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A.- INTRODUCCION

Este documento pretende ante todo dar a conocer a los participantes en la VIII
Reunién del Grupo Ibérico de Petrologia, Geoquimica y Geocronologia las principales
caracteristicas geologicas de la isla de Fuerteventura. En ningin modo pretende ser un
compendio exhaustivo. Antes bien, en aras de que resulte una guia agil y amena, hemos
intentado abreviar las descripciones en la medida de lo posible, para que no resulten
prolijas en exceso. Con independencia de lo anterior, la presentacion de los rasgos
geoldgicos de la isla se ha hecho con el mayor rigor de que hemos sido capaces. Hemos
procurado respetar el principio de objetivad cientifica en la discusion de las
interpretaciones, especialmente cuando se dispone de varias hipdtesis complementarias o
alternativas para explicar el mismo hecho. Pedimos disculpas de antemano para los casos

en los que no lo hayamos conseguido.

Debemos reconocer que el grueso de nuestro trabajo en Fuerteventura se centra en
las formaciones mas antiguas de la isla. Es por eso, y porque el analisis de estas unidades
constituye el objetivo esencial de la excursion, que el énfasis principal de esta memoria
recae en ellas. Dado que es en estas rocas mas antiguas, donde se observan las estructuras
tectdnicas mas abundantes, espectaculares e importantes para conocer el origen de la isla, v,
por ende, de todo el archipiélago canario, por lo que esperamos que los participantes en la
reunion del Grupo Ibérico de Petrologia, Geoquimica y Geocronologia sepan comprender
este sesgo en nuestro acercamiento geoldgico a la isla. En cualquier caso, ofrecemos en las
referencias bibliograficas un buen nimero de trabajos en los que el lector interesado podra
acercarse a la descripcion geoldgica de otras unidades menos favorecidas en esta memoria.
Como documentacion adicional, hemos incluido en el Anexo de esta memoria cinco de

nuestras contribuciones sobre la evolucion temprana de la isla de Fuerteventura.
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Pero este documento es también la guia de una excursion. En la segunda parte de la
memoria trataremos con cierto detalle la descripcion de las distintas paradas previstas. En
ningin modo pueden considerarse descripciones cerradas. Los afloramientos geoldgicos
son como las buenas obras de arte, que siempre tienen cosas nuevas que ofrecernos, algo
que sabian bien los maestros de nuestra ciencia como Hans Cloos. Nuestro deseo es
conseguir interesar lo suficiente a los participantes en esta excursién como para que puedan
contribuir activamente, con todo su bagaje de conocimientos y experiencia, en la
descripcion e interpretacion de cada afloramiento. Estariamos completamente satisfechos si

pudiésemos alcanzar este objetivo.

No querriamos acabar esta introduccion sin rendir un pequefio homenaje a la
protagonista de la excursion. Se dice que los alemanes sienten tanto apego por
Fuerteventura, que intentaron comprarsela al gobierno espafiol durante la dictadura
franquista. Es también conocido el hecho de que dispusieron de una mansion en el extremo
sur de la isla, desde la que proporcionaban ayuda logistica y refugio a las tripulaciones de
submarinos que operaban en el Atlantico durante la Segunda Guerra Mundial.
Modernamente, es lugar habitual de llegada de los cayucos procedentes del Africa sub-
sahariana, destino turistico privilegiado de media Europa y conocido enclave de
windsurfistas. Pero ni eso, ni las historias de piratas berberiscos o de incursiones militares
inglesas, ni la sombra de un Unamuno desterrado, constituyen datos suficientes para
apreciar el sabor y la infinidad de matices de esta tierra sorprendente. Estamos seguros de
que estos dias en el campo podrén entender y quiza compartir con nosotros esta pasion

indefinible por Fuerteventura. Es la ventaja y el privilegio de dedicarnos a la Geologia.
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B.- DESCRIPCION GEOLOGICA DE LA ISLA DE FUERTEVENTURA
B.1.- SITUACION Y CARACTERISTICAS GEOGRAFICAS
La isla de Fuerteventura se localiza en la parte oriental del archipiélago canario, a

unos 100 km de la costa del continente africano y se levanta més de 3000 m por encima del
fondo oceéanico del Atléntico (Fig. 1).

15°W 10°W 5°W

Fig. 1.- Situacion general de Fuerteventura dentro del archipiélago

canario, con indicacion de la batimetria en ese sector del Atlantico Norte.

(tomado de Anguita et al., enviado a ESR).

La isla se alarga mas de 100 km en la direccion NNE-SSO vy, con una superficie de

1.662 km?, incluida la isla de Lobos, es la segunda isla en extension del archipiélago canario.
Frente a este notable tamafio, su cota méxima no alcanza los 1000 m (pico de la Zarza, 807
m), siendo exigua la superficie situada por encima de los 600 m. Es posible distinguir en
Fuerteventura cinco comarcas fisiograficas claramente diferenciadas (Fig. 2) (Criado, 1991):
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Fig. 2.- Modelo de elevacion digital del terreno con indicacion de las
principales comarcas fisiograficas de Fuerteventura (iluminacion desde el
NO). La mayor parte de estas comarcas estan condicionadas por unidades
geoldgicas bien diferenciadas, como se indica en el texto (véase la Fig. 3).

1. El Norte. Abarca los espacios situados al norte de la linea constituida por el barranco de
Tebeto, La Oliva y la montafia de Escanfraga. Se trata de un area con escasos desniveles y con
una altitud que, salvo algunos puntos concretos (montafia de Tindaya y montafia de la Arena),
no supera los 200 m. Esta parte de la isla esta constituida fundamentalmente por pequefios
conos de escorias y malpaises, producidos en erupciones relativamente recientes de los
ultimos episodios del segundo ciclo de vulcanismo subaéreo plio-cuaternario y del vulcanismo

subreciente.
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2. La Llanura Central. Al sur de Montafia Quemada se abre la llanura interior, que es una de
las regiones fisiograficas més caracteristicas de la isla. Esta llanura aparece alterada por la
presencia de pequefios tableros alargados de una veintena de metros de altura y algunas
montafas que se levantan un centenar de metros sobre el relieve circundante, como montafia
de Gairia. Hacia el sur, el Valle Central se estrecha progresivamente hasta desaparecer en el
Valle del Tarajal de Sancho. Esta llanura central constituye un bloque hundido con respecto al

sector mas occidental, y su origen ha estado condicionado por la actividad tectonica.

3. Los Valles y Cuchillos orientales. Esta unidad se localiza desde montafia de Escanfraga, al
norte, hasta el istmo de Jandia, al sur. La caracteristica esencial es la presencia de un relieve
gue se estructura en valles, la mayoria sin cabeceras bien desarrolladas, con vertientes
céncavas y fondo plano. Los interfluvios estdn constituidos por cordales que normalmente
superan los 400 m (cuchillos). Estos cuchillos representan los restos de la gran Dorsal Inicial
de la Isla'y los Edificios en Escudo Miocenos Norte y Central.

4. El Macizo de Betancuria. Este macizo se localiza desde el curso medio del barranco de Los
Molinos, al norte, hasta el margen occidental del barranco de Chilegua. El contacto con la
llanura central es bastante brusco, sobre todo entre Antigua y Tuineje. Este macizo presenta,
como rasgos diferenciales, acusados desniveles y una notable compartimentacion del relieve.
En este sector afloran gran parte de los materiales mas antiguos de la isla: la corteza oceénica
mesozoica, el Complejo Plutonico Ultra-alcalino, la Dorsal Inicial y los complejos pluténico-
filonianos relacionados con los Edificios en Escudo Miocenos Norte y Central.

5. La Peninsula de Jandia. Separada del resto de la isla por el istmo de la Pared, presenta dos
vertientes claramente diferentes. La vertiente de barlovento presenta un talud céncavo y un
escarpe donde se alcanzan las mayores cotas de la isla (pico de la Zarza, 807 m). La vertiente
de sotavento se caracteriza por la presencia de una red de barrancos estrechos y cortos, en
disposicién casi radial que parten del escarpe. Desde Morro Jable hacia el oeste, los barrancos
terminan en una planicie costera, levantada unos 10 metros sobre el nivel del mar. Algunos
sectores como el istmo de Jandia o el Jable de Salinas, se caracterizan por la presencia de

formaciones dunares de arenas bioclasticas movilizadas por el viento, y sobre las que se han
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producido importantes encostramientos. En general, la peninsula de Jandia representa los
restos de la parte mas meridional de la gran Dorsal Inicial de la isla y del Edificio en Escudo
Mioceno Sur.
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B.2.- PRINCIPALES UNIDADES GEOLOGICAS

Desde el punto de vista geodinamico, el archipiélago canario y, por tanto,
Fuerteventura, esta situado dentro de la placa de Nubia, en una posicion tectonica de
intraplaca, en ambiente oceanico y cercano al borde continental de tipo pasivo del noroeste
africano. El espesor de la corteza oceénica bajo Canarias varia desde los 12 km en La Palma
hasta los 15 a 20 km entre Fuerteventura y Lanzarote (Bosshard & Macfarlane, 1970; Banda et
al., 1980; Banda et al., 1981). Por tanto, la isla de Fuerteventura se asienta sobre una corteza
de espesor anormalmente grueso para ambientes oceanicos, que puede ser interpretada como
oceénica engrosada o incluso como corteza de transicion. Su estructura consiste (Banda et al.,
1980; Banda et al., 1981) en una primera capa de rocas volcanicas que se extiende hasta los 3
km de profundidad, y una capa de rocas igneas plutonicas de posible composicién gabroica y
ultraméfica que alcanza los 15 km de profundidad. Entre los 15 y 20 km aparece una zona de
transito entre la corteza oceédnica y el manto, caracterizada por una baja velocidad de
propagacion de las ondas sismicas P (7.4 km/s) si la comparamos con velocidades tipicas de
propagacion de dichas ondas en el manto litosférico (8.0 km/s). Esta capa puede corresponder
a un conjunto de rocas méficas y ultraméficas producidas por el magmatismo asociado a la
pasada actividad ignea de la isla (Holik et al., 1991). Esta capa de baja velocidad sismica ha

sido encontrada en otros contextos de magmatismo intraplaca (Caress et al., 1995).

En el conjunto del archipiélago es posible reconocer la existencia de direcciones
estructurales de primer orden que han sido interpretadas clasicamente como debidas a
importantes fracturas o fallas en la corteza oceénica. Las orientaciones de estas fracturas
parecen concentrarse en cuatro grandes poblaciones fundamentales o directrices (Carracedo,
1984) que han condicionado la génesis y formacion del archipiélago y estan intimamente
ligadas a la evolucion tectonica del oceano Atlantico, al desplazamiento de la placa de Nubia 'y
al campo de esfuerzos local provocado por la supuesta existencia de un penacho mantélico o
de una amplia zona de anomalia térmica en el manto superior sub-litosférico (Anderson et al.,
1992):

11
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[ Edificios volcanicos y sedimentos plio-cuaternarios

N: Norte
@ Centro de los volcanes en escudo % S({'el’llr‘u/ ﬂ
S: Sur

Volcanes en escudo | Complejos plutonicos
miocenos [ Rocas Volcanicas

[ Depositos epiclasticos relacionados con grandes —28°40'N
deslizamientos gravitacionales
Dorsal I Complejos plgténicos
Volcdtica Il Grupo Volcanico Subaéreo (GVSA)
Grupo Volcénico de Transicion (GVT)

Inicial [ Grupo Volcénico Submarino (GVS)

[ Complejo Pluténico Ultra-alcalino

5 % ' oo
Il Corteza oceanica mesozoica 28°30°N

Puerto
del Rosario

Caleta de Fuste

—28°20'N

—28°10'N

14°20°0 14°10°0 14°00°0

Fig. 3.- Mapa geologico de la isla de Fuerteventura (modificado de
Balcells et al., 2006) mostrando las principales unidades, la localizacion
de los centros de los edificios volcanicos miocenos (N: Norte, C: Central,
S: Sur), y la posicion de las paradas de esta excursion (P1 a P10). El
principal afloramiento de las rocas mas antiguas, en la zona centro-
occidental de la isla, es el llamado macizo de Betancuria.

12



Casillas et al. Crecimiento y evolucion geologica de Fuerteventura

1. N35°E (NE-SO). Es la llamada direccion africana (alineacion de Fuerteventura y Lanzarote,
asi como un gran nimero de estructuras observables en estas y otras islas).

2. N110°E (NO-SE). Direccion atlantica (alineacion definida por las islas de La Palma,
Tenerife y Gran Canaria, y numerosas estructuras observables en el archipiélago).

3. N60-65°E. Direccion también atlasica (aunque definida por las islas de Tenerife, La
Gomeray El Hierro y por diversas estructuras en las distintas islas).

4. N-S. Orientacion de la red de diques en La Palma.

El nacimiento y emersion de Fuerteventura y su posterior evolucion se ha llevado a
cabo, de forma similar a como ocurre en las otras islas, segin dos ciclos fundamentales
(crecimiento submarino y subaéreo), que han dado lugar a la formacién de diversas rocas
representadas en la isla por seis grandes formaciones litoldgicas (Ancochea et al., 1993) (Fig.
3 yFig. 4):

1). La Corteza oceanica mesozoica.

2). EI Complejo Plutdnico Ultra-alcalino.

3). La Dorsal Volcanica Inicial.

4). Los grandes edificios en escudo miocenos.
5). Los edificios volcanicos plio-cuaternarios.

6). Los sedimentos plio-cuaternarios.

La corteza oceédnica mesozoica, el Complejo Plutonico Ultra-alcalino, parte de la
Dorsal Inicial y los complejos pluténicos-filonianos asociados a los grandes edificios en
escudo miocenos constituyen el Complejo Basal, de acuerdo con la terminologia clasica
empleada por los investigadores de la escuela del Prof. Fuster. Siguiendo esta misma
terminologia, parte de la Dorsal VVolcanica Inicial y los grandes edificios en escudo miocenos
constituyen la Serie I, mientras que los edificios volcanicos plio-cuaternarios forman las Serie
I, 1nylv.

A continuacion, se describiran con mas detenimiento cada una de estas grandes

unidades geoldgicas.

13
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Edad (Ma)
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Fig. 4.- Esquema de evolucion temporal de las diferentes unidades
geoldgicas tempranas relacionadas con la formacion de Fuerteventura y
etapas de deformacion. En color naranja se muestra la posicién
geocronoldgica de la discordancia existente bajo las rocas volcanicas de la
Dorsal Inicial.
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B.2.1. La corteza ocednica mesozoica.

La corteza oceénica mesozoica pre-volcanica aparece en dos sectores de la costa
occidental de la isla (Fig. 3): entre la Piedra de La Playa y el Pardero en la costa norte (Fuster
et al., 1968a; Robertson & Stillman, 1979a; Roberston & Bernouilli, 1982), donde se
encuentra muy fracturada e hidrotermalizada, y entre la playa de Los Muertos y la caleta de la
Pefia Vieja en Ajuy (FuUster et al., 1968a; Rothe, 1968; Robertson & Stillman, 1979a; Fuster et
al., 1980; Roberston & Bernouilli, 1982; Fuster et al., 1984a y b; Renz et al., 1992). En este
ultimo sector, esta secuencia presenta un espesor aproximado de 1600 m. Se han diferenciado
cinco unidades en estos sedimentos (Steiner et al., 1998, Fig. 5).
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Fig. 5.- Columnas estratigréficas de la corteza oceénica mesozoica aflorante
en la region de Ajuy, al SO de Betancuria (Fig. 3). Incluyen tanto las rocas
volcanicas N-MORB de la Unidad Basal, como los sedimentos jurasicos y
cretacicos que las recubren. Tomado de Steiner et al. (1998).

- Unidad Basal. En la base de la secuencia, los sedimentos mesozoicos estan intercalados con

basaltos toleiticos de tipo N-MORB, de edad Jurésico inferior, que representan los materiales
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mas antiguos de la corteza oceanica en el Atlantico Central. Estos basaltos aparecen en la
playa de Los Muertos, en el barranco de La Majada de La Perra y en el barranco de La
Potranca. Los basaltos estan cubiertos por unos 150 metros de argilitas y limolitas depositadas

en aguas profundas, por debajo del nivel de compensacién de carbonatos.

- Unidad de Calizas con bivalvos pelagicos. Aflora en el Barranco de Ajuy y a lo largo de la
costa, al norte del puerto de La Pefia. Consiste en unos 150 metros de calizas, argilitas y
margas. En las margas aparecen numerosas impresiones del bivalvo Bositra buchi,
identificadas por Rothe (1968) como Posidonia bronni. La asociacion de facies de esta unidad
indica que la sedimentacion se produjo entre la parte media del talud continental y la llanura
abisal, por encima del nivel de compensacién de carbonatos. La edad de esta unidad es

Jurésico inferior - Jurasico superior.

- Unidad Cléastica Mixta. Aflora a lo largo de la costa, entre la caleta Negra y la
desembocadura del barranco de la Pefia, con una potencia de 470 metros. Marca el retorno a la
sedimentacion clastica y esta compuesta principalmente por arenas y limos turbiditicos, con
margas y pizarras negras subordinadas, depositadas en un ambiente marino profundo. Los
foraminiferos y el alga verde encontrada en el techo de esta unidad aportan una edad Jurasico-
Cretéacico inferior (Nautiloculina sp., Mesoendothyra sp. y Ophatalmidium sp.) y Oxfordiense

a Valanginiense (Salpingoporella pygmaea).

- Unidad Clastica Principal. Aflora a lo largo de la costa entre la desembocadura del barranco
de La Pefa y el sur de la caleta de la Pefia Vieja, y estd compuesta por 500 metros de arenas
turbiditicas. La base, de edad Valanginiense-Hauteriviense, se ha datado a partir de la
aparicion del ammonites Neocomites sp. (Renz et al., 1992). Los altimos 100 metros de esta
unidad estdn compuestos principalmente por pizarras negras que marcan el final del sistema de
abanico submarino. Considerando la edad de la siguiente unidad, las pizarras negras podrian
corresponderse con el mas antiguo de los eventos oceanicos andxicos del Cretacico

(Berriasiense- Albiense; Jenkyns, 1980).
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- Unidad de Calizas Pelégicas. Aflora principalmente en la caleta de la Pefia Vieja y en la parte
media del barranco de la Pefia. Esta compuesta por 150 metros de depdsitos de talud,
principalmente margas. Se corresponde con la unidad F y G de Robertson & Stillman (1979a).
Robertson & Bernoulli (1982) asignan una edad Albiense-Cenomaniense inferior a la unidad F
basandose en la aparicion del ammonites Partschiceras cf. whiteavesi y a la siguiente
asociacion de foraminiferos planctonicos: Schakoina galdolfii Reichel, Rotalipora sp.,
Hedbergella sp. y Gabonella sp. A la unidad G se le atribuye una edad Senoniense por la
presencia de Globotruncanidos y Heterohelicidos, asociados con foraminiferos bentonicos del

género Stensitina, Gavelinella, Polimorphina y Reussella.

B.2.2.- EI Complejo Plutonico Ultra-alcalino.

Las rocas que forman este Complejo son, junto con las de la Dorsal Inicial, las que
tienen una mayor extension geografica de todas las que forman la isla, estando s6lo ausentes
en la peninsula de Jandia. Por el norte (Fig. 3) se extienden hasta la montafia de Los Frailes y
la playa del Aguila, cerca de EI Cotillo (FUster et al., 1980; Barrera et al., 1986). Por el sur
llegan, por la costa, hasta cerca de la desembocadura del barranco de Amanay (Le Bas et al.,
1986; Ahijado y Hernandez-Pacheco, 1990; Ahijado y Hernandez-Pacheco, 1992; Ahijado et
al., 1992; Mangas et al., 1994: Ahijado, 1999). Por el suroeste hasta la montafiita de Agando,
junto al caserio de Violante. Por el este, hasta el Roque del Buey, al este de la montafia de

Gairia.

Se trata fundamentalmente de piroxenitas, kaersutiitas, gabros anfibdlicos, ijolitas-
melteigitas-urtitas, malignitas, sienitas, sienitas nefelinicas, traquitas porfidicas y carbonatitas
(Fuster et al., 1968; Mufioz, 1969; Barrera et al., 1981; Le Bas et al., 1986; Ahijado y
Hernandez-Pacheco, 1990; Ahijado y Palacios, 1991; Hoernle y Tilton, 1991; Ahijado et al.,
1992; Ahijado y Hernandez-Pacheco, 1992; Cantagrel et al., 1993; Sagredo et al., 1996;
Demeny et al., 1998; Ahijado 1999; Hoernle et al., 2002; Demeny et al., 2004; Mufioz et al.,
2005; De Ignacio et al., 2006). Estas ultimas aparecen, principalmente, concentradas en tres
macizos: Esquinzo, Ajuy-Solapa (Punta de la Nao-Caleta de la Cruz) y Punta del Pefidn
Blanco (Barrera et al., 1981; Ahijado y Hernandez-Pacheco, 1990; Ahijado y Hernandez-
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Pacheco, 1992; Ahijado et al., 1992; Mangas et al., 1992, 1993, 1994; Ahijado, 1999; Mufioz
et al., 2005). Algunos afloramientos méas dispersos aparecen en la montafia de Los Frailes, al
norte; en el barranco del Cortijo (Violante) al sur y en el barranco de Los Arrabales

(Tiscamanita), en el centro de la isla.

Se trata del Grupo Al y A2 definidos por Balogh et al., (1999); o el Grupo EM-1
definido por Mufioz et al., (2005).

Las rocas plutonicas de la serie ultra-alcalina inicial estan afectadas por zonas de
cizalla ddctil o ddctil-fragil (Casillas et al., 1994; Fernandez et al., 1997) de movimiento
transcurrente y normal (Casillas et al., 1994; Fernandez et al., 1997). Esta deformacion parece
estar causada por la existencia de un régimen extensional para el transito Oligoceno-Mioceno
y en el Mioceno (Fernandez et al., 2006); responsable, como veremos mas adelante, de la
formacién de la Dorsal Inicial y de su complejo filoniano de direccion NNE-SSO que llega a
representar un 50% de dilatacion cortical (Stillman, 1987; Ahijado et al., 2001; Fernandez et
al., 2006). Alguna de estas zonas de cizalla se describira con mas detalle y sera objeto de una

de las paradas (P4) durante esta excursion.

En la costa norte, en La Piedra de la Playa, contactan con los sedimentos de la corteza
oceanica a través de una zona de falla de direccién NE-SO. En el entorno de Ajui, el contacto
con los materiales de la secuencia invertida de la corteza oceanica es intrusivo, aunque se

encuentra retocado por las zonas de cizalla ddctil o ductil-fragil mencionadas anteriormente.
La edad de las rocas de este complejo se sitia entre los 23 y los 35 Ma (Fig. 4,

Cantagrel et al., 1993; Balogh et al., 1999; Mufioz et al., 2005; Sagan et al., 2020), siendo mas
antiguas en el norte que en el sur (Sagan et al., 2020).
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B.2.3.- La Dorsal Volcanica Inicial.

Sobre las rocas de la corteza oceanica y del Complejo Pluténico Ultra-alcalino, a
través de una discordancia erosiva que recorre la isla de norte a sur (Fig. 6), aparecen las rocas
volcénicas que constituyen la Dorsal Volcéanica Inicial (23 Ma.-20,5 Ma ) que se extenderia
desde la peninsula de Jandia hasta el extremo norte de la isla, sin descartarse que pudiera tener
continuidad mas hacia el norte en Lanzarote, llegando hasta el Banco de Concepcion (descrita
ya por Fuster 1975, como “dorsal canaria”). El término “dorsal volcanica” alude a edificios
volcanicos alargados, en forma de “tejado a dos aguas”, generalmente asociados a erupciones

de tipo fisural, y no tiene relacion con el concepto de dorsal oceanica utilizado en tectdnica.

Esta discordancia basal de la Dorsal Volcanica Inicial aparece representada, en la zona
central y occidental de la isla por brechas y conglomerados submarinos, mientras que en la
parte septentrional, meridional y centro-oriental de la misma aparecen paleosuelos
ferruginosos, conglomerados y arenas aluviales. En las brechas y conglomerados son muy
frecuentes los fragmentos de sedimentos de la corteza oceanica, piroxenitas, ijolitas, sienitas y
traquitas. En Esquinzo, estos materiales detriticos fueron descritos por primera vez por Fuster
et al. (1968) e interpretados, posteriormente por Barrera et al. (1981) como una brecha de
fluidificacion formada por la accién de fluidos hidrotermales tardios relacionados con las

intrusiones ultra-alcalinas.

Sobre los depositos detriticos anteriores aparecen los materiales volcanicos que
representan el crecimiento de la gran Dorsal Inicial de la Isla. Dicha Dorsal esta integrada por
tres grandes unidades litoestratigraficas transicionales y/o superpuestas (Figuras 3, 4, 6, 7'y
8) (Gutiérrez, 2000; Gutiérrez et al., 2006): el Grupo Volcanico Submarino (GVS),
constituido por rocas volcanicas submarinas emplazadas sobre la discordancia basal que se
apoya en el Complejo Ultra-alcalino o en la corteza oceénica; el Grupo Volcanico de
Transicién (GVT), constituido por rocas formadas en ambientes de transicion submarino-
subaéreo, y, finalmente, el Grupo Volcanico Subaéreo (GVSA), integrado por las rocas
volcanicas emplazadas sobre la discordancia en condiciones subaéreas, entre los que se

incluyen los niveles mas bajos de los Edificios Subaéreos Meridional, Central y/o
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Septentrional Inferiores, definidos, previamente por Ancochea et al. (1993) y Ancochea et

al. (1996).

[ Edificios volcanicos y sedimentos plio-cuaternarios
N: Norte

(@ Centro de los volcanes en escudo |C: Central
S: Sur

Volcanes en escudo | Complejos pluténicos
miocenos [ Rocas Volcanicas

¥

P IPR —28°40°N
>

.
.

[ Depositos epiclasticos relacionados con grandes
deslizamientos gravitacionales

R .
® La Oliva.__

Dorsal Il Complejos plutonicos
olckiies Il Grupo Volcanico Subaéreo (GVSA)

. . [ Grupo Volcénico de Transicion (GVT)
Inicial [ Grupo Volcanico Submarino (GVS)

Discordancia bajo la Dorsal Inicial

1 Complejo Pluténico Ultra-alcalino
Il Corteza oceanica mesozoica

—28°30°'N
Puerto

P5 ¢ )
del Rosario

Caleta de Fuste

—28°20'N

—28°10'N

14°20°0 14°10°0 14°00°0

Fig. 6.- Localizacidon de la discordancia (en linea de color naranja) bajo la
Dorsal Inicial. Mapa geoldgico de Fuerteventura modificado de Balcells et

al., 2006.

Las relaciones entre estas unidades y sus principales caracteristicas
litoestratigraficas pueden observarse en la Fig. 8, y seran descritas a continuacion.
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Fig. 7.- Mapa y cortes geoldgicos de las unidades aflorantes en el macizo
de Betancuria, segin Gutiérrez (2000). P2, P5 y P6 indican la localizacion
de varias de las paradas de la excursion.
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Crecimiento y evolucion geologica de Fuerteventura
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Fig. 8.- Columnas

esquematicas de las unidades volcénicas
correspondientes al crecimiento submarino (GVS) y al trénsito a las

condiciones de crecimiento subaéreo (GVT) aflorantes en el macizo de
Betancuria, segin Gutiérrez et al. (2006).

Grupo Volcénico Submarino (GVS)

Aparece en el sector centro-occidental de la isla, fundamentalmente, a lo largo de su

costa occidental desde El Pardero, al norte de Los Molinos, hasta la caleta de la Pefia Vieja
(Fig. 7).

Unidades litoestratigraficas

En el GVS se han diferenciado varias formaciones en funcidon de sus caracteristicas

estratigraficas, sedimentologicas y petrograficas (Gutiérrez, 2000; Gutiérrez et al., 2006)
(Fig. 8):

1) Formacién basaltos y nefelinitas del Barranco del Tarajalito (A). Se apoya de manera
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discordante sobre los sedimentos de fondo oceanico de la serie mesozoica. Esta unidad se
caracteriza por la aparicion de rocas de afinidad ultra-alcalina (nefelinitas, fonolitas
nefelinicas) junto a otras fuertemente alcalinas (basanitas). En ella se diferencian dos
asociaciones de facies. Una esta integrada por rocas volcanicas primarias de composicion
basanitica, constituidas por lavas almohadilladas, brechas de fragmentos de almohadillas
mas o menos resedimentadas y brechas de almohadillas escoridceas; esta asociacion de
facies se gener0 a través de erupciones subaéreas cuyas coladas llegaron al mar formando
deltas lavicos (Fig. 9a). La otra asociacion de facies es de naturaleza volcanogeénica,
formada, principalmente por conglomerados, brechas, areniscas y limolitas volcanicas,
depositadas a través de flujos subacuaticos en relacion con la destruccion parcial de

complejos ultra-alcalinos situados en la zona oriental.

2) Formacién basaltos y fonolitas de La Herradura (B). Esta constituida principalmente
por depdsitos proximales (lavas almohadilladas, brechas de almohadillas escoriaceas y
brechas de fragmentos de almohadillas) de composicidn basanitica. Eventualmente tuvieron
lugar erupciones efusivas de coladas fonoliticas que dieron lugar a depdsitos

hialoclastiticos de la misma composicion (Fig. 9b).

3) Formacion brechas, areniscas y limolitas de Los Negros (C). Compuesta
fundamentalmente por depdsitos volcanogénicos en los que predominan los fragmentos de
composicion basanitica, con ocasionales fragmentos de fonolitas. Estos niveles se
depositaron por flujos gravitatorios, principalmente debris-flows y flujos granulares de
densidad modificada subacuaticos (Fig. 9c). Algunos de los depdsitos presentan una alta
concentracion de fragmentos bioclasticos (foraminiferos benténicos, bivalvos,

gasteropodos, etc.)
4) Formacion basaltos de La Gatera (D). Formada por lavas almohadilladas de

considerable tamafio, asociadas a depdsitos autoclasticos (brechas de almohadillas y

brechas de fragmentos de almohadillas) (Fig. 9d).
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Fig. 9a.- Esquema de interpretacion paleogeografica de la unidad A del
Grupo Volcanico Submarino (Gutiérrez et al., 2006).
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Fig. 9b.- Esquema de interpretacion paleogeografica de la unidad B del
Grupo Volcénico Submarino (Gutiérrez et al., 2006).
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Fig. 9c.- Esquema de interpretacion paleogeogréafica de la unidad C del
Grupo Volcénico Submarino (Gutiérrez et al., 2006).
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Fig. 9d.- Esquema de interpretacion paleogeografica de la unidad D del
Grupo Volcénico Submarino (Gutiérrez et al., 2006).
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Fig. 9e.- Esquema de interpretacién paleogeografica de la unidad E del
Grupo Volcénico Submarino (Gutiérrez et al., 2006).
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Fig. 9f.- Esquema de interpretacion paleogeografica de la unidad F del
Grupo Volcénico Submarino (Gutiérrez et al., 2006).
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Fig. 9g9.- Esquema de interpretacion paleogeogréfica de las unidades G4 y
G5 del Grupo Volcéanico de Transicion (Gutiérrez et al., 2006).

5) Formacién areniscas y limolitas de Toscano (E). Integrada principalmente por alternancias
de areniscas y limolitas, depositadas a través de flujos gravitatorios, que se han sedimentado

en las partes distales de abanicos submarinos (Fig. 9e).

6) Formacion basaltos del Valle (F). Consiste fundamentalmente en lavas almohadilladas y
depdsitos autoclasticos asociados (brechas de almohadillas y brechas de fragmentos de
almohadillas), depdsitos sineruptivos resedimentados (brechas de fragmentos de
almohadillas resedimentadas) y niveles volcanogénicos (areniscas y brechas volcanicas). La

presencia de corales coloniales incrustados en la corteza externa de algunas lavas
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almohadillas, junto a evidencias de abrasion significativa en los cantos en algunos niveles
volcanogénicos y la existencia de estructuras tractivas en niveles altos de la unidad,
sugieren un depdsito a escasa profundidad y cercano a la linea de costa. (Fig. 9f). La
composicion de los materiales es fundamentalmente basanitica, restringiéndose los

materiales séalicos a algunos niveles volcanogénicos de grano fino.

Caracteristicas petroldgicas

Desde el punto de vista geoquimico y petrografico, en el Grupo Volcanico Submarino
puede distinguirse la existencia de dos componentes fundamentales superpuestos: rocas de
series ultra-alcalinas, presentes en los niveles detriticos volcanogénicos de la base del grupo
(Formacion basaltos y nefelinitas del Barranco del Tarajalito, A), y rocas de una serie
fuertemente alcalina, dominando el resto de esta sucesion. Los fragmentos de los niveles
detriticos volcanogénicos de composicion ultraalcalina estan constituidos fundamentalmente
por melanefelinitas y nefelinitas s.s. y fonolitas nefelinicas, apareciendo ademas sus
equivalentes plutonicos (ijolitas, melteigitas, sienitas nefelinicas). Diversas evidencias
petrograficas, geoquimicas y geocronoldgicas, sugieren que estos niveles detriticos
volcanogénicos proceden de la erosion subaérea de las rocas del Complejo Plutonico Ultra-

alcalino.

Las rocas de la serie fuertemente alcalina son, fundamentalmente, diversos tipos de
basaltos/basanitas y fonolitas. En cuanto a los términos bésicos se han diferenciado
basaltos/basanitas olivinico-piroxénicos, basaltos/basanitas piroxénicas, basaltos/basanitas
anfibdlicos y basaltos/basanitas piroxénico-anfibolicos. Estas rocas incorporan enclaves de
piroxenitas, ijolitas y kaersutiitas, relacionados con la con el Complejo Plutonico Ultra-
alcalino (fragmentos de roca de caja arrancados por el magma durante su ascenso). Los
términos mas diferenciados de esta serie se corresponden con fonolitas, que contienen en

ocasiones enclaves, seguramente comagmaticos, de sienitas.
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Grupo Volcénico de Transicion (GVT)

Las rocas volcanicas que constituyen el GVT marcan el transito hacia el vulcanismo
subaéreo representado por el Grupo Volcanico Subaéreo. Aunque alguna de las unidades
que lo integran se depositaron bajo el mar, todas ellas presentan evidencias de haberse
formado una vez que la isla estaba parcialmente emergida. Aparece en el sector centro-
occidental de la isla, fundamentalmente, a lo largo de su costa occidental, desde la

desembocadura del barranco de la Fuente Blanca, al norte, hasta La Lajita, al sur (Fig. 7).

Unidades litoestratigraficas (Fig. 8)

1) Formacién traquitas de la Caleta del Barco. Constituida principalmente por niveles de
brechas polimicticas resedimentadas generadas en flujos gravitatorios subacuéaticos
procedentes de la destruccion de complejos I6bulo-hialoclastiticos submarinos (G1) y de
coladas salicas acumuladas durante periodos de emision efusiva, en gran parte,

subacuaticas, pudiendo formar complejos I6bulo-hialoclastiticos (G2).

2) Formacién basaltos flogopitico-anfibdlicos de Piedra de Fuera (G3). Formada por
coladas subaéreas que eventualmente llegaron al mar originando deltas de lava, lavas
almohadillas y brechas de almohadillas escoridceas extruidas en aguas someras.

Aparecen también diques de considerable espesor. Este episodio de vulcanismo esta ligado

temporal y espacialmente a la emision de traquitas de la unidad G2.

3) Formacién conglomerados y areniscas de Janey (G4). Constituida por conglomerados y
areniscas depositados en ambientes marinos muy someros por flujos gravitatorios de
sedimentos, procedentes de la erosion y retrabajamiento de los materiales emergidos de las
formaciones anteriormente descritas en este GVT y de otras mas antiguas (Corteza oceanica

mesozoica, Complejo Pluténico Ultra-alcalino).

4) Formacion calcirruditas y calcarenitas del Barranco de la Fuente Blanca (G5). Esta
constituida por conglomerados, calcirruditas y calcarenitas procedentes de la destruccion de

un arrecife coralino que bordeaba a la isla. Se corresponde a los niveles bioclasticos
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estudiados por Robertson y Stillman (1979b) y en ella se reconocen tres litofacies (Figs. 8 y
99):

-A: alternancias ritmicas de calcarenitas bioclasticas y calcilutitas limosas pelagicas, formando
una secuencia grano y estratocreciente. Presentan cuerpos esféricos de més de 5 cm con

laminacion concéntrica que incorporan conchas finamente fragmentadas.

-B: calcirruditas conglomeréticas, calcarenitas bioclasticas y calcilutitas con intraclastos de
pizarras negras dispersos, ordenadas en capas amalgamadas granodecrecientes. Hacia el techo

aparecen intercalaciones de areniscas y limolitas volcanoclésticas.

-C: calcarenitas y areniscas volcanoclasticas.

Caracteristicas petroldgicas

Los materiales volcanicos béasicos emitidos durante este periodo tienen afinidad
fuertemente alcalina. Por otro lado, su estrecha relacion espacial y temporal con las rocas
traquiticas plantea la posibilidad de que ambos tipos de rocas estén genéticamente
relacionadas y que la fraccionacion de la kaersutita, durante un proceso de cristalizacién
fraccionada condujera a la saturacién en silice del magma residual y originara los términos
traquiticos. Otra posibilidad es que, aunque ambos tipos de roca aparezcan asociados, no

tengan ninguna relacién genética entre ellas.

Grupo Volcanico Subaéreo (GVSA)

Las rocas volcanicas que constituyen el GVSA constituyen el volumen mas
importante de la Dorsal Inicial y aparecen, fundamentalmente en la parte central y
occidental de la isla, en el macizo de Betancuria, y en la base de los cuchillos de la parte
oriental de la isla. También forman las partes méas bajas de la peninsula de Jandia. Salvo en
esta peninsula, se apoyan discordantemente sobre las rocas del Complejo pluténico Ultra-

alcalino a través de paleosuelos ferruginosos, conglomerados y arenas aluviales. Hacia el
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Oeste, en el macizo de Betancuria, las rocas del GVSA pasan transicionalmente al GVT y a
las rocas del GVS.

El GVSA esta compuesto por coladas vesiculadas de composicion basaltica-
traquibasaltica y niveles fragmentarios monomicticos que parecen corresponder con zonas
escoridceas entre estas coladas de emision subaérea. En la zona central del macizo de
Betancuria se encuentran intensamente intruidas por los diques del complejo filoniano

relacionados con el interior de la Dorsal Inicial.

B.2.3.1.- Intrusiones plutonicas y enjambres filonianos asociados a la gran Dorsal Inicial.

Atravesando las rocas volcanicas de la Dorsal Inicial (Fig. 4) aparece un importante
complejo filoniano constituido por una red de diques de extraordinaria densidad (Fig. 10), que
en muchos casos constituyen el 95% al 99% del afloramiento rocoso (Fuster et al., 19683;
Lopez-Ruiz, 1970; Stillman, 1987; Ahijado et al., 2001). Suelen disponerse en posicion
subvertical, pero también aparecen rotados e inclinados hacia el este o el oeste (Fig. 10). La
direccion mas corriente es NNE-SSO, aunque también aparecen algunos con direccion NE-SO
y NO-SE. Su composicién es variable predominando los tipos basélticos y traquibasalticos.

Este complejo filoniano representa la parte mas profunda de esta gran Dorsal Inicial.

Por otro lado, asociados a esta Dorsal Inicial aparecen numerosos cuerpos pluténicos e
hipoabisales (Fig. 3, Fig. 4). Las intrusiones plutonicas forman una serie de cuerpos
independientes en la parte central y septentrional de la isla (serie gabroide-piroxenitica de
Fuster et al., 1968a; Gastesi, 1969a; Gastesi, 1969b; Gastesi, 1973; Mufioz y Sagredo, 1975;
Stillman et al., 1975; Fuster et al., 1980; Fuster et al., 1984ay b; Le Bas et al., 1986; Stillman,
1987; Sagredo et al., 1989; Mufioz y Sagredo, 1989, 1994; Cantagrel et al., 1993; Grupo A3
de Balogh et al., 1999; Grupo EM-2 de Muiioz et al., 2005), de forma alargada segun la
direccion NNE-SSO y NO-SE (Gastesi, 1969a; Gastesi, 1969b, Gastesi, 1973) cuya intrusion
produce intensos fendbmenos de metamorfismo de contacto en las rocas encajantes (Mufioz y
Sagredo, 1975; Stillman et al., 1975; Mufioz y Sagredo, 1989) y, algunos de los cuales han
sido datados en 22 M.a. (PX1, Allibon et al., 2011b). Como consecuencia del intenso
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metamorfismo de contacto llega a producirse la anatexis de las rocas preexistentes (Hobson et
al., 1998; Holloway & Bussy, 2008; Holloway et al., 2008) y la formacion esporadica de
metacarbonatitas (Casillas et al., 2008; Casillas et al., 2011).

Estas rocas plutdnicas posiblemente representan los restos de las cAmaras magmaticas
que alimentaron a la Dorsal Inicial (Ancochea et al., 1996; Allibon et al., 2011a; Allibon et al.,
2011b; Tornare et al., 2016).

Densidad de diques Orientacion de diques

Convergentes ,éi(
hacia abajo % f((f(
Convergentes e

hacia arriba ’T’f

Fig. 10.- Esquemas mostrando la distribucién espacial de la densidad de la
red de diques basicos del complejo filoniano (izquierda), asi como la
orientacion promedio de dichos diques medida en distintas estaciones
(derecha). Obsérvese cdmo los diques se disponen formando enormes
abanicos asociados a la estructura a gran escala de la Dorsal Inicial. Segin
Fernandez et al. (2006).

La Dorsal Inicial pudo alcanzar mas de 3000 metros de altura (Javoy et al., 1986),

volviéndose un edificio volcanico muy inestable, de tal manera que sufrid varios
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deslizamientos gravitacionales, todos orientados hacia el oeste o noroeste, entre los que

podemos destacar los siguientes (Fig. 11):

-A). Al norte, el deslizamiento de Puerto del Rosario Norte (Acosta et al., 2003; Casillas et al.,
2012; Casillas et al., 2019), que afectd a la parte de la Dorsal que hoy se corresponde con la

parte norte de la isla de Fuerteventura, acaecido hace unos 14.5 Ma.

-B). En el centro, el deslizamiento de Puerto del Rosario Sur (Acosta et al., 2003) que afecto a
la parte de la Dorsal que hoy se corresponde con la parte central de la isla de Fuerteventura,
acaecido hace unos 20.5 Ma.

-C). En el sur, el deslizamiento de Jandia (Casillas y Martin, 2021), que afecté a la parte de la

Dorsal que hoy se corresponde con la peninsula de Jandia, acaecido entre hace 21,5y 17 Ma.

[ Edificios voleénicos y sedimentos plio-cuaternarios
N: Norte

Centro de los volcanes en escudo | C: Central 8
(@) Centro de los volcanes en escudo ol /‘Mn/‘f i«l
Volcanes en escudo | Complejos pluténicos e

miocenos [ Rocas Volcanicas

I Depositos epiclasticos relacionados con grandes
deslizamientos gravitacionales

e, & §—28°40‘N

Dorsal Il Complejos pluténicos

Volcsgn. 5 Wl Grupo Volcénico Subaéreo (GVSA)

I o I 1€a | B Grupo Volcanico de Transicion (GVT)
nicia [ Grupo Volcanico Submarino (GVS)

Discordancia bajo la Dorsal Inicial

[ Complejo Pluténico Ultra-alcalino
Il Corteza oceanica mesozoica

§ —28°30'N
Puerto
del Rosario

Caleta de Fuste

—28°20'N

—28°10'N

14°‘20‘O 14° |10'0 14°|00‘0
Fig. 11.- Posicion deducida (lineas verdes) de los anfiteatros producidos por
los deslizamientos gravitacionales de Puerto del Rosario Norte y Puerto del
Rosario sur. Mapa geologico de Fuerteventura modificado de Balcells et
al., 2006.
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Como consecuencia de estos megadeslizamientos gravitacionales se produjeron
deslizamientos menores secundarios, asi, como, en el caso del deslizamiento de Puerto del

Rosario Norte, un fendmeno de blast (Casillas et al., 2012).

Como producto de todos estos deslizamientos se generaron depositos de avalancha
rocosa (debris avalanches) que pueden ser observados en tierra (motivo de la parada n° 10),
aungue el mayor volumen de ellos se extienden en el fondo del océano, ocupando varios
kilometros del margen submarino occidental de la isla (al deslizamiento de Puerto del Rosario
Norte se vincula un megabloque kilométrico situado a unos 50 kilometros al noroeste de la
isla, que por sus dimensiones se le considera el segundo de mayor tamafio encontrado hasta la

fecha en deslizamientos de flancos de islas volcanicas oceanicas, Casillas et al., 2019 ).

Posteriormente, la erosion de las paredes de los anfiteatros generados dio lugar a
depositos de coladas de derrubios (debris flows) y aluviales que fueron rellenando y
colmatando los anfiteatros a medida que se fue reanudando la actividad volcanica que dio

lugar a la formacion de los tres grandes edificios volcanicos en escudo anidados.

B.2.4.- Los grandes edificios en escudo miocenos.

Tras el desarrollo de los grandes deslizamientos gravitacionales que afectaron a la
Dorsal Inicial de la isla, la actividad volcanica se reanud6 y dando lugar a tres grandes
edificios volcénicos en escudo (Fig. 4), anidados dentro de los anfiteatros resultantes de los
deslizamientos. Este vulcanismo subaéreo, cuya edad estaria comprendida entre los 20,5 y
12,8 Ma. (Abdel Monem et al., 1971; Fearud, 1981; Coello et al., 1992; Ancochea et al.,
1993; Balcells et al., 1994; Ancochea et al., 1996; Pérez-Torrado et al., 2023), dio lugar en la
isla a la construccion de tres edificios volcanicos en escudo (parecidos a los que aparecen en
Hawai), cuyos centros principales de emision se situarian al oeste de la pared de Jandia, entre

Pajara y Toto, y al este del puertito de Los Molinos (Fig. 3):
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-Edificio Norte. Construido entre los 14,5 Ma y 12,8 Ma (Fig. 4) (Abdel Monem et al., 1971,
Fearud, 1981; Coello et al., 1992; Ancochea et al., 1993; Balcells et al., 1994; Ancochea et al.,
1996; Pérez-Torrado et al., 2023).

-Edificio Central. Construido entre los 20,5 May 13,2 Ma (Fig. 4) (Abdel Monem et al., 1971,
Fearud, 1981; Coello et al., 1992; Ancochea et al., 1993; Balcells et al., 1994; Ancochea et al.,
1996; Pérez-Torrado et al., 2023).

-Edificio Sur. Construido entre los 17 Ma y 13,7 Ma (Fig. 4) (Abdel Monem et al., 1971;
Fearud, 1981; Coello et al., 1992; Ancochea et al., 1993; Balcells et al., 1994; Ancochea et al.,
1996; Pérez-Torrado et al., 2023).

Los restos de estos edificios se pueden observar en las laderas de los "cuchillos” que
limitan los grandes valles en "U" de la parte oriental de la isla (Fig. 2). Estos volcanes se
formaron por acumulacion de grandes volumenes de coladas de lavas muy fluidas y material
piroclastico, en erupciones fisurales de altas tasas eruptivas (Ancochea et al., 1993; Ancochea
et al., 1996). Con posterioridad, alguno de estos edificios volcanicos también sufrieron
importantes deslizamientos gravitacionales que dieron lugar depésitos de avalancha de
derrubios y al posterior relleno de las depresiones formadas por depositos de coladas de
derrubios y aluviales.

Los materiales basalticos de estas formaciones estdn también profusamente
atravesados por numerosos diques de diversa naturaleza y composicion y por algunos pitones

salicos (p. €j., la Montafia de Tindaya, Cubas et al., 1989).

B.2.4.1.- Intrusiones plutonicas y enjambres filonianos asociados a los grandes edificios

volcanicos en escudo.

Asociados al edificio volcanico en escudo central aparecen numerosos Cuerpos
pluténicos e hipoabisales, en forma de complejos circulares (Fig. 3), entre los que podemos
destacar el de Vega de Rio Palmas, con una serie de intrusiones anulares de gabros y sienitas

(18.7-16,05 Ma), que dan lugar en el terreno a la aparicion de crestas circulares como la que se
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encuentra en el embalse de Las Pefiitas (Mufioz, 1969). Otros cuerpos lo constituyen las
sienitas de Toto (19,5 Ma) y las sienitas de Betancuria (15.1. Ma). Todos estos macizos fueron
definidos como Grupo A4 por Balogh et al., (1999); y Grupos EM-3 y EM-4 definidos por
Mufoz et al., (2005).

B.2.5.- Los edificios volcénicos plio-cuaternarios.

Una vez formados los edificios volcanicos miocenos y tras un intenso periodo erosivo,
a finales del Plioceno (5 Ma), se renueva la actividad volcanica y se forman una serie de
pequefios volcanes en escudo (Ventosilla, Cercado Viejo, Betancuria, Antigua, etc), cuyas
coladas de lava basaltica fueron rellenando algunos paleorelieves. Con posterioridad se
producen algunas pequefias erupciones que forman conos de cinder alineados a lo largo de
fracturas y coladas derivadas de extension variable (Cendrero, 1966). Intercalados entre las
sucesiones volcanicas de este Gltimo ciclo aparecen numerosos niveles de playas levantadas
cuyo origen debe relacionarse con movimientos de elevacion de bloques insulares y/o

movimientos eustaticos.

B.2.4.- Los sedimentos plio-cuaternarios.

En tres ocasiones, transito Mio-Plioceno, Pleistoceno superior y Holoceno, se
producen depdsitos marinos relacionados con pequefios episodios transgresivos. Las playas
levantadas correspondientes a los dos primeros episodios contienen faunas de invertebrados de
aguas calidas, mientras que en el ultimo se ha encontrado fauna similar a la que actualmente
habita en el medio marino canario. A estos depositos se les superpusieron formaciones
dunares (Plioceno-Pleistoceno superior-Holoceno) con aluviones y paleosuelos intercalados

gue han quedado parcialmente cubiertas por lavas basalticas.
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B.2.4.1.- El Plioceno de Fuerteventura

Los depositos marinos del transito Mioceno-Plioceno (datados entre 5,8 y 6,6 Ma)
aparecen hoy emplazados a 10-14 m de altura sobre el nivel del mar, aunque, por la accion de
movimientos tectonicos locales, llegan a situarse a unos 55 m de altura en Morro Jable. Estan
constituidos por niveles delgados (hasta 1 m de potencia) de conglomerados y areniscas
bioclasticas con gran riqueza en fauna y flora calcarea (algas incrustantes). Esta extraordinaria
riqueza calcarea les ha hecho constituir la materia prima de los costrones calcareos (Meco,
1977, 1993; Meco & Pomel, 1985).

En Fuerteventura han sido estudiadas numerosas localidades con depositos marinos del
Plioceno que se extienden a lo largo de su costa occidental, desde el Aljibe de la Cueva al
norte, hasta la Punta Cotillo en el sur. En la costa oriental s6lo aparecen en la peninsula de
Jandia, concretamente en Morro Jable (Meco, 1977). Las asociaciones de invertebrados de los
depdsitos marinos pliocenos varian de unas localidades a otras, pero todas ellas se caracterizan
por la presencia de especies de caracter calido como Strombus coronatus (playa del Aljibe de
La Cueva; Puerto de la Pefia), o las acumulaciones de Saccostrea cucullata en la playa del
Valle.

Existen pocos estudios paleontoldgicos sobre depdsitos terrestres del Plioceno de
Fuerteventura, y, en general, de todas las Canarias. No obstante, en estos materiales
arenosos calcificados (calcarenitas) aparecen restos de tortugas gigantes y gaster6podos
terrestres pertenecientes al Plioceno inferior, aunque algunos depdsitos pudieran ser del

limite Mioceno—Plioceno.

En Agua Tres Piedras, en el istmo de la Pared, es donde mejor se pueden observar
las formaciones dunares del Plioceno de Fuerteventura. Segun Meco (1977) estas dunas se
formaron por la removilizacion de arenas puestas al descubierto durante la fase de regresion
del nivel del mar. Intercalados entre ellas aparecen paleosuelos que indican varias pausas

lluviosas durante este periodo.
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B.2.4.2.- El Cuaternario de Fuerteventura

Durante el Pleistoceno superior se produjeron varios ascensos relativos del nivel del
mar debido a un aumento global de la temperatura durante los periodos interglaciales. Estos
cambios han quedado registrados en las costas de Fuerteventura, en los depésitos que Meco &
Petit-Maire (1986) denominan Jandiense, que pertenecen, al menos, a los estadios isotdpicos 5
y 7'y se sitlan a unos 5 m sobre el actual nivel del mar (Meco et al., 1992; Zazo et al., 1997).
La localidad tipo de esta playa levantada jandiense es Las Playitas (Gran Tarajal) (Meco &
Petit-Maire, 1986). Estd constituida por areniscas muy cementadas de color claro con
Strombus bubonius, sobre las que suele aparecer un conglomerado de unos 2 a 3 m de espesor

con numerosos cantos redondeados de basalto.

En el Holoceno se produjo una nueva elevacion del nivel del mar dando lugar a varios
depositos marinos de edades entre 5.640 afios y 3.400 afios, que se localizan a 3-4 m sobre el
nivel de la marea baja. Este episodio transgresivo fue denominado por Meco & Petit-Maire
(1986) como Erbanense, siendo su localidad tipo La Jaqueta (sur de Fuerteventura). Otros
afloramientos son los de Corralejo y El Cotillo. Los restos de esta playa son eminentemente
conglomeréticos con cantos rodados de la arenisca jandiense sobre la cual directamente se
sitian cuando corresponden al relleno de cubetas; en otras ocasiones lo hacen sobre un
delgado deposito continental de color asalmonado con clastos angulosos y conchas de
gasterépodos terrestres. El punto mas alto, correspondiente a la berma se encuentra a casi dos
metros de altura sobre la berma actual.

Las dunas eolicas estan bien representadas por toda la isla. Los cambios del nivel del
mar favorecieron el ataque de la base de los acantilados de la costa norte de la peninsula de
Jandia, dejando expuestas las calcarenitas y las areniscas grises cementadas, que, por accion
del viento, formaran las dunas del Pleistoceno superior y del Tardiglacial en la zona del istmo
de Jandia y el norte de Fuerteventura (Meco et al., 1992). Dentro de estas dunas se pueden
encontrar frecuentemente niveles con celdillas de insectos y restos de gasteropodos como los

de Theba costillae n. sp.
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La alternancia de dunas y paleosuelos, asi como el estudio de depdsitos de materiales
finos procedentes del Sahara, han permitido establecer las sucesiones de eventos
paleoclimaticos de Fuerteventura (Meco, 1975; Meco & Petit-Maire, 1986; Rognon & Coudé-
Gaussen, 1987; Rognon et al., 1989).
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B.3.- EVOLUCION ESTRUCTURAL

La historia estructural de la isla es tan dilatada como su evolucién magmatica. La
region se ha visto afectada por varias etapas de deformacion tecténica. Es importante
remarcar que, en Fuerteventura, tanto la corteza mesozoica como los materiales volcanicos
submarinos se encuentran basculados. En la costa, las unidades del GVS muestran una
geometria en abanico y se apoyan sobre los sedimentos ocednicos que se encuentran
invertidos y definiendo un gran pliegue cuyo eje se orienta en direccion ONO-ESE (Fig.
12). Por su parte, hacia el interior de la isla, las rocas del GVS buzan hacia el norte y
descansan discordantes sobre los sedimentos mesozoicos y las rocas del Complejo Ultra-
alcalino. Esta compleja estructura es todavia mal conocida. La serie mesozoica constituye
el basamento de dicha discordancia y se encuentra invertida (Robertson & Stillman, 1979a),
habiendo sido afectada por una tectonica contractiva con direccion de acortamiento NNE-
SSO. Se ha estimado que la corteza oceanica ha podido ascender méas de 3 km, debido en
parte a esta deformacion, favoreciendo que en la actualidad llegue a aflorar por encima del
nivel del mar. Este levantamiento explica que las unidades del GVS se hayan generado bajo
laminas de agua de profundidad moderada o somera. Aunque esta etapa pudo haber
involucrado también a las unidades mas bajas del GVS (por ejemplo, la unidad A que
parece mostrar una estructura similar a la de los sedimentos oceanicos: Fig. 12b), su edad
es incierta, pudiendo considerarse genéricamente como paledgena y, probablemente, pre-
oligocena. Las rocas del Complejo Plutdnico Ultra-alcalino (de edad entre 35 y 23 Ma)

intruyen a los sedimentos mesozoicos ya deformados.
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Fig. 12.- Mapa estructural y corte geologico del Complejo Basal al oeste
de Betancuria (Gutiérrez et al., 2006). A-D: Proyeccion equiareal en el
hemisferio inferior de datos de estratificacion y ajuste estadistico al eje del
pliegue. E y F: rosas de direcciones de paleocorrientes.

El segundo periodo de deformacion es de edad miocena. Fernandez et al. (2006) han
reconocido tres fases tectonicas sucesivas, las tres extensionales. La importancia y
caracteristicas de esta etapa de extension han llevado a Fernandez et al. (2006) a hablar del
rifting mioceno de Fuerteventura, retomando antiguas propuestas de Fuster (1975). La
primera fase (M-D1), que es la mas importante, ha sido datada entre 25 y 20 Ma, y se habria
caracterizado por una extension de direccion ONO-ESE a NO-SE, es decir, practicamente
ortogonal a la direccion de acortamiento de la fase contractiva anterior responsable de la
inversion que sufren los sedimentos de la corteza oceanica. Las estructuras debidas a esta
fase son muy abundantes en Fuerteventura, llegando a constituir la impronta estructural
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mas marcada y caracteristica de la isla (Fig. 12). Durante el inicio de esta etapa, en la
transicion entre la fase contractiva anterior y M-D1, tuvo lugar la formacion de zonas de
cizalla ductil y dactil-fragil (que se describiran con mas detalle en la explicacion de la
Parada 4). Estas zonas de cizalla son posteriores al Complejo Ultra-alcalino (35-23 Ma) y
anteriores a las primeras rocas de la Dorsal Inicial (23 Ma). La fase M-D, en sentido
estricto, se caracteriza por la formacion de grandes pliegues de rollover con trazas axiales
de direccion NE-SO (Fig. 12), un espectacular haz de diques (Fig. 10), abundantes sistemas
de fallas normales y normal-direccionales, y una intensa actividad eruptiva fisural subaérea.
La posicién cartogréfica actual del Complejo Basal se debe a su localizacion en el ndcleo
de grandes estructuras antiformales (Fig. 13). La orientacion y posicion de la zona de
méaxima densidad de diques coincide también con la region afectada por los grandes
arqueamientos antiformales de las rocas del Complejo Basal (comparense las Figs. 10 y
13). La base de la Dorsal Inicial constituiria la serie sintectonica relacionada con esta fase

M-D; extensional.

De acuerdo con la interpretacion dada por Fernandez et al. (2006), la estructura a
gran escala estaria dominada por uno o mas despegues principales con desplazamiento del
bloque de techo predominantemente hacia el ONO (corte de la Fig. 13). Esto explica la
tendencia de la Dorsal Inicial a colapsar precisamente en esa direccién (Ancochea et al.,
1996; Stillman, 1999). En planta, las estructuras de fase M-D: dibujan grandes formas
arqueadas (Fig. 13) que recuerdan las observadas en zonas de rift continental (Rosendahl,
1987) y cuya geometria condiciond probablemente la posicion y alineacion de los

principales centros de emision volcanica (Fig. 3).
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Fig. 13.- Esquemas estructurales del Complejo Basal, mostrando la
orientacion media de la estratificacion en distintos afloramientos
(izquierda) y su comparacion con la orientacion promedio de los diques
del complejo filoniano (derecha). La estructura general dibuja grandes
antiformes y sinformes que han sido tentativamente interpretados como
debidos a un despegue extensional de geometria escalonada. En el corte
(localizacion en la figura superior izquierda) se representa la corteza
oceanica en azul, el GVS y el GVT en amarillo, el Grupo Volcanico
Subaéreo en naranja, las rocas plutdnicas tardias relacionadas con los
grandes edificios en escudo miocenos, en rosa, y las rocas de estos
edificios miocenos en gris (Fernandez et al., 2006).
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Fig. 14.- Distribucion de las estaciones de medida de fallas (1780 fallas
medidas en 55 estaciones) y de diques basicos del complejo filoniano
(2996 datos tomados en 96 estaciones). Modificado de Fernandez et al.
(2006).

La direccion de extension ha sido también ratificada mediante el uso de las técnicas
de andlisis de poblaciones de fallas y de orientacion de haces de diques (Fernandez et al.,
2006). Las estaciones utilizadas para esta determinacion se distribuyen por todas las rocas
de la corteza oceénica, del Complejo Ultra-alcalino, de la Dorsal Inicial y de los edificios
volcanicos en escudo miocenos (Fig. 14). EI maximo estiramiento en la horizontal se
orienta en la direccion ONO-ESE para gran parte de la isla durante la fase M-D1 (Figs. 15y
16), con excepcion de la region de la peninsula de Jandia (extremo sur de Fuerteventura),
en donde la direccion de extension gira hacia NNO-SSE. Este cambio puede estar
relacionado con la geometria arqueada en planta que presentan las grandes estructuras
extensionales, como se ha indicado antes. Al mismo tiempo, puede asociarse también a la
conexion hacia el oeste de las estructuras extensionales de Fuerteventura con las que
hipotéticamente deberian encontrarse en la cercana isla de Gran Canaria (cubiertas por

materiales mas recientes).
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Fig. 15.- Resultados del analisis de poblaciones de fallas mediante el uso
del método PT de Marrett y Allmendinger (1990). Izquierda: Ejemplos
tomados de estaciones seleccionadas (a: planos de fallas, estrias y sentidos
de movimiento; b: resultados del método PT). Derecha (c): Distribucion
espacial de los ejes T (maximo estiramiento) para las tres fases
extensionales miocenas (M-D; a M-D3). Modificado de Fernandez et al.
(2006).

El cambio en la direccidn de extensidén que tuvo lugar hace unos 20 Ma marca el
paso a la segunda fase de deformacion miocena (M-D>), que se extenderia entre los 20 y los
17 Ma, coincidiendo con el deslizamiento de la parte central de la Dorsal Inicial y la
formacion del deslizamiento de Puerto del Rosario Sur. M-D; se caracteriza por la

formacion de sistemas de diques y de fallas que reflejan extension en direccion NNE-SSO
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(Figs. 15 y 16). La actividad volcéanica pasaria de fisural a central, dandose las condiciones
mecénicas adecuadas para el inicio de la formacion de los grandes edificios en escudo

miocenos, comenzando por el edifico Central (Fig. 3).
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Fig. 16.- Resultados de la medicién de diques basicos del complejo
filoniano. a) Ejemplos seleccionados de estaciones con diques atribuidos
(en funcidn de sus relaciones de corte) a las diferentes fases extensionales.
Diagramas de densidad con intervalo de contornos de 5 veces la
desviacién tipica. b) Distribucion espacial de los ejes T (méaximo
estiramiento) para las tres fases de deformacion extensional miocena.
Segun Fernandez et al. (2006).

Finalmente, entre 17 y 12 Ma se habria desarrollado la tercera fase de deformacion
miocena (M-D3), coincidiendo con el deslizamiento de la parte norte y sur de la Dorsal

Inicial y la consiguiente formacién de los edificios en escudo miocenos Norte y Sur,
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caracterizada por una direccion de extension E-O a ENE-OSO (Figs. 15y 16). Las fases M-
D2 y M-Dg3 son responsables de diversas discordancias observadas por Ancochea et al.
(1996) en los edificios volcanicos en escudo miocenos. La direccion de acortamiento
horizontal deducida para la fase M-Ds por Fernandez et al. (2006) coincide con la direccion
local de movimiento relativo actual entre las placas de Nubia y euroasiatica (Fig. 17).
Aunque en Fuerteventura no se han encontrado pruebas de la actuacion de fases mas
recientes que M-Ds, la informacion obtenida por Marinoni & Pasquaré (1994) en la cercana
Lanzarote sugiere que el campo de deformaciones relacionado con M-D3 podria continuar

activo hasta la actualidad.
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Fig. 17.- Situacion tectonica de la Isla de Fuerteventura en el contexto de
las placas de Nubia, Euroasiatica y Norteamericana, con la comparacion
entre la direccion de acortamiento horizontal deducida para M-Ds; por
Fernandez et al. (2006), el vector de acercamiento relativo entre las placas
de Nubia y Euroasiatica y con la orientaciéon de la maxima compresion
horizontal deducida a partir de un modelo numérico por Jiménez-Munt y
Negredo (2003).
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La evolucion tectonica pre-miocena y miocena de Fuerteventura parece condicionada
tanto por causas locales y regionales, probablemente sub-litosféricas, como por el contexto
global de movimientos relativos entre las placas de Nubia y Euroasiatica. Esta evolucion

tectonica habria determinado la actividad magmatica en la isla.
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Fig. 18.- Modelo de evolucion tectonica de Fuerteventura desde el Oligoceno
superior-Mioceno inferior hasta el Mioceno medio (parcialmente tomado de
Fernandez et al., 2006).
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La evolucion tectonica pre-miocena es todavia bastante desconocida, aunque una fase
contractiva con direccion de acortamiento NNE-SSO fue responsable de la inversion de la
corteza mesozoica Yy, en parte, de su levantamiento. Durante la formacion de la Dorsal Inicial,
se desarrolld la fase M-Dy, que originé el rifting de la corteza oceanica y la emision de grandes
volimenes de rocas volcanicas, incluyendo buena parte de la Dorsal Volcanica Inicial (Fig. 18
cl y c2). La direccion de extension se orient6 en direccion ONO-ESE. Finalmente, siempre
en un contexto extensional, pero con deformaciones mucho més moderadas, y con direcciones
de extension cambiantes, se suceden las fases M-D; y M-Dz (Fig. 18d), asociadas a los
grandes deslizamientos que sufridé la Dorsal Inicial y al crecimiento anidado de los tres

volcanes en escudo miocenos de Fuerteventura.

Es posible también detectar los efectos de deformaciones muy recientes, posiblemente
neotectonicas, en la alineacion de conos volcanicos plio-cuaternarios, en la distinta elevacion a
lo largo de la isla, y especialmente en la costa occidental, de los niveles de playa de esa misma
edad, en el encajamiento de barrancos en sus propios sedimentos, y en la presencia de
piedemontes basculados, entre otras evidencias. No obstante, no se dispone de datos para

caracterizar con precision estos eventos tectonicos modernos.
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C.- DESCRIPCION DE LAS PARADAS

C.1.- PROGRAMA DE LA EXCURSION

Dia 14 de junio: 19:00 a 20:30 h. Reunion de la Comision de Petrologia, Geoquimica y
Geocronologia de Rocas igneas y Metamdrficas en los apartamentos Broncemar Beach.
Presentacion de la excursion y sesion ordinaria de la Comision de Petrologia, Geoquimica y
Geocronologia de Rocas igneas y Metamorficas de la SGE. Antes de la reunion, llegada al
Caleta de Fuste (Antigua) Broncemar Beach Suites y recogida de vehiculos todoterreno.

Dia 15 de junio: Itinerario 1 (Figs. 3 'y 19). Paradas 1 a 4. La corteza oceanica aflorante. El
Complejo Ultra-alcalino y sus deformaciones: Punta de la Nao-Caleta de la Cruz. Salida de
Caleta de Fuste a las 9:00 h. Comida (bolsa facilitada por la organizacién) hacia las 14:00 h

en Ajui. Vuelta a Caleta de Fuste a dltima hora de la tarde.

Dia 16 de junio: Itinerario 2 (Figs. 3 y 19). Paradas 5 a 8. Evolucion submarina y emersion
de la isla. Intrusiones plutonicas asociadas a la Dorsal inicial de la isla 'y a los edificios en
escudo miocenos: EI Complejo Circular de Vega de Rio Palmas. Salida de Caleta de Fuste
a las 9:00 h. Comida (bolsa facilitada por la organizacion) hacia las 14:00 h en Pajara.

Vuelta a Caleta de Fuste a Gltima hora de la tarde.

Dia 17 de junio: Itinerario 3 (Figa. 3 y 19). Paradas 9 y 10. Los grandes deslizamientos
gravitacionales en Fuerteventura: el deslizamiento del Puerto de Rosario Norte. Salida de
Caleta de Fuste a las 9:00 h. Comida (bolsa facilitada por la organizacién) hacia las 14:00

h. Final de la excursion y de la Reunion a primera hora de la tarde.
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Fig. 19.- Situacion de las paradas de la excursion y de las capitales de los
municipios de Fuerteventura. Los apartamentos se localizan en Caleta de
Fuste.
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C.2.-ITINERARIO 1.

Definicion de las principales unidades geogréaficas y geoldgicas de la isla. Las
formaciones mas antiguas: la corteza oceanica mesozoica y el Complejo Pluténico Ultra-
alcalino (piroxenitas, ijolitas, melteigitas, sienitas y carbonatitas) y las deformaciones
tectdnicas que los afectan (Figs. 2, 3, 4,5y 19).

Parada 1.
Definicion de las principales unidades geoldgicas de la isla: el mirador del Morro de la

Velosa.

Desde este impresionante mirador, a nuestro alrededor podemos observar las cinco
comarcas fisiograficas mas importantes del centro y norte de Fuerteventura, que responden a
diferentes unidades geoldgicas claramente diferenciadas (Fig. 2, Criado, 1991): El Norte, el
Valle Central, Los Valles y Cuchillos Orientales, el Macizo de Betancuria y la Peninsula de
Jandia. En este punto, y aprovechando la panordmica, se discutira la conformacién geoldgica
general de la isla, y su influencia en la formacién y evolucién de sus principales rasgos
geogréficos. EI mirador servira también como lugar privilegiado para explicar y justificar la

localizacion de las diferentes paradas de esta excursion.

Parada 2
La corteza oceanica aflorante: las lavas almohadilladas y los sedimentos de fondo oceanico

mesozoicos (la Unidad Basal: la Playa de los Muertos y el Puerto de la Pefia) (Figs. 3, 4 y 5).

En el afloramiento de la playa de los Muertos podemos observar los niveles méas bajos
de la Unidad Basal de la secuencia mesozoica, que muestran el transito de la capa 1 a la capa
2 de la corteza oceanica jurasica en este sector del Atlantico (Steiner et al., 1998). Se trata de
una serie de flujos de basaltos toleiticos (con caracteristicas geoquimicas de N-MORB) que se
encuentran muy deformados y alterados. En estos niveles es posible adivinar alguna estructura
almohadillada (Fig. 20).
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AT

Fig. 20.- Estructuras almohadilladas en las rocas de composicion N-MORB
de la playa de los Muertos (vista hacia el este).

Maés hacia el norte (parte mas septentrional de la playa de los Muertos y en el puerto de
la Pefia) aparece una secuencia alternante de areniscas, argilitas y limolitas que representan un
conjunto de turbiditas de abanico submarino profundo. Estos niveles se orientan segun la
direccion N70-75°E y buzan 45-60° hacia el SSE. La serie se encuentra invertida, como
demuestran los criterios de polaridad proporcionados por las estructuras sedimentarias que
presentan estas secuencias turbiditicas (Fig. 21b). Estos materiales estan afectados por una
densa red de diaclasas que llegan a constituir una verdadera foliacion de fractura segun la
direccion N-S a NE-SO, y por abundantes fallas de desplazamiento centimétrico a decimétrico
(Fig. 21a, d). Toda esta unidad se halla atravesada por diques basalticos y traquiticos, estos

Gltimos maés tardios.
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Fig. 21.- (a) Aspecto de la serie sedimentaria mesozoica turbiditica en el
puerto de la Pefia (vista hacia el norte). Obsérvense las fallas de pequefio
desplazamiento que la afectan. (b) Criterios de polaridad en las secuencias de
tipo Bouma indicando techo hacia el norte. (c, d, €) Datos estructurales en el
afloramiento del puerto de la Pefia.

En el puerto de la Pefia, por encima de los sedimentos mesozoicos y en posicion
discordante, se sitla una playa levantada pliocena, constituida por arenas y conglomerados
(Fig. 22). Encima de ellas aparecen coladas basélticas subaéreas que contintian hacia el mar
formando lavas almohadilladas e hialoclastitas. En la parte méas alta del acantilado la playa
levantada contiene numerosos cantos rodados de coladas basalticas y tobas palagoniticas. El
acantilado termina en un depoésito de arenas litorales y eolicas que se encuentran

interestratificadas con conglomerados aluviales.
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Fig. 22.- Discordancia entre la corteza ocednica mesozoica, profusamente
atravesada por diques del complejo filoniano, y las series volcénicas y
sedimentarias plio-cuaternarias. Puerto de la Pefia.

Parada 3.
El Complejo Ultra-alcalino (piroxenitas, melteigitas, ijolitas, sienitas y carbonatitas).
Aspecto de las carbonatitas sin deformacion (la Punta de la Nao). (Fig. 3y 4).

En esta zona de la costa podemos observar uno de los afloramientos de carbonatitas de
la isla de Fuerteventura. Se trata de rocas poco frecuentes que en nuestro caso tienen la
peculiaridad de representar, junto a las encontradas en el archipiélago de Cabo Verde, uno de
los escasos afloramientos de carbonatitas emplazadas en ambiente oceénico (Fuster et al.,
1968a).

Las carbonatitas son rocas igneas compuestas por mas de un 50% de carbonatos. Las

carbonatitas de Fuerteventura son siempre variedades calciticas, formadas fundamentalmente
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por calcita, flogopita, feldespato potésico, nefelina, augita egirinica, apatito, magnetita, esfena,
circon y pirocloro. Las carbonatitas se encuentran asociadas a diversos tipos de rocas
silicatadas alcalinas, fundamentalmente sienitas nefelinicas, ijolitas, melteigitas, urtitas y
piroxenitas (Fig. 23). Este Complejo pluténico Ulta-alcalino, por el norte (Fig. 3) se extienden
hasta la montafia de Los Frailes y la playa del Aguila, cerca de El Cotillo (Fuster et al., 1980;
Barrera et al., 1981). Por el sur llegan, por la costa, hasta cerca de la desembocadura del
barranco de Amanay (Le Bas et al., 1986; Ahijado y Hernandez-Pacheco, 1992; Ahijado et al.,
1992; Mangas et al., 1994). Por el suroeste hasta la montafiita de Agando, junto al caserio de
Violante. Por el este, hasta el roque del Buey, al este de la montafia de Gairia. Este Complejo
Ultra-alcalino se emplazé desde los 35 a los 23 Ma, entre el Oligoceno y el Mioceno inferior
(Cantagrel et al., 1993, Balogh et al., 1999, Mufioz et al., 2005; Sagan et al., 2020).
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Fig. 23- Triangulo de clasificacion de las rocas silicatadas alcalinas.

En la zona costera comprendida entre la Punta de la Nao y la Punta del Viento (Fig.
24), carbonatitas, sienitas, ijolitas y rocas asociadas, se observan formando diques que

intruyen a las piroxenitas y rocas asociadas del Complejo Ultra-alcalino.
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Fig. 24.- Mapa del Complejo Ultra-alcalino de la Punta de la Nao mostrando
la orientacion de los diques de ijolita, sienita y carbonatita.

En algunos afloramientos (Esquinzo y Punta de la Nao) las carbonatitas forman diques

de potencia métrica. En concreto, en el afloramiento de la Punta de la Nao podemos observar

un dique compuesto formado por sienita nefelinica-carbonatita, asi como diversas relaciones

de corte entre los diques de ijolita, carbonatita y sienita (Fig. 25, foto superior). Estas

relaciones, que son sistematicas en todo el afloramiento, sugieren que los diques de sienita son

posteriores a todos los demas en este sector (salvando los diques basicos del complejo

filoniano).
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Fig. 25.- Aspecto de campo de los diques de carbonatita, sienita e ijolita de la
Punta de la Nao. Superior: Relaciones de corte entre los distintos tipos de
diques. Inferior: diques de carbonatita.

Es comun observar la textura spinifer (en peine) de los feldespatos alcalinos dentro de

los diques de carbonatita (Fig. 25, inferior izquierda).

Parada 4.
La zona de cizalla de la Caleta de la Cruz (Fig. 3).

La zona de cizalla de la Caleta de la Cruz, con un grosor de unos 20 m, y producida

durante D-My, afecta a piroxenitas, melteigitas, sienitas y carbonatitas del Complejo Ultra-
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alcalino de Ajuy-Solapa. El principal afloramiento de esta zona de cizalla se localiza en una
estrecha franja de erosion costera, algo méas de 2 km al sur del puerto de la Pefia (Figs. 3y

24). Su prolongacién tierra adentro se encuentra cubierta por sedimentos plio-cuaternarios.

La calidad del afloramiento en la Caleta de la Cruz ha permitido levantar una
cartografia de detalle (Fig. 26). Se trata de una zona de cizalla subvertical y de direccion
NO-SE. La deformacion en su interior es fragil-ductil y marcadamente heterogénea, con
abundantes bandas de cizalla menores anastomosadas que limitan bloques de piroxenita,
melteigita y sienita. En el borde de la zona de cizalla, estas estructuras son fragiles, y
aparecen rellenas por la carbonatita que se acumulé en zonas dilatantes como releasing
bends de bandas de cizalla menores y sombras de presion alrededor de los bloques de
piroxenita. Las intrusiones carbonatiticas generaron la fenitizacion de los bordes de los
bloques piroxeniticos y melteigiticos lo que condujo a la formacion de agregados de
flogopita y albita. Tanto la carbonatita, como los agregados de flogopita y albita son mas
ductiles bajo las condiciones de la deformacion (unos 500 °C y 1 kbar) que la roca original,
lo que produjo una transicion hacia condiciones de ductilidad a medida que progresaba el

cizallamiento.
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Fig. 26.- Cartografia de detalle de la zona de cizalla de la Caleta de
la Cruz.

Las principales estructuras originadas en esta cizalla (algunas de las cuales pueden
observarse en la Fig. 27) son una foliacion milonitica y una lineacion de estiramiento (Fig.
28), ademéas de pliegues asimétricos y de charnela curva (Fig. 28a), fabricas planares
compuestas de tipo S-C y bandas de cizalla menores, tanto sintéticas como antitéticas (Fig.
28c). Todos los criterios cinematicos coinciden en indicar una componente predominante
de desplazamiento lateral derecho (Figs. 27 y 28). El cizallamiento se produjo durante, al
menos, dos estadios distintos, entre los cuales se produjo la intrusion de diques basicos que
aparecen desplazados por la segunda etapa de cizallamiento (Fig. 27¢). La cinematica de la
segunda etapa de deformacion apenas difiere de la deducible para la primera etapa e

indicada antes.

60



Casillas et al. Crecimiento y evolucion geoldgica de Fuerteventura

Fig. 27.- Aspecto de campo de las estructuras de deformacion en la zona de
cizalla de la Caleta de la Cruz. (a y b) Foliacion rodeando asimétricamente
fragmentos de piroxenita. (c) Boudinage en vena de sienita incluida dentro de
una zona fenitizada y deformada por la cizalla. (d) Detalle de la fenitizacion
afectando a un pequefio fragmento de piroxenita (debajo del boligrafo). (e)
Diques basicos desplazados por el segundo evento de cizallamiento. (f)
Pliegues en venillas de sienita. En todas las fotos el este se sitlia a la derecha.
El componente de cizallamiento en direccion es derecho.
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Fig. 28.- Datos estructurales de la zona de cizalla de la Caleta de la Cruz. (a)
Foliacion (ciclograficas), lineacion (cuadrados) y ejes de pliegues (circulos)
con indicacion de la asimetria. (b) Fabrica cristalogréafica de ejes ¢ de calcita
en las carbonatitas cizalladas. (c) Rosas de direcciones de la foliacion y de las
zonas de cizalla menores asociadas a la principal.
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C.3.- ITINERARIO 2.
La Dorsal Inicial de la isla: el Grupo Volcanico Submarino. (Figs. 3,4,6,7,8Yy9).

Parada 5.
El Grupo Volcanico Submarino en posicion levemente inclinado al Oeste, Formacion
basaltos del Valle (F) (Barranco del Valle) (Figs. 6, 7,8y 9).

En los alrededores de la playa del Valle, la Formacion basaltos del Valle (F) esta
representada por niveles de lavas almohadilladas y brechas de fragmentos de almohadillas.

Entre estos niveles aparecen algunas areniscas y limolitas volcanicas.

Las lavas almohadilladas aparecen apiladas y tienen tamafios decimétricos y se
caracterizan por la presencia de anillos concéntricos de vesiculas (Fig. 29, foto inferior).
Presentan un borde vitreo de pequefio grosor, formado por el enfriamiento brusco de la lava al
entrar en contacto con el agua. Composicionalmente, son basaltos/basanitas piroxénicas con
texturas microporfidicas. EI material intersticial es de naturaleza hialoclastitica y esta
formado por fragmentos angulosos vitreos despegados de los bordes de las almohadillas,
con formas de astillas, empastados en carbonatos. Estas lavas aparecen atravesadas por
diques de lamproéfidos camptoniticos con grandes cristales y agregados de flogopita y
anfibol, de composicion similar a las rocas de la Formacion basaltos flogopitico-

anfibdlicos de Piedra de Fuera (G3, Grupo Volcanico de Transicion).
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Fig. 29.- Aspecto de campo de las caracteristicas volcanoldgicas de la
Formacion basaltos del Valle en la zona de la parada 5. Las fotos se sitGan
en el contexto de la interpretacién volcanogénica de la unidad (ver
también la Fig. 9). En las fotos la vista es hacia el este.

Es frecuente que los tubos de lava se fragmenten al avanzar en el foreset del delta de
lava formandose brechas de fragmentos de almohadillas (pillow fragment breccia o broken
pillow breccia). En esta zona existen excelentes afloramientos de este tipo de brechas
asociados a los niveles de pillow lavas (Fig. 29, foto superior), donde se pueden observar las
tipicas formas de trozo de tarta en los fragmentos, generadas cuando las almohadillas se
rompen a favor de las fracturas radiales. Estos fragmentos tienen el lado curvo vitreo y anillos
de vesiculas concéntricos. Estas brechas no suelen presentar ningun tipo de organizacion: el
transporte sufrido suele ser muy reducido y su depoésito esta asociado a flujos gravitatorios en
masa. Se diferencia ademas otro tipo de brechas de fragmentos de almohadillas, en este
caso resedimentadas. En ellas es posible observar una organizacion del depdsito en
secuencias granocrecientes (Fig. 29, foto superior). En el foreset de estos deltas de lavas se
depositan brechas de fragmentos de almohadillas resedimentadas (asociacién de facies
volcanoclastica resedimentadas) a través de flujos granulares de densidad modificada.
Tanto las lavas almohadilladas como los fragmentos de las brechas se caracterizan por
presentar un elevado indice de vesicularidad que sugiere que la lava que penetr6 en el mar
se encontraba en proceso de desgasificacion intensa a poca profundidad.
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Toda la serie volcanica submarina se halla atravesada por un denso enjambre filoniano
que en ocasiones tiene densidades superiores al 90%. En este punto se observan, como hemos
indicado anteriormente, antiguos diques de lamprofidos camptoniticos, biotitico-anfibdlicos,

con bordes irregulares.

Parada 6.
El Grupo Volcanico Submarino en posicion vertical o invertida: Formacion basaltos y

nefelinitas del Barranco del Tarajalito (A) (Barranco del Tarajalito) (Figs. 6, 7,8y 9).

El Grupo Volcanico Submarino aflora de forma continua en la costa occidental de
Fuerteventura desde el contacto con los sedimentos mesozoicos, en la Caleta de la Pefia Vieja,

hasta mas al norte del Puertito de los Molinos.

En la desembocadura del barranco del Tarajalito y en la costa adyacente podemos
observar las caracteristicas sedimentolégicas y petrologicas de la Formacion basaltos y
nefelinitas del Barranco del Tarajalito (A). Esta formacién se caracteriza por la aparicion
de rocas de afinidad ultra-alcalina (nefelinitas, fonolitas nefelinicas) junto a otras
fuertemente alcalinas (basanitas). La secuencia aparece invertida con fuerte buzamiento al
sur. En este lugar esta bien representada una asociacion de facies volcanogénicas formada
fundamentalmente por conglomerados, brechas, areniscas y limolitas volcéanicas,
depositadas a través de flujos subacuéaticos relacionados con la destruccion parcial de
complejos ultra-alcalinos situados en la zona oriental (Fig. 30, fotos situadas en la parte

izquierda).
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Fig. 30.- Aspecto de campo de las caracteristicas volcanoldgicas de la
Formacion basaltos y nefelinitas del barranco del Tarajalito en la zona de
la parada 6. Las fotos se sitGan en el contexto de la interpretacion
volcanogénica de la unidad (ver también la Fig. 9). En las fotos la vista es
hacia el este.

La asociacion de facies volcanicas primarias estd representada por lavas
almohadilladas de composicion basanitica con numerosos micro-enclaves de ijolitas y
sienitas nefelinicas, apiladas con poco material intersticial (Fig. 30, foto situada a la
derecha). Los niveles de lavas almohadilladas se forman en erupciones subacuaticas en
deltas de lava formados por la llegada de coladas subaéreas a la linea de costa y aparecen
espacialmente relacionados con niveles de brechas de fragmentos de almohadillas méas o
menos resedimentadas, generadas a través de mecanismos de fragmentacion no explosivos

de las lavas almohadilladas en los foreset de los deltas de lava.

La asociacion de facies volcanogénica (brechas volcanicas, conglomerados,
areniscas y limolitas) se caracteriza por un predominio de las facies de grano grueso,
principalmente niveles de brechas volcanicas depositadas a través de flujos gravitatorios de
alta concentracion. Gran parte de los niveles de brechas con gradaciones inversas pueden
haberse depositado a partir de flujos granulares de densidad modificada, mientras que los
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niveles masivos, con seleccion muy pobre y sin organizacion interna, se depositarian a
partir de corrientes de tipo cohesionless debris flows. Por otro lado, el elevado tamafo
medio de los fragmentos indica que esas granulometrias estaban disponibles en la fuente
y/o que los depdsitos son relativamente proximales. Estos depositos de grano grueso son
caracteristicos de zonas distales de los deltas de lava, donde las pendientes acusadas
favorecen la movilizacion gravitatoria de los materiales no consolidados. En estos deltas
lavicos, puntualmente tienen lugar colapsos gravitatorios de mayor escala que originan las
brechas con grandes bloques de rocas consolidadas como los que se observan en algun
nivel de brechas (Fig. 30). Los niveles de areniscas y limolitas finamente estratificados,
asociados a brechas volcanicas parecen haberse formado por corrientes de turbidez de alta y
baja densidad. Los términos de grano mas fino representan las facies distales de los
abanicos que rodean a los deltas de lava. Ambos tipos de turbiditas pudieron estar
inicialmente asociadas a corrientes de tipo debris flow, que se transformarian durante el

flujo en corrientes de turbidez diluidas.

La abundancia de depdsitos volcanogénicos en esta formacion puede estar
relacionada con una actividad tectonica acusada en la cuenca, que provocaria la
inestabilidad gravitatoria de los materiales depositados en los deltas lavicos y su

resedimentacion a través de flujos gravitatorios.

Parada 7.
El complejo circular de Vega de Rio Palmas.

Este complejo circular (Fig. 31) esta constituido por varios cuerpos de rocas igneas de
geometria anular: sienitas, traquitas y gabros (Mufioz, 1969). Estas masas rocosas se
encuentran asociadas a un posible estratovolcan vinculado a la evolucion del edificio
volcanico en escudo central (Fig. 32), actualmente muy erosionado, que existié en la parte
central de Fuerteventura hace entre 18,7 y 16,05 Ma. Los gabros y las sienitas se formaron por
la cristalizacion, a una profundidad de varios kilometros, bajo el gran volcéan, del magma que
alimentaba las erupciones que se producian en él. Los anillos de sienitas y traquitas, mas

resistentes a la erosion, destacan en el paisaje formando relieves destacados en el centro de la
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isla y estando atravesados por el rio Palmas. Precisamente, el lecho seco del rio Palmas va a
permitirnos realizar un recorrido a lo largo de todo el complejo, acercandonos a las “entrafias
del volcan” (Figs. 31y 32).

En el primer punto del itinerario (P-7.1) visitamos el anillo més interno de sienitas,
llamadas del Sargento. Se trata de sienitas nefelinicas de grano grueso o muy grueso, en la que
destacan los cristales prismaticos bien formados de feldespato alcalino (ortosa), de nucleo gris
y bordes blancos, entre los que aparece intersticialmente la nefelina. Los cristales méas oscuros
son de piroxeno, anfibol y biotita. En algunas zonas de la sienita se observa como los cristales
de feldespato alcalino se orientan (Fig. 32a) dando lugar a una estructura planar vertical de
direccion norte-sur. Se trata de una evidencia del flujo del magma en el momento en el que se
estaba solidificando bajo el edificio volcanico dentro del dique anular. Este flujo se orient6
paralelamente a las margenes del dique anular y quedé “congelado” en el momento de la final

solidificacion del magma.

LEYENDA

[ Formaciones posteriores a los Complejos Circulares

COMPLEJO CIRCULAR DE BETANCURIA
I Coladas y Brechas de Basaltos plagioclasicos

COMPLEJO CIRCULAR DE VEGA DE RIO PALMAS
[ Traquitas

[ Sienitas

I Gabros

DORSAL VOLCANICA INICIAL

[ Coladas y brechas de traquitas y basaltos plagioclasicos
BT Piroxenitas y werhlitas/ Piroxenitas y Gabros

[ Coladas y piroclastos basalticos (GVSA)

COMPLEJO PLUTONICO ULTRAALCALINO

[l Piroxenitas, melteigitas y sienitas nefelinicas

CORTEZA OCEANICA MESOZOICA
1 Sedimentos y basaltos MORB
de la Corteza Oceanica

-5~ Fluidalidad magmatica

Fig. 31.- Mapa Geoldgico de la zona del complejo circular de Vega de Rio
Palmas. Se muestran las paradas 7 y 8 del itinerario. Tomado de Fuster et al.
(1984a).
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Las sienitas se ven atravesadas por diques de sienitas de grano fino (de bordes
lobulados e irregulares) y por diques basalticos de color negro, de bordes méas netos y rectos

mas tardios, que cortan o atraviesan a los diques de sienitas de grano fino.

Tras caminar algunos cientos de metros por el fondo del barranco (P-7.2) nos
encontramos con un leucogabro de grano medio-grueso, que constituye el siguiente dique
anular del Complejo. En estos leucogabros los cristales blancos son de plagioclasa, los méas
oscuros de piroxeno, anfibol y biotita. En ocasiones los minerales oscuros se concentran dando
lugar a “bandas” también Ilamados schlierens, que disefian una estructura planar que, como en
el caso de las sienitas del Sargento, reflejan el flujo del magma en el interior del anillo poco
antes de su total cristalizacion. En este punto este bandeado es vertical y se encuentra
orientado al noreste. Los gabros se encuentran atravesados por diques de melanogabros de

grano fino y leucogabros de grano fino.

Fig. 32:-- Reconstruccién del edificio volcanico asociado al Complejo
Circular de Vega de Rio Palmas. Tomado de B. Natalin (Lecture 1:
Introduction, geological structures, primary structures. En: Kinematic
analysis of deformation. https://slideplayer.com/slide/8628093/).

Algunos metros mas abajo del cauce (P-7.3) continuamos observando los leucogabros
de grano medio-grueso con marcado flujo magmatico. En este punto del itinerario aparece un

contacto vertical entre los leucogabros de grano medio-grueso con melanogabros de grano
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medio-fino que forman la parte mé&s externa de este dique anular de gabros. En esta parte mas
externas del dique anular, el magma gabroideo cristaliz6 a mayor velocidad que en la parte
mas interna, debido al fuerte contraste de temperatura entre la roca encajante (mas fria) y el
propio magma (a unos 1000° C de temperatura), generando un mayor nimero de cristales pero
que no pudieron crecer demasiado, dando lugar a un melanogabro de grano medio-fino, con
cristales mas pequefios que el leucogabro de grano medio-grueso de la parte mas interna del

dique anular.

Fig. 33.- (a). Sienita nefelinica de El Sargento mostrando la orientacion de los
cristales de ortosa. (b). Diques de sienita nefelinica atravesando a las
corneanas. (c). Gabros afectados por alteracién hidrotermal en contacto con
las sienitas de Las Pefiitas. (d). Cristal de cuarzo junto a cristales de ortosa en
cavidad miarolitica.

Si continuamos avanzando por el barranco (P-7.4), comprobamos como unos metros
aguas abajo, éste se abre y cesan los berrocales a un lado y otro del barranco. En la margen
derecha vemos una roca de color oscuro atravesado por venas de sienitas (Fig. 33b). La roca
oscura es una brecha traquitica afectada por el metamorfismo de contacto provocado por la
elevacion de temperatura que sufri6 esta roca en contacto con el magma que dio lugar al anillo
interno de gabros proximo. Este calentamiento provoco la recristalizacion de la brecha

69



Casillas et al. Crecimiento y evolucion geologica de Fuerteventura

traquitica y dio lugar la corneana. Las venas de sienita proceden del mismo magma que dio
lugar a las sienitas nefelinicas del anillo interno del Sargento que penetr6 en la corneana a
través de fisuras existentes en la misma, de la misma manera que lo habia hecho en la parada

anterior a través de los gabros del anillo interno.

Poco més abajo, el este contemplamos el fuerte relieve que define el dique anular de
traquita. Més adelante, por el mismo sendero, nos encontramos con los leucogabros de grano
medio-grueso que forman parte de otro dique anular. En este punto, sobre los gabros se
produce un curioso fendmeno de meteorizacion que da lugar a una “descamacién en bolas”

que llega a formar verdaderas esferas de roca.

Nos acercamos al tramo mas espectacular del itinerario. Hacia el oeste aparece el
paisaje impresionante que refleja la existencia del dique anular externo de sienitas de Las

Pefiitas que forma un espectacular “berrocal”, tinico en las islas Canarias.

El dique anular se encuentra disectado por el Barranco de Rio Palmas, dando lugar al
Malpaso. Antes de entrar en el (Fig. 33c), nos encontramos con el contacto entre el dique
anular externo de los leucogabros de grano medio-grueso y el dique anular de las sienitas de
Las Pefiitas. Este contacto viene marcado por la existencia de una traquita de grano fino que
atraviesa y fragmenta los gabros, dando lugar a una brecha de intrusién en la que los
fragmentos de gabros aparecen con un color verdoso-amarillento caracteristico), debido a la
transformacién mineral que sufren los minerales del gabro al paso de aguas calientes

procedentes de las sienitas.

Ya en el Malpaso, se nos descubre la sienita del dique anular de Las Pefiitas (P-7.6).
En esta zona cercana al contacto con los gabros, la sienita muestra un aspecto propio de un
borde de enfriamiento: se trata de una roca de grano medio-grueso en el que destacan los
fenocristales prismaticos de feldespato alcalino dando a la roca una textura porfidica. Los
cristales de feldespato alcalino se orientan marcando una orientacién heredera del flujo
magmatico, en este caso, vertical y de direccion norte-sur, que coincide con la direccion del

contacto oriental del dique anular. A medida que atravesamos el Malpaso, y, alejarnos del
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contacto oriental del dique anular, la sienita comienza a perder su caracter porfidico para
convertirse en una roca de grano medio en la que los cristales prismaticos de feldespato
alcalino forman un entramado entre los que hay cristales de color negro de piroxeno, anfibol y
biotita.

En algunas zonas la sienita muestra un aspecto muy particular: se encuentra salpicada
por unas cavidades miaroliticas de 0,5 a 2 cm rodeadas de cristales de mayor tamario entre los
que son frecuentes los cristales prismaticos de cuarzo (Fig. 33d). En algunos casos, no existe
la cavidad, pero los cristales de feldespato alcalino y de piroxeno y anfibol adquieren tamafios

de varios centimetros.

Més adelante, aparecen enclaves de esta sienita miarolitica incluidas en la sienita
general de grano medio. Seguramente la sienita miarolitica cristalizé tempranamente desde el
magma en las zonas mas someras del anillo (la ctpula), a baja presion y con gran cantidad de
fluido acuoso formando una plancha superior que, posteriormente el magma sienitico inferior,
en movimiento y en proceso de cristalizacion, fracturd, fragmentd, incorporando estos
fragmentos a la masa magmatica en movimiento, trasladando y distribuyendo los enclaves de

sienita miarolitica a lo largo de todo el dique anular.

El descenso del Malpaso resulta ser uno de los paseos méas impresionantes de la isla
majorera. A ambos lados del barranco nos llama la atencidn las formas del “berrocal” sienitico
: “yelmos”, “bolos”, “tafonis”. En el cauce del barranco aparecen numerosos charcos de agua

que rellenan “pilancones” o “marmitas de gigantes”.

Parada 8.

El metamorfismo de contacto asociado a los cuerpos plutonicos ultramaficos.
En el contacto entre las rocas plutdnicas asociadas a la Dorsal Inicial y las rocas del

Complejo Pluténico Ultra-alcalino se produce un intenso metamorfismo de contacto que es

posible observar en el barranco de Pajara (punto P-8 en las Figuras 3 y 31).
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En este punto, aparecen apofisis de piroxenitas olivinicas y werlhitas (Fig. 34b) que
penetran a las rocas plutonicas ultra-alcalinas (piroxenitas, iolitas, pegmatitoides ijoliticos,
sienitas), afectadas por importantes zonas de cizallas ddctiles, y los diques basalticos que
las atraviesan (Fig.34a) dando lugar a intensas interdigitaciones. Las rocas de caja,
especialmente los diques, generan un intenso bandeado anatectitico dando lugar a la
aparicion de “rocas cebradas” (Figs. 34c y 34d). Este bandeado anatéctico estd muy
condicionado en su orientacién por la disposicion de las zonas de cizalla conjugadas que
afectan a las rocas ultra-alcalinas. EIl paleosoma restitico de color negro esta constituido por
un agregado granonematobléastico de clinopiroxeno, anfibol, flogopita, ilmenita, magnetita
y plagioclasa accesoria (Mufioz et al., 2008). La composicion del leucosoma varia entre
sienita y sieno-diorita. El conjunto anatexitico también se encuentra atravesado por venas
de gabros relacionados con las apofisis de piroxenitas. En algunos puntos aparecen diques
basalticos posteriores que atraviesan tanto a las rocas de caja, como a las piroxenitas y

wehrlitas.

Fig. 34.- (a). Werhlita penetrando entre los diques anatatécticos. (b). Detalle
de la wehrlita. (c). Pegmatitoides ijoliticos. (d). Anatexita (roca “cebrada’)
con el paleosoma y el leucosoma.
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-C.4.- ITINERARIO 3.

Grandes deslizamientos gravitacionales en Fuerteventura: el deslizamiento del

Puerto de Rosario Norte (Figs. 3y 19).
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Fig. 35.- Mapa geoldgico de la parte norte de Fuerteventura. Se sefialan los
puntos del itinerario.
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Parada 9.
Depositos de avalancha de derrubios asociados al deslizamiento gravitacional del flanco
occidental de la Dorsal Inicial en la costa de Los Molinos (deslizamiento gravitacional de

Puerto del Rosario Norte).

Hace unos 14,5 Ma, el edificio Dorsal Inicial de la isla de Fuerteventura sufrié un
deslizamiento gravitacional de toda la parte septentrional de su flanco occidental (Fig. 36). Los
restos de la avalancha de derrubios producida tapizan el fondo del océano al oeste de laisla y
también estan presentes en el sector septentrional y central de la misma. La decapitacion de la
camara magmatica profunda del edificio volcanico por el deslizamiento produjo una explosion
lateral dirigida (blast) que generd un flujo piroclastico denso estratificado (PDF) que cubrid
los depdsitos de avalancha previamente depositados. El deslizamiento produjo una enorme
depresion abierta al oeste, que continud rellendndose con materiales epiclasticos procedentes
de deslizamientos menores y secundarios que afectaron a las paredes de la depresion, y del
retrabajamiento erosivo de los propios depositos del blast y de la avalancha principal. El
proceso de relleno estuvo acompafiado por la reanudacion de la actividad volcanica en forma

de erupciones subaéreas, algunas de ellas hidrovolcanicas.

Fig. 36.- Recreacion del deslizamiento gravitacional de Puerto del Rosario
Norte.
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En la costa occidental de Fuerteventura, al norte del Puertito de Los Molinos,

aflora la superficie basal de deslizamiento de Puerto del Rosario Norte (DPRN).

Los materiales que asociamos al DPRN se disponen por encima de la superficie basal
del deslizamiento sobre las rocas volcanicas submarinas de la Dorsal Inicial (Grupo Volcénico
Submarino, GVS) (Fig. 37). Este conjunto esta cubierto discordantemente por las coladas
basalticas mio-pliocenas que truncan la superficie del deslizamiento (Fig. 37a). Bajo la
superficie basal, los 4 m superiores del GVS estan totalmente triturados y deformados en
bandas adelgazadas y estiradas siguiendo planos paralelos a la superficie del deslizamiento.
Estas bandas estan integradas por brechas foliadas con clastos basalticos “supervivientes”
(survivor grains) de 5 a 30 cm de diametro, mayormente sub-redondeados y con poca
evidencia de fracturacion (Fig. 37b). En esta zona, con frecuencia, es posible reconocer los
diferentes niveles de brechas de fragmentos de almohadillas y diques, a pesar de la intensa
fracturaciéon, que constituyen fragmentos de hasta 10-15 cm incluidos en una matriz
cataclastica de grano fino. En las proximidades de la superficie del deslizamiento, las bandas
estiradas dan lugar a una brecha granular foliada que a menudo muestra una intensa mezcla de
los fragmentos, asi como cambios abruptos en el espesor de las capas, pliegues, estructuras de
flujo y otros signos de ductilidad mesoscépica. En todo este sector de la isla, los diques que
atraviesan las rocas de la Dorsal Inicial (el Grupo Volcanico Submarino, el Grupo Volcanico

Subaéreo, y las rocas plutonicas) se encuentran plegados bajo la superficie del deslizamiento.

Desde la superficie de deslizamiento, y a lo largo de la base del acantilado, se ha
podido reconstruir la seccion estratigrafica mostrada en la Fig. 38, integrada por una
sucesion de aproximadamente 100 m de materiales epiclasticos (brechas, conglomerados y
arenas), hialoclasticos y volcanicos. El estudio petrografico y sedimentoldgico realizado en
estos materiales nos ha permitido diferenciar cinco tipos de facies, cuyos caracteres mas
relevantes se han sintetizado en la Tabla I. La parte inferior de la sucesion (Fig. 38) esta
constituida por cinco niveles de brechas y/o, en menor medida, conglomerados (Fig. 37c,
facies BS1) que se encuentran por debajo de un paquete de lavas almohadilladas (Fig. 37d,
facies LS1). Su asociacion con lavas almohadilladas (LS1) e hialoclastitas (BS2) sugiere
que la sedimentacion de estos cinco niveles tuvo lugar en zonas de pendiente submarina,

relativamente poco profundas, por corrientes de turbidez de alta densidad producidos por la
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transformacion subacuéatica de flujos de gravedad (debris flows) desarrollados por la
transformacion subaérea de las avalanchas de derrubios (debris-avalanches) producidas por
el deslizamiento basal principal y otros secundarios, del DPRN (Casillas et al., 2012). Este
tipo de transformaciones subacuaticas (Lowe, 1982; Mutti et al., 1996; Sohn et al., 1999)
lleva aparejada la aparicion de dos flujos asociados: uno inercial, basal y denso, de
movimiento mas rapido, donde la turbulencia se amortigua por una alta concentracion de
sedimentos; y otra superior, de un flujo turbulento y méas diluido. Mientras que en zonas
proximas a la costa se produjo la sedimentacion de la mayor parte de los depdsitos
transportados por el flujo inercial, el flujo acompafiante superior mas diluido sobrepaso
estos depositos y, probablemente, pudo recorrer grandes distancias sobre el talud insular y
la llanura abisal hasta llegar a zonas tan alejadas como la llanura abisal de Madeira, dando
lugar a varias secuencias turbiditicas, similares a las que describen Wynn & Masson (2003)
para el deslizamiento de El Golfo (El Hierro) y el de Icod-Las Cafiadas (Tenerife) y en las
secuencias de turbiditas volcanoclasticas del Mioceno medio estudiadas por Alibés et al.
(1999) y Hunt et al. (2012). En el caso de Fuerteventura, los diferentes flujos diluidos
acompariantes pudieron generar, al menos, cinco secuencias turbiditicas, sobre el fondo
oceanico en muy poco tiempo. Otras facies epiclasticas presentes en la sucesion estan
formadas por arenas de grano grueso masivas 0 groseramente gradadas (facies SS1) y
alternancias ritmicas granodecrecientes de arenas gruesas Y finas (facies SS2). Las primeras
se interpretan como un depoésito a partir de una corriente turbiditica de alta densidad,
similar a la division S3 de Lowe (1982) o las facies F5 de Multti et al. (1999). La facies SS2
tiene caracteres similares a los depdsitos de alfombra de traccién (traction carpet) descritos
por Mutti (1992) y Sohn (1997). Por ultimo, las lavas almohadilladas (Facies LS1) y las
brechas de fragmentos de almohadillas (Facies BS2) se interpretan como el resultado del
desarrollo y colapso de deltas de lava en la costa como consecuencia de la llegada a la
misma de flujos lavicos procedentes de erupciones subaéreas. La aparicion de estos
materiales subacuaticos por encima del nivel del mar actual parece estar relacionada con un
levantamiento generalizado de la parte occidental de Fuerteventura, posiblemente
relacionado con el reajuste isostatico sufrido por esta parte de la isla como consecuencia de

la enorme liberacion de masa provocado por el DPRN.
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"DEBRIS AVALANCHE" (FACIESBST)

E

COLADAS DE LAVA N
PLIOCENAS ™ PLANO DE DESLIZAMIENTO

e

PLANO DE ' | BRECHA DE FALLA Y CATACLASITA
DESLIZAMIENTO 4

Fig. 37.- (a) Aspecto general del afloramiento. (b) Detalle del plano de
deslizamiento. (c) Detalle de las facies BS1 (brechas/conglomerados) con
gradacidn inverso-normal. (d) Facies LS1 (lavas almohadilladas).
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Simbologia

Nivel de concentracién de cantos
wm Clastos pluténicos (gabros, piroxenitas, sienitas)

_ Clastos volcanicos (basaltos, traquitas,
piroclastos basalticos, pomez)
Tm—

—— Laminacidn cruzada de bajo angulo
—_— J ¢}

Laminacién
paralela

—_—

Plano de

—_ ™ deslizamiento

7521 Lavas almohadilladas. Facies LS1.
]
K]

=7%] Brechas/Conglomerados. Facies BS1.
Iy

E Brechas de fragmentos de almohadillas.
m Facies BS2A.

Brechas de fragmentos de almohadillas
matriz-soportadas. Facies BS2B.

Arenas gruesas masivas. Facies SS1.

Alternancias de arenas de grano grueso y
arenas de grano fino. Facies SS2.

Brecha de falla y cataclastitas.

10 metros

Fig. 38.- Columna estratigrafica de la parada 9.
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FACIES

LITOLOGIA, TEXTURAS ESTRUCTURAS
SEDIMENTARIAS Y ESTRATIFICACION

APARICION Y ESPESORES

INTERPRETACION

(BS1) Brechas
/Conglomerados.

Brechas (en menor medida conglomerados) clasto y matriz-so-
portadas, moderada a mal dlasificadas. Clastos subangulosos a
bien redondeados de basaltos vacuolares, diques basalticos, al-
magres, gabros, piroclastos basalticos, fragmentos de almoha-
dillas y de traquitas. Contenido variable de matriz de arena a
grava gruesa. Forman secuencias granocrecientes-granodecre-
clentes, con contactos netos y erosivos, con arenas gruesas y
gravas de grano medio laminadas en |a base, que evolucionan
verticalmente a brechas con clastos de 5-10 cm de didmetro
que hacia el techo pasan ser més arenosas y adquieren una dis-
tribucion bimodal de los fragmentos con dlastos dispersas de
hasta 3 m de didmetro. En las capas mas conglomeraticas los
dlastos son subredondeados y redondeados y se imbrican con
el eje mayor hacia el .

Aparecen sobre la superficie de
deslizamiento principal o sobre
las facies BS2. Forma secuencias
granodecrecientes con las facies
SS1y 552,

Espesor entre 1-15m.

Deposicién a partir de flujos de derrubios y corrientes de tur-
bidez de alta densidad ( “high density gravelly turbidity cu-
rrents” en el sentido de Lowe, 1982). Las facies observadas
corresponderian a las divisiones R2 y R3 de Lowe (1982) o
a lafacies F3 de Mutti et al. (1999).

Los niveles més brechoides corresponderian a la transforma-
cién submarina de las avalanchas de escombros generadas
por el deslizamiento principal y otros secundarios. Los niveles
mas conglomeréticos y con fragmentos de almohadillas co-
rresponderian a la transformacion subacudtica de los flujos
hiperconcentrados subaéreos y del colapso de las lavas al-
mohadilladas presentes en los deltas de lava.

(BS2) Brechas de
fragmentos de
almohadillas.

Brechas clasto (BS2A) y matriz-soportadas (BS2B) de fragmen-
tos subangulosos de hasta 3 m de didmetro de lavas almoha-
dilladas con la tipica textura en "trozo de tarta”. Matriz
hialoclastitica de tamafio arena-grava fina, a veces, con una
grosera laminacién paralela.

Tramos de espesor variable entre
1y 30 m alternando con o
superpuestas a la facies LS1.

Depasitos de pendiente y base de deltas de lava generados
por el colapso de los apilamientos de lavas almohadilladas
(facies LS1) en las partes superiores de los deltas.

(SS1) Arenas gruesas
masivas.

Arenas gruesas masivas 0 con grosera gradacion normal.

Se encuentran superpuestas a la
facies BS1. A techo suelen
transitar a las facies $52. Espesor
variable entre 5-30 cm

Sedimentacion en masa desde una corriente de turbidez de
alta densidad después de la zona de deposicion de los flujos
gravitatorios de gravas, brechas y conglomerados represen-
tados por las facies BS1. Equivalentes a la division S3 de
Lowe (1982) o las facies F5 de Mutti et af. (1999).

(SS2) Alternancias
ritmicas de arenas
gruesas a finas.

Alternancias ritmicas de gravas finas-arenas gruesas-arenas
finas (de milimetros hasta alg(in centimetro), constituyendo se-
cuencias grano y estratodecrecientes.

Aparecen a techo de BS1y SS1
Espesor 5-30 cm.

Depdsitos de alfombra de traccion (fraction carpet) gene-
rados por corrientes turbiditicas de alta densidad de tipo F7
de Mutti et al. (1999).

(LS1) Lavas
almohadilladas.

Lavas almohadilladas poco vesiculadas en tubos continuos
de hasta 75 cm de didmetro con gran cantidad de fracturas
radiales y concéntricas. Entre los tubos hay escaso material
hialoclastitico y algln hueco.

Se apoyan en las facies BS1 o
BS2, formando 5 niveles de
espesor variable entre 3y 25 m

Flujos lavicos procedentes de erupciones subaéreas que atra-
viesan la linea de costa formando deltas de lava.

Tabla I.- Descripcion e interpretacion de las principales litofacies submarinas relacionadas con el deslizamiento
gravitacional de Puerto del Rosario Norte.

Parada 10.

Depdsitos de avalancha de derrubios (debris avalanches) asociados al deslizamiento
gravitacional del flanco occidental de la Dorsal Inicial en La Ampuyenta (deslizamiento

gravitacional de Puerto del Rosario Norte).

En tierra, como consecuencia de este deslizamiento podemos encontrar toda una serie
de materiales subaéreos relacionados con el mismo, diferenciando las facies epiclésticas de las
piroclasticas y de las hidroclasticas. La Tabla Il resume los caracteres y la interpretacion de las
facies epiclasticas subaéreas, diferenciadas. Las facies A y B1 corresponden a depoésitos de
avalancha de derrubios formados por los deslizamientos gravitacionales principal y
secundarios. Las facies B2, B3, B4, C1, C2 y C3 representan depositos formados por el
de

hiperconcentrados cargados de clastos gruesos-muy gruesos, angulosos o redondeados. En el

retrabajamiento  erosivo posterior los niveles de avalancha mediante flujos
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caso de las facies C4 y C5 el mecanismo de transporte parece haber sido corrientes acuosas de
alta energia. Las facies D y E se interpretan como pequefias llanuras de inundacion.

En esta parada podemos observar las caracteristicas mas significativas de las facies A
(Megabloques) y B 1(Brechas matriz-soportadas) asociadas al deslizamiento principal (Figs.
37y 38).

Seccion longitudinal

7/ ?éi‘» Seccion B Seccion C
, s
/ /// /
////// / '_ = -
7 ///7 //////, e e an
Seccién B Facies Seccion C Eaciae
“matriz” “matriz”

Facies “bloque”
Facies “bloque”

Fig. 39.- Esquema de un megadeslizamiento gravitacional y posicion de las
facies “bloque” y “matriz”. Tomado de Oehler, (2005).
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. ~Fa v AT TEXTURAS Y ESTRUCTURAS oA
FACIES LITOLOGIA Y ESTRATIFICACION SEDIMENTARIAS INTERPRETACION
A: MEGABLOQUES Megabloques decamétricos y | Fabrica desordenada y cadtica: Facies de Megabloques de debris
hectométricos muy pobremente | Abundantes diques clasticos arenosos vy | avalanches formada por un
clasificados.de basaltos plagioclasicos, | megabloques con jigsaw cracks deslizamiento gravitacional “seco”
diques y gabros. Matriz abundante de
granulometria variable entre arcilla y
canto. Espesor: 20->200 m
Bl: BRECHAS Muy heterométricas. Bloques de hasta | Fabrica desordenada. Las capas tienen bases | Facies de Matriz de debris avalanches
MATRIZ- 1.5 m de diametro. muy pobremente | graduales e inversamente gradadas y los techos
SOPORTADAS clasificados, de Dbasaltos, traquitas, | son netos o con gradacién normal. Escasos clastos
diques y gabros. Matriz muy abundante | con jigsaw-cracks. Diques clasticos arcillosos
de grava fina-arena gruesa muy mal
clasificada. Espesor: 2->100 m
B2: BRECHAS Muy heterométricas. Clastos de tamafio | Fabrica desordenada o con gradacion inversa a | Flujos hiperconcentrados generados por
CLASTO- bloque y canto. menores que los de la | normal removilizacién del material del debris
SOPORTADAS facies B1. Matriz de arena gruesa-grava avalanche. La fabrica desordenada y
fina, escasa y bien a moderadamente escasa abrasion de los clastos indican un
clasificada. Espesor: 1.5-20 m transporte muy reducido
B3: BRECHAS Clastos de 4,5 cm de tamaiio medio y 70 | Gradacion inversa y base gradual o ligeramente | Flujos hiperconcentrados con transporte
CLASTO- cm de maximo, mal clasificados. Matriz | erosiva: clastos  groseramente  ordenados | mayor que el de la facies B2. Soporte de
SOPORTADAS CON escasa de arena gruesa-grava fina bien a | paralelamente a la estratificacion o imbricades con | los clastos principalmente por presion
GRADACION moderadamente clasificada. Espesor: | elgje a. dispersiva
INVERSA 0.7-2m
B4: BRECHAS CON Las brechas son clasto y matriz- | Las brechas estan desordenadas o con los clastos | Flujos hiperconcentrados
INTERCALACIONES soportadas, muy heterométricas y con | groseramente orientados o imbricados con el eje a; | probablemente canalizados con
DE GRAVASY clastos <2 m: la matriz es abundante y | gradacion inversa y normal. Las arenas y graveas | transicion vertical a flujos acuosos
ARENAS de grava fina-arena gruesa, mal | muestran una grosera laminacion paralela y | arenosos
clasificada. Las gravas son finas y las | cruzada de bajo angulo. Los limos estan laminados
arenas gruesas-muy gruesas. ambas con | y tienen colores rojizos. Forman secuencias
cantos y bloques dispersos. Los limos | granodecrecientes groseras
son escasos. con clastos de tamaiio
grava-canto. Capas irregulares <2 m.
lateralmente discontinuas
Cl: Clastos de 20 cm tamafio medio y 1,20 | Fabrica desordenada Flujos hiperconcentrados locales con
CONGLOMERADOS de méximo. polimodales v bimodales. clastos erosionados y retrabajados de
MATRIZ- redondeados a subredondeados. Matriz zonas adyacentes. Escaso transporte y
SOPORTADOS abundante de arena gruesa-grava fina capacidad de seleccion. Idéntico a B2
bien seleccionada
Cc2 Clastos de hasta 1,20 m de diametro de | Masivos o groseramente estratificados; los clastos | Flujos hiperconcentrados con gravas,
CONGLOMERADOS basaltos y diques principalmente se hallan dispuestos con el eje a paralelo a la | con fuerte interaccion entre los clastos y
CLASTO- Matriz: arena gruesa-grava fina. bien | estratificacién o imbricado. Pueden mostrar | rdpida sedimentacién. Soporte de los
SOPORTADOS clasificada. Espesor:0.7-20 m gradacién inversa en la base v normal en el techo clastos principalmente por presion
dispersiva, similar a B3
C3: Los conglomerados tienen didmetro | Estratos irregulares y lenticulares con base erosiva | Flujos  hiperconcentrados — probable-
CONGLOMERADOS, medio de 10 cm y maximo de 30 cm, | v clastos orientados paralelamente a la | mente canalizados con transicion
GRAVAS Y ARENAS con bloques dispersos de hasta 2 m. Las | estratificacion o imbricados con el eje a. En | vertical a flujos acuosos arenosos,
INTERESTRATIFICA gravas y arenas (gruesas a muy gruesas | ocasiones las litologias forman secuencias | similar a B4
DOS y mal clasificadas) forman capas | inversas y normales. Laminacién paralela y
irregulares y tienen cantos dispersos o | cruzada planary en surco en las arenas
en pequerias lentes. Espesor: 10-30 m
C4: Conglomerados de cantos (15 em de | Se ordenan formando secuencias | Flujos acuosos tractivos canalizados de
CONGLOMERADOS diametro maximo) y gravas, en capas de | granodecrecientes con base erosiva. Es frecuente | energia decreciente de tipo stream floods
Y ARENAS EN 1-5 m. Arenas limosas en capas de 30- | la estratificacion cruzada en surco de mediana-
SECUENCIAS 50 cm. Espesor: <35 m gran escala. la laminacion paralela y la
CANALIFORMES bioturbacion figurativa
C Arenas de grano muy grueso con cantos | Forman secuencias granodecrecientes con bases | Corrientes acuosas de tipo stream y
GRAVASFINAS Y y bloques de hasta 1 m. dispersos u | netas o ligeramente erosivas: las arenas muestran | flash floods. Posibles equivalentes
ARENAS ordenados en laminas y lentes. Espesor: | laminacion paralela y cruzada de mediana—gran | distales de los flujos hiperconcentrados,
INTERESTRATIFICA 0.5-3m escala: imbricacion del eje a en los clastos que podrian llegar a estar representados
DAS en las lentes de cantos y bloques
D: ALTERNANCIA Grano fino con clastos de 2-3 cm | Masivas o laminadas y con bioturbacion vegetal Deébiles corrientes tractivas y desarrollo
DE ARENAS Y 508 0 formando lentes delgadas. de paleosuelos inmaduros en llanuras de
LIMOS inundacion efimeras
E: LIMOLITAS Grano fino Laminacién paralela: color ocre Llanuras de inundacion efimeras

Tabla 1l.- Descripcion e interpretacion de las principales litofacies
epiclasticas subaéreas relacionadas con el deslizamiento gravitacional de

Puerto del Rosario Norte.
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-14° 277 -13°57°

27°19°N

Fig. 40.- (a) Aspecto de las facies ‘“Matriz”. (b) Aspecto de las facies
“Bloque”. (¢) Detalle de las facies “Bloque”. (d) Extension y alcance
subaéreo y submarino del deslizamiento de Puerto del Rosario Norte. Notese
la aparicion de megabloques submarinos a unos 50 kilémetros de
Fuerteventura.
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reuniones cientificas, jornadas o seminarios de caracter nacional e internacional durante el
afo 2023.
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Abstract—Ductile shear zones affecting igr rocks (py

ites, gabbros and carbonatites) belonging

to the Basal Complex of the Island of Fuerteventura are described here. They develop typical mylonites with their
cortege of structures and crystallographic fabrics, An evolution from brittle to ductile conditions has been
recognized, and interpreted as being due to the ascent of alkaline magmas and related fluids and subsequent
emplacement of weak rocks (carbonatites, syenites) along the shear zones, Local metamorphic changes favour the
ductile’ behaviour via a reaction-enhanced softening mechanism. The shear zones are arranged in a nearly
orthorhombic pattern. Kinematic criteria suggest an extensional tectonic scenario, with a bulk irrotational non-
plane deformation. The long axis of the finite deformation ellipsoid is E-W and horizontal. The available data allow
us to establish this deformation as being from the Late Olig to the Early Mi This 15 tentatively related to
the plate-tectonics evolution and mantle anomalies in the northwestern corner of the African plate. © 1997 Elsevier

Seience Ltd. All rights reserved.

INTRODUCTION

Exploration of the oceanic crust is a powerful tool to
understand the geometry and kinematics of the brittle
and ductile structures within ocean ridges and transform
faults, and therefore constitutes the key to knowledge of
the tectonic evolution of plate boundaries. However,
emerged portions of the oceanic crust are scarce and ol
small areal extent, making their importance invaluable.
Fracture analyses carried out in selected areas, such as in
Teeland (e.g. Gudmundsson, 1992; Fjader et al., 1994;
Villemin er al., 1994), can be cited as relevant examples of
the study of the brittle behaviour in this context.
Interesting data on the stretching of the deep crust at
mid-ocean ridges have emerged from the study of the
Deep Sea Drilling Project and the Ocean Drilling
Program legs (e.g. Cannat er al., 1991). A vast amount
of structural data have been collected from the segments
of oceanic lithosphere incorporated into continents
during orogenies: the ophiolites. The Oman ophiolite
(cf. Nicolas, 1989 for a review) and the Troodos Massif of
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Cyprus (Varga, 1991; Allerton and Vine, 1992; MacLeod
and Murton, 1993) may be cited as two of the best-known
cases in the world.

Incontrast, little is known about intraplate tectonics in
the oceanic lithosphere. From a petrologic point of view,
the influence of the mantle hot spots in the oceanic crust is
well established, and this has been used to deduce the
position of euler poles and to compute relative velocities
between plates (Minster and Jordan, 1978; Morgan,
1983; Miiller er al., 1993).

A complex tectonic scenario may be identified in the
northwestern part of the African plate. At least from the
Late Eocene, Africa converges towards the Eurasian
plate. The Euler pole describing the relative motion of
both plates is located to the southwest of the Canary
Islands (e.g. Chase, 1978; Minster and Jordan, 1978;
Argus et al., 1989; Westaway, 1990). This causes a frontal
convergence in the eastern and central Mediterranean,
and a dextral, strike-slip transcurrent motion in the
central-castern Atlantic (the Gloria ault, Buforn e al.,
1988; Argus er al, 1989). The presence of minor
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continental blocks and ocean basins located between the
continental masses of Africa and Eurasia led different
authors to define this zone as a diffuse plate boundary
(Vegas, 1985; Weijermars, 1988). Seismic evidence
suggests that the African oceanic crust at the Central
Atlantic may have been subjected to the same tectonic
instability (Buforn et al., 1988; Moreira, 1991). A further
complexity results from the influence of a large region of
upwelling in the upper mantle below the western
Mediterranean and eastern Atlantic, which may account
for some geochemical signatures of the Eastern Atlantic
volcanic province (Hoernle er al., 1995).

The Canary Islands belong to the Eastern Atlantic
volcanic province, and are located within the African
plate. not far from its diffuse boundary with the Eurasian
plate. They represent an emerged area of intraplate
oceanic crust (Stillman, 1987; Marinoni and Pasquare,
1994; Neumann et al,, 1995). The archipelago lies close to
the rifted north African continental margin, but it is
considerably younger than the oceanic lithosphere in this
area. The complex geological history may be partly a
consequence of the plate tectonics scenario described
above, and partly a result of a local intraplate tectonics
(Marinoni and Pasquare, 1994). In the present paper we
describe two ductile-brittle shear zones affecting the
older igneous series of the island of Fuerteventura.
These shear zones accommodated jmportant displace-
ments (several hundred and perhaps even several thou-
sand metres), and acted as ascent channels for mantle-
derived magmas and fluids. The presence of ductile shear
zones in Fuerteventura was first recognized and
described by Casillas er al. (1994). The kinematic
characterization of this deformation may be of relevance
in the study of the recent tectonics of the African plate,
and may contribute to a better knowledge of the
behaviour of the oceanic crust in complex within-plate
areas.

GEOLOGICAL SETTING

The Canary Islands are a group of volcanic islands and
seamounts located on thick oceanic crust adjacent to the
Atlantic-type continental margin of Africa (Fig. 1). From
a geological perspective they constitute one of the more
complex oceanic archipelagos in the world. Several
successive magmatic periods led to the growth and
emergence of these ocean islands, the process involving
stages of partial destruction of the voleanic successions
{Schmincke, 1982; Staudigel and Schmincke, 1984; Le
Bas et al., 1986; Coello er al., 1991; Ancochea et al., 1990,
1993, 1994).

Every island within the archipelago has its own
geological history. The evolution process of Fuerteven-
tura is the most complex and longest-lasting (Stillman er
al., 1975; Fuster et al., 1980; Le Bas er al., 1986; Coello er
al., 1991; Ancochea er al., 1994). Fuerteventura forms
part of the East Canary Ridge, together with Lanzarote
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and the Conception Bank. It is located on thick (more
than 11 km) and strongly reworked oceanic crust (Banda
et al., 1981). Three main lithological units can be
distingunished in Fuerteventura (Fig. 1).

(1) The Basal Complex consists of sea-floor sediments
overlain by submarine volcanic and volcaniclastic
sequences. The exposed sediments, Cretaceous in age,
are part of the overturned limb of a concentric
recumbent fold (Rothe, 1968; Robertson and Stillman,
1979a; Fuster et al., 1980; Robertson and Bernouilli,
1982; Renz er al., 1992). The volcanic series comprise
breccias, hyaloclastites and pillow-lavas of basaltic to
trachybasaltic composition. Bioclastic and volcaniclastic
sediments of Middle to Late Oligocene age appear
intercalated within the volcanic series (Fister and
Aguilar, 1965; Robertson and Stllman, 1979b). Large
plutonic, and hypabyssal bodies intruded the sediments
and voleanics. Following Stillman ez al. (1973), Fuster e
al. (1980), Le Bas er al. (1986), Stillman (1987) and
Sagredo et al. (1989), three magmatic episodes can be
recognized, including (i) an initial ultra-alkaline series
comprising pyroxenites, amphibole-rich ultramafic
igneous rtocks, amphibole-bearing gabbros and
syenites, cross-cut by syenitc and carbonatite dykes, (ii)
clongate, NNE-SSW trending bodies of gabbro and
pyroxenite, and (iii) concentric patterns of gabbro and
syenite ming-dykes. A dense basaltic dyke-swarm
traverses the various lithologies. These dykes may be
considered as the feeder conduits for rocks that form the
submarine and subaerial growth of Fuerteventura and,
in places, constitute more than 90 % of the exposed
rock (Stillman ez al., 1975; Faster er al., 1980; Le Bas et
al., 1986; Stillman, 1987; Sagredo er al., 1989). This
obscures the continuity of contacts and structures within
the Basal Complex.

(2) A subaerial volcanic succession of Miocene age
comprises three large shield volcanoes, reconstructed
from the disposition of the partly-eroded volcanic
sequences (Coello er al., 1991; Ancochea et al., 1994).

(3) A later subaerial volcanic succession, contains
intercalated beach-sediments (Meco and Pomel, 1985).

The initial ultra-alkaline series of Unit (1) are the
lithologies affected by the shear zones. The more recent
plutonics and the subaenal volcanic successions cut the
shear zones, imposing temporal constraints to their
activity. No evidence of ductile shearing has been found
as yet in the intruded Cretaceous to Oligocene sediments
and submarine volcanics. Therefore, this study is devoted
to the description of the deformation affecting the older
plutonics of Unit (1), the Basal Complex.

GEOMETRY AND KINEMATICS OF THE SHEAR
ZONES

The shear zones in the ultra-alkaline plutonic rocks of
the Basal Complex are unevenly distributed. Basaltic
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Fig. 1. Schematic geological map of western-central Fuerteventura, showing the lithologies of the Basal Complex and the
location of the most important shear zones (Caleta de la Cruz and Punta del Peiion Blanco).

dykes disrupt the deformational structures and, in cases
of large dyke densities, the shear zones are almost
completely transposed. Exceptionally good exposures
appear in the coastal cliffs and beaches, but the out-
cropping structures cannot be continued landwards due
to the presence of the volcanic and sedimentary cover. In
this work we describe the structures associated with two
selected shear zones in the coastal section (Fig. 1): the
Caleta de la Cruz and the Punta del Pefion Blanco shear
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zones. Here, the structures are clearly exposed and
cleaned by sea-water abrasion and the density of the
crosscutting dykes is moderate. The quality of the
outcrops allowed the construction of orthogonal grids
in the field with irregular, polygonal external contours.
The side-length of the unil squares in the grids is 1 m.
These grids were used as the reference frame for detailed
geological mapping, a powerful tool to gain a complete
geometric view of the shear zones. The analysis was
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followed up by the use of conventional structural and
petrologic techniques.

The Caleta de la Cruz shear zone (CCSZ)

This is a subvertical, NW-SE oriented shear zone (Fig.
2). A heterogeneous deformation affects a broad band
(more than 10 m) of pyroxenites and syenites belonging
to the initial ultra-alkaline series of the Basal Complex.
The main structures originating in this shear zone are
mylonitic foliation and lineation, curved-hinge folds,
composite planar fabrics (C-S fabrics, Berthe et al.,
1979), lozenge-shaped blocks of undeformed pyroxenite,
and minor discrete shear bands (Fig. 2). Apart from the
heterogeneity of the deformation, the main characteristic
of this zone is the brittle-to-ductile transition exhibited by
the progressively developing structures. Near the external
boundary of the shear zone, structures are brittle, with
fractures fragmenting and displacing blocks of pyrox-
enite. This is observed also in the large lozenge-shaped
blocks of pyroxenite within the CCSZ. The brittle
structures are filled by carbonatite, whose appearance is
strictly associated to the deformational structures. A
complex metamorphic reaction (fenitization) between
carbonatite and pyroxenite, which will be described in
detail in the next section, results in an aggregate of
phlogopite and diopside. Consequently, the ductility of
the pyroxenite is highly enhanced locally, near the
carbonatite intrusions. More continuous, straight and
ductile shear bands appear in the inner part of the CCSZ.
Here, a strongly foliated, fine-grained aggregate of

J Sedimentary cover

1y

| Post-82 busic dykes

Second stage tectonites
(and trace of 8§21

[_j First stage tectonites
=3

and 1race of S1)

- Unstrained hostrock

calcite, phlogopite and diopside embraces residual frag-
ments of pyroxenite. A reaction-rim of phlogopite-
diopside is always present around these fragments.
Reaction-rims are often stretched on both sides of a
fragment, defining asymmetric tails (Fig. 3a & b) that
recall the o- and d-structures of the porphyroclast
systems in quartz-feldspar mylonites (Passchier and
Simpson, 1986).

The mylonitic lineation is defined by clongate mica
aggregates and shows a low to moderate plunge (Fig. 2a).
This points to an important strike-slip component of
displacement for the CCSZ. Kinemalic criteria used to
infer the shear sense in the CCSZ include (i) the
asymmetric attitude of the foliation embracing the
pyroxenite fragments (Figs 3a & 4a), (ii) the asymmetric
tails of elongate reaction-rims around the pyroxenite
fragments (Fig. 3a & b), (iii) the orientation and sense of
shear exhibited by the minor shear bands and faults, (iv)
the composite planar fabrics, (v) the preferred orienta-
tion of the calcite c-axis fabric (see later), and (vi) the
orientation and asymmetry ol mesoscopic folds affecting
the mylonitic foliation (Figs 2a & 3b). In this case, the
flow direction and flow sense are obtained following the
method of Hansen (1971). All these indicate a dextral
shear component with a subordinate down-throw of the
northeastern block.

A second shearing episode deforms the previous
structures. The new shear zone, with a thickness of 1 m,
cross-cuts the southern boundary of the CCSZ. Basic
dykes that had intruded the foliated carbonatites of the
CCSZ are displaced and disrupted by this second episode

Fig. 2. Detailed geological map of the Caleta de la Cruz shear zane, This represents the best subhorizontal outerop of this
shear zone, The inset shows a sketch obtained after eliminating the fate basic dykes. Sample AJ6, used in the texture analysis, is
also located in the map. This (and most of the following figures) refer to the magnetic north (MN) as the mean deviation from

the geographical coordi appears

gligible (Marinori and Pasquarg, 1994), (a) Structural data of the first deformational

stage (great circles: foliation; open squares: mineral and stretching lineations, ellipse: area covered by the lincation poles; black
dots: fold axes and sense of fold asymmetry), (b) Structural data of the second deformational stage; symbols asin (a). Spherical
projections are equal area, lower hemisphere.
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Fig. 3. (a) Pyroxenite block asymmetrically embraced by the mylonitic foliation composed of domains of recrystallized
carbonatite (whitc) and domains of phlogopite + diopside + calcite (black). The pyroxenite block is contoured by a black
reaction rim made of phlogopite and diopside. Caleta de la Cruz shear zone. ESE to the right of the photograph. (b) Folded
mylonitic foliation with minor blocks of pyroxenite + syenite. Caleta de la Cruzshear zone. ESE to the right of the photograph.
(€) Network of albitite in the Punta del Peiién Blanco area (type | veins). Hammer lies over a late, cross-cutting basic dike. (d)
Pattern of type 2 and type 3 veins in the Punta del Pefion Blanco. Type 2 veins are filled by albitite and appear as thin and
irregularly oriented veins. Type 3 veins are filled by white nepheline syenite (marked by N); they are thick and systematicaily
dip to theleft of the photograph (West). (¢) Mylonitic lineation in the Punta del Pefion Blanco shear zone, ESE 10 the Jeft of the
photograph. (I) Curved-hinge fold in the Punta del Pefidn Blanco shear zone, The folded layering is comprised of pre-and syn-
kinematic basic dykes (black) and recrystallized carbonatite (white). ESE to the right of the photograph,
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Fig. 4. Rose diagrams representing the traces of structural efements
measured in the map of the Caleta de la Cruz shear zone. The frequency
of the external perimeter is 30 %. (a) Traces of the first stage foliation
(n=96), the asy y of the diagram is explained as a conseq of
the irregular distribution of the foliation embracing unstrained blocks in
a dextral shear regime. (b) Traces of the second stage foliation (n= 14).
(c) Traces of dextral shear bands (n=41); (d) Traces of sinistral shear
bands (n=22).

(Fig. 5), indicating a horizontal displacement of more
than 10 m in a dextral sense, The deformation associated
with this shear zone caused a marked decrease in grain-
size of the rock, as well as the elongation of the
pyroxenite fragments. The kinematic pattern of this
¢pisode is not very different from that of the CCSZ, as
deduced [rom the attitude of the mylonitic foliation and
lineation and from the asymmetry of isoclinal intrafolial
folds (Fig. 2b). Other kinematic criteria include the
asymmetric shape of the disrupted basic-dyke fragments,
the presence of tension gashes inclined with respect to the
trend of the average foliation, the synthetic and antithetic
shear bands, and the reorientation undergone by the
earlier foliation in the vicinity of the newly-formed shear
zone (Fig. 5).

The spatial association of both deformational epi-
sodes, together with the kinematic and metamorphic
similarities between them, suggest a long-lived period of
dextral ductile-brittle shearing with an intercalated stage
of brittle behaviour and dyke intrusion.

The Punta del Perion Blanco shear zone (PPBSZ)

This shear zone outcrops more than 7 km southwest of
the Caleta de la Cruz (Fig. 1). A band of high ductile
deformation with a thickness of around 40 m is located
within a region of severely brecciated pyroxenite. A
sudden decrease in the fracture intensity occurs on both
sides of the brecciated area (Fig. 6a). Three types of veins
fill the fractures in the brecciated pyroxenite:
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Type 1. Irregularly impregnated areas which constitute
a network of albitite (Fig. 3c).

Type 2. Albitite veins of cm-scale thickness, arranged
in four systems with an approximate orthorhombic
symmetry (Figs 3d & 6b).

Type 3. White nepheline syenite veins, with a marked
unimodal preferred orientation (Figs 3d & 6c).

The PPBSZ is restricted to the ductile band located
near the northern margin of the brecciated area, which
becomes strongly deformed and even transposed (Fig. 7).

The albitite veins of the first two types described above
are deformed by the ductile shear zone. However, the
third type, of white syenite veins, systematically cross-
cuts the ductile structures and appears only in the
hanging-wall to the PPBSZ. They eventually affect the
top of the main ductile band.

In Fig. 8, a selected region of the PPBSZ is shown in
detail. As noted in the CCSZ with reference to the
carbonatites, distinct lithological types are spatially
related to the deformed area. These lithologies include
carbonatite and dykes of grey nepheline syenite, which
are scarce or absent in the ultra-alkaline unit outside the
domains affected by the shear zones. Here we interpret
these lithologies as intruded in relation to the activity of
the shear zones. The dykes intrude the pyroxenite
brecciated by the albitite network and veins. These
dykes may extend by dozens of metres outside the
boundaries of the PPBSZ (Fig. 7).

The mylonitic foliation has an average NW-SE trend,
The plunge of the associated lineation approximates 40°
10 the SE (Figs 3¢ & 7c). Local places where the foliation
trend departs from their average orientation are due to
slight deflections around undeformed blocks of brec-
ciated pyroxenite or nepheline syenite (Fig. 8). The
mylonitic lineation is well developed in the grey nepheline
syenites, where it is marked by the shape fabric of
sanidine crystals and by the orientation of ribbons of
sanidine and aggregates of aegirine-augite. Therefore, it
constitutes a stretching lineation (Fig. 3e). In the
carbonatites, which have an equigranular texture, the
lineation is poorly defined, and the foliation is marked by
occasional calc-silicate bands and alternating domains of
fine- and coarse-grained carbonatite.

Kinematic criteria, some of which are clearly seen in
the maps (Figs 7 & 8), are consistent with a dextral-
normal sense of shear. These include: (i) the lateral
displacement of the syenite and basic dykes, (ii) the
asymmetric pattern of the mylonitic foliation around less
deformed fragments, (iii) the asymmetric pressure-sha-
dows around blocks of undeformed rock, (iv) the crystal-
lographic preferred orientation of calcite (see later), and
(v) the asymmetry of minor, curved-hinge folds (Fig. 3f),
and their consistent spatial arrangement in relation to the
mylonitic foliation and lineation (Fig. 7d), as deduced
from the method of Hansen (1971).

To the south of the main ductile PPBSZ, several
carbonatite bands deflect and displace grey syenite
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Fig. 5. Detailed sketch taken from field photographs, showing the effects of the second stage dextril shear zone on the basic
dykes and first stage tectonites (Caleta de la Cruz shear zone). Insets depict the ¢longation of the basic dykes and their
disruption by synthetic and antithetic fractures filled by leucocratic veins.

dykes (Fig. 7). The carbonatite within the bands is
strongly foliated, and the syenite is more pervasively
deformed when it approaches the bands. The strike-slip
movement is dextral for the NW-SE and sinistral for the
NE-SW oriented bands (Fig. 7a & b).

The large dykes of grey nepheline syenite located far
{rom the main ductile shear zone are almost normal to the
mylonitic lineation. As they approach the shear zone they

4 19:0.L
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become progressively rotated towards parallelism with
the mylonitic foliation (Fig. 7e). The stretching and
boudinage of the dykes generates a strongly developed
planar-linear fabric,

The minimum displacement along the ductile band
may be estimated according to the horizontal deviation
of basic dykes in the margins of the shear zone (Fig. 8). A
conservative extrapolation of this displacement to the
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Fig. 6. Fructure intensity und orientation of the leucocratic veins in the
Punta del Penon Blanco area. (a) Linear percentage of brecciated areas
with respect to the unstrained rock; the distance is measured in a
direction normal 10 the boundaries of the ductile shear zone, the origin
corresponding to the centre of the shear zone: the diagonal stnipe
pattern marks the area with 100 % breccia, (b) Contour diagram
showing the orientation of the poles to the type 2, albitite veins; the
maxima are the poles to the four great circles represented in the figure
(rt=339). (¢) Contour diagram showing the orientation of the poles to
the type 3, nepheline syenite veins (n=72). Contour diagrams are equal
area, lower hemisphere projection, contoured after the Kamb method
with E = 3g, contour interval = 2.0a.

entire band gives a net slip of more than |km.
Considering the moderate thickness of the band
(around 40 m), this is a quite large displacement,
comparable to those measured in continental shear
zones.

OPTICAL MICROSTRUCTURES, TEXTURES
AND MINERAL CHANGES

The Culeta de la Cruz shear zone (CCSZ)

The pyroxenite blocks in contact with carbonatite
develop a characteristic assemblage of phlogopite +diop-
side + magnetite +apatite + grossular/andradite garnet.
Rocks in the deformed domains show unequivocal
solid-state deformation microstructures, with a general-
ized reduction in the grain-size. The carbonatites filling
fractures or located within pressure shadows around
pyroxenitic blocks constitute unequant coarse-grained
(2-3 mm) aggregates. Two conjugate sets of e-twins
develop, although one set predominates over the other.
Equant recrystallized grains (<1 mm) appear at the

grain boundaries or are located within discrete bands
parallel to the foliation. Towards the inner part of the
ductile CCSZ the grain-size is reduced (200400 ym).
Here the calcite crystals exhibit undulatory extinction,
but they are almost free of deformation twins. The grains
are slightly flattened with their long axes aligned parallel
to the foliation. A crystallographic preferred orientation
(also referred to as texture or crystallographic fabric in
this paper) has been measured in the more deformed
carbonatite aggregates (sample AJ6, for location see Fig.
2). All the textures in this paper were measured using the
optical U-stage. The c-axis of calcite was determined as
the pole to the great circle connecting 5 individually
measured slow vibration directions, in accordance with
the method by Turner and Weiss (1963). The result is
shown in Fig. 9(a), with a high-density area near the
normal to the foliation, Two unequally populated sub-
maxima are present (I and I1in Fig. 9a). The stronger one
(maximum I) is deflected from the normal to the foliation
in a sense opposite to the sense of the imposed shear, as
deduced from other independent kinematic criteria. This
texture compares well with the CTS sample experimen-
tally deformed by Schmid er al. (1987) under low-
temperature, simple shearing conditions. Schmid et al.
(1987) interpret this texture as a consequence of the
simultaneous activity of e-twinning and r-slip. The
virtual absence of twins in our sample is difficult to
explain in this way, although it is possible that twinning
was completed in a majority of crystals, as shown by
Schmid er al. (1987) for some of the grains within their
gpecimen CTS,

The second deformation stage produces an ultramylo-
nite, A characteristic mineral and textural change is
suffered by the displaced basic dykes. Far from the
second-stage shear zone, they cross the trend of the first-
stage foliation, and preserve an igneous ophitic texture.
They show prismatic crystals of pyroxene and red biotite,
enclosed by poikilitic plagioclase. An important meta-
morphic-metasomatic process gives rise Lo an assemblage
of green biotite + grossular/andradite garnet + sphene +
magnetite + analcite + epidote/clinozoisite + calcite.  As
the dykes rotate towards parallelism with the second-
stage shear zone margin, the garnet is fragmented and
stretched to generate trails of porphyroclasts within a very
fine-grained matrix composed of grossular/andradite
garnet + green  biotite + sphene +albite + analcite + car-
bonates + magnetite. As described above, tension gashes
and discrete shear bands cross-cut the dyke fragments
within the shear zone. The mineral assemblages filling the
veins are similar to those described for the matrix of
the deformed dykes, and include analcite+ calcite +

Fig. 7. Geological map of the coastal outcrop of the Punta del Peiion Blanco shear zone. The basic dykes cutting the ductile structures are not
represented in this figure, The marked area corresponds to the detailed map of Fig. 8. (a) Dextral and (b) sinistral shear bands to the west of the main

ductile shear zone. (c) and (d) Structural data of the main ductile shear zone, The area with a grey patternin (d) inds

of the mi |

tes the positi

and stretching lineations. Legend for (a)-(d): great circles, mylonitic foliation; open squares, mineral and stretching lineation; black dots, fold axes

and sense of fold asymmetry. (¢) Nepheline syenite dykes to the west of the main ductile shear zone; the bold great circle tepresents their orientation

in the centre of the map, and the dashed urrow marks their progressive reorientation towards the ductile shear zone. Spherical projections are equal
urea, lower hemisphere. Samples R1, 425 and 442, analyzed for crystallographic preferred orientation, are also located in the map.
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garnet+ green biotite. This strongly suggests a synchro-
nous development of these structures with respect to the
shear activity, and lavours their use as kinematic criteria.

The fabrics of the first-stage deformation are heavily
recrystallized within the second-stage shear zone. The
metamorphic mineral assemblages are also changed to
grossular/andradite garnet -+ Sr-rich epidote/clinozoisi-
te +idocrase + magnetite analeite 4+ Sr-rich allanite +cal-
cite.

The Punta del Perion Blanco shear zone (CCSZ)

The microstructural study was focused on the grey
nepheline syenite dykes, carbonatites and foliated pyrox-
enite breccias.

The nepheline syenite is essentially composed of
sanidine, aegirinc-augite and nepheline. When unde-
formed it presents an igneous porphyritic texture with
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Fig. 8. Detailed geological map of the ductile shear zone in the Punta del Pefidn Blanco (for location see Fig. 7)

prismatic sanidine and aegirine-augite phenocrysts in a
matrix of nepheline, sanidine and aegirine-augite. The
long axes of the sanidine phenocrysts have an average
length of approximately Smm. With the increase in
ductile deformation, the grain-size is reduced. Nepheline,
with abundant undulatory extinction and subgrain
boundaries, acquires a strong crystallographic preferred
orientation (sample R1, for location see Fig. 7), with a
single-maximum, c-axis fabric parallel to the mineral
lineation (Fig. 9d). Recrystallization must proceed in an
anhydrous environment as deduced from the mineralogy
of the deformed rocks, devoid of hydrous minerals such
as micas or amphiboles. Sanidine also shows subgrain
boundaries and an interesting texture, with the a-axes of
the optical indicatrix located in a single maximum close
to the mineral lineation, the f-axes forming an incom-
plete girdle paraliel to the foliation, with a maximum
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TOP AJ6 : calcite-¢ 442 : calcite-¢
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Fig. 9. Crystallographic preferred orientations in deformed rocks of the Basal Complex. The inset depicts the orientation of
the structural co-ordinate system: foliation (S) and lineation (L). Shear sense is dextral for all diagrams, Equal area, lower
hemisphere projection. Density calculation after the step-function, except for (a) and (b) where a spherical Gaussian function
was used instead. Contouring after the Kamb method with E = 3a. (a) ¢-axis fabric of calcite in a carbonatite from the CCSZ.
Contour interval (¢.i.) = 1.2, Number of measured crystals (n) = 144, (b) c-uxis fabric of calcite in a carbonatite from the
PPBSZ; c.i. = 1.40; n=232. (c) c-axis fabric of nepheline in a deformed pyroxenite breceia from the PPBSZ; c.i. = lo; n=204.
(d) c-axis fabric of nepheline in a deformed syenite from the PPBSZ; c.i. =2.5¢; n=120. (¢) c-axis fabric of nepheline in 2
deformed syenite from a shear zone to the north of the CCSZ; c.i, =4¢; n=103. (f) to (k) Sanidine fabrics showing the
orientation of the optical indicatrix axes in syenites from the PPBSZ (f-h) and a shear zone to the north of the CCSZ (i-k).
(N ci.=lo: n=134, (g) c.i.=1.50; n=134, (h) c.i. =220, n= 11364 (i) ¢.l.=0.50; n=120. 0) ci,=0.70: n=120. (k) c.i.= la;
n=120.
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normal to the lineation, and the y-axes coinciding with
the pole to the foliation (Fig. 9f~h). The prismatic
phenocrysts of sanidine undergo a reorientation with
their long-axis parallel to the trend of the mylonitic
foliation. Kinematic criteria are abundant in these
phenocrysts (now porphyroclasts), and include sheared
and asymmetrically detached parts of crystals, bookshelf
sliding, and the asymmetric pattern of the foliation
embracing large sanidines. They typically show a core—
mantle structure produced by dynamic recrystallization.
The average size of the newly recrystallized crystals is 200
to 300 um. As deformation increases, recrystallization
pervades the whole crystal, which is stretched to give a
polycrystalline ribbon. Phenocrysts of acgirine-augite
are also transformed into elongate polycrystalline
domains parallel to the mylonitic lineation, but no signs
of plastic deformation can be observed within individual
crystals.

The mineral composition of the undeformed carbona-
tite is seldom preserved and consists of an aggregate of
large (up to 2cm) crystals of calcite, phlogopite and
sanidine. In areas of low to moderate deformation, the
carbonatite changes to a heterogeneous aggregate of
calcite (up to 1cm in size) with a metamorphic micro-
structure characterized by straight grain boundaries
meeting at 120°. Ore minerals are concentrated along
grain boundaries and planes of cleavage. A slight bending
of the phlogopite lattice is also clear, Within more
deformed areas, the calcite crystals show a core-mantle
microstructure, with the growth of newly-recrystallized,
equant crystals (200-400 gm). The host crystals devel-
oped undulatory extinction and two conjugate sets of
deformation twins. Progressively, the recrystallized
grains pervade the host crystals, which remain as
flattened relics with aspect ratios of 2-3:1 in a section
normal to the foliation and parallel to the lineation.
Eventually, the dynamic recrystallization affects the
whole aggregate, resulting in an equigranular (400 um)
mosaic of calcite, with undulatory extinction, subgrain
boundaries and deformation twins. The calcite-texture
obtained in this strongly deformed rack (Fig. 9b: sample
442, see Fig. 7 for location) is asymmetric with respect to
the structural co-ordinate system. As in the CCSZ, two
sub-maxima develop (I and II in Fig. 9b), with the more
populated one inclined to the foliation normal in a sense
opposite to the external shear sense. Simultancous
activity of e-twinning and r-slip is again proposed to
account for this texture (Schmid et al., 1987). Within the
pressure shadows or other protected regions, the calcite
forms a polygonal mosaic of large crystals, with grain
boundaries meeting at 90°.

The brecciated pyroxenite was severely deformed to
give a foliated rock with a pervasive tectonic banding.
This banding is composed of alternating white and dark
bands. The heterogeneous character of the deformation
in the PPBSZ is clearly seen since the banded domains
often show clear-cut contacts with respect to undeformed
blocks of brecciated pyroxenite (Fig. 8). An equigranular
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aggregate of sanidine, albite and nepheline constitutes
the white bands. It results from the transposition of the
albitite veins and network. Some albitite veins exhibit
isoclinal folds, with the tectonic banding as axial plane;
other were stretched to generate pinch and swell
structures and fish-mouth boudins. The crystallographic
preferred orientation of nepheline is quite strong (sample
425, see Fig. 7 for location), with a single maximum of
nepheline c-axes parallel to the mylonitic foliation (Fig.
9c). This strong fabric is due to the considerable solid-
state deformation suffered by these bands. Similar
nepheline ¢-axis fabrics were obtained by Fairbairn
(1941) and Sturt (1961). The foliation in the dark bands
is defined by the preferred orientation of biotite and
diopside. Kinks and mica-fishes are the main micro-
structures in the biotite. The diopside shows no evidence
of plastic intracrystalline deformation.

Textures in other minor shear zones

Nepheline syenites affected by other shear zones to the
north of the CCSZ were also analyzed. The aim of this
study is to show the homogeneity of the deformation
mechanisms throughout the entire Basal Complex, with
special reference (o the textures in sanidine and nephe-
line.

Figure 9 (i-k) shows the axes of the optical indicatrix of
sanidine composing more than 60 % of the matrix in a
sample of a deformed syenite, 15 km to the north of the
CCSZ (sample OLA40). This shear zone is very hetero-
geneous and the deformation structures are not as strong
as in the CCSZ or PPBSZ, suggesting lower strains. The
a- and f-axis fabrics delineate a single girdle which is
slightly oblique with respect to the foliation trace, the
deflection being described by a counter-clockwise rota-
tion around an axis normal to the stretching lineation and
included within the mylonitic foliation, This counter-
clockwise deflection is contrary to the imposed shear
sense indicated by the meso- and microstructural criteria.
Two maxima are discernible within both girdles, one of
them normal to the mylonitic lineation, the other at 5-10°
from it. The y-axis fabric consists of a single maximum
located at 5-10° counter-clockwise from the pole to the
foliation plane. These results are similar to the fabrics of
sanidine in the syenites of the PPBSZ (Fig. 9f-h).
However, in the PPBSZ the fabrics are symmetrical with
respect to the finite strain reference axes. Statistical
measurement of the optic axial angles in sanidine, which
is around 50° here and in the PPBSZ, indicates that it is
high sanidine (e.g. Smith and Brown, 1988). In this case,
the y-axis maximum implies a strong disposition of the
(001) planes near the foliation trace, with [001] normal to
it. No accurate transmission electron microscopy analy-
sis of the operative slip-systems was conducted in this
work, and several problems are associated with the direct
interpretation of fabric diagrams in terms of slip systems,
as shown by Wenk and Christie (1991). In spite of these
difficulties we suggest that (001) could have been an
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important slip plane in the plastic behaviour of sanidines
in the Basal Complex of Fuerteventura. This coincides
with the results obtained by Willaime er al. (1979) and
Scandale et al. (1983) on experimental grounds, and
Sacerdoti ez al. (1980) in the study of naturally deformed
K-feldspar.

The nepheline constitutes a mere 10-15% of the
matrix. The nepheline c-axis fabric (Fig. 9¢) is weaker
compared to that exhibited by sanidine, and it shows a
single girdle parallel to the plane containing the mylonitic
lincation and the normal to the foliation. The main
maximum within the girdle is deflected in a counter-
clockwise sense from the stretching lineation. This fabric
is weaker and quite different to the nepheline fabric in the
PPBSZ (Fig. 9¢ & d).

Crystals of sanidine and nepheline in the matrix
constitute an anhedral framework, and their microstruc-
tures are indicative of intracrystalline plasticity. There-
fore, the systematic asymmetry between crystallographic
axes of sanidine and nepheline and finite strain axes may
be explained in the same manner as for quartz and calcite
crystallographic fabrics; i.e. as being due to the presence
of a rotational component in the flow (Law, 1990).
Dextral simple shearing is deduced for this minor shear
zone from other kinematic criteria. The physical process
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by which the sanidine and nepheline lattices rotate
towards the pattern shown in Fig. 9 (e) and (i-—k), under
a component of dextral simple shear, is unknown and is
beyond the scope of this work. However it seems
reasonable to assume that with the increase in the shear
strain, the textures become stronger and acquire a
marked symmetry (Fig. 9¢, d & f~h).

Deformation conditions

The mineral changes which took place within the
carbonatites in contact with the other lithologies allow a
preliminary estimation of the temperature conditions
during the deformation. Two stages of skarn formation
are involved in the process. The first stage resulted in
metasomatic calc-silicate columns. Mineral assemblages
are dominated by garnet + diopside. The pyroxenites and
brecciated pyroxenites are transformed into aggregates
of diopside+ garnet phlogopite + apatite + magnetite +
sulphides. The second stage is preferentially located
along fractures, where a considerable change in the
previous assemblages has occurred. The diopside is
replaced by serpentine and green biotite, whereas the
garnet is consumed to give another colorless garnet or an
assemblage of epidote/clinozoisite + albite +calcite.

According to field and geochemical criteria, the
thickness of volcanic materials overlying the ultra-alka-
line series during activity of the shear zones can be
estimated as 3 km (Javoy er al., 1986). This implies a
lithostatic pressure of around 1 kbar, If the fluid pressure
is considered to be equal to the lithostatic pressure, the
assemblage of diopside + phlogopite + grossular/andra-
dite garnet, in the absence of wollastonite, suggests a
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Fig. 10. T-Peg, diagram (lithostatic pressure =| kbar). The main
reactions in the system KCMAS (H;0-CO;) and CAS (H;0-CO;) are
represented (following Taylor and Liou, 1978). |: Grossular + Quartz
= Anorthite + Wollastonite; 2: Zoisite = Anorthite + Calcite; 3
Caleite + Quariz = Wollastonite; 4: Quartz + Calcite + Magncetite =
Andradite; 5: Grossular = Anorthite + Calcite + Quartz; 6: Tremolite
+ Calcite + K-Feldspar = Diopside + Phlogopite; 7: Tremolite -+
Calcite + Quartz = Diopside; 8: Rutile -+ Calcite + Quartz = Sphene;
9. Zoisite + Quartz = Anorthite + Grossular; 10: Prehnite =
Clinozoisite + Grossular + Quartz, Also shown are the interpreted
conditions for the first (A) and for the second (B) metamorphic stages.

temperature of 500 °C for the first metasomatic stage
(Fig. 10, point A). The assemblages of the second stage
imply an evolution to lower temperature (around 400 °C)
and Pgo; (Fig. 10, point B).

DISCUSSION

The shear zones affecting the Basal Complex of
Fuerteventura show clearly the activity of plastic intra-
crystalline mechanisms (dislocation glide and creep and
mechanical twinning). Calcite, nepheline and, to a lesser
extent, sanidine and biotite/phlogopite, are the mineral
phases where the microstructures and textures of plastic
deformation are best developed. Pyroxene and amphi-
bole do not exhibit unequivocal plastic intracrystalline
features. This fact conditions the distinct rheological
behaviour in the shear zones. A classification of rock
types from least to most competent might be as follows:
carbonatite, nepheline syenite, brecciated pyroxenite,
basic rock of dykes, pyroxenite. The competence con-
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trasts result in a wide variety of structures, as illustrated
in this work. These structures demonstrate ductile or
brittle—ductile behaviour. The temperature within the
shear zones reaches 400-500 "C, and is probably higher
than the temperature in the pyroxenite host rock.
Carbonatite melts and related alkaline fluids were
channelled through the shear zomes and are the only
local heat source available to generate the observed
thermal anomaly. However, the increase in temperature
cannot alone explain the ductile behaviour, The host rock
is essentially composed of pyroxene and amphibole, and
temperatures well above 500 “C are necessary to promote
plastic deformation in these strong minerals (e.g. Mer-
cier, 1985). A process of whole mineral transformation in
the host rock, including reaction-enhanced softening
(White and Knipe, 1978), is favoured here. Within the
shear zones, weak plastic minerals, such as calcite,
nepheline, sanidine, and phlogopite, replace strong
pyroxene and amphibole. Therefore, the emplacement
of carbonatite and syenite together with the metamorphic
changes in the pyroxenite, which becomes a phlogopite-
rich rock, is a convincing mechanism to account for the
transition [rom the brittle to the ductile regime.

The syenites and carbonatites were emplaced between
21 and 30 Ma according to Le Bas er al. (1986) and
Cantagrel et al. (1993). The complexes of gabbro and
syenite ring-dykes, which were not affected by the shear
zones, were emplaced at 14.6 to 20.8 Ma before present
(Abdel-Monem ez al., 1971; Grunau et al., 1975; Le Bas et
al., 1986; Cantagrel et al., 1993). The lower part of the
subaerial volcanic series, also unafiected by the ductile
episode, has been dated at 22 Ma (Coello er al., 1991;
Ancochea et al., 1993; Balcells ez al., 1994). Therefore, the
age of the ductile deformational events may be estab-
lished as Late Oligocene to Early Miocene.

Some relevant data for the interpretation of the
tectonic regime that governed the activity of these shear
zones have been obtained in the PPBSZ. As stated above,
four sets of type 2 albitite veins are arranged in an almost
orthorhombic pattern (Fig. 6b). Several authors pro-
poscd similar patterns to explain the kinematics of brittle
fractures in a context of bulk non-plane deformation (e.g.
Qertel, 1965; Reches, 1983; Reches and Dieterich, 1983).
This concept is convincingly applied by Kirschner and
Teyssier (1994) to coeval, orthorhombically arranged, en
échelon vein arrays. The albitite veins in Punta del Peon
Blanco are not en échelon arrays. However, field criteria
show that they accommodated some displacement
parallel to the vein boundary, even though the main
component is of vein-perpendicular extension. The cross-
cutting relationships between the four sets suggest that
they formed simultaneously. Furthermore, three lines of
evidence reinforce the association between the type 2
veins and the ductile shear zones. First, the veins always
appear in the immediate neighbourhood to the ductile
shear zones, Second, representative orientation of the
mylonitic foliation in the PPBSZ, coincide with one of the
vein sets (Fig. 11a). Lastly, the orientation of minor
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Fig. 11 (a) Equal arca, lower hemisphere projection of the type 2
albitite veink of the Punta del Peddn Blanco fractured area (thin great
cireles); also shown are the average orientation of the foliation (dashed
great circle) and stretching lineation (black dot, the arrow indicates the
shear sensc) in the ductile PPBSZ. (b) Equal area, lower hemisphere
projection of dextra) and sinistral ductile shear zones in the Basal
Complex, excluding the Caleta de ta Cruz and Punta del Pefion Blanco
shear zones. (¢) to (f) Hypothetical model for the tectonic evolution of
the ductile-brittle shear zones in the Fuerteventura Basal Complex.
Carbonatites and syeniles are not distinguished

ductile shear zones outside the CCSZ and PPBSZ show
four sets that closely fit the pattern of the albitite veins
(Fig. 11b). Interestingly, the NW-trending shear zones
are consistently dextral to normal-dextral, and the NE-
trending ones are sinistral to normal-sinistral. Further-
more, the minor shear zones related to the main PPBSZ
present a similar configuration (Fig. 7a & b).

Accordingly, we propose the following kinematic
scenario for the development of ductile shear zones in
the Basal Complex of Fuerteventura (Fig. 11c-f).

(1) After the intrusion of large pyroxenite bodies and
small syenite stocks (Fig. 11c) into a sedimentary and
submarine volcanic series, 2 bulk extensional deforma-
tion began to affect these rocks. The finite deformation
ellipsoid was of the general flattening type (Ramsay and
Huber, 1983). The short axis of the ellipsoid was vertical,
and the trend of the long and intermediate principal axes
(both horizontal and implying positive elongation) was
E-W and N-S, respectively. A high fluid-pressure (alka-
line fluids) may have contributed to the brittle fracturing
of the pyroxenite, first as a network of albitite, and then
as @ system of four sets of orthorhombically arranged
veins (Fig. 11d). These alkaline fluids are derived through
fenitization from ascending carbonatite magmas (Le Bas,
1984).

(2) Final intrusion of carbonatite magma and nephe-
line syenite dykes led to a rheological threshold, with the
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onset of ductile deformation and large shear displace-
ments along one or several of the previous four sets of
fractures (Fig. 11e).

(3) Finally, during the waning stages of the tectonic
activity, the deformation was concentrated in the hang-
ing-wall block, with the development of tensional
fractures normal to the slip vector (stretching lineation).
The fluid pressure associated with the syenitic intrusions
was high enough to collaborate in the development of
these fractures, that became filled with the type 3 white
syenite veins. They occasionally traversed the ductile
fabrics at the top of the shear bands (Fig. 11f).

This model would account adequately for the observa-
tions in the Punta del Pefién Blanco area.

Giant submarine slides related to the gravitational
collapse of large volcanoes have been described by
Lipman et al. (1988) and Moore et al. (1995) on the west
flank of the island of Hawaii. The collapse was associated
to the activity of listric normal faults limiting large block-
slumps in the breakaway area, and to dyke injection
(Lipman ez al., 1988). Similarities between Fuerteventura
and those collapse structures in Hawaii rely on the
extensional character of the deformation. However,
there are several important differences. First, the listric
faults in Hawaii are thin-skinned gravity driven features
that only affect the oversteepened accumulation of
volcanic material (see Fig. 4 of Moore et al., 1995).
However, the mantle origin of the melts and alkaline
fluids related to the tectonic activity of Fuerteventura,
and the large displacements verified along the ductile
shear zones suggest that these may be large structures of a
lithosphere scale. Secondly, rapid (catastrophic) move-
ment is advocated by Moore e al. (1995) to explain the
characteristics of the Hawaiian slumps. The structures in
the shear zones of Fuerteventura clearly need lower strain
rates to develop. Thirdly, the extensional tectonics of
Fuerteventura is not a local and episodic feature. The
influence of this extensional regime is evident also in more
recent structures, such as the dyke-swarm that traverses
the Basal Complex in Fuerteventura (e.g. Stillman et al.,
1975; Stillman, 1987), the fracture systems in Lanzarote
(Marinori and Pasquaré, 1994), or the structures recog-
nized to the north and south of the Canary archipelago
by Dafiobeitia and Collette (1989). This implies similarly
oriented structures covering an area with a length of
several hundred of km. Furthermore, it is long-lived
tectonics, lasting from at least the Upper Oligocene to the
present. Fourthly, several local collapse features resem-
bling the Hawaiian landslides have been proposed for the
subaerial volcanoes of Fuerteventura by Ancochea et al.
(1993). Current work is devoted to distinguishing the
structures related to these local collapses. In brief, the
explanation of the Fuerteventura tectonics must rely on a
larger, lithospheric scale.

The upper mantle below the eastern Atlantic, and
western and central Europe may be influenced by a large-
scale mantle upwelling region, as suggested by Hoernle et
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al. (1995). Furthermore, Neumann et al. (1995) proposed
a thinned lithosphere beneath the eastern Canary Islands
according to their study on mantle xenoliths from
Lanzarote. The NE-SW elongate region of upwelling in
the eastern Atlantic may be responsible for the uplift and
rifting of the lithosphere, the shear zones acting as
structures that accommodated vertical displacements
and horizontal extension in an E-W to WNW-ESE
direction (and also in a N-S direction). At the same time,
these structures served as ascent channels for magmas of
a deep origin in the mantle. This idea of a rifting in the
Canary Islands is not new, having already been cited by
Stillman et al. (1975).

Cannat er al. (1991) described similar structures in
the Southwest Indian Ridge (ODP leg 118, site 735),
with mylonitic shear zones and syntectonic magmatic
intrusions. They relate these structures with the
tectonics in slow-spreading oceanic ridges. Paleo-
spreading centres in the Oman ophiolite are interpreted
as the site of ascent of mantle diapirs emerging on the
paleo-ridge axis (Ceuleneer, 1991), thus demonstrating
the importance of the mantle upwellings in the tectonics
of their overlying lithosphere. Clearly, the Fuerteven-
tura case is one of intraplate tectonics, and the rifting
process, slow and long-lasting, never produced the
growth of oceanic crust with MORB signatures.
However, the mechanism triggering the extension
(large-scale mantle anomalies) and the structures devel-
oped are similar to those found in active or fossil ridge
segments. Another important, although hitherto unex-
plained, issue is the relationship between this tectonic
activity and the plate tectonics framework in the
northwest corner of the African plate.

CONCLUSIONS

A system of ductile shear zones affected the Basal
Complex of Fuerteventura from the Late Oligocene to
the Early Miocene. Within the ultra-alkaline pyroxenites
they began as brittle structures, associated with the ascent
of alkaline magma and related fluids. These led to
substantial mineral changes in the pyroxenites, which
became rich in sheet-silicates and were traversed by
carbonatites and syenites. Temperatures of around
500 °C were reached along these structures. A rheological
change toward ductile deformation followed. This
generated a large number of meso- and microstructures,
as well as strong crystallographic fabrics. Two main
ductile shear bands have been identified and described in
this work: the Caleta de la Cruz and the Punta del Peiidon
Blanco shear zones,

Kinematically, these shear zones are high-angle exten-
sional structures with variable strike-slip components.
Displacements may well exceed 1 km in some cases. Both
within individual fractured areas (Punta del Pefion
Blanco) and as a geometrical feature of the deformed
Basal Complex as a whole, the shear zones present a
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nearly orthorhombic arrangement. In accordance with
the interpretation given in the literature to other similar
structures, a model of bulk irrotational, non-planar
deformation is applied (o Lhese structures. Two principal
axes of finite strain appear within the horizontal plane:
the maximum positive elongation occurred in an E-W
direction, with & minor extension along the N-S axis.

These geometrical and kinematical considerations,
together with the magmatic context in which the shear
zones were active, suggest a rifting scenario. The presence
of large upwelling instability within the mantle under the
Alrican lithosphere may partly explain this tectonic
activity. The complex plate-tectonics interplay between
the Eurasian and Alrican plates must be also considered,
even if its influence seems more difficult to evaluate.

The development of major ductile shear zones is not
exclusive to or characteristic of the continents; it may also
be a conspicuous feature of the oceanic crust, not just at
the plate boundaries but also in relation to intraplate
tectonic activity.
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Abstract

K—Ar and Ar—Ar analyses of the Basal Complex of Fuerteventura confirm the carly start of magmatism in the Late
Cretaceous. Plateau ages of 63.1 4 0.8 Ma and 64.2 + 1.0 Ma have been obtained for the oldest syenite intrusions indicating
the minimum age of these plutonics. The emplacement of carbonatites and syenites along ductile shear zones took place
during @ relatively short period of time between 23.2 4 1.0 and 22.1 + 0.9 Ma. This episode is synchronous all over the
island. Younger plutons were mtruded around 21.1 + 0.8 Ma age and 20.7 + 0.9 Ma and are probably related to the building
of Miocene subaerial edifices. Almost all the minerals and rocks of the Basal Complex show a clear effect of excess argon.
Some was acquired during the hydrothermal stage but also some excess argon was trapped during the early crystallization
stage of the magma. Moreover, only a part of the radiogenic Ar which had accumulated in pre-Miocene rocks was released
during the Miocene magmatism, © 1999 Elsevier Science B.V, All rights reserved.

Keywords: magmausm: carbenatites: syenites

1. Introduction

The Fuerteventura Basal Complex reveals a his-
tory of transition from normal ocean-floor sedimen-
tation at the foot of the West African continental
margin to the uplift and building of a discrete oceanic
island (Stillman et al.. 1975). Various attempts have
been made to determine a chronostratigraphy for this
Basal Complex. Most of the results have been ob-
tained by the conventional K—Ar method. These

* Corresponding author. Fax: +34-22-253344; E-muil:
aaljado@ull cs

studies have been partly frustrated by the combina-
tion of two problems: excess argon in the rocks: and
a succession of thermal events bringing about reset-
ting of the K—Ar clocks (Rona and Nalwalk, 1970;
Abdel-Monem et al., 1971; Grunau et al., 1975;
Feraud et al., 1985; Le Bas et al., 1986: [barrola et
al., 1989; Cantagrel et al., 1993: Sagredo et al,
1996).

The age of the beginning of magmatic activity
remains unclear and considerable controversy has
surrounded some of the attempts to date the earliest
magmaltic events on Fuerteventura. On the basis of
geological evidence, Le Bas et al. (1986) consider

03770273 /99 /8 - see from matter © 1999 Elsevier Science B.V. All rights reserved.
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Fuerteventura as the result of a long period of mag-
matic activity that began around the time of the
Cretaceous—Tertiary transition. The oldest K—Ar age
presented by them is 48 Ma. They attribute the lack
of older ages to resetting of K—Ar data by metamor-
phism. In contrast, Cantagrel et al. (1993) suggest a
short eruptive history [or this island, the Basal Com-
plex having been developed between 30 and 20 Ma

ago. This paper aims to contribute to the solution of

these questions by additional determinations and an
to attempt evaluate the effects of argon loss and
¢Xcess argon.
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2. Geological background

Two major geological units can be distinguished
in the Canary Islands: the Basal Complex, and a
younger subaerial volcanic series comprising
Miocene series | and Pliocene—Quaternary series 11,
[T and TV (Fhster et al., 1968; Coello et al., 1992).
On Fuerteventura the Basal Complex is exposed in
the western part of the island (Fig. 1), and consists of
a group of sedimentary materials, submarine vol-
canic rocks, plutonic intrusions and dike swarms
generated mainly during the stage of submarine
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growth of the island (Fister et al., 1968; Stillman et
al.. 1975: Fuster et al., 1980; Le Bas et al., 1986:
Stillman, 1987). This unit has been interpreted as an
aborted oceanic rift (Stillman et al., 1975).

The Mesozoic deep-water  sediments  (Upper
Jurassic to Lower—Middle Cretaceous) document
more or less continuous hemipelagic and turbiditic
deposition on the deep Atlantic sea floor adjacent to
the African margin (Rothe, 1968; Robertson and
Stillman, 1979a: Yebenes, 1980; Robertson and
Bernouilli. 1982: Renz et al.. 1992). The terrigenous
material is thought to have been derived from the
Precambrian crystalline rocks and folded Palacozoic
rocks of the Anti-Atlas located to the south of the
South Atlas fault belt. The redeposited platform car-
bonate material was probably derived from disinte-
gration of a carbonate platform recorded in deep
seismic records about 50 km east of Fuerteventura
(Robertson and Stillman, 1979a).

Submarine volcanic rocks form most of the Basal
Complex and consist of basaltic volcanic breccias,
hyaloclastites and pillow-lavas which are affected by
an intense hydrothermal metamorphism in green-
schist epidote—albite facies (Fister et al.. 1980 Ibar-
rola et al., 1989). The base of the voleanic formation
is in apparent stratigraphic continuity with the Meso-
zoic sedimentary series. They form a part of the
overturned limb of a recumbent fold (Robertson and
Stillman, 1979a,b). Levels of bioclastic and volcan-
oclastic sediments appear locally within the subma-
rine voleanic formation. These unstrained fossilifer-
ous sediments (Middle to Late Oligocene) were
formed in the shallow waters of a reef environment
(Flster and Aguilar, 1965; Robertson and Stillman,
1979a). In some areas of the Basal Complex, the
submarine volcanic formation passes gradually to the
basaltic subaereal lava flows of the basement of
Miocene volcanic edifices (Ancochea et al., 1996).

The Mesozoic and Early Tertiary bedded succes-
sion is extensively intruded by numerous small plu-
tonic and hypabbyssal intrusions. Four plutonic
episodes can be recognized from cross-cutting rela-
tionships.

2.1. Al rock group

The carliest event forming this group of rocks was
the emplacement of a series of ultramafic and mafic
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rocks intruded by syenites (Le Bas et al., 1986;
Ahijado and Hernandez-Pacheco, 1990) which are
exposed along the west coast of the island.

The oldest ultramafic and mafic rocks are com-
posed of alkali pyroxenites, amphibololites and am-
phibole gabbros (Flster et al., 1980; Ahijado and
Hernandez-Pacheco, 1990), and form large intrusive
bodies of unknown geometry since they are covered
by younger volcanic series and sedimentary forma-
tions. Their mineralogy is characterised by kaersu-
tite, titanian diopside, apatite, magnetite and il-
menite.

The syenitic intrusions (Tierra Mala formation, Le
Bas et al., 1986) are formed by hypersolvus alkaline
feldspar, nepheline, aegirine augite, biotite, sphene.
magnetite, apatite and zircon.

2.2, A2 rock group

Al plutonic rocks are intruded by carbonatite,
syenite dikes and ijolites. They form (hree complexes
located from north to south at Esquinzo, Ajui-Solapa
and Punta del Pefion Blanco (Flster ¢t al., 1980; Le
Bas, 1981; Barrera et al,, 1986; Le Bas ¢t al., 1986:
Ahijado and Herndndez-Pacheco, 1992). The em-
placement of these rocks was simultaneous with the
action of diverse brittle—ductile to ductile shear zones
that represent important normal and strike—slip faults
and affect especially the Caleta de la Cruz and Punta
del Pefion Blanco outcrops (Casillas et al., 1994;
Fernindez et al., 1997).

The carbonalites are sdvites composed of calcite,
sanidine, phlogopite, aegirine, apatite, pyrochlore,
magnetite and zircon. The syenites consist of several
intrusions of nepheline syenites and are composed of
sanidine, aegirine—augite, nepheline, biotite. mag-
netite, sphene and pyrochlore. In the ductile defor-
mation structures, mineral changes took place within
the carbonatites in contact with the other lithologies.
The high temperature skarn stage resulted in metaso-
matic calc—silicate columns; the mineral assem-
blages are dominated by grossular—andradite garnet
and diopside (Fernandez et al., 1997).

2.3. A3 rock group

Cutting these carly intrusions are various elongate
NNE-SSW bodies of gabbro and pyroxenite that
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produced high grade thermal metamorphic effects on
the host-rocks. They form different plutons in the
central and northern part of the Basal Complex
(Gastesi, 1969; Muioz and Sagredo. 1975; Stillman
et al., 1975; Muiioz and Sagredo, 1989, 1994), and
are characterised by variable amounts of® olivine,
titanian diopside, plagioclase, kaersutite; biotite,
magnetite and apatite.

2.4. A4 rock group

The youngest plutons form concentric patterns of
gabbro and syenite which constitute the Vega de Rio
de Palmas Ring Complex (Mufioz, 1969). This is a
high level permissive intrusion that sets a younger
age limit to all these plutonic units.

Basaltic dike swarms traverses the various litholo-
gies. The density of dike intrusion is extremely high
in the Mesozoic sedimentary sequence, submarine
voleanic rocks and the two first plutonic units (Al
and A2 rock groups), occupying more than 70% of
the outcrops. From the detailed mapping of the Punta
del Pendn Blanco and Caleta de la Cruz outcrops it
has been determined that 70-80% of the dike intru-
sions are simultaneous with or younger than the
shear zones (Fernindez et al., 1997). The genesis of
these dike swarms seems to have involved a crustal
extension of more than 30 km (Lopez Ruiz, 1970:
Stillman and Robertson, 1977; Stillman, 1987).

3. Methods
3.1. K—Ar dating

Measurement of K—Ar ages was performed in the
Institute of Nuclear Research of the Hungarian
Academy of Sciences (ATOMKI), Debrecen. The
samples were first crushed to 0.3-0.1 mm according
to the grain sizes of minerals, Heavy liquids, mag-
netic separation and tapping on a paper sheet were
used for mineral separation. Part of each sample was
pulverized for K determination. An argon extraction
line and a mass spectrometer, both designed and
built in the ATOMKI. were used for the Ar measure-
ment. The rock was degassed by high frequency
induction heating, the usual getter materials (titanium
sponge, getter pills of SAES St 707 type and cold
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traps) were used for cleaning and transporting Ar.
The *Ar spike was introduced to the system from a
gas-pipette before the degassing was started. The
purified Ar was directly introduced into the mass
spectrometer. The mass spectrometer was a 90 mag-
netic sector type of 150 mm radius and was operated
in the static regime. Recording and evaluation of the
Ar spectrum was controlled by a microcomputer.
Potassium was determined by flame photometry with
a Li internal standard and Na buffer.

The interlaboratory standards Asia 1/65, HD-BI,
LP-6 and GL-O as well as atmospheric Ar were used
for controlling and calibration of the analyses. De-
tails of the instruments, the applied methods and
results of calibration have been described clsewhere
(Odin et al., 1982; Balogh, 1985). K-Ar ages were
calculated using the constants proposed by Steiger
and Jéger (1977).

3.2, Ar—Ar dating

Samples were irradiated for 8 hours in the 229 /3
position (out of the centre of the core) of the nuclear
reactor of the Central Institute of Physics, Budapest,
along with interlaboratory standard biotite LP-6. Dis-
tribution of fast neutron flux was monitored with Ni
foils. The fast neutron flux was 1.46 X 10" neu-
tron/em’ /s, and the total neutron dose was 4.2 X
10" neutron /em’. Samples were wrapped in Al foil
and placed in a cylindrical container made of 0.5 mm
thick Cd. The Cd container was sealed hermetically
in an Al canister.

Ar extraction was performed in a resistance heated
molybdenum [urnace. Temperature was controlled
with a Pt—PtRd thermocouple. The fumace was con-
nected to the Ar purification line used for K-Ar
dating. Samples were heated for 50 min at each
temperature step. Procedural system blanks (atmo-
spheric composition) were measured before de-
gassing at each temperature step (from 10~ increas-
ing to 107 cm® STP Ar at 1400°C).

4. Discussion of the results

4.1. Mesozoic sedimentary sequence

The age of the sedimentary sequence is well
constrained by paleontological evidence (Rothe,
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1968; Robertson and Stillman, 1979a; Yebenes, 1980;
Robertson and Bernouilli, 1982; Renz et al.. 1992).
However, we have measured the K—Ar ages of these
rocks to investigate the degree of radiogenic argon
retention during regional metamorphism and /or the
thermal effects of dike intrusion.

Three samples have been studied (Table 1). Vien-1
is a lutite from the northem outerop of the sedimen-
tary sequence and Soj-1 and Soj-2 are a sandstone
and a lutite, respectively, from Barranco de Sojames
in the southern outcrop (Unit D: Sandstone-Silt-
stone—Shale. Robertson and Stillman, 1979a) (Fig.
1). Vien-1 and Soj-1 samples give ages of 187 and
437 Ma, respectively. clearly reflecting argon-retain-
ing detrital minerals. Sample SOIJ-1 is particularly
old, suggesting the presence of detrital minerals
(feldspar and quartz) of African origin (Robertson
and Stillman, 1979a).

Sample SOJ-2 may contain clays that seem to be
generated during the folding stage of the sedimentary
sequence. The age of 49 Ma may tentatively be
assigned to the tectonic event which affected these
rocks. Le Bas et al. (1986), in their chronology of
Fuerteventura, suggest a similar age for this folding.

Table |

4.2, Early gabbro—pyroxenite—syenite intrusions (41
rock group)

4.2.1. Ultramafic plutons

We have sampled the ultramafic plutonic bodies
in the southernmost coastal outcrops near Punta del
Pefidn Blanco, where these rocks are less alTected by
younger intrusions (3119-3120) and have taken an-
other sample (80-40-39) in the Caleta de la Cruz
outcrop close to a syenitic—carbonatitic intrusion (A2
rock group) (Fig. 1). Their K-Ar ages (Table 1)
increase with decreasing K content; this correlation,
if it does not reflect the true age relations, may be
caused by excess argon. The points representing the
3 samples from the ultramafic plutons define a
straight line in the "Ar(rad)-K diagram (Fig. 2) and
indicate an age of 21.9 + 0.9 Ma. This age. defined
only by three points, could be an artifact, but its
similarity to the age obtained on the biotite from the
carbonatite at Caleta de la Cruz (23.8 + 1.0 Ma,
Table 2) suggests that K—Ar ages on the ultramafic
plutons are influenced by the incorporation of excess
argon at the time of carbonatite intrusion. This im-
plies that the geological reliability of the age of

K—Ar analytical results of the sedimentary sequence and the Early gabbro—pyroxenite—syenite intrusions

Sample Rock type Locality Source %K Y Ar(rad) AT (rad) / Age. Ma+ 6
om’ STP/u WA (o)

St'd""tf’"l(ll']' .\'L’l]lll.‘lhf't‘

VIEN-1 lutite Punta del Viento WL 1.83 1.405 < 10°° 0,794 1874+ 7.1

SQJ-1 sandstone Barranco de Sojames Wt 233 4476 x 107° 0.936 4370+ 17.0

SOJ-2 lutite Barranco de Sojames W.T. 4,49 8,685 % 107 0,692 49.1+ 1.9

Al group: Early gabbro—pyroxentte—syenite mtrusions

Ultramafic pletons

3119 amphibolalite La Matanza Ww.r, 0.70 8,607 x 1077 0493 N4+ 14

3120 pyroxenite La Matanza wor. 004 354751077 0347 64.7+3.2

80-30-39 amphibololite Caleta Cruz W.T 295 215X 107 0,517 23.54+1.0

Syenite intrusions

CR-S-1 syenite Caleta Cruz w.r. 6.58 9947 x 107" 0.884 385415

CR-S-2 syenite Caleta Cruz w.r 0.81 1463 %107 0,595 4537+ 1.9

CR-8-3 svenite Caleta Cruz Wt 4.86 11153 % 1~ 0.915 60.0 423

CR-S-3 syenite Caleta Cruz biatite 231 4611 x 107 0.172 S0.6+42

CR-S5-4 syenite Caleta Cruz Wt 3.56 6,176 % 107¢ 0:823 476+ 1.8

80-40-36 sverite Caleta Cruz Wit 0.59 1648 107" 0.289 706+ 39

804038 syenite Caleta Cruz W.r. 5.89 1.048 x 107° 0,793 4524 1.7
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Fig. 2. Isochron diagram for the early ulimamafic rocks

64.7 + 3.2 Ma (Table 1) on the pyroxenite from La
Matanza (sample 3120) must be treated with caution,
as it could be the result of incorporated excess argon.
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Few data from this unit are available in the litera-
ture. Le Bas et ali (1986) measured a phlogopite
concentrate from a phlogopitized pyroxenite of Caleta
de la Cruz and obtained an age of 22.0+ 1.0 Ma
(Sample 75/199, Table 3), which they consider to
be the result of thermal resetting produced by the
youngest intrusions of this area (Vega-type syenites)
since—following their argument—carbonatites are
oo old to generate this effect.

Our sample (80-40-39), from beside a carbonatite
dike, has a similar location and composition and also
gives an age of 23.5 + | Ma. This result does not
differ significantly from the age of the carbonatite
intrusions in Fuerteventura (Cantagrel et al., 1993;
this work). Thus, this syenite—carbonatite unit seems
to be the best candidate to produce a thermal effect
on the oldest formations in Caleta de la Cruz out-
crop. Moreover, the rocks intruded by the carbon-
atites often recrystallize to grossularite. These meta-
morphic reactions have been interpreted as produced
by a skarn event associate with the emplacement and
deformation of the carbonatites (Fernandez et al.,
1997). Consequently, the problem of dating the old-
est plutonic intrusions of Fuerteventura remains un-

Table 2

K—Ar analytical results of the syenite-carbonatite complexes

Sample Rock type  Logality Source %K P Ar(rad) WAr(rad)/  Age, Ma + 5

cm’ STP/& WAr(tot)

A2 rodk group: syenite—carbonatite complexes

Esquinze complex

Es-C-1 carbonatite  Las Montafietas feldspar 373 Le2sx 1075 0777 109.0 £ 4.1

Es-C-2 carb it Las M fiet feldspar 1.20 1.042 x 1073 0480 2110+ 9.0

ES-C-4 carbonatite  Las Montanelas teldspar 522 S.663X107° 0483 277 £ 1.2

ES-CII-1 syenite Los Jablitos feldspar 1222 1480 % 1077 0,823 30,9+ 1.2

Salads-1  carbonatite  Barrunco del Agus Salada  phlogopie 760 S008x10°% 0794 269+ L0

Jablitos carbonatite  Los Jablitos phlogopite 405 4459 107" 0,091 28.1 £43

Es-Si-1 syenite Barranco de Esquinzo feldspar 713 W03 x 107" 0404 363+ 1.7

Apui-Solapa complex

NAO-| carhonatitc  Punity La Nao feldspar 660 9974 % 107" 0,900 380+ 14
magnctic minerals 102 2283 x 107"  n6lo 56.7+22

CR-S-5 syenite Caleta de 1a Cruz Wi 120 1253 x 107" 0575 267+ 1.0

CR-C-1 carbohatite Caleta de ln Cruz biotite 704 657T1x10°" 0692 3£ L0

Punita del Peiidn Blanca complex

R-17 syenite Puma Pefion Blanco wr 160 1384 % 107" 0257 21413

3125 carhonatite  Punta Perion Blanco biotite 703 6239x 107" 0585 227+ 09

3126 carbonatite  Punty Pendn Blanco feldspar 10,38 9728 % 107" 0,747 240+ 09
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Table 4

Measured and calculated ages on fractions of CR-S-3 syenite

Fraction Weight, g K. % YArinad) WAr(rad)/ Age, Ma+ &
cm’ STP/g HAr (o)

DI (d <258 g/em’) 150 511 1.380 % 107 0.905 682+ 2.6

DIR (Residue of D1) 1.03 .57 1404 %107 0.921 §54.24+ 20

DIt 0.47 1:91 1327 % 1072 170.0

D2(258 g/em’ <d <263 g/em’) 1.5 493 1156 %1077 0.887 §93:422

D2R (Residue of D2) 1.00 5.59 1.070 x 10~* 0.718 486 4 1.9

p2D* 0.3 361 1328 x 107* 922

*

residues of 1.03 g for DI and 1.00 g for D2. XRD
analysis showed that residues did not contain
nepheline. All four fractions were dated and ages
were calculated for the dissolved parts of DI and D2
(Table 4). Measured ages and the very old calculated
ages for the dissolved fractions do not contradict the
assumption that excess argon is in the nepheline.
However. there is an alternative explanation, namely
that excess argon is concentrated near to the mineral
boundary of feldspars and nepheline, and is liberated
during acid treatment. However. ages of the residue
feldspars are still old and suggest that the older ages
cannot be explained only by excess Ar in the
nepheline and /or in sites near (o the grain boundary
of feldspar.

Ar-Ar measurements were performed on DI
(feldspar + nepheline) and DIR (feldspar) in order to
compare the argon retentivity of nepheline and to
observe the influence of this effect on ages (Table 3).
The age spectrum of DI starts with an old age of
171.3 Ma at 550°C; this is followed by younger ages
(53.9-54.8 Ma) in the next two steps, and from
850°C a plateau is obtained for 66.5% of cumulative
“Ar release (Fig. 3a). The age spectrum of DIR
shows younger ages for steps until 790°C, and there-
after rises to a plateau of 64.2 + 1.0 Ma, which is
very close to the platcau of DI: 63,1 4 0.8 Ma for
steps from 937°C (Fig. 3b). The old first step age of
fraction D1 is clearly caused by excess argon and
this excess argon was mostly removed in DIR by the
acid treatment,

and **: DID and D2D are the dissolyved fractions of DI and D2, the given values are caleulated.

Relatively few K—Ar ages have been reported on
nepheline in the literature, but it appears quite reten-
tive of radiogenic argon (e.g., Maclntyre et al., 1966).
Therefore, considering also that the plateau ages of
fraction D1 and the nepheline free DIR fraction are
very similar, it is believed that excess argon is
located near to the grain boundaries and not in the
bulk of nepheline,

The age spectra of lractions DI and DIR are
interpreted (similar to Harrison and McDougall.
1982) as superposition of an argon loss profile formed
from a flat spectrum that was retained partly in the
plateau, and an incorporation profile of excess argon.
The maximum age of argon loss is the youngest age
ol 24.5 Ma of fraction DIR at 670°C. Thereafter. at
lower temperature, excess argon diffused in the
near-boundary sites of mineral grains.

The coinciding plateau ages (63.1 + 0.8 Ma and
64.2 + 1.0 Ma) are accepted as the time of intrusion,
i.c., the Ar—Ar spectra support the geological evi-
dence of an old magmatic activity (Le Bas et al.,
1986). The authors believe that the interpretation of
saddle-shaped age spectra as followed by Zeitler and
Fitz Gerald (1986) cannot be adopted here due to the
plateaus. Explanation of the old plateau ages with
excess Ar in the cooling syenite would be possible
only by assuming a high (more than 1000) “"Ar /*"Ar
ratio for the incorporated argon. In the light of the
K—Ar ages of the syenite intrusions (Table 1) and
isotope data on the fractions of Cr-8-3 (Table 3) this
assumption appears to be unrealistic,

Fig, 3. Ar-Ar spectra of separate fructions from a syenite from sample CR-S-3; (4) DI fraction (feldspar + nepheline): (b) DIR fraction

(feldspar).
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Diffusion parameters calculated from the frac-
tional losses have been plotted in the Arrhenius
diagram (Fig. 4) for the DI and DIR fractions. A
bend can be observed around 800°C; this is most
likely caused by inhomogeneity of grain sizes, while
the turning downward at 1100-1200°C is attributed
to phase homogenization, as it has been shown by
Harrison and McDougall (1981). An activation en-
ergy of 44.2 £ 1.2 keal /mol has been obtained for
the “Ar released in the 937—1145°C temperature
range, where the more retentive part of argon is
liberated. Calculated closure temperatures are 266°C
to 293°C assuming cooling rates from 10°C /Ma to
100°C /Ma.

[f part of the radiogenic argon was released dur-
ing one or more short thermal pulses, then a part of
radiogenic argon might have been retained at even
higher temperature. The relatively high closure tem-
perature of CR-S-3 feldspar supports the reality of
the old platcau age. Additionally, the K/Ar age of
an altered biotite from CR-S-3 gave 50.6 +4.2 Ma.
(Table 1). This is regarded as an additional argument
for old magmatism on the basis of the work by
Zeitler and Fitz Gerald (1986). They studied K-
feldspars with large amounts of excess argon and
observed that coexisting biotite was free of excess
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argon. We attribute the bias of biotite age and feldspar
plateau ages to the altered character of biotite.

4.3. Svenite—carbonatite complexes (42 rock group)

4.3.1. Punta del Penon Blanco

The K—Ar age of the carbonatite and syenite
intrusions in this area varies between 22.1 Ma for a
syenite dike (sample R17) and 22.7-24 Ma for
mineral concentrates of a carbonatite (biotite and
feldspar, samples 3125-3126) (Table 2). These re-
sults are similar to those previously obtained on
biotite by Cantagrel et al. (1993): 21.6 + 0.9 Ma for
a syenite (sample F86) and 25 + 0.9 Ma for a car-
bonatite (sample F78) from the same outerop (Table
3).

The young and similar ages suggest that in this
arca the concentration of excess argon cannot be
high. This is confirmed by the 40Ar/“’Ar ratio and
Ar(rad) concentration of calcite from a carbonatite
(PPB-C-1, Table 6). Assuming an age of 22-23 Ma
for the caleite, the measured mAr/ Ar ratio of 306.1
gives an initial ratio of 305.8. Using this value the
correeted ages of 3125 and 3126 will be 22.1 Ma and
23.7 Ma. The oldest age on the feldspar suggests
additional incorporation ol some excess Ar. In view
of our further results. the older age on sample F78 by
Cantagrel et al. (1993) may be caused by excess Ar.

4.3.2. Ajui-Solapa complex

We have sampled carbonatites and syenites from
the two main outcrops: Caleta de la Cruz and Punta
de la Nao.

4.3.2.1. Caleta de la Cruz. Mica from a carbonatite
(CR-C-1) gives an age of 23.8 + 1.0 Ma while the
associated syenite (CR-S-3) has an age of 26.7 + 1.1
Ma (Table 2). We have studied the composition of
the calcite from the carbonatite, a mineral phase very
poor in K. It contained 5.7% ‘radiogenic’ argon, the
extremely old *age’ shows that more than 98% of the
ladlogcmt argon is excess argon and the initial
“Ar/*°Ar ratio of carbonatite appears to be about
313 (Table 6). Correcting the biotite age with this
value has no significant effect (23.2 + 1.0 Ma). This
is the same as the U-Pb age of zircon (Table 3,
sample X52) measured by Cantagrel et al. (1993) in
the Esquinzo valley, Sagredo et al. (1996) reported
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an age of 25.2 + 1 Ma lor a nearby nepheline syenite
intrusion (Morro del Recogedero) that has been in-
cluded in this plutonic group (MR-363, Table 3).

4.3.2.2. Punta de la Nao. The data for the Punta de
La Nao carbonatite intrusion (Nao-1) gives an age of
38.2 Ma on [eldspar (Table 2). The high percentage
of radio%cnic argon in a calcite indicates that the
original ""Ar/*Ar ratio was about 450, thus K/Ar
ages are substantially increased by incorporated ex-
cess argon (Table 6). However. the relatively high K
content (0.237%) of this calcite points to the contam-
ination of this mineral by alkali feldspar inclusions,

Cantagrel et al. (1993) measured a biotite from an
ijolite of this area (Sample X79, Table 3) and ab-
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tained an age of 19.2 4+ 0.9 Ma. This is not signifi-
cantly different from the result of 20.1 + 1 Ma given
by Le Bas et al. (1986) from a metabasite xenolith in
ijolite (sample F779, Table 3).

4.3.2.3. Esquinzo complex. The results obtained on
feldspars from carbonatites that have suffered intense
autometasomatism show very old ages between 109
and 211 Ma (Es-C-l and ES-C-2, Table 2). These
results can clearly be attributed to considerable ex-
cess argon content.

Other feldspars (Es-C-4 and Es-CII-1, Table 2)
have ages of 27.7 and 30.9 Ma from a carbonatite
and a syenite respectively. Results on the 4 feldspar
samples were plotted tentatively in the “"Ar/**Ar—

Table 5
‘"Ar/wAr age spectrum results
TEC) YA WGy ATy ShAr YAr, Cumulative  "Ar* / YArF/ Age.Ma£d  Cu/K
m YA, HWAr(100) YAry,
Sample Es-C-1, feldspur. Total fusion age: 110.8 4+ 1.6 Ma: K / Ar age: 109 4.1 Ma
580 297 280 0.27 0.90 0.64 33 0.506 464 1506.0 = 2§ 0,95
68S 17.2 12.14 0.22 0.041 1.74 9.5 0.586 9.89 495 + 3.0 0.28
790 137 6.07 0.22 0.021 2778 28.0 0.692 4.93 248418 018
895 157 2,02 0.54 0.007 303 443 0.886 S48 26,0 = 1.7 040
1000 295 34 0.76 0.010 47 704 0.907 618 31 12 0.36
1100 31.55 3.04 0.65 0.010 431 93.8 0.912 732 367+12 0,34
1208 747 0.86 0.068 0.003 0,838 98.4 0.897 891 446 + 6.2 0.18
1330 308 0.34 0.017  0.001 0.301 100.0 0,900 10.23 510 £17 0.13
Sample, CR-S-3, DI fraction, Total fusion age: 66.2 + 1.0 Ma; K / Ar age: 682+ 2.6 Ma
550 36.1 323 0.6 011 1.58 5.0 0.634 3546 171,339 085
670 38.7 111 0.65 0,038 535 22:0 0.841 10.97 548£12 027
760 402 6,07 0.77 0.021 373 339 0.869 10.79 539+ 15 046
850 317 12.5 0.22 0.041 248 418 0.740 12.36 616+ 21 0.20
937 37.2 142 011 0.048 3.02 514 0.724 12.29 61219 0.08
1025 76.4 223 0.095 0.075 597 703 0.774 12.81 638+ 1.2 (.04
1145 100.1 235 0.005 0079 791 955 0.810 12.66 630 + L1 0,02
1250 119 3.08 0.02 0.010 0913 984 0795 13.06 650+ 53
1325 6.3 2.26 0.02 0.080 0.510 100 0.736 12.35 615+ 9.8
Sample. CR-5-3, DIR fraction. Total fusion age: 52.5 + 0.8 Ma, K/ Ar age: 54.2 4 2.0 Ma
580 53.1 k4 0.096 %32 2101 0.651 6.38
670 0.25 4.1 0.4014 1.90 26,0 0,695 487
790 935 8.1 0.018 1.81 30.6 0.540 5.26
937 529 274 0.037 535 442 0.679 10.82
1057 2484 53.9 0.182 19.5 92,8 0.822 12.97
1145 273 89 0.030 2,21 984 0.755 12.34
1209 58 226 0.008 0.455 99.6 0.720 12.75
1420 2.19 1.03 0.003 0181 100.0 0.680 12,10

J= 000281 + 1%, values are corrected for line blank, A, and Aty for decay.
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K/ Ar diagram, but the points are not arranged
along a straight line; so isotopic equilibrium is not
indicated.

Phlogopites from carbonatites were analysed from
Salada-1 and Jablitos from the Esquinzo valley. The
datum from Jablitos phlogopite is not precise enough
due to alteration ol the mica and il is nol signifi-
cantly older than the age of carbonatite found by
Cantagrel et al. (1993). On the other hand, the age of
26.9 + 1.0 Ma on Salada-1 is young, bul signifi-
cantly older than the most likely age of carbonatite
intrusion around 23.2 Ma (Cantagrel et al., 1993;
Table 3). and if we correct it with the *Ar/*Ar ratio
of the coexisting calcite, it will be reduced only to
26.6 Ma (Table 6). This shows that the assumption
of equilibration of’ Ar isotopes in this carbonatite is
insufficient to account for all excess Ar in the phlo-
gopite. The origin and site of the additional excess
argon is not clear.

Feldspar from Es-C-1 carbonatite was selected for
Ar—Ar dating (Table 5). The ‘saddle-shaped” age
spectrum (Fig. 5) is similar to the ones obtained on
feldspar with excess argon by Zeitler and Fitz Gerald
(1986). Their interpretation appears to be appropriate
for this spectrum since, in contrast to the feldspars
from CR-S-3, at higher temperature steps there is no

plateau, but ages increase with increasing tempera-
ture. According to these authors, excess argon is
incorporated mostly into anion vacancies under hy-
drous conditions at low temperature. The high tem-
perature release of excess argon that was incorpo-
rated at low temperature is explained by the dry
environment ol release in the laboratory. The mini-
mum age of the spectrum (24.8 + 2.7 Ma) does not
differ significantly from the U-Ph age of 23.2 +£0.2
Ma measured by Cantagrel et al. (1993) on zircon
and the 25.0 + 1.0 Ma age by Le Bas et al. (1986)
from a biotitized 1jolitic pyrexenite penetrated by
carbonatite (Table 3).

An YAr/"Ar isotopic ratio of 598 is measured on
the argon released at 580°C. If we correct the
youngest age of 24.8 Ma with 598 as initial 4"Ar/‘m
Ar, an age of 13.5 Ma would be obtained, which is
unrealistic in view of earlier results. This shows that
excess argon is not distributed throughout the bulk of
the mineral, but it is restricted to near-boundary
and /or low activation energy sites, and the *'Ar/**Ar
ratio of argon trapped during cooling ol the feldspar
was remarkably less than S98.

mAr/ “Ar ratios have been measured in the cal-
cites from Esquinzo carbonatites (Table 6). Correct-
ing for an estimated age of 22-23 Ma, the initial

;5 ES-C-1 feldspar
2 K/Ar No. 3571
&
<
70-[ §80°C, 1506221 Ma 70
[ i
60-| 685°C, 49.5:3.0 Ma 1330°C, 511:17.0Ma | Lgn
790°C, 24,8218 Ma 1205°C, 44.6:6.2 Ma
so L — 150
895°C, 261217 Ma 1100°C, 36.721.2Ma %
407 40
1000°C, 311212 Ma | >
L
301 30
20;;, J;ZO
f T T T T T T T T
0 100

0
Cumulativ *Ar released (%)

Fig. 5. Ar—Ar spectrum of feldspar from Esquinzo carbonatite (sample Es-C-1).

125



Casillas et al.

Crecimiento y evolucion geologica de Fuerteventura

K. Balogh et dl. / Journal of Volcanology and Geothermal Researeh 90 (1099) 81-101 93
Table 6
Argon isowpic compuosition of carbonatite caleiie
Sample Locality %K VAT (excess + rad) YAt/ FAr Formal age

STP/g

Esquinzo complex
Salada-1 Agua Salads 0015 3046 % 107" 3087 2453
Es-C1-3(C) Las Montaicias 0.033 1503 x 107" 307.2 903
Es-Cl1-1(A) Las Montafietas 0.038 1,944 % 107¢ 3182 988
Es-C1-2(B) [as Montahetas 0.035 1266 % 107" 3305 750
Jablitos Los Jablitos 0118 3.073x 1070 3055 3700
Apui-Selapa complex
Nao-1 Punta de la Nao 0237 6353 % 107 456.7 584
Cr-C-1 Caleta de la Cruz 0017 137 x 107° 3134 1224
Punta del Peidn Blanco complex
PPB-C-1 PPBlanco 0,023 8346 % 1077 306.1 742

YAr/*Ar ratios range from 305 to 330, and their
excess argon content from 1.235 X 107° e¢m® STP/g
10 2.967 % 10 * cm® STP/g. It is difficult to decide
if excess argon was incorporated into calcite during
crystallization or was introduced later.

On the basis of fractional “*Ar loss at the different
temperature steps, diffusion parameters have been
calculated for the feldspar from Es-C-1 carbonatite.
Plotting them against the reciprocal absolute temper-
ature in the Arrhenius diagram, 32.5 + 3.6 kcal /mol
activation energy is obtained for argon diffusion
(Fig. 4). Using this value and the method of Dodson
(1973), closure temperatures of 166°C to 193°C were
calculated for 10°C /Ma to 100°C/Ma cooling rates.

In summary, the most likely age of the carbon-
atites in the Esquinzo valley is given by the U-Pb
age of 23.2 4 (.2 Ma by Cantagrel et al. (1993). It is
demonstrated that older K—Ar and Ar—Ar ages pre-
sented here can be attributed to excess argon.

At Caleta de la Cruz, the age of carbonatite
intrusion is best approximated by 23.2 + 1.0 Ma
(corrected age of biotite from sample CR-C-1, Table
2) and at Punta del Peidn del Blanco the corrected
value of 22.1 +0.9 Ma on biotite from 3125 is
accepted for the time of carbonatite intrusion. The
youngest ages on syenites ol the syenite—carbonatite
complex (A2 group) are 21.6 Ma measured on biotite
(F86) and on whole rock (MR-431) by Cantagrel et
al. (1993). These data give a most likely interval
from 23.2 Ma to 21.6 Ma for the carbonatite—syenite
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intrusion and the shear tectonic episode of

Fuerteventura.
4.4, Main dike swarm

Two basic dikes that cross-cut the shear zones in
Punta del Pefion Blanco and Caleta de la Cruz (Fig.
1) give ages of 222 Ma and 22.7 Ma (sample
80-40-40 and R20. Table 7).

This upper margin is in accordance with the age
obtained for the shear tectonic episode and the intru-
sion of syenites and carbonatites, Feraud et al. (1985)
argue that by combining conventional K-Ar and
Ar—Ar methods the main inwusion of dikes took
place between 24 and 17 Ma.,

Maoreover. in the areas close to the younger plu-
tonic bodies (A3 and A4 rock groups) the dike
swarms have been affected by the thermal metamor-
phism produced by these intrusions. Feraud et al.
(1985) find very disturbed argon—argon spectra in
those dikes where significant excess argon is present.

4.5. A3 rock group

We have sampled a pyroxenite for one of the
southernmost outerops: Punta de Diego Diaz (Fig.
1). The age of 36 +4 Ma (3127, Table 7) is not
geologically plausible when we consider that it cuts
the dikes from the main dike swarms and the shear
structures that have been dated around 23-22 Ma.
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Table 7

K-Ar analytical results for the dike swarms and younger plutonic intrusions

Sumple Rock type Loculity Saurce %K MAr (rid) "Ar(rad) / Age. Ma+ 8

cm' STP/g YAr (o0

Dike swarm

RO-40-40 basalt Caleta de |a Cruz wir. 1.377 1221 % 107° 0.324 22.7+1.2

R20 busalt Punu Pefion Blanca Wt 1.690 1.469x 107 0:376 222+1.1

Younger plutonic intrusions.

A3 group

3127 pyroxenite Punta Diego Diaz WLt 0.184 2598 x 1077 0.125 36.0 £4.0

Gb-1 gabbro Punta Dicgo Diaz WL 2759 2276 X |07 0.592 211 08

80-30-16 gubbro Las Hendiduras Wl 0.404 4141 x 1077 0.194 262+2.0

ES-G-1 gabbro Esquinzo plagioclase 127 2745 x 107" 0.416 548=25
pyroxene 0144 2170%x 1077 0.288 3BA+26

A4 group

Si-1 syenite Punty Dicgo Diaz Wir. 5.039 4.068 x |07 0.448 20709

The old age is attributed to a small amount of excess
argon that caused a great increase of age of the low
K rock.

Anomalous results were also obtained from the
northern outcrops of Esquinzo. Sample Es-G-1 (Ta-
ble 7) gives an age of 54.8 Ma (plagioclase) and 38.4
Ma (pyroxene), again too old when compared with
the age of the syenite—carbonatite complex and geo-
logical evidence. These ages are interpreted in terms
of greater amounts of excess Ar incorporated under
hydrothermal conditions in the plagioclase and some
excess Ar of unspecified origin in the pyroxenc.

In Punta de Diego Diaz, a gabbro intrusion is
emplaced into the pyroxenite (Gb-1, Fig. 1). This
gabbro has an age of 21.1 + 0.8 Ma (Gb-1, Table 7).
Another gabbro has been dated in Las Hendiduras,
an area where the dike swarms occupy almost 100%
of the outcrops (80-30-16, 3131, Table 7). It gives an
age of 26.2 4 2.0 Ma. The relatively low K content
of this older gabbro would make its age sensitive to
the presence of excess argon and the younger age of
21,1 + 0.8 Ma is preferred as the maximum age of
intrusion. In these plutons cross-cutting dikes are
sparse, suggesting 1o us that the age of the gahbro
from Punta de Diego Diaz could be the most repre-
sentative of this plutonic episode.

Sagredo et al. (1996) indirectly date the age of
these A3 plutonic rocks by determining the age of
the contact metamorphism produced by these plu-
tonic bodies on an older intrusion (Morro del
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Recogedero syenite). The result of 21.6 Ma (Sample
431; Table 3) is similar to the age of the gabbro from
Punta de Diego Diaz.

4.6. A4 rock group

Some syenite dikes were emplaced into the gab-
bro of Punta de Diego Diaz around 20.7 Ma ago
(Sample Si-1, Table 7, Fig. 1). These dikes can be
correlated with the youngest plutonic intrusions of
the Basal Complex: the syenites of the Vega de Rio
Palmas Ring Complex with an age around 18.4 and
20.8 Ma (Table 3).

5. Origin, site and incorporation of excess argon

K—Ar and Ar—Ar ages measured for the majority
of rocks and minerals of the Basal Complex of
Fuerteventura are biased by excess Ar. The presence
of excess Ar is indicated by the following observa-
tions:

(1) In the majority of rock and mineral samples.
there is a negative correlation of K content and age.

(2) In the Ar—Ar spectra of feldspars of CR-S-3
and Es-C-1 very old ages are obtained in the first
low temperature steps.

(3) Excess Ar is directly detected in calcites from
carbonalites.
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In principle. excess Ar may originate from the
mantle or from older crustal material. Sr—Nd—Pb
isotope data obtained by Hoemle and Tilton (1991)
from Fuerteventura do not show crustal contamina-
tion. indicating that excess Ar may come from the
mantle. We also note that Graham ct al. (1996)
detected a mantle component in the He fluid inclu-
sions of Quaternary lavas in the Canary Islands.

Very old ages were measured for the low temper-
ature step of Ar—Ar spectra of feldspars from Es-C-1
(Esquinzo carbonatite) and the D1 fraction of Cr-S-3
(Caleta de la Cruz syenite). This suggests that excess
argon was incorporated in near-boundary and/or
low activation energy sites of these minerals. Since
this excess Ar is not uniformly distributed in the
bulk of minerals, the temperature of incorporation
must have been lower than the closure temperature
for Ar (Zeitler and Fitz Gerald, 1986). The relatively
good plateau ages obtained for feldspars of Cr-S-3
indicate near-boundary incorporation but this is not
so certain for the feldspar of Es-C-1. For this latter
sample, adopting the idea of Harrison and Mc-
Dougall (1981) and Zeitler and Fitz Gerald (1986),
excess Ar incorporation into anion vacancies is as-
sumed. The isotopic composition of this component
of excess Ar can be estimated from the “Ar/*Ar
ratio of Ar released at the first low temperature step
of feldspar samples of Es-C-1 and the D1 fraction of
Cr-S-3. This ratio is 598 for Es-C-1 and 781 for
Cr-8-3.

Besides the demonstrated excess Ar component
acquired during a hydrothermal stage, some excess
Ar trapped during the early crystallization stage of
the magma is also possible. This is indicated by the
tendency towards older ages in unaltered low K
rocks and also by the age (26,9 Ma) of phlogopite
from Salada-1 carbonatite which is older than the
carbonatite intrusion. This component should be dis-
tributed homogeneously in the minerals. The "Ar/*
Ar ratio ol this ‘initial’ excess Ar component is
uncertain. It is likely to be less than the ratio for the
first steps of the Ar—Ar speetra of Es-C-1 and Cr-S-3
(D1), otherwise too young ages would be implied for
the second and third steps of Es-C-1 and these cited
values for the *'Ar/**Ar ratios would be minima for
the rocks of the Basal Complex. Unfortunately, the
similarity of “Ar/™Ar ratios does not allow the
application of the isochron method.
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Excess Ar is present in all calcite of the carbon-
atites, but its isotopic composition can be used for
correcting ages of other minerals of the carbonatites
only with variable success. For example, the phlogo-
pite age of Salada-1 carbonatite remains older than
the intrusion age of carbonatite (according to the
U-Ph age by Cantagrel et al,, 1993) when corrected
with the calcite isotopic ratio. At the time of mag-
matic crystallization, homogenization of Ar isotopes
can be assumed. The present complex isotopic distri-
bution might have been caused by incorporation of
excess Ar into the phlogopite under hydrothermal
conditions, or by an isotopic exchange between the
calcite and atmosphere after the hydrothermal pro-
cess.

6. Geological evolution of Fuerteventura Island

The new geochronological data allow us to estab-
lish a long history of formation of the Island of
Fuerteventura (Table 8). They agree with the idea of
an onset of igneous activity in the Late Cretaccous
proposed by Le Bas et al. (1986). In this long
magmatic history, it is possible to distinguish a
period of submarine growth represented by pillow
lavas, breccias and hyaloclastites. They form subma-
rine volcanic edifices associate with their respective
subvolcanic and plutonic complexes, At least parts of
these complexes correspond to the outcrops of the
Al rock unit: pyroxenites. amphibololites, amphi-
bolic gabbros and syenites (Le Bas et al., 1986;
Stillman, 1987).

The carly stage of submarine growth embraces a
long period from the Late Cretaceous (around 65 Ma
ago) to Early Miocene (around 25 Ma). The emer-
gence of the island and the beginning of the con-
struction of large subacrial edifices coincide with the
emplacement of the syenite—carbonatite intrusions
(A2 unit) around 22-23 Ma ago. This emergence is
probably related to differential uplifi processes de-
veloped by the action of important ductile to
britile—ductile shear zones (Fernandez et al., 1997).

After these first plutonic episodes the intrusion of
the main dike swarms took place (between 24 and 20
Ma ago). Probably, this dense dike emplacement can
be related to a regional crustal extension that accom-
panies the formation of the lower and intermediate
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Table §
Geochronological evolution of the Basal Complex of Fuerteventura

SEDIMENTANY SEQUENCE PLUTONIC AND DIKE [NTRUSIONS I TECTONIC PHASES ‘Q‘E‘({,‘E';'"
M. a
PLIOCENE
5.1
MIOCENE
: YOUNGER PLUTONICS [ 20 M. ».] SUDAERIAL
24,6 MAIN DIKE SWARM (22 M. 8.) :‘;:'C'::‘:
» A2 SYENITE - CARBONATITE
ot GRITTLE DUCTILE
SRS (T it e ) DEFONMATION {2227 M. w.)
OLIGOCENE UFPER
BIOCLASTIC SEDIMENTS SUOMANINE
voLcanic
38 SERIE
EOCENE
FOLDING [ 49 M, 2.7 | ——— —
54.9 LOWER
SUHMARINE
VOLCANIC
PALEOCENE SERIE
65
SYENITES [ 65 M)
Senonian Mo e e e
ULTRAMATIC ROCKS 7
UPPER J
CRETACEQU
PELAGIC CHALXS CAHEONATE
100 | Alblan CLASTIC FAN SEDIMENTS
levels of the volcanic subaerial edifices (Ancochea et and ultramafic plutonic complexes which constitute a
al., 1996). coherent dike complex (Walker, 1992). It is similar
The building of the lower and middle levels of the to those described below the Ko'olau lava-shield
central subaereal edifice located around Pajara ( < 22 volcano on O’ahu (Hawaiian Islands). The younger
Ma to 20 Ma) seems to be related to the deep mafic gabbro and pyroxenite intrusions (A3 Unit) consti-
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tute this coherent dike complex. which crops oul
thanks to the uplift and intense erosion suffered by
the subacreal edifice.

The temporal evolution in the basal zone of the
subaereal volcanic edifice between the emplacement
of the dike swarms to the appearance of the mafic—
ultramalic plutonic complex can be explained with
the model of Walker (1992). The ascent of the
position of the neutral buoyancy level is the conse-
quence of the growth of the cumulate prism and this
also causes the ascent of the shallow magmatic
chamber that feeds the edifice to keep pace with
voleano growth.

The most recent plutonic intrusions of the Basal
Complex (Ring Complexes of Vega de Rio de Pal-
mas, Unit A4) are lavoured by conic fractures with
centripetic slopes. These intrusions are related to
some central voleanic  edifices, probably  strato-
volecanoes (Cantagrel et al.. 1993). They are located
in the axial zone of the domical extensional structure
of the island.

The magmatic evolution of the Basal Complex of
Fuerteventura has been accompanied by important
tectonic events that have contributed to the emer-
gence of the island. The folding and inversion of the
sedimentary Mesozoic sequence and the lower vol-
canic submarine series has not yet been explained, It
could have taken place around 50 Ma ago (Eocene,
Le Bas et al., 1986; this work). The relationship of
this tectonic phase either with the regional stress
field in the African plate or with the evolution of the
African northwestern margin (Atlas) is the object of
discussion and controversy.

Around the Oligocene—Miocene boundary an-
other tectonic episode produced the ductile—brittle
shear zones and the simultaneous intrusion of the
syenites and carbonatites (Unit A2). This episode
was related to a lithospheric uplift probably pro-
duced by an asthenospheric ascent (Fernandez et al.,
1997), This event marked the beginning of a strong
extensional period and produced dense dike intru-
sions, the emergence of the Island and the formation
of the great Miocene voleanic edifices,

Relative movements of blocks have subsequently
caused the uplift and erosion of the western part of
the island. At present the rocks of the Basal Complex
and the rest of the Miocene volcanic edifices appear
at the same level (Ancochea et al., 1996).
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7. Conclusions

(1) K~Ar and Ar—Ar dating was carried out on
the Basal Complex of Fuerteventura. Many of the
calculated ages are ambiguous due both to the pres-
ence of excess Ar and also to Ar loss caused by the
thermal effect of younger magmatic activity. In order
fo estimate the Ar loss several sedimentary rocks
were dated: the results demonstrated that only a part
of radiogenic Ar was released during the Miocene
magmatism.

(2) Three age data have been obtained on rocks
from the oldest ultramafic pluton, ages ranging from
64.7 Ma to 23.5 Ma. However, the oldest age was
measured on a pyroxenite of only 0.14% K content,
and would be particularly sensitive to the presence of
excess Ar. In the *Ar(rad)—K diagram the points are
arranged along a straight line and define a formal
age of 21.9 Ma, which is interpreted as the time of
incorporation of excess argon.

(3) Ages on the early syenite intrusions at Caleta
de la Cruz range from 70.6 Ma to 38.5 Ma. The
reason for these scattered ages was studied by dating
a K-feldspar + nepheline concentrate from syenite.
which was also dated after removing nepheline with
acid treatment. Its Ar—Ar spectrum was explained as
the superposition of two processes: (a) diffusional
loss. probably at the time of Lower Miocene magma-
tism; and (b) later incorporation of excess Ar into
near-boundary sites below the closure temperature of
the K-feldspar. Plateau ages of 63.1 + 0.8 Ma and
64.2 + 1.0 Ma probably date the time of syenite
intrusion. A relatively high c¢losure temperature
(293°C) was deduced for the feldspar at a 100°C /Ma
cooling rate, this may explain why this alkali feldspar
was not reset during the carbonatite intrusion. This is
the first radiometric age indicating a Late Creta-
ceous-Early Tertiary start of magmatism.

(4) Autometasomatically altered feldspars from
carbonatite of the Esquinzo complex yielded 109 Ma
and 211 Ma ages. Ar—Ar measurements showed that
a large amount of excess argon was incorporated into
these minerals in a hydrothermal process below the
closure temperature (193°C). The minimum age of
the saddle shaped age spectrum (24.8 +2.7 Ma) is
very near to the U-Pb age given by Cantagrel et al.
(1993), i.e., Ar— Ar dating supports the Early Miocene
age of carbonatite intrusion.
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An age of 23.2 + 1.0 Ma has been obtained for
the carbonatite intrusion at Caleta de la Cruz. At
Punta del Pefion Blanco, 22.7 + 0.9 Ma was mea-
sured for carbonatite 3125 on biotite; this value is
reduced to 22.1 + 0.9 Ma when corrected with the
initial Ar isotopic ratio of the carbonatite calcite.

(5) The youngest ages measured on younger plu-
tonic intrusions (groups A3 and A4) are 21.1 £ 0.8
Ma and 20.7 £ 0.9 Ma on a gabbro and a syenite
from Punta de Diego Diaz. Older ages of rocks from
these groups are explained by excess Ar. In the case
of the plagioclase of Es-G-1" excess Ar was incorpo-
rated under hydrothermal conditions, while samples
3127, 80-30-16 and the pyroxene of Es-G-1 retained
their excess Ar content during crystallization and
cooling.

(6) K—-Ar and Ar—Ar age measurements on many
rocks and minerals from the Basal Complex of
Fuerteventura are biased by excess Ar. This excess
argon has two sources. Some of it was acquired
during an hydrothermal stage but some portion was
probably trapped during the early crystallization stage
of the magma.

(7) The new data obtained in this work confirm
that the geological evolution of Fuerteventura took
place during a long period of time from Late Creta-
ceous until Miocene. This long history is represented
by different plutonic events. The oldest intrusions are
probably related to the older submarine vulcanism
whereas the youngest plutons are associated with the
carly formation stages of the Miocene subaereal
edifices.

Acknowledgements

We would like to thank N.J. Snpelling for his
valuable advice and for correcting the manuscript
and A. Demeny for comments and truitful discus-
sions. We are grateful to C.J. Stillman and an anony-
mous reviewer for their constructive reviews. This
research was conducted in the framework of a coop-
crative program between the Spanish Research
Council (CSCIC) and the Hungarian Academy of
Sciences with the essential help of the program
leaders” G. Panto and J.L. Brindle. We thank A.
Kiss (Geochemical Laboratory of the Hungarian
Academy of Science, Budapest) for supplying the
XRD analysis. K—Ar dating was supported by the

132

Hungarian Science Foundation project No. T 14961
and the field work by the DGICYT Project PB
94-0596. The Cabildo Insular de Fuerteventura and
Tercio I de La Legion considerably facilitated the
field work.

Appendix A. Sample site locations and rock de-
scriptions

Al Sedimentary sequence

VIEN-1. Punta del Viento. 28734'44"N.
14°2'36"W; 0 m. Lutite. Grains of quartz, alkali
feldspar and muscovite. Clay matrix.

SOJ-1. Barranco de Sojames, 28°24'44"N;
14°8'36"W; 60 m. Sandstone. Grains of quartz, al-
kali feldspar and muscovite. Clay matrix.

SOJ-2. Barranco de Sojames. 28°24'44"N:
1478'36" W, 60 m. Sandstone. Grains of quartz and
moscovite. Clay matrix.

Al Al rock group: Early gabbro-pyroxenite—
syenite intrusions

3119. La Matanza. 28°19°'56"N; 141 146" W: 0
m. Amphibololite intrusion. Kaersutite cumulate with
interstitial titanian diopside. apatite. ilmenite and
magnetite.

3120, La Matanza. 28°19'56"N: 14°11'46"W; 0
m. Pyroxenite intrusion. Titanian diopside cumulate
with minor kaersutite. Apatite, magnetite and il-
menite as accessories.

80-40-39. Caleta de la Cruz. 28°22'47"N;
14°9'42" W: 0 m. Amphibololite intrusion, Kaersutite
cumulate with titanian diopside, magnetite and ap-
atite. Secondary minerals: phlogopite and epidote.
Albite in veins.

CR-S-1. Caleta de la Cruz. 28°22°47"N;
14°9'42"W; 0 m. Sodalite—nepheline syenite intru-
sion. Hypersolvus alkaline feldspar, cancrinitized
nepheline, sodalite and biotite. Magnetite, zircon,
sphene and apatite as accessories. Calcite in veins.

CR-S-2. Caleta de la Cruz. 28°22°47"N;
14°9'42" W 0 m. Nepheline syenite intrusion. Albite,
cancrinitized nepheline and biotite. Magnetite. zir-
con, sphene and apatite as accessories. Secondary
minerals: biotite and gamet. Calcite in veins.

CR-8-3. Caleta de la Cruz.28°22'47"N;
14°9'42"W; 0 m. Nepheline syenite. Hypersolvus
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alkaline feldspar, nepheline partly cancrinitized, ae-
girine augite, biotite. Magnetite, zircon. sphene and
apatite as accessories.

CR-S-4 Caleta de la Cruz, 28°22'47"N;
14°9'42" W; 0 m, Sodalite—nepheline syenite, Hyper-
solvus alkaline feldspar, nepheline, sodalite, acgirine
augite and biotite. Magnetite, zircon, sphene and
apatite as accessories.

80-40-36 Caleta de la Cruz 28°22'47"N;
14°9'42" W: 0 m. Syenite intrusion. Hypersolvus al-
kaline feldspar perthite-rich aggregate with nepheline,
acgirine augite and biotite. Magnetite, zircon, sphene
and apatite as accessories. Nepheline is usually trans-
formed to cancrinite.

80-40-38 Caleta de la Cruz. 28°22'47"N;
14°9'42" W: 0 m. Syenite intrusion. Hypersolvus al-
kaline feldspar full of perthites partly albitized, can-
crinitized nepheline, acgirine augite and biotite. Other
phases are: magnetite, zircon, sphene. apatite and
melanite. Zeolites in cavities. Calcite veins.

Al.2. A2 rock group: syenite—carbonatite com-
plexes

A1.2.1. Esquinzo complex, Es-C-1. Las Montaietas.
28°38'12"N; 15°59'2"W: 160 m. Carbonatite dike.
Caleite, aegirine augite, albitized alkali feldspar,
magnetite and apatite.

Es-C-2. Las Montafetas. 28°38'12"N; 15°59'2" W;
160 m, Carbonatite dike, Calcite, aegirine augite,
albitized alkali feldspar, magnetite and apatite. Sec-
ondary minerals: analcime, epidote and sericite,

Es-C-3 Las Montanctas. 28738 12"N; 15759'2" W:
160 m. Carbonatite vein. Calcite and alkali feldspar.

Es-C-4 Las Montafietas. 28°38"12"N; 15759'2" W;
160 m. Carbonatite dike. Calcite, aegirine augite,
albitized alkali feldspar, magnetite and apatite.

Es-ClI-1 Los Jablitos. 28°37'36"N; 13°59'20" W;
130 m. Syenite dike, Alkali feldspar, magnetite and
apatite. Calcite in veins,

Salada-1. Barranco del Agua Salada. 28°37'39"N:
13759'13"W; 155 m. Carbonatite vein. Calcite and
phlogopite.

Jablitos. Los Jablitos. 28°37'S6"N: 13759'20"W;
130 m. Carbonatite¢ vein. Calcite and phlogopite.

Es-Si-1. Barranco de Esquinzo. 28°37'56"N;
13°59'30" W; 120 m. Nepheline syenite. Hypersolvus
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alkaline feldspar, cancrinitized nepheline. aegirine
augite. magnetite, zircon, sphene and apatite.

A1.2.2. Ajui-solapa complex. Nao-1 Punta de la
Nao. 28°23'22"N; 14°9'39" W 0 m. Carbonatite dike.
Calcite, alkali feldspar, biotite, aegirine augite, mag-
netite and apatite. The alkali feldspar is partly al-
bitized.

CR-S-5. Caleta de la Cruz. 28°22'47"N;
14°942"W: 0 m. Foliated nepheline syenite. Albite
and cancrinitized nepheline. Magnetite, zircon,
sphene and apatite as accessories.

CR-C-1. Calecta de la Cruz. 28°22'47"N;
14°9'42" W: 0 m. Foliated carbonatite. Calcite, bi-
olite, magnetite and apatite. Metamorphic minerals:
diopside and biotite,

A L.2.3. Punta del Penon Blanco complex. R-17.
Punta del Pendn Blanco. 28%19'51"N; 14°1 146" W: 0
m. Porhyritic syenite dyke. Alkaline feldspar,
nepheline and acgirine augite in a groundmass with a
similar composition and magnetite, zircon. sphene
and apatite. Secondary minerals: albite, cancrinite,
biotite, homnblende, epidote and sphene.

3125. Punta del Peidén Blanco. 28°19'51"N:
14°11'46"W; 0 m. Carbonatite. Calcite. alkali
feldspar, phlogopite. magnetite and apatite. Sec-
ondary minerals: albite and diopside.

3126. Punta del Penon Blanco. 28°19'51"N;
14°11'46"W; 0 m. Carbonatite. Calcite, alkali
feldspar, phlogopite, magnetite and apatite, Sec-
ondary minerals: albite and diopside.

A.1.2.4. Main dike swarm. 80-40-40 Caleta de la
Cruz. 28°2247"N; 14°9'42"W; 0 m. Basalt dike.
Plagioclase and dioside phenocrysts in-a groundmass
with plagioclase. diopside, kaersutite, magnetite and
apatite.

R20 Punta del Pefon Blanco. 28719'51"N;
14°1146" W: 0 m. Porphyritic basalt dike. Titanian
diopside, olivine and plagioclase phenocrysts in a
groundmass composed of diopside, plagioclase and
magnetite. Minor calcite and clorite.

A3 A3 rock group

3127. Punta de Diego Diaz. 28°20'8"N;
14°11'17"W; 0 m. Olivine pyroxenite. Plagioclase,
olivine, titanian diopside, kaersutite, biotite, mag-
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netite and apatite. Minor amounts of epidote and
albite.

Gb-1 Punta de Diego Diaz. 28°20°8"N;
14°11'17" W; 0 m. Gabbro stock. Plagioclase, titanian
diopside, kaersutite, biotite, apatite and magnetite,
Minor amounts of cpidote, clorite and zeolites as
secondary minerals,

80-30-16 Las Hendiduras. 28716'37"N;
14°12'5"W: 300 m. Olivine Gabbro. Plagioclase,
titanian diopside, serpentinized olivine, magnetite and
apatite. '

Es-G-1 Barranco de Esquinzo. 28°37°56"N;
13°59/30"W; 120 m. Olivine gabbro. Olivine; tita-
nian diopside, kaersutite. plagioclase, magnetite, il-
menite and apatite.

A.1.4. A4 rock group

Si-1  Punta de Diego Diaz. 28°20'8"N;
14711'17"W; 0. m. Syenite dike. Hypersolvus alka-
line: feldspar, biotite. amphibole with minor sphene,
magnetite, zircon and apatite.
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ABSTRACT

Three lithostratigraphic units have been
distinguished in the volcanic succession of
the basal complex of Fuerteventura Island.
These units are, from bottom to top: the
submarine voleanic group, the transitional
volcanic group, and the subaerial volcanic
group. These three groups record the sub-
marine growth and emergence of the istand,
The volcanism is represented by ulira-alka-
line and strongly alkaline igneouns series.
The igneous activity was due to the pres-
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ence of an anomalous zone in the sublitho-
spheric mantle, the low density of which also
caused uplift of the Mesozoic oceanic crust.
Two extensional phases and an intervening
contractional phase developed coeval to the
generation of the voleanie succession. The
submarine voleanic group was deposited in
the hanging wall basin of a large listric exten-
sional detachment directed toward the SSW.
The transitional volcanic group was syntec-
tonic with respect to a late inversion of the
listric detachment. Finally, the subaerial vol-
canic group resulted from a second episode of
WNW extension, This study of the evolution
of the basal complex of Fuerteventura serves
as the basis for a ic model of sul ine
growth and emergence of voleanic islands,

Keywords: basal complex. submarine volea-
nism, emergence of volcanic islands, Fuerteven-
tura, Canary Islunds.

INTRODUCTION

Submarine  growth of intraplate oceanic
islands and volcanic scamounts has received
a large amount of research attention in the last
decades. Much information about scamount
distribution, morphology, size. structure, and
growth has been acquired (hrough the use of
surface and subsurface andlytical techniques
(e.g.. Cotton, 1969; Batiza et al., 1984), dredg-
ing or drilling of seamoun materinl or volea-
mclastic aprons (e.g.. Moore and Fiske. 1969;
Schmincke and Segschneider. 1998). visual
observations using submersibles (e.z., Fornari
et al., 1978), and study of subaerially exposed
uplifred secamounts (e.g., Jones, 1969a; McPher-
son, 1983. Staudigel and Schmincke, 1984).
Intraplate: basaltic seamounts commonly have
& summit crater or small caldera, 2 high-den-
sity core. and one or more rift zones (e.g.. Cot-
ton, 1969 Batiza et al.. 1984: Hildebrand et

GSA Bullern: July/August 2006; v. | 18; no. 7/8: p. 785-804: doi: 10, 1130/B25821.1; 12 figures: | table: Data Repository frem 2006122,
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al,, 1989 Binard et al., 1992), The geological
studies and the Tacies analysis of subaeriully
exposed, uplifted seamounts (e.g., Jones, 1969
McPherson, 1983; Staudigel and Schmincke.
1984; McPhic. 1995) and volcaniclastic aprons
surrounding oceanic islands (e.g., Schmincke
and Segschneider, 1998) have led to the defini-
tion of two overlapping stages in the submarine
evolution of oceanic islands: an initial deep-
water stuge and a second shallow-water, shicld
stage (Staudigel and Schmincke, 1984). Little is
known in general about the geochemical evolu-
tion in these submarine stages of oceanic island
voleano formation, hut the Loihi seamount in
Hawaii (e.g., Moore et al., 1982: Craig, 1983;
Smith et al., 2002) and the Jasper scamount
(NE Pacitic. offshore California) {e.g., Gee and
Staudigel, 1988; Gee et al., 1991) have heen
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studied in some detail. The geochemical evolu-
tion of these Lwo seamounts is very different. In
the Loihi seamount, the alkalinity of the lavas
decreases with time, whereas in the Jasper sea-
mount. the alkalinity increases.

As a result of locally extreme tectonic uplift
of some units. the stage of submarine growth can
be directly studied on some of the islands of the
Canary Archipelago (Staudigel and Schmincke,
1984). This growth stage is mamly represented
by the exhumed basal complexes of the islands
of La Gomera, La Palma, and Fuerteventura
(e.g.. Fuster et al., 1968: Stillman et al., 1975).
and it can be deduced from the analysis of sam-
ples from a deep well in Lanzarote (Sanchez-
Guzmdan and Abad, 1986). In particular, the
study of the Fuerteventura Island bears a special
interest because a complete submarine voleanic

20°0W

40°N

Conception
=" hank

Fuerteventura __

La Palma— oo 30°N
Canar}’/ . West Saharan
Islands “ continental margin

Puerto de
N la Peiia

Southern subacrial
voleanic shield

Jandia Peninsula

Northern subaerial
voleanic shield

Betancuria
massif /i

Cenrral subaerial
volcanic shield
Pliocene and Quaternary sediments
Pliocene and Quuternary

volcanic rocks

Miocene subaerial volcanic rocks
Basal Complex and

Subaerial Volcanic Group

Figure 1. Schematic geological map of Fuerteventura, The inset shows the location of Fuerte-
ventura in the Canary Archipelago. Map was modified [rom Ancochea et al. (1993).
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sequence crops out at the western part of the
island (Robertson and Stillman, 1979h). This
sequence, representing the submarine-growth
stage of the island, was deposited on the floor
of the Atlantic Ocean. which is also exposed at
the basal complex of Fuerteventura (Steiner et
al., 1998). The aim of this paper is w describe
and interpret the volcunic facies, the internal
structure, the growth, and the geochemical evo-
lution of the submarine volcanic complex of the
Fuerteventura Island. We suggest that processes
of uplift of & buoyant mantle accompamed
by lithosphere extension through diking and
faulting continued throughout the submarine
growth of the islandl. This uplift may be partially
responsible for the emergence of the submarine
sequence and of the ocean oot We also discuss
the tectonic evolution of the zone during the
early Cenozoie, with reference to the tectonics
of nearby regions, like the Atlas Mountains.

GEOLOGICAL SETTING

The geological history of Fuerteventura is the
most complex und longest lasting of the Canary
Istands (e.g,, Faster et al., 1968; Stillman et al.,
1975; Fuster et al., 1980: Le Bas et al., 1986:
Coelloetal. 1992: Ancocheaetal , 1996: Steiner
et al., 1998; Balogh et al., 1999). Fuerteventura
was formed on the Atlantic oceanic crust (Banda
etal., 1981: Steineretal., 1998). According tothe
available seismic information, the thickness of
the crust beneath the eastern Canaries, including
Fuerteventurg, is ~15-20km (e.g., Daiobeitia
and Canales, 2000). A 2—4-km-thick layer with
seismic velocities of 4.2-4.3 km s defines the
upper crust. The middle crust appears as a 5-6-
krn-thick layer with velocities of 6,1-6,6 km s ™',
An 8- 10-km-thick layer with an average seismic
velocity of 7.4 km s appears at the base of the
crust in Fuerteventura and Lanzarote. This laver
has been mterpreted as oceanic erust intruded
by mantle-derived material (Watts. 1994), This
thick crust overlies an anomalous upper mantle
with velocities of 7.6-7.8 kim s ' (Danobeitin
and Canales, 2000),

Four main geological units can be distin-
guished in the island (Figs. | und 2). These are,
from older 10 younger. the exposed Mesozoic
oceanic crust. the submarine and transitional
voleanic complexes, the Miocene subaerial vol-
canic complexes. and the Pliocene-Quaternary
sedimentary and voleanic rocks, The Mésozoic

ic crust, the submarine volcanic complex,
and the plutonic bodies and dike swarms asso-
ciated with the submarine voleanic complex
and with the Miocene subaarial volcanic com-
plexes. form & heterogencous lithostratigraphic
unit known as the basal complex of Fuerteven-
tura (Faster et al,, 1968; Stillman et al., 1975).
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Former studies haye included subaerial volcanic
rocks into the submarine and transitional com-
plexes (¢.g.. Fister et al., 1984w, 1984h). Gutiér-
rez (2000) assigned these rocks to the subaerial
voleanic complexes. excluding them from the
hasal complex. This is the approach followed in
this contribution.

Exposed Mesozoic Oceanic Crust

This fragment of Mesozoic oceanic crust
compnses tholeitic normal  mid-ocean-ndge
basalts (N-MORBs) of Early Jurassic age (e.g.,
Robertson and Stillman, 1979: Steiner et al.,
1998) overlain by a thick sedimentary sequence.
Terrigenous quartzose clastics, black shales,
redeposited limestones, marls and chalks with
chert nodules form the Mesozoic sedimentary
sequence, which spans from the Early Jurassic to
the Late Cretaceous. The presence of the bival-
vin fossil Basitra buchi is typical of the lower
unit. The ammonite Parischicerus ef. witeavest
und the association of planktonic (oraminifers
Schakoing  galdolfii Rewhel, Roralipora sp..

Hedbergella sp., and Gabonella sp. charactor-
ize the upper sedimentary unit (Steiner et al.,
1998), This succession is part of & deep-sea
fan derived from the West African continental
margin (e.g., Faster et al.. 1968; Robertson and
Stillman. 1979a: Steiner et al., 1998). The thick-
ness of this succession attained 1600 m (Steiner
et ul., 1998). The approximate water depth was
more than 3000 m for the units previous to the
Albian, although lower depths have been esti-
mated for the deposition of the Albian units
(Fister et al., [980). The N-MORBs crop out at
a height of around 200 m above sea level. There-
fore, Fuerteventura hias undergone an uplift of
between 1800 m (the thickness of the Mesozoic
sediments plus the present-day height of the out-
cropping MORBs) and more thin 3000 m since
Albian times,

Submarine Volcanic Complex
The Mesozoic oceanic crust is covered by a

submarine voleanic sequence constituted by 4
thick pile of pillow lavas and hyaloclastites of

and Volcanic Rocks
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basaltic and rachybasaltic composition (Rob-
ertson and Stillman, 1979b; Fister et al., 19844,
1984b; Le Baset al., 1986; Stillman, 1987, 1999,
Gutiérrez, 2000). The basal contact of the sub-
marine voleanic sequence is a slight erosional
unconformity over the Mesozoic rocks. imply-
ing a small difference of around 20° in bedding
dips. The earliest submarine volcanic rocks
were extruded after a hiatus, the duration of
which will be discussed tuter in the Geochronol-
ogy section, The description of this submarine
sequence is the primary objective of this work.
Plutonic activity coeval with the generation of
the submarine volcanic sequence yielded ultru-
alkaline rocks. These intrusives crop out along
the western coast of the island, to the north
and south of the exposed Mesozoic oceanic
crust, Most of these intrusive rocks are mica= or
amphibole-bearing  pyroxenites  (kaersutitites
of Wagner et al.. 2003). melteigites, ijolites-
urtites. amphibole-bearing gabhros. nepheline
syenites, nephelinites, and carbonatites (e.g.,
Faisteret al., 1980; Le Bas ot al., 1986: Ahijjado,
1999), The nepheline syenites and carbonatites

Figure 2. Geological map of
the western part of Fuerteven-
tura. Relevant sites mentioned
in the text are shown, as well
as the location of samples for
the geochronological analyses
(Table 1).
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are predominantly exposed st Esquinzo, Ajuy.
Solapy, and Punta del Peion Blanco (Fig. 2)
(e.g.. Fustererul., 1980; Le Baset al.. 1986; Ahi-
jado, 1999; Balogh ct al., 1999). The emplace-
ment of these rocks at uround 25 Ma (Le Bus
et al., 1986: Cantagrel et al., 1993: Sagredo et
al, 1996; Ahijado, 1999: Balogh et al., 1999)
wats coeval with movement along several britfle-
ductile to ductile shedr zones, as shown by the
structural studies of Casillas et al, (1994) and
Ferndndez eval. (1997).

Miocene Subaerial Voleanic Complexes

The main stages of subaerial growth of the
island are the result of the formation of three
adjacent huge basaltic voleanic complexes: the
southern, central, and northern edifices (Fig, 1)
(Ancochea et al., 1996), Each Miocene volea-
nic complex grew over a long period of proba-
hly >10 m.y. During that time. several episodes
of effusive voleanic activity were separated hy
periods of guiescence accompanied by decp
erosion and giant landslides (Ancochea et al.,
1996; Stillman, 1999), The ages of these vol-
canic complexes (Ancochea et al., 1996, K-
Ar method) differ slightly. The central edifice
is the oldest. with the main stage of building
oceurring between 2249 079 and 14.05

0.4 Ma. fallowed by a significant pause and
a late smaller building stage at 13 0.3 Ma.
In the northern edifice, the main activity ok
place between 17 0.85 and 128 0.3 Ma,
and in the southern edifice, between 20.7 0.4
and 142 (4 Ma. The remnants of these vol-
canic complexes, deeply eroded. appear in the
castern part of the island and in the Jandia Pen-
insula (Figs. | and 2). A cortege of plutonic
rocks (pyroxenites, gabbros, and syenites) and
a dike swarm crop out in the core of the north-
ern and central edifices (e.g:, Gastesi, 1969).
These rocks represent the hypabyssal roots of
the successive episodes of growth of the sub-
aerial voleanic complexes (Ancochen et al.,
1996: Batogh et al., 1999). The density of the
dike swarms associated with the subacrial vol-
canic complexes is extremely high, attaining
average values of 50%-90% of sheeted dikes
in the center of the basal complex, although
these values decrease toward its eastern and
western limits (e.g.. Stillman and Robertson,
1977 Stillman, 1987: Ahijado, 1999: Ahijudo
et al.. 2001). Accordingly, the generation of
these dike swarms seems (0 have involved 2
crustal extension of around 30 km (e.g., Lapez
Ruiz, 1970; Stillman, 1987; Ahijado et al,
2001). The most frequent strike of these dikes
is NNE-SSW. but some of them exhibit NE-
SW and NW-SE azimuths. Their composition
is mainly basaltic or trachybasaltic.
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The basal caomplex thus comprises the Meso-
Z0ie oceanic crust, the submarine voleanic com-
plex (excluding the basal part of the subaerial
voleanic complexes, i.c., the subacsial voleanic
group). and the plutonic bodies and dike swarms
assoctated with the submarine volcanic complex
and with the Miocene subaerial volcanic com-
plexes (Fig. 1) (Fister et al.. 1968; Stillman et
al.. 1975). Metamorphism affected most of the
rocks forming the basal complex. An intense
hydrothermal metamorphism of epidote-albite
greenschist facies took place; probably as a
result of the massive intrusion of dike swarms
(e, Foster et al., 1968: Muiioz and Sagredo,
1994: Stillman et al., 1975; Stillman and Rob-
ertson, 1977; Roberison and Stillman, 1979;
Faster et al, 1984a. Guuidrrez, 2000). Two
metamorphic zones can be distinguished: a Jow-
temperature (actinolite) and a high-temperature
(hornblende) zone. The high-temperature zone
geographically coincides with the maximum
density of basic dike intrusion (Gutiérrez,
2000). Therefare, it can be deduced that dikes
acted as preferred pathways for fluid circula-
tion and constututed the thermil source for the
observed mineral wansformations. A contact
metamorphism has also affected the host rocks
of the plutons related to the subaerial volcanic
complexes (e.g., Mufoz and Sagredo, 1994;
Hobson et al,, 1998).

Pliocene-Quaternary Sedimentary and
Volcanic Rocks

After the Miocene volcanic activity. the island
wis affected by an erosive period. During that
period of voleanic quiescence, the Miocene edi-
fices were deeply eroded. During the Pliocene,
volcanic activity restarted with the formation of
severtl smiall busaltic voleanoes and associated
lava fields. This activity has continued up 1o
prehistoric times (Cendrero. 1966). Littoral and
shallow-water marine deposits were formed in
the Pliocene-Quaternary (e.g., Manin Gonzdlez
et al.. 2001: Meco et al., 2002), Eolian cam-
plexes with intercalations of alluvial fan and
puleosol deposits overlie these sediments (e.g..
Meco and Pomel, 1985: Meco et al., 1997).

DESCRIPTION OF THE SUBMARINE
VOLCANIC COMPLEX

Stratigraphy

The submurine volcanic complex of Fuerte-
ventura, exposed along the western coast of the
island. is composed of two lithostratigraphic
units: the submarine volcanic group, represent-
ing the period of submarine growth, and the
transitional voleanic group, corresponding to the
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emergence of the island (Fig. 3). Subaerial vol-
canic rocks (the subacrial volcanic group) over-
lie these units, This subieriul volcanic group can
be tentatively assigned to the lowest part of the
central und northern subaerial edifices.

The submarine and transitional volcanic groups
have heen subdivided into six and five lithostrati-
graphic formations. respectively  (Gutiérez,
2000). The distinct voleanic sequences were
named and classified according to the nomencla-
tare estublished by McPhic et al. (1993), Guuidr-
rez (2000} established the basis for the strati-
graphical division and characterization of these
units. The definitions and nomenclature follow
the North American Stratigraphic Code (North
American Commission on Stratigraphic Nomen-
clature, 1983). A detailed deseription of the dis-
tinguished formations appears in the GSA Dua
Repository item' accompanying this work. The
most important voleano-stratigraphical character-
istics of these formations can be observed in Fig-
ure 4, which shows representative stratigraphical
columns, although some lateral facies variations
are 10 be expected within a given formation.

Six formations have been distinguished in the
subimarine voleanic group (Fig. 4), from the Bar-
ranco del Tarajalito Formation (base. unit A) to
the El Valle Formation (top, unit F). The average
thickness of this group is 2000-2100 m. Volea-
nogenic facies (Fig. SA) appear interbedded
with primary voleanic facies (Fig. SB). Here,
voleanogenic deposits are defined as the result
of surfuce processes operaling on pre-existing
voleanic series (McPhie et gl., 1993). Indica-
tors of lava flow directions include the orienta-
tions of individual pillows and the arrangement
and elongation of vesicles (Gutidrrez, 2000).
Results point to g NNE-SSW dircction of lava
Mlows in the Barranco del Tarajalito, La Herra-
dura, and Los Negros Formations, The average
vesicularity index of pillow lavas i the basal
formations (e.g.. La Herradura Formation) is of
around 50% (Fig. SB). Assuming that vesicular-
ity is due to exsolution of water, this proportion
indicates low water depths during the emission
of these pillow lavas (Tones, 1969h), which are
in aceordance with other water-depth indicators
of this sequence. The silty levels of the Toscano
Formation show abundant bioturbation, with
both horizontal and vertical bumows (Fig. 5C).
The grain size and thickness of deposits in the
Toscano Formation increase toward the north
and east, indicating a source to the east. ln some
levels at the wop of this group, coral specimens

'GSA Data Repasitory item 2006122, detailed
deseription of the distinguished Tith igraphic
formations. 15 available on the Web ar hitp://www.
geosocicty.or/pubs/2006. htm. Requests may ulso
e sent to editing @ geosaciety.arg.
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of the order Scleractinia appear encrusted in the
outer surfaces of pillows and preserved in life
position (Fig. 5D), or as a part of pillow-lrag-
ment breceis,

The transitional volcanic group rests uncon-
formably on the submarine voleanic group. This
group is divided into four formations (Fig. 4).
The group shows a large lateral and vertical
facies variability, with an average thickness of
~100 m. Deposits indicative of sporadic emer-
gence dlternate with shallow-water sedi S

slides affecting the subaerial Miocene voleanic
edifices. Some of these deposits can be observed
resting on the ocean flooy west of Fuerteventura
(Stillman, 1999; Acosti et al,, 2003),

Whole-Rock Chemistry

The petrographic characteristics of the main
types of igneous rocks are detailed in the GSA
Data Repository item (see footnote 1), Because
the g hist facies metamorphisim triggered

and volcanic rocks. Representative rocks include
pyroclastic tffs with welded textures (Fig. SD)
and massive pyroclastic layers (Fig. SE). Clast
imbrication i conglomerates suggests NW-
directed paleocurrents,

A heterogeneous umt of basalls and rachy-
basalts intensely crosscul by basic dikes consti-
tites the subaerial volcanic group. which over-
lies the submarine groups (Fig. 3). Lava flows
and their related autoelastic breccias at the top
and hottom of each layer are frequent. Locally.
polymictic hreceias appear that probubly repre-
sent debris-avalanche deposits related o gravity

Geological Society of America Bulletin, July/August 2006

significant chemical changes, it is not pos-
sible to use major-clement contents to describe
and classify the studied units according to the
International Union of Geological Sciences
(IUGS) recommended (e.g., Le Bas et al,
1986: Le Maitre ¢t al., 1989) TAS (total dlkalis
versus silica) diagram. However, concentra-
tions of relatively immobile major and trace
elements, combined with mineral composition
and petrography allow the chemical character-
ization of this suite of rocks.

The NB/Y ratio of these rocks is larger than
two (Fig. 6A). This feature is characieristic of
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Figure 3. Geological map show-
ing the different formations of the
submarine voleanic group and
the transitional volcanic group:
Unit A—Barranco del Tarajalito
Formation, unit B—La Herradura
Formation. unit C—Los Negros
Formation, unit D—La Gatera
Formation, unit E—Toscano For-
mation, unit F—El Valle Forma-
tion, units G1 and G2—Caleta
del Barco Formation, unit G3—
Piedra de Fuera Formation, unit
G4—Janey Formation, unit G5—
Barranco de la Fuente Blanca
Formation.

alkaline volcanic rocks (¢.g., Winchester and
Floyd, 1977). Besides, in the Canary Islands the
voleanic rocks of the strongly alkaline series
(from basagites, with normative nepheline
and albite >5%, to phonalites), orof the ultra-
alkaline series (from olivine nephelinites. with
normative nepheline >5% and normative albite
<5%. 10 phonolites), show a Zr/Nb ratio lower
than five (Brindle, 1973; Schmincke, 1990:
Hoernle and Schmincke, 1993a; Hernin et al.,
1996: Ablay et al., 1998). In contrast. the rocks
of the moderately alkaline series (from olivine
basalts. with normative nepheline between 0%
and 5%, to trachytes) have Zr/Nb ratios larger
than five. All of the rocks from the submarine
and transitional voleanic groups present Zr/Nb
atios less than five. Therefore, they can be
classified within the strongly alkaline or ultra-
alkaline series (Fig. 6B). According to the
presence and amount of nepheline and other
minor phases. such as melanite or perovskite,
the studied rocks cun be clussified within one
of two different igneous series. The ultra-alka-
line series is repr d by the nephel

nies,
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Figure 5. Field photographs showing representative structures of the studied units. (A) Matrix-supported, volcanic polymictic breccias.
Clasts are fragments of basaltic/basanitic pillows (unit A, Barranco del Tarajalito Formation). (B) Pillow-laya fragment included in the resed-
i 1 pillow-frag br Note the presence of abundant, concentric vesicles (unit B, La Herradura Formation). (C) Alternating
volcanic sandstones and siltstones. The inset shows horizontal bioturbation in a siltstone layer (unit I, T ¥ ). (D) Scleractini
corals, preserved in life position, encrusted in the outer surface of a pillow (unit F, El Valle Formation). (E) Coarse-grained pyroclastic tuffs
with strongly flow-foliated trachyte pumice fragments (welded structure) (unit G 1, Caleta del Barco Formation). (F) Polymictic matrix-sup-
ported conglomerates, Rock fragments are rounded and imbricate, showing a high sphericity index (unit G4, Janey Formation).
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Figure 6. (A) Plot of the studied samples in the Zr-Ti-
Nb-Y discrimination diagram of Winchester and Floyd
(1977). (B) Representation of the analyzed samples in
the Zr-Nb-Y discrimination diagram. The horizontal
straight line separates the fields of the different alka-
line series of the Canarian rocks (Schmincke, 1990;
Briindle, 1973; Hoernle and Schmincke. 1993a: Hoernle
and Schmincke, 1993b; Ablay et al., 1998; Herndin et
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basalts (normative Ne = 0%-3% ) to trachytes. Strongly
alkaline series vary from basanites (normative Ne > 3%
and Ab > 5%) to phonolites. Ultra-alkaline series include
rocks from olivine nephelinites (normative Ne > 5%, Ab
< 5%) to phonolites. See Figures 3 and 4 for the nomen-
clature of the units.
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TABLE 1. RADIOMETRIC DATA

Sample Fortation Location Minstai K AL (rad) “Ar(rad) WArage  AtArage Rb/Srage
(%) ceSTPlY (%) (Ma) (Ma) (Ma)
CPV-2 Barranco del Tarajalito (unit A)'  Caleta de la Pefia Vieja Biatite 7.20 7.447 x 10% 70 264 1.1 251 04 -
CPV-3 Barranco del Tarafalito (unit A),  Caleta de la Pefia Vieja Biotite 592 6.884 x 10" 756 297 12 - -
ANA-34 La Gatera (unit D) Barranco de Los Negras  Amphibole  0.804  9.847 x 107 220 312 22 - -
80-50-310 La Gatera (unit D) Barranco de Los Negres  Phlogopite  5.01 5578 x 10™ 61.0 284 1.1 - -
B80-50-308 El Valle (unit F) Barrarico de Los Negros  Amphibole  2.30 2,086 x 10™ 62.7 232 09 = -
ANA-29 Piedra de Fuera (unit G3) Pledra de Fuera Phlogopite 579 5766 x 10 657 253 1.0 - 225 02
80-55-90 Piedra de Fuera (unit G3) Bajas de la Bonancilla _ Phlogopite  6.53 5.066 x 10" 74.0 234 08 - -
Note: Radiometric ages for the different units are listed here. Locations of samples-are in Figure 2. K/Ar and Av/Ar radiometric ages are new. Fb/Sr

determinations are from Demeny et al. (2004). Uncerlainties represent errars given at the 1o level.
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nephelinite  phonolites, pyroxenites, Kaersu-
titites, melteigites, ijolites-urtites, and neph-
elinite syenites uppearing in the Barranco del
Tarajalito and Barranco de Los Negros For-
mations. The modal amount of nepheline is
often larger than 40% in these rocks: and they
commonly contain melanite and perovskite.
The camptonites of the transitional volcanic
group show clear ultra-alkaline affinities. The
strongly alkaline series is represented by the
basanites, phonolites. trachytes, and syeniles
from the remaining formations of the subma-
rine and transitional volcanic groups.

Geochronology

Five new K/Ar ages and one new Ar/Ar age
of rocks from the submarine voleanic group and
two K/Ar ages of samples from the transitional
volcanic group are shown m Table 1. as well as
one published Rb/Sr isochron age (Demény et
al,, 2004). The evidence of hydrothermal meta-
morphism (greenschist facies) in some samples
and the frequent presence of excess argon
(Feraud ct al., 1985; Cantagrel et ul., 1993;
Balogh e al., 1999) imply that the radiometric
ages may be biased (either older or younger).
and must be treated with caution. Because of
these uncertainties, only rocks dated by differ-
ent methods will be discussed here.

In the submarine volcanic group, biotite
and phlogopite ages range from 29.7 1.2 Ma
w 251 04 Ma, while 312 22 Ma and
232 09 Ma have been measured on the
amphiboles. In the transitional volcanic group,
phlogopite ages are 253 1.0 Ma and 234

(.9 Ma. while the Rb/Sr isochron is younger
(225 02 Mu). All errors herein are given it
the 16 level, There is no significant difference
betwesn the K/Ar and Ar/Ar ages for the biotite
from sample CPV-2. The Ar/Ar age spectruny
does not show argon loss at the low-temperature
steps, and the inverse isochron (Figs. 7 and 8)
gives 24.7  |.I Ma. and 310.5 6.8 Ma for
the initial *Ar/*Ar ratio. The small difference
between the K/Ar and Ar/Ar ages is most likely
cansed by a small amount of excess argon, and
the platean age of 25.1 0.4 Ma, defined for
97.6% of the spectrum, 15 regarded as the uge
of volcame activity. K-Ar ages from rocks of
the transitional voleanic group i this work are
similar to the K-Ar ages obtained by Ibarvolu et
al. (1989) of arbund 24.0 - 2 Ma Alsa, the ages
obtained here for CPV-2 and CPV-3 fall within
the range of ages (19.2  09-309 1.2 Ma)
proposed by previous authars (Fig, 9) for the
rocks of the plutonic ultra-alkaline complexes
(Esquinzo, Ajuy-Solapa, and Punta del Peidn
Blanco arcas: Le Bas el al., 1986; Cantagrel et
b, 1993: Sugredo et al., 1996; Ahijado, 1999;
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Figure 8. Ar-Ar emission spectra of phlogopite from the CPV-2 sample.

Balogh et al., 1999), based on the use of the K-
Ar, Ar-Ar, and U-Pb methods.

The results obtained here indicate an Oligo-
cene to early Miocene age for the submaring
building and later emergence of the Fuerteven-
twrt Island (submuarine and wansitional volcanic
groups, Fig. 9), The submarine voleanic build-
ing of this island was broadly coeval with the
formation of the pluonic ultra-alkaline com-
plex of Esquinzo, Also, the transitional vol-
canic group overlaps the age of the plutonic
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complexes of Ajuy-Solapa and Punta del Pendn
Blanco (Fig. 9). The subagrial voleanic group,
which overlies the transitional voleanic group,
must correspond (o the large subacrial shield
voleanoes studied by Ancochea et al. (1996).

Structure
Very few detailed structural studies of the

Mesozoie sediments and Submarine voleanic
series of Fuerteventura have been presented
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Figure 9. Chronological diagram of different geological units of Fuerteventura. Data marked with black rectangles are from Feraud et al,
(1985), Feraud (1981), Le Bas et al. (1986), Ibarrola et al. (1989), Coello et al. (1992), Cantagrel et al. (1993), Balcells et al. (1994). Ancochea
et al. (1996), Ahijado (1999), and Balogh et al. (1999), Data marked with open circles ave from Gutiérrez (2000). See Figures 3 and 4 for the

nomenclature of the formations,

untl now. The work of Robertson and Still-
man (1979a) is the main, and virally only,
source of structural data for these rocks. More

recent studies distuss the tectonie evolution of

the basal complex, but they do not present sig-
nificant new structural information about the
Mesozeic or submarine volcanic series. Here,
detailed mapping and new stuctural dia are
presented (Fig. 10) that allow a more complete
understandmg of the geometry of the Mesozoic
crust and it overlying submarine rocks. This
geometrical deseription, together with the vol-

cano-stratigraphic information, is essential 10
any model that attempts to describe the tectonic
evolution of this zone.

The Mesozoie sediments are almost invari-
ably vertical to overtumed, and they are sys-
tematically older southwards (Robertson and
Stillman, 1979a), where @ block of MORB
oceanic basement is exposed (Fig, 2 of Steiner
ctal., 1998). Varnation in bedding orientation is
compatible with a large-wavelength fold with
a WNW-ESE—oriented, nearly horizontal fold
axis (Fig. 10A). Dispersion around the best-fit

large cirele 15 o consequence of laer deforma-
tion phases. These new data confirm the pre-
vious observations of Robertson and Stillman
(1979, who interpreted the systematic cleav-
age-bedding relationships and the orientation
of minor folds appearing in these sediments as
indicative of the presence of a major NE-lac-
ing reclined fold, In sumimary, the Mesozoe
sequence forms part of the locally inverted limb
of a reclined. N-verging major fold. with a block
of oceanic hasement cropping oul at its core.
Unfortunately, the younger Miocene suhaerial

.
>

Figure 10. Structural map of the submarine, transitional, and subaerial volcanic groups and equal-area, lower-hemisphere projections of
poles to bedding (So) for the Mesozoic sedimentary rocks and the submarine and transitional volcanic groups: » is number of data. See
Figure 3 for the nomenclature of the formations. Great circles represent the cylindrical best fit to the measured data, and gray squares
mark the pole to these great circles, i.e., the location of the statistically determined fold axcs (f, and f,). (A) Mesozoic sediments (f,: statisti-
cally determined fold axis); (B) unit A (/: statistically determined fold axis); (C) unit B; (D) units C to G5 (f}: statistically determined fold
axis). (E) Rose dingram of lava flow directions measured in the Barranco del Tarajalito, La Herradura, and La Gatera Formations (units
A, B, D), restored after eliminating the effects of the two folding phases (f,: here represents axial trace of the first-phase folds); the arrow
indicates increasing distance from the source region for unit E. (F) Orientation of paleocnrrents measured in the Janey Formation (unit
G4) of the transitional volcanic group, restored after eliminating the effects of the second phase of folding {/,: approximate axial trace of the
second-phase folds): the arrow marks the average direction of the paleocurrent obtained at 16 sites with clast imbrication measurements;
the shaded interval around the arrow corresponds to the Y5% confidence interval (statistics based on the von Mises distribution, Mardia,
1972), (G) Cross section across the studied area (see A for location): as.L—above sea level. Units A to G correspond to the formations of the
hmarine and tr | voleanic groups defined in this work (see Figures 3 and 4 for the nomenclature).
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voleanic complexes to the cast and the mussive,
intrusive rocks of the basal complex to the south
obseure the (ull extent of the fold. The subma-
rine volcanic group shows a guite complex ori-
entution of layering. The basal unit (Barranco
del Tarajalito Formation) also shows subvertical
layering, folded comiparably with the Meso-
zoic sediments (Fig. 10B). However, the bed-
ding arientation of La Herradura Formation' is
highly variable (Fig. 10C). The remaining units
of the subaerial and wransitionul voleanic groups
tend 1o show more subhonzontal bedding, with
WNW- and ESE-directed dips (Fig. 10D). Near
the coast, these units predominantly dip to the
WNW (Robertson and Stillman, 1979a). This
dip sense changes inland, defining a large open
anticline with o NNE-SSW-trending. subver-
tical axial plune, and an axis with a shallow
plunge to the NNE (Fig. 10D), A similar open
syncline can be observed to the east (map in
Fig. 10), Dispersion of bedding dita around the
best-fit great circles can be explained by difter
cnices in depositional dips (especially for units
B to G3), in accordance with the observed steep
dips (20°-307) of basaluc talus slopes (Mitchell
etal,, 2000).

Accordingly, the bedding dip data demon-
strate a folding about a NW-SE axis followed by
folding about a NNE-SSW axis. The uxes of both
fold generations dre subhorizontal and almost
perpendicular, The axial surfaces, however, are
obligue due to the N-verging orientation of the
fold deduced from the analysis of the Mesozoic
sediments and Barranco del Tarajalito Forma-
tion of the submarine voleanic group. Therefore,
an interference pattern intermediate between the
types 1 (dome-basin pattern) and 2 (dome-cres-
cent-mushroom pattern) of the Ramsay (1967)
classification scheme describes the structure.
The swarm of basic dikes cuts across the axiul
plane of the WNW-ESE fold deduced from the
study of the Mesozoic sediments. Therefore. the
dikes are not affected by this folding episode.
However, the NNE-SSE-oriented folds tilted
these dikes (Gutiérrez, 2000). Accordingly. the
WNW-ESE folds are older than the NNE-SSW
folds. In Figure 10, these structures have been
labeled £, und £, respectively.

Figure 10G shows a cross section normal
ta the axial trace of the £, folds and parallel to
the axial trace of the f, folds. running along
the hinge of the f, anticline. The most siriking
leature in this cross Section is the fan-shape
geometry defined by the units of the submarine
voleanie group (units A to F). The transitionul
voleanic group (units G1 to GS) discordantly
overlies the submarine volcanic group, onlap-
ping from the Caleta del Barco Formation (units
G and G2) o the Janey Formation (unit G4)
(Fig. 3). Although not shown in Figure 10G, the
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subaerial voleanic group, which lies on the sub-
marine voleanic group (El Valle Formation) at
the SE part of the studied region (Fig, 3), over-
lies the rest of the units separated by an crosional
unconformity. These features are interpreted in
terms of the submarine growth of the island in
the next section.

DISCUSSION

Volcanological Interpretation of the
Submarine and Transitional Voleanic Groups

The interpretation of the studied units will
be presented from bottom to top. The forma-
tions of the submarine volcanic group were
deposited under low water depths, as indicated
by the vesicularity index of pillow lavas (e.g.,
Fig. 5B) and other water-depth indicators. The
changing orentation of layering in breceia lev-
els, without relation to the general structure of
the sequence described above, suggests that
these deposits were generated in small overlap-
ping volcanic cones.

The volcanic facies of the Barranco del Taraja-
lito Formation (unit A) are proximal with respect
to the eruption centers. The association of pil-
low lavas, pillow breceias, resedimented pillow-
fragment breceias, and scoriy pillow breccias
indicutes that the voleanic activity was focused
along smull submarine cones with an essentiully
effusive activity. There were also periods with
predominantly submarine lava fountuim activity
that generated the layers of scona pillow brec-
cias in shallow waters (around 650 m; Wright.
1996), as illustrated in the paleogeographic
reconstruction of this unit (Fig. 11A). Density-
moditied grain Hows, cohesionless debris Hows,
or hyperconcentrated lows were the cause of

the destruction of those pillow-lavi units. Lava
[ountains were also common, Effusive emission
of phonolitic flows and domes und generation
of autoctastic breeeiss and resedimented auto-
clastic breceias periodically accompanied this
basaltic/basanitic activity.

The bimodal  basaltic/basanitic-phonolitic
volecanic activity continued during the generation
ol Los Negros Formation (unit C), However, the
primury facies are scarce and they probably can
be related w the activity of small basaltic/busa-
nitic cones or edifices formed by pillow lavas
and pillow-fragment breccias, The abundance of
voleanogenic deposits must be related to gruv-
ity flows (debris flows, density-modified grain
flows) and turbiditic currents on the Aanks of
voleanic edifices (Fig. 11C). The abundance of
this type of factes could also indicate & migra-
tion of emission centers away from the deposi-
tion basin, or a hiatus in volcanic activity that
favored the destruction of the previous subri-
rine voleanic edifices through gravity-driven
landslides. Tectonic and seismic instabilitics
inside the basin would dlso favor these pro-
cesses, Cones that have erupted through debris-
avalanche deposits of El Hierro island (western
Canaries) (Gee el al, 2001) might be modern
analogues to this unit.

Primary facies in La Gaters Formation
(unit D) indicate an effusive character of volea-
nic activity (Fig, 11D). Bimodal (basaltic/basa-
nitic and phonolitic) volcanic acuvity continued
during the deposition of the Toscano Formation
(unit E). However, the sedimentologioal echarac-
teristics of these deposits indicate that they were
formed predominantly from turbidity currents in
submarine fans surrounding the margins of the
basin (Fig. 11E). Distal parts ol these fans were
located in the southwestern ared, were the most

the voleanic breccias from the volcanog
facies association. Interbedded sandstones and
siltstones can be assigned to the deposition of
hyperconcentrated flows, tractive currents. or
suspensions probably related to those high-den-
sity gravity flows. The corposition and textures
observed in the fragments of these deposits
indicate the partial destruction of ultra-alkaline
volcunic edifices constituted by pillow lavas,
domes. phonolite-nephelinite flows, and related
autoclastic breccias. The presence of plutonic
fragments is indicative of the erosion of exposed
ultrw-alkaline  plutons. During  their motion,
gravity flows enclosed contemporary fragments
of basalt/basanite and clasts from the Mesozoic
sedimentary sequence.

In La Herradura Formation (unit B), abrupt
lateral facies changes suggest thar eruption of
basaltic/basunitic lavas took pluce through small
cones (Fig. 11B), with overlapping of pillow-
lavis units and different breccia types related to
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fine-g | matertuls are found.

Effusive volcanic activity prevailed during
the generation of the El Valle Formation (unit F)
(Fig. 11F). Basaltic/basanitic volcanic cones
emitted pillow lavas, which in tum generated
pillow breccias and pillow-fragment breceias,
sometimes resedimented by density-modified
grain flows: This activity alternuted with that
of lava fountains, which produced scoria pillow
breccias, The presence of colonial scleractin-
ians. subrounded clasts in the breccias, and low-
angle planar cross-lamination suggests that this
volcanic activity and resedimentation processes
ook place below shallow waters, Debrs-flows
in submarine fans surrounding the voleanic
cones and the margins of the basin generated
volcanic breccias, sandstones, and silistones,

The transitional volcanic group is thinner and
more heterogencous thun the submarine volcanie
group; The rocks of this trnsitonal group record
the first stages of emergence of the island.

Geological Society of America Bulletin, July/August 2006
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Textures, structures, and composition of
rocks in the Caleta del Barco Formation (units
Gl and G2) indicate that 1t consists of pyrochis-
tic flow and fall deposits due to explosive Plin-
1an subaerial eruptions (Fig. 11G). These pyro-
clastic flows included a large amount of lithic
fragments coming from hlocks dragged from
the host rocks during flow in the magma conduit
that latet' disintegrated due 1o the dynamics of
explosive eruptions. Composition of phonolitic
aned wrachytic flows is similar to that of pyro-
clastic layers. Therefore, it is probable that both
ware-emitted during the same volcanic cycle.

The Piedra de Fuera Formation (unit G3) is
extremely heterogeneous. The arrangement and
alternation of pillow lavas and breccias suggest
that they formed a fow-foot brecein (Jones and
Nelson, 1970) inside a lava delia (Fig. 11H),
generated after a subaerial flow entered into the
sea (Jones and Nelson. 1970: Funes and Frid-
leifsson, 1974). Pillow lavas. pillow-fragment
brecoias, and scoria pillow breccias were gener
ated during subaguatic effusive eruptions and in
lava fountiins in shallow waters. These materi-
als form smull voleanic edifices. Camptonitic
dikes represent the hypabyssal counterparts 1o
the other rocks descnbed in this unit.

The occurrence of matrix-supported con-
glomerates with imbricate clasis and a low
sphericity index in the Janey Formation (unit
G4) suggests a subtidal depositional environ-
ment with & continuous clast supply from the
foreshore. This supply should have resulted
from gravity flows, as debris flows (Fig. 111).
The faunal associations and sedimentological
characteristics observed in the Barmunco de la
Fuente Blanca Formation (unit G5) indicate that
these sediments were formed in shallow water
reely and (hat they were later resedimented by
eravity flows (Fig. 117),

In summary, the submarine and transitional
voleanic groups in Fuerteventura do not clearly
define a single large central edifice. Resedimen-
tation of previously deposited materials through
massive gravity flows is common, and these
sedimentary  deposits predominate in places
over proximal voleanic fucies, In particular. the
volcanogenic deposits attain a volume percent-
age of 30% n the submarine voleanic group
and 40% in the transitional volcanic group
(Fig.4). Volume percentages exceeding 50%
can be obtained in both groups after adding the
syneruptive resedimented deposits to the vol-
canogenic deposits. Therefore, the most accu-
rate image of the depositional setting for both
lithostratigraphic groups is a large basin infilled
by abundant volcanogenic deposits (Fig. 10G).
Geochemicully.  basaltic/basanitic  magmatic
activity was dominant, with only sporadic epi-
saddes of phonalitic activity, The first stages of
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filling of the busin reveal the activity of i pre-
dominantly  ultra=alkaline  volcanism, which
switehed w strongly alkaline with time, The dis-
tinct periods of voleanism led to the formation
of small overlapping volcanic cones constituted
by pillow lavas and autoclastic levels and scoria
pillow-fragment breceias due to the activity of
lava fountains. NNE-SSW lava flow directions,
which predominated during the formation of the
submarine volcanic group, switched to the NW
paleocurrent directions prevalem at least dur-
ing the last stages of the transitional volcanic
group (Janey Formation). The source region was
located to the NNE or NE of the basin for the
Toscano Formation (unit E), and to the SE of the
basin for the Janey Formation (unit G4),

Maudel of Tectonic Evolution of the
Submarine and Transitional Voleanic Groups

A lively debate persists about the origin of
the Canary Archipelago. Hotspot maodels (e.g..
Morgan, 1971: Hoernle and Schmincke, 1993h;
Carracedo et dl., 1998) rival with theories based
on displacement along large fractures assocated
with the tectonic evalution of the northwesiern
Alfrican plate (e.g.. Anguita and Herndn, 1975;
Arafia and Ortiz. 1991). Checking out these or
other models needs an accurate understanding

of Fuerteventura, The results are of interest in
the debate about the origin of the Caniry Archi-
pelago, and the general models of submarine
evolution and emergence of ocean islands.

To decipher the tectonic evolution of the sub-
marine rocks of Fuerteventur, it is necessary 1o
carefully analyze the observed pattern of super-
posed folding. The cross section of Figure 10G
shows a clear fanning in the submarine voleanic
complex. The available structural information
allows us to discard that this Tanning could be
the result of the complex geometry of the inter-
ference pattern. The half-wavelength of the f,
fold. although unknown, mustexceed S kmi. This
makes it quite improbable that the fanning could
be entirely a consequence of the geometry of the
£, Tolds. T can be concluded that this fanning is
in part a primary feature of the submarine volca-
nic group, The axisof this fan coincides with the
i axis. suggesting that the submarine voleanic
group ean he considered as a syntectonic series
with respect to the f, folding phase. Tnterest-
ingly. the lava flow directions measured in the
submarine voleanic group are almaost normal to
the f, axial traces (Fig, 11E), suggesting again o
structural control on the deposition of the volea-
nie and sedimentary sequences. [n other words,
the depocenter was located immediately to the
north of the inverted limb of the f anticline as

of the tectonic evol of the ine stage
at each island. Unfortunately, basal complexes

fefined by the pretectonic Mesozoic sediments.
Fanning of growth strata is best described as

only crop out in three islands of the archipelago
(Fuerteventura, La Gomera, und La Palma), and,
as explained before, published structural data
are still scarce. With respect to Fuerteventur,
two miin stuges of tectonic evolution have been
identified. The first stage inyolved the gencera-
tion and defarmation of the submarine sedimen-
tary and voleanic rocks. Given the age of these
senes (Fig, 9), this first stage 1ok place in the
Oligocene. The only published tectonic model
of this period is that of Robertson and Stillman
(1979a), who explained the te¢tonic structures of
the Mesozoic sediments and submarine volcanic
rocks s a result of successive phases of uplift,
compression, and extension. More  recently,
Ferndndez et al. (1997) described an exten-
sional episode dated as late Oligocene or early
Miocene that marks a transition to the second
stage of tectanic evolution, which is essentially
Miocene. The second stage coincides with the
subaerial building of the island. Several defor-
mition phases, ext al and transpressional
have been proposed for this second, Miocene
stage (e.g., Ancochea et al., 1996; Mufioz et al..
1997; Hohson et al. 1998). The purpose of this
section is 1o use the new volcano-stratigraphi-
cal and structural informanon gathered here to
contribute to the knowledge of the first stage
(Oligocene) of evolution of the basal complex
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a prog unconformity. Similar, although
not identical, fanning of growth strata has been
described in leeland’s rift zone, where it has
been interpreted as a result of subsidence due
10 the weight of syntectonic lavas (Palmason,
1980). Patterns similar to those of Teeland have
been imaged by scismic reflection at the south-
em flank ol the Azores Platform (Alves et al,,
2004), However, the geometry of the symtec-
tonic series in the Ieelandic rifts or in the Azores
differs m detail from that of Fuerteventuriu In
particular. the dip of the lavas rarely attains
the large values measured in units A o D, and
overtumed beds have not been described (e.g.,
Bull et al., 2003). Continuous fanning of growth
strata from subhorizontal 1 nearly vertical or
even overturned beds has been identified in 1we
contrasting continental settings: that associated
with listric extensional growth faults subjected
10 4 hate inversion (e.g., McClay ef al., 2004), or
as a consequence of the progressive evolution
of fault-related folds in contractional regimes
(e.g.. Hurdy and Poblet, 1994; Hardy et al,
1996). It scems reasonable to cust some doubts
about the applicability of these models to ana-
lyze the tectonic evolution of intraplate oceanic
lithospheres. However, flat detachments. listric
extensional faglts, and oceanic core complexes
similar to those of extended continental regions
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are heing widely recognized in the study of the
sealloor (e.g.. Karson, 1998). Some of these
listrie faults affect the oceame erust and con-
verge toward the Moho, which coincides with
a major ductile shear zone. Certainly. displace-
ment along these structures takes place beneath
the ridge axes (MacLeod et al., 2002), but these
faults can be seen in (he oceanic crust far from
the active ridges, as revealed through the study
of major faulted scarpments (Karson, 1998). A
Jurassic oceanic crust, like that of Fuerteventura,
subjected to renewed uplift is probably able to
reactivate these old faults, or to generate new
structures of 4 similar geometry, Therefore, we
suggedt that the models of deformation of the
continentul erust cited before can be used as a
first approximation to gqualitatively describe the
tectonic evolution of a similarly deformed oce-
anic crust, In fact, the oceanic structures imaged
by Karson (1998) and MacLeod et al. (2002) are
mdistingnishuble (ram those observed in com-
parable continental extensional settings.

The location af Fuerteventura above a wide
zone of anomalous hot mantle (Hoernle et al.,
1995) and the amount of uplift experienced by
the oceanic crust since the Albian (a minimuny
of 1800 m. and perhaps more than 3000 m)
favor the interpretation of an extensional regime
against the contractional hypothesis. As men-
tioned hefore, an extensional Kinematic regime
has also been proposed for the subsequent stuge
of Miocene deformation of Fuerteventura {Casil-
las eval., 1994; Fernandez e al., 1997; Mufioz et
al,, 1997). Besides. some evidence of contrac-
tional structares has been found (Hobson et al.,
1998; Gutiérrez ¢t al., 2002). The main proof of
acontractional phase is the overtumned Mesozoic
series, Robertson and Stillman {(1979a) suggested
that the fold alffecting the Mesozoic sedimentary
rocks (/) could have been generated by dextral
motion along a N-S—oriented transcurrent shear
zone. Nevertheless, pretectonic and early syntec-
tonic series can be rotated up 1o quite lurge dip
angles through displacement it the hanging wall
of a listric extensional fault (e.g., McClay et al.,
2004). Only moderate contractional deformation
15 needed (o overturn these highly dipping series.
Therefore, the hypothesis favored in this work
mvolves displacement along a listric extensional
detachment that experienced a late inversion as
a thrust or transpression shear zone. Gravity and
bathymetric Studies in and around Fuerteven-
turit provide support for the presence of such a
WNW-ESE-directed structure (Gonzalez Mon-
tesinos, 2002; Acosta et al,, 2003), We contend
that the submarine voleanic group was depos-
ited at the hanging wall of this fault, which was
active during the Oligocene. The strike of this
fanlt is WNW-ESE, and the hanging wall was
displaced toward the SSW. The Mesozoic oce-
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anic erust was displaced and folded in the hang-
ing wall, generating a roll-over geometry (fold
£, The uplified footwall, located 1o the north of
the studied area, cotneides with the exposures of
Mesozoic rocks sonth of Esquinzo (Fig. 2). At
the Esquinzo area. the Mesozoic sediments strike
WNW-ESE and dip gently to the SSW, although
in the southemn part of this area, Mesozoic beds
dip steeply to the SSW. The original fault trace 1s
covered with Neogene and Quaternary subacrial
volcanic rocks and sediments. The available dut
don’t allow an accurate reconstruction of the
tault geometry by section balancing. However,
this structure is a farge extensional fault in the
sense of Roberts and Yielding (1994), because
it affects the sedimentury rocks and the tholei-
jtic N-MORBs of the Mesozoie oceanic crust.
The thickness of the synextensional growth
wedge (>5 km. Fig, 10G) is also indicative of
the crustal-seale size of this structare. The con-
tractionul phase responsible for the overturned
position of the Mesozoic series and the basal
part of the submurine voleanic group probably
ook place in the late Oligocene, perhaps coinci-
dent with deposition of the transitional voleanic
group, which lies unconformably above the sub-
marine volcanic group. This contractional phase
represented the end of the first stage of tectonic
evolution of Fuertevemtura, mostly accom-
plished while the zone was below the waters of
the Atlantic Ocean.

Finally. the last units of the trnsitional vol-
canic group (Janey and Barranco de Ta Fuene
Blanca Formations) represent  shallow-water
depositional and eruption environments, and pre-
dominantly NW paleocurrents. at high angles to
the £, axisl trace (Fig. 10F). The age of this upper
part of the transitional volcanic group is prob-
ably early Miocene (Fig. 9) and coincides with a
part of the syenite-carhonatite complex of Punta
del Pefién Blanco, This complex intruded during
an extensional episode chamcterized by WNW
extension directions (Fernindez er al. 1997).
According 1o its structural and cartographical
characteristics, Gutiérrez (2000) interpreted (he
£, fold as a large roll-over fold associated with
WNW-ESE extension, The uplifted footwall
should be Tocated to the east of the present-day
exposure of the basal complex. This can explain
the paleocurrents in the Janey Formation (unit
G4), The subsiding block was filled first with
shallow-water sediments Janey and Bamanco
de la Fuente Blanca Formations, units G4 and
GS) and finally with a thick series of volcanic
rocks (the subaerial voleunie group). During this
stage, Fuerteventura emerged definitely from the
waters of the Atlantic Ocean. This could be a
consequence of magma production rare exceed-
ing the subsidence rate or; alternatively, a result
of renewed uplift af the complex due to isosiatic
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uplift linked to the extension (c.g.. Wernicke,
1985), or ol the influence of 4 thermally anoma-
lous mantle, This phase corresponds (o the incep-
tion of the second stage of tectonic evolution of
the already emerged Fuerteventura Island.

Submarine Growth of Fuerteventura:
Tectonic Controls on Emergence of an
Intraplate Volcanie Island

The model of seamount growth by Sumdigel
and Schmincke (1984) (inset of Fig. 121 is based
on the interpretation of the exposed submarine
series b La Palma (western Canary Islands,
Fig. 1), Its first stage of evolution consists of
deep-water (1000-5000 m) voleanic facies on
top of the sediment layer of the oceanic crust.
Intrusion of dikes and sills caused deformation
and doming of the unconsolidated sediments.
Redepositional processes affected the sediments
of the growing seamount, which was massively
intruded by later sills. The second stage was
characterized by explosive voleanic activity
below inter water and shouling depths,
Deposits were more vesiculur than in the first
stage, and debris-low breceias were deposited
on flanks and aprons of the seamount. The emer-
gence stage was characterized by tuff cones and
associated pyroclastic deposits, The transition (o
the island stage was marked by the emission of
voluminous subaeridl lava flows forming a resis-
tant lava cap on the easily eroding pyroclasts,

Fuenteventura differs in many ways from this
classical model. The initial submarine volcanic
rocks resting over the Mesozoie sediments are
highly vesicular, and emission depths could not
have exceeded 700 m. Therefore, no signs of
deep-water voleanic facies are found in Fuarte-
ventura, The high proportions of clastic rocks
and the virtual absence of sills of the submurine
volcanic group are similar (o the characteristics
of the mtermediate-water or shoaling stage of
the classical model, The transitional volcanic
group can be compared with the emergent stage,
It Fuerteventura, the submarine voleanic rocks
and their oceanic basement are tectonically
tilted. The submarine voleanic group defines o
progressive unconformity, und it can be consid-
ered as a syntectonic umi, related to the evolu-
tion of the hanging wall basin of a listric detach-
ment. The transitional volcanic group onlaps the
submarine volcanic rocks, and it prabably marks
the evolution from an extensional to a contrac-
tional and back to an extensional regime.

Based on our interpretations of the Fuerte-
ventura submarine evolution, we propose an
alternative model of submarine growth of vol-
canic islands (Fig. 12A-D). This model is not
apposite but complementary to that of Staudigel
and Schmincke (1984). In this new model, the
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Figure 12, Top: Simplified sketch showing
the model of evolution of a seamount growth
of Staudigel and Schmincke (1984), Black
represents intrusive rocks. See text for fur-
ther explanation. (A-D) Model of submarine
growth and emergence of volcanic islands in
tectomically active settings, exemplified by
the basal complex of Fuerteventura. Note
the difference between the vertical and hori-
zontal scales. (A) First stage: broad arching
of the oceanic crust, probably caused by
sublithospheric forces. (B) Second stage:
collapse of the domal uplifted area by large
extensional faults and generation of inter-
mediate- and shallow-water submarine
volcanic rocks in the hanging wall basins.
(C) Third stage: inversion of the exten-
sional detachments as reverse laulls, trig-
gering a transient emergence of the basin
and its basement; generation of an onlap-
ping (ransitional volcanic unit with sub-
aerial and shallow-water facies. (D) Fourth
stuge: renewal of ional displ t
(orthogonal with respect to that of the sec-
ond stage in Fuerteventura) with massive
emission of predominantly subaerial lava
flows; definitive emergence of the istand.
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tectonie evolution of the ocecanic basement
plays a lundamental role in the growth and
emergence of the island, It is, therelore, more
dynamic than the classical model, which consid-
ers a static ocean floor. The oceanic basement
must be uplified before the first stage of subma-
rine voleanism, Uplifts of between 1500 m and
3500 m have been cited (or the ocean crust at
Fuerteventura (Watts, 1994; Martinez del Olmo
and Buitrago Borrds. 2002), where the original
water depth may have been greater than 2500 m
(Martinez del Olmo and Buitrago Borrds, 2002).
Given the intermediate-water volcanic facies of
the submirine volcanic group. i broad doming
of the ocean floor is assumed in this model for
the carly Oligocene (Fig. 12A), albeit the shipe
and extent of this uplifted area is unknown. Dur-
ing a second phase, the domal area locally col-
lapsed, and a large extensional fault was gener-
ated. The volcanic activity was focused along
this large structure, volcanic miterial illed the
hanging wall basin of the fault (Fig. 12B). The
shallow-water bithymietry of this basin expe-
rienced few changes during the second phase.
However, more than 2 km of voleanic growth
strata were deposited and progressavely tilied
i the basin due to the asymmetric subsidence
and rotation of its floon Inversion of the exten-
stonal fault during the late Oligocene triggered
a first episode of transient, tectonic emergence
of the basin. This represents the third phase of
evolution, with deposition of pyroclastic and
sedimentary rock series onlapping the previ-
ous submarine sequence (Fig. 12C), Renewed
volcanic activity during the early Miocene was
favored by @ new extensional episode (fourth
phase). the subaerial voleanic series (Fig. 12D),
which unconformably covered the basin and its
margins with voluminous lava Hows. This stage
heralded the growth of the Miocene lurge shield
voleanoes (Ancochea et al., 1996) and the gen-
eration of a stable island.

The ongin of the doming must have been
located below the lithosphere, as the fate of
an old oceanic lithosphere (of Toarcian age in
Fuerteventury, according to Steiner et al,, 1998)
15 to contintously subside (e.g.. Stein and Stein,
1992). A mantie plume (e.g., Holik et al., 19915
Curracedo et al., 1998) or a large anomalous
zome in the upper sublithospheric mantle (e.g.,
Hoemle et al., 1995) has been reported in the li-
crature to account for the origin of the Canary
Archipelago. These hypotheses and those con-
sidering the tectonic influence ol the nearby
Atlas region (e.g., Anguita and Herndn, 1975)
can now he evaluated necording 1o the results
of our work. Convergence between the African
und Eurisian plates began in the Late Cretaceous
and continued until the present day with only
minor modifications (e.g., Dewey et al,, 1989).
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A first contractional episode has been identi-
fied in the Atlas domain during the late Eocene
te.g., Brede et al., 1992), However, as shown by
Frizon de Lamotte et al. (2000), the Oligocene
o early Miocene Africa-Eurasia convergence
was mainly absorbed across the ALKAPECA
(Albordn, Kabylies, Peloritan, and Calabriz)
domain and the Iheriun-Balearic margin, The
Atlas system experienced the main contractional
deformation phase late in the Miocene and more
clearly during the Pleistocene and early Quater-
nary (Frizon de Lamotte et al., 2000). Therefore,
the link between the Atlas tectomies and the early
evolution of Fuerteventura seems weak. Also, the
Anti-Atlas Mountains do not continue westward
onto the African continental shelt’ (Dillon, 1974).
The western Mediterranean region and the Atlas
systern have been considered as a diffuse plate
boundary (Goniez et al., 1996) with very het-
erogencous. heterochronous, and varied defor-

lithosphere (mantle-activated rifts of Condie,
1982). The orthogonal arrangement of the two
extensiondl episodes (Oligocene und Miocene)
is remarkable. Furthermore, the Miocene exten-
ston involved WNW  predominant stretching
along with NNE subordinate extension ( Ferndn-
dez et al., 1997). Similar orthogonal amunge-
ments of faults and joints have been described in
the evolution of elongate continental intraplate
basing subjected to successive cycles of uplift-
ing and subsidence (Price and Cosgrove, 1990).
In Fuerteventura, this evolution could be tenta-
tively explained as due to the clongate geometry
of the uplifted region. In fact, a broad crustl
arching has been observed in the Conception
Bank (Fig, 1), to the north of Fuerteventura
(Martinez del Olmo and Builrago Bortsis, 2002).
A recent gravity survey hias shown the presence
of a positive Bouguer-anomaly coinciding with
the exposure of the basal complex (Gonzilez

mation. However, the West Suharan e |
miargin, next to the Canary Archipelago (Fig. 1),
does not show any record of contractional defor-
mation (Von Rad and Wissmann, 1982; Mar-
tinez del Olma and Buitrago: Borrds, 2002).
Oligocene erosion, due 1o & global sea-level fall,
was importunt ulong this margin, and especially
in the northemn coastal basin, nearby Fuerte-
venturs (Ranke et al., 1982), where the doming
could have intensified the effect of the eustatic
regression. Therefore, the tectonic setting of the
submarine and transitional voleanism in Fuerte-
ventur was probably linked more 1o a regional
sublithospheric cause than to the plate-tectonic
evolution of the northwest African plate.

An altermative interpretation considers that
emplacement of high-level plutonic complexes
(ulira-alkaline complexes, Vega de Rio Palmas
complex, and gabbro-pyroxenite plutons) may
have had some effect in lifting their envelope
(eg., Le Bas et al., 1986). Uplifts probably
exceeding 1500 m and near-vertical dips of bed-
ding seem oo high of values to be attribured o
emplacement of busic magmas alone, although
collaboration of plutans in this uplift cannot be
discarded, Most of these plutons occurred later
and crosscul the submarine and transinonal vol-
canic groups (e.g., the Vega de Rio Palma com-
plex. Figs. 2 and Y). Therefore, they cannot be
responsible for the syntectonic tilting of the sub-
marine series, Also, the subeylindrical style of
the f, and £, folds seems at odds with the irregu-
liur geometry of the plutans,

Independent ol the origin of the doming, this
process and the subsequent tectonic phases pro-
vided the uplift necessary to bring the Mesozoic
oceanic basement above sea level. Lithosphere
doming followed by large-scale faulting and
massive emission of volcanic rocks is a typical
sequence oF many rift settings in the continental
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Montesi 2002y, 1 ingly, Gonzdlez
Montesinos (2002) has modeled the anomaly as
a high-density body that can be followed from
the surface down 1o at least 15 km below sea
level. This high-density body shows two main
trends: NNE-SSW and WNW-ESE. The NNE-
SSW trend extends along the western coast of
Fuerteventuri toward the north. The WNW-ESE
trend coincides with the outcropping Mesozoie
oceanic ¢rust, in the area studied in this work.
and it continues offshore the east and west
coasts of Fuerteventura, reaching the boundar-
ies of the surveyed area. The geometry and size
of the WNW-ESE branch of the modaled body
support the hypothesis of crustal or lithosphere
scale for the main fault associated with the gen-
cration of the submarine voleanic complex. This
branch is also outlined by @ spur-like feature,
localized by Acosta et al. (2003), which divides
the northwest margin of Fuerteventura in two,
The orthogonal arrangement of both wends of
eravity anomalies coincides with the pattern and
location of the superposed structures due to the
two mian deformation phases in Fuerteventura,
Finally. the origin and importince of the inter-
vening contractional episode are debatable. Tt
15 templing to investigate the link between this
contractional episode and the tectonics result-
ing from the Cenozoic convergence belween
Africa and Eorasia. although a local rather than
regional origin is more likely, considering the
low deformation intensity and the reduced areal
extension shown by this episode.

CONCLUSIONS

The period of submarine growth and emer-
genee of the intraplate island of Fuerteventura
(Canary Tslands) is recorded in three main
lithostratigraphic units: the submarine volcanic
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group, the transitional voleanic group, and the
subaerial volcanic group. The submarine volea-
nic group consists of more than 2 km of inter-
mediate- to shallow-water primary volcanic
facies. with abundant interlayered volcanogenic
deposits. The different lithostratigraphic units of’
this group fill a syntectonic wedge-shaped basin.
The oceanic basement (sediments and MORBs)
forms the substratum of this basin. The margins
of the basin are oriented WNW-ESE, the strike
of paleocurrents is NNE-SSW, and the source
region 15 located to the NNE. The transitional
volcanic group marks a first stage of emergence
of the SSW margin of the basin, Coastal and
shallow-water sediments cover subserial lavas
and pyroclastic lows, During the last stages of
deposition of the transitional voleanic group. the
paleocurrents changed 1o WNW-ESE. Massive
subaerial lava flows of the subaerial volcanic
group lie indistinetly over the oceanic basement
and the submarine and transitional groups. This
episade marks the beginning of the formation
of the main shield volcanoes of the island. The
structural charactenistics of thiese units show
a complex pantern of superposed folding. The
older folding swge (7)) developed coeval with the
deposition of the submarine volcanic group and
the lower part of the transitional volcanic group.
Itis here interpreted that this fold was originally
generated as a roll-over fold over a large listric
extensional detdchment with WNW-ESE sirike.
The syntectonic basin is considered asa b o
wall half-graben filled with the submarine group
(growth strata), Inversion of the detachment as a
reverse fault generuted the local overtuming of
the oceanic basement, and it is responsible for
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[1] The older geological units of the volcanic island
of Fuerteventura (Canary Islands), i.e., the so-called
basal complex and the lower part of the subaerial
voleanic rocks, show abundant structures indicative of
a long-lived period of Miocene tectonic activity. These
structures include faults, dike swarms, kilometer-scale
folds, tilted sequences, and fissural and central
voleanic edifices. A detailed structural study, based
on geological mapping and the use of fault slip
inversion techniques and statistical analysis of dike
orientation, has allowed the identification of
three separated Miocene deformation phases: M-D,
M-D5, and M-D:. The average extension directions
determined for these phases are NW-SE, NNE-
SSW, and ENE-WSW, respectively. A model of
oceanic lithosphere rifting is proposed to account for
this deformation history. A buoyant, anomalous
sublithosphere mantle triggered the extension in the
lithosphere beneath Fuerteventura. isolating it during
the early and middle Miocene from the plate-scale
collision regime predominant in the NW comer of the
African plate, Citation: Ferndndez, C,, R. Casillus, E. Guarcia
Navarro, M. Gutiérrez, M. A. Camacho, and A. Ahijado (2006),
Miocene rifting of Fuerteventura (Canary Islands). Tectonics. 25.
TC6005. doi:10.1029/2005TCO01941.

1. Introduction

[2] Voleanic edifices in oceanic intraplate islands have
been extensively studied during the last decades due to both
academic and economic interests. Velcanie islands mostly
lie above hot spots and their analysis is essential to test
alternative models on how the lithosphere and the sublitho-
sphere mantle contribute to the kinematics and dynamics of
plates [e.g., Foulger et al., 2005]. Active volcanoes are
highly dynamical structures with intervening episodes of
growth and structural failure [e.g., MeGitre ¢t al.. 1996].
Understanding this complex evolution is the best tool for
risk mitigation and to guarantee safety of populations,
Modern research is focused in the study of the relationships
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between regional and local stress fields, and geometrical,
kinematic and rheological evolution of volcanic edifices
and their substratum. Methodology includes numerical and
analogue modeling [e.g., van Wk de Vijes and Muatela,
1998; Cecchi et al., 2005] and field studies [e.g.. van Wik
de Vries et al., 2001]. A considerable effort has been
recently devoted to the analysis of the role of regional
tectonics on the evolution of oceanic islands. Apart from
the cases of obvious association of oceanic valcanoes with
diverging plate boundaries (lceland, Azores) [e.g., Searle.
1980; Bull et al., 2003], a lively debate is going on about
the origin of oceanic intraplate islands and island chains as
a result of plume- or nonplume-related magmatism (inter-
esting material on this topic can be found at htp://
www.mantleplumes.org/). Unfortunately, very few works
have addressed the problem of analyzing deformation
structures in a regionally stressed shicld-voleano substra-
tum. This is the main goal of this contribution, devoted to
the study of the structures associated with the growth of the
large Miocene shield volcanoes in the Fuerteventura [sland
(Canary Archipelago).

[3] The Canary Islands are a volcanic archipelago located
at the eastern Atlantic Ocean, not far from the NW Africa
coast. Several hypotheses concerning the origin of the
Canary Islands have been presented. These include the
mantle plume hypothesis [Morgan, 1971; Holik et al.,
1991; Hoernle and Schmincke, 1993; Hoernle et al.,
1995: Carracedo et al.. 1998], the propagating fracture
hypothesis [Anguita and Hernan. 1975]. the local exten-
sional ridge [Fusrer. 1975], and the uplifted tectonic blocks
[Araia and Ortiz. 1991]. Unfortunately. most of these
models have been elaborated with a scarce knowledge of
the main structural features and tectonic evolution of the
archipelago. This lack of structural information is especially
important for the lower units that, in the Fuerteventura
Island. include the uplifted oceanic crust. the rocks of the
submarine stage of growth, and the plutenic roots of the
subaerial volcanic successions. Significant advances have
been made in the last years. and an increasing number of
structural data have been gathered in the distinet islands of
the archipelage |e.g., Casillas et al., 1994; Marinoni and
Pasquare, 1994; Fernandez et al., 1997, Marinoni and
Gudmundsson, 2000: Ferndndez et al.. 2002]. The structural
evolution of the Lanzarote Island (Figure 1. inset) has
been polyphasic, as shown by Marinoni and Pasquaré
[1994] for the posterosional evolution stage of that island.
Marinoni and Pasquaré [1994] recognized at least two
recent (<6 Ma) deformation phases that generated predom-
inantly strike-slip faults, a tectonic regime that fits the
predictions of numerical models for the northwestern Afri-
can plate [Jiménez-Munt and Negredo. 2003). Ductile-
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Figure 1.

Location of the Fuerteventura Island in the Canary Archipelago and simplifietd geological

map of the island, Modified from Ancochea ef al. [1993]. The outlined areas correspond to the regions
mapped in detail and shown in Figures 4b and 5. Cross sections 1-I"-I” and [I-[I" are also shown, S. C and
N refer to the centers of the large volcanoes described by Ancochea et al [1993].

brittle shear zones have been described in Fuerteventura
[Casillas et al., 1994: Ferndndez er al.. 1997]. These
shear zones generated during an old extensional episode
(~25 Ma), contemporary with the transition from subma-
rine to subaerial growth of Fuerteventura [Guriérrez et al.,

2006]. Polyphase brittle deformations have also been
described for the shield-building stage of Tenerife (<8 to
=3 Ma) [Marinoni and Gudmundsson, 2000] and La
Palma (<2 Ma) [Fernandez et al., 2002]. However, the
structural information is scarce and irregularly distributed
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across the archipelago, and much more work remains to
be done in this field. These data are fundamental to any
comprehensive mode] attempting to explain the origin of
the Canary Islands.

[4] New information concerning the Miocene tectonic
evolution of the Fuerteventura Island is presented in this
work. The Oligocene tectonic history of Fuerteventura,
coeval with its submarine stage of growth, has been
presented elsewhere [Guriérrez, 2000; Guriérrez et al.,
2006]. This work is primarily focused on the study of
the Miocene deformation stages, which coineided with the
main episodes of the subaerial voleanic evolution of the
island. Section 5 includes some ideas about the implications
of the results of this work to unravel the tectonic origin of
the archipelago, and to contribute to the understanding of
the structural evolution of some voleanic edifices in oceanic
islands associated with hot spots. Current discussion on
plumes, plates and magmatism [e.g., Foulger et al. 2005)
can also benefit from the results of this work.

2. Geological Setting

[5] Fuerteventura is located at the castern Canary ridge
[Coello et al., 1992], defined by a NNE-SSW trending
voleanic province comprising the Fuerteventura and Lan-
zarote Islands, and their submerged prolongation at the
Conception Bank [Weigel et al., 1978; Danobeitia. 1988]
(Figure ). The geological history of Fuerteventura is long
and complex [Fuister et al., 1968; Stillman et al., 1975;
Fuister et al., 1980; Le Bas ¢t al., 1986: Sugredo et al., 1989:
Coello et al., 1992; Ancochea et al., 1996; Steiner et al.,
1998; Balogh et al., 1999; Musioz et al., 2005], and the island
lies on the Atlantic oceanic crust, Early Jurassic in age
[Banda et al., 1981; Steiner et al., 1998). Depth to the Moho
beneath Fuerteventura is of 1520 km [e.g., Dasiobeitia and
Canales, 2000]. A layer 24 km thick with seismic veloc-
ities of 4.2-4.3 km s ' characterizes the upper crust. This
layer averlies the middle crust, with a thickness of 5-6 km
and seismic velocities of 6.1—6.6 km s~ ", Finally. the basal
part of the crust coincides with a 7.4 km s~ velocity layer.
8—10 km thick. interpreted as oceanic crust intruded by
mantle-derived material [Waus, 1994], The upper mantle
shows seismic velocities of 7.6-7.8 km s~ ' above Fuerte-
ventura [Daneheitia and Canales, 2000].

[6] For the purposes of this wark, four main units can
be distinguished in the island (Figure 1). These are, from
mostly older to younger, the basal complex [Fuster er al.,
1968; Stillman et al., 1975], the subaerial volcanic group
[Gutiérre=. 2000], the Miocene subacrial volcanic com-
plexes, and the Pliocene and Quaternary sedimentary and
volcanic rocks. These units are described with detail in
this section previous to the analysis of their structural
characteristics.

2.1. Basal Complex

[7]1 In this work, the basal complex includes the exposures
of the Mesozoic oceanic crust, the submarine and transitional
voleanic groups, and the plutonic bodies and dike swanns
associated with these groups and with the subaerial volcanic
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units. Former studies considered the subaerial volcanic
group as a part of the basal complex [e.g., Fuster et al.,
1968: Stillman et al., 1975). However. the work of Gutiérre=
[2000] has shown the distinctive characteristics of this
subaerial group and, given its tectonic relevance, it has been
distinguished here from the basal complex.

[¥] The outcropping fragment of Mesozoic oceanic crust
consists of a thick sedimentary sequence (around 1600 m)
overlying tholeiitic normal mid-ocean ridge basalts
[Robertson and Stillman, 1979; Robertson and Bernouilli,
1982; Steiner et al., 1998]. The terrigenous and pelagic
sedimentary succession spans from the Early Jurassic to the
Late Cretaceous [Steiner et al.. 1998], and it was deposited at
a deep-sea fan derived from the West African continental
margin [Fuster et al., 1968: Robertson and Stillman, 1979a;
Robertson and Bernouilli, 1982: Steiner et al., 1998].

[¢] Resting unhconformably on the Mesozoic oceanic
crust is the submarine volcanic group [Robertson and
Stillman, 1979b; Fuster et al., 1984a, 1984b; Le Bas et
al., 1986; Stillman, 1987, 1999; Gutiérrez, 2000; Gutiérrez
et al., 2006]. This unit is composed of primary volcanic
facies and volcanogenic facies (nomenclawre after McPhie
er al. [1993]), which are characterized by the presence of
rocks with ultra-alkaline affinity and strongly alkaline rocks.
The age of the submarine voleanic group is Oligocene, and
it has been interpreted as a syntectonic unit with respect to'a
NNE-SSW directed extension [Gutiérrez, 2000; Gutiérrez et
al., 2006].

[10] Onlapping the submarine volcanic group is the
transitional volcanic group. This is a lithostratigraphic unit,
late Oligocene in age. which has been interpreted as a result
of explosive plinian subaerial eruptions, lava delas, shallow
water effusive eruptions, gravity flows, and shallow water
reefs [Guuicrrez, 2000; Gutiérrez et al., 2006]. Late during
the deposition of the transitional volcanic group started the
ESE-WNW directed extensional episode characterizing the
Neogene subaerial building of the island, whose study is
the main objective of this contribution.

[11] Plutonic and hypabyssal rocks. probably associated
with the submarine and transitional volcanic groups, form
the ultra-alkaline complex [Fiister er al., 1980; Le Bas et al.,
1986; Ahijado and Herndndez-Pacheco, 1990; Muioz et al.,
2005). The younger of these rocks became emplaced
contemporary with displacement along brittle and ductile
extensional shear zones [Casillas et al., 1994; Ferndandez et
al., 1997]. These zones were active during the late Oligo-
cene, around 25 Myr ago [Le Bas et al., 1986; Cantagrel et
al., 1993; Sagredo et al., 1996; Ahijado, 1999; Balogh et
al., 1999], therefore heralding the Neogene extensional
episodes that are described in this work.

[12] A cortege of plutonic rocks (pyroxenites, gabbros
and syenites) and a dike swarm crosscut the whole of the
previously described units in the basal complex [Gastesi,
1969, Mwioz, 1969] as well as the rocks of the subaerial
volcanic group. These rocks are mostly Miocene, and they
have been interpreted as the hypabyssal roots of the suc-
cessive episodes of growth of the subaerial voleanic edifices
[Ancochea et al.. 1996; Balogh et al., 1999: Moz el al.,
2005].
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2.2. Subaerial Volcanic Group

[13] The subaerial volcanic group rests unconformably on
the units forming the basal complex (Figure 1). A very
heterogeneous unit of basalts, trachybasalts, debris-
avalanche breccias and debris-flow breceias form this group,
which is intensely crosscut by the previously mentioned basic
dikes and plutons. The density of the dike swarm has
obliterated many of the orginal features of these rocks,
although lava flows, sometimes of pahoehoe type. and their
refated autoclastic breccias are commonly observed. This
group has been originally defined by Gutiérrez [2000], who
first described its subaerial character, thus separating it from
the clearly submarine and transitional rocks of the basal
complex. The age of this group has not been determined,
but it must be comprised between the last stages of deposition
of the transitional volcanic group [23 Ma afier Gutiérrez,
2000] and the oldest episodes of the Miocene subaerial
voleanic complexes (20-22 Ma according o Ancochea et
al. [1996]).

[14] The rocks forming the basal complex and the sub-
aerial volcanic group suffered a locally intense hydrother-
mal metamorphism of greenschist facies. The origin of this
metamorphism is the massive intrusion of dike swarms and
plutons related ta the subaerial voleanic rocks [Fuister et al.,
1968; Stillman et al., 1975; Robertson and Stillman, 1979b;
Fuster etal., 1984a; Javoy et al., 1986; Muioz and Sagredo,
1994; Hobson et al., 1998; Gutierrez, 2000].

2.3. Miocene Subaerial Volcanic Complexes

[15] Three huge basaltic volcanic constructs were gener-
ated during the Miocene in Fuerteventura: the southern,
central, and northern edifices (Figure 1) [4ncochea et al.,
1996]. The growth of cach edifice was punctuated by
periods of voleanic quiestence associated with erosion
and development of giant landslides [dncochea et al,
1996; Stillman, 1999]. The southern edifice (the SVC of
Ancochea er al. [1996]) crops out in the Jandia Peninsula
(Figure 1). and it was built by three successive constructive
episodes, SVC-I, SVC-II. and SVC-III. The bottom of the
series (SVC-1, 20.7-19.3 Ma [Ancochea et al., 1996]) is
mostly composed of pahochoe basaltic lava flows, hydro-
magmatic pyroclasts and quartz-trachytic plugs and tuffs.
Locally, resting unconformably on this pahochoe unit is a
level of polymictic breccias, of variable thickness, that is
covered by a series of ankaramite lava flows. The SVC-II
episode (17.2- 154 Ma [dncochea et al., 1996]), formed by
lava flows and pyroclasts of basaltic and trachybasaltic
composition, lies uncontformably above the SVC-I, filling
an importamt paleorelief [Ancochea et al., 1996]. Finally,
ankaramite flows, olivine-pyroxene basalts and, to a lesser
extent, trachybasalt flows of the SVC-IIT episode (15.2—
14.2 Ma [dncochea et al., 1996]) lie indistinctly above
SVC-1 or SVC-IL On the basis of structural and topographic
criteria, Ancochea et al. [1996] proposed the existence of a
large central volcano for SVC-II and SVC-II, with its
center located offshore. to the north of the Jandia Peninsula
(Figure 1).
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[16] Three constructive episodes have been distinguished
in the central volcanic complex (the CVC) according to
Ancochea et al [1996]. The CVC-I presents a lower unit of
polymictic breccias that rest above the lava flows of the
subaerial volcanic group. These breccias probably represent
debris-avalanche deposits related to gravity slides of un-
known dimensions, and they could be correlated with those
appearing at the top of the SVC-1. In that case, the subaerial
voleanic group and the pahochoe lavas of the basal SVC-1
could correspond to the same volcanic episode. Above the
polymictic breccias there appears a thick (>1000 m) se-
quence of basaltic, mainly ankaramitic, flows, tilted und
crosscut by abundant dikes. that will be studied with detail
in this work. Thin basaltic flows and pyroclast levels. as
well as trachyte flows, plugs and dikes, constitute the
CVC-II (22.5-20 Ma [Ancochea et al., 1996]). A poly-
mictic breccia seals the unconformity between CVC-I and
CVC-IL. Thick flows of basalt and trachybasalt of the
CVC-III episode (15.6—14.5 Ma [4ncochea er al., 1996])
lie above CVC-1, CVC-Il, or even above the subaerial
voleanic group. Again, a central volcanic edifice has been
deduced for the CVC (center in Figure 1), with different
centers depending on the considered constructive episode.

[17] The northern edifice (NVC) includes two construc-
tive episodes (NVC-T and NVC-II) separated by a voleanic
agglomerate unit (Ampuyenta Formation) witnessing the
collapse of the NVC-I edifice. Basalts, pieritic basalts,
oceanitic basalts, trachybasalts and trachytes predominate
in NVC-1 (22(?)-15.3 Ma [4ncochea et al., 1996]). Basaltic
lava flows constitute the NVC-II episode (14.3—-12.8 Ma
[Ancochea et al.. 1996]) that rests unconformably on the
Ampuyenta Formation, The available data suggest a central
voleanic edifice for NVC-11 whose focus has been located at
the northern half of Fuerteventura (Figure 1).

[18] It cannot be excluded that a part of the exposure of
the subaerial voleanic group, especially the top of this unit
in areas densely traversed by dikes. could correspond to
rocks of the CVC-I and NVC-I episodes.

24. Pliocene and Quaternary Sedimentary and
Volcanic Rocks

[19] A period of quiescence followed the Miocene sub-
aerial volcanic activity, and the edifices were deeply eroded.
Small basaltic volcanoes and associated lava fields resulted
from a renewed activity during the Pliocene that has
continued up to prehistoric times. Littoral and shallow water
marine deposits, eolian and alluvial complexes and paleo-
soil deposits were generated in the Pliocene and Quaternary
[Meco and Stearns, 1981; Meco and Pomel, 1985; Zazo et
al.. 2002].

3. Structural Description

[20] The extensional deformation events that started in
the late Oligocene left a structural imprint in the materials of
the basal complex, the subaerial volcanic group and the
Miocene subaerial volcanic complexes. Three types of
structures are studied in this work: dikes, folds and faults.
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[21] A dense dike swarm erops out in the western hall of
Fuerteventura (Figures 2a-2c), essentially affecting the
basal complex and the subaerial volcanie group. The im-
pressive spectacle of this dike swarm has attired the atten-
tion of a large number of authors [Fiister e1 al., 1968; Lopez
Ruiz, 1970; Stillman and Robertson, 1977; Stillman, 1987:
Ahijado, 1999; Ahijado er al., 2001]. The composition of
these dikes is mainly basaltic or trachybasaltic, though
trachvte and phonolite dikes ate also found, The emplace-
ment of this dike swarm' should have involved a large
crustal stretch [Lopez Ruiz, 1970, Stillman and Robertson,
1977; Stillman, 1987; Ahijado et al., 2001]. Measurement of
dike orientation in this work has included data of almost
3000 dikes (see section 4). Field analysis of the observed
systemaltic crosscut relationships (Figures 2b and 2¢) at each
measurement site allows proposing separation into three
main dike systems. We have labeled them as system |, 2
and 3. Dikes of system | crosscut the basal complex, the
subaerial volcanic group, and the rocks of the lower episode
(I) of the Miocene volcanic edifices. Around an 82% of the
measured dikes correspond to system 1, and probably more
if relative volume proportions were constdered (Figure 2b).
Dikes of system 2 also affect the rocks of the intermediate
episode (1) of the large Miocene volcanoes. Finally, dikes
of system 3 also crosscut the rocks of the most recent
episode (1) of the Miocene volcanic edifices. A more
detailed analysis of dikes, taking into account their kine-
matic implications, will be done in section 4. Here. only the
main features of the geometrical arrangement of dikes will
be described. The trends of the distinct dike systems are
NE-SW, E-W, and NNW-SSE for systems 1, 2, and 3,
respectively (Figure 3), with significant local variations that
will be presented and discussed in sections 3 and 4, It must
be indicated that these average trends are essentially
obtained from dike measurement in the basal complex. the
subaerial volcanic group and the lower part of the Miocene
subaerial edifices. More complex, radial patterns have been
described by Ancochea er al. [1996] for dikes of our
systems 2 and 3. based on their study of the middle and
upper sequences of the Miocene edifices. Instead, our work
is focused on the more constant trends shown by dikes in
the substratum to these large edifices.

[2] The most relevant geometric feature of system
I dikes is the spatial arrangement of their average dip senses
(Figure 3a), Although the dikes show in general steep dip
angles (around 92% of the measured dikes exceed 70°, a
value that is similar for the three dike systems), systematic
spatial patterns with large areas of constant dip sense can be
observed for the dikes of system 1. This feature is iltustrated
in Figure 3a. which show the statistical average orientation
at each site (for a location of the measurement sites, see
section 4). Of particular relevance here is the indication of
dip sense. In sites with steeply dipping dikes, sampling
hazards and measurement errors yield rather erratic average
dip direction. Therefore. to show truly representative dip
direction results, Figure 3a depicts exclusively the orienta-
tion of system | dikes in measurement sites with average
dips of less than 80°, which is considered as a reasonable
limit to exclude the effects of sampling and measurement
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error. Predominantly east dipping system | dikes character-
ize the central and northern western coast of Fuerteventura,
Instead, the central and southern part of the island shows
west dipping system | dikes with only local deviations.
Accordingly, lines marking the change between both dip
senses can be traced that represent vertical axial surfaces of
large fans defined by downward or upward converging dikes
(Figure 3a). By contrast, no systematic spatial arrangement
of dip senses can be observed for the dikes of systems 2 and
3 (Figures 3b and 3¢). The geometry of the dike density
contours will be described below.

[23] Most of the subaerial volcanic rocks and several
units of the basal complex show well-defined bedding, of
volcanic or sedimentary origin (Figures 2d. 2¢. and 21). The
bedding appears partially transposed in zones of high dike
density, although it is often possible to measure its trend and
dip. Figure 4a shows a summary of the bedding attitude
measurements in the submarine. transitional and subaerial
voleanic groups, and in the successions of the older con-
structive episodes of the northem and central volcanic
complexes. The most striking feature of (his map. apari
from the predominant NE-SW trending directions, is the
presence of large-scale folds affecting the bedding surfaces.
An anticline can be observed in the nerthwestern part of
the island. A close-up view of this structure, which affects
the submarine, transitional and subaerial voleanic groups.
reveals that it is an open fold, slightly west vergent
(Figure 4b). The statistical axis of this fold dips 14°
toward the NNE. The dikes of system 1 are mostly normal
to the bedding. However, the axial surface of the anticline
is not strictly coincident with the surface marking the
change in dip sense of dikes (Figure 4b, cross section I-1'),
Other folds appear to the east of the anticline, including an
open syncline that coineides with the location of the
plutonic rocks associated with the Miocene volcanic com-
plexes (Figure 4b).

[24] Steep dipping bedding can be observed at the south-
ern part of the exposure of the basal complex and the
subaerial voleanic group (Figures 2d and 4a), This zone
(Las Hermosas area) is a part of the eastern limb of the
anticline described before in the central part of the island.
Detailed mapping of this zone shows a close geometrical
association between variations in the bedding dip and a
system of NE-SW (rending normal faults (Figure 5). The
system | dikes in this zone are consistently normal to the
bedding (Figure 3. cross section [T, and Figure 6). and
subparallel 1o the main NW dipping normal faults. Assum-
ing that changes i the bedding dip are related to major
curvatures in the fault surfaces, and applying the constant
heave Chevron construction [Williams and Vann. 1987), a
basal detachment can be obtained for the Las Hermosas and
La Pared faults (Figure 5, map and cross section [I-11"). The
cross section is parallel to the average slip sense on the fault
surfaces (e.g., Figure 6 and faull data in section 4). The
main faults in Las Hermosas area converge toward this
basal detachment, which shows a gentle dip to the NW. This
hypothetical basal detachment lies at a depth of around
2.5 km below the present-day surface. Other faults can be
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Figure 2. (a) View of the dike swarm that cuts the basal complex in the western coast ot Fuerteventura.

(b) Dike swarm in the basal complex: dike density larger than 90%. Dikes of system 2 (WNW-ESE)
crosscut dikes of system | (NNE-SSW). (¢) Crosscut relationship between a dike of system 3 (N-S) and a
dike of system 2 (E-W) in the Jandia Peninsula. (d) Subvertical bedding shown by the subaerial voleanic
rocks in the southwestern coast (Las Hermosas area). (e) Moderately dipping bedding of the submarine
volcanic rocks (central western coast of Fuerteventura). (f) Normal fault displacing dikes in the
southwestern coast (Las Hermosas area). (g) Normal faults displacing subhorizontal dikes in the west
coast, to the north of Las Hermosas area. (h) Slickenside striation (continuous line) in a fault plane
affecting the subaerial volcanic group (southwestern coast, Las Hermosas area).
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Figure 3. Average orientation (trend and dip direction) of dikes traversing the basal complex, the
subaerial volcanic group and the basal episodes of the Miocene volcanic complexes. Only sites with
average dips lower than 80° are represented. (a) Dikes of system 1. The traces of the surface with
downward converging or upward converging dikes are shown. (b) Dikes of system 2. (c) Dikes of

system 3. See text for further explanation.

observed 1o the SE of Las Hermosas fault, suggesting that
the basal detachment must continue in that direction.

[25] The structural data presented in this work are sum-
marized in Figure 7. The axial traces of the bedding folds
are parallel and almost coincident with the traces of the axial
surfaces to the dike fans (Figure 7a). The traces of these
Jarge structures are not straight and two main curvatures can
be observed. The NNE-SSW trends predominant in the
central area pass to NE-SW trends to the north. The Atlantic
Ocean covers the prolongation of these structures to the
south, but the NE-SW trends observed in Las Hermosas
area seem to indicate that a similar curvature exists in the
southemn half of the island. Therefore the described struc-
tures delineate a huge sigmoid at the scale of the Fuerte-
ventura Island.

[26]) Significantly, the density peaks of system 1 dike
swarm closely fit the geometry of the sigmoid structures
defined by dike and bedding orientation (Figures 7b and 7¢).
The dike density map nearly coincides with that presented
by Stillman [1987] in the basal complex. Density of system
1 dikes is partly dependent on the age of their host rocks.
Generally speaking. the rocks of the Mesozoic crust show
dike densities larger than the subaerial volcanic group,
which is contemporary with these dikes (Figure 7¢). How-
ever, dike densities larger than 90% have been found in
rocks ranging in age from the Mesozoic to the Miocene
(Figure 7c). On the other side, densities between 20% and
30% are also observed in the Mesozoic oceanic crust.

Therefore it must be concluded that dike density is also
structurally controlled, with elongate, NNE-SSE to NE-SW
trending areas of high dike densities bounded laterally by
low dike density bands (Figure 7c). Planimetry of the dike
density map (Figure 7b) reveals that the elongation (change
in length/initial length) in the studied area is of 0.7-1.0
(70-100%) due to dike intrusion. This large value of
clongation is heterogeneously distribuled. ranging from 3
at cross section I-I-17, to less than 0.5 at cross section TI-11°
(location of cross sections in Figure 1), The extension
within cross section 11" yields a net crustal lengthening
of 8 km. Dike densities in the Jandia Peninsula have not
been represented in Figure 7 because they are noticeably
lower than in the north, rarely exceeding 10%.

4. Kinematic Analysis of Faults and Dikes

[27] A detailed analysis of the strictures indicative of
brittle deformation has been performed in Fuerteventura to
obtain a better understanding of the Miocene tectonic
evolution of this island. This study includes inversion of
fault slip data and statistical analysis of dike orientation,
The data have been obtained in the field, in different
measurement sites covering the exposures of the basal
complex and Miocene rocks (Figure 8). The rocks of the
constructive episodes [T and 111 of the three distinct Miocene
voleanic complexes are virtually devoid of faults with
reliable kinematic indicators, Accordingly, the sites of faull
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Figure 5. Detailed geological map of the Las Hermosas area (for a location, see Figure 1). Cross section
11-11" shows the reconstruction of the fault geometry at depth. The stereograms include data from bedding
(So) and dike orientations. Note the statistically normal arrangement of both types of structures and the
distinet tilting angle distinguishable at each block.
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Figure 6. Detailed geometry of the system | normal faults displacing subhorizontal dikes in the western
coast of Las Hermosas area, near the point IT of cross section II-11” (see Figure 5 for location),

slip measurement dre concentrated in the rocks of the basal
complex, the subaerial volcanic group and the episode T of the
Miocene voleanic complexes. Most of the dike measurement
sites are also located in these same rock units, and therefore
the discussion of the dike results will also consider the data of
the younger episodes (I and I1T) of the Miocene volcanism
given by other authors [e.g.. Ancochea et al., 1996].

4.1. Methodology

[28] Fault slip data have been observed in 55 sites
(Figure Ba and Table 1) adding together 1780 measured
faults. Typically, each data consists of trend, dip and dip
sense of the fault surface, pitch of the slickenside striation
(Figure 2h), and sense of displacement along the fault. The
kinematic analysis of the distinet fault systems has followed
the method of Marret and Allmendinger [1990]. This is a
graphical technique that allows estimating the orientation of
the P (infinitesimal principal shortening) and T (infinitesimal
principal extension) axes of the incremental deformation
tensor for cach fault. Once determined the P and T axes for
the totality of faults ol a given system, the tensor summation
for this system is achieved by computing the orientation
tensor of these kinematic axes (for a definition of the
orientation tensor, see Scheidegger [1965] and Mardia
[1972]). The eigenvectors of the orientation tensor give the
orientation of the P and T axes for the entire fault system at
each site.

[29] The study of dike orientation includes 2996 measure-
ments of trend, dip and dip sense of dikes determined in

96 sites (Figure 8b and Table 2). Assuming that dikes were
generated as fractures of mode | [Lawn and Wilshaw. 1975:
Pollard und Segall, 1987], the maximum extension direction
must lie normal to their boundaries [ Walker, 1987; Marinoni,
2001]. As explained before, three dike systems have been
distinguished according to the relative crosscutting retation-
ships among them (Figures 2b and 2c). Again, the orienta-
tion tensor has been calculated for each system and site. The
cigenvector associated with the largest eigenvalue of this
matrix gives the orientation of the principal extension
direction.

[x0] Finally, maps of trajectories of maximum extension
have been traced from the results of the statistical analysis
fault and dike data at each site. Tracing of trajectories has
used the algorithm of Lee and Angelier [1994], which takes
into account variations in parameters like data dispersion and
local gridding effects.

4.2, Results

[31] The results obtained in the studied area are presented
in Tables 1 and 2 and in Figures 9, 10, and 1. Stereograms
of faults and dikes and determination of principal deforma-
tion axes for selected sites are shown in Figures 9a (left) and
10a. The entire set of stereograms is available in the
auxiliary material’.

'Auxiliary materials are available in the HTML. doi:10.1029/
2005TCO01941.
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Basal complex and
subaerial volcanic group

]

f

Figure 8.
Tables | and 2.

[52] The fault sample obtained at each site has been
separated mnto different systems according to field observa-
tions like crosscut relationships and relative age criteria.
This technique is probably the most reliable to discriminate
among the distinct faulting episodes affecting a given rock
volume [Homberg er al., 2004]. In some cases, these
discriminating field eniteria are not available, and the fault
separation has been done by comparison with the resulls
obtained from the study of dikes in the same site or from
fault crosscutting in nearby measurement sites. Three fault
systems (1, 2, and 3, from older 1o younger) have been
distinguished at the scale of the studied area. System |
faults are the most abundant, constituting almost a 60% of
the measured faults. Systems 2 and 3 represent the 13% and
27% of the measured faults, respectively. All the measured
faults are normal (Figures 2f and 2g and Table 1), albeit a
strike-slip component is commonly present (Figure 9a).
Accordingly. the principal extension axis (T) is subhorizon-
tal in all cases, while P'is subvertical (Table 1). The three
fault systems distinguished in this work correspond o
three distinet tectonic episodes with contrasted orientations
of their kinematic axes. The T axes trajectories are NW-
SE oriented for fault system 1 (Figures 9b and lla),
although they rotate toward NNW-SSE trends in the

FERNANDEZ ET AL.: RIFTING OF FUERTEVENTURA, CANARY [SLANDS

Crecimiento y evolucion geologica de Fuerteventura

TC6005

Location of (a) fault, and (b) dike measurement sites. Numbers refer to the sites listed in

Jandia Peninsula, The horizontal extension trajectories
for fault system 2 are NNE-SSW oriented, at a high
angle, though not normal, to the extension trajectories of
fault system 1 (Figures 9b and 11a). Fault system 3 shows
E-W extension trajectories. However. NE-SW trends are
also common in the northern and southern parts of the
island. The trends of the faults of the three systems are
statistically normal 1o those of their corresponding hori-
zontal extension trajectories (Figures 9 and 11a).

[33] The three distinet dike systems (1, 2, and 3, form
older to younger) coincide in age and kinematics with the
systems defined in the fault study. Also the maps of the
horizontal extension trajectories obtained from the dike
study (Figure 11b) are very similar to those of faults, Dikes
of system 1 are the most abundant. They prabably represent
more than 90% in volume of the dike swarm, and around
82% of the total number of measured dikes (Table 2)
Systems 2 and 3 include the 8% and 10% of the measured
dikes. respectively. The dikes in Fuerteventura are mostly
subvertical (Figure 10a); although some significant devia-
tions to this rule are important to define the large-scale
structure in the basal complex, as explained before. Apart
from this, the pole to the average dike boundary, coinciding
with the principal extension axis, is subhorizontal in most
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Table 1. Results of the Fault Slip Inversion Data Obtained From  Table 1. (continued)

the Method of Marver and Allmendinger [1990]" P und T Axes
(DipiStrike)
P and T Axes _—
(Dip/Sirike} Site i Unit Nt P T
Site IS Unit Nt P T 2 MVS 10 787104 2205
49 2 MVS 12 760156 137353
i 1 SaVG 54 W32 10128 sp 1 MVS 2 K1/83 300
3 SaVG I8 86237 451 3 MVS 25 781229 1256
2 | SaVG 31 791337 698 31 1 MVS 44 85/188 3348
2 SavG 7 82144 514 3 MVS 17 73/23% 10112
3 1 uc 44 67292 21132 52 ! MVS 24 77/87 2349
4 2 uc 15 71523 13190 53 1 SaVG 42 74/162 13/310
5 ! SaVG 4 77208 4N sq 2 MVS 13 KA 1203
2 SuVG 12 K035% 8212 55 ! MVS 23 700214 16357
6 ! ue 35 7345 6104
T ! ue 19 84242 3127 “Defmitions sre FS, fault systeny; MS, Mosozowe sedimetts; SmVG,
3 e 5 70312 6/59  Submarine and transitional voleanic groups; UC, Ultra-alkaline camplex;
8 3 ue 43 60/330 57232 SaV(i. Subaerial volcanic group; PS. Miocene plutonic mocks: MVS,
9 1 ue 15 74140 167318 Miocene voleanie rocks (episodes SVC-1, CVC-1, and NVC-I); N, total
10 1 e 13 69/341 197138 number of fiulls measured and sepurated in subsats., P and T are kinematic
3 uc 21 75070 370 shortening and extension axes.
i1 1 MS 34 80/148 101309
12 3 SmVG 26 79300 10195
13 ! SmVG 34 §7/94 2309
:: 3 ::::’/? ;‘ ;’;’Iﬂs cases (Table 2). As stated in the structural description, the
I \ 'SWG' 5 2120y azimuths of the distinct dike systems are very different
17 1 SaVG 3 110 (Figures 2b and 2c), therefore suggesting a succession of
2 SaVG 17 3 ®12  tectonic stages with contrasted kinematic patterns. Dikes of
18 I :-’:'g' 4% (‘Z-Eg(‘ 5-;”;‘: system 1 bear consistently a NE-SW to NNE-SSW average
lz { ‘:‘v('; ':‘3 :gl‘;)f 141‘,'3‘1'4 trend. Contemiporary and late to these dikes is the intrusion
3 SmVG 19 627206 iy of banded plutons with alte{nating bands of pyroxenite and
21 3 MS 10 76/131 12284 gabbro (Pajara pluton [Muioz et al., 1997: Hobson et al.,
22 l MS ";:0 ’5‘3{‘7'3 ';‘?"5 1998]). These alternating bands are NNE-SSW oriented,
43 i ug ;; (,7‘;’;;‘7 ::/:2'7 which coincides with the average trend of system 1 dikes.
- 2 MS 15 79351 1oz The map of horizontal extension trajectories for these dikes
24 | SmVG 16 837281 77105 and plutons shows quite parallel NW-SE trends (Figures 10b
25 2 (] kL 79147 534 and 11b). As in the case of the fault analysis, a change
3‘_; : ';Z 385 7"97:1387 13{23::3 toward a NNW-SSE extension direction can be observed in
- 3 s g 207350 lé;x7 the Jandia Peninsnla. The dikes of system 1 do not affect the
28 I s 7 65/199 07  episodes 11 and 111 of the Miocene voleanie cop?plcxes. and
29 a P 7 844172 6349 are the main responsible for the high dike densities affecting
3 Ps 3 1_135345 By 7"‘9‘3 large zones of the basal complex and the subaerial volcanic
3 2 s 5 L 115 eroup (Figures 2a, 2b, 7b, and 7c). The trend of the dikes of
1 1 MS 7 657248 19112 syslcmvl is E-W., with slighl'varialions from NW-SE to
2 MS 3 44328 20217 NE-SW (Figure [0a). Accordingly. the horizontal exten-
32 3 SaVG 55 717105 19278 sion trajectories are NNE-SSW oriented, although N-S and
3 2 SaVG 26 7617 19198 NINW-SSE trends are observed in the southern part of the
3 SaVG 7 533 4267 . 4 N 2
34 | SaVG 53 23533 4514 island (Figures 10b and I1b). The dikes of system 3 show
2 SaVG 12 7/138 24 more variable trends, which rotate from NNW-SSE 1o
35 I SuVG 7 B17132 9315 NNE-SSW, although even larger variations can be ob-
36 I Savg :" Ghf1az 23309 served in the Jandia Peninsula (Figure 10). Therefore the
g ; 2::,8 _"l 33;;’;’ ';“,",;9 horizontal extension trajectories obtained for dike system 3
3y 3 SaVG 21 62/170 13255 are less constant in strike than for systems | and 2
40 I SaVG 35 4172 11303 (Figures 10b and 11b). Apart from this variability, an
2 SaVG 7 24765 4333 gverage ENE-WSW trend predominates for system 3.
41 | SaVG 19 767 4113
2 SaVG 2 837308 4178
42 3 uc 52 T6/298 11/81 5. Discussion
43 3 ue 15 80767 9270
B | MYS o8 §12256 5’i 3 [34] The structural data presented in this work are indic-
45 3 Vs 23 B3l Y282 ative of an extensional tectonic activity affecting Fuerte-
46 | MVS 15 80320 107131 from the end of the Oli 25 Ma) 10 at loas
47 | MVS 34 $6277 4130 ventura from the end of the Oligocene (25 Ma) to, at least,
48 I MVS 29 7102 1321 the middle Miocene (~12 Ma). which is the age of the
13 0f 27
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Table 2. Fisher Statistical Results of the Dikes Poles” Table 2. (continued)
Site DS Uit Nt t, (Dip/Strike)  Site ns Unit Nt t; (Dip/Strike)
i | uce 11 237308 36 | SmVG 45 147291
2 3 12222 2 3 20/1R
2 | ue 5 167288 37 1 Smve 49 T09
2 2 ol 38 1 SmVG 48 4292
3 2 uc 1o 13/353 2 2 24/14
3 3 13/286 39 { SmvG 47 21296
4 | MVS 9 3/321 2 2 11195
3 1 Q63 3 2 23/57
s | ue 27 217 40 { M5 46 RATE
3 2 11259 2 2 34736
[ 1 MVS 2] L1316 41 ! MS o6 13281
2 | /194 2 | 7348
7 | MVS 22 10/329 42 i MS 120 10/107
3 | /254 43 1 SmVG 45 ane
8 1 ue 16 AN04 2 5 187183
2 2 8157 44 I SmVG 4% 10/120
3 3 287243 2 1 9/170
9 1 MS 5 331322 3 | 14/60
3 10 /109 45 1 MS 13 1omao
1 1 SmVG 9 637352 2 3 /346
2 3 617282 40 | MS 23 6300
i | SaVa e 16/289 3 il 18249
2 2 127212 47 ! Ps S0 4129
3 35 35137 48 | PS 21 4293
12 | SavaG 8 22/119 2 14 760
13 2 SavVG [ 257200 3 14 0/242
3 38 127112 49 | Ps 33 116s
14 | Sava 8 4298 2 3 177154
2 3 19/55 50 1 PS 12 27106
3 30 34122 2 8 5345
15 | SmVG 40 K0/106 3 5 2/64
16 1 SmVG 43 7299 51 1 SaVaG 36 11128
17 | SaVG 40 596 2 5 7352
I8 | SaVva 32 /100 3 9 16242
2 4 194 52 1 Sava 18 8120
19, | SaVaG 42 393 2 10 1/158
2 2 240163 33 1 PS 17 32
20 1 Sava 47 74300 2 I 1154
2 3 91 3 7 1254
21 | Sava 48 3/302 54 1 PS 32 107138
2 2 44193 55 2 uc 4 18/390
22 | SaVG 49 121107 56 | SaVG 20 3317
3 2 762 3 3 127111
23 1 SavaG B 7129 57 ! SavG 3a 6/131
3 § 22247 38 { SaVGi 50 17/]30
24 | SaVaG 29 120121 39 1 SaVaG a8
2 2 32/4 ) 1 SaVG 17 21325
25 | SaVG 28 11/313 6l | SaVG 33 20/)28
2 1 2429 62 1 SaViai 19 32134
3 3 2272 3 - 3389
26 1 MVS 6 9123 X | SaVaG 4 ] 12/)36
2 1 29180 64 1 SaViii 6 2/154
27 1 SaVG 38 16/304 3 ! 3199
3 4 18782 0s | SaVi 20 4125
28 | SaVa 42 127306 3 15 11217
3 8 2264 66 1 MVS ! 201320
29, 1 SavVa 435 44 3 3 127244
a0 | SaVG 47 14/117 67 1 MVS 24 208
3 3 15233 68 3 MVS 2 7218
3 1 SaVaG 48 o i | e 20 167117
3 2 227256 70 1 Suva 16 11132
32 | 24 147120 71 1 SuVa 12 147112
3 5 22/245 72 | SaVG 4 14152
33 1 SmVG 49 RURE} s 1 Sava 9 19133
2 | 0170 74 1 Sava 28 40/141
3 2 01235 75 1 MVS 4 400137
34 1 SmVG i7 3208 76 1 MVS 36 177149
i | SmVG 49 2115 ki) ! MVS 2 221141
2 1 1133 78 | MVS 16 22|50
14 0f 27

173



Casillas et al.

TC6005

Table 2. (continued)

Site DS Unit Nt t, (Dip/Strike)
79 | MVS 2 22/138
80 1 MVS 7 2215
81 1 MVS 4 24147
82 1 MVS 38 11328
#3 1 MVS 4 6/138
84 | MVS 0 7/94
2 4 /334
85 1 MVS 12 11143
86 | MVS 4 11165
2 23 127134
i 3 2033
87 1 MVS 13 127115
2 12 8152
R8 1 MVS kA 181137
3 2 642
%9 1 MVS 5 19721
2 1l o/
3 17 4277
Y0 | MVS 17 200135
91 2 MVS 5 23731
3 | 20785
92 | MVS I 6/300
2 5 12/41
93 2 MVS 36 94
3 12 3274
94 1 MVS 3 06/222
2 15 9/4
3 1 12
95 1 MVS 14/112
2 5 2029
3 21 18347
96 1 MVS 38 11317

"Defimtions are DS, dike system: MS, Mesozoie sediments: SmVG.
Submarine and transitionul voleanic groups; UC, ulra-alkaline complex:
SaVG, Subacrinl voleanic group: PS. Miocene plutonic rocks: MVS,
Mioeene voleanic rocks (episodes SVC-1. CVT-L and NVC-T); Nt towl
number of dikes measured and separted in subsets; s, efgenvector
associated with the least eigenvalue of the orientation matrix |Scheidegger,
19651, which tdes with the won i i

youngest constructive episodes and dikes of the Miocene
volcanic complexes. This tectonic activity followed the
previous Oligocene extensional event that was followed
by a contractional episode during the late Oligocene
[Gutierrez et al.. 2006]. The distinct structures generated
during the Miocene events (folds, faults. dikes, plutons.
voleanic edifices) show a remarkable geometrical and
kinematic coherence. Accordingly, the three defined fault
systems can be correlated with the corresponding dike
systems, taking into account not only kinematic consider-
ations. but also relative age relationships. Therefore three
deformation phases are proposed here, and defined as
M-Dy, M-D,. and M-D;, to distinguish them from the
Oligocene deformation phases (0-D).

5.1. Phase M-D;

[35] Dikes and faults of system | (Figures 3a, 4b. 5. 6, 9,
10. and 11), as well as the large-scale folds of the bedding
surfaces (Figure 4) and most of the mapped NE-SW trend-
ing faults (Figure 5), affect the same rock units and are
assigned to the M-D; phase. Dike and fault analysis
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indicates that an extensional lectonic regime prevailed
during M-D;, The kinematic indicators show a NW-SE to
WNW-ESE extension direction (Figures 7a, 9, 10, and 11).
A large-scale folding of the crust was developed in this
stage, with a sigmoid pattem in plan view (Figure 7a). Most
of dikes were intruded during M-Dj, with the areas of
higher dike density almost matching the fold culminations
or the highly fractured areas (Figures 7b and 7¢). The
brittle-ductile shear zones described by Ferndndez et al.
[1997] affecting the ultra-alkaline complexes show kine-
matic characteristics identical to those of M-Dy, and it is
proposed here that these shear zones represent the early
stages of extension associated with the M-D, phase. There-
fore the inception of the M-D; structures can be extended
back to 25 Ma (Figure 12). Faults ol system | aftect part of
the Miocene plutonic rocks that have been dated at around
20 Ma [Sagredo et al., 1996; Munoz et al., 1997; Balogh et
al., 1999). Similarly, Feraud [1981) and Feraud ef al.
[1985] have dated dikes of system |, which yielded ages
ranging from 20.3 to 19.9 Ma. Therefore it is proposed that
the M-D, phase lasted from 25 Ma ta around 20 Ma. The
Mesozoic oceanic crust. the submarine volcanic group,
and the older rocks of the ultra-alkaline complexes and of
the transilional voleanic group are pretectonic rocks
(Figure 12). Instead, the younger rocks of the ullra-alkaline
complexes and of the transitional volcanic group, the sub-
aerial voleanic group, a part of the Miocene plutonic rocks,
most of the basic dike swarm and the early episodes of the
Miocene volcanic complexes are syntectonic with M-Dy
(Figure 12). Ancochea et al. [1996] identified several
deformation phases according with the distinct unconform-
ities separating the episodes of the Miocene volcanic com-
plexes. The M-D; phase approximately coincides with phase
F, of Ancochea et al. [1996].

[36] With respect to the tectonic interpretation of M-Dy,
there are several possible explanations of the observed
structures. A contractional event could be proposed for
the large-scale folding. However, the geometrical associa-
tion between folds and tilted bedding, dikes and normal
faults seems to discard that possibility. Emplacement of
magma at depth can induce doming at surface [e.g., Jackson
and Pollard, 1990] and it can also explain the intrusion of
the dike swarm. However, bedding plane reverse faults,
and normal and reverse faults at high angle 1o bedding are
predicted to develop at the overburden [Jackson and
Pollard. 1990). Furthermore, the geometry of the exposed
plutonic rocks in the basal complex (Figures | and 4) does
not correlate with the shape and location of the large-scale
anticline (Figure 4). In particular, most of the mapped
plutons coincide with the axial trace of large-scale syn-
clines. Therefore the available geological data dismiss the
interpretation of the M-D, structures in terms of intrusion-
controlled doming. However, this mechanism could have
played an active role in the generation of some local
structures, like the southern periclinal closure of the
syncline mapped in Figure 4b. Concentric flexural folds
and thrusts are structures normally developed at the ductile
substratum of large volcanocs as a consequence of grav-
itational spreading [Merle and Borgia, 1996; van Wk de
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Figure 9. (a) Sclected examples of fault measurement sites representing (lefttop) great circles of fault
planes and slickenside striations; all the faults are normal (black dots) with variable component of strike-
slip displacement and (right/hottom) results of the PT method of Marrer and Allmendinger [1990]. Open
circles and solid squares mark the location of the maximum shortening (P) and maximum extension (T)
axes for each fault, respectively: the white and gray quadrants represent the regions of the projection with
predominance of P and T axes, respectively: the large circles labeled P and T show the location of the
average deformation axes for each site and fault system. Numbers refer to the chosen measurement sites
located in Figure 8. (b) Spatial distribution of azimuths of the T (maximum extension) axes for fault
systems 1, 2, and 3.

Veies et al., 2001: Oehler er al., 2005]. This interpretation  «l., 2005]. Comparison of our Figures | and 4a indicates
faces scveral problems. First, compressive structures do  that the folds are located less than 10 km from the center
not normally appear at the base of the volcano, but they of the central edifice of Fuerteventura. at a location where
are generally located about 20 km from its base [Oehler ef  numerical models predict subvertical maximum compres-
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Figure 10. (a) Selected examples of dike measurement sites. The stercograms show cyclographic
projections of the measured dikes at each site. Dike separation into systems has been performed by field
crosscut relationships. Density contours of the poles to the dikes are also shown. Density diagrams after
the Kamb [1959] method with the number of expected values under uniform distribution equal to 5 times
the standard deviation. Numbers refer 1o the chosen measurement sites located in Figure 8. (b) Spatial
distribution of azimuths of the T (maximum extension) axes for dike systems 1, 2, and 3.

sive stress. [van Wik de Vries and Matela, 1998]. Second.
the folds described here are associated with normal faults
and axial plane parallel dikes, and not with thrusts and
strike-slip faults, as is common in extruded substrata to
volcanoes [yvan Wik de Vries et al., 2001]. Third, the basal
complex is mostly composed of lava flows. basic dikes
and plutons. ultramafic intrusives and stiff sedimentary

rocks. The volcano should have caused a very small defor-
mation field on such a high-viscosity substratum [van Wik de
Vries and Matela, 1998], probably not enough to generate
the observed structures. Last, the M-D, phase was contem-
porary with the carly cpisodes of the Miocene voleanic
complexes. dominated by fissural eruptions. Voleano was
probably less than 1000 m high, which again implies small
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a) faults

System 2 /

System 3

Figure 11. Maps of trajectories of the maximum hor-
izontal extension axis. Results are shown for (a) faults and
(b) dikes and are separated according to the distinguished
systems (deformation phases M-D;, M-D,, and M-Ds).
Trajectories obtained from the results of Tables | and 2 and
using the interpolation program of Lee and Angelier [1994].

deformation of its substratum. The final hypothesis consid-
ered here for M-Dy is that of a regional extensional tectonics.
modulated by the intrusion of plutons and dikes and by the
increasing load of the subaerial volcanic edifices. The
structural data presented in this work highly support this
hypothesis. However, the precise geometry of the exten-
sional megastructure s debatable, although a possible
interpretation is given below.

[37] The geometrical relationships between folds and
faults in Las Hermosas area point to the activity during
M-D, of a linked extensional fault system with a basal
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detachment slightly dipping o the WNW or NW (cross
section TI-T1', Figure 5), According to this interpretation, the
faults show listric geometry in cross section and the
arrangement of the fault system implies an asymmetric
WNW to NW directed extension of the crust, Following
the same logic. the geometrical analysis of cross section I-I'
(Figure 4b) suggests that the large-scale folds could be
assoctated with a hypothetical basal detachment, that must
lie at greater depths in the center of the Fuerteventura
Island than in Las Hermosas zone. Cross section I-I" has
been continued until point I (Figure 13a; for location, sce
Figure 1) o obtain more information about the possible
location of the hypothetical basal detachment in the center
of the island. Cross section I-1-1" is based on the surface
data and cross section of Figure 4b. The prediction of the
geometry of the putative detachment at depth has been
obtained by the use of conventional balanced cross section
construction technigues and depth (o detachment calcula-
tions [e.g.. Gibbs, 1983; Williams and Vann, 1987].
Alternation of anticlines and synclines along the cross
section has been interpreted as successive rollovers and
ramp synclines formed above a complex ramp/flat listric
detachment [MeClay and Scott, 1991] (compare Figures |3a
and 13b), The geometry of the subaerial volcanie group s
very similar 1o the theoretical architecture of the synrift
sediments in the analogue modeling, while most of the basal
complex can be considered as prerift unit (Figure |3a). Also
the lower part of the Miocene volcanic complexes can be
considered as synrift materials. The converging pattern of
system | dikes in Fuerteventura (Figure 3a) can be inter-
preted as a result of emplacement along the fracture system
defining the central collapse graben that shows a fan-shaped
geometry (Figure [3b). Alternatively, the dikes could have
been tilted with respect to the graben axis to become almost
parallel to the fan-shaped fault system, like that observed in
the Solea graben of Troodos ophiolite [Alerton and Vine.
1987]. The association of'large folds, dike swarm and normal
faults is therefore an essential characteristic of this model.
Interestingly, the Miocene plutonic rocks in the cross section
1-I"-1" are located above one of the hypothetical detachment
ramps. Moreover, the center of the northern voleanic edifice
lies above these plutonic roots (Figure 13a), suggesting a
tectonic contral on volcanic activity. The breakaway of the
basal detachment should be located beneath the lava flows of
the upper episodes of the Miocene voleanic complexes (near
point 1" in Figure 13a). and it continues to the east of Las
Hermosas area, as explained before. The probable trace of the
hypothetical breakaway approximately follows the eastern
boundary of the central depression of Fuerteventura, a
conspicuous morphological feature of the island. although
rocks of the episodes II and 111 of the Miocene volcanic
edifices cover the breakaway trace.

[3&] The present-day depth to the proposed basal detach-
ment beneath the anticline is of around 5 km. This value,
obtained from the techniques used to draw and evaluate
cross section I-1-1”, probably increases to =6 km below the
Atlantic Ocean (left tip of that cross section). Around 2 to
3 km are deduced for the zone to the cast of point I,
therefore coinciding with the value in Las Hermosas arca
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Figure 12. Chronological diagram representing the age of the main units of the basal complex,
subaerial volcanic group, and Miocene volcanic complexes of the Fuerteventura Tslands (references in the

main text). The relative age of the deformation ph
M-D:) is shown for comparison. Age determination
Bas et al. [1986], Ibarrola et al. [1989], Cantagrel
Guriérrez [2000], and Muioz et al. [2005] for the
voleanic group and Coello er al. [1992], Balcells
Miocene voleanic complexes,

(Figure 5). This is probably due to the vicinity of this zone
to the breakaway fault. Figure 14a shows an idealized block
diagram depicting the proposed tectonovoleanic activity
during the M-D; phase. Cross sections 1-I-1” and [I-1I" are
shown in the right frontal walls of the block diagram. The
thickness of the oceanic crust agrees with the crustal models
obtained from seismic profiles [Banda et al.. 1981; Watts,
1994: Danobeitia and Canales. 2000]. The lower crust in the
block diagrams also include a layer with high P wave
veloeities (7.4 km s ') lound at 14-15 km beneath the
surface in Fuerteventura and Lanzarote, and interpreted as
due to underplated mafic rocks [Danobeitia and Canales,
2000]. The subaerial volcanic group (and probably the
lower units of episode T in the central and southemn
voleanic complexes) is considered as a synrift unit. The
system | dike swarm acted as a feeder structure of these
voleanic units, and therefore the emission model proposed
for these successions consists in an clongate ridge with
fissural volcanic activity (Figure 14a). In this sense. the
results of this work coincide with the interpretation of Fiister

ases distingnished in this work (M-D, M-Ds. and
s.are from Feraud [1981], Ferand et al. [1985], Le
et al. [1993], Ahijado [1999), Balogh et al. [1999),
basal complex, the dike swarm and the subaerial
et al. [1994], and Ancochea er al. [1996] for the

[1975) and Stillman et al. [1975]. at least for the early stages
of the subaerial volcanic history of Fuerteventura.

[3¢] The model of extension favored in this work is
asymmetric (Figure 14). The exposed basal complex and
subacrial voleanic rocks affected by M-D; show predomi-
nant east dipping bedding (Figure 4a), and the main mapped
faults dip to the west (Figures 5 and 7a). This large-scale
architecture recalls that of an asymmetric normal-faulting
province (Figure 14). Other arguments are the presence of
the central depression to the east of the basal complex
exposure, and the distinct geological characteristics of the
cast and west coasts of Fuerteventura (Figure 1), including
the contrasted bathymetry offshore both coasts of the island
[e.g., Acosta er al., 2003]. Finally, the giant landslides that
partially destroyed the Miocene subaerial shield volcanoes
show consistent dips to the west or WNW (Figure 13a), a
fact already described by many authors [e.g., Ancochea et
al., 1996 Stillman, 1999; Acosta et al.. 2003]. Recent
analogue models suggest that volcano spreading becomes
concentrated on downslope sectors even with small (<1°)
substrata tilt [ Wooller et al., 2004]. Therefore the polarity of
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Figure 13. (a) [-I-1" cross section (see Figure | for location) with interpretation of the geometry and
location of a stepped basal detachment. Shape of the large Miocene landslides affecting the volcanic
edifice according 1o Stillman [1999]; the rectangle marks the area comparable with the analogue model
(Figure 13b). (b) Analogue model of extension above a ramp/flat basal listric detachment (modified after

MeClay and Scotr [1991]).

the giant landslides in Fuerteventura can be a consequence
of a basement regionally tilted to the west or WNW. which
is easy to explain with an asymmetric mode of extension.
The absence of accurate geological and geophysical data
offshore the west coast of Fuerteventura, does not allow a
complete confirmation of the proposed model. Reactivation

of the old structures imprinted in the oceanic crust since its
birth in the Atlantic ridge. and the influence of younger
structures such as the proposed Oligocene detachment
[Gutiérrez et al., 2006] have not been evaluated in this
work. although these structural inheritances cannot be dis-
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Figure 14, Idealized block diagrams showing the geometry of the structures resulting from the Miocene
deformation in the Fuerteventura Island, (a) Reconstruction during the M-D, phase depicting the
displacement along a basal extensional detachment, the upward arching of the crust and the fissural
volcanism generating the subaerial volcanic group. (b) Reconstruction during the M-D; phase
representing the northern and central Miocene voleanic edifices (approximate size and geometry after
Ancochea et al. |1993]). The three seismic layers wlentified in Fuerteventura by Dadiobeitia and Canales
[2000] correspond broadly to the Miocene volcanic edifices (upper crust), the submarine and transitional
volcanic groups (middle erust), and the Mesozoic oceanic crust variably intruded by mantle magmas
(lower crust). However, exact coincidence cannot be expected, due to the complex three-dimensional
architecture of the crust in Fuerteventura, Thinning of the crust toward north is also observed in the
seismic profile studied by Darioheitia and Canales [2000]. The present-day coastline of Fuerteventura is
shown for reference
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Figure 15. Time evolution of the average deformation fields in Fuerteventura. Black converging
arrows: maximum horizontal shortening: black diverging arrows: maximum horizontal extension.
(a) M-D; phase (25-20 Ma). (b) M-D, phase (20-17.2 Ma). (¢) M-D, phase (17.2-12 Ma); sketch
showing the large-scale tectonic framework of the Canary Islands. Patterns of important fracture zones
(FZ), bathymetric contours, and plate boundaries are according to Klirgord and Schouten [1986] and
Steiner er al. [1998]: geological features of continental northwestern Africa are after Guiraud et al.
[1987]; tectonic map of the Atlas system and Iberian Peninsula are modified from Seber er al. [1996];
arrows indicating the relative displacement of Africa with respect to Eurasia follow: the model of Argus
et al. [1989]: curves marking the neotectonic stress trajectories and regimes in the NW comer of the
African plate are after Jiménez-Munt and Negreda [2003].
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carded in a model of Miocene asymmelric extension of
Fuerteventura.

[40] In summary. il is here proposed that the M-D; phase
gave place during the early Miocene to an asymmetric
extension of the Fuerteventura oceanic lithosphere, The
arcuate geometry in plan view of this asymmetric graben
recalls the patterns described by Rosendahl [1987] in the
East Africa Rift. Therefore it is possible to propose a
process of Miocene rifting of Fuerteventura. The probable
extrapolation of these structures to the north (Lanzarote and
Conception Bank, Figure 1), and perhaps to the SW (from
the Jandia Peminsula towurd the Gran Canaria Island)
suggests that this rifting process can be a fundamental
characteristic of the eastern Canary ridge (Figure 135a).
Magnetic anomalies follow the trend of the eastern Canary
ridge, and show a curved, concave northward pattern at the
south of Fuerteventura [Catalan et al.. 2003], therefore
mimicking the arcuate geometry of rifiing described in this
work.

5.2. Phase M-D,

[41] The transition to the M-D. phase took place at
around 20 Ma, and it is marked by the intrusion of plutonic
complexes with annular structure [Ancochea et al., 1996].
The faults and dikes assigned to this phase affect the same
materials than the M-D; phase and most of the Miocene
plutonic rocks. It is responsible for the unconfornmties
between episodes CVC-1I and CVC-ITI and between SVC-I
and SVC-IL. Ferand [1981] and Ferand et al. [1985] have
determined ages ranging from 20 Ma to 17.3 Ma for NW-
SE trending dikes (system 2) from the southem part of
Fuerteventura, The older SVC-I1 lava flows have been dated
as 17.2 Ma [cf. Ancochea et al.. 1996, Table 1]. Accord-
ingly, this phase lasted from 20 Ma to 17.2 Ma (Figure 12),
and thus it approximately coincides with phase F, of
Ancochea et al. [1996]. It represents the transition from a
predominantly fissural to a central volcanic activity in the
Miocene volcanic complexes. In fact, Aucochea et al.
[1996] described complex dike systems that they have used,
among other criteria, to determine the emission centers of
the three large voleanic edifices. The radial patterns of dike
systems described by dncochea et al. [1996], mostly
coincident in age with our systems 2 and 3. geometrically
differ from our more constant dike trajectories (Figure 3).
As explained before, this is a result of considering the dike
trends in the younger episodes of the Miocene volcanic
complexes [Ancochea et al., 1996], while in this work we
have measured dike data in the basal complex and in the
older cpisodes of the Miocene edifices. More variable
dike trends have been observed in the Jandia Peninsula
(Figure 10), where radial dike patterns can reflect either
voleano spreading or the effect of shallow intrusions
exerting magma pressure on their walls and therefore
increasing the voleano circumference [c.g., Ode, 1957;
Walker, 1993; van Wyk de Vries and Merle, 1996].
However, in the stff rocks of the basal complex, the
subacrial volcanic group and the older units of the
Miocene complexes, dike trends are more constant and
define regional-scale deformation fields, with minor in-
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fluence of the overlying edifices, which is indicative of
the high viscosity of their substratum, as stated before.

[#2] 1n any case, extension direction changed to NNE-
SSW around 20 Myr ago, which is the average trend of the
M-D: phase (Figures 12 and 15b). To explain this change in
the extension direction twa hypotheses c¢an be advanced.
First, it can be proposed a local switching of deformation
axes during the same tectonic phase, a feature observed in
the continental crust [e.g.. Simon Gomez, 1989], In fact,
analysis of the brittle-ductile shear zones that acted during
the first stages of the M-D; phase indicates a WNW-ESE
predominant extension, with a minor extension along the
NNE-SSW axis. However, the tield structures in Fuerteven-
tura show systematic crosscut relationships, and the trajec-
tories of both deformation fields are not strictly normal
(Figure 11). Therefore, in this work a second hypothesis of
progressive permutation of deformation axes is favored.
This permutation was responsible for a change from a
mostly orthogonal rifting (MD-D;) to an oblique rifting
(MD-D,). Similar tectonic evolutions have been found in
many other rifi systems, like for instance the Main Ethio-
pian Rift [Boccaletti et al., 1999].

5.3. Phase M-D,

[43] Phase MD-Dy is contemnporary with the main stages
of growth of the huge volcanic edifices, particularly with
respect 1o the northern voleanic complex (Figures 12 and
14b). 1t is responsible for the unconformities between
episodes SVC-TI and SVC-NI in the southern volcanic
complex and between episodes NVC-I and NVC-II-III in
the northern voleanic complex. Dikes of system 3 have
yielded ages ranging from 15.4 Ma to 12 Ma in the Jandia
Peninsula [Feraud, 1981: Ferawd er al., 1985], Therefore
MD-D; approximately coincides with phase Iz of dncochea
er al. [1996). The average extension direction is E-W to
ENE-WSW (Figure 11). No signs of this phase have been
found in the Pliocene and Quaternary sediments and volca-
nic rocks of Fuerteventura. Therefore phase MD-D5 can be
dated between 17,2 and 12 Ma (Figure 12). Interestingly,
the horizontal shortening direction deduced for phase
MD-Dy agrees with that of the present-day relative displace-
ment vector of the African plate with respect to Eurasia in the
studied area (Figure 15¢) (displacement vectors traced
according to the model of Argus ef al. [1989]). At Lanzarote
Island, Marinoni and Pasquaré [1994] have identified two
strike-slip deformation phases with N-S to WNW-ESE
horizontal shortening axes. The age of these events is less
than 6 Ma. The orientation of the horizontal deformation
axes for these phases in Lanzarote is roughly comparable
with that of the MD-Dj; phase of Fuerteventura. and they can
represent a time evolution of this phase (from extensional to
strike-slip regimes) in the realm of the relative plate motions
between Alrica and Eurasia. In fact, as stated in the intro-
duction, the theoretical model of Jiménez-Munt and Negredo
[2003] suggests the present-day predominance of thrust to
strike-slip regimes immediately to the north of the Canary
Archipelago (Figure 15¢), with N-S to NNW-SSE shortening
directions. Also the available seismotectonic information for
the zone between Gran Canaria and Tenerife. west of
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Fuerteventura (Figure 1), supports a NNW-SSE trending
maximum horizontal shortening favoring present-day dis-
placement aleng strike-slip and reverse faults [Mezcua eral.,
1992].

5.4. Possible Causes of the Miocene Rifting of
Fuerteventura

[+4] The relative plate motion between Africa and Eura-
sia has remained stable since at least 30 Myr to the present
[e.g., Morgan, 1983; Roest and Srivastava, 1991]. There-
fore only the orientation of the maximum horizontal short-
ening associated with the MD-D; phase (N-S to NNW-SSE)
can be partly explained with the relative plate motions
between the African and Eurasian plates, and the origin of
the MD-D, and MD-D- phases must be assigned to more
local sources. Rifting and scafloor spreading is a tectonic
charactenistic of the western Mediterranean region sinee the
Eocene and early Miocene, a paradoxical feature taking into
account the colliding tectonic scenario between the African
and Eurasian plates. Hoernle et al. [1995] suggested that
this rifting, and its associated alkaline volcanism, is a
consequence of lithosphere uplift above a large region of
mantle upwelling, Indeed, Hoernle et al. [1995] have shown
the presence ot a low S wave velocity anomaly beneath the
central east Atlantic and the western Mediterranean, depict-
ing a huge sheet-like body. Teixell er al. [2005] have
discussed the effect in the teclonic evolution of the Atlas
Mountains of mantle upwelling in an otherwise contractive
setting. The lithosphere thinning (from 180 to 80-60 km)
beneath the Atlas could explain its high relief and occur-
rence of Miocene to recent alkaline magmatism. Missenard
et al. [2006] proposed that this thermal anomaly can be
followed from the Atlas Mountains to the south, across (he
Atlantic margin, and they relate this thermal anomaly to a
shallow mantle plume: According to Teixell er al. [2005],
mantle upwelling would be associated with upper mantle
flow influenced by the thickening of the lithosphere at the
Iberia-Africa plate boundary. With respect to the Canary
Islands. Canales and Danobeitia [1998] have described a
swell rather obscured by the weight of the islands, and
probably due to a thermal anomaly (~360°C) at the base of
the lithosphere and upper asthenosphere. Geochemical data
show a multicomponent mixture of lithospheric, astheno-
spheric and deep mantle sources [e.g.. Hoernle et al., 1991].
Therefore geophysical and geochemical data support the
presence of a sublithospheric thermal anomaly, with mantle
upwelling beneath the Canary [slands. The debate over
whether this mantle upwelling represents a Miocene o
recent plume, remmants of an old, Mesozoie plume, or it
is rather a result of large-scale horizontal flow in the upper
mantle, is beyond the scope of this work.

[45] Lithosphere uplift and later collapse through {he
activity of large-scale faults during the MD-D; and
MD-D. phases should have overcome the effect of the
deformation field related to the Africa-Eurasia relative con-
vergent displacement. The end of phase MD-Dj coincides
with the waning of the voleanic activity in Fuerteventura. Itis
possible to relate this feature to the increasing relative
importance of the deformation fields associated with the
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African plate kinematics. The mantle anomaly was almost
exhausted beneath Fuerteventura by the end of the middle
Miocene, thus decreasing the importance of the local versus
plate-scale strain fields. This transition corresponds to the
switching between the extensional regime of phase MD-D;
and the strike-slip regimes prevailing in more recent times.
always with a N-S to NNW-SSE trending axis of maximum
horizontal shortening. Interestingly, E-W trending extension
still predominated until around 1.2 Ma in La Palma (location
in Figure 1) [Fernandez et al., 2002]. This suggests that the
transition from local to plate-scale strain ficlds probably
suffered a westward migration with fime, from the castermn
Canary ridge (more than 6 Ma and less than 12 Ma in
Fuerteventura and Lanzarote) toward the western Canary
Islands (less than 1.2 Ma in La Palma), Similar age variations
have been cited for the history of the subaerial volcanic
activity in the Canaries [e.g.. Ancochea, 2004].

[4n] The evelution from phases MD-D; 10 MD-D,. and
then to MD-Dj, is characterized by the change from fissural
voleanic activity toward predominantly central volcanic
emissions. The model suggested by Walter et al. [2005] to
explain the evolution of the Anaga volcano on the island of
Tenerife (location in Figure 1) can also be applied to the
Fuerteventura example. The model of Walter et al. [2005]
considers the evolution of a lincar rift that suffers local
reorganization through flank instability and consequent
generation of giant landslides. As a result of the variation
in geometry and stress field triggered by the landslides, the
linear rift evolves to triple-armed rifis that focus volcanic
emissions on central edifices. Walter et al. [2005] have
tested the model with a numerical elastic dislocation model.
Giant landslides dominated the episodic growth of the
voleanic edifices of Fuerteventura [4ncochea et al., 1996;
Stillman, 1999; Acosta et al., 2003]. This instability can be
partly explained by the syntectonic evolution of these
voleanic edifices. Therefore it seems possible to apply the
model of rift zone reorganization to the Miocene volcanic
evolution of Fuerteventura. Apart from the possiblé me-
chanical effects of large landslides. tectonic switching from
NW-SE to NNE-SSW and then to ENE-WSW extension
directions should have collaborated in the construction of
large central edifices. During the MD-D> and MD-D.
phases the magmas could have profited the intersections
between fractures resulting from the distinct tectonic events.
such that ascent conduits could have taken a vertical
clongate shape (Figure 14b), In this sense, the center of
the northern edifice (Figure | for location) coincides with
the inland prolongation of NW-SE faults observed in the
west coast (Figure 7a) and that can be assigned to phase
M-Ds. The age differences in the construction of the three
large edifices in Fuerteventura are probably a consequence
of local structural patterns and local evolution of volcanic
emission and flank instabilities. The center of the older
edifice (the CVC, Figure 12) coincides with the central
segment of the sigmoid extensional structure (Figure 14b),
probably the most mature part of the fault system that
shows the larger extension factor

[47] The complex image that emerges from this study
can be used to constrain the models proposed for the origin
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of the Canary Islands. The long and changing tectonic
history of Fuerteventura, with a long-living rifting activity,
is more akin to the unifying model of Anguita and Hernan
[2000], which integrates the thermal and mechanical history
and properties of the lithosphere and the sublithospheric
mantle, than to any of the single hypotheses described in
section 1.

6. Conclusions

[44] Three Miocene extensional deforination phases
(M-D,, M-D;, and M-Ds) are recognized in the Fuerteven-
tura Island, M-D; is characterized by a NW-SE directed
extension. This phase. which lasted from 25 to 20 Ma.
probably generated a large asymmetrical fault system. with
predominantly top-to-NW sense of displacement. Syntec-
tonic with this phase were the emplacement ol a dense dike
swarm, and the deposition of several voleanic units, Volca-
nic activity was essentially fissural during this stage. Folding
of the pretectonic and syntectonic successions is interpreted
as due to the accommodation of these series to complex
ramp/flat geometry in the hypothetical basal detachment.
The extensional structures are sigmoid in plan view. recall-
ing the arcuate geomeltry of grabens in some continental rift
systems. A switching to NNE-SSW extension directions
took place during phase M-Ds (20-17.2 Ma). This phase
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is contemporary to the inception ol the large central volcanic
edifices in Fuerteventura, This change in the extension
directions is believed to have conditioned the transition
from fissural to central voleanic emission types. Finally,
phase M-Dy (17.2—-12 Ma) was characterized by ENE-
WSW extension or NNW-SSE shortening. which coincides
with the displacement trajectories predicted by plate tectonic
models in this part of the African plate. The Miocene rifting
of Fuerteventura is considered as the tectonic result of the
upwelling of a large body of anomalous sublithosphere
mantle, which exceeded the deformation associated with
plate motions, and generated a voluminous, tectonically
controlled, basic volcanism. This evolution is akin to that
of the Atlas province during the same time period. and it
should be taken into account in any model for the origin of
the Canary Islands.
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Facies asociadas a deslizamientos gigantes en Fuerteventura (Islas Canarias)

Fuacies associated with giant landslides in Fuerteventura (Canary Islands)

R. Casillas', J.R. Colmenero %, S. Harani’

1. Departamento de Edafolegia y Geologia. Fac. de Biologia. C/Astrofisico Sinchez s/n. Universidad de La Laguna, 38206, La Laguna, Santa Cruz de
Tenerife, reasilla@ull.es

2. Departamento de Geologia, Facultad de Ciencias, Univ. de Salamancs, Plazu de Ja Merced s/n 37008 Salamanca, colmed@usal ¢s

3. Departement of Petrology and Geochemistry. | of G phy and Earth Sciences, Eoivos Lorand University. Pazmany sétany 1/C, H-1117,
Bud. (Hungna ), szabales.h

gif@geology elte. hu

Resumen: Hace unos 16 millones de anos, ¢l edificio Dorsal Inicial de la Isla de Fuerteventura sufrio un
deslizamiento gravitacional de toda la parte septentrional de su flanco occidental. Los restos de la
avalancha rocosa producida tapizan el fondo del océano al oeste de la Isla y también estan presentes en el
sector septentrional y central de la misma. El estudio detallado de los depositos relacionados con este
gigantesco deslizamiento permite diferenciar un conjunto de facies, cuya interpretacion revela los
procesos involucrados en el deslizamiento y en el relleno del anfiteatro resultante del mismo. La
decapitacion de la camara magmatica profunda del edificio voleanico por el deslizamiento produjo una
explosion lateral dirigida (“blast™) que generd un flujo piroclastico denso estratificado (PDF) que cubrio
los depositos de avalancha rocosa previamente depositados. El deslizamiento produjo una enorme
depresion abierta al oeste, que continuo rellenindose con materiales epiclasticos procedentes de
deslizamientos secundarios que afectaron a las paredes de la depresion, y con los resultantes del
retrabajamiento erosivo de los propios depositos del “blasi” y de la avalancha, El proceso de relleno
estuvo acompanade por la reanudacion de la actividad voleanica en forma de erupciones subaéreas,
algunas de ellas hidrovolcanicas.

Palabras clave: Fuerteventura, deslizamiento gravitacional, litofacies, “blast”.

Abstract: Sixteen million years ago, the northern part of the Initial Ridge volcano of the island of
Fuerteventura underwent a gravitational slide throughout its western flank. At present, the remains of the
debris avalanche produced by the sliding blanket the ocean floor to the west of the island and are also
present inithe northern and central parts of Fuerteventura. A field study of these deposits has permitted to
establish a sevies of lithofacies, whose sedimentological and lithological characteristics allow the
reconstruction of the processes involved. The decapitation of the interior of the volcano (the magma
chamber) during the slide produced a laterally directed blast that generated a stratified pyroclastic dense
flow (PDF) that covered the previous debris avalanche deposits. The slide created a huge depression
open to the West, which continued to be filled by epiclastic materials from secondary slides that affected
the walls of the large depression, and also by the materials resulting from the reworking of both the
debris avalanche and the blast deposits. This [illing process was accompanied by renewed volcanic
activity in the form of subaerial evuptions, some of them of hydrovolcanie character.

Key words: Fuerteveniura, gravitational landslide, lithofacies, blast.

piroclasticos aparecen interestratificados con los de las
avalanchas. La disponibilidad de agua hace que parte
de los materiales de la avalancha puedan ser
retrabajados por corrientes acuosas u otras mas densas
de tipo lahar (debris flows y flujos hiperconcentrados).

INTRODUCCION

En las Islas Canarias se han contabilizado hasta 30
grandes deslizamientos gravitacionales ocurridos a lo

largo de su historia. Estos colapsos laterales de los
edificios voleanicos produjeron avalanchas rocosas
(debris avalanches) integradas por grandes voliimenes
de materiales (varios Km') que se desplazaron
pendiente abajo a altas velocidades (100 ms™), y cuyos
depositos ocupan grandes dreas con espesores que
alcanzan cientos de metros.  Algunos de  estos
deslizamientos fueron acompanados de erupciones
laterales  explosivas  (“blast™), cuyos  depositos
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Estos procesos pueden ir seguidos por actividad
voleanica, que da lugar a lavas, piroclastos de caida o
niveles hidrovoleanicos. En las Canarias, como en otras
muchas islas volednicas ocednicas, la mayor parte de
los materiales de los deslizamientos se encuentran en
los fondos oceanicos adyacentes y solo una parte
reducida de los mismos aflora en las islas.
Fuerteventura ha sufrido varios de estos deslizamientos
a lo largo de su historia (Ancochea et al. 1993:
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Stillman et al., 1999; Acosta et al., 2003). En este
trabajo se describen e interpretan las litofacies del
deslizamiento mas septentrional, el de Puerto del
Rosario, acaecido hace unos 16 millones de afos,
relacionado con el desplome del flanco occidental de la
Dorsal Inicial (que constituye el Edificio Inferior Norte
o de Tetir de Ancochea et al., 1993) v que dio lugar a
una avalancha rocosa cuyos depositos tapizan el fondo
ocednico al oeste de la isla. E! estudio se ha realizado a
lo largo de los numerosos barrancos de la region donde
se han levantado 130 columnas estratigraficas. algunas
con mas de 300 metros de espesor. El trabajo
constituye un avance de otro mds completo en curso de
realizacion.

BREVE  RESENA  GEOLOGICA DE
FUERTEVENTURA

La isla de Fuerteventura esta formada por cuatro
conjuntos volcanicos relacionados con su crecimiento
submarino, emersion y posterior evolucion subaérea
(Ancochea et al., 1993): a) el Complejo Basal; b) los
restos de los grandes edificios volcanicos de tipo
escudo; c) los restos de los edificios volcanicos del
Plioceno vy el Cuaternario y d) los sedimentos del
Plioceno y el Cuaternario. El Complejo Basal (CB.
Fuaster et al., 1968) aflora fundamentalmente en el
sector occidental (Macizo de Betancuria) y representa,
esencialmente. el crecimiento submarino y la emersion
de la isla, constando esencialmente de materiales
volcanicos submarinos (Grupo Volcanico Submarino,
GVSM). de transicion (Grupo Volcénico de
Transicion, GVT) y subaéreos (Grupo Voleanico
Subaéreo. GVSA). apoyados sobre un fragmento de
corteza oceanica. Todos ellos se encuentran intruidos
por una secuencia de cuerpos plutonicos y un
importante enjambre de diques. EI GVSA integra los
restos de una gran dorsal volcanica (Dorsal Inicial) que
se formo en los primeros momentos de emersion de la
isla, previamente a los edificios volcinicos de tipo
escudo (Casillas et al., 2008). Los restos de los grandes
edificios volcanicos de tipo escudo representan un
vulcanismo subaéreo ocurrido entre 23 y 13 Ma
(Ancochea et al., 1993). que dio lugar a tres edificios
voleanicos (Meridional o de Jandia, Gran Tarajal o
Central y de Tetir o Septentrional). Estos volcanes se
desarrollaron por acumulacion de lavas muy fluidas y
material  piroclistico  dispuestos  sobre o
interestratificados  con  aglomerados y  brechas
correspondientes a avalanchas rocosas y depésitos
sedimentarios relacionados con  deslizamientos de
flanco de los edificios mas tempranos. Los restos de los
edificios voleanicos del Plioceno y el Cuaternario (<5
Ma) representan la reactivacion velcnica ocurrida a
finales del Plioceno tras un intenso periodo erosivo.
Junto a estas formaciones volcanicas aparecen niveles
de playas levantadas, paleodunas con aluviones y
paleosuelos.
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FIGURA 1. Mapu geologico de la parte norte de lu Isla de
Fuerteventra.

Los materiales objeto del presente estudio (Fig. 1)
aparecen sobre las rocas voleanicas y plutonicas del
CB, ¢n formaciones de transicion del CB (Brecha de
Salinas, Cucto et al., 2004) y también intercalados en
los mniveles medios del edificio mioceno  Escudo
Septentrional (Formacion Ampuyenta de Fuster et al.,
1968; Edificio Septentrional Medio, de Ancochea et
al., 1993; o brechas de tipo Ampuyenta y sedimentos y
depositos epiclasticos de Cueto et al., 2004).

DESCRIPCION E INTERPRETACION DE LAS
LITOFACIES ENCONTRADAS

Las tablas 1 y 1I resumen, respectivamente, los
caracteres y la interpretacion de las facies epiclasticas y
de las facies piroclasticas e hidroclasticas subaéreas,
diferenciadas. Las facies A y Bl corresponden a
depositos  de  avalancha rocosa formados por los
deslizamientos gravitacionales principal y secundarios.
Las facies B2, B3, B4, CI, 2 y C3 representan
depositos formados por ¢l retrabajamiento  erosivo
posterior de los niveles de avalancha rocosa mediante
flujos hiperconcentrados cargados de clastos gruesos-
muy gruesos, angulosos o redondeados. En el caso de las
facies C4 y C5 el mecanismo de transporte parece haber
sido corrientes acuosas de alta energia. Las facies Dy E
se interpretan como pequefias llanuras de inundacion. La
tabla TT incluye un conjunto de litofacies en depésitos
producidos por flujos relacionados con la explosion
lateral dirigida (“blast™) simultdnea al deslizamiento
gravitacional (H-Q) y por erupciones subaéreas
posteriores con importante interaccion agua-magma (F).
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FACIES

LITOLOGIA Y ESTRATIFICACION

TEXTURAS Y ESTRUCTURAS
SEDIMENTARIAS

INTERPRETACION

A MEGABLOQU

Megablogues decamétrices v
hectométricos iy pobremente | Abundsnies
I dos.de basaltos pl {

Fabrica desordenady y cadtica;
diques.  clisticos

arenosos Y

diques y gabros: Mainz abundunte de
granulometria variable emre arcille v
canto. Espesor: 20->200 m

con jigsaw cravky

Facies de  Megabloques  de  debris
avlanches formada por un
deslizamiento gravitacional “seeo™

Bl BR
MATRIZ-
SOPORTADAS

1AS

Muy heterométricas, Blogues de hista
13 m de did myy pob

Fibrica  desordenadar Las capus tienen  bises
fivi

|
clusificados, de  basalles.  [iquitas,
diques v gabros. Mutriz muy abundarnte
de grava fima-arenn gacsa muy mal
clasificada Espesor: 2->100 m

B2: BRECHAS
CLASTO-
SOPORTADAS

¢ 3 gradndas y los techos
son netos 0 con gradacion normal. Fscasos clastos
con figson-cracks, Diques elasticos ureillosos

Facies de Matriz de defwiy avalipehes

Mauy Beterométricas. Clastos de tamafio
blogue v canto, menores que los de la
facles B, Matriz de arenu g wa
fina, eseasn v bien a moderadamente
clasificada. Espesor: 1,520 m

Fibrica desordersds o con gradacion iversa a
normil

Flujox hiperconcentrados generados pot
removilizacion del material del defris
avalanehe. La Hbrica dejordenads y
escasa abrusion de os clastos indican un
transporte muy reducide

B3 BRECHAS

Clastos de 4.5 em de tamario medio y 70

Gradacion ioversy y hase gradual o ligeramente

Flujoy hiperconcentrados con transporte

SOPORTADOS

redondeados a subredondeados. Mataz

fina

de arens gruesa-gr
bien seleccionuda

CLASTO- cm de maximo. mal clasificados. Matoiz | erosiva:  clastos  groscramente  ordenados | mayor que of de In facies B2, Soporte de
SOPORTADAS CON escasa de ureny gruesasgrava finabien a | purslelamente a la estratificacion o imbricados con | los clastos prmcipatmente por presion
GRADACION modetadamente  clasificnda;  Espesor: | eleje n. dispersivit
INVERSA 0.7-2m
B4: BRECHAS CON Las brechas son elasto v matrie- | Las brechus estin desordenidiss o con los clastos [ Flijos hiperconcentrados
INT ALACIONES | soportadas, muy | éricas y con | @ orientadys o imbricados con el ¢jear | probablemente cunulizados can
DE GRAVAS Y clastos <2 m; Is iz ¢s abundante y | gradacion inversa v normal. Las aretis v groveas | transtcion vertical & Mijos  acuosos
ARENAS de  gmva fipacarena  griesn. b | muestran  una: grosern. laminacion  poratels v | arenosos

clusificada. Lax gravas son finas y los | cruzadn de bajo angulo, Los limos estin lammados

arenas gruesas-muy grucsas. ambas con | v tienen oolores rjizos: Forman  secuencias

cantos ¥ bloques dispessos. Los limos | granodecrecientes groseras

son eseasos, con clastos de lamario

grava-canto, Capas itregylares <2 m,

ateealmente discontinuas
1 Clistos de 20 cm wmnaio medio y 120 | Fibrica desordenadit Flijos hiperconceniradoy locales. con
CONGLOMERADOS de maximo, polimodales y bimndales, clastos erosionados v rerrbajados de
MATRIZ zonus, adyacentes. Escaso fransporte y

capaeidad de seleccivn. Identico a B2

CONGLOMERADOS
Y ARENAS EN

duimetro maximo) y pravas, en capas de
15 m. Arenas limosas en capas de 30-

granodecrecientes con base erosiva. ks Trecuente
la estratificacion cruzade en surco de mediana-

c2 Clastos de hasta 1,20 m de didmetro de | Masivos o groséramente estratificados; 168 clostos | Fligos hiperconcentiados con gravas,
CONGLOMERADOS busaltes y diques principalmente se hillan dispuestos con el eje o paralelo a lo | con fuerte interaceion entre los clastos y
CLASTO- Matriz: arenn groesa-grava fina, bien | estratificocion o imbricado.  Pueden  nwstrar | mipida sedimentacion. Soporte e los
SOPORTADOS clagificada. Bspesorio7-20 m wradacion inversie en la biuse s normial en el techo clagins  prinvipulmente  por  presion
dispetsiva, similar 2 B3

(&5 Los conglomerados wienen diametro | Estratos wregulares y lenticutares con base erosiva | Fligox  hiperconcentraduy  probable-
CONGLOMERADOS. | medio de 10 em y miximo de 30 em, | v clastos  onentados:  puralelumente o In | mente  canalizados  con  ransicion
GRAVAS Y ARENAS | con blogues dispersos de hasts 2 m. Lag | estratificacion o imbricados con ¢l ¢je o En [ vericdl o fujos acussos aeenosos,
INTERESTRATIFICA | graves v drenas [griesas o muy gruesas | ocosiones las  litologins  forman  secuencias | similar it B4
Dos vomal  clasificaday)  forman  capas | toversus v onormales.  Laminucian  paralela v

Imegulares y tienen cantos dispersos o | cruzada planar y et surco en las arenas

it pequediag lentes, Espesor 10-30-m
o4 Conglomerados: de cantos (15 em de | Se ordenan formando seenencias | Flujos acupsos waetivos cunalizados de

energta decreciente de vipo oream floods

GRAVAS FINAS Y
ARENAS
INTERESTRATIFICA
DAS

y blogues de basta 1 m, digpersos
ordemados en [iminas v lentes. Espesor:
0.5-3m

nitits o ligerumente erosivas. lus arenas muestrin
laminacion paralels v cruzada de mediona-gran
escali; mbricacion del gje a en los clastos

SECLIENCIAS 50 env. Espesor; <35 m gran eschly, 1o laminocion  panilels y I
CANALIFORMES bioturbacion figurativa
C5: Arenis de grany muy grileso con cuntos | Forman seeuencias granodecrecientes con bases | Corrientes acuosas de tipo stream y

flash  flogds.  Posibles  equivalentes
distafes de los s hiperconcentrados,
que podsian llegar @ estar representados
cn las lentes de cantos y blogues

D: ALTERNANCIA
DE ARENAS Y
LIMOS

Grano fino con clusios de 23 ¢m
dispersox o formando lentes delgadis
Fspegor. <2 m

Masivas o laminadas v con bioturbacidn vegeral

Debiles corrienles tractivas ¥ desitrollo
de pulevsuclos inmaducos en Nlinuras de
inundacidn ¢fimeras

E1 LIMOLITAS

Girano fino
—_—

Lyminacion E;mxlclu: color ocre

Linouris de inundacion efimeras

TABLA I Deseripeion ¢ interpretacion de las principales litofucies epiclasticas relacionadas con ¢l deslizamiento gravitacional estudiado.
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TEXTURAS Y ESTRUCTURAS

CLASTOSOPORTADAS

de hasta 80 em de tamaid, de gabros, siomus,
taguitas, digues y basalios olivinicos Vacuolures,
plagioclasicos y olivinico-p Matriz (< 20%)
de areni gruesa-grava fing

mis  raamente,  solo inversa.  Frl
ocasiones Jos clistod mucsttan el eje
mayor paralelo 4 la estratificucion.

FACIES LITOLOGIA Y ESTRATIFICACION SEDIMENTARIAS INTERPRETACION
F:NIVELES Brechas matriz-soportudas, gravas de grano fino, | Laminacion paralels v cruzada de bajo | Erupelones  hidrovoleinicas
HIDROVOLCANICOS arenits de grang prueso y arerias limosas. con cantos | dngulo. Colores amarillentos y verdosos subiéreas.  por  interaccion

dispersos de hasta 20 cm. Fragmentos juveniles (60%) explosiva agua-magma
v aceidentales (40%)
T1: BRECHAS Brechas ¢lusto-soportadas bien clasificads con clastos | Gradacion normal, inverss o normol o, | Nivel AT de un depesito de

Tujo proclistico denso
estentificads. de alta eneipia
(PDC) producido porun “hlust™
titetal dingido

I: BRECHAS MATRIZ-
SOPORTADAS

Brechas matriz-sopactadss, muy heterométicas, con
mitriz (50%) de areny griesa-grava finu con clistos de
23 em de i, de basaltog  plagioelisicos,
tinguitas, gabros y basuhos viacuolares (bombs?).

Grodacion pormual y  mas  caramente
inversa 4 normal o masiva Grosera
laminacin paralela. A veces, contucto
eroslvo sobee fugics H

Nivel A2 de un deposito de
flujo piroclistico  denso
estrntificado de altn enetgin
(PDC) producido poc wis “hlust”

husta | m dispersos de basaltos  plagiocl
traquitas, basaltos  vacuolares, gabros v digues.
Localmente pucde pasar ‘4 ser clastos-soportady y

niveles de ¢ clvn de cantos de lusta
30 cm de tumaio

mayor paralelo o la estratificacion o
vertical. Puede tener base evosivi Sobre
ficies H v mostrar en ¢l techo chimencas
de desgasificacion, Puede formar digues
clisticos en las facies Hy A

K ALTERNACIAS DE
ARENAS Y GRAVAS
LAMINADIAS CON
CANTOS DISPERSOS

Arenus Y grvas . clistos  disy de

Linteral dirigido
J BRECHAS MATRIZ Biecha matriz-soportadi. heterogranular, con 40-70% | Masiva o con gradacion normal Grosers | Facies AJA de un deposito de
SOFORTADAS demariz de arcilla-arena gruesa-grava fina, CJ S Inminacion paraiela Clastos con el eje | flujo puociasico denso

estratificado. de alta energin
(PDC) producido por tn “blast™
luteral dirigido

tamaio vanable entre 23 ¢ms y 30 oms. angulosos 4
subrredondendos. de gabros. meas volcanicas, tobas
uaiuiticas soldadas, digues ¥ restos e bombas de
basalto. En ocasiones hacia techo aparece lapilli
sereccionado de tipo RIM v frugmentos de pdmez

1 ion paralela v cruzads de baio

angalo en forma de dunos. Gradacian

normpl,  Clastos  orientados  al - azar.
1

a o eswanificac u

Nivel A2B de un deposiwo de
fujo piroctastico denso
estratificado. de alta energin

orientadoy con ¢l ¢je mayor vertical
Estructuras de deformacidn par bmpucto v

chimeneas de disgasificaciin

(PO lo por un “hiasi”
latetal dingido

CLASTOSOPORTADA

de 10 em y miximo de 2 m. Misma caomposicidn que
las facies IL1 L y K.

la base Ocupu depresiones entre los
megablogues de b facies A

O; BRECHA MATRIZY
CLASTO-SOPORTADA

Brecha clagto y matriz-soportads con cantos e gabros,
hasaltos, ete. Clastos de wamadio medio 7 cm, Blogues
wistados de 1 'm,

L CINERITA Cinerita con lupitll sereccionado de tipo RIM. En ocasiones pequeiins chimeness de [ Nivel A3 de un depisito de
desgasificacion con granos onentados [ fujo prroclistico denso
con ¢l gje a vertical estratificado. de alta energin

(PDC) producido por un “blost”
lateral dirigido.

M: BRECHA Brecha clasto-soportada con clugtos de tamadt medie | Desordenada o con gradacion mversd en | Depisito ptoximal de “blig”

Taterad scumulado en valles

Desordenada, A su lecho aparece siempre
la factes L

Flujos piroclasticos secundarios
depositados  en  depresiones
cnwe Jos megablogues de o
facies: A. procedentes de los
depositos de “blast”  Tateral
scurmuladioy on pend

P, BRECHA
CLASTOSOPORTADA

Brechn clanto-soportada relleniands los espacios entre
los megublogues de la Facies A. Clastos y ntriz de lo
misma composicion que las facies H, 1, ), y K En
ocasiones pasa a los facies 1

Desordeniada

Depdsito de “blust™  |atera)
imcorparady en la o avalanchy
rocosz par In simultaneidad
entre ambos flujos

Q: DIQUES CLASTICOS

Digues clasticos myectados en las facies A y Bl de
cspesor entte 5 ¢m v 4 m, color blanco v muteiz
drenosa-grava fing con clasios alslados de lwsta 1 m,
Composieidn similar s a de tas facies H, 1L 1y K

Subverticales: Granulometia menor en
los mirgenes que en ¢l centro donde
forma unil brechy cadtica, marriz- o
<l da muy rica en fi

Inyeccion  ascendente en  la
facies A del  muterial
Muidificade de Ja facies P
actmulado  en la misma,

de gnbm'

inmediatamente  después  de

roducido el deslizamiento
-

TABLA . Deseripeion e interpretacion de las principaies litofucies pivoclasticas « hidroclasticas relacionad.
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