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1. INTRODUCTION1

Shipboard Scientific Party2

From the early days of scientific drilling, the Mediterranean has at-
tracted the interest of the earth science community. In 1970, the first
expedition of Glomar Challenger (Leg 13) to the Mediterranean in-
vestigated the "Messinian Salinity Crisis," which had led to the dep-
osition of well-known evaporitic sequences. Important results of Leg
13 were documentation of these basin-wide Messinian evaporites and
the discovery that the classical seismic "M"-reflector, which had long
been known as a coherent reflector across the entire Mediterranean,
corresponds to a terminal Messinian unconformity, representing the
rapid transition from restricted to open-marine conditions. Legs 42
(1975) and 107 (1985) cored partially complete Pliocene-Pleistocene
sequences and "basement rocks" at 15 sites in the eastern and western
Mediterranean, providing a strong foundation for understanding the
pre-Messinian environmental history and the tectonic evolution of the
Mediterranean.

Western Mediterranean Leg 161 was the second in a two-leg ODP
program to address both tectonic and paleoceanographic objectives in
the Mediterranean Sea. Part of the drilling strategy was built on the re-
sults from the earlier Mediterranean drilling cruises, and, in fact, some
sites drilled during Legs 160 and 161 re-occupied sites that had been
drilled previously during Legs 13, 42, and 107. During Leg 161, the
JOIDES Resolution drilled a transect of six sites across the western
Mediterranean (Fig. 1), from the Tyrrhenian Sea to the Alboran Sea
immediately east of the Strait of Gibraltar. Sites 974 and 975 in the
Tyrrhenian Sea and on the Menorca Rise were dedicated to pale-
oceanographic objectives. Sites 976,977,978, and 979 in the Alboran
Sea focused mainly on tectonic goals, but included paleoceanographic
objectives. The Alboran Sea is a key location for understanding the
Messinian salinity crisis and the influence of the Atlantic-Mediterra-
nean gateways on Mediterranean paleoceanography.

The paleoceanographic program during Leg 161 concentrated on
reconstructing the Atlantic-Mediterranean water exchange and the pa-
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Figure 1. Sites drilled in the western Mediterranean during Leg 161. AB
Alboran Basin, SB = South Balearic Basin, LS = Ligurian Sea.
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leoceanography of the western Mediteiranean during the late Ceno-
zoic. The Leg 161 drill sites were part of a trans-Mediterranean
paleoceanographic transect that included 16 drilling sites across the
Mediterranean. The paleoceanographic programs of Legs 160 and
161 were closely connected. The combined results will allow us
eventually to decipher the paleoceanography that led to the deposi-
tion of sapropels in the eastern Mediterranean.

Within the western Mediterranean, the Alboran Sea basin was
chosen as the optimum area to conduct studies of convergent plate-
tectonic boundaries, especially those involving the origin of exten-
sional basins in collisional settings. Among the Mediterranean con-
vergent boundaries, the collision between the Eurasian and African
plates at the westernmost Mediterranean Sea has resulted in a broad
region of distributed deformation rather than a discrete plate bound-
ary. This broad region comprises the Betic, Rif, and Tell Chains
linked across the Gibraltar Arc and includes the extensional basins
that form the Alboran and South Balearic Seas (Fig. 2). The apparent
paradox of extensional basin formation and crustal stretching during
the convergence of the Eurasian and African plates has been a long-
standing problem in Mediterranean tectonics.

Extended continental crust forms the floor of the Neogene Albo-
ran Sea basin, and the basin is surrounded by a compressional thrust
belt that was tectonically active during the extension. It closely re-
sembles the northern Tyrrhenian Sea or the Panonnian Basin, in that
there is no geological or geophysical evidence that oceanic litho-
sphere subduction was associated with the extension in the basin.
Extension directions in the Alboran Basin, and those of the coeval
thrusting in the surrounding arcuate mountain front, are not clearly
related to the Eurasian-African relative plate motion.

The prime tectonic objectives in drilling at the Alboran Sea sites
were to determine the response of the crust to compressional and ex-
tensional forces and to better understand the kinematics and defor-
mation of the Mediterranean continental lithosphere. The continental
rift system that led to the development of the Alboran Basin also pro-
vided an opportunity to examine the nature of brittle and ductile de-
formation of the crust, the role of magmatism in rifting processes,
and the role of the upper mantle in crustal modification and lithos-
phere evolution. The young and tectonically active Alboran Sea is a
Mediterranean laboratory where these tectonic processes can be in-
vestigated.

Alboran Sea drilling results are expected to have immediate ap-
plications in establishing geodynamic models on the origin and evo-
lution of Mediterranean-type backarc extensional basins.

AN EXTENSIONAL BASIN IN A COLLISIONAL
SETTING: THE ALBORAN SEA

The Scientific Problem

Continent-continent collision zones at convergent plate bound-
aries are optimum sites for extensional basins to form. In the Medi-
terranean, extensional basins developed on the sites of orogens that
were created during the Cretaceous-to-Paleogene collision of the
Eurasian and African plates (Fig. 2). These basins began to form in
regions with thickened continental crust, and they developed by ex-
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Figure 2. Tectonic map of Mediterranean basins and moun-
tain belts (based on data from various sources). Location of
Leg 161 drill sites is shown.
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tensional processes behind highly arcuate thrust belts. So far, there is
no evidence for the existence of oceanic Hthosphere during the Cen-
ozoic, so this crustal stretching was not associated with subduction of
oceanic Hthosphere. The tectonic history of these basins suggests that
the continental collision closely predates the onset of crustal thinning
in the region and that the thrust belts surrounding the basins were ac-
tive during the basins' evolution. Within the basins, synrift sediments
rest on highly attenuated continental crust, and calc-alkaline-to-acid
volcanism appears to have been associated with the extension. These
attributes characterize the Mediterranean "backarc" basins, of which
the South Balearic and Alboran Basins are classic examples (Horvath
and Berckhemer, 1982).

There is no general agreement about the causes of extension in
these basins, nor has the rapid evolution of the collisional zone into
regions of extension, adjacent contraction, and arc migration been ad-
equately explained. The origin of the Alboran Sea and other Mediter-
ranean backarc basins has been an extremely controversial subject.
Some authors have emphasized the role of anomalous mantle diapir-
ism (Weijermars, 1985; Wezel, 1985), whereas others emphasize
subduction similar to that of western Pacific backarc basin models
(Biju-Duval et al, 1978; Rehault et al., 1984; Dercourt et al., 1986;
Malinverno and Ryan, 1986; Kastens et al., 1987). Others again en-
visage subduction with detachment and sinking of a lithospheric slab
(De Jong, 1991; Zeck et al., 1992; Royden, 1993).

Removal or detachment of the Hthosphere mantle either by delam-
ination (Bird, 1979) or by convection (Houseman et al., 1981) is ar-
gued currently to explain lithosphere thinning and subsequent
development of extensional basins on collisional orogens.

To explain extensional basins that are superimposed on continen-
tal collision sutures, Channell and Mareschal (1989) proposed colli-
sion-induced delamination ("subduction") of continental mantle
lithosphere to explain the rapid evolution of the collision suture into
a zone of rifting and the development of adjacent regions of compres-
sion and extension. Their model for the Tyrrhenian Basin-Calabrian
Arc suggests that asymmetric lithosphere thickening generates asym-
metrical mantle flow, causing extension and adjacent contraction.

Convective removal of a cool and dense lithosphere root (Platt
and Vissers, 1989; Platt and England, 1994) and asymmetric delam-
ination (peeling off) of the subcrustal lithosphere (Morley, 1992;
Garcia-Duenas et al., 1992; Comas et al., 1993) have recently been
discussed as alternative processes responsible for the origin of the
Alboran Basin. Both models involve removal of a subcrustal litho-
spheric slab and replacement by asthenosphere material, and they
also predict high geothermal gradients, similar thermal structure, and
a comparable pattern of crustal thinning. Consequently, on the basis

of these parameters alone, it would be difficult to discriminate be-
tween these two models.

A migrating locus of extension, as postulated by the delamination
model, vs. a static locus as favored in the extensional-collapse model,
is the main difference between these most widely accepted concepts.
According to the asymmetric subcrustal lithosphere delamination
model, a migrating locus of extension resulted in a distinct migration
of the arcuate mountain front. The delamination model as proposed
for the Alboran Basin (Fig. 3) fits with the westward migration of the
Alboran Domain and the Gibraltar Arc and relates the initial crustal
thinning in the Alboran Basin to the origin of the South Balearic Ba-
sin (Balanyá and Garcia-Duenas, 1987; Comas et al., 1993). The con-
cept of convective removal of a lithosphere root implies a static locus
of extension at the site of the collisional ridge. This alternative model
suggests a radial-symmetrical emplacement of thrust-nappes around
the Alboran Sea basin (Platt and Vissers, 1989) and signifies that
thermal subsidence largely controlled the evolution of the Alboran
Sea basin.

Leg 161 drilling results will unequivocally resolve neither the
stalemate regarding the kinematics of deformation of the lithosphere
nor the dynamics of the processes that formed the Alboran Basin.
However, drilling data will provide accurate information about key
parameters with which we can test the validity of competing genetic
hypotheses. These parameters include the stratigraphic record, basin
geometry, timing and amount of deformation, subsidence rates, and
the nature of the basin's basement. To maximize the significance of
Leg 161 results, it will be important to integrate geological and geo-
physical data and results, not only from the Alboran Basin itself, but
also from the orogenic belt, the Betic and Rif Chains, that surrounds
the Alboran Basin.

Geological and Geophysical Background
Tectonics

The Alboran Sea basin lies within a Miocene arc-shaped orogenic
belt formed by the Betic (Southern Spain) and Maghrebian (Rif and
Tell, in Morocco) Chains (Fig. 4). The internal domains of both
chains, including alpine metamorphic and non-metamorphic com-
plexes, have north-south continuity across the Gibraltar Arc and be-
low the Alboran Sea, forming the basement of the Alboran Basin.
The whole system is bounded to the north and south by the Iberian
and African continental forelands, respectively, to the east by the oce-
anic Balearic Basin, and to the west by the Atlantic Ocean.

The complexities of the Betic-Rif orogenic belt and its geodynam-
ic evolution result from its position between two large plates, which,
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Figure 3. A-D. Working hypothesis for the origin of the Alboran Basin, con-
sidering initial asymmetric lithosphere thickness (offset) in the former colli-
sional orogen, and subsequent delamination of the lithospheric mantle. Note
that this model implies that the onset of Miocene extension in the Alboran
Basin was synchronous with the foreland propagation of the Gibraltar Arc
thrust-front (B), and that the locus of the extension migrated from the South
Balearic to the "proto"-Alboran Basin contemporaneously (B to C). Pro-
posed position for the Gibraltar Arc mountain front at 18 and 7 Ma is shown.
Note change of orientation from section A to D.

from the Mesozoic, have undergone variable relative movements.
Several kinematic models have been proposed for the motion of Af-
rica relative to Europe (Olivet et al., 1984; Srivastava et al., 1990).
Neogene plate-tectonic restoration of the western Mediterranean
(Dewey et al., 1989) suggests that this part of the African/European
plate boundary underwent 250 km of approximately north-south con-
vergence from mid-Oligocene to late Miocene times, followed by
-50 km of west-northwest-directed oblique convergence since the
late Miocene.

The complexes and large paleogeographic elements that form the
Betic and Rif Chains and the Gibraltar Arc belong to different crustal
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Figure 4. The Alpine Chains surrounding the Alboran Sea and general tec-
tonic subdivision of crustal domains (from Balanyá and Garcia-Duenas,
1987). Onshore distribution of these domains indicates that the continental
basement beneath the Alboran Sea belongs to the Alboran Crustal Domain.

domains (Fig. 4), which were well delimited at the beginning of the
Neogene:

1. The South Iberian and Maghrebian Domains (External Zones
of the Betic and Rif Chains, respectively) correspond to the
Mesozoic paleomargins of the Iberian and African plates.
They are composed of non-metamorphosed Mesozoic and
Tertiary units overlying Iberia's Hercynian basement. During
the Mesozoic, these domains were separated by the New-
foundland-Azores-Gibraltar transform fault (Olivet et al.,
1984; Srivastava et al., 1990).

2. The Flysch Complex, allochthonous units that have remark-
able continuity in the Maghreb, deposited in a trough over oce-
anic or very thin continental crust (Dercourt et al., 1986).

3. The Alboran Crustal Domain (Betic-Rifean Internal Zones)
composed of a syn- and post-metamorphic, pre-Miocene
polyphase thrust-stack that includes three nappe complexes:
the Nevado-Filabride, Alpujarride, and Malaguide. The Al-
pine metamorphic-facies assemblages in the Alpujarride and
Nevado-Filabride complexes evolved from high pressure/low
temperature to low pressure/high temperature conditions, or at
least to isothermal pressure decrease, in both complexes (Bak-
ker et al., 1989; Goffé et al., 1989; Tubia and Gil-Ibarguchi,
1991; Balanyá et al., 1993). In contrast, the Malaguide units
have undergone only very low-grade Alpine metamorphism
(Chalouan and Michard, 1990).

The high-pressure mineral assemblages of the Alpujarride and
Nevado Filabride complexes are the result of crustal stacking and
substantial crustal thickening in the Betic and Rif Chains, caused by
the pre-Miocene convergence (Bakker et al., 1989; Goffé et al., 1989;
Tubia and Gil-Ibarguchi, 1991). The Ronda peridotite massif, the
largest known surface exposure of lithospheric mantle, is a thrust
sheet within the Alpujarride complex (Lundeen, 1978; Tubia and
Cuevas, 1986; Torné et al., 1992; Davies et al., 1993).

The Gibraltar Arc (Figs. 4, 5) is considered a result of an early to
middle Miocene westward overthrusting of the Alboran Crustal Do-
main onto the Iberian and Maghrebian continental crust. This west-
ward thrust postdates the Alboran Domain polyphase thrust-stack
(Balanyá and Garcia-Duenas, 1987; 1988; Morel, 1989; Garcia-
Duenas et al., 1992; Royden, 1993). During the westward migration
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Figure 5. A, B. Schematic true-scale crustal sections
across the Gibraltar Arc and the Alboran Sea basin to
illustrate the large-scale east-west structure of the
basin and its location on a convergent orogenic setting.
According to this section, the basement beneath the
Alboran Sea would correspond to the hanging wall of a
major crustal extensional detachment. Note that the
slab of Ronda peridotites is also placed on the hanging
wall of the extensional detachment (Garcia-Duefias et
al., 1992; Comas et al., 1993). Note that this cross sec-
tion is the same as cross-section D in Figure 3. Crustal
thickness from Banda and Ansorge (1980) and sup-
posed position of ductile extensional detachments
within the Crustal Alboran Domain. CAD = Crustal
Alboran Domain, D = mud diapirs, FT = Flysch
Trough units, LM = lithosphere mantle, LDM = low-
density mantle, M = Moho, Pt = Ronda peridotites,
SIB = South-Iberian paleomargin basement, SIC =
South-Iberian paleomargin cover, V = volcanic rocks
in the CAD, EAB = Eastern Alboran Basin, SBB =
South Balearic Basin, WAB = Western Alboran Basin,
s.l. = sea level. C. Structural map of chains surround-
ing the Alboran Sea. I and II indicate locations of pro-
files A and B. 1 = Miocene to Holocene sediments,
2 = South-Iberian and Maghrebian paleomargin base-
ments, 3 = South-Iberian paleomargin cover, 4 =
Maghrebian paleomargin cover, 5 = Flysch Trough
units, 6 = Crustal Alboran Domain, 7 = ductile exten-
sional detachments, 8 = strike-slip faults.
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of the Gibraltar thrust front, shortening and crustal thickening oc-
curred along the Gibraltar Arc, while crustal thinning and tectonic
subsidence began in the Alboran Basin behind the arc (Garcfa-
Dueiias et al., 1992; Comas et al., 1992).

Extensional detachment and fault-bounded Miocene sedimentary
basins exposed on land are superimposed onto the continental colli-
sion structures (Platt, 1986; Balanyá and Garcia-Duefias, 1987; Platt
and Vissers, 1989; Galindo et al., 1989; Garcia-Duefias and Balanyá,
1991; Garcia-Duefias et al., 1992; Monié et al., 1991; Morley, 1992).
This extensional phase was accompanied by distinctive low-pressure/
high-temperature metamorphic events (Torres-Roldán, 1979; Zeck et
al., 1992), which have early Miocene radiometric ages (Zeck et al.,
1989; Monié et al., 1994). The crustal thinning over much of the re-
gion (see below) is likely to be a result of this phase of extension.

Shortening and crustal thickening during the early Miocene
(Aquitanian) Gibraltar Arc was mainly coeval with the extension in
the internal parts of the system, which continued until the middle Mi-
ocene-early Tortonian. Shortening directions vary from northwest in
the Betic Cordillera (Banks and Warburton, 1991), to west in the
Gibraltar Arc region (Balanyá and Garcia-Duenas, 1987; 1988), to
west-southwest in the Rif Cordillera (Frizon de Lamotte, 1987).

We suggest that, during the early to middle Miocene, the migra-
tion of the arcuate mountain front was nearly coeval with extension
in the inner part of the Gibraltar Arc, creating crustal attenuation and
basinal extension in the Alboran Domain. The Alboran Basin was
formed by extension from the early Miocene onward, whereas out-
side the basin the arc-thrusting processes continued. Schematic true-
scale sections across the Alboran Sea and adjacent mountain belts are

shown in Figures 5 and 6 to illustrate the position of the Alboran Ba-
sin within the convergent orogenic belt.

The Alboran Basin

The Alboran Sea is -400 km long, 200 km wide, and has narrow
shelf and slope physiographies (Fig. 7). In contrast to the adjacent
deeper South Balearic Basin, its maximum depth is <2,000 m and it
exhibits a complex seafloor morphology, with several sub-basins,
ridges, and seamounts. The Alboran Ridge and the Alboran Trough
are the more prominent linear structures that extend 180 km and trend
obliquely (northeast to southwest) across the Alboran Sea. The Alb-
oran Ridge locally emerges above sea level to form the small Alboran
Island. The three main sub-basins, separated by the northeast-to-
southwest-trending Alboran Ridge, are the Western, the Eastern, and
the Southern Alboran Basins (Fig. 5).

The Alboran Basin contains one of the most impressive accumu-
lations of Neogene and Quaternary deposits within the western Med-
iterranean. Seismic data indicate up to 7-km-thick sedimentary
sequences that fill grabens or half-grabens. The sedimentary cover of
the Alboran Sea has been documented in many papers based on seis-
mic reflection data (Pastouret et al., 1975; Auzende et al., 1975; Mul-
der and Parry, 1977; Dillon et al., 1980; Kazakov et al., 1982;
Gensous et al., 1986; Mauffret et al., 1987; Maldonado et al., 1992;
Comas et al., 1992; Watts et al., 1993). However, stratigraphic stud-
ies of the deep-basin deposits are only known from DSDP Site 121
results (Ryan, Hsü, et al., 1973). Commercial exploration wells pro-
vide information on sedimentary sequences that fill basins along the
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Figure 6. Bouguer anomaly and schematic true-scale section across the Albo-
ran Sea basin and adjacent mountain belts. A. Bouguer anomaly. B. Density
model, assumed densities in kg/m3. C. North-south geological cross section.
(ICR = intra-crustal reflector, TRLC = top of reflective lower crust; from
Watts et al., 1993).

Spanish continental shelf. These well data show that beneath the shelf
early Miocene to Pleistocene deposits are -3.5 km thick. Wireline log
interpretation, as well as analysis and correlation throughout a dense
grid of multichannel seismic reflection lines, identified six lithoseis-
mic units within the sedimentary cover of the Alboran Sea (Fig. 8).
The major characteristics of these sequences as defined by Comas et
al. (1992) and Jurado and Comas (1992) are:

1. The early- to late-Miocene sedimentary sequence beneath the
Spanish shelf, which contains distal marine-facies, suggesting
that, during the Miocene, the Alboran Sea coastline was locat-
ed farther to the north.

2. The lack of well-developed Messinian evaporitic series within
deposits of the Alboran Basin. The Messinian deposits are
formed by marine or shallow carbonate facies; gypsum and an-
hydrite intervals are occasionally present.

3. Volcanic and volcaniclastic levels intercalate throughout the
middle and late Miocene sequence and, in correlation with
seismic data, seem to be widespread across the entire Alboran
Basin.

4. The lowermost sediments that directly overlay the basement
are late Aquitanian-Burdigalian? in age (seismic Unit VI; Fig.
8). They correspond to the first marine deposits in the basin
and are formed of olistostromes that contain clastic material
and overpressured shales. This seismic unit is correlated with
on-shore complexes composed of clays and detrital deposits
containing olistostromes.

5. The large diapiric bodies observed in the Western Alboran Ba-
sin that originate from early- to middle-Miocene sediments
(seismic Units VI and V; Fig. 8) are formed of undercompact-
ed shales, contradicting earlier literature that inferred that
these diapirs were formed by "Messinian salt" (Auzende et al.,
1975, among others).

6. Major interregional unconformities occur at the top of Burdi-
galian sediments (top of seismic Unit VI), within early late-
Tortonian sediments (at the base of seismic Unit III) and at the
base of the Pliocene (top of the Messinian Unit II). This last re-
flector corresponds with the "M"-reflector recognized else-
where in the Mediterranean (Ryan, Hsü, et al., 1973).

6°W

Figure 7. Bathymetric map of the Alboran Sea showing position of Leg 161
sites. Contour lines in m. Map onshore: 1 = Miocene marine sediments, 2 =
Alboran Domain, ACH = Alboran Channel, Al = Alboran Island, CHB =
Chella Bank, EAB = Eastern Alboran Basin, SAB = South Alboran Basin,
SBB = South Balearic Basin, WAB = West Alboran Basin, XB = Xauen
Bank, YB = Yusuf Basin, YR = Yusuf Ridge.

Marine Neogene sequences, similar to those of the Alboran Sea
basin fill, crop out in the Betic and Rif Chains around the Alboran Sea
(Fig. 7) (Ait Brahim and Chotin, 1989; Montenant et al., 1987). It
should be emphasized that in the Miocene the Alboran Basin extend-
ed north and south, beyond the present limits of the Alboran Sea.

Basement and Crustal Structure

Multichannel seismic reflection profiles and dredge data show
that the Alboran Basin acoustic basement is heterogeneous. Broad
areas of the top of the acoustic basement east of 4°W appear to be
formed of volcanic rocks, based on dredges of volcanic seamounts
(Giermann et al. 1968; Maufret et al., 1987). In addition, metamor-
phic rocks belonging to metamorphic complexes in the surrounding
Betic and Rif Chains have been recovered from commercial wells
near the Alboran Sea coastline (Fig. 8; Comas et al., 1992). DSDP
Site 121 results (Ryan, Hsü, et al., 1973; Kornprobst, 1973; Steiger
and Frick, 1973) also suggest that the crust in the Western Alboran
Basin is composed of metamorphic rocks. These data suggest that the
Alboran Basin is likely floored by the Alboran Crustal Domain (In-
ternal Zones of the surrounding chains), that is disrupted and extend-
ed from the former convergent orogenic belt.

Seismic refraction data and gravity modeling show that the crust
thins from about 35 km beneath the Internal Zones of the Betic and
Rif Chains to about 15-20 km beneath the central Alboran Sea
(Hatzfeld, 1978; Banda and Ansorge, 1980; Torné and Banda, 1992;
Banda et al., 1993; Watts et al., 1993). Available data suggest that
this crust thinned considerably from a continental crust that was pre-
viously thickened by collisional stacking. Bouguer gravity anomaly
data are consistent with the magnitude of crustal thinning inferred
from the seismic refraction data (Fig. 6A; Watts et al., 1993). Aero-
magnetic anomaly maps (Galdeano et al., 1974) suggest a pattern of
volcanic ridges within the basin. A density model for the Alboran Ba-
sin and surrounding chains is shown in Figure 6B.

The mantle beneath the Alboran Sea shows anomalously low seis-
mic velocities, around 7.6-7.9 km/s, at a relatively shallow depth
(Banda et al., 1993). Two earthquakes at -600 km beneath Granada
indicate the presence of a detached fragment of sinking lithosphere
(Grimson and Chen, 1986). Distinct positive gravimetry anomalies
along the coast (i.e., Bonini et al., 1973) suggest that mantle material
locally approaches the surface. These anomalies appear to be associ-
ated with the Ronda and Beni-Busera mantle peridotite outcrops. The
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origin and significance of these peridotite bodies is the subject of
considerable debate. They have been interpreted as deep-rooted bod-
ies (Bonini at al., 1973; Weijermars, 1985; Doblas and Oyarzun,
1989), but field evidence suggests that they form an allochthonous
sheet of mantle rocks interleaved with crustal rocks (Lundeen, 1978;
Dickey et al., 1979; Tubia and Cuevas, 1986; Balanyá and Garcia-
Duenas, 1991). Recent gravity modeling of the Ronda peridotites
supports this interpretation (Torné et al., 1992).

Heat-flow survey results in the Alboran Basin provide informa-
tion regarding the character of the lithosphere beneath the Alboran
Sea. Results of a modeling approach that combines heat-flow data,
crustal structure, and elevation suggest a dramatic decrease in litho-
sphere thickness from the Western Alboran Basin (60-80 km) to the
Eastern Alboran Basin (30-40 km). This suggests a crustal thickness
of about 21 km in the Western Alboran Basin, decreasing to a thick-
ness of no more than 11.5 km in the easternmost Alboran Sea (Polyak
et al., in press).

The above-mentioned geological and geophysical data are consis-
tent with a Neogene basin generated by rifting, extension, and subsid-
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Tectonic Evolution of the Basin

The tectonic pattern of the Alboran Sea basin (Fig. 9) shows struc-
tures developed during various tectonic stages of basin evolution.
Earlier structures are extensional grabens generated by several rifting
episodes; developed from the late Aquitanian (22 Ma) to the early
Tortonian (10 Ma). The Miocene episode of crustal thinning was par-
tially coeval with the westward displacement of the Alboran Crustal
Domain and the concurrent opening of the western Mediterranean
(Garcia-Duenas et al., 1992). Subsequent tectonic subsidence proba-
bly led to an initial eastward transgression that deposited Aquita-
nian-Burdigalian seismic Unit VI (Comas et al., 1992; 1993; in
press). Onshore geologic data also indicate that sequences that are
equivalent to seismic Unit VI were probably the first transgressive
deposits postdating initial extensional faulting of the Betic metamor-
phic complexes. The first stages of crustal stretching (which led to the
Aquitanian transgression) are not well recognized in existing seismic

Figure 9. Structural sketch of the Alboran Sea, based on interpretation of
MCS profiles and the surrounding Betic and Rif Chains (from Comas et al.,
1993). Position of Leg 161 drill sites and DSDP Site 121 within the structural
setting is shown. EAB = Eastern Alboran Basin, SAB = Southern Alboran
Basin, WAB = Western Alboran Basin, YB = Yusuf Basin.

data. However, two main rifting episodes, of Burdigalian-Langhian
(-17-15 Ma) and Serravallian-early Tortonian (-14-10 Ma) ages,
can be easily recognized. The direction of extension during this rift-
ing may be deduced from the fault-related mid-Miocene deposition
centers. A predominant east-northeast-west-southwest extension di-
rection is well identified from mid-Miocene extensional structures in
the Western Alboran Basin (Comas et al., 1993). As a whole, direc-
tions of extension and rifting episodes recognized offshore are con-
sistent with those recognized onshore (Garcfa-Duenas and Martinez-
Martinez, 1988; Galindo et al., 1989, Garcia-Duenas et al., 1992,
Crespo-Blanc et al., 1994).
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Late Serravallian to Tortonian alkaline and calc-alkaline volcanic
rocks (Bellon et al., 1983; Hernandez et al., 1987) are exposed on-
shore and have been detected offshore (Comas et al., 1992). These
magmatic events (first occurrences: leucogranites at 22 Ma, ryolitic
tuffites at 22-19 Ma), as well as the extensive mud diapirism recog-
nized beneath the western Alboran Sea, have likely resulted from
these extensional processes.

Seismic data indicate that the extensional evolution of the Albo-
ran Basin was abruptly interrupted in the late Tortonian by an episode
of contraction that created folding, strike-slip faults, and the inver-
sion of previous normal faults (Comas et al., 1992; Bourgois et al.,
1992; Woodside and Maldonado, 1992). Numerous onshore observa-
tions in the areas close to the Alboran Sea indicate a north-northeast
compression during the late Tortonian-Messinian, changing to north-
northwest compression during the Pliocene and Pleistocene (Ott
d'Estevou and Montenat, 1992; Ait Brahim and Chotin, 1989; Morel,
1989). These directions agree with the east-west trend of late Torto-
nian-Pliocene folds seen in seismic lines (Comas et al., 1992). Dur-
ing and after folding, approximately northwest and northeast directed
conjugate strike-slip faults were active. The Alboran Basin was bro-
ken into sub-basins by transverse ridges during this tectonic event.
Pull-apart basins bear witness to recent compressional conditions
(Mauffret et al., 1987). Structural inversion, folding, and strike-slip
faulting resulted in a north-south shortening and an east-west elonga-
tion of the basin. Available data suggest that the Alboran Basin in-
creased in length considerably since the late Miocene and was offset
from the adjacent South Balearic Basin by left-lateral displacement
(Montenat et al., 1992; de Larouzière et al., 1988).

Messinian lamproites, shoshonitic lavas (4.5-9 Ma), and alkali
basalts (1.5-6 Ma) erupted extensively during this compressional
stage (Bellon et al. 1983; Hernandez et al., 1987). These volcanic
rocks (regionally associated with other calc-alkaline rocks, 7-13 Ma)
have been genetically related to a lithospheric trans-Alboran shear
zone (de Larouzière et al., 1988).

The later tectonic reorganization of the Alboran Basin started in
the late Pliocene and was dominated by normal faulting and oblique
strike-slip faults, most of them resulting from reactivation of Mi-
ocene faults. A Pliocene-Pleistocene faulting episode was probably
related to basin subsidence and the simultaneous uplifting of the Ibe-
rian and African coasts. This episode is believed to have influenced
the location of the present day coastline (Comas et al., 1992).

THE ODP TRANS-MEDITERRANEAN DRILLING
TRANSECT: PALEOCEANOGRAPHIC EVOLUTION

AND HISTORY OF SAPROPEL FORMATION
IN THE MEDITERRANEAN

The primary paleoceanographic goal during Legs 160 and 161
was to obtain complete Pliocene-Pleistocene sedimentary sequences
in a transect across the entire Mediterranean (Fig. 10). This drilling
transect was designed to determine Mediterranean-wide circulation
patterns during the late Cenozoic with special focus on periods of
sapropel deposition.

Recent work has demonstrated that the occurrence of sapropels
closely correlates with minima in the Earth's orbital precession cycle,
which occur every 21,000 years (Fig. 11; Hilgen, 1991, Lourens,
1994). During these periods, the northern hemisphere receives stron-
ger summer insolation and weaker winter insolation than is received
at present. This enhances seasonal and continent-ocean temperature
contrasts and promotes stronger monsoonal circulation (Prell and
Kutzbach, 1992), which, in turn, trigger higher precipitation over
East Africa, thereby enhancing river runoff to the eastern Mediterra-
nean via the Nile River (Rossignol-Strick, 1985). At the same time,
precipitation over the northern Mediterranean borderlands increases
as atmospheric depressions move across the Mediterranean, respond-
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Figure 10. Sites in the eastern and western Mediterranean that were drilled
during Legs 160 and 161. The sites were selected along an east-west transect
that would allow documentation of Mediterranean-wide hydrographic pat-
terns during Pliocene-Pleistocene times.
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Figure 11. Pliocene-Pleistocene sapropel occurrence in the Vrica, Singa, and
Rossello sections (spliced together to the Rossello Composite) in Southern
Italy and Sicily (Lourens, 1994). Sapropels correlate with minima in the
orbital precession index, sapropel clusters correlate with maxima in the
Earth's orbital eccentricity. Polarity time scale is from Cande and Kent
(1992), biozones are from Sprovieri (1992, 1993) and Rio et al. (1990).
Orbital parameters are from Berger and Loutre (1991).
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ing to increased formation of Atlantic lows that stimulate enhanced
moisture transport to the east (Rohling and Hilgen, 1991). The com-
bined influence of increased river runoff and precipitation has been
postulated to promote the formation of a low-salinity surface layer in
the eastern Mediterranean, which would stabilize the upper water
column. As a result, surface-water convection would cease and ven-
tilation of the deeper water column would be reduced, depleting
deep- and bottom-water oxygen, thus enhancing the preservation of
organic matter at the seafloor.

Episodes of bottom-water anoxia in conjunction with post-glacial
sea-level rise and freshwater input from the Black Sea during the re-
establishment of the marine connection through the Bosporus have
been proposed in earlier studies (e.g., Olausson, 1961) to explain the
formation of sapropels in the eastern Mediterranean. The anoxia
model appeared to be supported by the lack of benthic foraminifers
in most sapropels and the lamination of the organic-rich sapropel fa-
cies (Rohling et al., 1993). This evidence was used to infer extremely
hostile, oxygen-depleted benthic environments that led to a complete
extinction of benthic communities during sapropel formation. Fur-
ther support for the anoxia model was derived from strong negative
oxygen-isotope anomalies recorded in planktonic foraminifers that
are associated with the sapropels (e.g., Williams et al., 1978; Verg-
naud-Grazzini et al., 1986). These anomalies imply the presence of
low-salinity excursions in the surface waters, which would have en-
hanced the surface-deep water density contrast and brought deep con-
vection to a halt.

The anoxia model has been challenged by geochemical evidence
that the early-Holocene sapropel (up to 14% organic carbon) in the
Black Sea must have formed under well-ventilated, fully-oxic condi-
tions (Calvert, 1990). In addition, no sapropels are forming there at
present, even though the modern Black Sea is regarded as the classic-
type euxinic basin. Thus, decreased organic matter degradation alone
appears unlikely to have promoted the formation of sapropels in the
eastern Mediterranean.

An alternative hypothesis postulates that the formation of
sapropels correlates with periods of enhanced marine productivity
and increased flux of organic matter to the seafloor (Calvert et al.,
1992; Lourens et al., 1992; Van Os et al., 1994). This hypothesis is
supported by the presence of organic carbon concentrations as high
as (or even higher than) those measured for the eastern Mediterranean
sapropel, in sediments that accumulate in coastal upwelling regimes
where bottom waters are neither anoxic nor stagnant (Zahn and Ped-
ersen, 1991; Lyle et al., 1992; Sancetta et al., 1992). Also, the Medi-
terranean is an oligotrophic sea where annual primary production is
low, ranging from 25-50 g C/m2 in the open Mediterranean to 60-75
g C/m2 in some coastal zones (Murdoch and Onuf, 1974; for compar-
ison, primary productivity in coastal upwelling regimes off Peru and
northwest Africa reaches values of 250 to >400 g C/m2/yr; Berger et
al., 1994). At this low rate of organic carbon production, sedimentary
organic carbon concentrations today would barely reach the elevated
levels of organic carbon concentration observed in eastern Mediter-
ranean sapropels, even if all organic carbon was preserved at the sea-
floor.

If increased productivity was important for the formation of
sapropels, then what caused marine productivity to increase at the
rhythm of the orbital precession period? Rohling and Gieskes (1989)
propose a conceptual model in which enhanced precession-driven
freshwater flux would cause the eastern Mediterranean^ pycnocline
and the associated deep-nutrient maximum to shoal into the euphotic
zone, leading to the formation of a deep-chlorophyll maximum,
which would have stimulated marine productivity (Fig. 12). This sce-
nario appears to be supported by the observation that abundances of
planktonic foraminiferal and nannofloral species, which are associat-
ed with deep chlorophyll maxima in today's ocean, are enhanced in
most sapropels (Rohling and Gieskes, 1989; Castradori, 1993).

Even though the occurrence of individual sapropel layers is close-
ly correlated to minima in the precession index, they are not evenly

Salinity I Halocline

Nutrients

Figure 12. Schematic diagram showing the development of a Deep Chloro-
phyll Maximum (DCM) in the Mediterranean. A. Nutrients are consumed in
the mixed layer by marine biota. Organic tissue sinks below the halocline
where it is remineralized, leading to the formation of a deep nutrient maxi-
mum. The halocline imposes a density barrier that does not allow nutrients to
re-enter the mixed layer from below. B. During periods of decreased evapo-
ration and/or increased freshwater flux to the Mediterranean, the halocline
shoals and the deep nutrient maximum migrates upward into the euphotic
zone. This promotes the formation of a DCM at the base of the euphotic
zone, thereby stimulating biological productivity and increasing the flux of
organic matter to the seafloor. This conceptual model has been proposed by
Rohling and Gieskes (1989) to explain sapropel formation during periods of
wet climates.

distributed through time (Fig. 11). Rather they occur in distinct clus-
ters that correlate with maxima in the Earth's orbital eccentricity oc-
curring at periods of 100,000 years and 400,000 years (Hilgen, 1991).
The temporal distribution pattern of sapropels indicates a close cor-
relation with changing external boundary condition (i.e., climate and
hydrography). Therefore, it seems plausible to infer that whatever
mechanism exerted primary control on the formation of sapropels
(basin-wide anoxia or increased biological productivity), its opera-
tion must have resulted in distinct changes of the Mediterranean^
physical circulation and geochemical cycling.

The paleoceanographic drilling program during the previous Leg
160 was devoted to obtaining continuous high-resolution Pliocene-
Pleistocene paleoceanographic data from the eastern Mediterranean
that contained a detailed record of sapropel deposition. Leg 161 was
designed to retrieve time-equivalent sedimentary sequences that
would allow documentation of the paleoceanography of the western
Mediterranean during the Miocene through Pleistocene and determi-
nation of Mediterranean-wide circulation patterns at times of
sapropel formation in the eastern Mediterranean.

PALEOCEANOGRAPHY OF THE WESTERN
MEDITERRANEAN: THE CURRENT STATE

OF IGNORANCE

Mediterranean Hydrography

The hydrography and circulation of the western Mediterranean is
primarily driven by inflowing Atlantic surface water and outflow of
intermediate waters at depth (Fig. 13; Sparnocchia et al., 1994). The
outflow waters are derived from Levantine Intermediate Water
(LIW), which forms in the Levantine Basin of the eastern Mediterra-
nean. Salinity of the inflowing Atlantic water increases to the east as
evaporation increases. By the time it reaches the Levantine Basin, sa-
linity is about 2%c higher than that of the inflowing Atlantic water, in-
ducing sinking of surface water and formation of LIW and Eastern
Mediterranean Deep Water.
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Figure 13. Salinity transect across the Mediterranean showing Leg 161 sites
in the western Mediterranean. The salinity pattern indicates the presence of
type-water masses, namely Eastern Mediterranean Deep Water, Levantine
Intermediate Water, and Western Mediterranean Deep Water. Also shown
are annual mean evaporation rates that cause surface salinity to increase to
the east.

The east-west gradient in surface salinity is also reflected in the
vertical salinity contrast in the western Mediterranean between Mod-
ified Atlantic Water in the surface layer and saline LIW at depth (Fig.
14). As the Mediterranean^ physical circulation is driven by the ex-
cess of evaporation over precipitation and resultant basin-to-basin sa-
linity gradients (Bryden and Kinder, 1991), monitoring hydrographic
paleogradients across the Mediterranean is an important objective of
paleoceanographic research in the area (e.g., Thunell and Williams,
1989; see below).

Formation of deep water plays only a minor role in the western
Mediterranean. It occurs regionally in the Ligurian Sea when dense
surface waters sink to greater depth in response to winter cooling and
enhanced evaporation caused by dry "mistral" winds (MEDOC
Group, 1970; Schott and Leaman, 1991; Leaman, 1994). The shallow
sill depths of the Strait of Sicily (330 m) and Strait of Gibraltar (280
m) inhibit exchange of deep waters with the Atlantic and between the
Eastern and Western Mediterranean Basins. Interbasin exchange of
deep waters occurs only in the event of seasonally more intense inter-
mediate water circulation that may draw deeper waters up and above
the sills (Bryden and Kinder 1991; for a detailed discussion of west-
ern Mediterranean oceanography see La Violette, 1994).

Atlantic-Mediterranean Water Exchange

An important aspect of paleoceanographic research in the western
Mediterranean is the history of water exchange with the Atlantic dur-
ing late Quaternary glacial-interglacial sea level changes (e.g.,
Faugères et al., 1984), and its influence on the Mediterranean^ hy-
drography (Vergnaud-Grazzini et al., 1986; Thunell et al., 1987;
Thunell and Williams, 1989). Early work on sedimentary facies pat-
terns east and west of the Strait of Gibraltar suggested that current re-
versals toward an estuarine flow pattern (deep inflow, surface
outflow) occurred during post-glacial sea-level rises (Olausson,
1961; Huang and Stanley, 1972). The current reversal would have
been driven by an enhanced freshwater flux from melting alpine gla-
ciers and re-establishment of the marine connection between the east-
ern Mediterranean and the Black Sea at the end of the glacial periods
(Kullenberg, 1952; Olausson, 1961). This would have resulted in a
positive water balance in the Mediterranean with a subsequent out-
flow of surface waters to the west.

However, the early evidence supporting this hypothesis was not
conclusive (Diester-Haass, 1973; Sonnenfeld, 1974). Subsequent

15.5

15.0 "

ü14.5

a)

t 14.0
Q.

CD

13.5 -

13.0 -

12.5

36.5 37.0
Salinity (g/kg)

37.5 38.0 38.5 39.0

| Alb

•

" Aig

<o

•

•

o
CD"

•

. g Sar

•

•

Lig

to

•

Sar

Lig " r

• Alb

σ t •

ò

Sic

a*

p
1

MAW LIW

Figure 14. Temperature-salinity (T-S) characteristics of Atlantic waters
(MAW = Modified Atlantic Water) and Levantine Intermediate Water (LIW)
in the western Mediterranean during winter. T-S values for MAW are
15.11°C and 36.76 PSU in the Alboran Sea (Alb). Surface salinity increases
as MAW flows east through the Algerian Basin (Aig) and Sardinian Sea
(Sar), and out into the eastern Mediterranean through the Strait of Sicily
(Sic). LIW enters the western Mediterranean with T-S values of 13.98°C and
38.70 PSU. The slight salinity decrease of LIW to the west is caused by the
admixture of low-salinity waters from above and below. The salinity offset
between MAW and LIW is driven by evaporation and freshwater flux across
the Mediterranean. Estimating T-S values of past surface and bottom waters
in the western Mediterranean may thus yield information on Mediterranean-
wide hydrographic and climatic boundary conditions. T-S data are from
Sparnocchia et al. (1994).

analysis of foraminiferal, stable-isotope, and trace-element patterns
on both sides of the Strait of Gibraltar suggested that the modern cur-
rent pattern was maintained during the post-glacial sea-level rise
(Faugères et al., 1984; Stow et al., 1986; Zahn et al., 1987; Grousset
et al., 1988; Vergnaud-Grazzini et al., 1989). According to these
studies, deep Mediterranean Outflow Waters (MOW) continued to
flow into the North Atlantic during the Last Glacial Maximum (ap-
proximately 18,000 14C ka), when sea level was about 120 m below
its present level. At this time, the advection of MOW would have
been reduced to 30-50% of its current rate, because of the reduced
dimensions of the Strait of Gibraltar (Béthoux, 1984; Bryden and
Stommel, 1984; Thunell et al., 1987). During the post-glacial sea-lev-
el rise, advection of MOW to the North Atlantic appeared to be spo-
radically reduced (Zahn et al., 1987; Grousset et al., 1988; Vergnaud-
Grazzini et al., 1989), but the flow pattern apparently never was re-
versed. This contention is supported by similar paleoceanographic
evidence from the Strait of Sicily that indicates the modern anti-estu-
arine flow patterns (i.e., surface flow to the east, deep flow to the
west) through the strait persisted during glacial and post-glacial times
(Vergnaud-Grazzini et al., 1988).

Alboran Sea Circulation and Biological Productivity

Alternating north-south directions of the Atlantic inflow across
the Alboran Sea generate a anticyclonic gyre circulation in the West-
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ern and Eastern Alboran Sea. The western gyre is mainly driven by
bottom topography and a strong northward component of the Atlantic
inflow immediately east of Gibraltar (Kinder and Parrilla, in press).
What drives the eastern gyre is not well understood. A strong density
front (Almeria-Orán front) along its eastern boundary forces the At-
lantic inflow to the south where it flows as a strong eastward jet
through a narrow zone along the Algerian coast (Tintore et al., 1995).
Geostrophic forcing along this jet stimulates upwelling of deeper, nu-
trient-enriched waters that increase nutrients regionally in the surface
layer. The circulation pattern in the Alboran Sea is driven both by the
Atlantic inflow and climate (Tziperman and Malanotte-Rizzoli,
1991; Kinder and Parrilla, in press) and, thus, glacial-interglacial cli-
matic change may alter circulation and nutrient patterns in the Albo-
ran Sea. Glacial-interglacial fluctuations in biological productivity
have indeed been inferred from paleoceanographic records in the
Alboran Sea (Abrantes, 1988; Vergnaud-Grazzini and Pierre, 1991).
They were likely driven by changes of circulation fronts and associ-
ated zones of increased biological productivity. Variable concentra-
tions of nutrients contained in the eastward-flowing Atlantic surface
current may have also influenced productivity patterns in the western
Mediterranean. Monitoring late Cenozoic productivity patterns in the
Alboran Sea is, therefore, an important paleoceanographic objective
of Leg 161.

Messinian Desiccation

Isolation and desiccation of the Mediterranean during the Messin-
ian is a second major paleoceanographic research objective. It is an
important paleoenvironmental event that affected the Mediterranean
climate and was potentially important in affecting open-ocean circu-
lation (Ryan, Hsü, et al., 1973; Hsü, Montadert, et al., 1978; Adams
et al., 1977; Cita et al., 1985; Cita and McKenzie, 1986; McKenzie et
al., 1990). After the Mediterranean^ connection to the Indian Ocean
in the East was closed during the early Miocene, the Betic and Rif
gateways in the west remained the only pathways for water exchange
with the open ocean. The combined tectonic and climatic phenomena
of rhythmic eustatic sea-level change and alternating phases of tec-
tonic uplift and subsidence of the Gibraltar Arc explain the closure of
the Atlantic-Mediterranean gateway and subsequent desiccation of
the Mediterranean.

Today, the advection of deep Mediterranean Outflow Water
(MOW) constitutes a significant salt contribution to the global ocean
(Armi and Farmer, 1985; Zenk and Armi, 1990; Ambar et al., 1992)
and potentially contributes to the rate of thermohaline overturn in the
northern North Atlantic (Reid, 1979). Even though the influence of
MOW on deep-water formation in today's North Atlantic is contro-
versial (Reid, 1979; Bryden and Kinder, 1991), the complete closure
of the Atlantic-Mediterranean gateway and subsequent shut-down of
salt export to the North Atlantic during the Messinian had a signifi-
cant effect on the global ocean's thermohaline circulation (Blanc and
Duplessy, 1982; Thunell et al., 1987). For instance, a foraminiferal
carbon isotope anomaly is observed throughout the world ocean dur-
ing the Messinian, pointing to a vertical redistribution of carbon with-
in the ocean's carbon reservoir, possibly in conjunction with a slow-
down of oceanic overturn (Bender and Keigwin, 1979; Vincent et al.,
1980; Keigwin et al., 1987; Thunell et al., 1987). Enhanced dissolu-
tion of deep-sea carbonates during the Messinian also suggests di-
minished deep-ocean ventilation, which would have made deep
waters more corrosive (Thierstein and Berger, 1978; Thunell, 1981).
To what extent these changes were driven by the cessation of MOW
flow to the North Atlantic remains unclear. Documentation of the on-
set of evaporitic conditions during the Messinian and the re-establish-
ment of the Atlantic-Mediterranean marine connection during the
latest Messinian therefore remains a high-priority issue for Mediter-
ranean paleoceanography as well as global circulation studies.

The Mediterranean and Global Glaciation

The response of the Mediterranean Sea to the onset of northern
hemisphere glaciation 2.7-3.2 Ma (Shackleton et al., 1984; Raymo et
al., 1992; Lourens and Hilgen, 1994) and concomitant sea-level
change during the late Pliocene is yet to be determined. Changes of
climatic patterns during this period are recorded at open-ocean sites
(Raymo et al., 1989; Tiedemann et al., 1994) and in environmental
records from the Mediterranean region (Fig. 15). Around 2.4 Ma, the
pattern of sapropel deposition in the eastern Mediterranean changed
toward less frequent sapropel occurrence and better carbon preserva-
tion with increasing water depth (Emeis, Robertson, Richter, et al.,
1996). Progressive intensification of glacial boundary conditions
during this period may have resulted in an onset of rapid oscillations
of monsoonal climates between arid and humid conditions and con-
comitant oscillations of the freshwater flux to the Mediterranean.
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Figure 15. Oxygen isotope records from (A) ODP Site 659 in the eastern
North Atlantic (Tiedemann et al., 1994) and (B) the Mediterranean (Lourens,
1994). The records show an increase in amplitude and a change in trend
towards more positive values at -3.0 Ma, indicating the onset of northern
hemisphere glaciation. This is also when sapropels are first observed in land
sections in southern Italy and Sicily. The Mediterranean isotope curve is
spliced together from data obtained at the Vrica, Singa, and Rossello sec-
tions. Isotope amplitudes in the Mediterranean are more than twice the
amplitudes seen in the Atlantic record (note different isotope scales). This
points to the "concentration" effect of the Mediterranean (i.e., the amplifica-
tion of climate signals due to the restricted water-mass exchange with the
open ocean, in conjunction with a net water loss to evaporation).
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Similar changes are documented for the late Quaternary (Gasse et al.,
1990; Gasse and van Campo, 1994; Zahn, 1994) and have been pro-
posed to control the formation of sapropels (Rossignol-Strick, 1985;
Rohling and Gieskes, 1989; Hilgen, 1991).

Inflowing Atlantic waters contribute to the hydrographic and cli-
matic boundary conditions in the Mediterranean in that their temper-
ature and salinity determine the flux of heat across the Mediterranean
and the intensity of water-mass stratification (Bryden and Kinder,
1991; Sparnocchia et al., 1994). The response of water-mass distribu-
tion in the North Atlantic to periodic meltwater input is still contro-
versial (Veum et al., 1992; Lehman and Keigwin, 1992; Zahn, 1992),
but recent modeling suggests that thermohaline overturn in the north-
ern North Atlantic may not cease but is likely to continue immediate-
ly following the injection of meltwaters (Rahmstorf, 1994). That is,
the North Atlantic's surface circulation is likely to maintain its gen-
eral circulation pattern and meltwater signals may be advected into
the Mediterranean with inflowing Atlantic waters. If this is true, the
Mediterranean may have started to receive North Atlantic meltwater
signals as northern hemisphere glaciation and periodic meltwater dis-
charge to the North Atlantic commenced ~3 Ma. These hydrographic
anomalies should have left their imprints most distinctly in paleo-
ceanographic proxy records at the westernmost Mediterranean drill
sites. Establishing continuous records of paleoceanographic proxies
that are linked to water-mass temperature and salinity (Thiede, 1978;
Prahl and Wakeham, 1987; Zahn and Mix, 1991) and high-resolution
stratigraphy at these sites are thus of primary importance in monitor-
ing the hydrography of inflowing Atlantic waters and their potential
links to marine environmental changes in the Mediterranean Sea.

LEG 161 SCIENTIFIC OBJECTIVES AND DRILLING
TARGETS IN THE WESTERN MEDITERRANEAN

Leg 161 combined tectonic and paleoceanographic objectives.
The tectonic history and paleoceanographic evolution of the western
Mediterranean are connected in that paleogeographic variations (e.g.,
of the Atlantic-Mediterranean gateway) determine water circulation
in the western Mediterranean. Thus, even though the tectonic and pa-
leoceanographic objectives are listed separately they complement
each other.

The primary paleoceanographic objectives of Leg 161 were:

1. To better understand the timing of sapropel formation in the
Tyrrhenian Sea. At the time Leg 161 was being planned, this
was the westernmost documented occurrence of sapropels in
the Mediterranean.

2. To gain insight into the circulation pattern in the western Med-
iterranean during periods of sapropel formation in the east, and
to determine hydrographic patterns across the entire Mediter-
ranean to better define environmental factors that may have
contributed to the formation of sapropels (i.e., basin-wide an-
oxia vs. biological productivity).

3. To determine environmental patterns during the onset of
evaporitic conditions and the re-establishment of open-ocean
conditions during the earliest and latest Miocene.

4. To investigate Atlantic-Mediterranean water exchange and its
influence on the Mediterranean^ hydrography during the on-
set of northern hemisphere glaciation, about 3.0 Ma. Monitor-
ing hydrographic paleogradients across the Mediterranean as
well as vertical paleogradients between surface and deep-wa-
ter hydrographic proxies was an important objective of Leg
161.

The tectonic objectives of Leg 161 were:

1. To better understand dynamics, kinematics, and deformation
of the western Mediterranean continental lithosphere, includ-

ing (a) the development of extensional basins on former colli-
sional orogens, (b) the dynamics of the collisional ridges
resulting in extensional basins surrounded by orogenic belts,
and (c) selected compressional processes.

2. To investigate the nature of the crust beneath the Alboran Ba-
sin, to develop a lithosphere model for the observed rifting
system and establish (a) models for Miocene rifting that con-
strain the nature of the basement and the geometry of rifting,
(b) the magnitude and timing of extensional faulting, (c) the
nature of synrift vs. postrift subsidence and the pattern of total
tectonic subsidence, and (d) the timing and role of volcanism
during extension.

3. To investigate postrift deformation: (a) the Late Miocene to
Holocene contractive reorganization of the Alboran Basin, (b)
the recent strike-slip tectonics, (c) the role of volcanism, and
(d) the recent collapse of the basin.

To address these topics, six sites were selected for drilling in the
western Mediterranean (Fig. 1):

(1) Site 974 (proposed Site MedSap 5), Tyrrhenian Sea

This site is a reoccupation of Site 652, which recovered eight
sapropels and several volcaniclastic deposits (Kastens, Mascle, Aur-
oux, et al., 1987; Emeis et al., 1991; McCoy and Cornell, 1990). The
primary objective of Site 974 was to obtain a continuous Pliocene-
Pleistocene record of organic-rich sedimentary events and a compre-
hensive record of volcaniclastic sedimentation that could be tied into
the paleoceanographic and tephrachronologic concepts of the Medi-
terranean.

(2) Site 975 (proposed Site MedSap 6A), Menorca Rise

This site was chosen for its key position to monitor both the his-
tory of inflowing Atlantic waters as they flow to the east and of out-
flowing Mediterranean waters on their way west to the Alboran Sea.
It is a central tiepoint along the trans-Mediterranean drilling transect
that was drilled during Legs 160 and 161.

(3) Site 976 (proposed Site Alb 2A), Western Alboran Basin

This site is on a structural high at the southern Spanish margin
close to DSDP Site 121. Its primary objective was to penetrate
through the Pleistocene-Miocene sediment cover and recover hard-
rock samples at least 200 m down into basement to yield information
on the origin and extensional tectonic evolution of the Alboran Sea.
A primary paleoceanographic objective at this site was to monitor the
Atlantic-Mediterranean water exchange during the late Cenozoic.

(4) Sites 977 and 978 (proposed Sites Alb 4A and Alb 4), Eastern
Alboran Basin.

The sites lie in small sub-basins south and north of the Al-Man-
sour Seamount. Sites 977 and 978 were selected in order to drill
through a sequence likely representing postrift sediments that may
yield information on the subsidence history and later tectonic evolu-
tion of the Eastern Alboran Basin. Paleoceanographic queries includ-
ed the history of the Atlantic-Mediterranean water exchange from the
Miocene to the Pleistocene and productivity patterns in the Eastern
Alboran Sea in relation to climatically driven circulation changes.

ite 979 (proposed Site Alb 3A), Southern Alboran Basin

The site is on the southern flank of the Alboran Ridge, -45 km
north of Cabo Tres Forcas. The main objective was to penetrate a
zone of syn- and post-sedimentary folds on the flank of the ridge,
which are depicted in seismic reflection profiles across the site as
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yielding the age and nature of the folds and associated unconformi-
ties. Ultimately, this will provide the database needed to establish the
history of subsidence and/or uplifting of the Southern Alboran Basin.

To achieve the paleoceanographic objectives at Sites 974, 975,
and 976, APC and XCB coring was performed at up to three offset
holes to recover sedimentary sequences that were as complete as pos-
sible. Splicing together sections from offset holes may allow voids in
one core to be filled by using intact sequences at an offset hole. The
deeper sedimentary units and basement were recovered by RCB cor-
ing. At Site 976, an offset RCB hole was drilled to retrieve additional
cores across the sediment-basement contact and to obtain high-qual-
ity logs of this transition. This offset strategy was proven successful
in that it allowed us to obtain more complete sedimentary records and
better coverage of critical intervals.
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