennan et al., 1993), and also in
relation to the PAAS abundances (Post Archean Australian Shale;
Taylor and McLennan, 1985).

Twenty three samples from the sedimentary series that consti-
tutes the basal units of the allochthonous complexes of NW Iberia
were collected in order to study their geochemistry, provenance and
tectonic setting. Samples were collected mainly along the northern
sector of the Malpica-Tui Complex although a few samples were
taken in the NW part of the Ordenes Complex (see location of the
samples in Figs. 1b and 2). Eighteen samples belong to the lower se-
quence and they include weakly sheared metagreywackes and some
albite schists developed after intense deformation and metamor-
phism of the greywackic types. Five samples represent the upper se-
quence including the Cean schists (Malpica-Tui Complex) and the
Santiago schists (NW Ordenes Complex).

Sample preparation was carried out at Universidad Complutense
de Madrid, and whole rock major and trace elements analyses were
performed at Activation Laboratories Ltd (Actlabs) in Canada. Fusion

with lithium metaborate/tetraborate was used for sample digestion,
and the analytical techniques for major and trace element determina-
tion were ICP-OES and ICP-MS, respectively. The chemical analyses
results are shown in Tables 1 and 2.

4.1. Composition and classification

4.1.1. Lower sequence

The greywackes and albitic schists show a homogeneous major el-
ement composition (Table 1). The SiO, content shows the largest var-
iation (60.3-74.9 wt.%), with average value of 70.65wt.%. Only 4
samples have SiO, contents lower than 70 wt.% (B-3, B-5, B-9, B-23),
mainly compensated by larger values of Al,05 and MgO. The Na,0O con-
tent is relatively high and homogeneous (2.5-4.1 wt.%; average
29 wt%), and also can be considered homogeneous the content in
K>0 (2.0-3.4 wt.%; average 2.6 wt.%) and MgO (1.1-3.4 wt.%; average
1.7 wt.%). The compositional range of the other major elements is:
Ca0 (0.5-2.9 wt.%; average 1.0 wt.%), Al,O3 (11.0-17.8 wt.%; average
13.3wt.%), Fe,03 (3.3-6.8 wt.%; average 4.32wt%), MnO (0.03-
0.14 wt.%), TiO, (0.50-0.83 wt.% ) and P,0s (0.13-0.20 wt.%). SiO,
shows marked negative correlation with Al,0s, Fe;03, MnO and MgO,
and moderate negative correlation with CaO, Nay0, K,0, TiO, and
P,0s. The relatively low SiO,/Al,05 ratio of these rocks indicates an im-
mature character, as confirmed by the Al,03/Na,0 (3.6-5.8) and Al,O3/
TiO, (16.8-23.9) ratios, which lay within the typical range of the upper
continental crust (3.9 and 30.4, respectively; Taylor and McLennam,
1985).

The Fe,03/K,0 ratio can be applied to distinguish between mature
and immature compositions of unconsolidated fine- to coarse-
grained sediments (particularly in arkoses). According to the chemi-
cal classification diagram published by Herron (1988), most of the
protoliths of the metasedimentary rocks of the lower sequence can
be classified as greywackes, but some few samples (Xareira meta-
greywackes; Diez Fernandez, 2011) plot in the boundary with the
litharenite field (Fig. 3a). According to the K;0/Na,0 ratio, most of
the analysed rocks have quartz-intermediate compositions (Crook,
1974).

Table 2 shows the results of the REE analyses. The samples have
similar REE contents, with SREE values ranging between 112 ppm
(sample B-22, with marked depletion in LREE) and 213 ppm (the
highest values in some samples with the highest contents in La and
Ce). The samples also show similar chondrite-normalized (Nakamura,
1974) fractionation patterns (Fig. 3b), with a (La/Yb)y ratio ranging be-
tween 7.1 and 14.4. The LREE (La-Sm) show a moderate enrichment in
relation to the HREE, which display almost flat patterns with (Gd/Yb)y
ratios ranging between 1.0 and 1.7. All the samples show slight but
significant negative Eu anomaly, variable between 0.57 and 0.77 (calcu-
lated according to Taylor and McLennan, 1985). Eu anomalies in sedi-
mentary rocks are usually interpreted as inheritance from the igneous
rock source. Despite some differences in abundance between samples,
the REE patterns of the greywackes are similar to those of PAAS,
which are considered representative of upper continental crust.

The analysed samples show an average Th/Sc value of 1.2, larger
than the PAAS value (Th/Sc=0.9) and probably suggesting a source
area with predominance of felsic rocks. This interpretation is also
based in the high La contents in relation to Sc, with average La/
Sc=4.27 above the PAAS ratio (La/Sc=2.4). The same interpretation
can be obtained from the Ti/Zr and Zr/Sc ratios, respectively lower
and higher than PAAS, and also from the low contents in Cr (average
73 ppm) and Ni (average 26 ppm). Moreover, the La/Th ratio ranging
from 2.4 to 4.7 with an average value of 3.5, higher than PAAS (2.6),
also suggests the abundance of felsic rocks in the source areas. The
relatively high Hf contents (average 6.2; PAAS=5) can be also con-
sidered an indication of source areas located in the surrounding
area of a passive margin (Hegde and Chavadi, 2009).
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Whole rock major and trace element data of metasedimentary rocks.

Lower sedimentary sequence.

Sample B-1 B-2 B-3 B-4 B-5 B-6 B-7 B-8 B-9 B-10 B-11
Si0, 73.83 73.94 60.34 71.77 64.50 70.81 70.51 70.14 61.40 73.12 74.40
Al,05 12.62 12.36 16.77 12.97 15.85 13.22 13.52 13.52 17.85 12.06 11.24
Fe,03 3.36 3.38 6.82 4.46 5.60 4.00 429 4.85 5.92 3.46 3.96
MnO 0.049 0.047 0.077 0.058 0.068 0.048 0.049 0.055 0.149 0.033 0.042
MgO 1.21 1.13 3.38 1.72 245 1.55 1.74 1.80 2.47 1.24 1.23
Cao 1.83 1.50 2.85 1.55 1.33 0.88 0.63 0.76 1.63 0.61 0.52
Na,O 3.09 291 4.13 335 2.79 3.64 2.73 3.07 2.56 2.86 2.79
K0 2.01 2.10 248 2.15 342 2.02 2.66 2.66 2.88 294 2.52
TiO, 0.557 0.563 0.834 0.542 0.725 0.576 0.583 0.768 0.777 0.509 0.659
P,0s5 0.15 0.17 0.16 0.13 0.16 0.14 0.15 0.20 0.18 0.13 0.15
Lol 0.9 0.8 14 0.8 15 1.8 2.5 19 2.4 14 1.8
Total 99.62 98.93 99.19 99.51 98.36 98.71 99.30 99.75 98.23 98.35 99.25
Sc 8 8 19 9 14 9 10 11 15 7 8
\" 58 58 133 62 92 65 65 81 105 56 71
Cr 80 60 100 80 90 60 60 80 90 70 140
Co 15 12 26 15 15 7 9 9 11 10 11
Ni 30 20 50 30 40 20 20 20 30 30 30
Cu 20 <10 20 30 20 <10 <10 <10 40 20 20
Zn 50 50 90 80 80 50 50 60 90 50 70
Ga 15 14 23 15 20 16 16 17 22 14 14
Rb 73 79 99 89 131 83 89 100 87 94 88
Sr 153 121 207 164 133 164 125 135 198 144 117
Y 229 23.1 289 229 22.7 20.2 17.9 25.8 32.1 17.8 214
Zr 268 315 167 166 200 250 182 430 234 214 381
Nb 11.2 9.7 129 10.8 13.7 10.1 9.0 12.6 14.0 9.4 124
Cs 5.4 5.8 12.1 8.1 7.1 5.2 5.0 6.4 9.6 49 4.7
Ba 584 453 963 466 716 629 881 903 999 1004 838
Hf 6.5 7.2 43 4.1 5.0 5.9 42 10.0 5.6 5.1 9
Ta 0.94 091 1.11 0.90 1.19 0.92 0.92 1.15 1.33 0.84 1.05
Pb 28 18 32 18 12 9 7 11 15 23 22
Th 9.88 11.20 11.10 7.92 10.50 10.70 9.36 14.30 12.90 9.26 143
U 292 293 3.26 242 3.13 2.59 2.36 3.55 3.97 2.63 343
Rb/Sr 0.48 0.65 0.48 0.54 0.98 0.51 0.71 0.74 0.44 0.65 0.75
Ti/Zr 12.46 10.71 29.94 19.57 21.73 13.81 19.20 10.71 19.91 14.26 10.7
La/Sc 491 5.46 2.23 411 2.81 4.28 2.64 4.54 3.85 494 6.43
La/Y 1.72 1.89 1.46 1.62 1.73 1.91 1.47 1.93 1.80 1.94 2.4
La/Th 3.98 3.90 3.81 4,67 3.74 3.60 2.82 3.49 448 3.74 3.59
Sc/Cr 0.10 0.13 0.19 0.11 0.16 0.15 0.17 0.14 0.17 0.10 0.06
Th/Sc 1.24 1.40 0.58 0.88 0.75 1.19 0.94 1.30 0.86 1.32 1.79

Oxides are in weight percent (wt.%).

Trace elements are in parts per million (ppm).

The element concentrations expressed with the < sign are below detection limit.
¢ Loss on ignition.

Table 2

Whole rock rare earth element data of metasedimentary rocks.
Lower sedimentary sequence

B-1 B-2 B-3 B-4 B-5 B-6 B-7 B-8 B-9 B-10 B-11

La 393 43.7 42.3 37 393 38.5 26.4 49.9 57.8 34.6 514
Ce 715 80.5 79.4 65.9 73.7 59.3 483 87.6 70.6 61.7 94.5
Pr 8.05 9.03 9.23 7.47 8.41 8.14 5.97 10.7 114 7.2 104
Nd 27.9 323 325 26.6 29.6 29.4 21.7 38.1 41.5 24.7 34.5
Sm 5.28 6.11 6.66 5.13 5.88 5.48 4.39 7.04 7.95 4.61 6.07
Eu 1.10 1.10 1.29 1.15 1.16 1.08 0.92 1.27 1.64 0.95 0.98
Gd 4.46 4.74 5.88 434 495 427 3.38 533 6.58 3.62 4,64
Tb 0.73 0.76 0.97 0.71 0.78 0.67 0.56 0.86 1.03 0.59 0.71
Dy 4.01 43 535 3.85 4.19 3.81 333 4.89 5.83 3.27 3.97
Ho 0.79 0.83 1.01 0.77 0.82 0.74 0.66 0.95 1.12 0.62 0.78
Er 23 241 297 2.24 243 2.18 1.95 2.8 3.32 1.85 227
Tm 0.373 0.372 0.466 0.345 0.380 0.328 0.309 0.442 0.512 0.309 0.364
Yb 2.4 2.5 2.9 2.2 2.5 2.2 2.0 29 33 2.0 2.38
Lu 0.344 0.347 0.416 0.308 0.358 0.322 0.282 0.423 0.469 0.287 0.364
3 REE 168.50 188.97 191.31 158.01 174.42 156.44 120.16 213.18 213.05 146.31 213.33
Eu/Eu” 0.70 0.63 0.63 0.75 0.66 0.69 0.73 0.64 0.70 0.72 0.57
(La/Sm)N 4.59 4.41 3.92 4.45 4.12 433 3.71 437 4.49 4.63 522
(Gd/Yb)n 1.51 1.53 1.63 1.57 1.6 1.53 1.34 1.48 1.59 1.44 1.55
(La/Yb)n 11.14 11.83 9.86 11.25 10.68 11.6 8.78 11.63 11.71 11.57 14.44

Rare earth elements data in parts per million (ppm).
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Upper sedimentary sequence

B-12 B-13 B-14 B-15 B-16 B-22 B-23 B-17 B-18 B-19 B-20 B-21
73.36 73.23 74.89 72.50 73.84 73.27 65.94 59.77 59.59 57.63 58.87 72.9
11.73 12.05 11.08 12.55 11.82 12.83 16.05 19.82 19.59 19.59 18.86 14.58

3.77 3.67 3.74 3.73 3.57 3.72 5.62 7.73 7.51 8.33 8.58 1.53
0.038 0.033 0.039 0.036 0.032 0.05 0.042 0.511 0.222 0.272 0.414 0.025
1.32 1.32 1.23 1.38 130 1.47 2.31 2.23 1.97 2.50 191 0.28
0.64 0.49 0.71 0.58 0.62 1 0.78 0.32 0.36 0.45 1.01 0.33
2.74 2.65 3.00 2.78 3.02 33 2.51 0.70 0.66 1.05 1.06 2.61
2.78 2.85 2.19 3.09 245 2.32 32 3.77 4.04 3.52 4.48 4.77
0.581 0.539 0.660 0.549 0.533 0.566 0.683 0.817 0.891 0.926 0.719 0.205
0.14 0.14 0.14 0.14 0.15 0.15 0.13 0.13 0.14 0.18 0.09 0.27
13 14 1.6 15 1.2 1.12 2.48 35 3.7 4.1 3.1 1.89
98.37 98.33 99.26 98.80 98.52 99.8 99.74 99.27 98.62 98.55 99.05 99.39
8 8 8 8 8 8 13 19 20 20 20 3
61 60 71 61 60 64 96 164 132 124 131 8
60 60 60 50 60 50 70 100 90 140 100 <20
8 9 8 11 14 13 12 16 15 25 25 3
<20 <20 <20 20 <20 20 30 50 40 70 50 <20
10 10 10 20 10 10 20 20 20 400 140 60
30 40 50 50 60 50 70 110 100 130 100 100
13 14 12 15 13 15 20 26 26 25 24 24
94 100 85 105 94 84 114 144 162 153 144 408

136 115 133 123 146 163 158 118 96 122 121 28
204 18.7 20.8 209 222 19.6 271 274 28.6 30.9 24.5 8.7

278 238 390 272 267 248 189 119 172 121 110 68

9.5 8.4 10.7 8.9 9.9 9.1 11.5 16.1 13.8 16.2 124 16.1
4.7 5.2 4.5 5.1 5.7 52 8.9 4.9 6 8.8 53 30
966 1039 765 1132 828 651 773 609 657 541 677 62
6.6 5.4 8.9 6.5 6.3 5.8 4.6 3.1 4.2 32 29 2.1
0.96 0.87 1.04 0.92 0.91 0.96 1.09 1.26 1.32 1.24 1.05 2.64
18 14 20 17 18 13 15 33 27 32 19 33
12.2 9.47 133 12 15.2 10 10.9 14.5 16.7 14.2 12,5 14.7
2.88 2.55 3.14 2.8 2.78 223 2.83 2.76 1.98 2.47 3.78 10.5
0.69 0.87 0.64 0.85 0.64 0.52 0.72 1.22 1.69 1.25 1.19 14.57
12.53 13.58 10.15 121 11.97 13.68 21.66 41.16 31.06 45.88 39.19 18.07
5.06 4.48 5.13 5.08 5.00 295 293 2.84 2.58 2.56 0.81 7.1
1.99 191 1.97 1.94 1.8 1.20 141 1.97 1.8 1.66 0.66 2.45
3.32 3.78 3.08 3.38 2.63 2.36 3.50 3.72 3.09 3.61 1.29 1.45
0.13 0.13 0.13 0.16 0.13 0.16 0.19 0.19 0.22 0.14 0.20
1.53 1.18 1.66 15 1.9 1.25 0.84 0.76 0.84 0.71 0.63 49

Upper sedimentary sequence

B-12 B-13 B-14 B-15 B-16 B-22 B-23 B-17 B-18 B-19 B-20 B-21
40.5 35.8 41.0 40.6 40.0 23.6 38.1 53.9 51.6 51.2 16.1 21.3
76.1 66.0 79.0 74.3 74.8 472 72.7 108.0 99.9 93.8 399 46.8

8.6 7.5 8.9 8.4 83 534 8.61 10.6 11.1 10.5 3.6 5.84
31.1 264 31.1 298 29.4 18.9 314 355 39.1 374 123 20.2
5.83 4.80 6.05 5.47 5.58 3.65 6.47 6.44 7.54 7.36 237 4.6
1.08 0.97 1.15 1.14 1.25 0.744 131 135 139 1.53 0.55 0.247
4.54 3.67 4.62 4.24 4.48 2.9 5.12 5.32 5.71 6.13 244 3.09
0.68 0.59 0.69 0.68 0.70 0.53 0.83 0.92 0.93 0.99 0.57 0.47
3.82 3.39 3.92 3.85 3.98 3.26 4.88 5.35 5.44 5.61 4.04 2.08
0.74 0.67 0.75 0.76 0.79 0.67 0.92 1.04 1.03 1.09 0.88 0.3
2.15 1.98 215 2.26 2.29 2.09 2.61 3.02 293 3.15 2.66 0.71
0.331 0.308 0.329 0.348 0.355 0.326 0.384 0.466 0.446 0.489 0.399 0.099
2.26 2.07 218 2.33 2.36 223 2.54 292 277 3.06 2.55 0.56
0.342 0313 0.327 0.348 0.353 0.316 0.357 0.396 0.38 0.429 0.363 0.072
178.09 154.47 182.20 174.51 174.60 111.76 176.23 23522 230.27 222.74 88.69 106.37
0.65 0.71 0.67 0.73 0.77 0.70 0.70 0.71 0.65 0.7 0.7 0.20
4.29 4.6 4.18 4.58 4.42 3.99 3.63 5.16 4.22 4.29 4.19 2.86
1.60 141 1.69 1.45 1.51 1.04 1.61 1.45 1.64 1.60 0.76 4.4
11.98 11.56 12.58 11.65 11.33 7.08 10.03 12.34 12.46 11.19 422 2543
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Fig. 3. Chemical diagrams for the metasedimentary rocks from the basal units of NW
Iberian Massif. (a) Classification diagram (Herron, 1988). (b, c¢) Chondrite-
normalized rare earth elements plots for the metasedimentary rocks of the lower
and upper sequences, respectively; the dotted line corresponds to the PAAS (Post
Archean Australian Shale; Taylor and McLennan, 1985). Normalizing values are from
Nakamura (1974).

4.1.2. Upper sequence

The metapelitic schists of this sequence show less silicic
(Si0,=57.63-59.77) and more aluminic (Al,03=14.58-19.82 wt.%)
compositions than the detrital rocks from the lower sequence. They also
have higher contents in K;0, Fe;03, MgO, MnO and TiO,, and lower values
in Na,O and CaO (Table 1). The SiO,/Al,03 (2.9-3.1) and Al,05/TiO,
(21.1-26.2) ratios fit those of the upper continental crust (McLennan,

2001). The schists are classified as shales in the diagram of Herron
(1988). Sample B-21 is an arkose, but this is a local and very restricted
composition in the upper sequence (Fig. 3a), and it is shown in Fig. 2b.
The total REE content (SREE) ranges between 88 and 235 ppm, with
moderately to highly (sample B-21) fractionated chondrite-normalized
patterns (Fig. 3c). The schist samples B-17, B-18 and B-19 show REE pat-
terns almost identical to those of the greywackes of the lower sequence,
in turn similar to the average composition of the upper continental crust
represented by the PAAS (Taylor and McLennan, 1985). All the samples
show a slight to pronounced Eu anomaly (Eu/Eu*=0.71-0.20). The
samples with shale composition have an average Th/Sc value of 0.7,
slightly lower than PAAS and probably suggesting the presence of
an important volume of mafic rocks in the source area. This conclusion
is also based on the Ti/Zr (39.3; PAAS=28.2) and Zr/Sc (6.6;
PAAS = 13.1) ratios, as well as on the high V contents (124-164 ppm).

4.2. Tectonic setting

The tectonic discrimination diagrams developed by Bathia and
Crook (1986) allow to distinguish clearly among the four tectonic set-
tings considered to be the most common environments for
greywacke deposition: (A) oceanic island arc, (B) continental island
arc, (C) active continental margin, and (D) passive margin. Only
siliciclastic rocks from the lower sequence showing greywacke com-
positions were plotted in these diagrams (Fig. 4). The schists from
the upper sequence do not meet the requirements (pelitic composi-
tion) to be plotted in them, and were consequently ruled out for tec-
tonic discrimination studies.

The diagrams presented in Fig. 4 allow to discard the type-A set-
ting for the sedimentation of these greywackes, as their origin
seems clearly related to a tectonic setting with the presence of an
older continental crust. In the Th-Co-Zr diagram the metagreywackes
generally plot in the B field, which points to a basin located either in
an island arc built on a mature continental crust, or in a magmatic arc
built on a thinned continental margin. On the other hand, the Th-Sc-
Zr and La-Th-Sc diagrams suggest some passive margin affinity. This
affinity is especially clear in Fig. 4b, but can be also deduced from
the diagram 4c where it is not possible to differentiate type-C or
type-D greywackes, although the incompatibility with type-C is
clear after projections in Fig. 4a and b. In summary and according to
the diagrams of Bathia and Crook (1986), the metagreywackes from
the lower sequence were generated in relation to a magmatic arc
built on a thinned continental margin, but probably closer to the
main continental domain and to certain distance from the areas
with the most important magmatic activity. This setting would prob-
ably explain the observed relative affinity to passive margins. A back-
arc setting or a retro-arc setting would explain the compositions ob-
served in the metagreywackes, as well as the whole sedimentary
characteristics of the lower sequence. This tectonic setting was previ-
ously suggested by Diez Fernandez et al. (2010) and it will be exam-
ined in more detail in a next section.

Fig. 5 shows PAAS-normalized plots of the most significant ele-
ments for tectonic setting discrimination. The diagrams are plotted
according to the criteria of Thompson (1982). The patterns defined
by the metagreywackes (Fig. 5a) are quite similar to those typical of
continental island arc or active margins (Winchester and Max,
1989). The plots are characterized by depletion in most of the large
ion lithophile elements (LILE: Cs, Rb, Th, Ce and K,0), which deviate
slightly from 1, with the exception of La, U and P,0s. The high field
strength elements (HFSE: Zr, Hf, HREE, Sm, TiO, and Sc) are generally
close to 1, with a slight characteristic negative TiO, anomaly, typical
of this type of greywackes (Winchester and Max, 1989). In general a
flat pattern is observed, with an average close or below 1. It can be
also stressed the general absence of a pronounced Sr anomaly, typical
of the most characteristic passive margins. The schists of the upper
sequence show more variable patterns, specially when the anomalous
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Fig. 4. Trace element tectonic setting diagrams for the greywackes from the lower metasedimentary rock sequence. The analysed schists from the upper sedimentary sequence are
not included in these diagrams, as they show a scattered projection due to compositions different from typical greywackes. Diagrams are after Bathia and Crook (1986).

sample B-21 (arkose) is considered. However, samples B-17, B-18 and
B-19 show patterns close to 1 with some differences in relation to the
metagreywackes from the lower sequence. They do not show deple-
tion in some LILE elements (Rb, Th, Ce, K;0) although negative anom-
alies exist for U, Sr, Hf and TiO,, which could suggest passive margin
affinity (Fig. 5b).

4.3. Sm-Nd isotope systematics

The Sm-Nd isotopic analyses were performed at the Centro de
Geocronologia y Geoquimica Isotépica from the Universidad
Complutense de Madrid. They were carried out in whole-rock powders
using a '°°Nd-'49Sm tracer by isotope dilution-thermal ionization mass
spectrometry (ID-TIMS). The samples were first dissolved through oven
digestion in sealed Teflon bombs with ultra pure reagents to perform
two-stage conventional cation-exchange chromatography for separa-
tion of Sm and Nd (Strelow, 1960; Winchester, 1963), and subsequently
analysed using a Sector 54 VG-Micromass multicollector spectrometer.
The measured **Nd/'*4Nd isotopic ratios were corrected for possible
isobaric interferences from '#2Ce and '*Sm (only for samples with
1475m/144Sm<0.0001) and normalized to “6Nd/***Nd = 0.7219 to cor-
rect for mass fractionation (Table 3). The LaJolla Nd international isoto-
pic standard was analysed during sample measurement, and gave an
average value of "Nd/'**Nd = 0.5114840 for 9 replicas, with an inter-
nal precision of +0.000032 (20). These values were used to correct the
measured ratios for possible sample drift. The estimated error for the
1475 m/144Nd ratio is 0.1%.

In crustal evolution models based on Nd isotopic composition, the
main fractionation event during the formation and evolution of conti-
nental crust takes place during partial melting of lithospheric mantle
to generate crustal rocks (McLennan and Hemming, 1992). The ¢Nd

model age of a sedimentary rock represents the average age of the ex-
traction of its components from the mantle. In the case of detrital
rocks, model ages usually reflect complex mixing based on the
different age and provenance of their components. The combined in-
terpretation of Nd model ages and detrital zircon ages has proven to
be a powerful tool for investigating the evolution of continental
crust, especially in orogenic belts (e.g., Linnemann et al., 2004). The
investigated metasedimentary rocks show relatively uniform €Nd(0)
values, ranging between —19.0 and — 12.3 (average —16.4; Table 3).
eNd(T) ranges —13.1 to — 8.1 in the lower sequence (maximum depo-
sitional age of 560 Ma; Diez Fernandez et al., 2010) and —10.1 to —8.5
in the upper sequence (maximum depositional age of 500 Ma; Diez
Fernandez et al., 2010). The analysed metasedimentary rocks show
147Sm/144Sm ratios ranging between 0.1055 and 0.1464, with average
at 0.1174. This is a ratio below the upper limit of '¥’Sm/!*Sm =0.165
suggested by Stern (2002) appropriate to perform NdTpy calculations.
The Tpy model ages (DePaolo, 1981) are Paleoproterozoic and
range between 2223 and 1782 Ma, with an average value of 1919 Ma
(Fig. 6). A collection of Nd model ages from different regions
(Linnemann and Romer, 2002) is also included in Fig. 6. These ages
have been divided into two groups according to the age of the dominant
source (Grenvillian and post-Grenvillian/pre-Cadomian crust, or pre-
Grenvillian, >0.9-1.1 Ga. cratonic crust). In this collection of Nd
model ages, similar Paleoproterozoic ages are only reported in elements
of the West African Craton, the Amazonian Craton and the Icartian
gneisses of Brittany. The rest of terranes included in this collection
show younger Nd model ages. Moreover, Fig. 6 also includes for com-
parison Nd data of the uppermost greywackes of the Ordenes Complex
(upper units; Fuenlabrada et al., 2010). These Cambrian greywackes
(maximum age of sedimentation at 530-500 Ma) have much younger
model ages ranging between 1215 and 720 Ma.
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arc/retro-arc setting, closer to the external platform of the
Gondwana Mainland, in a region where the most important
sedimentary supplies would come from source areas located in the
interior of the continental domain. The influence of the Cadomian
magmatic arc on the composition of the greywackes is clear, as
indicated by their detrital zircon age populations (Diez Fernandez et
al.,, 2010). However, the sedimentary basin was apparently located
far away from the region with the most important igneous activity,
because the oldest igneous rocks intruding the greywackic sequence
are Middle Cambrian.

The origin of the Cambrian sedimentary rocks of the upper se-
quence is more uncertain, as they are mainly constituted by meta-
pelitic schists whose compositions are not ideal for tectonic setting
discrimination. The available geochemical data are not abundant,
but they seem to suggest some affinity with passive margin sedi-
ments; i.e., these sediments were probably deposited close to the
continental domain and to certain distance from the most active
zones in the magmatic arc. The absence of intrusive granitic rocks,
which are widespread in the lower sequence, supports this interpre-
tation (Fig. 2b). It is likely that during Late Cambrian times the previ-
ously deposited series of the lower sequence were located towards
the most active part of the arc system, while the sediments of the
upper sequence were deposited closer to the continental platform.
In addition, it is important to consider that the contact between
upper and lower metasedimentary sequences is a low-angle fault (ex-
tensional detachment), so these series could have been located at dif-
ferent positions along the margin. On the other hand, opening of the
Rheic Ocean and transition of the Gondwana margin to a typical pas-
sive margin setting occurred between the Middle Cambrian and the
Early Ordovician (Arenas et al., 2007; Murphy et al., 2010; Nance et
al., 2010). This agrees with the observed sedimentary evolution and
explains the presence of N-MORB mafic rocks in the sedimentary se-
ries (Rodriguez Aller, 2005), which are particularly more abundant in
the upper sequence (Fig. 2b). Although there are not many geochem-
ical data about the metasedimentary rocks of the upper sequence, the
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Fig. 5. (a, b) PAAS-normalized trace elements plots for the metasedimentary rocks
from the lower and upper sequences, respectively. PAAS after Taylor and McLennan
(1985).

5. Discussion

Different paleogeographic models have shown that large magmat-
ic arcs developed in the peri-Gondwanan realm. Their activity took
place between Neoproterozoic (Cadomian-Pan-African cycle) and
Early Ordovician times (Murphy and Nance, 2002; Stampfli and
Borel, 2002), and they left an imprint in the sedimentological and
magmatic record of many of the terranes forming part of the Variscan
Belt (Linnemann et al., 2004, 2007; Rodriguez Alonso et al., 2004;
Ugidos et al., 2003). The geochemical features of the metagreywackes
of the lower sequence suggest that they were generated in relation to
an arc system built on a thinned continental margin, although they
also record certain chemical transition to passive margin greywackes.
A back-arc setting or a retro-arc setting as those presented in the
models of Fig. 7 (a, b), would explain most of the geochemical fea-
tures observed in these lithologies. The lower sequence of the basal
units was probably deposited in an Ediacaran-Early Cambrian back-

compositional patterns (PAAS-normalized plots) of some samples
(Fig. 5b) could indicate an evolution from a back-arc setting to a pas-
sive margin. This transition might be related either with the

Table 3
Whole rock Nd isotope data of metasedimentary rocks.

Sample Sm  Nd 147Sm/ 143Nd/ 20 eNd(0) &Nd(560)* TDM

144N 144N (Ma)"
B-1 400 20.67 0.1169 0511676 3 —188 —13.1 2078
B-2 414 21.83 0.1146 0511670 3 —189 —13.0 2041
B-3 475 23.42 0.1227 0511950 3 —134 —8.1 1782
B-4 410 21.31 0.1164 0511852 3 —153 —96 1817
B-5 449 22380 0.1191 0511800 4 —163 —10.8 1940
B-6 3.73 19.69 0.1146 0511731 3  —17.7 —11.8 1956
B-7 3.03 14.81 0.1239 0511809 4 —162 —11.0 2020
B-8 558 30.14 0.1118 0511712 3 —181 —120 1934
B-9 5.62 2926 0.1162 0511844 4 —155 —97 1824
B-10 333 17.93 0.1123 0511727 6 —178 —11.7 1921
B-11 624 3572 0.1055 0511663 3 —190 —125 1893
B-12 441 22383 0.1167 0511728 3 —17.7 —120 1999
B-13  3.61 19.94 0.1095 0511708 3 —181 —11.9 1898
B-14 405 2125 0.1152 0511729 3 —17.7 —119 1971
B-15  3.71 19.80 0.1133 0511753 3 —17.3 —113 1902
B-16  4.04 21.90 0.1115 0511700 3 —183 —122 1946
B-22 246 1291 0.1150 0511771 3 —169 —11.1 1906
B-23 455 2219 0.1238 0511885 3 —147 —95 1902
B-17 484 26.06 0.1123 0511846 4 —154 —10.1 1756
B-18 5.9 2638 0.1189 0511877 3 —149 —99 1824
B-19 533 26.66 0.1208 0511954 4 —133 -85 1743
B-20 1.87 926 0.1223 0511892 3 —146 —98 1863
B-21  3.05 12.60 0.1464 0512007 3 —123 —9.1 2223

2 eNd(t) calculated for 560 Ma.
> Nd model ages calculated according to DePaolo (1981).
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Fig. 6. Tpy; model ages (DePaolo, 1981) of the metasedimentary rocks from the basal units of the allochthonous complexes of NW Iberian Massif. Triangles and circles show the eNd
values at 560 Ma and 500 Ma, reference ages for the deposition of the lower and upper sequences, respectively (Diez Fernandez et al., 2010). Nd data of the uppermost greywackes
of the Ordenes Complex (upper units; Fuenlabrada et al., 2010) are included for comparison. Data source for comparative model ages from different regions taken from Linnemann

and Romer (2002).

attenuation of the magmatic activity in the arc, or the progressive
ocean ward translation of this activity, or the drifting of the whole
arc system away from the continental margin.

The Nd model ages of the 23 analysed samples are Paleoproterozoic
and range between 1782 Ma and 2223 Ma (average value 1919; Fig. 6).
The Nd model ages are slightly younger in the upper sequence than in
the lower sequence, but altogether they define a single population.
Therefore the two metasedimentary rock sequences can be clearly re-
lated. Sedimentation probably took place in the same basin located in
the continental platform of Gondwana, whose main source areas did
not change during the Late Neoproterozoic and Cambrian times. The
Nd model ages are very old and they seem to be only compatible with
Paleoproterozoic-Archean source areas. The participation of younger
sources was probably limited, although both the metagreywackes and
the metapelitic rocks contain Mesoproterozoic and Neoproterozoic (ac-
tually the most abundant grains) detrital zircon populations (Diez
Fernandez et al.,, 2010). The chronology recorded by the main detrital
zircon population and by the NdTpy is not contradictory as each
method supplies a different information (Liégeois and Stern, 2010).
Source areas dominated by Paleoproterozoic-Archean materials

intruded by Pan-African granitoids, and with variable participation of
detrital sedimentary rock series through time, explain the Sm-Nd isoto-
pic data and the age populations of detrital zircons (see Liégeois and
Stern, 2010, and references therein). The significant difference between
the ages reported by the two methods suggests that the involved Pan-
African granitoids were the result of partial melting of
Paleoproterozoic-Archean basement and its erosion products, and con-
sequently they share a same Sm-Nd isotope signature. The important
participation of Neoproterozoic zircons can be explained by the high
abundance of zircons in the Cadomian-Pan-African granitoids
(750-550 Ma), as it is known that granitoids are the most important
source for detrital zircons. The North African margin of Gondwana
shows suitable features to be considered the source area for these
sedimentary rocks. It is difficult to ascertain the precise location of the
sedimentary basin, because its position can only be determined
presently using provenance studies based in U-Pb geochronology of de-
trital zircons. In the context of North Africa a key element is the
presence/absence of a Stenian-Tonian population of detrital zircons
(750-1150 Ma), which it is also present in the sedimentary series of
the basal units. Avigad et al. (2012) suggested that Gondwanan series
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Fig. 7. Cartoon showing the tectonic setting for the lower (Late Neoproterozoic) and upper (Middle-Late Cambrian) sequences of the basal units of the allochthonous complexes of
NW Iberia. In (a) and (b), the lower sequence is a greywacke series deposited near the main continent, where the most important supplies come from the interior of Gondwana. In
(c), the Cambrian sediments fill a back-arc related to the drifting of an ensialic arc; they are being deposited close to the continental edge. Cambro-Ordovician calc-alkaline
magmatism is intruding the Neoproterozoic sediments, while the roll-back of the oceanic slab is forcing the active arc to migrate oceanward, leaving behind synchronous deposits
in the back-arc and a tail of Cambro-Ordovician plutons. The Nd model ages of the clastic sediments derived from this rifted arc (the greywackes from the uppermost Allochthon in
Fig. 6) indicates contribution from juvenile sources. These models refine previous interpretations presented by Diez Fernandez et al. (2010).

from Morocco include these zircons only since Middle Cambrian times,
without any significant presence before this period (see also Abalos et
al., 2012; Abati et al., 2010a; Boher et al., 1992; Potrel et al., 1998).
The presence of Stenian-Tonian detrital zircons is more common in
the Saharan Craton, also in Lower Cambrian-Neoproterozoic sedimen-
tary series (Avigad et al., 2003, 2012). Anyway the existence of large
outcrops of primary Stenian-Tonian materials is unknown in North Af-
rica, and thence the actual source of these zircons is enigmatic
suggesting long transport from source areas located far away. Using
this information, Diez Fernandez et al. (2010) suggested that sediments
from the basal units were deposited in basins probably located in an in-
termediate position between the West African Craton and the Saharan
Craton. This interpretation is very sensitive to the actual age of the stud-
ied series, to which only a maximum depositional age approach based

in detrital zircons is available, but it is coherent with a provenance not
too far from the present location of the investigated allochthonous sed-
imentary rock series.

The Nd model ages of the sedimentary sequences of the basal
units are considerably older than those of the Cambrian greywackes
(530-500 Ma) of the upper units of the same region, which range be-
tween 720 Ma and 1215 Ma (Fuenlabrada et al., 2010; Fig. 6). Separat-
ed from the basal units by ophiolites, the upper units have been
repeatedly interpreted as a well-preserved section of a peri-
Gondwanan arc (Abati et al., 2003, 2007; Diaz Garcia et al., 2010;
Fuenlabrada et al., 2010), what suggests that these relatively young
Nd model ages are influenced by abundant supplies of juvenile mate-
rial generated in relation to the magmatic activity of the arc (see
Fig. 7¢).

99



Capitulo 8

J.M. Fuenlabrada et al. / Lithos 148 (2012) 196-208 207

Comparison of the Sm-Nd geochemistry of metasedimentary
rocks from terranes located in the footwall and hanging wall to
the Variscan suture, may help to reconstruct the paleogeography
of the peri-Gondwanan domain during Ediacaran-Early Paleozoic
times. This information can also be valuable in order to recognize
and correlate the allochthonous terranes located to both sides of
the suture zone in central and Western Europe, especially in re-
gions where the position of the suture is not clear or the struc-
tural relationships are under discussion.
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9.1 Introduccion

| estudio geoquimico (elementos ma-

yores y trazas) e isotdpico de las series
siliciclasticas ediacarenses y cAmbricas de las
Unidades Superiores y de las Unidades Ba-
sales de los Complejos Aléctonos del NW del
Macizo Ibérico, indica que existen diferencias
importantes en relacién a su origen, especial-
mente en la naturaleza de sus areas fuentes
(fuentes isotopicas Sm-Nd). Estas diferencias
pueden explicarse en relaciéon a una paleo-
geografia diferente de las respectivas cuencas
sedimentarias en el margen de Gondwana,
como ya se ha sugerido anteriormente (Diez
Ferndndez et al, 2010; Ferndndez Sudrez et al,,
2014; Albert et al, 2015a), aunque nunca se
habian puesto de manifiesto mediante el es-
tudio de las caracteristicas geoquimicas de los
materiales paraderivados.

Para completar el estudio geoquimico de
las series siliciclasticas de la transicion Edia-
carense - Cambrico, es fundamental abordar
el estudio de esta misma transicion en alguno
de los dominios que componen el Autdctono
Ibérico. Los desplazamientos que cabe espe-
rar en los terrenos aléctonos en relacion a los

dominios autéctonos son muy significativos
(Diez Ferndndez et al,, 2016). Por consiguien-
te, no sera posible obtener un marco paleo-
geografico completo de la transicién Ediaca-
rense - Cambrico en el Macizo Ibérico si no
se complementa el trabajo con el estudio de
las series autéctonas. Para llevar a cabo este
trabajo se ha elegido el sector meridional de
la Zona Centroibérica, dado que es una regién
donde existe una estratigrafia muy completa
de las series que definen el paso del Protero-
zoico al Paleozoico (Alvarez Nava et al,, 1988;
San José et al,, 1990; Vidal et al., 1994b; Pieren,
2000; Rodriguez Alonso et al.,, 2004).

Las series metasedimentarias de bajo
grado estudiadas corresponden al Alcudien-
se Inferior del Anticlinal Centro Extremefio
(Ediacarense Superior), y a las denominadas
Pizarras de Pusa del Anticlinal de Valdelacasa
(Cambrico Inferior). En total se han seleccio-
nado 12 muestras de cada una de estas series
para su estudio geoquimico e isotopico. Las
composiciones de ambas series son sensible-
mente distintas, lo que sugiere una variacion
en el ambiente geodinamico en el que se pro-
dujo su sedimentacidn.
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9.2 Conclusiones parciales

as rocas siliciclasticas ediacarenses del

Alcudiense Inferior (Zona Centroibé-
rica) presentan caracteristicas geoquimicas
propias de grauvacas. El valor bajo de la re-
lacion K,0/Na,O define estas metagrauvacas
como cuarzo-intermedias, propiedad comun
en este tipo de litologias, y sugiere una pro-
porcién dominante de plagioclasa sobre el fel-
despato-K. Podemos descartar una alteracion
significativa en el origen de estas rocas, tanto
en sus areas fuente como en los procesos se-
dimentarios y post-deposicionales. Los valo-
res de CIA apuntan a un bajo grado de meteo-
rizacion en las rocas fuente, mientras que los
bajos valores de las relaciones Rb/Sr, Th/U y
Ti/Zr, similares a los que presenta la corteza
continental superior, demuestran una muy
limitada alteracion durante los procesos tipi-
camente sedimentarios (erosion, transporte y
depdsito), observada igualmente en los patro-
nes de REE, similares al del PAAS y pone de
manifiesto su afinidad con sedimentos terri-
genos procedentes de rocas igneas félsicas de
la corteza continental superior.

En el caso de la segunda secuencia estudia-
da, es evidente la significativa homogeneidad
quimica que presentan las pizarras cambricas
de la Formacidn Pusa, resultado de un mayor
reciclaje sedimentario y una mayor madurez
textural y mineralégica. A diferencia de las
grauvacas ediacarenses, las pizarras muestran
un caracter cuarzo-enriquecido, y diferentes
abundancias de SiO,, Ca0, AlLO,, Thy Nb, que
confirman su caracter mas pelitico. Su mayor
madurez sedimentaria no se traduce en una
alteraciéon quimica importante. Valores de CIA
similares a los del PAAS sugieren una baja a
moderada alteracion en el area fuente, mien-
tras que su similitud con los contenidos en
determinados elementos mayores (ALO,, CaO0,
Na,0y K,0), algunos de ellos altamente movi-
les durante los procesos sedimentarios, y una

relacion Th/U con valores analogos a la cor-
teza continental superior, descartan un fuerte
alteracién post-deposicional. Las elevadas re-
laciones de Rb/Sr y Ti/Zr sugieren una posi-
ble removilizacion del Sr de las plagioclasas y
unos mayores contenidos de Ti heredados de
las rocas fuente. Esta ausencia de alteracion
se refleja nuevamente en unos patrones muy
homogéneos de REE, similares a los del PAAS,
confirmando su procedencia desde fuentes
igneas de afinidad continental. En este caso,
las pizarras cambricas muestran una proce-
dencia intermedia, con un incremento de las
fuentes maficas, aunque conservando un mar-
cado caracter félsico.

Estos resultados sugieren que el contexto
geodinamico mas probable para la sedimen-
tacion de las grauvacas ediacarenses fue un
margen activo. La cuenca sedimentaria esta-
ria relacionada con el desarrollo de un arco
evolucionado, construido sobre un margen
continental adelgazado. Los patrones mul-
tielementales de ambas secuencias muestran
diferencias apreciables, que implican clara-
mente un cambio en el contexto tecténico en
el que tuvo lugar la sedimentacion durante
la transicién entre el Ediacarense Superior y
el Cambrico Inferior. En el caso de las meta-
grauvacas del Alcudiense Inferior, las caracte-
risticas geoquimicas apuntan a una dinamica
convergente, con una estrecha relacién entre
el relleno de la cuenca sedimentaria y la evo-
lucion del arco volcanico. En el caso de las
pizarras cambricas, el patrén multielemental
muestra una mayor homogeneidad y recicla-
do, con caracteristicas propias de un contexto
de margen pasivo, segin el modelo propuesto
por Winchester and Max (1989). De acuerdo
con estas observaciones, los contenidos en
Zr y Hf son menores de lo esperable, incluso
menores que en el caso de las metagrauvacas
ediacarenses, coherente con un mayor aporte
de fuentes maficas, pero igualmente coheren-
te con un contexto deposicional activo, como
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demuestra la relacion La/Th muy superior
al valor que Bhatia y Crook (1986) proponen
para un margen pasivo.

Los resultados isotépicos (Sm-Nd) ofrecen
una clara discriminacion de las fuentes isot6-
picas en ambas litologias. Esta diferenciacion
se observa en: (i) los valores de la relacion
inicial **Nd/'**Nd, con un valor medio de
0.511821 £+ 0.000006 para las metagrauva-
cas ediacarenses (ca. 560 Ma) y un valor me-
dio de 0.511716 = 0.000005 para las pizarras
cambricas (ca. 530 Ma), valores claramente
discriminantes entre ambos grupos; (ii) los
valores de €Nd inicial, con valores que osci-
lan entre -3.0 y -1.4 para las metagrauvacas
precambricas, claramente menos negativos
que los observados en las pizarras cambricas
(-5.2 y -4.0); y por ultimo, (iii) los valores de
las edades modelo (T,,), calculadas seguin
DePaolo (1981), que definen dos poblaciones
bien diferenciadas, con valores para las meta-
grauvacas que varian entre 1256 y 1334 Ma,
mientras que las edades modelo de las piza-
rras presentan edades mas antiguas, que osci-
lan entre valores de 1444 y 1657 Ma. Ambos
grupos de T, son coherentes con que el Cra-
ton del Oeste de Africa (Cratén de Reguibad)
resulte la fuente craténica mas probable de
ambas secuencias.

Los resultados geoquimicos e isotopicos
anteriormente expuestos son consistentes
con un cambio progresivo en el contexto tec-
tonico de sedimentacién de las secuencias
metasedimentarias de la Zona Centroibérica.
Este cambio tuvo lugar en la transicién entre
el Neoproterozoico Superior y Cambrico In-
ferior. El caracter discriminante de determi-
nados elementos traza indica que el contexto
geodindmico mas probable para la sedimen-
tacion de las series ediacarenses fue un mar-
gen activo. Por el contrario, las pizarras cam-
bricas de la Formacién Pusa se depositaron
probablemente en relaciéon con un contexto

de margen pasivo. El relleno de las cuencas
sedimentarias durante las ultimas fases del
Neoproterozoico se habria visto influenciado
en mayor medida por la actividad magmatica
de un arco volcanico evolucionado. Una ma-
yor proporcion de material juvenil explica las
T,,, mas jovenes, al igual que valores de eNd
menos negativos. Con posterioridad, el cam-
bio en el contexto tecténico afect6 a los proce-
sos sedimentarios que sufrieron los sedimen-
tos paleozoicos depositados en el marco de un
margen pasivo. Los resultados isotépicos ob-
tenidos para estas series son coherentes con
este cambio geodindmico, con valores mas
negativos de eNd y T, mas antiguas. Todos
estos resultados apoyan una sedimentacion
relacionada con el desarrollo de una amplia
cuenca de tipo back-arc durante la menciona-
da transicion temporal, anterior al desarrollo
del margen pasivo registrado durante el Cam-
bro-Ordovicico (Murphy et al, 2006; Arenas
et al, 2007; Nance et al, 2010). Este tipo de
cuenca explicaria las diferencias geoquimicas
e isotdpicas observadas en ambas secuencias
y situaria las cuencas sedimentarias de las
series estudiadas, teniendo en cuenta las di-
ferentes proporciones de materiales juveniles
y/o reciclados de origen cortical, en posicio-
nes mas o menos alejadas, respectivamente,
del dominio continental del margen septen-
trional de Gondwana.
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cal and Sm-Nd isotopic features in agreement with an evolving geodynamic setting. Pusa Shales (Early Cambri-
an) rest unconformably on greywackes of the Lower Alcudian Formation (Late Ediacaran). Both sequences
present minor compositional variations for major and trace element contents and similar REE patterns, close to
those of PAAS (Post Archean Australian Shale). Trace element contents and element ratios suggest mixed sources,
with intermediate to felsic igneous contributions for both units. Tectonic setting discrimination diagrams for the
Ediacaran greywackes indicate that these turbiditic series were deposited in a sedimentary basin associated with
a mature active margin (volcanic arc). However, the compositions of the Cambrian shales fit better with a more
stable context, a back-arc or retro-arc setting. eNdy and TDM ages are compatible with dominance of a similar
cratonic source for both sequences, probably the West Africa Craton. eNdses values for the Ediacaran greywackes
(—3.0to —1.4) along with TDM ages (1256-1334 Ma) imply a significant contribution of juvenile material, prob-
ably derived from the erosion of the volcanic arc. However, eNds3q values in the Cambrian shales (—5.2 to —4.0)
together with older TDM ages (1444-1657 Ma), suggest a higher contribution of cratonic isotopic sources, prob-
ably derived from erosion of the adjacent mainland. Coeval with the progressive cessation of arc volcanism along
the peri-Gondwanan realm during the Cambrian, there was a period of more tectonic stability and increasing
arrival of sediments from cratonic areas. The geochemistry of the Ediacaran-Cambrian transition in Central Iberia
documents a tectonic switch in the periphery of Gondwana, from an active margin to a more stable context
related to the onset of a passive margin.
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1. Introduction Over the last few years, we have focused our work on using whole-

rock geochemistry and Sm-Nd isotopic features of metasedimentary

Geochemical composition and isotopic characteristics of fine-
grained clastic rocks have proved to be a reliable record of continental
crust evolution, and therefore are a useful indicator of the origin and
tectonic setting in which sedimentation took place (Condie, 1993;
McLennan et al., 1990; Taylor and McLennan, 1985). The relative ab-
sence of REE fractionation during depositional processes has allowed
the use of Sm-Nd data to discriminate between sources, providing in-
formation about the paleogeography of sedimentary basins as indicated
by the juvenile or more evolved character of their sediment infill
(Murphy and Nance, 2002).

* Corresponding author at: CAI de Geocronologia y Geoquimica Isotépica Facultad de
Ciencias Geoldgicas Universidad Complutense de Madrid Calle José Antonio Novais, 12
28040, Madrid Espafia.

E-mail address: jmfuenla@ucm.es (J.M. Fuenlabrada).
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0040-1951/© 2015 Elsevier B.V. All rights reserved.

series in the Iberian Massif as a potential mean of shedding light
on the dynamic evolution of the peri-Gondwanan arc system and to re-
construct the paleogeography of this domain during Ediacaran-Early
Paleozoic times. Geochemical features and Nd model ages of
metasedimentary rocks from the allochthonous complexes of NW
Iberia postulated an arc-derived provenance for the metagreywackes
exposed in the Ordenes Complex (Upper Units) (Albert et al., 2015;
Fuenlabrada et al., 2010), whereas older TDM ages obtained from
metagreywackes and metapelites of the Basal Units pointed to a back-
arc or retro-arc basin located in the interior of the continental domain
(Diez Fernandez et al., 2010, 2012; Fuenlabrada et al., 2012).
Ediacaran-Early Cambrian rocks crop out extensively in the Central
Iberian Zone (Iberian Massif). These sequences are affected by low-
grade metamorphism and exhibit a gradual and complete transition be-
tween both periods. The Central Iberian Zone (CIZ) has been a source of
discussion on the provenance and tectonic settings of its Neoproterozoic
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and Cambrian sequences. Some studies considered a more stable and
recycled deposition environment (passive margin model), with a signif-
icant homogeneity as one of the most important features shared among
the complete sequence (Ugidos et al., 1997a, 1997b, 2003a; Valladares
et al.,, 1998, 2000), suggesting that the West Africa Craton was the
most likely source for the Late Precambrian rocks (Ugidos et al.,
2003b). Geochemical and Sm-Nd data, along with U-Pb detrital zircon
populations have allowed other authors to interpret the juvenile contri-
bution to be linked to the waning activity of a long-lived peri-
Gondwanan magmatic arc (Cadomian cycle) for the Ediacaran
metasedimentary rocks of the CIZ and related peri-Gondwanan do-
mains (Pastor-Galan et al., 2013; Fernandez-Suarez et al., 2000, 2014;
Gutiérrez-Alonso et al.,, 2003; Négler et al., 1995; Orejana et al., 2015;
Rodriguez Alonso et al., 2004b; Talavera et al., 2012; Villaseca et al.,
2014), proposing a wide range of potential locations for these series
along the northern margin of Gondwana during the Late Ediacaran
and Early Paleozoic, and therefore different sources for the mantle-
derived contributions. In recent years, attempts have been made to ex-
plain the evolution of the late stages of the Cadomian orogeny and the
accumulation of thick siliciclastic sedimentary successions during the
Precambrian-Cambrian transition (Rodriguez Alonso et al., 2004a).
Some models propose a passive margin for its deposition (Valladares
et al., 2000, 2002), whereas others favor the existence of asymmetric ba-
sins formed in a tectonically active setting (Rodriguez Alonso et al.,
2004b; Villaseca et al., 2014). The latter models frame such tectonic ac-
tivity within the evolution from a compressive (Cadomian orogeny) to
an extensional regime along the northern margin of Gondwana
(Nance et al., 2010).

In the present work, geochemical and Sm-Nd isotopic studies of rep-
resentative fine-grained sedimentary rocks from the southern Central
Iberian Zone have been carried out to discover the sedimentation
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environment of Late Neoproterozoic and Early Cambrian
metasedimentary sequences. Slight differences in the compositions of
relatively immobile trace elements as well as significant changes in Nd
model ages suggest important differences in the contribution of juvenile
or cratonic sources during Late Ediacaran-Early Cambrian times. These
differences are used to explore the tectonic setting during this transition
and further the knowledge of the geochemistry and sources of the sed-
imentary series of the peri-Gondwanan realm.

2. Geological setting

Stratigraphic, structural, magmatic and metamorphic criteria were
used to define the geotectonic zones within the Iberian Massif section
of the Variscan Belt (Arenas et al., 1988; Farias et al., 1987; Julivert
et al., 1974; Lotze, 1945; Quesada, 1991) (Fig. 1). One of them is the
Central Iberian Zone, an autochthonous section of the Iberian Massif
that is bounded to the east and northeast by more external domains
of the orogen, the West Asturian-Leonese Zone and the Cantabrian
Zone (Fig. 1). The CIZ is thrust by the most internal domain of the
orogen, which is represented by allochthonous complexes with high-P
metamorphic belts and ophiolites featuring a Variscan suture (Fig. 1;
Martinez Cataldn et al.,, 2009). The domain located to the south of
the CIZ, the Ossa-Morena Zone, has been recently identified as another
allochthonous complex of the Iberian Massif, and is correlated with
equivalent complexes of NW Iberia (Diez Fernandez and Arenas, 2015).

The CIZ can be divided in two domains: the Ollo de Sapo Domain and
the Schist-Greywacke Complex Domain. The Ollo de Sapo Domain, to the
North, shows as an essential feature the presence of thick massifs of augen
gneisses, abundant Variscan granitoids, and a high-grade regional meta-
morphism affecting thick Paleozoic series and minor Ediacaran rocks
(Diez Montes et al., 2004). The domain to the South, received the name

External thrust belt
and foredeep basin

Allochthonous terranes with
ophiolites and high-P rocks

Parautochthon/
Lower allochthon

Gondwanan zones with
strong Cadomian imprint
Gondwanan zones with
Early Ordovician magmatism
- Variscan miogeocline fold
and thrust metamorphic belt

Variscan foreland
thrust bel

Variscan strike-slip
Shear zones

Main Variscan thrusts
separating zones

———— Magnetic lineaments

500 km

Fig. 1. Terranes and oroclines of the Variscan belt (Martinez Catalan, 2011). Arcs: BA, Bohemian; CIA, Central Iberian; IAA, Ibero-Armorican; MCA, Massif Central. Zones of the Iberian
Massif: CIZ, Central Iberian; CZ, Cantabrian; GTMZ, Galicia-Tras-os-Montes; OMZ, Ossa-Morena; SPZ, South Portuguese; WALZ, West Asturian-Leonese. Shear zones and faults: BCSZ,
Badajoz-Cérdoba; JPSZ, Juzbado-Penalva; LPSZ, Los Pedroches; NPF, North Pyrenean; PTSZ, Porto-Tomar; SISZ, Southern Iberian. Location of the geological map and section presented

in Fig. 2 is shown.
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of Schist and Greywacke Complex (SGC) (Carrington da Costa, 1950) and
it includes an extensive sequence of pre-Ordovician shales and sand-
stones, post-orogenic granitoids, and large areas with low to very low
grade metamorphism. The boundary between these two domains of the
CIZ is gradational, and consists of a transitional zone that combines char-
acteristics of the Ollo de Sapo and the SGC.

The SGC has been divided into different lithostratigraphic units, main-
ly depending on the author and the area of study (Alvarez Nava et al.,

1988; Diez Fernandez et al., 2013; Pieren, 2000; San José et al., 1990;
Vidal et al., 1994b). Yet, two clearly differentiated units can be distin-
guished: the Lower Unit and the Upper Unit (Rodriguez Alonso et al.,
2004a). The Upper Unit can be further divided in Upper Alcudian and
the Pusa Group. Upper Alcudian includes Late Ediacaran and Early Cam-
brian rocks, whereas the Pusa Group is Early Cambrian since its base.
The Lower Unit crops out extensively in the central and southern
part of the CIZ (Alcudia Anticline and its extension to the NW, in

.
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Legend
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Upper Alcudian (Early Cambrian)
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Fig. 2. Geological map of the southern part of the Central Iberian Zone (modified after IGME, 1994 and Pieren, 2000). Sampling locations of the Ediacaran and Cambrian samples are
included. Puente Génave-Castelo de Vide Detachment is also included (Martin Parra et al., 2006).

111



Capitulo 9

18 JM. Fuenlabrada et al. / Tectonophysics 681 (2016) 15-30

the Centro-Extremefio Anticline or Rio Zujar Dome) and has been
previously referred to as Lower Alcudian (San José et al., 1990); Domo
Extremefio Group in the Montes de Toledo, Extremadura and Alcudia
(Alvarez Nava et al., 1988); Lower Series in the Western Central area
of the CIZ (Ugidos et al., 1997b; Valladares et al., 2000, 2002); and Beiras
Group in Portugal (Silva et al., 1988). The thickness of this unit is
unknown since its lower boundary remains unexposed, but the
sequences exceed 4000 m. The metasedimentary rock series consists
of a monotonous succession of shales and sandstones with some inter-
bedded conglomerates and volcanoclastic layers, mainly in its upper
part. The sediments of the Lower Unit have been interpreted as laid
down in submarine fans, slopes and channels (San José et al., 1990;
Valladares et al., 2000), but evidence of shallower depositional environ-
ments have also been found (Rodriguez Alonso et al., 2004b). As a
whole, this sedimentary sequence is considered as a set of turbidites
deposited in a prograding synorogenic clastic wedge filling a back-arc
basin (Rodriguez Alonso et al., 2004b). Based on the presence of
Cloudina carinata (Late Ediacaran, Cortijo et al., 2010) and other types
of microfossils (Jensen et al., 2007; Vidal et al., 1994a, 1994b), the
Lower Unit is Neoproterozoic in age. In the area, where the samples

a) Valdelacasa Anticline

CIA-13 to CIA-20 were collected (Figs. 2 and 3b), the Lower Alcudian
starts with shales, silts and thin beds of sandstones, which become
thicker and more abundant in the middle part; the upper part is charac-
terized by the presence of polygenic conglomerates (with greywackes,
vein quartz, and metamorphic and granodioritic cobbles) and pebbly
mudstones alternating with shales and sandstones (Garcia-Hidalgo
et al., 1993). The whole sequence is interpreted as the progradation of
a turbiditic fan, where the upper part was not deep, and thus it also
shows outer shelf deposits. The samples were taken in the interval a
of thick Bouma sequences within the middle part. In the Agudo-
Valdemanco Anticline the absence of marker layers, such as the men-
tioned conglomerates, has not allowed the distinction of different
parts within the Lower Alcudian turbidites, but the samples CIA-21 to
CIA-24 were collected in the a interval of very well exposed thick
Bouma sequences.

The Upper Unit has been given different names by different authors
on different anticlines: Upper Alcudian or Ibor Group, Pusa Formation or
Rio Huso and Valdelacasa Groups (Alvarez Nava et al., 1988; San José
et al.,, 1990; Vidal et al., 1994a) in the Centro-Extremefio and Alcudia
anticlines, and the “Montes de Toledo” region; the Middle and Upper

b) Centro-Extremefio Anticline
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Fig. 3. Synthetic stratigraphic columns of the Valdelacasa and Alcudia Anticlines (modified after Vidal et al., 1999). The location of the analyzed samples is shown. Color legend as in Fig. 2.
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Series in the western central part of the CIZ (Ugidos et al., 1997b;
Valladares et al., 2000), and Douro Group in Portugal (Sousa, 1982).
The older units are more frequent towards SW and the younger Cambri-
an units towards NE. The local names and their distribution are summa-
rized by Rodriguez Alonso et al. (2004b). The Upper Unit shows greater
lithological variety than the Lower Unit although it is mainly pelitic. The
basal part of the Upper Unit is separated from the deposits of the Lower
Unit by an angular unconformity (Rodriguez Alonso et al., 2004b). The
record of tectonic activity consists of discontinuous accumulations of
megabreccias, olistostromes and chaotic deposits, which may be accom-
panied by some episodes of volcanism. Deposition took place in sedi-
mentary environments ranging from turbiditic platform to offshore
siliciclastic—carbonate turbiditic platform. This mixed platform is better
developed towards Extremadura and Montes de Toledo. The rest of the
Upper Unit includes gray, dark-gray and black shales, conglomerates
and sandstones, together with discontinuous and minor interbedded
layers of limestone, olistostromes, phosphates, and volcanic and
volcanoclastic rocks. The sedimentary facies of the Upper Unit are

19

more diverse and reflect a more complex evolution than those of the
Lower Unit. Deposition took place on turbiditic slopes, mixed platform
(carbonate-siliciclastic), siliciclastic platform, and even transitional
marine-continental platform environments along the southern bound-
ary of the CIZ (Pieren, 2000; Pieren et al., 1991). The fossil record
found in this unit places the Proterozoic—-Cambrian transition in the
Upper Alcudian or Ibor Group below the Pusa Group (Garcia Hidalgo,
1993; Lifian et al., 1984; San José et al., 1990), which is entirely Cambri-
an. Pusa Shales were mostly deposited in shallow waters, in a clear tran-
sition from a turbiditic environment to a continental platform
(Simancas et al., 2004).

The Pusa Group is conformably covered by transgressing sandstones
deposited during the middle stages of the Early Cambrian. These fossil
rich sediments, well-exposed in upright synclines south of Toledo
(Azorejo Sandstones) and south of Salamanca (Tamames Sandstones),
were deposited on shallow marine platforms, and are followed by car-
bonates formed in a shallow shelf (Navalucillos Limestones in Montes
de Toledo and Tamames Limestones in Salamanca) (Diez Balda, 1986;

Table 1
Whole rock major and trace element data of Lower Alcudian greywackes (Late Ediacaran).

CIA-13 CIA-14 CIA-15 CIA-16 CIA-17 CIA-18 CIA-19 CIA-20 CIA-21 CIA-22 CIA-23 CIA-24
Sio, 71.18 71.4 713 73.31 71.96 70.98 70.38 72.48 66.31 64.58 66.93 70
Al,03 13.15 13.48 13.05 12.19 12.77 12.65 13.71 12.67 14.79 15.83 15.53 13.27
Fe,04 4.92 5.03 4.99 5.08 5.01 4.92 5.28 5.05 5.47 6.26 5.19 4.53
MnO 0.035 0.047 0.046 0.066 0.047 0.036 0.044 0.057 0.066 0.064 0.051 0.065
MgO 1.91 1.86 1.97 1.74 1.77 1.49 1.73 1.58 2.02 2.36 1.93 15
Ca0 0.27 0.59 0.48 0.27 0.28 0.29 0.38 0.76 1.29 0.74 0.47 145
Na,0 2.89 3.25 2.97 2.84 2.81 2.79 2.99 3 2.96 2.81 3.08 3.44
K,0 1.92 1.85 1.85 1.53 1.79 1.84 1.9 1.75 295 3.22 3.21 2.39
TiO, 0.723 0.841 0.745 0.71 0.703 0.67 0.753 0.731 0.629 0.747 0.699 0.763
P,05 0.17 0.2 0.18 0.13 0.13 0.16 0.14 0.14 0.15 0.17 0.16 0.15
Lor 2.24 2.36 24 2.2 2.22 2.21 2.37 2.51 3.16 3.24 2.69 2.89
Total 99.42 100.9 99.99 100.1 99.49 98.02 99.68 100.7 99.79 100 99.93 100.5
CIA 66 63 64 65 65 65 65 62 60 64 63 56
Sc 12 13 12 12 12 12 13 12 11 14 12 10
Be 2 2 2 2 2 2 2 2 3 3 3 2
\% 94 99 97 94 95 93 97 94 72 93 84 85
Cr 80 100 90 80 90 80 80 90 60 80 80 90
Co 11 16 18 14 15 15 14 15 13 16 17 16
Ni 40 40 40 30 40 40 40 40 30 40 40 20
Cu 40 40 50 10 30 40 30 30 30 30 30 20
Zn 80 230 90 100 90 110 80 80 100 110 100 70
Ga 17 19 17 15 17 17 18 16 19 24 22 17
Rb 73 73 71 59 76 69 76 66 103 129 127 81
Sr 91 122 100 102 98 108 106 106 211 152 187 226
Y 25.5 31.6 26 25.6 25.1 25.2 259 26.6 355 40.3 31.6 233
Zr 226 360 243 218 228 192 209 293 223 243 237 307
Nb 10.9 12.7 10.5 9.8 104 9.7 11 10.2 13.7 154 135 11.2
Cs 3 3.2 3.1 2.6 32 2.7 3.1 2.7 5.7 6.4 6.4 4.1
Ba 395 446 422 341 363 422 451 400 740 778 834 679
Hf 55 85 5.9 54 5.7 4.7 5.2 6.6 5.8 6.2 5.8 7.2
Ta 0.8 0.88 0.78 0.74 0.76 0.73 0.81 0.79 1.06 1.16 1 0.83
Pb 12 14 15 20 14 12 12 15 67 17 16 20
Th 8.62 9.7 8.13 7.97 8.47 7.77 8.79 8.6 10.9 12.8 11.1 11
U 2.39 2.87 2.59 2.12 2.46 232 2.55 2.57 345 3.89 3.26 2.82
Al,03/Nay0 46 41 44 43 4.5 45 4.6 42 5.0 5.6 5.0 39
Al,05/TiO, 182 16.0 175 17.2 182 189 182 17.3 235 21.2 22.2 174
Si0,/Al;04 5.4 5.3 5.5 6.0 5.6 5.6 5.1 5.7 4.5 4.1 43 53
K,0/Na,O 0.7 0.6 0.6 0.5 0.6 0.7 0.6 0.6 1.0 1.1 1.0 0.7
Rb/Sr 0.80 0.60 0.71 0.58 0.78 0.64 0.72 0.62 0.49 0.85 0.68 0.36
Ti/Zr 19.18 14.00 18.38 19.52 18.48 20.92 21.60 14.96 16.91 18.43 17.68 14.90
Ti/Nb 398 397 425 434 405 414 410 430 275 291 310 408
La/Sc 2.53 2.55 2.30 228 2.43 2.28 2.30 2.56 3.04 2.82 2.93 334
La/Th 3.52 341 3.39 343 3.44 3.53 3.40 3.57 3.06 3.09 3.17 3.04
Th/U 3.61 3.38 3.14 3.76 3.44 335 3.45 335 3.16 3.29 3.40 3.90
Th/Nb 0.79 0.76 0.77 0.81 0.81 0.80 0.80 0.84 0.80 0.83 0.82 0.98
Th/Sc 0.72 0.75 0.68 0.66 0.71 0.65 0.68 0.72 0.99 0.91 0.93 1.10
Zr/Sc 18.83 27.69 20.25 18.17 19.00 16.00 16.08 24.42 20.27 17.36 19.75 30.70
Co/Th 1.28 1.65 2.21 1.76 1.77 1.93 1.59 1.74 1.19 125 1.53 145

Oxides are in weight percent (wt.%).
Trace elements are in parts per million (ppm).

CIA: Chemical Index of Alteration (Nesbitt and Young, 1982). Oxides in molar proportions.

¢ Loss on ignition.
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Diez Balda et al., 2004). These units of the Early Cambrian transgression
were never found towards the S and SW of Guadarranque Syncline,
therefore they do not crop out neither in the Centro-Extremefio anti-
cline nor in Agudo-Valdemanco nor in the Alcudia anticline. These series
accumulated following the Cadomian activity, prior to Cambro-
Ordovician rifting. Finally, Ordovician quartz sands, that also constitute
the Armorican Quartzite, rest discordantly over the Cambrian and
Neoproterozoic sequence (Lifian et al., 2002; Rodriguez Alonso et al.,
2004a).

3. Samples, analytical methods and geochemical tools
3.1. Samples

Samples of metasedimentary rocks were selected in low grade
metamorphic areas located in the southern part of the Central Iberian

Zone (Fig. 1). Twelve shale (slate) samples were collected in the
Early Cambrian Pusa Shales Formation (Upper Unit), above the

conglomerate layer referred to as “Nivel de Fuentes”, 70 km N of the
Centro-Extremefio Dome, in the Valdelacasa Anticline (CIA-1 to CIA-
12 (UTM30/325.295/4.392.922), Figs. 2 and 3a). These samples show a
slaty cleavage defined by muscovite, chlorite, quartz, and plagioclase.
Sampled rocks collected are shales because of the total lack of sand-
stones or greywackes in the unit.

Eight samples of greywackes (a and b layers of the Bouma sequence)
were collected from the Lower Alcudian (Lower Unit), in the channel of
Rio Zujar, in the Alcudia Anticline, Centro-Extremefio Dome (CIA-13 to
CIA-20 (UTM30/273.270/4.316.456), Late Ediacaran, Figs. 2 and 3b).
Four additional greywacke samples of this Late Ediacaran unit were col-
lected in the Agudo-Valdemanco Anticline of the Centro-Extremefio
Dome (CIA-21 to CIA-24 (UTM30/327.349/4.315.193) Figs .2 and 3b).
The sampled horizons correspond to full or truncated Bouma sequences
in fine to medium grain sandy units. The quartz-micaceous matrix is
oriented to define a slaty cleavage (chlorite-sericite) that wraps around
clasts of quartz, chert, K-feldspar, plagioclase, muscovite, biotite and
opaque minerals.

Table 2
Whole rock major and trace element data of Pusa Shales (Early Cambrian).

CIA-1 CIA-2 CIA-3 CIA-4 CIA-5 CIA-6 CIA-7 CIA-8 CIA-9 CIA-10 CIA-11 CIA-12
Si0, 61.36 59.95 58.99 58.59 59.64 60.06 59.97 59.37 58.72 60.47 60.64 61.03
Al,03 18.89 18.65 19.04 19.39 19.19 184 18.78 19.03 19.12 18.89 18.83 18.8
Fe,05 717 6.66 6.95 7.63 7.23 71 7 6.92 6.98 7.22 7.09 7.04
MnO 0.075 0.111 0.098 0.089 0.077 0.085 0.067 0.082 0.08 0.069 0.083 0.081
MgO 2.78 2.81 2.9 3 2.8 2.72 2.51 2.89 2.93 2.67 2.78 2.76
Ca0o 0.25 0.93 0.66 0.43 0.45 0.64 0.27 0.36 0.51 0.24 0.28 0.47
Na,O 1.78 2.03 1.87 1.87 1.97 1.88 1.55 143 1.64 1.62 1.82 1.93
K,0 34 342 3.56 3.5 352 3.38 3.57 3.66 343 348 3.39 3.34
TiO, 0.765 0.749 0.757 0.744 0.763 0.736 0.743 0.76 0.722 0.745 0.786 0.785
P,0s 0.12 0.12 0.12 0.12 0.12 0.14 0.17 0.13 0.18 0.12 0.14 0.14
Lor 3.77 4.5 4.2 4.06 3.98 4 3.97 4.28 435 4.04 3.8 3.94
Total 100.4 99.92 99.15 99.42 99.74 99.15 98.62 98.91 98.66 99.55 99.64 100.3
CIA 74 69 71 72 72 71 74 74 73 74 73 72
Sc 17 17 18 18 18 17 17 18 17 17 18 17
Be 3 4 4 4 4 4 4 4 3 4 4 4
\% 115 115 117 118 118 113 115 118 115 118 116 116
Cr 90 100 100 100 100 100 100 100 90 90 100 100
Co 10 20 20 19 18 16 13 21 18 16 19 18
Ni 50 50 50 50 50 50 50 50 40 50 50 50
Cu 60 40 110 50 70 40 60 50 50 30 40 40
Zn 120 130 140 150 140 130 130 130 140 130 140 140
Ga 28 28 30 30 29 28 30 30 27 29 29 28
Rb 152 161 170 165 161 155 170 173 152 159 158 156
Sr 97 96 97 96 101 98 97 74 80 84 81 91
Y 309 349 34.1 31.8 34.1 32 342 34.1 322 31.6 34.1 329
Zr 156 163 155 149 155 153 158 158 144 147 167 161
Nb 16.3 15.7 15.6 154 15.7 15.5 154 15.7 13.2 14.5 149 15.2
Cs 74 8.2 8.8 84 8.2 7.8 7.9 9.3 7.9 8 7.9 8
Ba 595 604 630 619 630 609 644 645 610 614 606 594
Hf 4.1 4.2 41 3.8 4 3.9 4.2 4 3.7 4 43 41
Ta 1.08 1.04 1.07 1.1 1.34 1.09 1.15 1.12 1.05 1.04 1.09 1.1
Pb 16 19 15 11 14 16 11 10 24 12 19 10
Th 12.8 131 135 131 133 12.9 135 133 12.2 129 133 133
u 2.7 3.61 343 2.97 3.19 2.84 3.03 3.18 335 2.98 3.17 3.32
Al,03/Na,0 10.6 9.2 10.2 104 9.7 9.8 12.1 133 11.7 11.7 10.3 9.7
Al,03/TiO, 24.7 249 25.2 26.1 25.2 25.0 25.3 25.0 26.5 254 24.0 239
Si0,/Al,05 32 3.2 31 3.0 3.1 33 3.2 3.1 3.1 32 3.2 3.2
K,0/Na,0 1.9 1.7 19 19 1.8 1.8 23 2.6 21 21 19 1.7
Rb/Sr 1.57 1.68 1.75 1.72 1.59 1.58 1.75 234 1.90 1.89 1.95 1.71
Ti/Zr 29.40 27.55 29.28 29.93 29.51 28.84 28.19 28.84 30.06 30.38 28.22 29.23
Ti/Nb 281 286 291 290 291 285 289 290 328 308 316 310
La/Sc 245 2.52 2.34 2.34 2.39 2.36 2.57 2.34 227 2.45 2.28 2.38
La/Th 3.25 3.27 3.13 3.22 3.24 3.12 3.24 317 3.16 3.22 3.09 3.05
Th/U 4.74 3.63 3.94 441 417 454 4.46 418 3.64 433 420 4.01
Th/Nb 0.79 0.83 0.87 0.85 0.85 0.83 0.88 0.85 0.92 0.89 0.89 0.88
Th/Sc 0.75 0.77 0.75 0.73 0.74 0.76 0.79 0.74 0.72 0.76 0.74 0.78
Zr/Sc 9.18 9.59 8.61 8.28 8.61 9.00 9.29 8.78 8.47 8.65 9.28 9.47
Co/Th 0.78 1.53 148 145 135 1.24 0.96 1.58 1.48 1.24 143 135

Oxides are in weight percent (Wt.%).

Trace elements are in parts per million (ppm).

CIA: Chemical Index of Alteration (Nesbitt and Young, 1982). Oxides in molar proportions.
@ Loss on ignition.
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Table 3
Whole rock rare earth element data of Lower Alcudian greywackes (Late Ediacaran).

CIA-13 CIA-14 CIA-15 CIA-16 CIA-17 CIA-18 CIA-19 CIA-20 CIA-21 CIA-22 CIA-23 CIA-24
La 303 331 27.6 273 29.1 274 29.9 30.7 334 39.5 35.2 334
Ce 60.4 65.5 55.4 54.3 58.6 55 60.7 60 66.3 78.7 70.1 65.5
Pr 7.6 8.06 6.86 6.62 7.26 6.75 7.49 7.53 8.34 9.92 8.76 8
Nd 29.1 31 26.2 26 28.4 26.6 28.8 29.4 321 38.1 336 29.6
Sm 5.61 6.04 5.32 542 5.42 5.28 5.84 5.94 6.84 8.09 6.91 5.77
Eu 1.25 1.38 1.19 1.18 1.26 1.14 1.25 1.26 141 1.44 1.23 1.23
Gd 473 522 4.67 4,52 44 422 4.5 493 5.84 6.73 5.66 4.24
Tb 0.76 0.89 0.75 0.72 0.77 0.75 0.8 0.78 0.99 1.18 0.9 0.7
Dy 443 5.39 4.6 4.64 457 4.38 475 4.58 6.01 7.01 5.35 41
Ho 0.91 1.05 0.9 0.92 0.91 0.87 0.92 0.92 1.19 138 1.08 0.8
Er 2.5 3.01 2.59 25 2.55 247 2.72 2.56 3.43 3.87 3.15 2.26
Tm 0.382 0.459 0.389 0.384 0.406 0.368 0.413 04 0.505 0.584 0.498 0.349
Yb 2.62 3.00 2.59 2.62 2.66 2.55 2.63 2.67 3.26 3.79 3.20 2.28
Lu 0.367 0434 0.388 0.39 0.406 0.372 0.405 0.385 0.459 0.541 0.439 0.345
3 REE 151 165 139 138 147 138 151 152 170 201 176 159
Eu/Eu* 0.75 0.76 0.73 0.73 0.79 0.74 0.75 0.72 0.69 0.60 0.60 0.76
(La/Sm)y 33 34 3.2 3.1 33 3.2 3.2 3.2 3.0 3.0 31 3.6
(Gd/Yb)n 1.44 1.39 1.44 1.38 1.32 1.32 1.36 1.47 1.43 1.42 1.41 1.48
(La/Yb)n 7.73 7.38 7.13 6.97 7.32 7.19 7.60 7.69 6.85 6.97 7.36 9.80

Rare earth element data in parts per million (ppm).

In this region, no samples were taken in the Upper Alcudian Unit,
which unconformably lies on the Lower Alcudian turbidites, because
the sedimentary environments correspond to transitional continental-
fan-shallow marine deposits, which do not meet the purposes of the
whole rock geochemistry of this paper, whereas the Pusa Shales are a
better option to characterize the Upper Unit, but it does not crop out
southwards of the Valdelacasa or Navalpino anticlines.

3.2. Analytical methods

Geochemical and isotopic analyses were performed on powdered
rock samples milled at Universidad Complutense de Madrid. Whole
rock major and trace elements analyses were performed at Activation
Laboratories Ltd (Actlabs) in Canada, using fusion with lithium
metaborate or tetraborate for sample digestion. The analytical tech-
niques for major and trace element determination were ICP-OES and
ICP-MS, respectively. The results are given in Tables 1 to 4.

Sm-Nd isotopic analyses were performed at the Geochronology and
Isotope Geochemistry Service of Universidad Complutense de Madrid,
using Isotope Dilution Thermal lonization Mass Spectrometry (ID-
TIMS). Samples were spiked with a mixed #°Sm-1>°Nd tracer and ana-

and dynamic multicollection mode for Sm and Nd, respectively. The
143Nd/"4Nd ratios were corrected for '#?Ce and '**Sm interferences
and normalized to '6Nd/'**Nd = 07219 value (O'Nions et al., 1979)
in order to correct procedural and instrumental mass fractionation.
Drifts from La Jolla reference value (Lugmair et al., 1983) were corrected
by analyzing the standard along with the samples, yielding an average
value of "3Nd/"**Nd = 0.511851 for 6 replicas, with an internal preci-
sion of 4 0.00002 (20). Errors on the '#7Sm/'*Nd and '**Nd/"#*Nd ra-
tios were estimated at less than 0.1% and 0.006%, respectively.

3.3. Geochemical tools

Metasedimentary rocks have been widely studied to unravel the
composition of the upper continental crust (Condie and Wronkiewicz,
1990; Taylor and McLennan, 1985). Some authors have developed use-
ful discrimination diagrams to constrain the tectonic setting and the
provenance sources using major element compositions (Bhatia, 1983;
Roser and Korsch, 1985, 1986, 1988), although major element diagrams
should be used carefully (Armstrong-Altrin and Verma, 2005).

There is a general agreement about the relative absence of changes
in the minor and trace element composition of sedimentary rocks

lyzed in an IsotopX-Phoenix spectrometer (TIMS), in single collection after their deposition and during secondary processes; consequently

Table 4
Whole rock rare earth element data of Pusa Shales (Early Cambrian).

CIA-1 CIA-2 CIA-3 CIA-4 CIA-5 CIA-6 CIA-7 CIA-8 CIA-9 CIA-10 CIA-11 CIA-12
La 41.6 42.8 422 422 43.1 40.2 43.7 422 38.6 41.6 41.1 40.5
Ce 78 80.9 78.9 772 80.6 75 81.9 77.2 71.7 76.7 76.8 74.9
Pr 9.75 10.1 9.85 9.96 10.2 9.51 103 9.92 9.14 9.72 9.9 9.48
Nd 36.9 38.7 376 37.6 38.6 35.5 39.1 371 36.5 36.4 37.7 353
Sm 7.13 7.52 7.68 7.21 7.71 7.04 7.74 7.6 7.41 7.19 7.58 7.12
Eu 142 1.52 1.5 141 1.5 14 147 1.53 149 142 1.51 1.39
Gd 5.53 6.37 6.23 5.55 6.3 5.54 6.5 6.35 7.01 5.61 6.32 5.7
Tb 0.9 1.05 1.02 0.92 1 0.91 1.03 0.99 1.02 0.94 1.01 0.93
Dy 5.42 6.05 5.77 5.45 5.85 5.63 6.1 6.06 5.5 5.55 5.94 5.48
Ho 1.1 1.14 1.16 1.08 1.15 1.08 117 1.17 1.11 1.05 1.13 1.09
Er 3.04 3.28 323 3.15 3.31 3.01 34 332 3.11 3.08 321 3.02
Tm 0.464 0.493 0.5 0.484 0.503 0.456 0.506 0.517 0.466 0.476 0.511 0.469
Yb 3.15 3.31 3.32 32 3.29 3.14 3.25 33 2.93 3.04 3.36 32
Lu 0.455 0.456 0.484 0.466 0.492 0.459 0.487 0.491 0.445 0.454 0.471 0.455
3 REE 195 204 199 196 204 189 207 198 186 193 197 189
Eu/Eu* 0.70 0.68 0.67 0.69 0.66 0.69 0.64 0.68 0.64 0.69 0.67 0.67
(La/Sm)n 3.60 3.51 3.39 3.61 3.45 3.52 3.48 3.43 3.21 3.57 3.35 3.51
(Gd/Yb)n 1.40 1.53 1.50 1.38 1.53 141 1.59 1.53 1.91 1.47 1.50 1.42
(La/Yb)n 8.83 8.65 8.50 8.82 8.76 8.56 8.99 8.55 8.81 9.15 8.18 8.46

Rare earth element data in parts per million (ppm).
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their geochemical features mostly depend on the nature of the source
areas. Trace elements such as REE, Hf, Ti, Cr, Co, Zr, Nb, Ta, Y, Th and
Sc make excellent discriminating proxies for provenance and tecton-
ic setting determination studies (Bhatia and Crook, 1986; McLennan
et al., 1990; Taylor and McLennan, 1985), mainly because these ele-
ments, and particularly their ratios (e.g. Th/Sc, La/Sc, Ti/Zr, Zr/Sc
and La/Th) are preserved during sedimentary processes due to
their low mobility during weathering processes, transport, diagene-
sis or metamorphism (McLennan et al., 1983; Nesbitt et al., 1980;
Taylor and McLennan, 1985; Wronkiewicz and Condie, 1987), and
their very low residence time in oceanic waters (Henderson, 1982
and Holland, 1978). Similarly, incompatible and compatible

elements and their mutual relationships allow distinguishing be-
tween areas with more felsic or mafic source components. Elements
such as La and Th; and the Co, Cr or Sc are commonly used to discrim-
inate between felsic and mafic contributions in different tectonic en-
vironments (Feng and Kerrich, 1990; Taylor and McLennan, 1985;
Wronkiewicz and Condie, 1987, 1990). The effects of homogeniza-
tion in sedimentary processes result in a relatively uniform distribu-
tion of REE in detrital rocks, that show the average composition of
the source area, and whose pattern reflects the REE abundance in
the upper crust, mainly because very limited or no REE fractionation
takes place during deposition of fine-grained sediments (McLennan
et al.,, 1980; Taylor and McLennan, 1985).
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Fig. 4. Chemical diagrams for the metasedimentary rocks from the southern Central Iberian Zone (Iberian Massif). (a) Chemical classification scheme for siliciclastic sediments (Herron,
1988). (b) Th-Hf-Co ternary plot (Taylor and McLennan, 1985). CC, continental crust; OC, oceanic crust. (c) Co/Th vs La/Sc plot (average compositions of igneous rocks from Condie, 1993).
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Like trace elements analysis, Sm-Nd systematics and U-Pb dating of
detrital zircon have become suitable approaches to infer the evolution
and the relative position of the paleo-basins, as well as the potential
provenance of metasedimentary rocks (Linnemann and Romer, 2002;
Linnemann et al., 2004). The Sm-Nd system has been widely used as a
powerful tool to represent crustal and mantle evolution. Both elements
are compatible and have low coefficients of partition in most petroge-
netic processes, being rarely affected by intracrustal processes
(anatexis, fractionation or metamorphism) and processes following
sedimentation (diagenesis, weathering or hydrothermal processes).
These processes cause minimal effects on the Sm/Nd ratio of a given
sedimentary rock, being thus completely inherited from the depleted
mantle (DePaolo, 1981; DePaolo and Wasserburg, 1976). Since Nd
model ages (TDM) represent the average age of extraction from the de-
pleted mantle of the constituents in a clastic rock, these ages have
proved to be a reliable tool to constrain the provenance of sediments,
as well as to reveal some of their pre-and post-depositional history
(Allégre and Rousseau, 1984). Similarly, Nd model ages, along with de-
trital zircon ages have become crucial to infer the evolution of the con-
tinental crust, especially in orogenic belts (e.g., Linnemann and Romer,
2002; Linnemann et al., 2004).

4. Whole rock geochemistry
4.1. Composition and classification

4.1.1. Greywackes

Our greywacke samples show no significant chemical variations in
major elements (Table 1), with SiO, contents (70.1 wt.%, on average)
being higher than the shale samples, and lower contents of Al,Os,
Fe,05 and K,0 (13.59 wt.%, 5.14 wt.% and 2.18 wt.%, respectively).
They show very low CaO content (0.61 wt.%, on average) compared to
typical upper crust (4.2 wt.%). Following Crook (1974), all the
greywacke samples are quartz-intermediate (K,0/Na,0: 0.54-1.15),
and on the diagram proposed by Herron (1988) they plot into the
greywacke field (Fig. 4a).

Si0,/Al,05 (4.1 to 6.0), and low K,0/Na,0 (0.5 to 1.1) ratios
reflect immature sediments, with a predominance of plagioclase over
K-feldspar, and values close to those of the upper crust (4.3 and 0.9, re-
spectively). Immaturity is also confirmed by the Al,03/Na,0 (3.9-5.6)
and Al,03/TiO, (16.0-23.5) ratios, which lay within the typical range
of the upper continental crust (3.9 and 30.4, respectively; Taylor
and McLennan, 1985). The Rb/Sr ratio varies with weathering and dia-
genetic processes, being increased by the loss of Sr from plagioclase.
McLennan et al. (1993) interpreted Rb/Sr values over 0.5 as related to
post-depositional processes of alteration. Our greywacke samples
display values between 0.4 and 0.8, very close to PAAS. A low degree
of post-depositional alteration is also confirmed by relatively low CIA
values (Chemical Index of Alteration, Nesbitt and Young, 1982), which
range from 56 to 66 (Table 1).

The greywacke samples are characterized by (La/Yb)y (7.50, on av-
erage) and (La/Sm)y (3.22, on average) slightly lower than PAAS (9.08
and 4.02, respectively) (Table 3). Chondrite normalized (Nakamura,
1974) fractionation patterns for these samples exhibit enrichment in
LREE relative to HREE, which display nearly flat patterns, with values
of (Gd/Yb)y close to the unity (1.40, on average), and similar to those
of the PAAS ((Gd/Yb)n: 1.34). The greywacke samples, especially
those collected in the Agudo-Valdemanco Anticline (CIA-21 to CIZ-
24), show similar patterns to PAAS (Fig. 5a), with lower LREE values
and higher dispersion of HREE abundances. All the samples show a
negative Eu anomaly, whose values range from 0.60 to 0.79 (Eu/Eu*,
calculated according to Taylor and McLennan, 1985).

Th/Nb ratios (between 0.8 and 1.0) obtained for the greywackes
are similar to those of PAAS (0.77), while Ti/Zr (14.0-21.6) and Zr/Sc
(16.0-30.7) ratios have lower and higher values than PAAS, respective-
ly. These results point to a mixed source dominated by felsic material,
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Fig. 5. Chondrite normalized rare earth element plots. (a) Late Ediacaran greywackes.
(b) Early Cambrian shales. The dotted line corresponds to the PAAS (Post Archean

Australian Shale; Taylor and McLennan, 1985). Normalizing values are from Nakamura
(1974).

which is confirmed by lower Cr content (83 ppm, avg. value) and Ni
content (37 ppm, avg. value); and by La/Th values (3.0-3.6) (Fig. 4b)
higher than PAAS (2.6).

4.1.2. Shales

The most relevant geochemical feature of our shale samples is their
compositional homogeneity (Table 2). They show SiO, values ranging
between 58.59 and 61.36 wt.%, high values of Al,05 (18.4-19.39 wt.%.)
and low CaO (from 0.24 to 0.93 wt.%), Na,0 (1.43-2.03 wt.%.) and K,0
contents (3.34-3.66 wt.%). Fe,03 (6.66-7.63 wt.%), MgO (2.51-3.00
et.%) and TiO, (0.72 to 0.79 wt.%) are similar to PAAS. SiO, and K,0/
Na,O values (1.68-2.56) indicate that all samples are quartz-rich
(Crook, 1974). According to the diagram by Herron (1988) to evaluate
maturity in sedimentary rocks, all samples can be classified as shales,
grouping close to the wacke field (Fig. 4a).

Al,03, Ca0, Na,0 and K,O contents similar to those of PAAS make
strong chemical alteration processes after sedimentation unlikely. Low
values of Ti/Zr (Table 2) confirm this assertion. Alteration of plagioclase
following deposition would explain the strong Sr anomaly compared
to PAAS and hence the higher Rb/Sr ratio observed in these samples
(average: 1.8), well above 0.5. The CIA values for shale samples vary
from 69 to 74, falling within the typical values for average shales
(70-75) and similar to those of PAAS (70), which is considered to
represent a low to moderate degree of alteration. The Sr negative
anomaly could be explained after weathering and decomposition of
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plagioclase during Early Cambrian times, confirmed by values of the
Al;03/(Ca0 + Na,O0) ratio, ranging from 6.3 to 10.3. However, deep
changes in composition are ruled out by the Th/U values (average
4.2), which are similar to the upper crust (3.8).

High MgO, Fe,05 and Al,03 along with lower SiO, content point to a
mixture of sources. Very low values of CaO relative to PAAS (1.30 wt.%)
on the other hand suggest a dominant pelitic contribution. Despite the
high variability in the Al,05 contents, positive correlations between
this oxide and Fe,03; and MgO indicate predominance of clay minerals
and micas, confirmed by K,0/Al,05 values (0.18 average), between
0.0 and 0.3 (Cox et al., 1995).

The shale samples show very similar REE contents (Table 4), with
REE values ranging from 186.4 to 206.6 ppm. They also display very sim-
ilar chondrite-normalized (Nakamura, 1974) fractionation patterns
(Fig. 5b), with (La/Yb)y values between 8.18 and 9.15. LREE (La-Sm)
show moderate enrichment relative to HREE, with almost flat patterns,
and (Gd/Yb)y values between 1.38 and 1.91. All samples present a slight
negative Eu anomaly, with very homogeneous values between 0.64
and 0.70 (calculated following Taylor and McLennan, 1985), usually
interpreted as an inheritance from an igneous source (Awwiller, 1994;
Compton et al., 2003; McLennan and Taylor, 1991; McLennan et al.,
1980). Despite some differences in abundance between samples, the
REE patterns of the shales are similar to those of PAAS.

The content of trace elements is rather homogeneous and only
shows very slight variations with respect to PAAS. Elements that are
typically associated with heavy minerals, such as Zr, Nb, Th and U,
have lower values compared to PAAS, except for Y, which is slightly
higher. Co, Cu and Rb contents are similar to those of PAAS. The different
Sr and Ba contents, related to PAAS, may be due to selective alteration of
plagioclase relative to other feldspars. The high coefficient of correlation
between Rb and K,O (r = 0.88) favors the same behavior in the case
of K-feldspar. Those two elements, together with Ba, seem to have
remained unaffected after chemical alterations.

Shale samples show a Th/Sc ratio (Table 2) slightly lower than PAAS,
indicating a mixture of sources. This statement is confirmed by values of

La/Sc and Ti/Zr equal to PAAS (La/Sc = 2.4, Ti/Zr = 29.1; averages);
and values of Zr/Sc slightly lower than PAAS. The concentrations of Cr
(average 97.5 ppm) and Ni (average 49.2 ppm) are very similar to
PAAS, but the values of Ti/Nb (297 on average) are low. Altogether
these ratios confirm a contribution from different sources, although
dominated by a felsic input and affected by recycling processes to
some extent.

4.1.3. Th-Hf-Co diagram

A Th-Hf-Co ternary diagram (Fig. 4b) shows different patterns
for both groups of rocks, with a greater scatter in the case of the
greywackes, likely inherited from a more dynamic environment and
fractionation effects by slight weathering and/or recycling. This diagram
supports a mixed source for both the greywackes and shales, with a
slight trend in the case of the shales to a more granitic average, clearly
close to PAAS values. Co/Th vs. La/Sc diagram (Fig. 4c) reinforces the
dominantly felsic provenance for the shales too (close to the Co/Th
value of 1.27). The greywackes preserve the scatter observed in former
diagrams, what together with significantly greater Eu anomalies than
PAAS favor the idea of sediments eroded from an intermediate (andes-
ite-diorite) and recycled sedimentary sources (Taylor and McLennan,
1985).

4.2. Tectonic setting

According to the results here exposed, we do not observe atypical
deviations of the Ediacaran greywackes and Early Cambrian shales
chemistry from reference compositions (PAAS), ruling out significant
post-depositional alterations as a result of metamorphism. Likewise,
the content in certain LILE (Rb, Cs) that are linked to micas and clay min-
erals is comparable to that of unaltered rocks, whereas low Na, Ca and Sr
contents might indicate slight weathering, but with no significant
consequences for using provenance and tectonic setting discrimination
diagrams based on immobile trace elements (REE, Y, Zr, Ti, Nb, Th, Sc, Hf
and Co).
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Fig. 6. Trace element diagrams with tectonic setting discrimination fields for Lower Alcudian greywackes (Bhatia and Crook, 1986).
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Although tectonic setting discrimination diagrams should be used .
carefully, those developed by Bhatia and Crook (1986) have proved to * E;’;ZFS:;':;;Ei:;’t::::;’;:gl)(es
be an invaluable tool to distinguish between four tectonic settings for (Late Ediacaran)
sandstone deposition: (A) oceanic island arc, (B) continental island © PAAS
arc, (C) active continental margin, and (D) passive margin. A plot of [
Ti/Zr versus La/Sc clearly reveals the Late Ediacaran greywackes as de-
posited in an active margin (Fig. 6a). La/Sc ratios range from 2.3 to 3.3,
whereas Ti/Zr ratios are all above 10 (14-21.6), fairly far from expected
values of a passive geodynamic setting. Ternary diagrams (La-Th-Sc,
Th-Co-Zr/10 and Th-Sc-Zr/10) suggest a similar environment of
sedimentation for the greywackes, as they all plot well inside field B
(active continental margin; Fig. 6b, ¢ and d, respectively). Such results
constrain the deposition of the Late Ediacaran greywackes to basins S
related to convergent dynamics, most likely in a continental volcanic %&
arc built on a thinned continental margin (Bhatia and Crook, 1986).

A set of major and trace elements was normalized to PAAS following
Thompson (1982) (Fig. 7). The pattern for the Ediacaran greywacke 2t Depleted Mantle Sources
samples is consistent with the main features observed by Winchester
and Max (1989) in sediments accumulated in active margins. The
diagram shows a decrease in most LILE elements (Cs, Rb, Th, U, La, Ce
and K;0), generating a fractionation of positive slope, while values for
HSFE elements (Zr, Hf, Sm, HREE and Sc) are close to unit (Fig. 7a). A
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a Fig. 8. Th/U versus Th plot after McLennan et al. (1993). See text for discussion.
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negative TiO, anomaly can be observed. There is no significant positive
Sr anomaly, possibly due to weak alteration in post-depositional pro-
cesses, in agreement with low CIA values (63, on average) (Table 1).
Significant lower Cr and Ni values suggest a mixed source, related to
an evolved (felsic) volcanic arc.

In the shales, the patterns of major and trace elements contents nor-
malized to PAAS are similar to those described by Winchester and Max
(1989) for passive continental margins (Fig. 7b). This is typified by
normalized values of Rb, Th, U, K, La, Ce and Y close to the unit, and by
the existence of negative anomalies of variable intensity in the case of
Sr, P and Ti. According to those patterns, the Cambrian shales may
have been deposited away from an arc edifice, and thus relatively far
from the areas of greatest magmatic activity and closer to emerged sec-
tions of a mainland.

In a plot of Th/U versus Th (McLennan et al., 1993), the two sedimen-

01 tary sequences present clearly different trends (Fig. 8). The Cambrian
CsBaRbTh U K NblaCe SrNd P Smzr HfEu Ti Dy Y Er YbSc Cr Ni shales display Th/U values above 3.5-4.0, typical for (i) igneous rocks
emplaced at upper continental crust, (ii) cratonic provenance, and

b (iii) certain alteration and recycling. On the contrary, the Ediacaran

10 [ greywackes show lower Th/U values, lower Th, and slightly lower U
[ ¢ Pusa Shales (Early Cambrian) abundances (Table 1), all of which are probably inherited from the
source rocks and associated with a depleted mantle (juvenile) contribu-
tion (Fig. 8).

Sample/PAAS

4.3. Sm-Nd isotope geochemistry

Sm-Nd isotopic data obtained from the greywackes and shales are
given in Table 5 and 6 and plotted in Fig. 9. Geochronological data for
calculation of €éNd(r) were estimated according to stratigraphic and
structural features of the selected samples. The reference age considered
for the sedimentation of the Ediacaran greywackes and Cambrian shales
is 565 Ma and 530 Ma, respectively (see section Geological setting). The
analyzed rocks show #’Sm/*Nd ratios varying from 0.1161 to 0.1315,
which are normal values for clastic sediments (0.1 to 0.13; Zhao et al.,
1992), and similar to those of continental crust (~0.12). These ratios are
also lower than the upper limit (14’Sm/!**Nd = 0.165) proposed by
Stern (2002) as suitable to perform Nd TDM calculations.

The samples show relatively uniform €Nd(y) values within each

Fig. 7. PAAS-normalized trace elements diagrams. (a) Late Ediacaran greywackes. group (an average of —9.7 and — 7.1 for the shales and greywackes, re-
(b) Early Cambrian shales. PAAS after Taylor and McLennan (1985). spectively). In the case of the Early Cambrian shales, eNd(s30) values

Sample/PAAS

0.1
CsBaRbTh U K NbLaCe SrNd P Sm Zr Hf Eu Ti Dy Y Er Yb Sc Cr Ni
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Table 5

Whole rock Nd isotope data of Lower Alcudian greywackes (Late Ediacaran).

Sm Nd 1475 m/"4Nd BNd/MNd SErr*10~° eNd o) &Nd(s65)” Tom (Ma)®

CIA-13 3.38 16.74 0.1220 0.512280 2 —7.0 —1.6 1269
CIA-14 3.78 18.81 0.1214 0.512269 2 —7.2 —1.8 1278
CIA-15 3.28 16.10 0.1230 0.512291 2 —6.8 —14 1263
CIA-16 3.18 15.57 0.1236 0.512293 2 —6.7 —15 1268
CIA-17 3.68 18.18 0.1223 0.512290 2 —6.8 —-14 1256
CIA-18 3.24 15.79 0.1242 0.512293 1 —6.7 —-15 1277
CIA-19 3.49 17.07 0.1236 0.512277 2 —-7.0 —1.8 1295
CIA-20 3.40 16.77 0.1224 0.512266 1 —72 —-19 1296
CIA-21 6.33 29.50 0.1298 0.512310 2 —64 —1.6 1329
CIA-22 6.69 31.95 0.1265 0.512305 2 —6.5 —-14 1290
CIA-23 5.33 26.38 0.1221 0.512258 2 —-74 —20 1305
CIA-24 4.86 2532 0.1161 0.512188 2 —88 —-3.0 1334

2 gNd(t) calculated for 565 Ma.
b Nd model ages calculated according to DePaolo (1981).

range between — 5.2 and — 4.0 (Table 6), clearly lower than those of the
Late Ediacaran greywackes, which vary between —3.0 and —1.4
(Table 5). Nd TDM model ages are Mesoproterozoic and vary between
1444 and 1657 Ma (Table 6) with an average value of 1516 Ma for the
Pusa Shales; and between 1256 and 1334 Ma with an average value of
1288 Ma for the Ediacaran greywackes (Table 5).

5. Discussion

A series of magmatic arcs formed on the periphery of Gondwana
during the Neoproterozoic (Cadomian-Pan-African cycle) and Cambri-
an (c 750-500 Ma) are considered one of the main sediment suppliers
for the sedimentary sequences that make the pre-Silurian basement
units of Western and Central Europe (Albert et al., 2015; Murphy and
Nance, 2002; Murphy et al., 2006; Stampfli and Borel, 2002; Von
Raumer and Stampfli, 2008; Von Raumer et al., 2015). The Iberian Mas-
sif represents a good example for the evolution of a Late Ediacaran ac-
tive margin in the northern margin of West-Central Gondwana and its
subsequent transition to a passive margin in Cambrian-Ordovician
times (Murphy et al., 2006; Nance et al., 2008, 2010).

The late stages of the Cadomian orogeny have been identified in the
CIZ as responsible for an intra-Alcudian unconformity of Precambrian—
Cambrian age (Martinez Poyatos, 2002; Martinez Poyatos et al., 2014;
Pieren and Garcia Hidalgo, 1999; Pieren et al., 1987; Simancas et al.,
2004; Talavera et al., 2015). This tectonic event could explain the differ-
ent geochemical and isotopic records found in the two series studied in
this work. In this regard, it has been proposed that the Neoproterozoic-
Cambrian sequences of the CIZ record an evolving geodynamic setting
(Pieren, 2000; Rodriguez Alonso et al., 2004b). Moreover, some authors
have suggested a division of the CIZ into two different domains sharing
a common depositional history (Orejana et al., 2015; Villaseca et al.,

2014). Our results confirm the aforementioned difference between the
northern and southern sequences on the basis of the presence of a juve-
nile contribution for the Late Ediacaran greywackes collected close to
the southern margin of CIZ. But, more importantly, the data here pre-
sented provide compelling geochemical evidence about the contrasted
paleogeographic scenarios for the deposition of sediments in the CIZ
during the Ediacaran and then the Cambrian.

Our geochemical results point to an active margin setting as the
most reasonable scenario for the deposition of the Ediacaran-Cambrian
series of the CIZ. Trace element diagrams of the Ediacaran greywackes
indicate a clear affinity to a continental island arc (Fig. 6). On the
other hand, although Early Cambrian sequences here exposed are not
represented by wacke-type samples, limiting a complete comparison
of source composition and tectonic setting, an approach has been
achieved by correlating major and trace geochemical values with
those reported for the four main geodynamic settings (Fig. 7). Consider-
ing their composition, the Cambrian shales display typical patterns for a
passive margin environment. Yet, according to Bhatia and Crook (1986),
the lower content of Zr in shales, and therefore lower Zr/Nb and Zr/Th
ratios, and relatively higher Ba, Rb, Sr, V and Sc abundances are more
compatible with an active geodynamic environment, which is con-
firmed by La/Th ratios well above 2 (3.3 average value).

The Nd model ages of the Ediacaran greywackes (1256-1334 Ma) are
clearly younger than those obtained for the Early Cambrian shales
(1444-1657 Ma) (Fig. 9). Younger Nd model ages in greywackes can be
explained by a larger supply of juvenile material, as also indicated by
higher eNd ) values (—3.0 to —1.5) than in the Cambrian shales (—5.2
to —4.1). In the latter, the older Nd model ages are compatible with the
presence of more recycled crustal material. A larger juvenile (mantle-
derived) contribution in the Neoproterozoic greywackes locates the ba-
sins relatively closer to the major axis of magmatic activity of the arc

Table 6
Whole rock Nd isotope data of Pusa Shales (Early Cambrian).
Sm Nd 1475 m/"44Nd 1BNd/MNd SErr*10~¢ eNd o) eNd(s30)° Topm (Ma)®

CIA-1 4.74 21.78 0.1315 0.512147 1 —96 —52 1657
CIA-2 4.64 21.71 0.1290 0.512162 2 —9.3 —4.7 1583
CIA-3 4.38 21.71 0.1219 0.512172 1 —9.1 —4.0 1444
CIA-4 4.36 2213 0.1191 0.512115 1 —10.2 5.0 1493
CIA-5 4.80 23.67 0.1224 0.512144 2 —9.6 —4.6 1498
CIA-6 4.46 22.03 0.1222 0.512125 2 —10.0 —5.0 1527
CIA-7 4.61 22.68 0.1228 0.512148 1 —96 —4.6 1499
CIA-8 431 21.49 0.1213 0.512134 1 —9.8 —4.7 1496
CIA-9 4.86 23.23 0.1265 0.512159 1 —9.3 —4.6 1542
CIA-10 452 2243 0.1218 0.512136 2 —9.8 —4.7 1501
CIA-11 432 2134 0.1224 0.512166 1 —9.2 —42 1462
CIA-12 3.94 19.86 0.1200 0.512129 2 —-99 —4.8 1485

@ &Nd(r) calculated for 530 Ma.

> Nd model ages calculated according to DePaolo (1981).
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Fig. 9. TDM model ages (DePaolo, 1981) of the Late Ediacaran greywackes and the Early Cambrian shales of the southern CIZ (Iberian Massif). Diamonds show the eNd values at 565 Ma and
530 Ma, reference ages for the deposition of the Late Ediacaran greywackes and the Early Cambrian shales, respectively. Data source for comparative model ages from different regions

taken from Linnemann and Romer (2002) and Thorogood (1990).

system. Rodriguez Alonso et al. (2004b) found clear evidence of
magmatism coeval with Neoproterozoic-Cambrian sedimentation,
strongly suggesting a tectonically and magmatically active environment
as the direct contributor to the metasedimentary rocks of the CIZ. Our
geochemical results accord well with this active environment. Whereas
tectonic setting discrimination diagrams indicate a deposition environ-
ment linked to an active arc system, the lack of strong geochemical ev-
idence of a mafic source for the Ediacaran greywackes suggests a
mature active margin.

TDM ages are notably older than the deposition age. This is in agree-
ment with a mixed source for the sediments that would consist of a ju-
venile (arc-derived) contribution and a much older (cratonic) input.
Older TDM ages and lower eNd ) values in the Paleozoic shales than
in the Precambrian greywackes reveal that during the Early Cambrian
the juvenile input either waned or was outpaced by more evolved and
older crustal material, probably coming from the emergent Gondwana
hinterland. Trace element discrimination diagrams (Fig. 7) suggest a
passive margin-like environment for the Early Cambrian series. In
order to reconcile all these observations, we support previous models
that proposed a wide back-arc as the most likely setting for the autoch-
thonous series of the CIZ during the Early Paleozoic (e.g. Orejana et al.,
2015). Accordingly, the Cambrian series must have been laid down clos-
er to the mainland than to the main axis of volcanic arc activity. Such a
scenario explains the more homogeneous and recycled character of the
sediments and the controversial trace element results that indicate an
active geodynamic setting. A wide back-arc basin is in agreement with
the accepted transition from a convergent regime (Cadomian arc) to
an extensional regime (Nance et al., 2010). These arc-related basins
along the northern margin of Gondwana would have been filled with
different proportions of crustal recycled materials from different
sources, more or less close to the areas of major magmatic activity.

Despite the relative scarcity of Nd model ages from comparable
lithologies of the same age in the Variscan and East Avalonia terranes,
our results do not disagree with those from other regions of Europe
(Fig. 9). Other Variscan (Saxo-Thuringia, Bohemian Massif —
Germany; Linnemann and Romer, 2002; Linnemann et al., 2004) and
East Avalonian (Uriconian, southern Britain. Thorogood, 1990)
tectonostratigraphic terranes show a relative increase in the Nd model
ages in younger stratigraphic units, presumably as a result of a greater
contribution from older sources. As in the case of the Ediacaran and
Cambrian transition in the CIZ, eNd results show a relative drop in Edi-
acaran Saxo-Thuringia and Uriconian Ediacaran relative to Cambrian
sedimentary units, probably linked with the supply of different propor-
tion of juvenile arc-related material. Cambrian sediments show less pos-
itive values of e€Nd, probably inherited from reworking of older
sediments and long-established continental crust. Nd model ages for
the CIZ here presented are in agreement with a similar cratonic source
to Saxo-Thuringia sedimentary units (Fig. 9), with a progressive west-
ward decrease of the Tpy; along the Avalonian-Cadomian arc, according
to Linnemann and Romer (2002).

An extensive analysis of U-Pb detrital zircon populations in the
Iberian Massif (Diez Fernandez et al., 2010, 2012; Fernandez Suarez
et al., 2000, 2002, 2014; Orejana et al., 2015; Pereira et al., 2012;
Ugidos et al., 2003b) has shown a wide range of potential provenance
sources for the Late Ediacaran-Early Cambrian sandstones. The pres-
ence or absence of Stenian-Tonian zircon populations has provided an
important clue in interpreting tentatively the paleogeographic positions
of the different Iberian terranes. According to the Nd model ages here
presented, the West Africa Craton is envisaged as the main cratonic
source for the metasedimentary rock sequences of the CIZ. The geo-
chemical and isotopic results here reported are in agreement with the
development of paleo-basins along the northern margin of Gondwana
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associated with the activity of a mature and evolved magmatic arc dur-
ing the Late Precambrian and Early Cambrian. The record of this transi-
tion in the CIZ depicts an evolving tectonic scenario from a convergent
and active setting to an extensional context, prior to the development
of a Cambro-Ordovician passive margin. This transition represents a
drift of the major magmatic activity of the arc system to a more distal
position from the Gondwana margin along the Late Neoproterozoic,
while the basins towards the mainland remain very distant from the
main axis of volcanic arc activity during Early Cambrian times.
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10.1 Introduccion

omo se ha descrito en el primero de

los trabajos publicados que se inclu-
yen en esta Tesis Doctoral, recientemente ha
sido propuesto un modelo de correlacién de
los terrenos aloctonos del NW y SW del Ma-
cizo Ibérico. La propuesta de correlacién se
justificé en un principio por la gran similitud
litoloégica, metamdrfica y geocronolégica que
existe entre las Unidades Aloctonas Basales
del NW y ciertas unidades de alta-P del SW,
como las denominadas Unidad Central, Uni-
dad de Cubito-Moura y Unidad de Escoural
(Diez Ferndndez y Arenas, 2015). Estas simili-
tudes ya fueron reconocidas bastante tiempo
atras (Castro, 1987), aunque el marco geologi-
co general que se consideraba entonces para
el Macizo Ibérico era muy diferente. Por otra
parte, la seccion geoldgica que se ha presen-
tado para el sector occidental del Macizo Ibé-
rico también apoya la correlacidon propuesta
(Diez Ferndndez y Arenas, 2015).

La posible existencia de un Terreno Aloc-
tono Basal con recorrido desde el NW hasta
el SW del Macizo Ibérico, también puede in-
vestigarse tomando en consideracidon las ca-
racteristicas geoquimicas de las litologias
implicadas. Por ello, siguiendo la linea de

investigacion que se desarrolla en esta Tesis
Doctoral, hemos investigado la composiciéon
de la serie siliciclastica metasedimentaria de
la Unidad de Escoural, que forma parte del
Macizo de Evora, en Portugal. El estudio plan-
teado pretende investigar las posibles simili-
tudes composicionales con las Unidades Basa-
les del NW. Los metasedimentos de la Unidad
de Escoural tienen una edad que se considera
Ediacarense y resultan afines a la Serie Negra,
el conjunto litolégico mas antiguo en el SW
del Macizo Ibérico (Alia, 1963; Pereira et al,
2008). Por lo tanto, su edad es similar a la que
presentan los niveles siliciclasticos mas anti-
guos que se han estudiado en el desarrollo de
esta Tesis en otros sectores del Macizo Ibérico.
Estan afectados por un metamorfismo Varis-
co de alta-P, con intercalaciones de eclogitas
de edad estimada en ca. 370 Ma (Moita et al,
2005). Las caracteristicas composicionales de
estos metasedimentos se han investigado en
11 muestras de metagrauvacas distribuidas
en todos los niveles de la Unidad de Escoural.
La metodologia seguida en este caso es igual
a la expuesta en capitulos anteriores: un estu-
dio geoquimico (elementos mayores y trazas)
e isotopico (Sm-Nd), estableciendo, finalmen-
te, una comparacion con las litologias de las
Unidades Basales del NW.
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La investigacion que se presenta en este
trabajo tiene un doble interés; por una parte,
aportar argumentos importantes que ayuden
a corroborar la correlacion planteada entre el
NW y SW del Macizo Ibérico; y por otra par-
te, responder al objetivo general de esta Te-
sis, que plantea un estudio geoquimico de los
metasedimentos de la transicion Ediacarense
- Cambrico en el Macizo Ibérico. Si los datos
geoquimicos pudiesen confirmar la correla-
cion planteada, apoyaria la existencia de una
seccion practicamente continua de unos 1000
km de longitud del paleomargen Ediacaren-
se de Gondwana. Esta seccion ofreceria una
importante oportunidad para avanzar en la
reconstruccion de dicho margen, en la distin-
cion del contexto geodindmico implicado y en
la paleogeografia del Ediacarense en el entor-
no peri-Gondwanico.

10.2 Conclusiones parciales

as series metasedimentarias de la Uni-

dad de Escoural (Mazico de Evora - Por-
tugal) muestran composiciones quimicas ca-
racteristicas de grauvacas. No existen indicios
que apunten hacia una fuerte alteracién qui-
mica, como indican: los valores medios de CIA
y PIA alejados de los del PAAS; un marcado ca-
racter inmaduro, con un bajo fraccionamiento
del Al frente al Si; unos patrones de REE simi-
lares a los del PAAS, caracteristicos de fuentes
igneas félsicas de procedencia cortical; y por
ualtimo, unos valores medios de las relacio-
nes Ti/Zr y Th/U similares a los de la corteza
continental superior. Por su parte, los analisis
isotdpicos reflejan unos valores de eNd inicial,
calculados para una edad maxima de sedi-
mentacion de ca. 560 Ma (Pereira et al, 2008),
que varian entre -10.2 y -4, mientras que las
edades modelo (T,,) presentan un rango de
edades mesoproterozoicas - paleoproterozoi-
cas, que oscilan entre 1499 y 1853 Ma.

Las grauvacas ediacarenses del Macizo de

Evora muestran caracteristicas geoquimicas
compatibles con un margen continental con-
vergente. A pesar de que algunas concentra-
ciones elementales (U, Zr, Nb y LREE) apuntan
a la implicacién de una corteza continental
engrosada, estos elementos muestran una ca-
pacidad discriminante limitada, debido a la
gran influencia que ejercen determinadas fa-
ses minerales en sus concentraciones, por lo
que resulta mas fiable el uso de sus relacio-
nes. Los valores de las relaciones Th/U, La/
Th, La/Sc, Th/Sc, Ti/Zr, y Zr /Hf son compati-
bles con una sedimentacion relacionada con
la actividad de un arco volcanico desarrollado
sobre una corteza continental adelgazada. Los
patrones multielementales confirman la ante-
rior afirmacién y muestran una tendencia ge-
neral hacia valores cercanos a la unidad, con
una ligera pendiente positiva desde los con-
tenidos de los elementos LILE hasta los de los
elementos HFSE. No se observa una anomalia
negativa significativamente acusada del Sr, lo
que es coherente con un bajo grado de recicla-
do sedimentario y de alteraciéon quimica. Los
contenidos en REE, Sc, Zr, Hf y Th muestran
valores muy similares a los del PAAS, comun
en rocas metasedimentarias corticales de
procedencia félsica, que se ve confirmado por
una anomalia negativa del TiO,.

Los resultados anteriormente expuestos
son coherentes con la sedimentacion de las
metagrauvacas de la Unidad de Escoural en
relacion con un ambiente geodinamico con-
vergente. Esta sedimentacion se produjo en
una extensa cuenca marginal back-arc o re-
tro-arc, en relacion con el desarrollo de un sis-
tema de arco evolucionado Cadomiense. Los
valores negativos de eNd y las edades T, re-
lativamente antiguas sugieren que la cuenca
sedimentaria estaba localizada en una posi-
cion alejada del foco magmatico principal. Por
consiguiente, estos contenidos isotdpicos in-
dican la participacién mayoritaria de material
cortical antiguo procedente del area cratonica
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asociada al margen septentrional de Gondwa-
na (Cratén del Oeste de Africa).

Desde un punto de vista geoquimico e iso-
topico, son muchas las similitudes entre las se-
ries inferiores de las Unidades Basales del NW
del Macizo Ibérico y las series equivalentes
del Macizo de Evora. Estas similitudes les con-
fieren un caracter discriminante con respec-
to a otras series cercanas. Ambas secuencias
estan dominadas por series grauvaquicas con
un bajo grado de alteraciéon y que muestran
una evidente inmadurez, tanto quimica como
textural. Este hecho, junto con una aprecia-
ble conservacidn de estructuras turbiditicas
en los niveles menos deformados, apoya una
sedimentacién altamente influenciada por el
contexto tectonico y dentro de cuencas sedi-
mentarias localizadas en las proximidades del
area fuente. Estas caracteristicas sugieren que
la sedimentacién de ambas series tuvo lugar
en un mismo tipo de contexto geodinamico,
que estaria relacionado con la actividad de un
arco volcanico Cadomiense y la apertura de
una amplia cuenca back-arc alo largo del mar-
gen peri-Gondwanico septentrional. A pesar
de que las T, de las series del NW de Iberia
son ligeramente mas antiguas que las obser-
vadas en las Unidades Aloctonas Basales del
SW (Unidad de Escoural y Unidad Central), los
valores conjuntos de las tres series muestran
una clara diferencia con los valores, signifi-
cativamente mas jovenes, observados en las
series neoproterozoicas subyacentes del do-
minio autéctono (Zona Centroibérica). Estas
diferencias implican probablemente una ubi-
cacion de las cuencas diferente en el margen
peri-Gondwanico durante el Ediacarense Su-
perior y representan también un nuevo factor
de discriminacion de las Unidades Basales del
Macizo Ibérico.
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ABSTRACT

The basal allochthonous units of NW and SW Iberia are members of an intra-Gondwana suture zone that spreads
across the Iberian Massif and was formed during the collision of Gondwana and Laurussia in the late Paleozoic.
This suture zone is made of allochthonous terranes and is currently preserved as a tectonically dismembered
ensemble. A multi-proxy analysis is applied to the basal allochthonous units of Iberia to test their affinity and po-
tential usage for tracing a suture zone. A comparison of the lithostratigraphy, tectonometamorphic evolution,
geochronology, and geochemical characteristics of the Ediacaran series of these units reveals striking affinities.
They derive from rather similar immature sedimentary successions, deposited along the same continental mar-
gin, and in relation to a Cadomian magmatic arc. Sm-Nd systematics indicates that the isotopic sources are
among the oldest of the Iberian Massif (ca. 2.15-1.5 Ga), suggesting a very strong contribution from the West
African Craton. These Ediacaran series were affected by high-P and low- to medium-T metamorphism (blueschist
to eclogite facies) during the Late Devonian (ca. 370 Ma). They occur below allochthonous ophiolitic sequences,
and on top of autochthonous or parautochthonous domains lacking of high-P and low- to medium-T Devonian
metamorphism, i.e., tectonically sandwiched between lithosphere-scale thrusts. The combination of all these
characteristics makes these particular Ediacaran series different from the rest of the terranes of the Iberian Massif.
Such singularity could be useful for tracing more occurrences of the same suture zone along the Variscan orogen,
particularly in cases where its preservation and recognition may be cryptic. It also contributes to improve the
paleogeographic reconstruction of the margin of Gondwana during the Ediacaran.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

The various exhumation mechanisms of such high-P assemblages
imply contrasted structural relationships and severe internal structural

Among the Iberian basement areas, today part of the European
Variscan basement, several allochthonous terranes are assembled in a
huge pile of Variscan nappes (Arenas et al., 1986; Diez Fernindez and
Arenas, 2015; Martinez Catalan et al., 2007; Ribeiro et al., 1990; Ries
and Shackleton, 1971). At the base of these nappes, a set of high-P units
has been identified, meaning that the upper nappes were formerly sepa-
rated from their relative autochthons by a continental subduction zone.

* Corresponding author at: Departamento de Petrologia y Geoquimica e Instituto de
Geociencias (UCM, CSIC), Universidad Complutense de Madrid, 28040 Madrid, Spain.
E-mail addresses: rudiez@ucm.es (R.D. Fernandez), jmfuenla@pdi.ucm.es
(J.M. Fuenlabrada), ma.chichorro@fct.unl.pt (M. Chichorro), mpereira@uevora.pt
(M.E. Pereira), s.sanchez@geo.ucm.es (S. Sanchez-Martinez), jbsilva@fc.ul.pt (J.B. Silva),
arenas@geo.ucm.es (R. Arenas).

http://dx.doi.org/10.1016/j.lithos.2016.10.031
0024-4937/© 2016 Elsevier B.V. All rights reserved.

distortion after exhumation (e.g., Beaumont et al., 2009; Chemenda
etal, 1996; Faure et al., 2003). The quantity of crustal material returning
from mantle depths or being eroded/obliterated during its return to
shallower depths (e.g., Beaumont et al., 2009; Gerya et al., 2008) remain
a source of uncertainty for paleogeographic reconstructions. The assess-
ment of a pre-orogenic position and the paleogeography of subducted
continental crust, consequently, cannot only be based on classical
stratigraphy and metamorphic-structural criteria, but would need
also restoration of tectonic events, using proxies able to resist severe
deformation and recrystallization.

If considering highly deformed basement areas, the chemical bulk
composition of metasedimentary rocks does not change considerably, be-
sides loss of water and carbon dioxide or in the case of metasomatism.
The ratios of trace-elements are best preserved due to their low mobility
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during weathering, transport, diagenesis or metamorphism (McLennan
et al, 1983; Nesbitt et al, 1980; Taylor and McLennan, 1985;
Wronkiewicz and Condie, 1987), thus offering a robust approach for prov-
enance studies and geodynamic setting discrimination (Bhatia and Crook,
1986; McLennan et al., 1990; Taylor and McLennan, 1985; Thorogood,
1990). This way a combination of structural, metamorphic, stratigraphic,
and geochemical data seems adequate to overcome the uncertainties
derived from paleogeographic studies dealing with high-P terranes
(e.g., Albert et al., 2015b; Fuenlabrada et al., 2012; Mahlen et al., 2005).

Following the closure of various oceanic basins, the collision
between Gondwana and Laurussia formed the Variscan orogen during
the Devonian and Carboniferous (Franke, 1989; Matte, 1991). This
orogen occupied the core of Pangea (Bambach et al., 1980), which
formed by a stepwise process of collision affecting terranes dispersed
along the Gondwana margin (e.g., Stampfli et al., 2013; von Raumer
et al., 2015). A complex internal zone separates the two main land-
masses, and contains terranes with continental and oceanic affinity
(Arenas et al., 2007a; Ballevre et al., 2009; Diaz Garcia et al., 1999;
Faure et al., 2009; Kroner and Romer, 2013; Quesada et al., 1994; Rossi
et al.,, 2009; Schulmann et al., 2009), many of which are suspected to
define a rootless suture zone that may be extended across the orogen
(Arenas et al., 2016a; Diez Fernandez and Arenas, 2015).

The southern part of the Variscan orogen, the so-called Iberian
Massif, has been divided into allochthonous and autochthonous terranes
according to structural and tectonometamorphic criteria (Fig. 1a; Arenas
et al., 1986; Diez Fernandez and Arenas, 2015; Martinez Catalan et al.,
2007; Ribeiro et al,, 1990). Separated by lithosphere-scale thrusts, a
nappe stack of peri-Gondwanan continental and oceanic (ophiolitic)
terranes was progressively juxtaposed to mainland Gondwana during
the Variscan collision (e.g., Diez Fernandez et al., 2016). Located at the
base of the allochthonous tectonic pile, the so-called basal allochthonous
units (commonly referred to as basal units) have been proposed as a co-
herent continental terrane that experienced high-P metamorphism. This
basal allochthonous terrane spreads under different ophiolitic units across
the Iberian Massif and over sections of the Variscan orogen characterized
by medium- to low-P metamorphism (Fig. 1b). The structural position of
this terrane across Iberia was presented by Diez Ferndndez and Arenas
(2015) (see also extended discussion by Diez Fernandez and Arenas,
2016 as well as previous contributions by Arenas et al., 1986; Azor et al.,
1994; Castro, 1987; Fonseca et al., 1999; Martinez Catalan et al., 1996;
Pereira et al., 2009; Ribeiro et al., 1990; Ries and Shackleton, 1971). Diez
Fernandez and Arenas (2015) followed the trace of the tectonic pair
made by this particular set of high-P units together with the allochtho-
nous ophiolitic units through NW and SW Iberia, describing what they
believe would represent an intra-Gondwanan suture zone related to the
closure of a short-lived oceanic basin. According to Diez Fernandez and
Arenas (2015), the basal allochthonous units of SW Iberia crop out in
two domains (Fig. 1): (i) a northern domain, referred to as the Central
Unit (Azor et al., 1994) and included in the Coimbra-Cordoba shear
zone (Burg et al., 1981; Pereira et al,, 2010), and (ii) a southern domain
including the Evora Massif (Pereira et al., 2009).

A first quantitative approach to the internal coherence of the basal
allochthonous terrane can be obtained by means of the equivalent
timing of the high-P metamorphism that characterizes its initial
Variscan orogenic record in NW and SW Iberia (e.g., Abalos et al.,
1991; Abati et al., 2010; Booth-Rea et al., 2006; Moita et al., 2005;
Ordéiiez Casado, 1998; Rodriguez et al., 2003; Rosas et al., 2008; Rubio
Pascual et al., 2013). However, this aspect does not provide information
about whether the basal allochthonous terrane is a composite set of
different continental units experiencing a similar Variscan evolution,
or a large, yet single piece of continental crust involved in a complex
subduction-exhumation system and then incorporated to the base of
an allochthonous tectonic stack.

In this contribution, new geochemical data (whole-rock and
Sm-Nd) from the basal allochthonous units of SW Iberia (Evora Massif)
are faced against data from equivalent tectonometamorphic units located

in the allochthonous complexes of NW Iberia. Their comparison
should prove if these particular allochthonous units define a single or a
composite terrane, the answer having considerable implications for the
amalgamation of Pangea.

2. Geological setting
2.1. The Evora Massif

2.1.1. Regional structure

The Evora Massif (after Carvalhosa, 1983) is defined by a two-layer
crustal structure consisting of an underlying high-grade domain man-
tled by a low- to medium-grade domain (Fig. 2). Both layers are exposed
in an open, dome-like mega-structure that is transected by strike-slip
shear zones and reworked by upright folds trending NW-SE (Pereira
et al.,, 2003, 2007, 2009). The low- to medium-grade domain occupies
the cores of upright synforms and includes gneisses, schists, and am-
phibolites formed during the Variscan evolution (Chichorro, 2006;
Pereira et al., 2007, 2008). Coring upright antiforms, the exposures of
the high-grade domain are made of gneisses and migmatites that are
closely associated with Variscan syn-kinematic granitic rocks and
gabbro-diorites dated at Carboniferous (Lima et al., 2013; Moita et al.,
2009, 2015; Pereira and Silva, 2002; Pereira et al., 2009; Pin et al.,
2008), some of which may also reach the structural levels of the low-
to medium-grade domain. Those two domains are separated by exten-
sional shear zones, which are responsible for regional telescoping of
Variscan metamorphic isograds and the development of syn-orogenic
sedimentary basins (Pereira et al., 2009, 2012b).

In the central western part of the Evora Massif (Fig. 2a), the upright
geometry of the Cabrela-Carvalhal synform reveals the structural stack
of all the distinctive tectonostratigraphic units of this region (Fig. 3a
and b; Chichorro, 2006). At the bottom of the tectonic pile, the high-
grade domain does not contain evidence of a high-P metamorphic
event, rather it shows a not well-preserved Variscan Barrovian
evolution (garnet/staurolite isograd) followed by pervasive shearing
at low-P/high-T conditions (Chichorro et al., 2003; Pereira and Silva,
2002). On top of it, the lower part of the low- to medium-grade domain
is occupied by a dominantly terrigenous sequence associated with
orthogneisses and minor amphibolites and marbles (Carvalhosa, 1965;
Chichorro, 2006). This sequence contains lenses of metabasites trans-
formed into eclogites in the Late Devonian (ca. 371 Ma, ca. 1.8 GPa;
Leal, 2001; Moita et al., 2005; Pedro, 1996). Although the nature of the
current tectonic contact between this sequence and the underlying
high-grade domain is extensional (Chichorro et al., 2003; Pereira et al.,
2009), the juxtaposition of such a high-P domain on top of another
domain that has only experienced medium- to low-P conditions (high-
grade domain) requires a preexisting major thrust (Diez Fernandez and
Arenas, 2015).

The upper contact of the high-P sequence is also an extensional fault
that separates it from an overlying mafic series (Pereira et al., 2007). The
whole sequence resting on top of this fault lacks of high-P metamor-
phism (medium- to low-P Variscan evolution; Chichorro, 2006;
Pereira et al., 2007), what points again to the existence of another
major thrust, which would separate the overlying sequence from the
underlying high-P sequence in the first place. This preexisting fault
would probably represent an accretionary thrust formed during the
continental subduction process that affected the eclogite-bearing
sequence.

2.1.2. Tectonostratigraphy of the allochthonous units

The basal allochthonous unit with high-P rocks exposed in the
Cabrela-Carvalhal synform comprises albite-bearing schists and
paragneisses, banded metagreywackes, mica schists, and interbedded
layers of black quartzites, amphibolites, orthogneisses and minor mar-
bles (Fig. 3¢). The age of the sedimentary protoliths of this sequence,
particularly those occupying the lower parts, has been estimated as
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Fig. 1. (a) Geological map showing the distribution of autochthonous and allochthonous terranes of the Iberian Massif (Diez Fernandez and Arenas, 2015). Locations of the Evora Massif
(Fig. 2) and Cabrela-Carvalhal synform (Fig. 3) are indicated. (b) Composite cross-section. Abbreviations: AF — Azuaga Fault; BToIP — Basal Thrust of the Iberian Parautochthon; BAO —
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late Ediacaran (ca. 560-550 Ma; Pereira et al., 2008), whereas some of
the metaigneous felsic rocks have been dated at Cambrian (ca. 530-
505 Ma; Chichorro et al., 2008). This sequence has been divided in
two members (e.g., Carvalhosa and Zbyszewski, 1994; Chichorro,
2006), a lower one referred to as Escoural Unit and equivalent to the
Ediacaran Serie Negra Formation proposed by Carvalhosa (1965), and
an upper member referred to as Monfurado Unit, which is regionally
considered as an Early Cambrian succession (Fig. 3c).

Above the high-P sequence succeeds a thick pile (>1 km thick) of
metabasites alternating with minor metasedimentary rocks (Fig. 3d).
This upper sequence is named Carvalhal Unit, and has been divided in
two members (Carvalhosa and Zbyszewski, 1994; Chichorro, 2006). The
lower one has relatively higher metamorphic degree (mylonitic amphib-
olites and mica schists) and the metabasites show E-MORB affinity
(Pereira et al,, 2007). The upper member has lower metamorphic degree
(greenschists and phyllites) and the metabasites show N-MORB affinity
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(Carvalhosa, 1999; Carvalhosa and Zbyszewski, 1994; Chichorro, 2006;
Pereira et al., 2007). There are no isotopic age constrains for this upper
sequence. However, a broad Cambrian-Ordovician age is considered
the most probable age according to the regional setting (Chichorro,
2006), although younger ages should not be discarded. Early Cambrian
magmatism in this region is typically felsic, whereas Middle Cambrian-
Ordovician magmatism is more mafic and with larger mantle contribu-
tions (Chichorro et al.,, 2008; Diez Fernandez et al.,, 2015; Pereira et al,,
2007; Sanchez-Garcia et al., 2010).

Culminating the regional structure, the Cabrela Unit consists
of metasedimentary and metavolcanic rocks (mostly low-grade
metamorphism) that rest discordantly over the crystalline basement
described above (Carvalhal Unit), and account for a Lower Carbonifer-
ous syn-orogenic marine basin (Pereira and Oliveira, 2001, 2003;
Z. Pereira et al., 2006; Pereira et al., 2012a, 2012b; Ribeiro, 1983).

2.2. NW Iberian massif

2.2.1. Regional structure

The Variscan regional structure of NW Iberia is defined by an
autochthonous/parautochthonous domain overridden by a set of alloch-
thonous terranes preserved as klippen (Fig. 1; Martinez Catalan et al.,

2007). Schists, gneisses and migmatites of the autochthon/parautochthon
are exposed along contiguous upright antiforms and domes separating
the klippen (Fig. 1b). Initial Variscan deformation in the autochthonous/
parautochthonous domain developed mostly at medium-P conditions
and was followed by low-P and high-T metamorphism and extensive
Carboniferous magmatism (Alcock et al.,, 2015; Arenas and Martinez
Catalan, 2003; Escuder Viruete et al., 1997; Fernandez-Suarez et al.,
2000). The allochthonous terranes can be divided in three main counter-
parts, from bottom to top: the basal, ophiolitic, and upper allochthonous
units (Arenas et al., 1986, 2016b; Martinez Catalan et al., 2009). The
basal contacts of all these units are, originally, major thrusts, but many
of them were reactivated and reworked as either secondary thrusts
and/or later extensional shear zones (Diez Fernandez et al., 2013;
Gomez Barreiro et al., 2010; Martinez Catalan et al., 2002, 2007).

The basal allochthonous units consist of two dominantly terrigenous
sequences (Diez Ferndndez et al,, 2010) affected by a high-P metamor-
phic event (eclogite and blueschist facies conditions) dated at ca.
370 Ma (ca. 1.4-2.5 GPa; Abati et al.,, 2010; Arenas et al., 1995; Gil
Ibarguchi and Ortega Gironés, 1985; Lopez-Carmona et al.,, 2013,
2014; Rodriguez et al., 2003). The ophiolitic units are tectonic slices
made of thick (from 300 m up to 4000 m) sequences of mafic rocks
that may alternate with some metasedimentary rocks, layers of
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ultramafics, and minor granitoids (Arenas et al., 2007a; Diaz Garcia et al,,
1999; Sdnchez Martinez et al., 2009). These sequences were strongly de-
formed and metamorphosed under low- to medium-P greenschist and
amphibolite facies conditions during the Variscan orogeny (Arenas and
Sanchez Martinez, 2015, and references therein).

The upper allochthonous units are constituted by metasedimentary
rocks, large massifs of granitic orthogneisses and gabbros, some ultra-
mafic massifs, and minor lenses of mafic rocks (e.g., Albert et al,, 2012;
Andonaegui et al., 2012; Fuenlabrada et al., 2010; Girardeau and
Ibarguchi, 1991; Gémez Barreiro et al., 2007). These tectonic units
show a two-layer structure regarding their metamorphic imprint. The
uppermost section recorded intermediate-P metamorphism, whereas
the lower section attained high-P and high-T conditions during the ini-
tial stages of the Variscan orogeny (ca. 400 Ma; Fernandez-Suarez et al,,
2007; Gil Ibarguchi et al.,, 1990; Ordéfiez Casado et al.,, 2001).

2.2.2. Lithostratigraphy of the basal and ophiolitic allochthonous units
The lower sequence of the basal allochthonous units of NW
Iberia includes albite-bearing schists and paragneisses and banded
metagreywackes (Bouma cycles), some quartzites, amphibolites,
orthogneisses, and minor calc-silicate layers, whereas the uppermost
sequence is dominated by mica schists, with minor graphite-bearing
schists, metabasites, calc-silicate layers, and metacherts. The maximum

age of deposition (as constrained from detrital zircon) of the sedimen-
tary protoliths of these series is late Ediacaran (ca. 560-550 Ma)
and Middle-Late Cambrian (ca. 512-480 Ma), respectively (Diez
Fernandez et al.,, 2010, 2013). The crystallization age of the igneous
rocks intruding the series (orthogneisses and amphibolites) ranges
between Middle-Late Cambrian and Ordovician (Abati et al., 2010;
Diez Fernandez et al., 2012a; Montero et al., 2009).

The ophiolitic units can be grouped according to their age and
relative structural position. The lower ophiolitic units consist of either
a thick sequence of metabasites (greenschists) intercalated with some
metasedimentary rocks (mica schists and phyllites) and rare tonalitic
orthogneisses (ca. 500 Ma, Vila de Cruces Ophiolite; Arenas et al.,
2007b), or a ca. 4000 m thick sequence of metagabbros and minor
ultramafic rocks (ca. 495 Ma, Bazar Ophiolite; Sanchez Martinez
et al., 2012). The upper ophiolitic units are Middle Devonian (ca.
395 Ma) in age and represent amphibolites after gabbroic rocks
(Purrido Ophiolite; Sanchez Martinez et al.,, 2006, 2011), or peridotites
and deformed gabbros intruded by stocks of pegmatoids, gabbros, and
doleritic dykes (Careén Ophiolite; Diaz Garcia et al., 1999; Sanchez
Martinez et al., 2007b), or a sequence of greenschists with few lenses
of metagabbroic rocks, and some alternations of phyllites and rare
serpentinite pods (Moeche Ophiolite; Arenas et al., 2014b; Sanchez
Martinez et al., 2007a).
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3. Geochemistry
3.1. Analytical methods

Geochemical and isotopic analyses were performed on powdered
rock samples milled at Universidad Complutense de Madrid and then
analyzed for major and trace elements at Activation Laboratories Ltd.
(ActLabs) in Canada. Procedural method for the analysis comprises
fusion sample digestion (lithium metaborate or tetraborate) and
ICP-OES or ICP-MS analytical techniques for major and trace elements,
respectively. Resulting data from the geochemical analysis are given in
Table 1 (major and trace elements) and Table 2 (REE; Rare Earth
Elements). Additional whole-rock geochemical data obtained from
M.F. Pereira et al. (2006), who sampled equivalent layers, have been

also incorporated to the geochemical plots and considered in the
discussion.

Sm-Nd isotope analyses (Table 3) were performed at the Geochro-
nology and Isotope Geochemistry Service of Universidad Complutense
de Madrid (https://www.ucm.es/isotope), using Isotope Dilution Mass
Spectrometry (ID-TIMS). Samples were spiked with appropriate amounts
of a mixed '“°Sm-15°Nd tracer before performing HF-HNO5-HCl sample
digestion and a double-step chromatography separation process.
Purified samples were loaded on a pre-conditioned Re triple-filament
disposition and analyzed on an IsotopX-Phoenix mass spectrometer
(TIMS), following a single collection and dynamic multicollection
mode for Sm and Nd, respectively. All Nd isotope ratios were normal-
ized to "°Nd/'**Nd = 0.7219 (O'Nions et al., 1979), and possible '4*Ce
and '**Sm interferences were corrected. La Jolla reference standard

Table 1
Whole rock major and trace element composition of the Ediacaran metagreywackes of the Escoural Unit (basal allochthonous units of SW Iberia).

EV-1 EV-2 EV-3 EV-4 EV-5 EV-6 EV-7 EV-8 EV-10 EV-11 EV-17
Si0, 56.33 69.68 61.34 55.81 67.09 59.1 60.19 61.71 60.69 54.75 64.13
Al,03 18.18 14.92 18.19 19.28 16.18 18.31 18.23 15.8 17.64 18.6 16.82
Fe,05 8.39 3.8 5.91 7.99 412 7.37 7.13 429 5.22 8.61 5
MnO 0.098 0.052 0.075 0.106 0.1 0.103 0.079 0.097 0.038 0.103 0.045
MgO 4.14 1.16 3.09 3.8 1.84 3.65 3.59 3.07 3.57 497 2.4
Ca0 139 0.5 0.37 1.05 0.78 0.65 0.5 1.82 0.79 147 1.06
Na,O 3 4.58 23 2.98 4.68 2.75 2.55 418 5.47 3.85 4.6
K,0 4.04 247 5.67 482 3.06 453 4.69 2.55 1.36 3.89 1.74
TiO, 0.802 0.358 0.675 0.893 0.532 0.793 0.801 0.75 0.86 0.79 0.791
P,0s 0.22 0.09 0.19 0.2 0.14 0.19 0.18 0.2 0.2 0.17 0.19
Lor 235 2.01 234 2.53 1.59 2.72 241 433 417 229 3.22
Total 98.9 99.6 100.2 99.5 100.1 100.2 1004 98.8 100.0 99.5 100.0
CIA 62 58 64 63 57 64 65 56 61 59 61
PIA 67 60 75 69 59 72 74 57 62 63 62
Sc 23 7 12 19 10 16 16 18 22 26 18
Be 3 3 5 5 3 4 5 2 2 3 2
\% 178 35 84 150 56 129 124 179 208 179 132
Cr 120 30 60 100 50 90 80 110 130 130 100
Co 22 13 17 25 12 21 20 22 5 25 6
Ni 50 <20 30 50 <20 40 40 40 <20 40 <20
Cu 40 30 <10 50 10 40 30 40 20 50 20
Zn 40 60 50 90 40 100 70 90 <30 30 40
Ga 23 18 23 29 21 27 25 21 23 20 20
Rb 141 88 218 213 124 196 194 87 41 111 60
Sr 115 70 114 122 184 128 99 167 196 118 222
Y 26.9 349 37.1 39.9 38.9 31.9 337 28.9 31.1 28.0 25.1
Zr 185 241 221 190 268 170 174 169 197 189 198
Nb 119 139 195 18.7 17.0 19.1 19.8 111 11.8 94 10.9
Cs 4.7 21 5.1 59 2.6 5.5 5.5 2.8 1.8 4.2 23
Ba 784 689 1011 715 703 698 704 1798 769 973 743
Hf 4.1 5.8 5.6 49 6.6 5.1 4.8 4.5 52 4.5 55
Ta 0.9 13 1.6 13 14 14 14 0.8 0.9 0.7 0.8
Pb 8.0 11.0 7.0 10.0 7.0 10.0 7.0 <5 <5 7.0 <5
Th 9.4 184 20.1 15.5 18.7 18.7 154 8.5 10.7 74 8.8
§) 2.6 4.8 53 4.0 4.8 4.6 3.9 44 5.0 2.7 2.7
Al,03/Na0 6.1 33 7.9 6.5 35 6.7 7.1 3.8 3.2 4.8 3.7
Al,03/TiO, 22.7 41.7 26.9 21.6 304 231 22.8 211 20.5 235 213
Si0,/Al,03 31 4.7 34 2.9 4.1 3.2 33 3.9 34 29 3.8
K,0/Na,0 13 0.5 25 1.6 0.7 1.6 1.8 0.6 0.2 1.0 0.4
Ba/Sr 6.8 9.8 8.9 5.9 3.8 5.5 7.1 10.8 39 8.2 33
Ti/Zr 26.0 8.9 183 282 11.9 28.0 27.6 26.6 26.2 251 239
La/Th 4.2 33 2.9 33 33 29 3.2 41 4.1 4.2 4.8
Th/Sc 0.4 2.6 1.7 0.8 19 1.2 1.0 0.5 0.5 03 0.5
Zr/Sc 8.0 344 184 10.0 26.8 10.6 10.9 9.4 9.0 7.3 11.0
Zr/Th 19.6 13.1 11.0 123 143 9.1 113 19.9 184 25.5 225
Zr/Hf 45.1 41.6 39.5 38.8 40.6 333 36.3 37.6 379 42.0 36.0
Cr/Th 12.7 1.6 3.0 6.5 2.7 4.8 5.2 13.0 121 17.5 114
Cr/Ni 2.4 2.0 2.0 23 2.0 2.8 33
Th/Cr 0.08 0.61 0.34 0.16 0.37 0.21 0.19 0.08 0.08 0.06 0.09
Th/Co 043 142 1.18 0.62 1.56 0.89 0.77 0.39 2.14 0.30 147

Oxides are in weight percent (wt%).
Trace elements are in parts per million (ppm).
CIA: Chemical Index of Alteration (Nesbitt and Young, 1982).
PIA: Plagioclase Index of Alteration (Fedo et al., 1995).
@ Loss on ignition.

136



BASAL ALLOCHTHONOUS UNITS OF SW IBERIA

R.D. Ferndndez et al. / Lithos 268-271 (2017) 285-301 291
Table 2
Whole rock Rare Earth Element data of the Ediacaran metagreywackes of the Escoural Unit (basal allochthonous units of SW Iberia).

EV-1 EV-2 EV-3 EV-4 EV-5 EV-6 EV-7 EV-8 EV-10 EV-11 EV-17
La 39.10 61.00 58.40 51.10 62.00 53.50 49.90 34.80 44.10 31.50 42.40
Ce 76.50 117.00 114.00 100.00 121.00 104.00 97.40 69.00 86.50 63.30 80.60
Pr 8.62 12.60 12.30 11.20 13.20 11.20 10.90 7.72 9.66 7.20 9.03
Nd 32.20 46.60 45.00 41.20 47.80 39.50 40.40 29.30 37.80 28.30 33.00
Sm 6.58 8.79 8.74 8.36 9.30 7.97 7.97 6.17 7.14 5.89 6.22
Eu 1.50 1.08 1.46 1.62 1.17 132 1.45 1.22 1.11 1.19 1.19
Gd 5.57 6.37 6.44 6.77 7.24 6.11 6.33 4.77 5.30 5.07 4.77
Tb 0.82 1.01 1.00 1.09 1.13 0.91 0.99 0.75 0.84 0.83 0.73
Dy 4.85 5.72 6.07 6.54 6.62 5.34 5.71 4.64 5.11 4.81 413
Ho 0.93 1.10 123 1.27 131 1.09 1.14 0.95 1.05 1.01 0.83
Er 2.67 3.42 3.75 3.89 3.92 3.28 3.34 2.76 3.06 3.02 2.46
Tm 0.41 0.52 0.57 0.58 0.59 0.52 0.52 0.44 0.49 0.45 0.38
Yb 291 3.59 3.69 3.85 3.65 3.53 3.60 2.82 3.34 3.06 2.62
Lu 0.446 0.555 0.623 0.612 0.591 0.545 0.542 0.476 0.555 0.472 0.417
> REE 183 269 263 238 280 239 230 166 206 156 189
Eu/Eu* 0.76 0.44 0.60 0.66 0.44 0.58 0.63 0.69 0.55 0.67 0.67
(La/Sm)y 3.67 428 412 3.77 411 414 3.86 3.48 3.81 3.30 421
(Gd/Yb)n 1.53 1.41 1.39 1.40 1.58 1.38 1.40 135 1.26 1.32 1.45
(La/Yb)n 8.98 11.36 10.58 8.88 11.36 10.13 9.27 8.25 8.83 6.88 10.82

Rare earth elements data in parts per million (ppm).

("3Nd/"*Nd = 0.511858; Lugmair et al., 1983) was run along with
the samples yielding an average value of '**Nd/'**Nd = 0.511847 for
7 replicas, with and internal precision of 4+ 0.000006 (20). Analytical
errors on '4’Sm/'*Sm and "**Nd/'#Nd ratios were estimated at less
than 0.1% and 0.006%, respectively, and the total procedural blanks
using this procedure were always under 0.1 ng.

3.2. Rock sampling and petrography

Eleven samples of metasandstones were collected from the late Edi-
acaran Escoural Unit of the Evora Massif (Fig. 3a and c). These samples
correspond to single layers of rock taken from sections of the succession
richer in metasandstone beds, but yet showing a layered appearance
made of grey metasandstones and metapelites (Fig. 4a). Monfurado
and Carvalhal units were considered as not suitable for establishing
correlations with the basal allochthonous units of NW Iberia (see
discussion in Sections 5.1 and 5.2), and thus they were not sampled
for geochemical analyses.

All of the rock samples are albite-bearing schists with a main folia-
tion (Se) marked by quartz + biotite + white mica 4 plagioclase
(albite-oligoclase) 4 opaque minerals + tourmaline (Fig. 4b). The albite
porphyroblasts include an internal schistosity (S;) that is usually oblique
to the main foliation (Fig. 4c), and is defined by quartz + white
mica + chlorite + opaque minerals (ilmenite) 4 garnet (Fig. 4d). Bio-
tite, when trapped within albite, may either overprint the internal fabric
or constitute a foliation defined by quartz + white mica + biotite +
opaque minerals that occupies a more external position within the
porphyroblasts (Fig. 4b-d). Occasionally, the second internal fabric

continues out of the albite porphyroblasts and into the main foliation
(Fig. 4e). In the matrix, it is also possible to observe relicts of a previous
fabric made of quartz + white mica + biotite, either in the form of
disrupted and crenulated microlithons surrounded by the main
foliation, or as polygonal arcs in the quartz-rich bands of the gneissic
banding (Fig. 4e). A similar folded fabric can be also observed within
albite porphyroblasts (Fig. 4c). The orientation of albite crystals ranges be-
tween subparallel and oblique to the main foliation. In fact, these minerals
are sometimes flanked by asymmetric pressure shadows consisting of
plagioclase, quartz, and mica, all of which are subconcordant with the
main foliation of the surrounding matrix. The amount of opaque minerals
varies from sample to sample, although it is usually moderate (samples
EV-8 and EV-10) to low (rest of the samples). Opaque minerals may
occur in association with any of the fabrics described in these
metasedimentary rocks, but in some cases they occur preferentially as
part of the internal fabric preserved in porphyroblasts. Scattered
porphyroblasts of cordierite are also found parallel to the main foliation.
Some calcite is found filling late fractures that cut across the main
foliation.

3.3. Results

3.3.1. Whole-rock geochemistry

The normally applied geochemical discrimination diagrams charac-
terize the analyzed rocks as described below.

Most of the rocks plot in the greywacke field (Herron, 1988), and
only four samples fall close to the shale field (Fig. 5a).

Table 3

Whole rock Nd isotope data of the Ediacaran metagreywackes of the Escoural Unit (basal allochthonous units of SW Iberia).
Sample Sm Nd 1475m /" *Nd 13Nd/"Nd -+ SErr « 1076 eNd o) €Nd (560" Tom (Ma)®
EV-1 6.29 31.57 0.1204 0.512065 2 —11.2 —5.7 1596
EV-2 11.20 60.53 0.1119 0.511804 1 —16.3 —10.2 1853
EV-3 6.69 35.50 0.1139 0.511909 2 —14.2 —83 1731
EV-4 9.13 46.14 0.1196 0.511958 2 —133 —78 1755
EV-5 7.84 41.77 0.1135 0.511874 1 —14.9 —9.0 1776
EV-6 7.11 38.50 0.1117 0.511850 1 —154 —93 1781
EV-7 745 38.24 0.1177 0.511967 2 —13.1 —7.5 1707
EV-8 5.35 27.07 0.1195 0.512075 1 —11.0 —55 1564
EV-10 5.23 26.20 0.1206 0.512051 1 —114 —6.0 1620
EV-11 5.78 28.07 0.1244 0.512168 1 —92 —4.0 1499
EV-17 5.79 31.23 0.1121 0.511890 2 —14.6 —85 1727

2 eNd(t) calculated for 560 Ma.
> Nd model ages calculated according to DePaolo (1981).

137



Capitulo 10

292 R.D. Ferndndez et al. / Lithos 268-271 (2017) 285-301

Fig. 4. (a) Banded appearance (sedimentary layering) of the paragneisses of the Lower Sequence. Lighter bands are richer in albite. Note the lens of felsic orthogneiss in the central part.
(b) Main (external) foliation (S, short-dashed line) of the albite-bearing paragneisses of the Lower Sequence (EV-6; quartz + biotite + white mica + plagioclase + opaque minerals +
tourmaline). Note the oblique character of the internal foliation (S;, long-dashed line) in the albite porphyroblasts. (¢) Paragneiss of the Lower Sequence (EV-1) with albite porphyroblasts
oriented to the main foliation and including an internal straight fabric that ranges from parallel to normal to the main foliation, or a folded internal fabric. (d) Internal foliation
(quartz + white mica + chlorite + opaque minerals 4 garnet) of an albite porphyroblast in the paragneisses of the Lower Sequence. Note the growth of biotite over this fabric.
(e) Continuity between the internal and external foliation in an albite porphyroblast (EV-3) of the paragneisses of the Lower Sequence. Note the polygonal arcs (pointed line) that
occur in the quartz-rich bands of the paragneiss. (f) Albite-bearing paragneisses of the Ediacaran series included in the basal allochthonous units of NW Iberia (from Diez Fernandez, 2011).

There is neither a large variation in major element contents, nor sig-
nificant differences relative to PAAS (Post Archean Australian Shale;
Taylor and McLennan, 1985). Sample average values fit accurately
those displayed by the average shale, with homogenous SiO,, Al,03,
Fe,0s, Cao, K;0, Ti,0 and P,0s contents (61, 17.5, 6.2, 0.9, 3.5, 0.7 and
0.2 avg. wt%, respectively). Higher Na,O contents (3.7 wt%) diverge
from those of PAAS (1.2 wt%), as expected for albite-rich rocks such as
the ones analyzed here.

Chemical Index of Alteration (CIA; Nesbitt and Young, 1982) show
values that correspond to low weathered rocks, ranging from 56 to 65,
and with an average value of 61, far from those typical for average
shale (70-75; McLennan et al., 1993) (Table 1).

No important alteration at the source area is deduced from PIA values
(Plagioclase Index of Alteration; Fedo et al., 1995), which vary between
57 and 75, with an average value of 65, the latter revealing to be lower
than PAAS (79), thus indicating no significant transformation from
plagioclase/K-feldspar to clay minerals. This is also suggested by Na,O
and K,O contents (average values of 3.7 and 3.5 wt%, respectively),
very close to those of the upper continental crust (UCC: 3.35 and
3.10 wt¥%, respectively; Condie, 1993). Negative correlation between
CIA values and Ba/Sr ratios (—0.22) confirms their low weathering
character.

A general immature character can be inferred from the SiO,/Al,03
ratio (3.5 on average), which is lower than that of the UCC (4.5 on

average) and indicative of a low fractionation of Al,03 from SiO,. In ad-
dition, Al;03/Nay0 (5.1 on average), Al,03/TiO, (25 on average) and Ti/
Zr (22.8 on average) ratios are similar to those of the UCC (4.5, 24.0 and
214, respectively), thus confirming the general immature character for
these clastic sediments. Some of the samples (EV-2 to EV-7), however,
show differentiated Zr/Sc and Th/Sc ratios, which indicate that those
particular sedimentary beds could have undergone slight recycling
processes (McLennan et al., 1993).

The REE-abundances of the Ediacaran metasedimentary rocks from
the Evora Massif (Table 2) show slight variability (bulk content ranging
from 156 to 280 ppm). Their chondrite-normalized patterns are very
similar to those of PAAS (Fig. 5b), characteristic of felsic igneous sources
and upper crustal provenance. REE distribution patterns display a signif-
icant LREE enrichment featuring a REE fractionation with high (La/Yb)y
(6.9-11.4), almost flat HREE with (Gd/Yb)y close to unity (1.3-1.6), and
negative Eu anomalies (Eu/Eu* = 0.44-0.76, average of 0.61).

The analyzed Ediacaran metagreywackes vary in the Al,03/TiO, ratio
from 20.5 to 41.7, which fit with an intermediate-felsic source
(e.g., Roser and Korsch, 1986), with some of the values well above the
limit of a felsic provenance (Table 1). This dominant felsic character is
confirmed by Cr/Th ratios, with an average value of 8.2 (1.6-17.5);
and the Eu/Eu* ratio, with an average value of 0.58 (0.44-0.61). These
numbers meet the values proposed by Cullers (1994) for sedimentary
rocks with a dominant felsic provenance (Cr/Th = 2.5-17.5 and
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Fig. 5. Chemical diagrams for the Ediacaran siliciclastic metasedimentary rocks from the Escoural Unit (basal allochthonous units of SW Iberian Massif). Previous data obtained by M.F.
Pereira et al. (2006) are indicated. (a) Chemical classification (after Herron, 1988). (b) Chondrite normalized REE plot. The dotted line corresponds to the PAAS (Post Archean
Australian Shale; Taylor and McLennan, 1985). Normalizing values are from Nakamura (1974). (c) and (d) are trace element diagrams with tectonic setting discrimination fields (after
Bhatia and Crook, 1986). (e) PAAS-normalized trace elements diagrams (PAAS after Taylor and McLennan, 1985).

Eu/Eu* = 0.48-0.78). Cr and Ni, common elements in sediments
derived from ultramafic rocks, show abundances in some cases below
the determination limit, and Cr/Ni ratios are very low (2.4 on average)
and similar to PAAS (2.0), what along with a Th/Cr ratio higher than
PAAS are good indicators of a felsic provenance. La/Th (3.7), Th/Sc
(1) and Th/Co (1) average values are in agreement with the felsic
character of the sources too (Cullers, 2002). The samples have La/Th,
Th/Sc and Th/Co ratios similar or even higher than PAAS (2.6, 0.9 and
0.6 respectively; Taylor and McLennan, 1985) and UCC (2.7, 0.7 and
0.7, respectively; Condie, 1993), what means higher content in La and
Th, elements preferentially accumulated in felsic rocks.

3.3.2. Tectonic setting
No significant deviations in the geochemical composition relative to
PAAS have been observed in the Ediacaran metasedimentary rocks of

the Evora Massif. Moreover, the lower CIA values of the samples,
compared to those of PAAS, rule out a strong weathering and alteration
during post-deposition processes. Consequently, the samples are
suitable for the use of provenance and tectonic setting discrimination
diagrams based on immobile trace elements.

Following Bhatia and Crook (1986), the chemical discrimination of
the Ediacaran greywackes shows a clear affinity to active continental
margin settings (Fig. 5¢ and d). Most of our samples plot into or
very close to field B, suggesting deposition on the realm of a continen-
tal arc. This result is also supported by average values of La/Th, Ti/Zr,
Zr/Th and Zr/Hf ratios (3.7, 22.8, 16.1 and 39.0, respectively), which
are close to the values proposed by Bhatia and Crook (1986) for
greywackes deposited in a continental arc setting, in contrast with
the typical values displayed by sediments deposited over a thick con-
tinental margin.
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If compared to PAAS in a multivariation diagram (Fig. 5e), the
patterns obtained are consistent with those exhibited by sediments
deposited on an active margin setting (Winchester and Max, 1989).
REE patterns show a relatively positive slope from a slight depletion
displayed by most LILE elements (Cs, Th, Rb, Sr and K) to HSFE elements
contents (Ti, Zr, Hf, Sc, Sm and HREE), very close to those of PAAS, with a
characteristic negative Ti anomaly (Fig. 5e). Unlike Winchester and Max
conclusions, no significant P,Os depletion is observed, probably because
of the presence of some apatite and monazite, which exert a high influ-
ence on P,05 concentration.

3.3.3. Sm-Nd isotope geochemistry

The Nd model ages of the high-P metasedimentary rocks of the Edi-
acaran series of the Evora Massif are shown in a eNd vs Age diagram
(Fig. 6). '¥7Sm/'*4Nd values range from 0.1117 to 0.1244 (average of
0.1168), and are similar to those of the continental crust (ca. 0.12). All
the ratios are under 0.165, which is considered the upper limit applica-
ble for Tpy calculations (Stern, 2002). The ratios are also coherent with
those proposed as normal values for clastic sediments (0.1-0.13; Zhao
et al, 1992).

The samples have an €éNd o) average value of —13.1, while eNdse0)
values vary from —10.2 to —4 (maximum depositional age of ca. 560-
550 Ma; Pereira et al., 2008). Nd Tpy model ages (DePaolo, 1981) are
early Mesoproterozoic-Paleoproterozoic (1499-1853 Ma), with an
average value of 1692 Ma.

4. Correlation of major tectonic units from NW Iberia and the
Evora massif

A reinterpretation of lithostratigraphy and structure in the Evora
Massif leads to the conclusion that it can be correlated with equivalent
units in NW Iberia (Diez Fernandez and Arenas, 2015). In both areas,
high-grade domains lacking an initial high-P overprint occur under a
strongly deformed sequence of Ediacaran and Cambrian schists,
paragneisses and orthogneisses that experienced high-P metamor-
phism in Late Devonian times. These gneisses are overlain by a sequence
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lacking high-P metamorphism and dominated by metabasites with
MORB-affinity that may alternate with some layers of metasedimentary
rocks. Such piling of tectonometamorphic units seems to mimic the
nappe stack defined by the basal and ophiolitic allochthonous units in
NW Iberia, and is, consequently, considered here yet another klippe of
the allochthonous complexes of the Iberian Massif (Fig. 1). Correlatives
of the upper allochthonous units that are located on top of the ophiolitic
units do not occur in the Carvalhal-Cabrela synform. The erosional na-
ture of the basal contact of the overlying Cabrela Unit (Carboniferous
syn-orogenics) may well explain such absence.

Following this interpretation for the Evora Massif, the Escoural and
Monfurado units together would be a correlative to the lower sequence
of the basal allochthonous units of NW Iberia. The upper sequence of the
basal units seems to be absent in the Cabrela-Carvalhal synform, since a
series dominated by mica schists, containing minor metabasites, and af-
fected by conspicuous high-P metamorphism, is yet to be found in this
area. A plausible reason for its lack in this particular section of SW Iberia
is that the basal contact of the Carvalhal Unit is an extensional detach-
ment. Note how its basal contact cuts the underlying gneisses in the
Cabrela-Carvalhal synform, thus removing the underlying crust located
along its trace (Fig. 3a and b).

The Carvalhal Unit, dominated by metabasites with MORB-affinity,
represents a good candidate for an ophiolitic sequence in the Evora
Massif as it has almost the same lithological constitution, structural po-
sition, and probable age than the Vila de Cruces ophiolite, one of the
lower ophiolitic units of NW Iberia. Mafic units like these represent tec-
tonic slices of transitional oceanic crust (oceanic supracrust) that usual-
ly account for a broad transition from a continental-oceanic crust
(e.g., upper sequence of the basal allochthonous units; Diez Fernandez
et al,, 2010, 2013) to an oceanic-continental crust (e.g., Vila de Cruces
and Carvalhal ophiolites; Arenas et al., 2007b). In this regard, a group
of Cambrian-Ordovician dismembered ophiolitic sequences has been
described southeast of the Evora Massif, the so-called Internal Ossa-
Morena Zone Ophiolite Sequences (Fonseca et al., 1999; Pedro et al.,
2010). Those ophiolitic sequences have been interpreted as a complete
(but dismembered) section of oceanic lithosphere, including dunites
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and wehrlites, pyroxenite cumulates, metagabbros and flasergabbros,
metadoleritic dikes, metabasalts, and metacherts (Pedro, 2004). They
occur on top of a sequence of mica schists and minor metabasites and
marbles (Cubito-Moura Unit; Aratjo et al., 2005; Pedro et al., 2005) af-
fected by high-P metamorphism during the Late Devonian (Booth-Rea
et al., 2006; Rosas et al., 2008; Rubio Pascual et al., 2013). This high-P
unit meets the main features to be a tectonostratigraphic correlative
of the upper sequence of the basal allochthonous units of NW Iberia
(Diez Ferndndez and Arenas, 2015).

Striking similarities between units are not only found at a large scale.
All the microstructural characteristics observed during the thin-section
analysis of our samples of Ediacaran metasedimentary rocks (see
Section 3.2, and further details in Chichorro, 2006) are rather similar
to those described for the basal allochthonous units of NW Iberia in pre-
vious works. The existence of aligned microinclusions (quartz + white
mica + garnet 4 chlorite + rutile) within albite porphyroblasts is
a distinctive feature of the metasedimentary rocks of the basal alloch-
thonous units in NW Iberia (Fig. 4f). This ensemble formed under
high-P conditions and represents the first Variscan metamorphic im-
print that can be recognized in the metasedimentary rocks (Arenas
et al,, 1995). Subsequent exhumation favored a progressive retrogres-
sion of the high-P fabric, which is now preserved as an either non-
retrogressed high-P foliation inside albite porphyroblasts, or as a vari-
ably retrogressed and crenulated foliation, preserved either within or
outside albite porphyroblasts (e.g., Arenas et al., 1995; Diez Fernandez,
2011; Diez Fernandez and Martinez Catalan, 2012; Diez Fernandez
etal, 2011). A comparable mineral assemblage with identical micro-
structural relationships exists in the basal allochthonous units of SW
Iberia (Fig. 4b, ¢, and d), although in this region it has been tentatively
proposed as a vestige of Cadomian deformation (Chichorro, 2006).

Retrogression affecting the internal fabrics is more intense in the
Evora Massif (e.g., Escoural Unit) if compared to NW Iberia. For instance,
biotite growth largely overprints the internal fabric and rutile is usually
transformed into ilmenite. Isotopic dating of these fabrics is lacking.
However, the non-Precambrian age is clear for the basal allochthonous
units of NW Iberia, as such internal fabrics are also found in
metasedimentary rock series with Middle Cambrian maximum deposi-
tional ages (Arenas et al., 1995; Diez Fernandez et al., 2010). Given that
the basal allochthonous units of NW and SW Iberia experienced equiv-
alent tectonometamorphic evolution during the Variscan orogeny, we
propose that the internal fabrics they preserve account for a Variscan
high-P event, at least the associations bearing quartz + white
mica + garnet 4 chlorite + rutile. Yet, an imprint of Precambrian
shearing cannot be fully discarded, since other exposures of Ediacaran
metasedimentary rocks in SW Iberia were affected by Precambrian
deformation (e.g., Quesada, 1990). Finally, even though other para-
derived units of the Iberian Massif experienced high-P metamorphic
conditions, fast exhumation, and severe retrogression during the
Variscan orogeny, none of them exhibits such a microstructural record
like the basal allochthonous units. This record seems somehow distinc-
tive for the metasedimentary rocks of the latter units in response to Late
Devonian high-P metamorphism.

5. Comparative lithostratigraphy and geochemistry

The lower series of the basal allochthonous units of NW Iberia and
the Evora Massif share two fundamental features that make them differ-
ent from other series in their respective regions. (i) They are dominated
by late Neoproterozoic metagreywackes, and (ii) they contain various
Cambrian-Ordovician metagranitic and mafic rocks, the latter occurring
in the metasedimentary rocks and within the metagranitoids (most
likely basic dikes).

From a chemical point of view (compare with Fuenlabrada et al.,
2012), besides some shales, the majority of the sequence consists
of wackes, both in NW Iberia and SW Iberia (Fig. 5a). Sediments are
generally immature and derive from source areas subjected to low

weathering. This is not only suggested by their chemical composition
(see Section 3.3.1), but also by the fact that micas and feldspar can be
still observed as detrital grains in the less deformed sections of the series
(e.g., Diez Fernandez, 2011). Source areas are dominated by felsic igne-
ous upper crustal rocks in both cases. The variation in REE contents is
limited and follows PAAS (Fig. 7a). Finally, trace elements show rather
similar trends in both regions (Fig. 7b).

A minor regional difference is the occurrence of black quartzites in
the Evora Massif. Black metasedimentary rocks intercalated between
Ediacaran metagreywackes have been also identified in the lower se-
quence of the basal allochthonous units of NW Iberia (Diez Fernindez
et al., 2010). The latter are essentially siliciclastic, as they have plenty
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Fig. 7. Diagrams for comparing the content in (a) REE and (b) trace elements of the
Ediacaran series of the basal allochthonous units of NW and SW Iberia. (c) Composite
probability density plot of detrital zircon ages from the basal allochthonous units of NW
Iberia (grey line) and from the Evora Massif (black dashed line). Data have been
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(2010), and Fuenlabrada et al. (2012).
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of detrital grains, but they never define quartz-rich competent layers
like in the Cabrela-Carvalhal synform. The siliciclastic nature of the pri-
mary protoliths of the black quartzites of SW Iberia seems well
established (De Oliveira et al., 2003). But the origin of the silica-rich ma-
trix characterizing some of those layers is yet under discussion, since a
post-depositional derivation (diagenetic silicification of dominantly ter-
rigenous sediments) is a rather likely option for the case of late
Neoproterozoic successions deposited in the periphery of Gondwana
(Dabard, 2000; Dabard and Loi, 1998). Following this line of evidence,
the previous authors indicated that such silicification is episodic, not
uniform, and largely controlled by local conditions in the environment,
thus calling “into question the use of graphitic cherts as markers for
lithostratigraphic correlation”. Their conclusions seem well suited
for the case of the Iberian Massif, and particularly for the lower part
of the basal allochthonous units discussed here, where, from a
lithostratigraphical point of view, they only differ from each other in
the presence or absence of quartz-rich black layers. Besides, most of
the grey color dominating these series comes from the moderate to
high content in carbonaceous material and heavy minerals, particularly
high in the blackish terms (e.g., De Oliveira et al., 2003). This adds to the
dominantly immature character of the protoliths and common sedi-
mentary facies (Bouma cycles) observed in both NW and SW Iberian
basal allochthonous units. Apparently, there seems to exist a common
petrological origin for most of the sedimentary successions, despite
some of the less abundant lithologies are exclusive to some regions.
Quartzites, however, are also found in the Ediacaran series of the basal
allochthon of NW Iberia (Diez Fernandez et al., 2010), although they
contain much less carbonaceous material and heavy minerals and thus
have no blackish appearance.

Another lithostratigraphic difference is the lack of marbles in
the basal allochthonous units of NW Iberia. Although carbonate-
richer horizons are frequent in NW Iberia, they occur only as thin
calc-silicate layers in the whole series, never thicker than 20 cm.
Marbles of the basal allochthonous units of the Evora Massif occur in a
metasedimentary and metavolcanic rock series dated at Early Cambrian
(Monfurado Unit; Chichorro et al., 2008). Metasedimentary rocks of that
particular age have not been found in the basal allochthonous units of
NW Iberia. There, the set of Ediacaran metagreywackes rests right
below a volcano-sedimentary succession with Middle Cambrian maxi-
mum depositional age (Diez Ferndndez et al., 2010). In NW Iberia, the
two latter sequences are separated by a major extensional fault
(Bembibre-Cean detachment; Diez Fernandez et al., 2012c; Gémez
Barreiro et al., 2010), which must have removed any potential
lithostratigraphic unit correlative to the Early Cambrian metasedimentary
rocks of the Evora Massif. Therefore, the lack of Early Cambrian series in
the basal allochthonous units of NW Iberia precludes any correlation
based on geochemical proxies applied to successions of that age.

5.1. Comparison of tectonic setting and isotopic contributions during the
Ediacaran

The Ediacaran series of the basal allochthonous units of NW Iberia
were deposited in a back-arc or retro-arc basin related to a Cadomian
peri-Gondwanan arc system built on a thinned continental margin.
This is typified by (i) the association of sedimentary facies (identified
in the less deformed protoliths), (ii) major and trace element geochem-
istry, and (iii) by the dominant input of Cadomian detrital zircons de-
rived from present northern Africa (Diez Fernandez et al., 2010;
Fuenlabrada et al.,, 2012). These same proxies point to a similar
geodynamic setting for the late Neoproterozoic rocks that constitute
the basal allochthonous units of the Evora Massif. (i) Their immature
character (Fig. 5a and Tables 1 and 2) along with their primary struc-
ture, formed after successive turbidity currents, suggest a tectonically
controlled deposition close to the source area. (ii) Tectonic discrimina-
tion diagrams support an active margin setting for deposition (Fig. 5¢
and d, see also M.F. Pereira et al., 2006, 2007). (iii) The detrital input

of this succession, as constrained from zircon analysis, is dominated by
Neoproterozoic (Cadomian) grains (ca. 0.75-0.55 Ga), followed by
Paleoproterozoic grains (ca. 2.15-1.8 Ga), and then several Archean
and Tonian clusters (Pereira et al., 2008). These age populations match
those of the basal allochthonous units of NW Iberia (Diez Fernandez
et al., 2010), both in age range and relative abundance (Fig. 7c).

Sm-Nd model ages of the Ediaracan metasedimentary rock
sequences of the basal allochthonous units of the Evora Massif (1.50-
1.85 Ga) are nearly similar to those of the metasedimentary rocks of the
Central Unit (1.64-1.90 Ga; Lopez-Guijarro et al., 2008), which is another
basal allochthonous unit of SW Iberia (Diez Fernandez and Arenas, 2015).
A direct comparison of Sm-Nd model ages of the Ediacaran successions of
the basal allochthonous units of Iberia reveals slightly older model ages
for the NW Iberian rocks, which still partly overlap with the rest of the
values obtained from correlative units located in SW Iberia, i.e. Escoural
Unit and Central Unit (Fig. 6). The three main exposures of basal alloch-
thonous units considered here define a clear rejuvenating trend from
NW to SW. In absolute terms, differences between model ages are limited.
However, if the range of Sm-Nd model ages of the basal allochthonous
units is compared with that of the Ediacaran autochthonous series of
the Central Iberian Zone (1.25-1.33 Ga; Fuenlabrada et al., 2016), located
structurally underneath and geographically in between (Fig. 1), a sharp
contrast emerges. The range of ages for the Ediacaran autochthonous se-
ries is clearly younger, does not overlap with that of the basal allochthon,
and suggests a significant contribution from more juvenile isotopic
sources (Fig. 6). Consequently, the basal allochthonous units were depos-
ited in a rather different location across the continental margin relative to
the autochthonous series, as it can also be deduced from the contrasting
structural position they acquired during the Variscan collision (lower
structural position in the Variscan tectonic pile implies inner paleogeo-
graphic location across Gondwana; Martinez Catalan et al., 2009).

Detrital zircon ages and geochemical data alike indicate that the
West African Craton was one of the fundamental sources for the
metasedimentary rocks of the Iberian Massif during the Neoproterozoic
and Paleozoic (e.g., Albert et al., 2015a; Diez Fernandez et al., 2012b;
Fernandez-Suérez et al., 2002, 2013; Martinez Catalan et al., 2004;
Pereira, 2015). Accordingly, the contribution of juvenile material
seems minor in any of the sets of basal allochthonous units of the Iberian
Massif, as their Sm-Nd model ages approach or even match the range of
protolith ages found in the aforementioned cratonic area (e.g., Ennih
and Liégeois, 2008; Nance and Murphy, 1994).

A potential isotopic rejuvenation effect, expected for a magmatic arc
system on its adjacent basins, is missing or weak in the Ediacaran series
of the basal allochthonous units. This cannot be explained by a lack of
material derived from erosion of igneous rocks formed in the context
of a Neoproterozoic (Cadomian) magmatic arc. Populations of detrital
zircon grains in the Ediacaran series peak consistently at ca. 0.65-
0.55 Ma (Cadomian ages), and are in fact the dominant group of
igneous-derived grains (Fig. 7c). It is the particular nature of the source
area, probably made of a cratonic block (ca. 2.2-1.8 Ga old) and/or by
recycled material derived from Eburnean crust (e.g., Abati et al.,
2012), and then intruded by abundant, not-juvenile Neoproterozoic
material, that confers a rather distinctive signature to the Ediacaran
metasedimentary rocks of the basal allochthonous units of the Iberian
Massif. Such signature makes them genetically correlatives by means
of isotopic and geochemical composition and detrital zircon input.
Accordingly, a fragment of the West African Craton intruded by
Neoproterozoic felsic magmas, mostly sourced from the same craton
in the context of a continental volcanic arc, is the most likely source
for the Ediacaran metasedimentary rocks.

The lithostratigraphical, geochronological, and geochemical charac-
teristics of the Ediacaran series studied in this work are, in general
terms, equivalent to those exposed in the Saxo-Thuringian Zone of the
Bohemian Massif. Similarities in the sedimentary record include
(1) major and trace-elements signatures reflecting an active margin set-
ting during deposition, (2) REE-patterns pointing to the continental
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crust as the dominant source for sediment (continental arc), (3) minor
contrast among the location of source areas (indicated by Pb and Nd
systematics), and (4) derivation from an old craton inferred from Nd
isotopic data and U-Pb detrital zircon age populations (Linnemann
and Romer, 2002; Linnemann et al., 2004, 2008).

Previous correlations established between Ediacaran series of
the Bohemian Massif and SW Iberian Massif suggested a diachronic
evolution along the northern margin of Gondwana during the late
Neoproterozoic, including the development of a continental magmatic
arc system and the opening of back-arc basins at the periphery of the
West African Craton (Linnemann et al., 2008; M.F. Pereira et al., 2006).
Given the correlation of Ediacaran rocks from NW Iberia and SW Iberia
suggested in this work, similar subduction-related geotectonic process-
es may have also affected the metasedimentary rock series exposed in
NW Iberia during the Neoproterozoic (e.g., Diez Fernandez et al.,
2010). The similarities shown by the Ediacaran series involved in the
Variscan orogeny, both in SW Iberia, NW Iberia, and Central Europe,
strengthen the idea of a rather continuous peripheral orogen that devel-
oped along the margin of Gondwana in Ediacaran times (Linnemann
et al., 2007; Nance and Murphy, 1994). Some authors believe that this
orogen and the terranes that derived from it can be followed up to base-
ment rocks in China (in the so-called Asian or Chinese terranes; Stampfli
et al., 2013; von Raumer et al., 2015), meaning that comparable units
might be found along thousands of kilometers along the paleomargin
of Gondwana.

5.2. A single Precambrian terrane?

The multi-proxy evaluation of the Ediacaran series of the basal alloch-
thonous units of the Iberian Massif reveals striking similarities in their
tectonostratigraphy, metamorphic and microstructural evolution, geo-
chronology of main tectonic events, protolith ages, provenance of their
metasedimentary rocks, and whole-rock and isotope geochemistry.
They reinforce recently proposed structural correlations between high-P
allochthonous terranes of the Iberian Massif (Fig. 1; Diez Fernandez and
Arenas, 2015), and put forward the existence of a rather distinctive
Ediacaran series as the base to a far-traveled tectonic pile made of
continental and ophiolitic terranes with Gondwanan derivation. These
particular series, the Ediacaran basal allochthonous units, would consist
of metagreywackes and albite-bearing schists and paragneisses (showing
clear Bouma cycles in the less-deformed terms), layers of black (organic-
and heavy minerals-rich) metasedimentary rocks, lenses of mafic rocks
(eclogites, variably retrogressed eclogites, and amphibolites), and bodies
of orthogneisses of Cambrian-Ordovician age. Sm-Nd model ages of its
metasedimentary rocks would approach significantly a Paleoproterozoic
range (Fig. 6; 2.15-1.5 Ga), and their deposition would be connected to
a peri-Gondwanan arc system built close to, and probably at the expense
of the West African Craton.

Some differences in the lithostratigraphy of the previously described
basal allochthonous units, such as the absence of an Early Cambrian
sequence containing marbles in NW Iberia, or the presence of black
quartzites in the Evora Massif instead of black metapelites like in NW
Iberia, may be explained by tectonic removal via Variscan faults and/
or by lateral variations within a single paleogeographic domain, respec-
tively. The latter hypothesis could also provide an explanation for
the slight variation observed in the isotopic contributions of the
metasedimentary series in NW and SW Iberia. Note that we are dealing
with a quite large piece of continental crust, which according to
present-day structures extends for at least 400 km in both, cross-
section and along strike (Fig. 1), and is still rather homogeneous regard-
ing most of its distinctive features. Building on this thought, the basal
allochthonous units exposed in the Central Unit, located in between
NW Iberia and the Evora Massif (Fig. 1), show an intermediate compo-
sition in terms of isotopic sources (Fig. 6). Thus, there is a regional trend
suggesting more (yet limited) contributions of juvenile material to-
wards the occurrences located to the SW. The absence of sharp changes

within the basal allochthon, such as that between the autochthon and
the whole basal allochthon, suggests that the different Ediacaran series
making the basal allochthon belonged to the same paleogeographic do-
main, a section of a continental margin with little, though progressive
variations in its sources.

The age of post-Precambrian and pre-Variscan magmatism that
affected the series of the basal allochthonous units is also slightly differ-
ent. Its age range is Cambrian to Ordovician in NW Iberia (e.g., Diez
Fernandez et al., 2012a) and in the Central Unit (e.g., Ordéiiez Casado,
1998), whereas it is essentially Cambrian in SW Iberia (e.g., Chichorro
etal.,, 2008). Such small variations in the age of early Paleozoic magmat-
ic events may be due to slightly different positions of these series along
the margin of Gondwana in Cambrian-Ordovician times. However, the
synchrony of high-P Variscan metamorphism affecting those same se-
ries suggests that they were spread laterally along the same continental
margin in Late Devonian times, when they all were simultaneously
incorporated to a continental subduction system.

The Ediacaran series of the basal allochthonous units of the Iberian
Massif are overlain by pieces of transitional and oceanic crust
representing a Variscan intra-Gondwana suture zone (Diez Fernandez
and Arenas, 2015). This suture zone probably resulted from the closure
of a Devonian peri-Gondwanan basin opened in the course of the multi-
stage collision between Gondwana and Laurussia in late Paleozoic times
(Arenas et al., 2014a, 2014b). This suture zone is traceable at a regional
scale by means of the Late Devonian high-P metamorphism that affects
the upper part of its lower plate, i.e., the basal allochthonous units them-
selves. The lithological and geochemical data of these high-P units,
along with the regional tectonostratigraphic frame, provide solid
grounds on which future research could identify more occurrences of
that suture zone throughout the Variscan orogen.

We are aware that the geological features here suggested to be used
as an additional guide for tracing a suture zone might not be applicable
to other sections of the Variscan orogen. Changes in the Precambrian
paleogeography along-strike of the Gondwana margin are likely, although
pending proper description. However, these proxies seem to work quite
well for the case of the Iberian Massif and thence, they should be consid-
ered as a new approach to understand, evaluate, and acknowledge the
fundamental role of the Precambrian geology in the reconstruction of
Paleozoic geodynamics at a much larger scale.

The correlation and geochemical affinity between the Ediacaran se-
ries of the basal allochthonous units of the Iberian Massif pointed out
here leads to the question whether various Precambrian continental
terranes participated in the Late Devonian subduction system formed
during the collision of Gondwana and Laurussia. We rather suggest
that it was a single, yet slightly heterogeneous continental margin
whose lower section consisted of Ediacaran immature sedimentary
series deposited in relation to a Cadomian magmatic arc.

6. Conclusions

We conclude that the lithostratigraphical, tectonometamorphic, geo-
chronological, and geochemical affinities between the basal allochtho-
nous units of NW and SW Iberia suggest that their high-P rocks define
the base of an intra-Gondwana suture zone of the Iberian Massif, derived
from a rather similar Ediacaran immature sedimentary series, formerly
deposited along the same continental active margin related to a
Cadomian magmatic arc. The isotopic sources of these series, as
constrained by Sm-Nd systematics, are among the oldest of the Iberian
Massif (2.15-1.5 Ga), indicating a very strong contribution of sources lo-
cated in the West African Craton. The age of the first deformation and
metamorphism recorded in these series is Late Devonian (ca. 370 Ma)
and is related to continental subduction (blueschist to eclogite facies
metamorphism). Remnants of the basal allochthonous units are overlain
by allochthonous ophiolitic units of different age and nature, and are
found on top of sections of continental crust lacking of pervasive high-
P and low- to medium-T Devonian metamorphism, i.e., separated by

143



Capitulo 10

298 R.D. Ferndndez et al. / Lithos 268-271 (2017) 285-301

crustal-scale thrusts. All these characteristics combined make these par-
ticular Ediacaran series genuinely different from the rest of the Iberian
terranes, what it also makes them an excellent candidate to trace cryptic
occurrences of a dismembered intra-Gondwana suture zone along the
Variscan orogen, even in the absence of actual ophiolitic rocks.

By establishing a correlation between the basal allochthonous units
of Iberia, it has been reduced the number of individual terranes located
at the core of Pangea during its amalgamation. Separate exposures of
Ediacaran series may well correspond to a single, yet tectonically dis-
membered terrane. Besides, the basal allochthonous units constitute
the base of one of the fundamental suture zones occurring in the
Variscan orogen, what makes their characterization a primary goal for
future tectonic studies concerned with tracing such major tectonic
boundary along this late Paleozoic mountain belt.
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DISCUSION Y CONCLUSIONES

11.1 Caracteristicas geoquimicas y
contexto geodinamico

1 Macizo Ibérico contiene un amplio re-

gistro sedimentario de la actividad oro-
génica Cadomiense, la cual tuvo lugar durante
el Neoproterozoico y el Cambrico (Murphy y
Nance, 1987; Murphy et al., 2004; Pereira et al.,
2006; Linnemann et al., 2007 y 2014; Nance et
al, 2008). Estas secuencias sedimentarias, en
gran medida siliciclasticas, representan sec-
ciones preservadas del margen de Gondwa-
na, que se vieron afectadas posteriormente
de manera variable, durante el ensamblaje de
Pangea, por la colisidn Varisca que tuvo lugar
entre el Devénico y el Pérmico Inferior (Mat-
te, 1991; Martinez Cataldn et al, 2007; Arenas
etal, 2016). La sedimentacion de estas series
estuvo aparentemente ligada al desarrollo y
evolucién de un sistema de arco magmatico
peri-Gondwanico y a la aparicion de cuencas

asimétricas unidas a este contexto activo (Fer-
ndndez-Sudrez, 2003; Rodriguez Alonso et al,
2004; Pereira et al, 2006; Diez Ferndndez et
al, 2010). El estudio de las rocas sedimenta-
rias depositadas en un contexto convergente
proporciona una herramienta muy util para
avanzar en el conocimiento de la evolucion
cortical del margen peri-Gondwanico duran-
te la transicion Neoproterozoico - CaAmbrico.
El estudio que aqui se presenta se basa en
la caracterizacion geoquimica e isotdpica de
series sedimentarias seleccionadas. Los tra-
bajos que se han desarrollado para la prepa-
racion de esta memoria han tenido como ob-
jetivo principal complementar la informacién
tectonoestratigrafica ya existente, y aportar
nuevas claves para una reconstruccién paleo-
geografica de los terrenos peri-Gondwanicos
durante las etapas finales del Neoproterozoi-
coy el CAmbrico Medio.
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Numerosos trabajos han descrito las carac-
teristicas sedimentologicas, geocronoldgicas
y tectonoestratigraficas de las secuencias se-
dimentarias representadas en el Macizo Ibé-
rico, pero en pocos casos estos estudios han
dirigido su atencion hacia la caracterizacion
geoquimica de estos materiales o a la inves-
tigacidn isotdpica de sus fuentes. Como se ha
comentado a lo largo de esta Tesis Doctoral,
el marco geodinamico en el que tuvo lugar la
sedimentacién determind la naturaleza de las
areas fuente, los procesos erosivos y mecanis-
mos de transporte sedimentario, y la propia
formacién y estructura de las cuencas sedi-
mentarias sinorogénicas. El contexto tectdni-
co condiciond la mineralogia que observamos
en los sedimentos terrigenos estudiados, y a
su vez la composicion quimica de las rocas
sedimentarias resultantes. El analisis de las
composiciones quimicas e isotépicas ha per-
mitido realizar una correlaciéon con compo-
siciones andlogas observadas en contextos

tectonicos conocidos, aportando nuevas cla-
ves paleogeograficas. La seleccion de rocas
metasedimentarias de los sectores menos
deformados en las series, con estructuras
estratigraficas y caracteristicas petrolégicas
reconocibles, asegura la relativa ausencia de
modificacion sobre la composicién quimica e
isotopica original de las rocas detriticas (Fig.
11.1), facilitando una caracterizacion consis-
tente de sus areas fuente y del contexto geodi-
namico durante su sedimentacion.

De una manera general, las series silici-
clasticas ediacarenses estudiadas en el Ma-
cizo Ibérico (Unidades Basales del NW y SW
de Iberia, secuencia del Alcudiense Inferior
del Complejo Esquisto-Grauvaquico) son tur-
biditas inmaduras, con un marcado caracter
grauvaquico y que en su mayor parte mues-
tran secuencias de tipo Bouma preservadas.
Este tipo de litologias se asocian a una sedi-
mentacion relacionada con ambientes mari-

10.00
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Fig. 11.1- Diagrama Th/U vs CIA. Se muestran los valores de CIA (Chemical Index of Alteration) para la totalidad
de las muestras estudiadas (calculados segin Nesbitt y Young, 1982). Se incluye el campo con los valores de CIA
tipicos para pizarras (shales), que segin McLennan et al. (1993) reflejan un grado bajo a moderado de alteracién
quimica por meteorizacién. Igualmente, se muestra el campo con los valores de la relacién Th/U mdas comunes
encontrados en rocas igneas de la corteza superior (3.5 - 4.0; segin McLennan et al, 1993).
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Fig. 11.2- Diagramas de elementos traza con campos para la discriminacién del ambiente tecténico de sedimen-
tacion de las metagrauvacas estudiadas. Campos segin Bhatia y Crook (1986): A — Arco de islas oceanico; B —
Arco de islas continental; C — Margen continental activo; D — Margen pasivo.

nos profundos ligados a contextos tecténicos
activos (Bouma, 2004). Dichos contextos han
conferido a los sedimentos unas caracteristi-
cas texturales reconocibles, resultado de una
influencia limitada de los procesos de trans-
porte y un menor grado de reciclaje sedimen-
tario, en gran medida debido a una relativa
cercania entre las areas fuente y las cuencas
sedimentarias. Segin lo observado en los
diagramas de discriminacion (Fig. 11.2), las
series sedimentarias ediacarenses se depo-
sitaron en un margen activo, en relacién con
el desarrollo de un arco volcanico edificado
sobre una corteza continental adelgazada. La
composicion intermedia-félsica de las grau-
vacas, afin a rocas igneas caracteristicas de
la corteza continental superior (Fig. 11.3),
apunta a un arco volcanico evolucionado cuyo
desarrollo avala la continuidad de la actividad

magmatica Cadomiense durante el Ediacaren-
se mas tardio. Los patrones de multivariacion
elemental apoyan igualmente la implicacion
de un contexto geodinamico convergente (Fig.
11.4). Como se ha comentado en cada uno de
los casos estudiados y a pesar de una clara
afinidad por la implicacién en el sistema de
arcos de una corteza continental adelgazada,
se observan también ciertos aspectos compo-
sicionales determinantes, que sugieren la po-
sible implicaciéon de una corteza continental
mas gruesa en el desarrollo y relleno de estas
cuencas sedimentarias durante el Neoprote-
rozoico. Esta controversia apunta a una ubica-
cion de las cuencas sedimentarias en relacion
con una extensa cuenca back-arc, desarrollada
en el margen de Gondwana durante las fases
finales en la evolucion del margen convergen-
te Cadomiense (Linnemann et al.,, 2008; Perei-

153



Capitulo 11

20.0 —— T

MORB

100 [

- <

Procedencia
Méfica

eNd(i)

-10.0 [

eOoOmEOMm®

Corteza Superior reciclada

Unidades Superiores (Complejo de Ordenes)
Unidades Basales NW Iberia (Secuencia Inferior)
Unidades Basales NW Iberia (Secuencia Superior)
Unidades Basales SW Iberia (Macizo de Evora) i
Alcudiense Inferior (Complejo Esquisto-Grauvaquico)

Formacién Pusa (Complejo Esquisto-Grauvaquico)

Procedencia
félsica .

Andesitas
de arco

Corteza
Superior

Corteza
antigua

-30.0

0.00 0.01

0.10 1.00 10.00

Th/Sc
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muestras estudiadas. Procedencias y campos reflejados segiin McLennan et al. (1993).

ra et al,, 2012). Este tipo de cuenca explicaria
las caracteristicas geoquimicas observadas en
estas series, siendo coherente su existencia
tanto con la influencia del arco volcanico Ca-
domiense sobre los procesos sedimentarios
que tuvieron lugar durante el Ediacarense,
como con la existencia de parametros geoqui-
micos que indican paleogeografias mas proxi-
mas al dominio continental.

Por su parte, las series sedimentarias cam-
bricas seleccionadas para este estudio mues-
tran caracteristicas claramente diferenciadas.
Por una parte, las series metagrauvaquicas
que afloran en posiciones culminantes de las
Unidades Superiores del Complejo de Orde-
nes muestran afinidad con contextos geodina-
micos analogos a los observados en las series
ediacarenses (Fig. 11.2). Tanto los diagramas
de discriminaciéon como los patrones de mul-
tivariacion elemental (Fig. 11.5) muestran
aspectos inequivocos de la implicaciéon de un
arco volcanico construido sobre una corteza
continental adelgazada, asociado al desarro-

llo de un margen convergente. Una vez mas la
procedencia félsica confirma el caracter evo-
lucionado del arco, sin la presencia de ningu-
na caracteristica tipicamente oceanica (Fig.
11.3). A pesar de la analogia mencionada, es
clara la diferencia de los patrones observados
en estas series cambricas con respecto a las
series ediacarenses. Estos patrones vienen
caracterizados por: (i) una mayor variabilidad
en sus concentraciones; (ii) una tendencia po-
sitiva, mas evidente que en el caso de las rocas
metasedimentarias ediacarenses estudiadas,
desde unos bajos valores de los LILE, hasta
unos contenidos de los HFSE cercanos a la
unidad; y (iii) una anomalia claramente posi-
tiva del Sr (Fig. 11.4 y 11.5). Todos estos facto-
res apoyan una mayor cercania de las cuencas
sedimentarias a unas areas fuente localizadas
en las partes mas activas del arco volcanico
y limitan la influencia de los procesos tipica-
mente sedimentarios sobre su composicion
quimica (Winchester y Max, 1989). De igual
manera, el estudio estructural y geocrono-
l6gico de los diques de diabasa que intruyen
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Fig. 11.4- Diagramas de multivariacion elemental (segin Winchester y Max, 1989), con elementos mayores y traza
normalizados al PAAS. A — Metagrauvacas ediacarenses de la Zona Centroibérica, B — Metagrauvacas y esquistos
ediacarenses de la secuencia inferior de las Unidades Al6ctonas Basales del NW de Iberia y C — Metagrauvacas edia-
carenses de las Unidades Al6ctonas Basales del SW de Iberia. PAAS segtn Taylor y McLennan (1985).
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Fig. 11.5- Diagrama de multivariacion elemental (segiin Winchester y Max, 1989), con elementos mayores y traza,
normalizados al PAAS, de las metagrauvacas ediacarenses de las Unidades Aldctonas Superiores del NW de Iberia.

PAAS segun Taylor y McLennan (1985).

estas series metasedimentarias culminantes
avalan la existencia de un ambiente muy dina-
mico en el contexto de un margen activo. Las
evidencias de diferentes fases de deformacion
en estas unidades apoyan una subduccion
inicial bajo el margen externo adelgazado de
Gondwana, seguido de un evento extensional,
probablemente asociado al desmantelamien-
to del edifico volcanico.

Por el contrario, las series metasedimen-
tarias cambricas estudiadas en las Unidades
Basales del NW y en la Formacién Pizarras de
Pusa de la Zona Centroibérica presentan un
marcado caracter pelitico, con un grado de
madurez textural y mineralégico mayor que
el observado en las grauvacas ediacarenses,
lo que se refleja en composiciones quimicas
mucho mas homogéneas (Fig. 11.6). Como se
ha comentado en los trabajos publicados re-
lativos a estas litologias, no ha sido posible
el estudio de rocas grauvaquicas en estas se-
cuencias sedimentarias. En cualquier caso, es
patente la diferencia de los patrones multiele-
mentales con los observados en las series pre-
cambricas (Fig. 11.4). A diferencias de estos
ultimos, en los primeros se observa una clara

homogeneidad de las abundancias elementa-
les, muy similares a las del PAAS y por tanto,
ala corteza continental superior. Esta caracte-
ristica es muy comun en los sedimentos ma-
duros con un elevado reciclaje sedimentario
(Fig. 11.3). Un aspecto importante es la gran
similitud observada entre los patrones de las
pizarras de la Formacion Pusa (Zona Centroi-
bérica - Dominio Autéctono) y los micaesquis-
tos de la secuencia superior de las Unidades
Basales del NW de Iberia (Complejo Aléctono
de Malpica-Tui) (Fig. 11.6). Esta similitud en
los patrones multielementales en series que
representan dominios tectonoestratigraficos
diferentes confirma una influencia coherente
del contexto tectonico de sedimentacion so-
bre la composicion quimica de los sedimen-
tos siliciclasticos. Las caracteristicas compo-
sicionales comunes indican paleogeografias
comparables en relacidon al paleomargen de
Gondwana. Teniendo en cuenta estos datos,
tal como se ha comentado con anterioridad,
los patrones quimicos observados en estas
series cambricas resultan compatibles con el
ensanchamiento de una extensa cuenca back-
arcy quizas con un incipiente desarrollo de un
margen pasivo. Se produce por tanto durante
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Fig. 11.6- Diagramas de multivariacién elemental (segiin Winchester y Max, 1989), con elementos mayores y traza
normalizados al PAAS. A — Micaesquistos cambricos de la secuencia superior de las Unidades Aléctonas Basales
del NW de Iberia y B — Pizarras cAmbricas de la Formacion Pusa (Zona Centroibérica). PAAS segin Taylory McLen-

nan (1985).

el CaAmbrico una transicion en el ambiente de-
posicional, que refleja una influencia menor
del sistema de arcos volcanicos y una tran-
sicién hacia un margen pasivo (Pieren, 2000;
Diez Ferndndez et al.,, 2010). Es importante in-
cidir en el aspecto, ya comentado en capitulos
previos, de la presencia de contenidos en Zr y
Hf menores de los esperados en sedimentos
reciclados. Estos contenidos relativamente
bajos apoyan un cambio en la procedencia,
con mayores aportes de composiciones mafi-
cas, lo que resulta evidente dada la mayor pre-

sencia de rocas maficas en la base de algunas
de estas secuencias (Rodriguez Alonso et al,
2004; Diez Ferndndez et al.,, 2010).

11.2 Composicion isotopica (Sm-Nd) y
procedencia

| estudio de la sistematica Sm-Nd se
ha realizado en las mismas series me-
tasedimentarias y en concreto en las mismas
muestras analizadas para elementos mayores
y trazas, y permite un analisis de la proceden-
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Fig. 11.7- Diagrama &Ndi vs Edad, donde se muestran las lineas de evolucion del Nd y las TDM (calculadas segun DePaolo, 1981) de todas las rocas metasedimentarias estu-
diadas. Los puntos muestran los valores de eNd calculados para las respectivas edades maximas de sedimentacion de cada una de las secuencias sedimentarias: metagrauva-
cas cambricas de las Unidades Aldctonas Superiores del NW de Iberia, metagrauvacas ediacarenses del Alcudiense Inferior de la Zona Centroibérica, las pizarras cAmbricas
de la Fm Pusa de la Zona Centroibérica, las metagrauvacas y esquistos ediacarenses y micaesquistos cambricos de las Unidades Aléctonas Basales del NW de Iberia, y las
metagrauvacas ediacarenses de las Unidades Al6ctonas Basales del SW del Macizo Ibérico.
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cia de las fuentes isotdpicas y una aproxima-
cién a la paleogeografia original de las unida-
des tectonoestratigraficas del Macizo Ibérico.
Los datos isotdpicos Sm-Nd proporcionan una
buena estimacién de la participacién relativa
de material juvenil y de material cortical an-
tiguo desde las areas fuente, lo que permite
inferir la posible ubicacién de las paleocuen-
cas sedimentarias generadas durante la tran-
sicion Ediacarense-Cambrico.

De manera general, las series ediacarenses
estudiadas presentan valores de eNdi muy
negativos y valores muy antiguos de T, lo
que indica que estas rocas siliciclasticas con-
tienen una proporciéon mayoritaria de ma-
teriales corticales procedentes de una zona
cratonica continental adyacente (Fig. 11.3 y
11.7). Sin embargo, de acuerdo con su compo-
sicion quimica se deduce que estas series es-
tuvieron influenciadas también por el margen
convergente Cadomiense y el arco volcanico
peri-Gondwanico construido sobre el mar-
gen continental mas externo. No obstante, las
fuentes isotopicas dominantes son de origen
continental antiguo y avalan la localizacién de
las cuencas en posiciones mas proximales al
dominio puramente continental (Fig. 11.8).
Los valores observados de las edades modelo
para las series ediacarenses, siempre tenien-
do en cuenta que representan la mezcla de
diferentes aportes sedimentarios y por tanto
de diferentes momentos de extraccion de sis-
tema Sm-Nd de un manto empobrecido, son
coherentes con una procedencia durante el
Neoproterozoico desde las zonas cratdnicas
existentes en el actual margen N de Africa.
Las T, son compatibles con la informacion
proporcionada por la geocronologia U-Pb de
poblaciones de circones detriticos (Ferndn-
dez-Sudrez et al, 2003; Ugidos et al.,, 2003; Diez
Ferndndez et al, 2010; y 2014; Pereira et al.,
2012; Albertetal, 2015a; Orejana et al., 2015).
En conjunto, estos datos parecen indicar que
las cuencas ediacarenses se generaron en do-

minios préximos al Cratén del Oeste de Afri-
ca, ocupando posiciones laterales relativas a
lo largo del margen de Gondwana. Esta inter-
pretacidn viene a confirmar algunos modelos
paleogeograficos presentados recientemen-
te (Diez Ferndndez et al, 2010; Albert et al,
2015a).

Por el contrario, las fuentes isotopicas de
las secuencias metagrauvaquicas culminan-
tes de las Unidades Superiores del Complejo
de Ordenes, depositadas durante el CAmbri-
co Medio, confirman la fuerte implicacion del
arco volcanico Cadomiense en sus aportes
detriticos. La Fig. 11.9 indica que estas grau-
vacas se proyectan dentro de los campos co-
rrespondientes a las rocas de arco asociadas
a margenes activos (McLennan et al, 1993).
Estos aportes, eminentemente juveniles, con-
fieren a estas grauvacas unos valores de eNdi
positivos y edades modelo T, jovenes, lo que
sugiere que la cuenca sedimentaria original
tuvo una localizacién muy préxima al foco
principal de actividad volcanica (Fig. 11.7 y
11.8). No puede descartarse incluso que esta
cuenca ocupase una posicion intra-arco. Esta
cercania ya se habia deducido a partir de las
caracteristicas geoquimicas de las metagrau-
vacas, y tomando en consideracién la coinci-
dencia, dentro del margen de error, entre la
edad maxima de sedimentacion de esta se-
rie (Ferndndez-Sudrez et al, 2003) y la edad
del magmatismo (Abati et al, 1999; Ferndn-
dez-Sudrez et al,, 2007). También resulta coe-
taneo el emplazamiento de una red de diques
doleriticos. La erosidn activa en el arco volca-
nico, probablemente ya en una etapa final de
actividad, proporcionaria una fuente de mate-
riales mayoritariamente juveniles, que junto
con los aportes menores de otros materiales
con fuentes isotépicas mdas antiguas darian
lugar a los valores de T, mesoproterozoicos
y neoproterozoicos (720-1215 Ma) obtenidos
en estas metagrauvacas. Para interpretar el

anterior rango de T, hay que tener en cuen-
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Fig. 11.8- Diagrama eNdi vs T . Se muestran los rangos de valores de T, (calculadas segun DePaolo, 1981) de
todas las secuencias sedimentarias estudiadas, asi como las direcciones de aumento de la influencia de una fuente
isotopica mas juvenil (mantélica) o mas antigua (cortical). Los valores de eNdi presentados se han calculado te-
niendo en cuenta las edades maximas de sedimentacién de cada una de las secuencias estudiadas.

ta la ausencia de circones detriticos de edad
mesoproterozoica (Ferndndez-Suarez et al,
2003), lo que sugiere que las edades modelo
reflejan mas bien una mezcla de fuentes de-
triticas paleoproterozoicas y ediacarenses.
Estas procedencias serian coherentes con una
posicion de la cuenca sedimentaria en la sec-
cion del margen que ocup6 una posicion exte-
rior frente al Cratén del Oeste de Africa. Esta
misma interpretaciéon se ha propuesto para
la procedencia de las series analogas locali-
zadas en el Complejo de Cabo Ortegal (Gnei-
ses de Carifio; Albert et al,, 2015a), aunque en
ese caso los valores de T, son mas antiguos
(1.58 - 1.82 Ga) y parecen indicar una mayor
influencia de los aportes continentales y por
consiguiente una posicion de la paleocuenca

mas préxima al dominio mas continental.

El cambio en el contexto tectdnico de sedi-
mentaciéon que se detecta por las diferencias
composicionales entre las series metasedi-
mentarias cambricas y las series ediacaren-
ses, se apoya también en los resultados ob-
tenidos para las composiciones isotdpicas
de Nd (Fig. 11.7 y 11.9). Las pizarras cambri-
cas de la Formacion Pusa (Complejo Esquis-
to-Grauvaquico) muestran valores de &eNdi
claramente mas negativos (entre -4.0 y -5.2)
y unos valores de T, (1444 - 1657 Ma), mas
antiguos que los observados en las meta-
grauvacas ediacarenses del mismo dominio
(1256 - 1334 Ma), lo que sugiere una mayor
proporciéon de materiales corticales antiguos
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procedentes del area continental cercana (Fig.
11.8). Estas diferencias estan, por tanto, rela-
cionadas con una evolucién geodinamica ha-
cia una menor influencia del arco volcanico y
un transito hacia un margen pasivo. En este
escenario, las paleocuencas cambricas del
Complejo Esquisto-Grauvaquico ocuparian
posiciones mas proximales al dominio conti-
nental, recibiendo mayor aporte de materia-
les peliticos (Fig. 11.7 y 11.8). Esta transicion
se detecta también en la composiciéon quimica
de los micaesquistos cAmbricos de la secuen-
cia superior de las Unidades Basales del NW
del Macizo Ibérico, pero no es tan evidente
cuando se tienen en cuenta las composiciones
isotopicas, aunque en este caso el numero de
muestras es muy limitado. En cualquier caso,
los valores de eNdi muy negativos (entre -8.5
y -10.1) y las T, muy antiguas (1743 - 2223
Ma), similares a las observadas en la secuen-
cia inferior de las mismas unidades (1756 -
2078 Ma), confirman que ambas secuencias
comparten las mismas fuentes isotdpicas
(Fig. 11.7 y 11.8). Por lo tanto, las series se-
dimentarias de las Unidades Basales del NW
de Iberia se depositaron durante la transicion
Ediacarense - CAmbrico Medio en un contexto
cercano a la plataforma continental de Gond-
wana, que aportaria el material clastico de
origen cortical antiguo. Las fuentes isotopi-
cas continuaron siendo las mismas, pero las
caracteristicas quimicas reflejan cambios aso-
ciados a una evolucién geodinamica general,
quizas ligada al ensanchamiento de la cuen-
ca marginal y a la progresiva disminucién de
la actividad magmatica en el arco volcanico.
Las T, registradas en la secuencias metase-
dimentarias de las Unidades Basales del NW
del Macizo Ibérico son compatibles con areas
fuente Paleoproterozoicas y Arcaicas, que si-
tuarian las cuencas en posiciones muy cerca-
nas al Cratén del Oeste de Africa durante esta
transicion temporal.

11.3 Correlacion entre terrenos aloc-
tonos del Macizo Ibérico

Uno de los objetivos de esta Tesis Docto-
ral se ha centrado en la posible corre-
lacion entre algunos de los terrenos al6ctonos
del NW y SW del Macizo Ibérico. La simili-
tud entre la secuencia inferior de las Unida-
des Basales del NW de Iberia y las unidades
de Escoural y Monfurado (Macizo de Evora -
Portugal), es reconocible desde un punto de
vista litoestratigrafico, metamorfico, microes-
tructural y geocronoldgico. En todas estas
unidades son mayoritarias las litologias con
caracteristicas grauvacaquicas de edad Neo-
proterozoico Superior, siendo también abun-
dantes los metagranitoides y rocas maficas de
edad cambro-ordovicica. Las semejanzas son
igualmente destacables cuando se consideran
sus caracteristicas geoquimicas. Las series
grauvaquicas ediacarenses de estas unidades
presentan un claro caracter inmaduro con una
bajo grado de meteorizaciéon (Fig. 11.1). To-
das ellas muestran composiciones quimicas
similares que sugieren areas fuente interme-
dio-félsicas, analogas a rocas igneas de la cor-
teza superior (Fig. 11.4), depositadas en un
régimen geodinamico convergente ligado al
desarrollo del arco Cadomiense. Las cuencas
sedimentarias originarias que cabe deducir
para ambos sectores, NW y SW de Iberia, es-
tuvieron probablemente localizadas en posi-
ciones cercanas al dominio continental de una
gran cuenca back-arc peri-Gondwanica. Por
otra parte, las poblaciones de edades U-Pb de
circones detriticos en todas estas secuencias
sedimentarias son igualmente muy similares
y coherentes con una ubicacién de las paleo-
cuencas en la periferia del Craton del Oeste de
Africa (Pereira et al, 2008; Diez Ferndndez et
al, 2010). Esta ubicacion se confirma también
con los valores de las edades modelo Sm-Nd,
que se aproximan o coinciden con las edades
de los protolitos presentes en esta drea craté-
nica. Las T, de las unidades basales del Ma-
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ma segin McLennany Hemming (1992).

cizo Ibérico presentan valores similares (Fig.
11.7 y 11.8), siendo ligeramente mas jovenes
en el caso del Macizo de Evora (1499 - 1853
Ma). A pesar de que las Unidades Basales del
NW de Iberia muestran edades mas antiguas
(1829 - 2156 Ma), resulta evidente el solapa-
miento entre éstas y las que se han obtenido
en el Macizo de Evora y también en la deno-
minada Unidad Central (1640 - 1900 Ma;
Lopez-Guijarro et al., 2008).

Las T, de las Unidades Basales exhiben
una tendencia de rejuvenecimiento progresi-
vo desde el NW hasta el SW del Macizo Ibérico,
que se produce sin un cambio significativo en
las fuentes isot6picas. Esta evolucion implica
algiin grado de cambio en la naturaleza de los
aportes detriticos y conlleva un mayor aporte
de material juvenil hacia el SW. Este tipo de
variaciones dentro de unidades equivalentes

tiene su explicacién en una posiblemente con-
siderable extension de las cuencas sedimenta-
rias de referencia, por su distribucion paralela
a lo largo del margen peri-Gondwanico, que
condicionaria la diferente proporcién de ma-
teriales mantélicos y corticales dependiendo
de su localizacién con respecto al arco volca-
nico; y por su probable alternancia lateral a
lo largo del mencionado margen. Un aspecto
muy revelador es la gran diferencia existente
entre los valores de las edades modelo de las
Unidades Aléctonas Basales y los que se han
obtenido en las series sedimentarias edia-
carenses del dominio autdctono subyacente
(Fig. 11.7). Mientras que el grupo de Unidades
Aldctonas Basales presenta un rango de valo-
res de T, comprendido entre 1.50 y 2.16 Ga,
las series neoproterozoicas del dominio au-
toctono (Zona Centroibérica) muestran valo-
res que varian entre 1.26 y 1.33 Ga. No existe
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ningun solapamiento entre estas edades, que
indican una mayor contribucién de fuentes
algomasjévenes enlaZona Centroibérica (Fig.
11.8 y 11.9). La diferenciacion paleogeografi-
ca entre ambos dominios del Macizo Ibérico
se puso de manifiesto mediante la utilizacién
de geocronologia U-Pb en circones detriticos,
y ha sido clasicamente explicada acudiendo a
una posible localizacién algo mas oriental de
la Zona Centroibérica en el paleo-margen de
Gondwana (Diez Ferndndez et al.,, 2010; Abalos
et al, 2012; Albert et al, 2015a). Estos argu-
mentos avalan una localizacion diferenciada
de las cuencas sedimentarias ediacarenses en
el paleo-margen de Gondwana. Las diferen-
tes Unidades Aldctonas Basales del Macizo
Ibérico pueden considerarse conjuntos equi-
valentes, que parecen representar un mismo
dominio paleogeografico. Proceden de cuen-
cas sedimentarias originales distintas de las
que se reconocen para el dominio autéctono
relativo que representa la Zona Centroibérica,
ocupando ambos dominios posiciones paleo-
geograficas diferenciadas.

11.4 Paleogeografia de las cuencas se-
dimentarias en la transicion Ediaca-
rense-Cambrico

Los resultados que se han presentado
en esta Tesis Doctoral permiten com-
plementar el conocimiento previo sobre la
paleogeografia de las cuencas sedimentarias
peri-Gondwanicas, y por tanto de los terrenos
del Macizo Ibérico, durante las etapas finales
del Neoproterozoico y el CAmbrico Medio. Los
numerosos intentos llevados a cabo para reco-
nocer la paleogeografia original que ocuparon
estos terrenos se han basado esencialmente
en datos geoquimicosy geocronolégicos, estos
ultimos utilizando, sobre todo, las poblacio-
nes de edades U-Pb determinadas en circones
detriticos (Ferndndez Sudrez et al, 2000, 2002
y 2014; Ugidos et al, 2003; Diez Ferndndez et
al, 2010 y 2012b; Pereira et al, 2012; Orejana

et al, 2015; Cambeses et al, 2017). Un aspec-
to importante en la interpretacion de la edad
de los circones detriticos es la presencia o au-
sencia de circones de edad mesoproterozoica.
A pesar de que la proporcién de circones con
estas edades es relativamente escasa o esta
virtualmente ausente en las rocas ediacaren-
ses que actualmente afloran en los dominios
continentales del N de Africa (Morag et al,
2012; Linnemann et al, 2014), la presencia de
circones con edades Steniense - Toniense se
considera un aspecto muy revelador a la hora
de interpretar las diferentes procedencias de
los sedimentos terrigenos neoproterozoicos.
La determinacion de las edades modelo Sm-
Nd presentadas en esta Tesis Doctoral puede
contribuir a un mejor conocimiento de la ubi-
cacion de las cuencas sedimentarias, ya que
estos datos permiten una comparacién direc-
ta con las edades de los diferentes dominios
peri-Gondwanicos actuales.

Los valores de T, (720 - 2223 Ma)obteni-
dos en las series metasedimentarias estudia-
das son equivalentes a las edades publicadas
para el margen N de Africa (Avigad et al,, 2003
y 2012; Abati et al, 2010b; Diez Ferndndez et
al, 2010; Albert et al, 2015a; Orejana et al,
2015; y referencias ahi incluidas), apoyando su
afinidad isotdépica con dominios tipicamen-
te Gondwanicos. Las T, obtenidas son en su
mayoria valores paleoproterozoicos y meso-
proterozoicos; teniendo en cuenta que estos
valores representan una mezcla ponderada de
los diferentes aportes terrigenos de las areas
fuentes adyacentes (Murphy y Nance, 2002),
los valores muy antiguos de T, encontrados
en las secuencias sedimentarias ediacarenses
de las Unidades Aléctonas Basales, indican
que estas unidades ocuparon durante el Neo-
proterozoico Superior posiciones laterales
dentro de una amplia cuenca back-arc situa-
da en las proximidades del Cratén del Oeste
de Africa (Fig. 11.10). Las edades U-Pb de cir-
cones detriticos son también coherentes con
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esta conclusion (Diez Ferndndez, et al, 2010;
Pereira et al, 2012; Orejana et al,, 2015). Uni-
camente este drea cratonica presenta edades
lo suficientemente antiguas (Arcaicas - Paleo-
proterozoicas), como para que la mezcla re-
sultante con areas fuente isotopicas mas jove-
nes proporcione edades modelo tan antiguas.
Sus caracteristicas geoquimicas e isotdpicas,
sin descartar la influencia del arco magmatico
peri-Gondwanico, sitian a estas series en los
dominios de la plataforma continental mas
interna, donde accedian aportes terrigenos
derivados de sectores muy antiguos de la cor-
teza del N de Africa.

La evolucion que se detecta durante el
Cambrico es compatible con la disminucion
de la actividad magmatica del arco o el aleja-
miento del mismo hacia posiciones mas dis-
tales del margen, como se deduce a partir de
las caracteristicas geoquimicas de la secuen-
cia superior de las Unidades Basales del NW
de Iberia. Esta transicién se hace aun mas no-
toria en las secuencias Cambricas de la Zona
Centroibérica (Formaciéon Pusa). Sus valores
de T, menores que los de las Unidades Ba-
sales (Fig. 11.8) sugieren una posicidén inicial
mas oriental en el margen de Gondwana (Fig.
11.10). En ambas unidades se observa una
tendencia geoquimica e isotopica compatible
con un ensanchamiento de la cuenca back-arc,
y por tanto con un alejamiento de las mismas
de la actividad magmatica mas intensa del
arco volcanico. La evolucién geodinamica es
compatible con el comienzo de un proceso de
rifting que acabara estableciendo un margen
pasivo Cambro - Ordovicico, coincidente con
las etapas iniciales de la apertura del Océano
Reico (Stampfli y Borel, 2002; Murphy et al,
2006; Nance et al,, 2008y 2010).

La posicion lateral relativa propuesta para
las paleocuencas sedimentarias en el mar-
gen de Gondwana durante el Ediacarense y
el Cambrico Medio (Fig. 11.10), asi como el

contexto geodinamico en el que tuvo lugar la
sedimentacién, son congruentes con la dis-
tribucion actual de los dominios al6ctonos y
autoctonos en el Macizo Ibérico. Estos domi-
nios al6ctonos presentan en el NW y SW de
Iberia un apilamiento tecténico de mantos de
cabalgamiento sobre un dominio parautocto-
no y autdctono. Este cabalgamiento tuvo lugar
durante la Orogenia Varisca e implica una do-
ble colision oblicua, con un claro componente
dextral, entre Laurussia y Gondwana (Arenas
et al, 2014; Arenas y Sanchez Martinez, 2015).
Las Unidades Superiores de los complejos
aloctonos del NW de Iberia constituian la
parte mas externa de una amplia plataforma
continental en el margen N de Gondwana. Los
protolitos de estas unidades se originaron du-
rante el CaAmbrico Medio en posiciones fron-
tales en relacién al Cratén del Oeste de Africa,
pero asentadas junto a la parte mas activa de
un arco volcanico. En este contexto, las Unida-
des Basales ocuparian una posiciéon adyacente
al dominio mas continental (Fig. 11.10).

Durante un primer episodio de la colisién
oblicua Varisca, las Unidades Superiores ex-
perimentaron subduccién bajo Laurussia
(Arenasetal, 2014; Albertetal, 2015c; Arenas
etal, 2016), acompafiada por un primer even-
to de HP-UHP que se registra en la seccidn
inferior de estas unidades (ca. 400-390 Ma;
Ordorez Casado et al,, 2001; Ferndndez Sudrez
et al, 2007). La continuacion de la convergen-
cia dextra facilité la apertura de una amplia
cuenca de tipo pull-apart durante el Devonico
Inferior, cuyo cierre posterior dio lugar a una
zona de sutura compleja caracterizada por la
presencia de dos cinturones ofioliticos de di-
ferente origen y edad (Arenas et al,, 2014, Are-
nas y Sdnchez Martinez, 2015). La apertura y
posterior cierre de esta cuenca pull-apart per-
miti6 la aproximacién de secciones de la pla-
taforma de Gondwana situadas mas hacia el E.
Durante una nueva colisidn se desarroll6 un
nuevo episodio metamoérfico de HP (ca. 370
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Ma; Abati et al, 2010a; Diez Ferndndez et al,
2012), originado por la subduccién profunda
de una parte del margen adelgazado de Gond-
wana representado por las Unidades Basales
Alébctonas del Macizo Ibérico (Diez Ferndndez
at al, 2010; Diez Ferndndez y Arenas, 2015).
Las secuencias sedimentarias representadas
en las Unidades Basales se depositaron en
la parte mas interna de la cuenca marginal,
junto al dominio puramente continental y en
la proximidad del Cratén del Oeste de Africa
(Diez Ferndndez et al, 2010) (Fig. 11.10). La
continuacidon de la convergencia dextral entre
ambas grandes masas continentales facilit6 el
acercamiento de los dominios sedimentarios
representados por la Zona Centroibérica. Sus
valores de T, son mas jovenes que los obser-
vados en las Unidades Basales y resultan com-
patibles con una posicién mas oriental duran-
te el Ediacarense, en las proximidades de un
dominio Gondwanico caracterizado por areas
fuente mas jévenes. Estas estarian ubicadas
en posiciones intermedias hacia el Metacra-
ton del Sahara (Diez Ferndndez et al, 2010 y
2012; Abalos et al,, 2012; Talavera et al, 2012),
0 quizas incluso en regiones todavia mas ha-
cia el E (Bea et al, 2010; Ferndndez-Sudrez et
al, 2014). Estos dominios autdctonos ocupa-
rian la posiciéon estructural inferior en el cin-
turén de cabalgamiento generado durante la
colisién Varisca en el Macizo Ibérico. Por todo
ello, la paleogeografia presentada para los te-
rrenos peri-Gondwanicos estudiados resul-
ta coherente tanto con una alineacion de los
mismos en el margen Africano de Gondwana,
como con su posicion estructural actual resul-
tante de la colision Varisca que dio lugar al en-
samblado de Pangea.

El presente trabajo ha permitido compro-
bar que el uso de las herramientas geoqui-
micas e isotopicas en series sedimentarias
antiguas permite conocer la influencia de
contextos tecténicos concretos sobre los pro-
cesos sedimentarios y las areas fuente aso-

ciadas a una cuenca sedimentaria particular.
Estos contextos geodindmicos tuvieron un
efecto importante, tanto en las procedencia de
los sedimentos terrigenos, como en los proce-
sos sedimentarios durante el relleno de las
paleocuencas estudiadas, como se desprende
de la observada variabilidad en los conteni-
dos de elementos mayores y trazas registra-
dos en las diferentes secuencias estudiadas.
La posibilidad de obtener informacién acerca
del ambiente deposicional y de la proceden-
cia de series metasedimentarias deformadas
y probablemente alteradas en eventos tecto-
nometamorficos posteriores a su formacion,
supone un valor afladido a estas técnicas, que
complementan los estudios llevados a cabo
por métodos mas tradicionales.
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El estudio geoquimico e isotopico de
las series metasedimentarias del Maci-
zo Ibérico ofrece una valiosa aproxima-
cion al contexto geodinamico presente
durante su sedimentacion, asi como a la
procedencia de los materiales terrigenos
que se depositaron en cuencas préximas
al Cratén del Oeste de Africa, permitien-
do la reconstruccion del paleomargen de
Gondwana durante la transicion Ediaca-
rense - CaAmbrico.
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del proyecto IGCP-497, “The Rheic Ocean - its origin, evolution and correlatives” (julio de 2007).
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