
Introduction 

Studies on shale tectonics are scarce
in comparison with those devoted to salt
tectonics, although similar geometries can
be formed by the upward movement of a
weak sedimentary layer (source layer). The
lower density of the source layer initially
promotes deformation and flow. Never-
theless, the main difference lies on the
contrasting rheology of salt compared
with shales (e.g. Wood, 2012). Salt usually
maintains a constant density/depth rela-
tion, whereas shales increase their density
with depth. This variation of density in
shales is controlled not only by the clay
composition and transformation during
burial, but also by the compaction trend

and the effects of the interstitial fluids
(e.g. Wood, 2012).

Methods of 2D gravity modeling can be
used to refine the geometry of large sedi-
mentary bodies and estimate their density.
In the case of shale diapirs, variations of
average composition due to different clay
mineralogy can be modeled. 

With this intention, a gravity model was
made in the northern margin of the West
Alboran Basin (WAB), where the presence
of mobile shales and mud volcanoes is well
known (Pérez-Belzuz et al., 1997; Comas et
al., 1999; Talukder et al., 2003; Soto et al.,
2010; Fig. 1). 

Although mud volcanoes in the area
have been sampled and analyzed, the
composition of the extruded sediments,

the clay-mineralogy and composition of
the shale diapirs remain unknown be-
cause none of the exploration wells drilled
these bodies (Jurado and Comas, 1992;
Comas et al., 1999).

Geological Setting

The studied area is located in the
northwestern margin of the Alboran Sea
Basin, behind the front of the Gibraltar Arc.
Three main sub-basins have been differen-
tiated: the West Alboran Basin (WAB), East
Alboran Basin (EAB), and South Alboran
Basin (SAB) (Fig. 1).

The major accumulation of sediments in
the Alboran Basin occurs in the WAB, with
up to 8 km of thickness (e.g. Soto et al.,
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ABSTRACT

Using a regional seismic profile in the northern margin of the West Alboran
Basin, a 2D gravity model was made to assess the gravity response of shale
structures in this basin. Time-depth conversion was accomplished taking in-
terval velocities from sonic logs measured in the nearby Andalucía G1 well.
Free Air gravity anomaly has been the gravity anomaly modeled, extracted
from a regional dataset. During the 2D gravity modeling, various average
densities and Moho depths were tested. The best gravimetric adjustment is
obtained with a model which comprises seven layers: Plio-Pleistocene suc-
cessions (2.00 g/cm3), Miocene successions (2.30 g/cm3), shale diapirs (lower
Miocene) with three layers (2.05, 2.15 and 2.35 g/cm3; from top to bottom
and 60% kaolinite and 40% smectite of average composition), crustal base-
ment (2.82-2.75 g/cm3) and lithosphere mantle (3.20 g/cm3).

Key-words: shale tectonics, gravity modeling, West Alboran Basin. 

RESUMEN

Usando un perfil sísmico regional del margen norte de la Cuenca Oeste de Al-
borán se ha realizado un modelo gravimétrico 2D para valorar la respuesta gra-
vimétrica de las estructuras arcillosas en esta cuenca. Se realizó una conversión
tiempo-profundidad tomando velocidades de intervalo procedentes de veloci-
dades sónicas medidas en el pozo Andalucía G1. La anomalía modelada a lo
largo de este perfil ha sido la de Aire Libre, extraída de datos regionales. Para
el modelo gravimétrico 2D se han ensayado diversas densidades medias de los
sedimentos y del basamento, así como la profundidad de la Moho. El mejor
ajuste gravimétrico se obtiene con un modelo que comprende siete capas: su-
cesiones Plio-Pleistocena (2,00 g/cm3), Miocena (2,30 g/cm3), diapiros de arcilla
de edad Mioceno Inferior constituidos por tres capas (2,05, 2,15 y 2,35 g/cm3;
de arriba a abajo y de composición media 60% caolinita y 30% esmectita), ba-
samento cortical (entre 2,82-2,75 g/cm3) y manto de la litosfera (3,20 g/cm3).

Palabras clave: tectónica arcillosa, modelado gravimétrico, Cuenca
Oeste de Alborán.



2008). The sedimentary infill of the basin is
classically grouped in 6 seismic-stratigraphic
units (Comas et al., 1999): Unit I (Pliocene-
Pleistocene): mostly pelagic marls, muddy
turbidites, hemipelagic clays and rare silty
sand turbidites. Unit II (Messinian): marine
and lacustrine sandy turbidites with fine la-
minated sediments and some gypsum and
anhydrite levels. Unit III (Tortonian): sands-
tones, with claystone and silty clay beds
(turbidite facies). Unit IV (Lower Tortonian-
Serravallian) and Unit Va (Serravallian-
Upper Langhian): graded sand-silt-clay
turbidite sequences and turbiditic muds.
Unit Vb (Upper Langhian) and Unit VI (Aqui-
tanian-Burdigalian): under-compacted sha-
les with interbedded sandy and pebble
intervals.

The studied shale diapirs are sourced in
Unit VI. Local information from in-situ sam-
pling of mud volcanoes (formed by matrix-
supported mud breccia with reworked rock
clasts) provides compositional data, such as

clay mineralogy or fluid content, and age.
Based on the presence of lower Miocene
calcareous nannofossils in the mud matrix,
overpressured shales are attributed to the
Aquitanian-Burdigalian (e.g. Sautkin et al.,
2003; Gennari et al., 2013).

Low sonic velocity, together with low
density and resistivity values are characte-
ristic of Unit Vb and Unit VI (Jurado and
Comas, 1992). Thermally induced overpres-
sures seem to occur within Unit VI, accor-
ding to temperature estimate and logging
modeling (Fernández-Ibáñez and Soto,
2017).

Shale Diapirism in WAB

Diapirism in the West Alboran Basin has
been documented by many authors (e.g.,
Pérez-Belzuz et al., 1997; Comas et al., 1999;
Talukder et al., 2003; Soto et al., 2010).

Based on seismic interpretations and
commercial well data in the area close to
mud-volcanoes in the northern area of the Di-
apiric Province (Perejil and Alhambra mud-
volcanoes; Fig. 1), it has been concluded that
the diapiric structures are rooted in the under-
compacted shales from Unit VI and possibly
the lower Unit V (Comas et al., 1999; Talukder
et al., 2003). 

Shale structures in the northern WAB
form either isolated elliptical diapirs or elon-
gated ridges (or walls) with two perpendicular
trends: SW-NE and NNW-NNE (Fig. 1).
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Fig. 2.- Seismic line (A) and interpretation (B) in the northern margin of the WAB. Seismic Units and disconti-
nuities follow the seismo-stratigraphy of Comas et al. (1999). Position of the seismic line is shown in figure
1. See color figure in the web.

Fig. 2.- Perfil sísmico (A) e interpretación (B) en el margen norte de WAB. Las unidades y discontinuidades
sísmicas siguen la sismo-estratigrafía de Comas et al. (1999). La posición de la línea sísmica se indica
en la figura 1. Ver figura en color en la web.

Fig. 1.- Simplified tectonic map of the mobile shale unit (Un. VI) in the northern margin of the WAB. Inset
shows the geological setting of the studied area. Gray infill marks the Mud Diapir Province. Shale
migration is indicated by the white arrows. Time contours (1 s twtt) for the upper boundary of Un. VI (R5
discontinuity) is also included. Taken from Soto et al. (2010). The modeled seismic profile shown in
figure 2 is also included. AD = Alboran Domain; DSDP = Deep Sea Drilling Project; EAB = East Alboran
Basin; IF = Iberian Foreland; MD = Maghrebian Domain; ODP = Ocean Drilling Project; SAB = South
Alboran Basin; SID = South Iberian Domain; WAB = West Alboran Basin. See color figure in the web.

Fig. 1.- Mapa tectónico simplificado de la unidad de arcillas móviles (Un. VI) en el margen norte de la
WAB. El recuadro muestra el marco geológico del área estudiada. La trama gris señala la Provincia
Diapírica de Lodo en el área de estudio. La migración de esta unidad se indica con las flechas blancas. Se
incluyen también las líneas de contorno (intervalo 1 s en tiempo doble) para el techo de la Un. VI (dis-
continuidad R5). Tomado de Soto et al. (2010). Se señala la posición del perfil sísmico modelado (Fig. 2).
AD = Dominio de Alborán; DSDP = Deep Sea Drilling Project; EAB = Cuenca Este de Alborán; IF =
Antepais de Iberia; MD = Dominio Magrebí; ODP = Ocean Drilling Project; SAB = Cuenca Sur de Alborán;
SID = Dominio Sud-Ibérico; WAB = Cuenca Oeste de Alborán. Ver figura en color en la web.



Seismic Interpretation

A regional seismic reflection profile run-
ning NW-SE in the northern margin of the
WAB has been selected to model the gravity
response of shale structures in this basin
(Figs. 1 and 2). The studied seismic profile
contains the Andalucía G1 well and shows
two shale diapirs.

The interpretation shown in figure 2 il-
lustrates the structural styles of the shale
structures from the margin to the depocen-
ter axis (Soto et al., 2010; Fernández-Ibáñez
and Soto, 2017). In this direction, marginal
SE-dipping growth faults detached along
the basement-cover (shale) detachment,
shale anticlines, walls and a limited al-
lochthonous shale-sheet are observed.

A syncline appears in the central area
of the profile being flanked by two major di-
apiric forms.

Depth conversion

Time-depth conversion was done using
the sonic velocities measured in the An-
dalucía G1 well (Fernández-Ibáñez and
Soto, 2017). The average velocities for Unit
VI were estimated in 2500 m/s, which is in
agreement with Vp estimates in argillaceous
sediments (e.g., Mondol et al., 2007). The

average velocities for the other units are de-
tailed in Table I.

2D Gravity modeling

A 2D gravimetric model was performed
along the seismic profile, using Oasis Mon-
taj software of Geosoft®. The interpretation
of the section using gravity data involved
two main stages: depth conversion and
modeling of the formations. This interpreta-
tion refinement was achieved by comparing
the synthetic gravity response of the differ-
ent test models with the observed gravity.

Gravity data and crustal model

It has been used the Free Air gravity
anomaly (track spacing ~285.5 m) taken
from a regional dataset to model (extracted
from the satellite model of Sandwell et al.,
2014). Figure 3A shows the regional Free
Air gravity anomaly used for this study and
the position of the modeled 2D section. It
should be taken into account that the gra-
vity dataset has a considerable spacing and
it has a limited resolution to model small-
scale structures.

The Moho depth along the modeled pro-
file has been extracted from the compilation
made by Díaz and Gallart (2009) (Fig. 3B). 

Various average densities of the diffe-
rent sedimentary layers and checking the
density and geometries of the basement-
cover contact and the Moho has been tes-
ted using the Oasis Montaj software in an
iterative process. The density values to ob-
tain a better fit between the model and the
observations is shown in Table I for the dif-
ferent units.

Gravity Model

The best gravity model obtained is
shown in figure 4, with an average error of
4.97%. Seven different layers have been
considered: water layer (1.04 g/cm3), Plio-
cene and Pleistocene sediments (2.00
g/cm3), non-diapiric Miocene sediments
(2.30 g/cm3), three sedimentary layers wi-
thin the shale diapirs, divided according to
depth (2.05, 2.15, and 2.35 g/cm3), crustal
basement (2.75-2.80 g/cm3), and lithos-
phere mantle (3.20 g/cm3).

There is a basinwards increase in the
thickness of the Neogene to Quaternary se-
diments (Units V to I) to ~8 km, which is in
agreement with previous estimates (Soto et

al., 2008). The thickness of the mobile sha-
les (Unit VI; Lower Miocene) increases ba-
sinwards and the downslope shale
migration seems to be blocked by the base-
ment high at the SE of the section (corres-
ponding to the Site 976 High).

Shale diapirs are rooted in the lowermost
sedimentary sequence (Un. VI). It has been
confirmed the occurrence towards the SE of
a partially-allochthonous shale sheet with a
limited horizontal displacement (~5 km).

Although due to the nature of the mo-
deled gravity data local anomalies above
the shale diapirs are not identified, we in-
ferred the occurrence of two diapirs with in-
creasing densities with depth. Mobile shales
ascent up to the Pliocene-Pleistocene boun-
dary, at about 1 km depth, piercing in total
6-6.5 km of Miocene sediments, which re-
sults to be the total high of the shale dia-
pirs. Maximum and minimum depths for the
basement occur at ~8 km (in the depocen-
ter axis) and between 2 and ~3 km in the
NW margin and in the Site 976 basement
high, respectively.

To model the shale diapirs, the best
gravity model is obtained using three la-
yers with average densities of 2.05, 2.15,
and 2.35 g/cm3. These values coincide with
the density trend of clay-rich sediments
formed by a clay fraction with approxima-
tely 60% of kaolinite and 40% of smectite
(e.g., Mondol et al., 2007). This could be
the clay-fraction composition for the over-
pressured shales of Unit VI, complemen-
ting the studies of the extruded sediments
in the associated mud volcanoes (e.g.,
Gennari et al., 2013).

With respect to the basement, we inferred
a variable density from the margin of the WAB
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Fig. 3.- (A) Free Air anomaly contour map (con-
tour intervals are 20 mGal) of the NW WAB
(taken from Sandwell et al., 2014). (B) Contour
map of the Moho (contour intervals are 2 km)
from Díaz and Gallart (2009). It is included
the position of the modeled profile (Figs. 2
and 4).

Fig. 3.- (A) Mapa de contornos de la anomalía
de la gravedad de Aire Libre (intervalos cada
20 mGal) del área estudiada (tomado de
Sandwell et al., 2014). (B) Mapa de contornos
de profundidades de la Moho (intervalos cada
2 km) (Díaz y Gallart, 2009). Incluye la posi-
ción del perfil modelado (Figs. 2 y 4).

Layers
Vp Density 

(m/s) (g/cm3)

sea water 1484 1.04

Plio-Pleistocene 2010 2.00

non-diapiric 
Miocene seds.

2800 2.30

upper shale 2500 2.05

middle shale 2500 2.15

lower shale 2500 2.35

crustal basement n.a. 2.75-2.82

lithosphere mantle n.a. 3.20

Table I.- Vp and densities used in this study. n.a.:
not applicable.

Tabla I.- Vp y densidades usadas en este estudio.
n.a.: no aplicable.
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(2.82 g/cm3) to the basement high of the Site
976 (2.75 g/cm3). The first value corresponds
to the average density value estimated by Soto
et al. (2008) for the crust in the Betics and Rif.
The crustal density reduction towards the SE is
in agreement with the occurrence of crustal
melts, like those sampled at ODP Site 976 (e.g.,
Comas et al., 1999). The modeled Moho as-
cends from 22 km in the margin to about 19
km beneath the Site 976 basement high. It is
inferred the occurrence of a sharp Moho step
at about 12-13 km of horizontal distance.
These values are similar to the geometry de-
picted by the model of Díaz and Gallart (2009),
differing from the abrupt thinning inferred by
authors like Soto et al. (2008).

Conclusions

(1) We have model a 2D gravity model
coinciding with a seismic profile in the nor-
thern margin of the WAB. The seismic inter-
pretation shows two major shale diapirs
fed by overpressured shales from the lo-
wermost sedimentary unit (Un. VI, Aquita-
nian-Burdigalian).

(2) A depth conversion of the interpre-
ted profile has been accomplished to con-
duct the gravity modeling. The maximum
sedimentary thickness of about 8 km is
achieved between the two shale diapirs. 

(3) The modeled gravity data has been
extracted from a smoothed regional free air
gravity anomaly from Sandwell et al. (2014).

The best-fit model is formed by the layers:
Plio-Pleistocene sediments (2.00 g/cm3), Mio-
cene sediments (2.30 g/cm3), three slices of
Lower Miocene shales divided according to
depth (2.05, 2.15, and 2.35 g/cm3, from top
to bottom), crustal basement (2.75-2.82
g/cm3), and lithosphere mantle (3.20 g/cm3).
The modeled Moho shallows basinwards,
from 22 to 19 km.

(4) The inferred densities for the mobile
shales (seismic Unit VI) agree with an ave-
rage composition of the clay fraction formed
by a mixture of kaolinite (60%) and smec-
tite (40%). 
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Fig. 4.- 2D gravity model detailing the different layers and their corresponding density (in g/cm3). Base of the sedimentary infill in the WAB together with
the Moho depth are compared with data from Soto et al. (2008) (1) and Díaz and Gallart (2009) (2), respectively.See color figure in the web.

Fig. 4.- Modelo 2D gravimétrico con las distintos capas y sus correspondientes densidades (en g/cm3). La base del relleno sedimentario en la WAB y la pro-
fundidad de la Moho se comparan con datos de Soto et al. (2008) (1) y Díaz y Gallart (2009) (2), respectivamente. Ver figura en color en la web.




