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Abstract

The results of the first regional heat flow survey carried out in the Alboran Basin are presented. The survey consists of 98
heat flow measurements obtained using a violin type probe, 697 nautic miles of gravity profiles, 1446 nautic miles of
bathymetric survey, and 22 gravity cores. A remarkable difference in heat flow patterns exists between the western (WAB)
and eastern (EAB) parts of the Alboran Basin. The average heat flow in the WAB is 69 + 6 mWm™? with a generally
increasing trend towards the centre and to the east. In contrast, the heat flow pattern in the EAB shows an average value of
124 + 8 mWm ™2 and it is maintained rather constant for the overall area. Superimposed on this general pattern there are
some local thermal anomalies, associated with hydrothermal activity, which have been detected in the central WAB (up to
123 mWm™?), in the South Alboran Basin (SAB) (up to 153 mWm™2) and in the Djibouti Bank (DB) (up to 254
mW m ™ ?). After corrections for thermal refraction, sedimentation and cooling of volcanic bodies, the resulting heat flow
distribution in the WAB is smoother, but still shows the increasing trend towards the centre and to the east. In the EAB, the
application of these corrections did not lead to any noticeable changes. A 1-D approach that combines heat flow data, crustal
structure and elevation shows a dramatic decrease in lithospheric thickness from the WAB (50-90 km) to the EAB (38-40
km). Likewise, the resulting crustal thickness is around 14-16 km in the central part of the WAB, increasing towards the
borders of the basin, whereas in the EAB the crustal thickness varies between 12.5 and 14.5 km in its western part, and
between 10 and 11.5 km in its eastern part.

1. Introduction present-day crustal deformation and lithospheric be-
haviour in extensional basins developed in colli-
sional seftings at convergent plate boundaries. A
consensus generally exists recognizing the impor-
tance of this land-locked westernmost Mediterranean
—Trresponding author. Fax: 34-3-4110012. E-mail: mfernan- basin for the understanding of the origin and geody-
dez@u.ija.csic.es. namic evolution of the whole Mediterranean Sea.

The Alboran Sea has been identified as one of the
main targets to address geophysical investigations on
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The Alboran Sea Basin has been the site of a
vigorous program of oil and gas exploration since
the early 1970’s. As a result, a dense network of
commercial seismic reflection profiles is now avail-
able. Several scientific surveys have been carried out
in the Alboran Sea since 1988, mostly by Spanish,
British and American groups: single channel seismic
profiles, deep seismic reflection profiles (up to 20 s
twtt), magnetic, gravity, multibeam bathymetry and
side-scan sonar surveys. These data are complemen-
tary to those obtained in previous geophysical sur-
veys (Allan and Morelli, 1971; Bonini et al., 1973;
Hatzfeld, 1976; Hatzfeld et al., 1978).

The downhole information consists of data from
DSDP Site 121 (Ryan et al., 1973) and five commer-
cial wells: Andalucia G-1, Alboran A-1 and Andalu-
cia A-1 (located on the Spanish side), and El Jebha-1
and Nador-1 (on the Moroccan side) (Fig. 1). Some
of these commercial wells reached the metamorphic
basement (Jurado and Comas, 1992).
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Only three sea floor heat flow measurements were
made previously in the Alboran Sea (Fig. 1; Haenel,
1979). Two of these measurements are located in the
Western Alboran Basin, yielding values of 52 and 93
mWm~2, respectively. The third measurement, in
the central part of the Eastern Alboran Basin, re-
sulted in a value of 33 mWm™2. Following the
approach of Albert-Beltran (1979) for onshore wells
and considering the same bulk thermal conductivity
(2.1 Wm™'K™!) for offshore commercial wells,
one could expect an eastward increase in heat flow
values from 40 to 100 mWm™2 on the Spanish
shelf.

Different geodynamic hypotheses have been pro-
posed to explain the origin and evolution of the
Alboran Sea Basin. It has been considered as being
either a subduction-related back-arc basin (Dercourt
et al., 1986); a Mediterranean-type back-arc basin
(Horvath and Berckhemer, 1982); a basin related to a
mantle diapir (Weijermars, 1985); a basin related to
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Fig. 1. Location of seismic reflection profiles and oil wells used in the FLUCALB (Flujo de Calor en Alboran) survey. Thick solid lines
correspond to deep seismic data and thin solid lines correspond to commercial lines. B indicate previous heat flow measurements
(mWm™?) by Haenel (1979), @ indicate commercial oil wells and shaded circles indicate proposed ODP sites. Contour interval for

bathymetry is 200 m.
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convective removal of lithospheric root beneath a
previous overthickenned crust (Platt and Vissers,
1989); or a basin related to an asymmetric delamina-
tion of the lithospheric mantle (Channel and
Mareschal, 1989; Garcia-Duefias et al., 1992; Comas
et al.,, 1993). Up to now, however, none of these
models was able to explain successfully the observed
pattern in geological and geophysical data. Surface
heat flow data are an important information to test
the validity of these competing genetic hypotheses.

In this context, a geological and geophysical pro-
ject “FLUCALB”’ (Flujo de Calor en Albordn) was
carried out in October 1993. The main goal of the
project was to measure and obtain the regional vari-
ability in heat flow across the entire Alboran Basin.
The FLUCALB survey was conducted during the
17th cruise of the Russian R /V ‘‘Akademik Nikolaj
Strakhov’’. the cruise was organized in accordance
with the World Ocean Program of the Russian
Academy of Sciences within the frame of Russian—
Spanish cooperation supported by the Russian
Academy of Sciences (R.A.S.) and the ‘‘Consejo
Superior de Investigaciones Cientificas™” (C.S.I.C.).

The FLUCALB programme included: (1) geother-
mal research, to measure temperature gradient in
bottom sediments, thermal conductivity, heat flow
density and bottom water temperature; (2) gravity
survey and (3) bathymetry survey along previously
selected profiles including the heat flow sites; and
(4) study of lithological, paleontological and petro-
logical characters of sediments recovered from grav-
ity cores. In this paper we present preliminary results
of this survey, mainly focusing on the heat flow and
thermal structure of the Alboran Sea.

2. Geological and geophysical setting

The Alboran Sea, which is about 400 km long and
200 km wide, forms the westernmost part of the
Mediterranean (Fig. 2). It is surrounded by an arcu-
ate thrust belt (the Betic and Rifean chains) and the
Gibraltar Arc, which was active before and during
the extensional stages in basin evolution. The Albo-
ran Sea Basin is formed in an overall convergent
environment between the African and the Eurasian
plates from mid-Oligocene to Recent times (Dewey
et al., 1989). This convergent history is not directly

reflected in the kinematics of either the Betic and
Rifean chains, or in the extension in the Alboran
Basin. The system as a whole is bounded to the north
and south by the Iberian and African continental
forelands, and to the west and east by the Atlantic
Ocean and the oceanic Algerian—South Balearic
Basin, respectively (Galdeano and Rossignol, 1977;
Morelli, 1985).

The Alboran Crustal Domain (Internal Zones)
(Fig. 2) of the surrounding Betic and Rif mountain
chains represents the disrupted and extended frag-
ments of a former convergent orogenic belt that
evolved from the Late Cretaceous to the Early
Miocene. Pre-Miocene convergence caused substan-
tial crustal thickening accompanied by high-pres-
sure /low-temperature metamorphism. The remains
of this orogen affected by Miocene extension proba-
bly underlie much of the Alboran Sea. On-shore,
extensional detachment systems and fault-bounded
sedimentary basins of Miocene age are superimposed
upon the continental collision structures. This exten-
sional phase was accompanied by a distinctive low-
pressure /high-temperature metamorphism, and it is
responsible for the crustal thinning observed in the
region (Platt and Vissers, 1989; Garcfa-Duefias et al.,
1992). Coeval with this extension, the collisional
front migrated to the west producing crustal shorten-
ing in both the Iberian and Magrebian continental
margins, and the Flysch Trough Units (Betic—Rifean
external zones) (Balanyd and Garcia-Duefias, 1987,
Comas et al., 1992; Garcia-Duefias et al., 1992).

The Alboran Sea has a rough bathymetry (Fig. 1)
with several subbasins, ridges and banks, and is
flanked by a narrow shelf, slope and rise topography.
The Alboran Ridge is locally emergent at the Albo-
ran Island and, like most of the residual banks, is
formed by volcanic rocks. Seismic and well data
show thick sedimentary sequences (up to 6—7 km),
Early Miocene to Recent in age, filling graben or
half-graben between basement highs in the Western
Alboran Basin. The lower seismostratigraphic units,
late Aquitanian—Burdigalian and Langhian—Serraval-
lian in age correspond to olistostromes and overpres-
sured claystone, respectively, which conditioned mud
diapir provinces (Jurado and Comas, 1992). Marine
Miocene sequences, lithostratigraphically similar to
those of the Alboran Basin infill, crop out onshore in
the Betics and Rif. This feature indicates that during
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Fig. 2. Geological sketch map of the Alboran Basin and surrounding mountain chains. Modified from Comas et al. (1992, 1993).
WAB = West Alboran Basin; EAB = East Alboran Basin; SAB = South Alboran Basin; YB = Yusuff Basin. Sites correspond to the 1995s

Ocean Dirilling Program proposal.

the Miocene the Alboran Basin occupied an area that
extended both north and south beyond the present-day
limits of the Alboran Sea. Seismic reflection data
show that the sedimentary thickness reduces substan-
tially in the Eastern Alboran Basin, where it reaches
values around 1.5 km.

The basement of the Alboran Sea consists of
rocks belonging to the metamorphic complexes that
form the Alboran Crustal Domain, and outcrops in
the Betic and Rif chains. Volcanoclastic and volcanic
interbedding have been sampled in some of the
exploration wells. Aeromagnetic anomalies indicate
a pattern of volcanic ridges within the basin
(Galdeano and Rossignol, 1977). These volcanic
rocks can be correlated with alkaline and calc-al-

kaline rocks exposed onshore, late Serravallian—Early
Pliocene in age (Hernandez et al., 1987; Comas et
al., 1992).

The present-day configuration of the Alboran
Basin is the result of the superimposition of different
tectonic stages. Earlier structures correspond to ex-
tensional grabens generated through several rifting
episodes and developed from the late Aquitanian (22
Ma) to the middle Tortonian (9 Ma). Magmatic
events and mud diapirism were related to the exten-
sional processes. The tectonic pattern was different
for each extensional episode. First stages of crustal
stretching which led to the Aquitanian transgression
are not well recognized from seismic data; however,
two episodes of main rifting with differing extension
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directions, the Burdigalian—Langhian (about 17-15
Ma) and the Serravalian—early Tortonian (about 14—
10 Ma), can be well stated (Comas et al., 1993). As a
whole, directions of extension and rifting episodes
recognized offshore are congruent with those recog-
nized onshore for extensional systems that affect the
metamorphic complexes in the emergent Alboran
basement. Later structures (since about 7 Ma on-
wards) testify to a postrift roughly N-S-oriented
contraction, involving tectonic inversions, folding
and strike-slip faulting. Latest tectonic organization,
which conditioned the recent topography, occurred in
the Pliocene—Quaternary during the Alboran Sea
general subsidence (Comas et al., 1992).

Seismic refraction data, together with gravity
modelling, show that the crust thins from about 38
km beneath the internal zones of the Betic and the
Rif mountains, to about 15-20 km beneath the Albo-
ran Sea (Hatzfeld, 1976; Hatzfeld et al., 1978; Banda
and Ansorge, 1980; Torné and Banda, 1992; Watts et
al., 1993). These data indicate that considerable thin-
ning happened on a crust that was thickened during
previous collisional stacking. Offshore crustal thin-
ning can be related to large-scale extensional detach-
ment faults recognized in the Betic and Rif chains
(Garcia-Duefias et al., 1992). The seismic data are
not complete enough to define the nature of the
transition between Iberia, Africa and the Alboran
Sea. Torné and Banda (1992) propose, based on
gravity modelling, that the crustal thinning in the
central part of the Alboran Basin occurs over a zone
30 km wide and exhibits a transform style, whereas
in the eastern part the crust thins over an area 100
km wide, resembling the attitude of a rifted passive
margin. Upper mantle velocities beneath the Betics
are in the range of 8.1-8.2 km /s, whereas beneath
the Alboran Sea they are characterized by lower
values of 7.6-7.8 km /s (e.g., Hatzfeld, 1976; Banda
and Ansorge, 1980).

3. Heat flow measurement technique
3.1. Survey location
Heat flow trajects were planned along available

seismic reflection lines. This provides a good knowl-
edge of the subbottom geological structure which is

necessary for further interpretation of the acquired
heat flow data. Additional heat flow measurements
were made to coincide with Ocean Drilling Program
(ODP) sites planned for 1995 and around some local
thermal anomalies revealed during the cruise.

In addition to the thermal measurements, a bathy-
metric survey (1446 nautic miles total length), using
both multi-beam and deep water echo sounders, and
a gravity survey (697 nautic miles total length) were
conducted along the selected heat flow trajects. Fi-
nally, bottom sediment sampling with gravity cores
was performed at 22 sites in order to obtain detailed
information of the lithological composition and
porosity of the uppermost sediments. The geographi-
cal distribution of the heat flow measurements and
gravity core sites, and the bathymetry and gravity
surveys are shown in Fig. 3.

3.2. Measurement equipment

Heat flow measurements were carried out by
means of a modified violin-type probe ‘‘GEOS-3M”’,
a prototype of which was used during earlier cruises
of the R/V ‘‘Akademik Nikolaj Strakhov’’
(Khutorskoy et al.,, 1990; Polyak et al., 1992). A
detailed technical description of this probe is given
in Matveev and Rot (1988). Essentially, the sub-
mersible unit of the GEOS-3M system consists of
two measuring lines 2.0 m long (G-line and K-line),
and a waterproof container (Fig. 4).

The ‘‘G-line’’, which measures the subbottom
temperature and its gradient, includes five thermis-
tors (temperature-sensitive resistors) placed along it
at 0.5 m intervals. The lowest thermistor measures
the absolute temperature with an accuracy of +5
mK at a depth of 2.0 m (7, ,) when the probe fully
penetrates into the sediments. The other four sensors
measure the temperature differences between any of
these sensors and the lowest one and, consequently,
the temperature gradient at each 0.5 m interval. The
absolute temperatures of these sensors (T, 5, T} o, T s
and T,,) are referred to the deepest sensor. The
sensitivity of each thermistor and the accuracy in
determining the geothermal gradient are +0.5 mK
and +2 mK/m, respectively.

The ‘‘K-line’” measures the thermal conductivity
of sediments and is based on the needle probe tech-
nique (Von Herzen and Maxwell, 1959). It consists
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Fig. 3. Location of the sites of heat flow measurements (shaded circles), gravity cores (%), and gravity and bathymetry profiles (solid lines)
carried out in the FLUCALB survey. Legends (WAB-1, WAB-2, etc.) correspond to the different heat flow trajects in Table 1Table 2.

of four independent heating elements with a length
of 0.5 m each one, and four thermistors placed in the
middle of each heater (Fig. 4). The thermal conduc-
tivity is determined at the mid-point of temperature
measurements with an accuracy of 5%.

The container incorporates the electronics, and
inclinometer to estimate the deviation of the probe
from vertical position with an accuracy of +1°, an
independent temperature sensor to measure the abso-
lute bottom water temperature with an accuracy of
+2 mK, and a pressure gauge which allows to
determine the water depth with an error of +1 m.
The data recorded by all sensors were converted to
digital code and polled to the on-board computer
each 4 seconds.

3.3. Data acquisition
The evolution of the water temperature with depth

during the descent of the probe was recorded at each
heat flow site. It allowed to measure the thermal

gradient in the water column, as well as the tempera-
ture jump due to frictional heating upon penetration.
The heating rate of each thermal conductivity sensor
was recorded during 6 minutes starting 40 s after
penetration, while the temperature—time evolution at
the *‘G-line’” was recorded during 10 minutes (for
an example see Fig. 5). The heating effects upon
penetration were removed by calculating the asymp-
totic temperature value with an exponential fitting.
Heat flow density was therefore calculated as the
weighted mean between the different depth intervals.

At most of the heat flow sites, the measured
temperature at the lowermost sensor was anoma-
lousty low during the penetration of the probe into
the sediments. After a careful analysis of the data,
we concluded that this phenomenon was probably
due to a thermal distortion produced during the
penetration of the probe (the sensor is placed at 15
cm from the end of the supporting rod). For this
reason, the temperature measurements at 2.0 m depth
were rejected. This anomalous behaviour influences
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the absolute temperature values at the upper sensors,
but not the temperature differences between them.

4. Results

4.1. Thermal conductivity

Thermal conductivity of sediments was measured
“‘in situ”’ at 86 sites. Each site consists of four
measurements carried out 0.5 m depth intervals from
the sea bottom. The obtained results are summarized
in Table 1. Thermal conductivity values range from
0.78 to 1.56 Wm™! K~ !, with an average value for
the whole basin of 1.27 + 0.06 Wm™',

The uppermost sedimentary cover in the Alboran
Basin is made up by silty clays and muds. Prelimi-
nary results, based on water content, granulometry
(sand, silt, and clay content) and carbonate content
analyses carried out on the gravity cores, show major
spatial (lateral and vertical) variations of these pa-
rameters. On average, the sediments are composed
by 20-35% silt, 60-80% clay and 3-7% sand,
except in the Yusuff Basin where the sand content
reaches 60%. The carbonate content varies between
18 and 34%. The water content ranges from 28 to
70%, the highest values corresponding to the upper-
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Fig. 5. Temperature—time records at site #96. (a) Thermal gradient line. Relative maxima at 120 and 700 s are produced by frictional effects
during penetration and extraction of the probe. (b) Thermal conductivity line.



198 B.G. Polyak et al. / Tectonophysics 263 (1996) 191-218
Table 1
Thermal conductivity of sediments
Site Water depth Thermal conductivity (k) Wm™' K~ !
(#) (m) 0-0.5m 0.5-1m 1-15m 1.5-2m Mean + 5% (err) SD (k) SD (1 /k)
Profile WAB-1 (N-S)
5 597 1.40 1.26 1.42 1.53 1.40 £+ 0.07 0.11 0.06
6 700 1.43 1.24 1.34 1.46 1.36 £ 0.07 0.10 0.05
9 891 1.26 1.21 1.32 1.22 1.25 + 0.06 0.05 0.03
13 1090 1.30 1.24 1.30 1.28 1.28 + 0.06 0.03 0.02
14 1200 1.33 1.23 1.34 1.25 1.29 +£ 0.06 0.06 0.03
15 1258 1.22 1.24 1.29 1.24 1.25 + 0.06 0.03 0.02
63 1023 1.24 1.26 1.34 1.29 1.28 +0.06 0.04 0.03
64 1125 1.27 1.29 1.38 1.24 1.29 +0.06 0.06 0.03
65 1171 1.20 1.23 1.25 1.21 1.22 +0.06 0.02 0.01
17 1286 1.33 1.26 1.33 1.24 1.29 £+ 0.06 0.05 0.03
18 1283 1.25 1.27 1.29 1.22 1.26 + 0.06 0.03 0.02
19 1362 1.32 1.24 1.26 1.20 1.25 +0.06 0.05 0.03
20 1394 1.39 1.29 1.30 1.28 1.31 +0.07 0.05 0.03
21 1439 1.25 1.24 1.33 1.25 1.27 £ 0.06 0.04 0.03
22 1470 1.29 1.22 1.22 1.16 1.22 + 0.06 0.05 0.04
23 1480 1.33 1.22 1.28 1.27 1.27 £ 0.06 0.05 0.03
24 1473 1.56 1.18 1.26 1.19 1.28 £ 0.06 0.18 0.10
25 1445 1.22 1.18 1.26 1.20 1.21 +0.06 0.03 0.02
Profile WAB-2 (W-E)
53 934 1.20 1.25 1.22 1.25 1.23 £ 0.06 0.02 0.02
54 978 1.17 1.26 1.32 1.26 1.25 £ 0.06 0.06 0.04
55 1055 1.26 1.26 1.40 1.26 1.29 + 0.06 0.07 0.04
56 1085 1.31 1.31 1.32 1.23 1.29 + 0.06 0.04 0.03
57 1142 0.78 1.11 1.42 1.22 1.08 £ 0.05 0.27 0.25
58 1178 1.31 1.25 1.23 1.26 1.26 £ 0.06 0.03 0.02
59 1211 1.29 1.24 1.31 1.21 1.26 £ 0.06 0.05 0.03
61 1280 1.34 1.30 1.42 1.35 1.35 £ 0.07 0.05 0.03
67 1292 1.26 1.22 1.25 1.22 1.24 £ 0.06 0.02 0.01
68 1266 1.31 1.25 1.28 1.28 1.28 £ 0.06 0.02 0.01
69 1308 1.22 1.26 1.31 1.29 1.27 + 0.06 0.04 0.02
70 1310 1.29 1.31 1.32 1.30 1.30 +£0.07 0.01 0.01
71 1306 1.21 1.23 1.25 1.23 1.23 +£0.06 0.02 0.01
72 1294 1.18 1.12 1.20 1.18 1.17 + 0.06 0.03 0.03
73 1282 1.22 1.17 1.28 1.22 1.22 £ 0.06 0.05 0.03
74 1244 1.15 1.19 1.18 1.11 1.16 4+ 0.06 0.04 0.03
3 1197 1.37 1.26 1.29 1.27 1.30 + 0.06 0.05 0.03
Profile WAB-3 (SE-NW)
43 949 1.15 1.27 1.29 1.22 1.23 + 0.06 0.06 0.04
44 932 1.24 1.17 1.23 1.23 1.22 £ 0.06 0.03 0.02
45 885 1.29 1.21 1.30 1.28 1.27 + 0.06 0.04 0.03
46 807 1.28 1.23 1.31 1.23 1.26 + 0.06 0.04 0.02
47 715 1.22 1.30 1.30 1.27 1.27 £ 0.06 0.04 0.02
48 672 1.47 1.28 1.26 1.21 1.30 + 0.06 0.11 0.06
Profile WAB-4 (SW-NE)
32 461 1.38 1.36 1.36 1.38 1.37 £ 0.07 0.01 0.01
33 541 1.34 1.33 1.39 1.41 1.37 £ 0.07 0.04 0.02
34 715 1.20 1.42 1.29 1.35 1.31 £0.07 0.09 0.05
35 1062 1.32 1.27 1.30 1.26 1.29 + 0.06 0.03 0.02
37 1074 1.23 1.25 1.29 1.24 1.25 + 0.06 0.03 0.02
38 1050 1.29 1.31 1.35 1.27 1.30 + 0.07 0.03 0.02
40 1055 1.30 1.27 1.36 1.30 1.31 +£0.07 0.04 0.02
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Table 1 (continued)

Site Water depth Thermal conductivity (k) Wm ™' K™!

#) (m) 0-0.5m 0.5-1m 1-15m 1.5-2m Mean + 5% (err) SD (k) SD (1/k)
Profile WAB-4 (SW-NE)

41 1112 1.28 1.25 1.31 1.30 1.28 £ 0.06 0.03 0.02
Profile EAB-1 (W-E)

77 1787 1.29 1.35 1.31 1.24 1.30 £ 0.06 0.05 0.03
78 1779 1.34 1.44 1.33 1.28 1.35 £ 0.07 0.07 0.04
79 1750 1.32 1.22 1.23 1.22 1.25 +0.06 0.05 0.03
80 1751 1.33 1.40 1.35 1.27 1.34 £ 0.07 0.05 0.03
Profile EAB-2 (W-E)

82 1900 1.29 1.18 1.16 1.15 1.19 +0.06 0.06 0.04
83 1902 1.36 1.28 1.20 1.18 1.25 £ 0.06 0.08 0.05
84 1892 1.33 1.19 1.17 1.17 1.21 £ 0.06 0.08 0.05
85 1725 1.38 1.30 1.27 1.28 1.31 £ 0.07 0.05 0.03
86 1820 1.37 1.29 1.28 1.26 1.30 + 0.06 0.05 0.03
88 1883 1.35 1.21 1.21 1.23 1.25 £ 0.06 0.07 0.04
89 1892 1.33 1.17 1.17 1.22 1.22 £ 0.06 0.08 0.05
91 1993 1.31 1.21 1.20 1.22 1.23 + 0.06 0.05 0.03
92 2310 1.39 1.19 1.19 1.26 1.25 £ 0.06 0.09 0.06
93 2383 1.27 1.14 1.13 1.17 1.18 + 0.06 0.06 0.04
94 2431 1.27 1.14 1.11 1.15 1.16 + 0.06 0.07 0.05
95 2480 1.34 1.19 1.25 1.23 1.25 + 0.06 0.06 0.04
96 2515 1.35 1.45 1.36 1.38 1.38 £ 0.07 0.05 0.02
Profile YB-1

100 2292 1.24 1.24 1.28 1.27 1.26 + 0.06 0.02 0.01
101 2287 1.28 1.30 1.40 1.38 1.34 £ 0.07 0.06 0.03
Profile SAB-1 (NE-SW)

109 1053 1.14 1.13 1.21 1.21 1.17 £ 0.06 0.04 0.03
110 1106 1.23 1.31 1.39 1.38 1.32 £ 0.07 0.07 0.04
111 1118 1.16 1.19 1.23 1.26 1.21 £ 0.06 0.04 0.03
112 1098 1.12 1.17 1.21 1.21 1.18 + 0.06 0.04 0.03
113 1069 1.16 1.16 1.28 1.27 1.21 £ 0.06 0.07 0.04
114 1092 1.17 1.18 1.26 1.27 1.22 £ 0.06 0.05 0.04
116 1133 1.15 1.25 1.20 1.24 1.21 £ 0.06 0.05 0.03
117 1094 1.13 1.18 1.26 1.24 1.20 + 0.06 0.06 0.04
Profile SAB-2 (N-S)

102 1082 1.23 1.28 1.32 1.29 1.28 £ 0.06 0.04 0.02
103 1116 1.35 1.29 1.37 1.31 1.33 £ 0.07 0.04 0.02
104 1118 1.29 1.24 1.31 1.28 1.28 + 0.06 0.03 0.02
106 1123 1.10 1.11 1.25 1.14 1.15 + 0.06 0.07 0.05
107 1075 1.18 1.22 1.26 1.26 1.23 + 0.06 0.04 0.03
108 851 1.10 1.13 1.28 1.25 1.19 + 0.06 0.09 0.06
Profile DB-1 (N-S)

120 894 1.28 1.36 1.34 1.37 1.34 +0.07 0.04 0.02
123 959 1.32 1.37 1.29 1.26 1.31 +£0.07 0.05 0.03
124 874 1.35 1.36 [.32 1.31 1.33 £ 0.07 0.02 0.01
125 813 1.32 1.42 1.40 1.39 1.38 + 0.07 0.04 0.02
126 774 1.47 1.44 1.54 1.40 1.46 £ 0.07 0.06 0.03
Average: 1.26 1.29 1.25 1.27 1.27

Dispersion: 0.005 0.005 0.006 0.010 0.004

SD: 0.070 0.072 0.076 0.101 0.062
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most levels. The layered structure observed in the
cores with alternating high and low porosities is
responsible for the vertical variations of thermal
conductivity (Table 1). Spatially, the highest average
water content corresponds to the South Alboran Basin
(52%) where the average thermal conductivity is
1234+ 0.05 Wm ™! K™'. In contrast, the lowest av-
erage water content corresponds to the Western Alb-
oran Basin (45%) where the average thermal conduc-
tivity is 1274+ 0.05 Wm™' K~ '. In the Djibouti
Bank (Fig. 1), the average thermal conductivity is
1.36 + 0.06 Wm ™! K~'. Only one sedimentary core
was recovered in this area, which does not permit to
draw firm conclusions about the high thermal con-
ductivity. Therefore, although there is no clear evi-
dence for a systematic increase of conductivity with
depth, its spatial variation appears to be closely
related to texture and water content.

4.2, Measured heat flow

Heat flow was successfully measured at 98 sites,
86 of them having “‘in situ’’ thermal conductivity
measurements. At the other twelve sites, trembling
of the probe during thermal conductivity measure-
ments distorted the results and therefore, this param-
eter was estimated from neighbouring sites. Table 2
summarizes the obtained results. The measured heat
flow varies from 31 (site #48) to 254 (site #125)
mWm~? and its spatial distribution shows that the
Western Alboran Basin differs noticeably from the
Eastern and Southern Alboran basins (Table 3). For
clarity, we have split up the study area in two zones:
the Western Alboran Basin (WAB) and the Eastern
Alboran Basin (EAB), the latter includes also the
South Alboran Basin (SAB) and the Djibouti Bank
(DB).

4.2.1. The Western Alboran Basin (WAB)

A total of 55 heat flow measurements were per-
formed in the WAB resulting in an average value of
69+ 6 mWm™? (s.d. +24 mWm™?). The spatial
distribution of the measured heat flow values is
shown in Fig. 6. The most striking feature is the
clear heat flow increase both eastwards and towards
the centre of the basin. The lower values correspond
to the northwestern and northern parts of the WAB,
where heat flow ranges from 31 to 52 mWm 2. The

southwestern WAB is characterized by a heat flow
that ranges in value from 43 to 63 mW m~?, whereas
the southern part shows a northward increase from
69 to 98 mW m™ 2. Along the E-W-trending central
axis of the basin, the heat flow increases eastwards
from 52 to 116 mWm™?2,

The measured heat flow values along two E-~W-
and N-S-oriented seismic and gravity profiles are
shown in Fig. 8. The free-air anomaly data have
been reduced to the Postdam datum and a density
reduction of 2670 kgm > has been applied to obtain
the ‘‘simple Bouguer’ anomaly (without topo-
graphic correction). Heat flow shows a strong posi-
tive correlation with Bouguer anomaly. However, the
presence of very thick sedimentary sequences (up to
5 s twit) in both profiles, which masks the deep
gravity signature, makes it difficult to attribute the
heat flow variations to crustal /lithospheric thinning.
Furthermore, the high sedimentation rate in these
small basins could produce a significant cooling
effect which could be the cause, at least partially, of
the observed low heat flow values. Heat flow correc-
tions due to sediments effects will be discussed in
the next section.

Superimposed over this regional heat flow pat-
tern, there are two local thermal anomalies. One of
them is located at the intersection of the N-S- and
E-W-oriented heat flow trajects, where four closely
located sites (#17, 60, 61 and 68, Table 2) show
heat flow values between 92 and 98 mW m ™ (about
10-15 mW m~?2 above the average regional value).
Several kilometers to the north and coinciding with
the location of the DSDP Site 121, the measured heat
flow at sites #13, 14, 64 and 65 displays values
higher than 100 mW m~2, reaching a maximum of
123 mWm™? (Table 2; Fig. 7). Although both
anomalies are spatially confined to a basement high,
it is not evident — as will be discussed in the next
section — that these high heat flow values are due
only to thermal refraction effects.

4.2.2. The Eastern Alboran basin (EAB, SAB and
DB)

The Eastern Alboran Basin, which opens to the
South Balearic Basin with an oceanic crust type
(Galdeano and Rossignol, 1977, Morelli, 1985; Re-
hault et al., 1985), as well as the trough-like South
Alboran Basin and the Djibouti Bank, show a heat
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Table 3

Heat flow statistics in the Alboran Basin

Zones Site Heat flow density (mW /m?)
number Min Max St.dev. Mean
WAB 55 31 122 24 6916
SAB 14 109 153 12 121+6
Yusuff Bas. 2 114 117
EAB 27 80 254 33 126+ 12
25 80 137 12 118+4
SAB+Yb+EAB 43 80 254 27 12448
41 80 153 12 11944
37°N
36°N
35'N

5'W

B.G. Polyak et al. / Tectonophysics 263 (1996) 191-218

flow pattern (Fig. 9) very different from the one
observed in the Western Alboran Basin. The heat
flow density in both the EAB and SAB is fairly
constant, with a mean value of 121-126 mWm 2
(Table 3). This value is almost twice as high as that
in the WAB. Thus, the eastward increase in heat
flow density observed in the WAB continues until
the Alboran Ridge and remains roughly constant for
the overall EAB.

The heat flow values obtained along an E-W-ori-
ented seismic and gravity profile are shown in Fig.

i 37°N

Ty 36'N

¥ 35°N

4w

Fig. 6. Measured heat flow in the West Alboran Basin (mW m™~2), Contour interval for bathymetry is 200 m.
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Fig. 8. Composed heat flow, gravity and seismic profile corresponding to the WAB-2 heat flow traject (Fig. 3). S = Neogene—Quaternary
sedimentary cover; B = acoustic basement; D = mud diapirs. Dotted line indicates the Miocene—Pliocene limit.

10. In this case, the Bouguer gravity anomaly in-
creases smoothly eastwards where the basin deepens.
However, this increase, which exceeds 55 mGal,
does not correlate with an increase in heat flow. This
fact raises a major question in the interpretation of
the Alboran Sea evolution as we will discuss later.
Superimposed over this rather constant heat flow
trend, two local thermal anomalies have been identi-
fied in the Djibouti Bank and in the SAB. The
strongest positive heat flow anomaly in the Alboran
Sea occurs in the eastern Djibouti Bank (Fig. 9). The
heat flow density reaches a maximum value of 254
mW /m~? (site #125) decreasing northward to 80

mW /m? (site #119). The influence of the volcanic
high close to this anomaly will be discussed in the
following sections. The SAB thermal anomaly (up to
153 mW /m?) is restricted to the southernmost SAB
and is probably associated with recent SW-NE-
trending strike-slip faults (see Fig. 2).

5. Heat flow corrections
Surface heat flow density measurements are af-

fected by different shallow processes that perturb the
background thermal field associated with the litho-
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Fig. 9. Measured heat flow in the East Alboran Basin (mW m™2). Contour interval for bathymetry is 200 m.

spheric structure. Therefore, measured heat flow val-
ues must be corrected for these processes in order to
infer the regional lithospheric thermal structure.
These processes can be grouped as follows: those
that produce steady-state thermal perturbations and
those that produce transient effects.

5.1. Steady-state corrections

Steady-state corrections include thermal refraction
associated with both sea bottom topography and
lateral variation of thermal conductivity. In order to
quantify these effects, we have selected the N—S-ori-
ented heat flow profile in the WAB where major
variations in basement topography and sedimentary

infill occur. To this profile we have applied a numer-
ical finite element model that solves the 2-D thermal
conduction equation in the absence of heat produc-
tion sources.

A schematic cross section deduced from a N-S-
oriented seismic profile (see Fig. 7), where we have
distinguished two sedimentary layers and the acous-
tic basement, is shown in Fig. 11. To maximize the
thermal refraction effects we have considered a max-
imum thermal conductivity contrast. Therefore, the
uppermost sedimentary layer, which is roughly 1 km
thick, corresponds to Pliocene—Recent sediments and
is assumed to have a low thermal conductivity (1.3
Wm~! K™ !) according to sea bottom measurements
(Table 1) and low sediment compaction (Jurado and
Comas, 1992). The lower sedimentary layer, Miocene
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in age, presents a wide variation in thickness reach-
ing maximum values of 5~6 km in the southern and
northern WAB. For this layer we have assumed an
intermediate thermal conductivity value of 2.0
Wm™!' K™! according to Fernandez et al. (1995)
and considering that sediments are overpressured
(Jurado and Comas, 1992). The acoustic basement is
mainly made up by metamorphic rocks belonging to
the different units of the Alboran Crustal Domain.
We have assigned to this layer the highest thermal
conductivity 3.0 Wm ™! K~ ! (ITGE, 1993).

The base of the model is placed at 35 km depth
where a constant heat flow of 80 mWm 2 have
been imposed which corresponds to the average heat
flow measured along the modelled profile. At the top
of the model, the temperature has been fixed at 12°C
according to the measured bottom water temperature.
There is no horizontal heat flow across the lateral
boundaries of the model.

209

The corrected heat flow values along the profile
show smoother variations than those observed in the
measured values (Fig. 11). In particular, the local
anomaly situated at the northern edge of the base-
ment high is reduced by the factor of 10-15%. In
contrast, the values located at the ends of the profile
are increased by a factor of about 10%. Additional
corrections to the background heat flow can arise
from differences in heat production between the
sediments and the basement. However, assuming a
maximum heat production contrast of 1 WWm >, the
resulting corrected heat flow would increase only by
to 5-9 mWm™? above the maximum depocentres.

5.2. Transient corrections

According to the geological framework of the
Alboran Sea, the major transient shallow effects to
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Fig. 11. Effects of steady-state correction on the measured heat flow values corresponding to the WAB-1 heat flow traject.
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Fig. 12. Heat flow correction associated with sedimentation ef-
fects for different sedimentary thicknesses and times.

consider must be sedimentation rate and cooling of
volcanic rocks. Heat flow corrections due to sedi-
mentation will be especially noticeable in the WAB
where Miocene—Quaternary sedimentary infill of up
to 7 km thickness occurs (Fig. 7 and Fig. 11). A
rough estimate of this effect may be obtained by
solving the heat transport equation in a moving
medium for which a 1-D analytical solution is given
by Jaeger (1965). The sedimentation effect on the
measured heat flow for different duration times of
the process are shown in Fig. 12. A constant sedi-
mentation rate without compaction effects has been
considered. Therefore, in the WAB, where sediments
range from the Burdigalian to Recent (20 m.y. time
span), the heat flow correction would be up to 13
mWm™? in the southern part (maximum accumu-
lated thickness of 7 km), whereas in its northern part
(up to 6 km of accumulated thickness) the heat flow
correction would reach a maximum of 11 mW m™2.
In the EAB, where Pliocene sediments overlie
Miocene volcanic rocks, the heat flow correction is
about 6 mWm~? assuming an average sedimentary
thickness of 1.5 km with a time span of 5 m.y.
Seismic reflection data show that most of the
acoustic basement in the EAB is made up of Miocene
interlayered volcanic rocks, although the thickness of
this volcanic layer is not well known (see Fig. 10).
The volcanic activity occurred from the Serravalian
to the Messinian (Hernandez et al., 1987). The mea-

sured heat flow in the EAB is fairly constant and
exceeds 110 mWm™2, thus pointing to a possible
relationship between volcanic activity and heat flow.
In order to maximize the role of volcanism we have
calculated the cooling effect of an infinite volcanic
sill (e.g., Buntebarth, 1984) with a thickness of 5
km, overlain by a 1.5 km thick sedimentary se-
quence, and with an age and temperature of intrusion
of 5 Ma and 1200°C, respectively. Under these con-
ditions, the cooling effect of the considered sill
would be only of 4-5 mW m~2. Thus, the superposi-
tion of the cooling and sedimentation effects tend to
neutralize each other.

5.3. Bottom water temperature

The steady-state and transient corrections de-
scribed above tend to smooth inequally the heat flow
values obtained at the entire Alboran Basin. The heat
flow in the EAB would remain unmodified with an
average value of 121-126 mWm™2. In the WAB,
the values located at the basement high will be
reduced by about 5-10 mWm™?, whereas those
located above the maximum Miocene depocentres
could increase by 15-20 mW m™2, thus smoothing
the centrewards increase of the measured heat flow.
However, the resulting heat flow in the northern and
westernmost WAB remains anomalously low,
whereas in the southwesternmost part it results in a
relative high. All these ‘‘anomalous’ values are
close to the shoreline and the Gibraltar Strait where
deeply penetrating mesoscale oceanic eddies could
produce variations in the bottom water temperature
(BWT). These variations cause a thermal disequilib-
rium between sediments and sea bottom water, and,
therefore, the measured thermal gradient is overesti-
mated /underestimated for cold /warm streams (e.g.,
Von Herzen and Anderson, 1972; Louden and
Wright, 1989).

The recorded BWT at each site versus water
depth is shown in Fig. 13a. The BWT increases
linearly with depth below 1000 m with a fairly
constant gradient of about 0.15 mKm™!. Above this
depth — i.e., sites close to the shoreline — the
BWT-depth plot shows a bimodal distribution in
which one of the branches follows the previous trend
whereas the other shows a reversed one. A striking
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feature is that branch A (BWT increasing with water sites located at the northern part of the Alboran Sea
depth) encompasses the heat flow sites located in the (WAB and DB). At first sight, it would appear that
southwestern WAB, while branch B comprises those branch A is a continuation of the deep trend. How-
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Fig. 13. (a) Variation in bottom water temperature vs. sea floor depth. (b) Temperature difference between sediments (SDT) and bottom
water (BWT') vs. measured heat flow.
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ever, as will be shown in the following, neither of
these two branches is representative of the shallower
bottom water temperature trend.

To determine whether the northern Alboran Sea is
affected by cold deep oceanic eddies and the south-
western WAB is anomalously warm, or if both are
influenced by deep eddies, we have plotted the mea-
sured heat flow against the temperature difference
between the uppermost sediments (temperature mea-
sured at the upper G-line sensor, SDT) and the sea
bottom water (Fig. 13b). Assuming constant thermal
conductivity and bottom water temperature, all the
points should follow a straight line which, in turn, is
related to the penetration depth of the probe. In our
case, the linear regression applied to the main popu-
lation, when a thermal conductivity of 1.26
Wm~' K~! is considered, shows an average pene-
tration depth for the uppermost sensor of about 0.6
m. As the penetration depth of the probe is not
known, we have considered a variation of +0.2 m in
this parameter. In Fig. 13b is shown that most of the
sites fall within this interval, except a few of them
which are completely out of range because of ther-
mal disequilibrium between the sediments and the
sea bottom water. From this analysis we conclude
that the BWT in those sites located in the northwest-
ern WAB (#4, 5, 6, 7, 9, 10, 46, 47, 48 and 63) is
anomalously high. In contrast, the BWT correspond-
ing to the southwestern sites in the WAB (#31, 32,
33 and 34) is anomalously low. BWT variations are
probably related to influx of deep cold water from
the Atlantic Ocean into the southwesternmost WAB
and deep outflow of warmer Mediterranean water
through its northern part (Lacombe et al., 1972).

Considering the temperature difference between
the sediments and sea bottom water, we conclude
that the heat flow measured in the northwestern
WAB is highly underestimated while in the south-
western WAB it is slightly overestimated. A better
knowledge of the behaviour of the Atlantic—Mediter-
ranean streams, their temperature fluctuation and
periodicity, if any, could help to quantify better the
heat flow correction associated with this effect.

6. Discussion

In the previous section we have estimated the
order of magnitude of the heat flow corrections

applicable to the Alboran Sea heat flow measure-
ments. These corrections would increase the mea-
sured heat flow along the borders of the WAB where
very thick Miocene and Pliocene sedimentary se-
quences are present. Furthermore, the thermal refrac-
tion correction tends to decrease the local thermal
anomalies observed at the basement highs. In the
EAB, the corrected heat flow does not differ substan-
tially from the measured one. The resulting heat flow
pattern in the Alboran Basin is therefore smoother
than the uncorrected one, although the increase to-
wards the centre clearly persists. Likewise, the cor-
rected heat flow shows an increasing trend from the
west (Gibraltar Strait) to the east (Alboran Ridge) in
the WAB, from where it is roughly constant through-
out the EAB.

To obtain a first-order estimate of the lithospheric
thermal structure in the Alboran Sea, a 1-D approach
which combines surface heat flow and bathymetry
data has been applied (Lachenbruch and Morgan,
1990). This approach assumes local isostasy and
compares the buoyancy of a given lithospheric col-
umn with that from the mid-oceanic ridges where its
thickness, mean density and buoyancy are known. In
this way, elevation depends on the mean density and
thickness of both the crust and the lithospheric man-
tle. The density of the lithospheric mantle is assumed
to be temperature dependent — i.e., it is the same as
that of the asthenosphere but corrected for thermal
expansion. Therefore, elevation is given by
(Lachenbruch and Morgan, 1990):

Pa — P
Py
PP
e=—p“——(——‘L—HO) for € < 0
PP\ By

€= L—-H, fore>0

where € = elevation above sea level (m), p, = density
of the asthenosphere (3200 kgm™>), p, = mean den-
sity of the lithosphere (kgm™?), p,, = density of sea
water (1000 kgm ™?), L = lithospheric thickness (m)
and H,=depth below sea level of an unloaded
asthenospheric column (2400 m).

The density of the lithospheric mantle is given by
Lachenbruch and Morgan, 1990:

pu(2) =pdl + &[T, - T(2)]}
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where p,_(z) = density of the lithospheric mantle at a
depth ““z*’ (kgm™?), a = thermal expansion coeffi-
cient (3.5% 1073 K™!), T, = temperature at the litho-
sphere—asthenosphere boundary (1350°C) and 7(z)
= temperature of the lithospheric mantle at a depth
“z2 (0.

The temperature—depth distribution and thus the
mantle density for any lithospheric column are given
by the surface heat flow, once the crustal thickness
(including the sediments, and the upper and lower
crust) and heat production distribution are fixed (e.g.,
Cabal and Fernandez, 1995). Therefore, the elevation
will be determined by the surface heat flow and by
the mean density and thickness of the crust, provided
that the lithospheric mantle thickness is given by the
1350°C isotherm.

The depth of the Moho in the Alboran Sea is not
very well determined because deep seismic data are
scarce and of insufficient quality. Recent studies that
combine seismic and gravity data show that the
Moho depth could range between 15 and 22 km
(Torné and Banda, 1992; Watts et al., 1993). Be-
cause of these uncertainties, a parametric analysis to
estimate the range of possible crust and lithosphere
thicknesses compatible with the observed heat flow
and water depth in the WAB was made (Fig. 14a).
The adopted values for density, thermal conductivity
and heat production are summarized in Table 4. As
average, we have assumed that a 5 km thick sedi-
mentary layer is covering the whole WAB. With
such thickness, the modelling results will be highly
sensitive to the adopted density for the sediments. In
fact, a variation of 100 kgm ™~ is equivalent to 230
m in elevation.

From the obtained results, it can be inferred that

Table 4

the total crustal thickness (including the water col-
umn) in the WAB may vary from a maximum of 21
km for a water depth of 800 m and a heat flow of 70
mWm™2, to a minimum of about 13 km for a
bathymetry of 1300 m and a heat flow of 105
mW m 2. Note that a crustal thickness less than 15
km in the central part of the WAB is not consistent
with a heat flow lower than 80 mW m~? even when
considering a low density for sediments of 2300
kgm *. The resulting lithospheric thickness in the
WAB decreases towards the centre from about 90
km near the boundaries, if we assume a corrected
heat flow of 70 mW m™? in this area, to about 50
km in the central and eastern parts where the maxi-
mum heat flow is reached (Fig. 14b).

In the EAB, the most striking feature is that,
while the heat flow appears to be roughly constant,
the water depth increases towards the east from
about 1000 m in the SAB to more than 2500 in the
eastern EAB. Assuming local isostasy, this suggests
that either the crustal density is increasing, or the
crustal thickness is decreasing towards the east, or a
combination of both. The range of crustal thickness
which is compatible with the observed bathymetry
for a surface heat flow of 115 and 125 mWm™? is
shown in Fig. 15. For a heat flow of 115 mWm™2,
the maximum crustal thickness would be around 15
km in the SAB, whereas in the eastern EAB it would
reach a maximum of 11.5 km.

In principle, we have assumed a crustal density of
2800 kgm~* (without sediments) and a 1.5 km thick
Pliocene sedimentary layer with a density of 2200
kgm™? (Table 4). To maximize the average crustal
density, we have considered an increase of 50 kgm ™
in the subsediment crust and a decrease in the thick-

Values used in the heat flow, crustal structure and elevation parametric study

West Alboran Basin East Alboran Basin

Density * Th. conductivity ~ Heat production * Density * Th. conductivity ~ Heat production ?

(kgm™?) (Wm~'K™H (wWm™?) (kgm~*) (Wm™'K™ ") (pWm™)
Sediments 2300-2400 2.0 1.0 2200 2.0 1.0
Crust 2800 3.0 2.0exp(—z/15,000)  2800-2850 2.5 2.0 exp( —z,/15,000)
Lith. Mantle " 3.4 0.0 b 34 0.0

* Density values come from Torné and Banda (1992) and Waits et al. (1993). Heat production for sediments and crust come from Cabal

(1993). Other parameters are from Zeyen and Fernandez (1994).

® Lithospheric mantle density is temperature dependent, being equal to 3200 {1 + 3.5+ 107 °[T, — T(,)]} and T, = 1350°C.
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Fig. 14. Results of the parametric study carried out for the West
Alboran Basin where a 5 km thick sedimentary layer has been
considered. (a) Variation in crustal thickness vs. surface heat flow
for different water depths. Shaded area indicates the range of
possible crustal thickness values in the West Alboran Basin. (b)
Variation in lithospheric thickness vs. surface heat flow.

ness of the sedimentary layer of 0.5 km. These
variations in the crustal density and sedimentary
thickness can be argued by the eastward increase in
the amount of volcanic bodies forming the acoustic
basement of the Alboran Basin, and by the lateral
thinning of the sedimentary sequence observed to-
wards the residual volcanic highs (Fig. 10). As a
result, the total lithospheric thickness in the EAB is
maintained constant around 35-40 km for a surface
heat flow of 115-125 mWm 2.

The obtained crustal thickness in the eastern EAB
is noticeably less than that proposed by Torné and

Banda (1992) and Watts et al. (1993). Tomé and
Banda (1992), in a gravity profile that ends up in our
modelled area, suggested that the total crustal thick-
ness has a minimum value of about 15 km, whereas
Watts et al. (1993), in a gravity model that crosses
the entire basin, have found values between 16 and
19 km in the central part of the basin. The minimum
values proposed by these authors correspond to the
assumption of a low-density uppermost mantle as
proposed by Hatzfeld (1976). However, such anoma-
lous mantle would result, in our modelling, in an
even lower crustal thickness. This discrepancy is
explained by the influence on the gravity model of
the dramatic lithosphere thinning that is now evident
from the heat flow data and that was not taken into
account in the previous studies.

The local thermal anomalies encountered in the
central part of the WAB, DB and SAB, can be
attributed to hydrothermal activity related with re-
cent normal faults or residual volcanic highs. In the
central WAB these anomalies are probably related to
forced convection with the Betics being the recharge
area, and the deep low-angle faults associated with
the basement high acting as an ascent conduit. A
similar mechanism has been described by Fernandez
and Banda (1990) to explain onshore local thermal
anomalies associated with master faults. Offshore
thermal anomalies produced by groundwater circula-
tion with the recharge area inland have been also
described in the northwestern border of the Valencia
Trough (Fernindez et al., 1990). A similar mecha-
nism is proposed for the anomalies located in the
SAB where a NE-SW-directed fault system with
recent strike-slip movement is present.

The Djibouti Bank thermal anomaly, with its
highest for the Alboran Sea heat flow value (up to
254 mWm™?), is located very close to a residual
volcanic high. Provided that the heat released by a
magmatic body associated with this volcano, pre-
sumably of pre-Pliocene age, is not enough to pro-
duce such anomaly, the driving mechanism could be
related to forced convection. In this case, the dis-
charge area could be associated with high permeabil-
ity of volcanic rocks rather than with deep faults. A
better understanding of the origin of these local
thermal anomalies needs complementary studies
which are beyond the scope of this paper.

The Alboran Basin, like other Mediterranean
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Fig. 15. Variation in crustal thickness vs. bathymetry for different values of crustal density, surface heat flow and sedimentary thickness in
the East Alboran Basin. Shaded area indicates the range of possible crustal thickness values in the East Alboran Basin.

basins, such as the Tyrrhenian, Pannonian and
Aegean basins, is underlain by a thin continental or,
in some places, oceanic crust, and a thin lithosphere
(e.g., Malinverno and Ryan, 1986). These mediter-
ranean-type back-arc basins, also called as marginal
or internal basins, are located on the concave side of
arucate mountain belts and are characterized by a
high heat flow and recent (Miocene to Quaternary)
volcanic activity and fast subsidence. These similari-
ties are particularly relevant to the western margin to
10 km in the central part of the basin, where the
water depth exceeds 3000 m. The measured heat
flow ranges there from 134 to 150 mWm ™2, with
local values of up to 300 mW m~2 (Erickson et al.,
1977; Della Vedova et al., 1984; Hutchison et al.,
1985; Khutorskoy et al., 1986).

7. Concluding remarks

The data acquired during the FLUCALB project
have improved significantly the knowledge of the
geophysical characteristics of the Alboran Sea. These
data include: (a) 98 heat flow determinations in the
whole Alboran Sea, the sites covering a water depth
interval between 466 and 2530 m; (b) 697 nautic
miles of gravity profiles; (¢c) 1446 nautic miles of

bathymetric survey including multi-beam and echo
sounder profiles; and (d) 22 gravity cores covering
the water depth range from 403 to 2236 m.

The measured heat flow shows remarkable differ-
ences between the western and eastern parts of the
Alboran Basin. The average heat flow in the WAB is
69 + 6 mWm™?, with a generally increasing trend
towards the centre and to the east. In the contrast, the
heat flow pattern in the EAB shows a high average
value of 124 + 8 mWm 2 which is rather constant
over the area. Superimposed on this general pattern
are some local thermal anomalies, most probably
associated with hydrothermal activity, which have
been detected in the central WAB (up to 123
mWm ™ 2), the SAB (up to 153 mWm™?) and in the
DB (up to 254 mWm™2). After corrections for
thermal refraction, sedimentation rate and cooling of
volcanic bodies the variation in the resulting heat
flow in the WAB is smoother, but still shows the
increasing trend towards the centre and to the east. In
the EAB, application of these corrections do not
produce noticeable changes.

The obtained heat flow values agree, in general,
with previous heat flow determinations except in the
EAB, where the only available measurement indi-
cates a value of 33 mW m~? (Fig. 1). This value has
to be ruled out as being indicative of the regional
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thermal regime in the EAB in the light of the number
and consistency of the new measurements. Further-
more, the resulting heat flow pattern in the Alboran
Sea shows some differences with that drawn in the
Heat Flow Map of Europe (Cermak and Hurtig,
1979) where, due to the scarcity of data, a minimum
value of 60 mWm™? was proposed for most of the
EAB.

A careful analysis of the bottom water tempera-
ture versus depth for depths less than 1 km, and of
the temperature of the uppermost sediments indicates
that deep water streams can perturb the sea floor
thermal gradient in the proximity of the Gibraltar
Strait. Cold water inflow from the Atlantic Ocean
affects the southwestern WAB, while warm water
from the Mediterranean produces the opposite effect
in the north-northwestern WAB.

A 1-D modelling approach that combines heat
flow data, crustal structure and elevation, shows a
remarkable lithospheric thinning from the WAB,
where it ranges between 90 and 50 km, to the EAB
where it is about 35-40 km only. This change is
even more spectacular in the N-S direction, pro-
vided that under the Iberian Peninsula and the African
plate, the lithospheric thickness could reach values
higher than 100-~120 km (Zeyen and Fernandez,
1994; Torné et al., 1995). Based on this approach, it
is inferred that the crustal thickness should be, in
average, of 14—16 km in the central part of the WAB
increasing towards the borders of the basin. In the
EAB, the crustal thickness may vary between 12.5
and 14.5 km in the western EAB, and between 10
and 11.5 km in the eastern EAB. The thermal
anomalies encountered near the Alboran Ridge do
not allow estimating how the crustal thickness
evolves over the transition from the WAB to the
EAB.

These results put primary constraints on models
of the Alboran Sea formation. Therefore, any of the
genetic hypotheses mentioned in the introduction
must be consistent with the heat flow pattern pre-
sented in this paper and with the inferred crustal and
lithospheric structure. Our present-day knowledge
about the geodynamics of the Alboran Sea is still far
from complete to allow proposing a self-consistent
model. However, further developments in modelling
and data acquisition, especially in the North Alge-
rian—South Balearic Basin, will add important infor-

mation and knowledge towards a better understand-
ing of the evolution of this region.
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