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Abstract. Two profiles have been gravimetrically mod- 
elled in the central and eastern parts of the Alboran Sea and 
Betic Cordillera. The crust in the central part thins from 38 
km below the Internal Zones to 18-22 km beneath the Albo- 
ran Basin in an area about 30 km wide. The eastern part 
shows greater thinning, from about 38 to 15 km, distributed 
over a broader area some 100 km wide. The mode of crustal 
thinning in the eastern part can be compared with that of a 
rifted passive margin whereas the central part exhibits a 
transform style. 

Introduction 

The Betic Cordillera and the Rif Chain with the Alboran 
Basin in between form the westernmost segment of the Al- 
pine-Mediterranean mountain belt (Fig. 1). The Alboran 
Basin appears to have developed since the Early Miocene 
involving major lithospheric thinning (Durand-Delga 1980; 
Platt and Vissers 1989; Comas and others 1990). 

One of the most outstanding features of the Bouguer 
gravity anomaly map of the area is the rather uniform strong 
north-south gradient (4 mGal/km) between longitudes 3 ~ 
and 4~ which extends from the coast to about 37~ lati- 
tude (Fig. 2). To the east the gravity gradient is oriented 
northwestern-southeastern and is more gentle (2 mGal/km). 

In the last decades several authors have gravimetrically 
modelled the area along a number of profiles extending from 
the Betics to the Rif chain. Bonini and others (1973) mod- 
elled two profiles along 4 ~ 30'W and 3~ latitude mainly 
focusing on the coastal highs located in the western part of 
the study area and the central Alboran Sea gravity high. 
Haztfeld (1976) used gravity and seismic data to study the 
crustal structure of the Alboran Basin and particularly the 
likely presence of an anomalous low P-wave velocity/low- 
density uppermost mantle. Casas and Carb6 (1990) pro- 
posed a schematic crustal model along three profiles cutting 
across the Betics and part of the Alboran Sea. 

The crustal structure of the Betic Cordillera is also rela- 
tively well known although only along a limited number of 
seismic refraction/wide angle reflection lines (Fig. 1). The 
Internal Zones of the Betic Cordillera are characterized by 
an intracrustal reflector at 10-12 km depth separating Vp 
velocities of 6.0 km/s and 6.4-6.5 km/s (Banda and others 

1992). The lower crust is not well differentiated and the 
upper mantle has a P-wave velocity of 8.1-8.2 km/s. The 
total crustal thickness is 38 km in its thickest part and thins 
toward the Mediterranean. Along the southern coast of 
Spain a crustal thickness of 24-25 km has been derived 
(Banda and Ansorge 1980; Barranco and others 1990). 

Available seismic data in the Alboran sea are not good 
enough to give a detailed picture of the crustal configura- 
tion, although an estimate of 15 km crustal thickness in the 
central part of the basin is known from a few published and 
unpublished studies (Boloix and Hatzfeld 1977; Hatzfeld 
1978; Working Group for Deep Seismic Soundings in the 
Alboran sea 1974, 1978). An important seismic result in this 
area is the indication for locally fairly low upper mantle 
P-wave velocity (7.6-7.8 km/s), which could point to the 
presence of anomalous mantle with densities lower than the 
standard value of 3,330 kg/m 3 (Hatzfeld 1976) as derived 
from the empirical relationship between P-wave velocity 
and density. It remains unclear, however, how the transition 
from the thickened continental crust of the Betics to the 
thinned continental crust beneath the Alboran Basin actually 
occurs. 

Gravity analysis using seismic constraints seems an ap- 
propriate method to study the deep crustal transition from 
the Betic Cordillera to the Alboran Sea and thus reach a 
better understanding of the crustal thinning and in turn of 
lithospheric extension. This study is mainly focused on the 
mode of transition from the Betics to the Alboran crust along 
two profiles located in the central and eastern parts of the 
Alboran Sea and Betic Cordillera combining gravity and 
available seismic data. 

Gravity Modelling 

The gravity map (Fig. 2) has been obtained using available 
data from the Bureau Gravim6trique International (B.G.I.), 
from the Spanish "Instituto Geogrfifico Nacional" and also 
from available ship tracks including new data collected dur- 
ing a cruise carried out by research vessel RD.  Conrad in 
the Alboran Sea. Some additional data points at sea have 
been taken from Morelli and others (1975). The average 
coverage is one observation per 12 km 2. The different sur- 
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Figure 1. Location map of the Betic 
area. Solid lines indicate the approxi- 
mate location of available seismic 
refraction/wide-angle reflection on 
land. V.T., Valencia Trough; P.B., 
Provenqal Basin. Upper left panel, 
simplified geological map of the study 
area. 
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Figure 2. Simple Bouguer gravity 
anomaly map at 10 mGal interval. 
Density reduction 2,670 kg/m 3. Solid 
lines labelled I and II show the loca- 
tion of the gravity profiles. 

veys have been tied using the IGSN-71 (International Grav- 
ity Standardization Network). A crossover analysis (Wessel 
and Watts 1988) was applied to remove bias and tilt error in 
the marine data. A reduction density of 2,670 kg/m 3 and the 

GRS-67 (Geodetic Reference System) have been adopted as 
the reference ellipsoid. The sea stations were reduced from 
free-air gravity values by using the same density to replace 
the water layer. No terrain correction has been applied. 
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Table 1. Parameters used in gravity modelling of Profile I 

Lateral extension 

Body no. Density (kg/m 3) - Y  (km) +Y (km) 

1 2,350 40 40 
2 2,500 80 50 
3 2,250 45 20 
4 2,400 200 200 
5 2,750 70 50 
6 2,850 70 50 
7 2,900 70 50 
8(1)* 3,200 70 50 
8(2)? 3,330 70 50 

*8 (1) shown in Fig. 4 as solid line. 
t8 (2) shown in Fig. 4 as dashed line. 
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F i g u r e  3 .  G r a v i t y  p r o f i l e s  I (a) and  I1 (b)  w h e r e  the  c o n t i n u o u s  l i ne  
represents the average value for a window centered on the profile and 
extending 80 km laterally. Dotted lines indicate the boundaries correspond- 
ing to one standard deviation. Triangles indicate observed gravity values 
along profiles I and II. 

Taking into account the trend in the gravity field in the 
areas of interest and that our objective is to study the transi- 
tion of the deep crust from the Alboran Sea to the Betic 
Cordillera, 2D and 2'/2 D modelling was considered appro- 
priate. The gravity interpretation presented here has been 
carried out using 2'/2 D algorithms (Cady 1980). 

Two profiles parallel to the regional gravity gradients 
have been considered. To obtain the gravity profiles, one 
data point every 3 km was calculated by projecting gravity 
values within a 10 km wide strip onto the profile. Values 
giving topographic noise were rejected before computing 
the average, which was taken as the final value. In the 
region of high gravity gradient (Fig. 2) a wider window of 
80 km centered on the profiles were used to compute the 
averaged profile (Figs. 2 and 3). Outside the regions where 
the gravity data have been stacked we have retained the 
Bouguer anomaly values corresponding to the line of the 
profiles as indicated in Figure 2. Models fitting the gravity 
data within one standard deviation have been considered 
acceptable. 

In profile I (northern-southern orientation) the high 
gravity gradient area is about 50 km wide (Fig. 3a) and is 
mainly located in the Internal Zones. Along this profile the 

Table 2. Parameters used in gravity modelling of Profile II 

Lateral extension 

Body no. Density (kg/m 3) - Y  (km) +Y (km) 

1 2,500 80 40 
2 2,250 70 80 
3 2,400 40 90 
4 2,750 80 80 
5 2,850 40 200 
6 2,900 40 200 
7(1)* 3,200 40 200 
7(2)t 3,330 40 200 

*7 (1) shown in Fig. 4 as solid line. 
t7 (2) shown in Fig. 4 as dashed line. 

Bouguer anomaly varies from minimum values of -125  
mGal centered on the Granada Basin to a maximum value of 
60 mGal in the Alboran Basin. In profile II (northwestern- 
southeastern orientation) the transition is about 120 km wide 
and is characterized by a gentle gravity gradient (Fig. 3b). In 
this profile minimum values of -125  mGal are reached for 
the Guadix-Baza Basin, whereas maximum values of 150 
mGal are attained in the southeastern part (Alboran Sea). 

A variety of sources of information have been used to 
construct the different models presented in this study. The 
sedimentary structure of the Alboran Basin and Neogene 
and Quaternary basins have been taken from commercial 
seismic data where available and from IGME (1987). Den- 
sity data were obtained from well log velocity data (Do- 
cherty and Banda 1992), and from the empirical relationship 
between P-wave velocity and density (Nafe and Drake 1961; 
Woollard 1975). Thus a density of 2,300 kg/m 3 was as- 
signed to the Neogene and Quaternary sediments, but a 
higher value of 2,500 kg/m 3 seems more appropriate for the 
subbetic units (External Zones). For the crystalline crust, 
densities have been chosen as 2,750 kg/m 3 for the u~per 
crust, 2,850 kg/m 3 for the middle crust, and 2,900 kg/m- for 
the lower crust. Different densities of 3,330 kg/m 3 and 
3,200 kg/m 3 have been used for the uppermost mantle of the 
Alboran Basin according to the observed low values of the 
P-wave velocity as discussed by Hatzfeld (1976). 

The 2V2 D algorithm used here (Cady 1980) allows a 
different lateral extension of the bodies on both sides of the 
chosen profile. The lateral extension of the bodies (Tables 1 
and 2) have been adopted according to surface geology 
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Figure 4. Gravity profiles. Profile I (a). 
Solid triangles indicate observed 
Bouguer anomaly values. Solid lines 
represent computed gravity anomalies 
for 2V2 D models shown in the lower 
panel (differences of computed gravity 
values are barely visible on the figure). 
Shadowed area is the range of gravity 
values within one standard deviation of 
the averaged profile (see text). No at- 
tempt has been made to model the local 
anomaly at about km 120. The lower 
panel shows the geometry and density 
distribution for different crustal models. 
E.Z., External Zones; Gr. B., Granada 
Basin; I.Z., Internal Zones. Empty trian- 
gle indicates the location of the shore- 
line. Parameters used in gravity model- 
ling are shown in Table 1. Profile II (b). 
Same symbols as in (a) except B-G. B, 
Baza-Guadix Basin. Parameters used in 
gravity modelling are shown in Table 2. 

(Junta de Andalucfa 1985) for the surficial bodies. At depth 
we have taken a somehow arbitrary criterium based on the 
regional trend of the Bouguer gravity anomaly. 

Figure 4 shows a number of density models and cross- 
section geometries compatible with the gravity data. It is 
noteworthy that the southern extension of the subbetic units 
(density 2,500 kg/m 3) beneath the Betic Internal Zones is 
needed for the gravity interpretation in both profiles. The 
transition from the crust in the Alboran Sea to that of the 
Betic Cordillera, which cannot be resolved with the avail- 
able seismic data, becomes fairly well defined with the 
gravity analysis. In profile I (Fig. 4a), the transition area is 
about 30 km wide with a crustal thinning from 38 to 18-22 

km. The different values in the Alboran crust are due to 
uncertainty in the seismic data and also because we have 
allowed the mantle density to vary from 3,330 to 3,200 
kg/m 3. In profile II (Fig. 4b), the transition zone is spread 
along a 100 km wide (northwestern-southeastern) area. In 
this profile the amount of thinning, however, is slightly 
greater because the crust offshore is thinner than in profile I. 

The mode of the transition from the Betic to the Alboran 
crust is shown in more detail in Figure 5 where the total 
crustal thickness as deduced from seismic data have also 
been indicated. In this figure three different computed den- 
sity models have been included, each of which contains 
various geometries. Two extreme density models of 3,200 



80 

E 
v 

N 
- 1 2 -  

. 

- 1 6 -  

-20 

-24 

- 2 8  

-32 - 

-36 - 

-40 I 
6 O  

SL 
I S 

Profi le I 

�9 _ J_ 

. . . . . . . . . . . . . . . . . . . . . . . . . .  

I I I I 

80 tO0 120 140 

NW SlL SE 

-16121 P r o f i l e  I I  

- 2 o  
E 

- 2 4  - r  
- 

~:z  - 2 8  - 
121 

- 3 2  - 

- 3 6  - 

-40 

...... ~ : i ~ i ~ , ~ :  . . . .  

i I I ! ! I 

80 1 O0 t 20 140 160 180 200 
Distance (km) 

220 

F i g u r e  5. Blown up view of the deep 
crustal transition from the Alboran sea 
to the Betic Cordillera for profiles I 
and 11. The shadowed area indicates 
the range within which models are 
acceptable according to available grav- 
ity and seismic data. Solid, dashed, 
and dashed-dotted lines indicate depth 
to the Moho for different density mod- 
els (see Fig. 4 and text). Dotted-line 
shows the lower boundary of the 
anomalous low-density uppermost 
mantle. SL indicates the location of 
the shore line. Triangles indicate depth 
to the Moho as deduced from seismic 
data. 

and 3,330 kg/m 3 for the uppermost mantle in the Alboran 
Sea have been considered. The first model  would imply an 
anomalous low-density upper mantle, whereas the second 
one corresponds to a "normal" mantle beneath the Alboran 
Sea. An intermediate solution can be adopted if only the top 
of  the upper part of  the mantle is considered to have a low 
P-wave velocity and, therefore, density. As can be observed 
in Figures 4 and 5, any of  the solutions mentioned above fits 
the gravity data. The combination of  seismic and gravity 
interpretation, however,  shows that the best solution in- 
cludes an anomalous low-density uppermost mantle (3,200 
kg/m 3) or a crust-mantle transition zone, which would reach 
maximum depths of  about 31 km according to gravity data. 

D I S C U S S I O N  

A few published gravity studies have already discussed the 
transition from the Alboran crust to the Betic Cordillera. 
Bonini and others (1973) investigated the western Betics 
where large volumes of  outcropping and buried peridotites 
completely distort the regional gravity field. Hatzfeld 
(1976) and more recently Casas and Carb6 (1990) have 
interpreted gravity data to propose complete crustal sections 
across the Alhoran Sea and the Betic Cordillera. The latter 
authors infer a crustal thickening from the Alboran to the 
Betic crust which is fairly uniform with a slight bend at 

about the position of  the shore line. We find that this thick- 
ening is more pronounced along our profile I. 

Hatzfeld (1976) found that a mantle density of  3,200 
kg/m 3 was necessary to fit the gravity data. Our results do 
not contradict those of  Hatzfeld, although we find that an 
uppermost mantle density of  3,330 kg/m 3 in the Alboran 
Basin can also be used to fit gravity models. However,  when 
combining the gravity and seismic data sets an uppermost 
mantle density model of 3,200 kg/m 3 reaching maximum 
depths of  about 31 km seems more appropriate. This is also 
observed along the Valencia Trough (e.g. Torn6 and others 
1992) therefore suggesting that the westernmost part of the 
Mediterranean sea is underlain by a low-velocity uppermost 
mantle or by a crust-mantle transitional zone. Gravity mod- 
elling also suggests that thinning is accommodated mainly 
by the lower crust (Fig. 4). The relative thinning of the 
upper-middle and lower crust indicates that different beta 
factors apply to different crustal levels. 

The gravity study shows that a different style of  crustal 
thinning from the thickened crust beneath the Betics to the 
thin crust of  the Alboran Basin is observed from east to 
west. Although in the eastern part of the study area the 
Moho shallows gently from 38 to 15 km depth, in the central 
part the Moho rises abruptly from 38 km depth beneath the 
Betics to 18-22 km under the Alboran Sea. The former 
resembles the crustal attitude of  rifted passive margins such 
as those of  Nova Scotia (Fenwick and others 1968), Bay of 
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Biscay  ( G i n z b u r g  and  o thers  1985),  or  Ha t ton  B a n k  (Whi t e  
and others  1987),  where  crusta l  t h inn ing  occurs  across  hor i -  
zontal  d i s tances  of  abou t  100 kin.  In cont ras t ,  the  s teep  r ise 
of  the M o h o  in the  wes t e rn  and  cent ra l  par t  o f  the  s tudy area 
can be  c o m p a r e d  wi th  tha t  o f  Baf f in  Bay  or  Cent ra l  L a b r a d o r  
(Keen  and  H y n d m a n  1979).  W e  be l i eve  that  the  d i f f e ren t  
style of  t h inn ing  is re la ted  to d i f fe ren t  ex tens iona l  m o d e s  
be tween  both  areas .  Th i s  is in a g r e e m e n t  wi th  the  resul ts  o f  
tec tonic  subs idence  ana lys i s  ob t a ined  by  D o c h e r t y  and  
Banda  (1992) ,  w h o  f ind var ia t ions  in the  m o d e  o f  t ec ton ic  
subs idence  f rom eas t  to west .  

The  geomet ry  of  the  crus ta l  t r ans i t ion  zone  o f  the  cent ra l  
part  o f  the s tudy  area  cou ld  c o r r e s p o n d  to a co l lapse  mode l  
as p roposed  by  Pla t t  and  Visse r s  (1989) .  It c an  also be  
compared ,  h o w e v e r ,  w i th  m a r g i n s  o r ig ina t ed  by  s t r i ke - s l i p  
m e c h a n i s m s  (Scru t ton  1982). T he  ef fec ts  o f  these  m e c h a -  
n i sms  would  be  s u p e r i m p o s e d  to crus ta l  t h i n n i n g  due  to 
d e t a c h m e n t  ex tens iona l  t ec ton ics  (Balanyfi  and  Garc ia -  
Duefias 1987) and  would  also be cons i s t en t  wi th  the 
S - shaped  grav i ty  a n o m a l i e s  o b s e r v e d  wes t  o f  M~ilaga (Fig.  
2),  wh ich  s eem to ind ica te  dext ra l  m o v e m e n t s  k n o w n  f rom 
surface s t ructural  s tudies .  

Acknowledgments. Critical reading of the manuscript by M. Fernhndez, 
C. Docherty, and J.J. Dafiobeitia is greatly appreciated. Financial support 
has been received from CICYT project PB87-0362 and NATO grant CRG 
890570. 

References 

Balany~i, J.C. and Garcfa-Duefias, V., 1987. Les directions structurales 
dans le Domain d'Alboran de part et d'autre du D'etroit de Gibraltar. 
Comptes Rendues Academie de Sciences de Paris 304:929-933. 

Banda, E. and Ansorge, J., 1980. Crustal structure under the central and 
eastern part of the Betic Cordillera. Geophysical Journal Royal Astro- 
nomical Society 63:515-532. 

Banda, E., Gallart, J., Garcia-Duefias, V., Dafiobeitia, J.J., and Makris, 
J., 1992. Lateral variation of the crust in the Iberian peninsula. New 
evidence from the Betic Cordillera. Tectonophysics (in press). 

Barranco, L., Ansorge, J., and Banda, E., 1990. Seismic refraction con- 
straints on the geometry of the Ronda peridotitic massif (Betic Cordil- 
lera, Spain). Tectonophysics 184:379-392. 

Boloix, M. and Hatzfeld, D., 1977. Preliminary results of the 1974 seismic 
refraction experiment in the Alboran Sea. Publication Institute of Geo- 
physics Polish Academy of Sciences A-4(115):365-368. 

Bonini, W.E., Loomis, T.P., and Robertson, D., 1973. Gravity anoma- 
lies, ultramafic intrusions and the tectonics of the region around the Strait 
of Gibraltar. Journal of Geophysical Research 76:1372-1382. 

Cady, J.W., 1980. Calculation of gravity and magnetic anomalies of finite- 
length right polygonal prisms. Geophysics 45(10): 1507-1512. 

Casas, A. and Carb6, A., 1990. Deep structure of the Betic Cordillera 
derived from the interpretation of a complete Bouguer anomaly map. 
Journal of Geodynamics 12:137-147. 

Comas, M.C., Garcfa-Duefias, V., and Jurado, M.J., 1990. Sedimentation 
and structure of the Northern Alboran Basin: Extensional steps in basin 
evolution. Geology of the Oceans International Conference Palermo 
Italy. Abstracts 33. 

Docherty, J.I.C. and Banda, E., 1992. A note on the substance history 
of the northern margin of the Alboran Basin. Geo-Marine Letters 12: 
82-87. 

Durand-Delga, M., 1980. Le m6diterran6e occidental: 6tapes de sa gen6se 
et problemes structuraux lies a celle-ci. Memoires Societ~ G~ologique de 
France 10:203-224. 

Fenwick, D.K.B., Keen, M.J., and Lambert, A., 1968. Geophysical stud- 
ies of the continental margins northeast of Newfoundland. Canadian 
Journal t~['Earth Sciences 5:483-500. 

Ginzburg, A., Whitmarsh, R.B., Robert, D.G., Montadert, L., Camus, 
A., and Avedik, F., 1985. The deep seismic structure of the northern 
continental margin of the Bay of Biscay. Annales Geophysicae 3:495- 
510. 

Hatzfeld, D., 1976. Etude sismologique et gravimetrique de la structure 
profonde de la mer d'Alboran: Mise en 6vidence d'un manteau anormal. 
Comptes Rendues Academie de Sciences Paris 283:1021-1024. 

Hatzfeld, D., 1978. Etude sismotectonique de la zone de Collision lb6ro- 
Maghrebine. Ph.D. Thesis, Universit6 Scientifique et M6dicale de 
Grenoble. 281 pp. 

1GME, 1987. Contribuci6n de la exploraci6n petrolifera al conocimiento de 
la Geologfa de Espafia. Madrid. 465 pp. 

Junta de Andalucia, 1985. Mapa Geol6gico Minero de Andalucfa. Conse- 
jeria de Economfa e Industria. Direcci6n Gral. de Industria, Energfa y 
Minas. 150 pp. 

Keen, C.E. and Hyndman, R.D., 1979. Geophysical review of the eastern 
and western continental margins of Canada. Canadian Journal of Earth 
Sciences 16:712-747. 

Morelli, C., Pisani, M., and Cantar, C., 1975. Geophysical anomalies and 
tectonics in the western Mediterranean. Bolletino di Geofisica 67:211- 
449. 

Nafe, S.E. and Drake, C.L., 1961. Physical properties of marine sedi- 
ments. In: Hill, M.N. (Ed.), The sea. V. 3. Interscience, New York. 
794-819. 

Platt J.P. and Vissers, R.L.M., 1989. Extensional collapse of thickened 
continental lithosphere: A working hypothesis for the Alboran sea and 
Gibraltar arc. Geology 17:540-543. 

Scrutton, R.A., 1982. Crustal structure and development of sheared pas- 
sive margins. In: Scrutton, R.A. (Ed.), Dynamics of passive margins. 
Geodynamic Series 6. 133-140. 

TomE, M., Pascal, G., Buhl, P., Watts, A.B., and Mauffret, A., 1992. 
Crustal and velocity structure of the Valencia Trough (Western Mediter- 
ranean) Part I: A combined refraction/wide angle reflection and near 
vertical reflection study. Tectonophysics 203:1-20. 

Wessel, P. and Watts, A.B., 1988. On the accuracy of marine gravity 
measurements. Journal of Geophysical Research 93:393~- 13. 

White, R.S., Westbrook, G.K., Fowler, J.R., Spence, G.D., Barton, P.J., 
Joppen, M., Morgan, J., Bowen, B.W., Prestcott, C., and Bott, 
M.H.P., 1987. Hatton Bank (northwest U.K.) continental margin struc- 
ture. Geophysical Journal Royal Astronomical Society 89:265-272. 

Woollard, G.P., 1975. Regional changes in gravity and their relation to 
crustal parameters. Bureau GravimOtrique International Bulletin 
d'lnformation. 36(1): 106-110. 

Working Group for Deep Seismic Sounding in the Alboran Sea 1974, 1978. 
Crustal seismic profiles in the Alboran Sea--Preliminary result. Pure 
and Applied Geophysics 116:167-179. 


