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ABSTRACT

The Pliocene and Pleistocene deposits recovered at Site 976 from the northwestern Alboran Sea at the Málaga base-o
include five main sedimentary facies: hemipelagic, turbidite, homogeneous gravity-flow, contourite, and debris-flow fac
The thickness and vertical distribution of these facies into lithostratigraphic Units I, II, and III show that the turbidites and
hemipelagic facies are the dominant associations. The Pliocene and Pleistocene depositional history has been divided int
sedimentary stages: Stage I of early Pliocene age, in which hemipelagic and low-energy turbidites were the dominan
cesses; Stage II of early Pleistocene/late Pliocene age, in which the dominant processes were the turbidity currents interd
by short episodes of other gravity flows (debris-flows and homogeneous gravity-flow facies) and bottom currents; and Sta
of Pleistocene age, in which both hemipelagic and low-energy gravity-flow processes occurred. The sedimentation during
three stages was controlled mainly by sea-level changes and also by the sediment supply that caused rapid terrigenous s
tation variations from a proximal source represented by the Fuengirola Canyon.
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INTRODUCTION

Site 976 is located in the northwestern Alboran Basin at a water
depth of 1108 m on the southern part of Málaga margin, 8 km no
east of Deep Sea Drilling Project Site 121 (Shipboard Scientific P
ty, 1996) (Fig. 1). Site 976 was drilled on a basement high and c
prises sediments from the middle Miocene to Pleistocene, par
which were also recovered at Site 121 (Shipboard Scientific Pa
1973). Although the priority at Site 976 was to drill at least 200
into the predicted metamorphic basement, the recovery of sedim
overlying the basement also provides an assessment of the Plio
and Pleistocene history of the northwestern Alboran margin. F
lithostratigraphic Units (I–IV) were identified in the 669 m of Plei
tocene–Miocene deposits at Site 976 (Fig. 2; Shipboard Scien
Party, 1996). In this investigation, we studied sediments from H
976B (1108 mbsl) of Unit III to Unit I, ranging in age from Pliocen
to Pleistocene. Unit I (0–362.1 meters below seafloor [mbsf], H
976B) is of Pleistocene–late Pliocene age; Unit II (362.1–518.3 m
Hole 976B) is late Pliocene in age; and Unit III (518.3–660.2 mb
Hole 976B) is early Pliocene–Miocene. This study presents sedim
tological and bulk-mineralogical analyses to (1) establish the s
mentary facies at Site 976; (2) determine the facies associations
sediment supply within the vertical stratigraphic successions; (3) 
cuss the timing of initiation of turbidity-current sedimentation; a
(4) establish the depositional history.

 GEOLOGICAL SETTING AND BACKGROUND

The Alboran Sea is a narrow (~150 km wide and 350 km long)
tensional basin formed during the early Miocene (Comas et al., 1
Watts et al., 1993). Several geodynamic hypotheses have been
posed to explain the genesis of the Alboran Basin and the proce

1Zahn, R., Comas, M.C., and Klaus, A. (Eds.), 1999. Proc. ODP, Sci. Results, 161:
College Station, TX (Ocean Drilling Program).

2CSIC, Instituto de Ciencias del Mar, Paseo Joan de Borbó s/n, 08039 Barce
Spain. Alonso: belen@icm.csic.es

3CSIC, Instituto Andaluz de Ciencias de la Tierra, CSIC y Universidad de Gran
Campus Fuerteventura, 18071 Granada, Spain.
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responsible for the formation of such a basin at sites of contine
collision (Dillon et al., 1980; Dewey et al., 1989). A complex pos
Tortonian tectonism modified the stratal architecture of the Mioce
basins and margins. The Quaternary sedimentary evolution has 
controlled mainly by the interplay of tectonics, sea-level, and clim
changes, and a complex ocean circulation (Alonso and Maldona
1992; Ercilla et al., 1992; Ercilla and Alonso, 1996). In the area of 
northwestern Alboran Sea where Site 976 is located, the slope 
base-of-slope are eroded by canyons and gullies and deforme
collapse structures, growth faults, and slumps. Physiographic 
tures in the specific area of the present Málaga margin include (
1) a relatively narrow shelf (11 km) with the shelf-break at 115 
water depth, a slope of 10 km and gradients of ~2.65°, and a relati
broad base-of-slope (16 km) with a gentler gradient (0.4°; Ercilla
al., 1992, 1994). Four submarine canyons indent the slope of 
northwestern Alboran Sea. They are, from east to west, the Fue
rola, Torre Nueva, Baños, and Guadiaro canyons (Fig. 1). These 
yons are short, and only the Fuengirola and Torre Nueva reach
base-of-slope (Ercilla et al., 1992).

Multichannel seismic-reflection profiles across Site 976 show
structural high with the top of the acoustic basement at depths ra
ing from 2 to 2.4 s (two-way traveltime; Shipboard Scientific Part
1996). Recovery of the Tortonian sequence and the Messinian 
sional unconformity (laterally equivalent to the seismic M reflecto
Maldonado et al., 1992) are essential to document both the trans
from open-marine to restricted conditions and open-marine con
tions following the Messinian flooding (Fig. 3). Above the M reflec
tor the Pliocene–Quaternary sediments correspond to the seismic
I defined by Jurado and Comas (1992). The lower part of the Plioc
deposits has a transparent acoustic character, although locally p
lel or divergent reflections alternating with more transparent zon
can also be identified (Fig. 3). The upper seismic unit I (Pliocen
Holocene) is characterized by parallel reflectors with a strong aco
tic character and variable continuity (Fig. 3). From high-resoluti
seismic profiles, a detailed picture of the sedimentary architecture
the Pliocene–Quaternary deposits, which are the focus of this pa
was determined by Ercilla et al. (1994) and Ercilla and Alonso (199
(Fig. 3). The lower Pliocene seismic unit is defined by transpar
facies and some discontinuous stratified facies. The upper Plioc
seismic unit is composed of a variety of seismic facies, hemipela
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Figure 1. Physiographic provinces of the northwestern 
Alboran Sea (Málaga margin) showing the canyons’ path-
ways (A–D) and the location of Site 976. Note the prox-
imity of the Site 976 location to the Fuengirola Canyon. 
Contours are in meters. A = Fuengirola Canyon; B = Torre 
Nueva Canyon; C = Baños Canyon; D = Guadiaro Can-
yon; R = river. Discontinuous lines refer to boundaries 
between geographic sectors. Thick short line labeled with 
number 3 refers to seismic profile shown in Figure 3. 
From Ercilla et al. (1994).
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gravitative facies intercalated with lobe-wedge facies and channel-
levee facies. The Quaternary seismic unit is made up of sediments on
the outer shelf that continues seaward into slope and base-of-slope
lowstand deposits defined by Ercilla et al. (1994; Fig. 3). 

METHODS

Sediment texture analyses of 102 samples were performed using
a settling tube for the coarse-grained fraction (>50 mm) and a Sedi-
graph 5000 D for the fine-grained fraction (<50 mm; Giró and Ma
donado, 1985). Textural statistical parameters (mean, standard d
ation, skewness, and kurtosis) were calculated using moment m
surements on sample populations containing 1/2 φ-interval classes in
all fractions (Friedman and Sanders, 1978; Swan et al., 1979; Fo
and Clark, 1989). The standard deviation adopted for the classif
tion of sediments into sorting classes (Friedman and Sanders, 1
Swan et al., 1979; Alonso and Maldonado, 1990; Ercilla et al., 19
are the following: 0.50 φ–0.80 φ for well-sorted sediments; 0.80 φ–
1.40 φ for moderately sorted sediments; 1.40 φ–2.00 φ for poorly
sorted sediments; and 2.00 φ–2.60 φ for very poorly sorted sediments
Sand fraction components were identified using a binocular mic
scope and by point counting ~400 grains per sample. The com
nents identified and counted are the following: biogenic compone
(pelagic foraminifers, benthic foraminifers, pteropods, siliceous b
genic components), light minerals (quartz, mica, feldspar, and o
ers), heavy minerals, rock fragments, and neoformation minerals 
rite and pyritized burrows and tests). The carbonate content of
samples were determined using a Bernard calcimeter, accordin
the method described by Vatan (1967). Standardless method
quantitative X-ray analysis were used for the quantitative definiti
mineral phases. The methodology used for the bulk-mineralo
analyses is explained in Martínez-Ruíz et al. (Chap. 2, this volum
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RESULTS
Major Sedimentary Facies

Pliocene and Pleistocene sediments from Site 976 consist ma
of hemipelagic and turbidite facies, according to the terminology
Stow and Piper (1984). Other sedimentary facies present at Site 
although less common, include homogeneous gravity-flow, cont
rite, and debris-flow facies. The distinction of hemipelagic and tu
bidite material in mud-rich, deep-sea sediment and sedimentary ro
seems to be a common problem (Krenmayr, 1996). In addition, 
problem becomes more complicated with the recognition of se
ments deposited or reworked by bottom currents (Stow and Faugè
1993). The sand-fraction composition, sorting, and vertical distrib
tion, but especially grain size, are important criteria for recognizi
genetically different deep-sea sediments; all were analyzed in 
study (see also Rupke and Stanley, 1974; Hesse and Butt, 1
Alonso and Maldonado, 1990; Porebski et al., 1991). 

A summary of sedimentological data and the relative percenta
of the major crystalline components (phyllosilicate, quartz, feldsp
calcite, and dolomite) corresponding to the bulk-mineralogical ana
sis for Hole 976B is given in Table 1 and in Table 3 (on CD-ROM
this volume). The correlation matrix of sedimentological and mine
alogical parameters is shown in Table 2.

Hemipelagic Facies

The hemipelagic term applied in this paper follows the descripti
of Bates and Jackson (1987): “...deep-sea sediments containin
small amount of terrigenous material as well as remains of pelagic
ganisms...” and also the definition of Stow (1994), who applies th
term in the sense of “terrigenous elements (clay, quartz, feldspar, 
canic dust, and other minerals) with a high proportion of silt-sized
grains can form a significant part of the settling material and hence
the resulting hemipelagic deposit.”
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Figure 2. Lithostratigraphic units defined at Hole 976B showing the domi-
nant facies associations (A–D) and the sedimentary facies defined in
work: A = turbidite mud-homogeneous gravity flows, hemipelagic mud (
U–H); B = turbidite mud-homogeneous gravity flows (Te–U); C = turbid
mud-hemipelagic mud (Te–H); D = turbidite sand-silt-mud (Ta–Te). Bl
area refers to the sediment recovery.
Sedimentological Characteristics

The hemipelagic facies is comprised of poorly and very poorly
sorted muds (1.5 φ–2.6 φ) with a mean grain size of 8.0 φ–9.1 φ and
a bimodal grain-size distribution (Fig. 4). Two sedimentary facie
types are recognized in this group: H1 and H2, the main differenc
being the carbonate content and sand-fraction composition. The 
type is hemipelagic mud a with low carbonate content (<20%). Th
sand fraction (<9%) is formed mainly of biogenous componen
(66%−100%), which are represented by radiolarians, diatoms, an
silicoflagellates. The H2 type is hemipelagic mud with a relativel
high carbonate content (≤44%). The sand fraction (≤9%) is composed
mainly of well and moderately preserved planktonic foraminifer
(≤90%). In both types, H1 and H2, the hemipelagic facies are stru
turally homogeneous deposits and bioturbation is the only type 
sedimentary structure observed. The color of the hemipelagic se
ments varies from moderate olive brown (5Y4/4) to grayish oliv
(10Y4/2), grayish olive gray (5Y4/1), dark greenish gray (5GY4/1)
olive gray (5Y4/1), and light olive gray (5Y5/2). 

Bulk-Mineralogical Characteristics

The hemipelagic sedimentary facies is also characterized by s
nificant differences in the bulk mineralogy (Fig. 5; Table 1). It show
a high abundance of phyllosilicates (36%–59%), with a low abun
dance of quartz (12%−23%), the highest values of calcite (18%−
48%), and a very low dolomite (<5%−10%) content. Except for the
calcite percentages, the percentages of these mineralogical com
nents are similar in both hemipelagic sediment types, H1 and H2. T
minimum values of calcite correspond to the H1 type mud, with a lo
carbonate content (<20%), and the maximum values of calcite (av
age of 31%) belong to the H2 type mud with a high carbonate conte
This suggests that calcite and carbonate content are correlated. T
fact is also supported by the high correlation coefficient (0.65) b
tween the two parameters (Fig. 5; Table 2). 

Turbidite Facies
Sedimentological Characteristics

The sedimentary facies of this group is characterized by three d
ferent types of texture: sand, silt, and clay. We identified the differe
divisions of the Bouma sequence: Ta, Tb, Tc, Td, and Te (Figs. 6, 
The sand fraction of all the divisions is composed mainly of terrige
nous components (43%−100%), which, in order of abundance, are
light minerals (average of 43%), of which quartz is predominant (a
erage of 30%), mica (average of 3%), and rock fragments (average
0.5%). In some samples included in the Ta division (897B-52X-1
28–30 cm; 53X-1, 9−11 cm; 53X-1, 15−17 cm; 53X-2, 6−8 cm; 54X-
1, 27−29 cm), quartz is the most abundant component (70%−85%).
The color of the turbidite sediments is related in general to the te
ture. Thus, the turbidite muddy sediments are mainly dark greeni
gray (5GY4/1) and, in minor proportions, are olive gray (5Y4/1)
grayish olive gray (5G53/2), and grayish olive green (5GY3/2). Th
silty sediments are generally darker (medium dark gray, N4), as a
the sandy sediments (dark gray, N3; medium dark gray, N4; oliv
gray, 5Y4/1). The Ta division corresponds to moderately well-sorte
(0.8 φ–1.4 φ) and moderately sorted (1.1 φ–1.4 φ) fine sands, with a
mean grain size of 2 φ. The carbonate content is low (15%−16%).
Some layers appear as medium-grained sands with a normal vert
gradation. The Tb division corresponds to moderately sorted (0.9 φ–
1.0 φ) silty sand (Fig. 6A). The Tb division has modes between 1 φ
and 3 φ, with tails toward the fine-grained fractions (Fig. 4), and a
mean grain size between 1.1 φ and 1.8 φ. The carbonate content rang-
es from 13% to 17%. The Tc division corresponds to very poor

this
e–
te
ck
59



B
. A

L
O

N
S

O
 E

T
 A

L
.

60

6. Note the channel-levee complexes developed within
Figure 3. High-resolution seismic profile (air gun) showing the seismic units from Miocene to Quaternary, as well as the projected location of Site 97
the upper Pliocene seismic unit. Location is indicated in Figure 1.
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gical data from Hole 976B.

Mineralogical Parameters

Skewness Kurtosis Phyllosilicate Quartz Feldspar Calcite Dolomite
(phi) (phi) (%) (%) (%) (%) (%)

 
0.1-0.2 2.2-2.3 37-59 17-23 18-32 <5-8
0.9-0.1 2.1-4.8 36-51 12-21 24-48 <5-10

 
0.7-1.2 1.8-2.7 10-14 46-63 5-6 18-24 5-21
1.1-1.6 2.2-3.5 11-14 46-51 <5 18-21 16-22
0.6-0.9 2.3-2.8 5 -15 28-51 <5 17-25 7-35

 –0.03-2.1 2.2-3.6 17-32 29-44 13-25 5-32
1 2.8  –0.5-0.1 2.0-4.8 40-60 25-30 22-46 <5

.8 –0.1-0.9 2.5-4.8 35-51 21-24 <5 22-40 <5-6

2.8  –0.2- –0.5 2.5-2.9 29-39 16-26 <5 5-55

2.7 0.4-0.9 1.9-2.8 11-28 26-37 <5 15-26 19-56

b alogical data from Hole 976B.

Skewness Kurtosis
 Phyllo-
silicates Quartz Feldspar Calcite Dolomite

00
.35 1.00
23 –0.31 1.00
.16 –0.59 0.16 1.00
.04 0.72 –0.20 –0.78 1.00
.28 0.38 0.15 –0.35 0.47 1.00
15 –0.53 0.24 0.12 –0.40 –0.10 1.00
09 0.44 –0.08 –0.57 0.26 –0.06 –0.60 1.00
Sedimentary Facies

Biogenous Terrigenous Ca
(%) (%) (

Hemipelagite
H1 66-100 0-34 13
H2 61-90 10-40 20

Turbidite
 Ta 0.1-0.9 99-100 15
 Tb 0.3-0.9 97-100 13
Tc 0.5-0.9 94-100 14
Td 0.2-9.2 90-100 16
Te 0.3-56 44-100

Homogeneous 
gravity flow (U) 0-47 52-100 1

Contourite (MC) 0-32 68-100

Debris flow (DF) 0-1.2 98-100

Ta

Biogenous Terrigen

Biogenous 1.00
Terrigenous –1.00 1.00
CaCO3 0.36 –0.36
Sand –0.68 0.68
Silt –0.35 0.35
Clay 0.74 –0.74
Grain size 0.66 –0.66
Deviation –0.16 0.16
Skewness –0.57 0.57
Kurtosis 0.23 –0.23
Phyllosilicates 0.60 0.60
Quartz –0.65 0.65
Feldspar –0.13 0.13
Calcite 0.47 –0.47
Dolomite –0.53 0.53
Table 1. Textural, compositional, and bulk mineralo

Sedimentological Parameters

CO3 Sand Silt Clay Mean Sorting
%) (%) (%) (%) (phi) (phi)

-20 0.9-2.0 25-40 59-74 8.5-9.1 1.5-1.8
-44 1.5-8.9 22-37 55-77 8.0-8.9 1.7-2.6

-16 71-72 27-28 0.1-0.5 1.2-1.5 0.8-1.4
-17 50-63 36-49 0.1-0.4 1.1-1.8 0.9-1.0
-22 45-61 25-30 11-18 4.4-5.0 2.6-3.3
-35 14-47 45-68 0.1-29 1.0-7.0 1.1-2.2
4-46 0.2-3 29-60 35-73 7.6-8.8 1.6-

7-35 2.4-7.7 29-44 51-65 8.0-8.6 2.0-2

23-36 14-35 37-55 30-48 7.0-7.5 2.2-

16-23 46-50 27-32 22-34 4.6-5.6 2.4-

le 2. Correlation matrix of textural and bulk miner

ous CaCO3 Sand Silt Clay
Grain
size Deviation

1.00
–0.43 1.00

–0.14 0.06 1.00
0.44 –0.92 –0.43 1.00
0.43 –0.90 –0.39 0.96 1.00
0.10 0.07 –0.28 0.04 0.21 1.
–0.57 0.74 0.48 –0.85 –0.87 –0
0.44 –0.20 0.00 0.18 0.07 –0.
0.15 –0.83 –0.23 0.82 0.75 –0

–0.58 0.84 0.16 –0.83 –0.82 –0
–0.31 0.39 0.12 –0.45 –0.50 –0
0.65 –0.42 –0.31 0.51 0.45 0.

–0.03 0.55 0.25 –0.60 –0.47 0.
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Figure 4. Textural cumulative curves and frequency histograms of sedimentary facies identified at Hole 976B. H = hemipelagic; Ta–Te correspond to the turbid-
ite divisions of the Bouma sequence; U = homogeneous gravity flow; MC = muddy contourite; DF = debris flow. 
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sorted (2.6 φ–3.3 φ) silty sands (Fig. 6A) with a mean grain size 
4.4 φ and 5.0 φ. The total carbonate content ranges from 14% to 22
The Td division corresponds to two textures: silty sand and mu
silt (Fig. 6B). The silty sand is moderately sorted sediment wit
mean grain size of 1.1 φ (Fig. 4). The total carbonate content is hig
(27%−35%). The muddy silt is poorly sorted sediment with a me
grain size of 7.0 φ. The total carbonate content (< 20%) is lower th
that of the silty sand. The Te division is characterized by modera
poor sorting (1.6 φ–2.8 φ) with a mean grain size of 7.6 φ–8.8 φ (Fig.
4). These sediments have a mode at 8 φ–9 φ. The turbidite muds are
ungraded and largely compose the Te3 structural division of S
and Piper (1984). The Te division displays two types of mud (Fig.
one has a very low sand fraction content (<3%) of mostly terrigen
62
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n
n
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composition (60%−100%), and the other one is more sandy (≤8% of
sand) with a mixed composition (~56% biogenous and 44% terrig
nous components). In the first type, the carbonate content is l
(<20%), whereas in the second type, it is higher (20%−46%). 

Bulk-Mineralogical Characteristics

The bulk mineralogy of the turbidite facies exhibits a variab
composition, which is related to the grain size (Fig. 7; Table 2). Ta
2 shows that the grain size is correlated with the phyllosilicates (0.
and calcite (0.45), and is inversely correlated with the quartz (−0.82),
feldspar (−0.50), and dolomite (−0.47). Thus, the percentages of eac
mineralogical component of the turbidite facies are described on 
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Figure 5. Binary plots showing some sedimentological (vertical axes) vs. mineralogical parameters (horizontal axes) of the hemipelagic sedimentary facies
throughout lithostratigraphic Units I, II, and III from Hole 976B.
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basis of grain-size distribution. The coarse grain size from the Ta to
Tc divisions shows homogeneous composition. These divisions re-
veal the lowest values of phyllosilicates (5%−15%), whereas the Td
division shows an increase in phyllosilicate percentages (17%−32%);
their highest values correspond to the Te division (40%−60%). The
behavior of quartz amounts in these turbidite divisions is opposite
that of the phyllosilicates, as indicated by the correlation matrix (Ta-
ble 2). Thus, the coarse grain size (Ta–Tc divisions) displays 
quartz contents (≤63%), whereas the quartz content of the Td divis
ranges from 29% to 44%. The fine-grained sediment (Te divis
contains low quartz percentages (25%−30%). The turbidite sedi-
ments contain low feldspar (<6%) and calcite (18%−25%) amounts,
except for the Te division, which contains ≤46% calcite and a vari-
able dolomite content (<5%−35%; Fig. 7; Table 1).

Homogeneous Gravity-Flow Facies

We identified homogeneous muds that are neither of obvious
bidite nor of settling origin. These muds are deposits of silty c
(29%−44% silt; 51%−55% clay) with a relatively high percentage 
sand (3%−7%) in comparison with the turbidite muds. The homog
neous mud is very poorly sorted (2.0 φ−2.8 φ), with a mean grain size
of 8.0 φ–8.6 φ (Fig. 4). The grain-size distribution is unimodal with
predominant mode in 9 φ. The sand fraction has a mixed compositi
(terrigenous 52%−100% and biogenous 0%−47% components). The
total carbonate varies from 17% to 35%. The sediments are pre
igh
n
n)

tur-
ay
f
e-

a
n

om-

inately dark greenish gray (5GY4/1) and minor layers are olive gr
(5Y4/1) and grayish olive (10Y4/2). In general, this type of sedime
is structureless, but a parallel lamination is defined by alternati
grayish olive (10Y4/2) and grayish olive green (5GY3/2) in the inte
val 161-976B-35X, 25−27 cm (Shipboard Scientific Party, 1996).
The different diagnostic features of the homogeneous muds indic
that these sediments were deposited by gravity flows, rather than
settling from suspension (pelagic or hemipelagic), according to t
depositional model proposed by Stanley (1981) to explain the orig
of unifites in Mediterranean basins (Alboran Basin, Hellenic Trenc
and Corsican Trench). Stanley (1981) suggested the term “unifite
and considered them as the end-products of sediment gravity flo
which are probably related to mud-charged turbidity currents and 
less dense than turbid-layer flows. Before the definition of unifite
the muds in the Alboran Sea were attributed to transport of large
terrigenous clay-size particles basinward by low-density, gravit
assisted currents (Stanley et al., 1970; Huang and Stanley, 1972)

Bulk-Mineralogical Characteristics

The homogeneous gravity-flow facies exhibit relatively high con
tents of phyllosilicate (35%−51%) and calcite (22%−40%), with rel-
atively low amounts of quartz (21%−24%) and dolomite (<5%−6%).
The bulk-mineralogical characteristics of this facies show significa
similarities with those described in the hemipelagic facies (H2 typ
and turbidite mud (Table 1).
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Contourite Facies

Sedimentological Characteristics

Despite the difficulty in separating turbidite from contourite de-
posits, especially when bottom currents modify deposits containing
turbidites (Faugères and Stow, 1993), we identified muddy con
rites in Hole 976B. These contourite sediments are differentia
from turbidite muds on the basis of the following diagnostic param
ters: (a) the bimodal grain-size distribution, (b) poor preservation
foraminifers, (c) the lack of vertical grading of sedimentary stru
tures, (d) the very poor sorting, (e) the relatively high percentag
sand (≤14.8%), and (f) the mixed nature of the sand fraction. T
muddy contourites are represented in only two samples (161-97
39X-5, 90−95 cm; 42X-CC, 25−27 cm), which correspond to silty
clays and clayey silts and are characterized by very poor sorting
φ–2.8 φ) and a mean grain size (7.0–7.5 φ) lower than that of the tur-
bidite mud (Fig. 4; Table 1). The total carbonate content is relativ
high (23%−36%). The sediments are olive gray (5Y4/1) and da
green gray (5GY4/1). 
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Bulk-Mineralogical Characteristics

The bulk mineralogy of the contourite facies contains a relative
low content of phyllosilicates (29%−39%) and quartz (16%−26%), a
very low content of calcite (< 5%), and a variable dolomite conte
(5%−55%) (Table 1).

 Debris-Flow Facies

Several layers from Hole 976B are interpreted as deposits res
ing from debris flows. This type of sediment is differentiated on t
basis of the degree of internal deformation. The debris-flow se
ments correspond to sandy sediments (sandy silts and silty san
with a high percentage of clay (22%−34%) that contrasts with classi-
cal sand-silt turbidites. This sediment is very poorly sorted (2.4 φ−2.7
φ), and has a median grain size of 4.6 φ–5.6 φ (Fig. 4; Table 1). Figure
8 shows a disorganized structure at interval 161-976B-43X-1, 6−
100 cm, with mud balls (≤3 cm wide) and irregular pockets, and 
darker (coarser sediment) or lighter (finer sediment) color. A sha
basal contact is identified in some layers (e.g., 161-976B-48X-1, 2−
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Figure 7. Binary plots showing some sedimentological (vertical axes) vs. mineralogical parameters (horizontal axes) of the turbidite sedimentary facies through-
out lithostratigraphic Units I, II, and III from Hole 976B. 
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25 cm). The total carbonate content varies from 16% to 23%. The
sediments are dark (medium dark gray, N4; dark gray, N3; and olive
gray, 5Y4/1).

Bulk-Mineralogical Characteristics 

The bulk mineralogy of the debris-flow facies consists of low
amounts of phyllosilicates (11%−28%), quartz (26%−37%), feldspar
(<5%), and calcite (15%−26%), with variable dolomite contents
(19%−56%; Table 1). 

DISCUSSION

Sediment Sources 

Two sources for the sediments could be established: (1) a bio-
genic input of hemipelagic facies, and (2) a terrigenous input from the
margin, mainly through the Fuengirola Canyon. This terrigenous
source is suggested first by the proximity of Site 976 to Fuengirola
Canyon (Fig. 1). The high-resolution seismic profile shown in Figure
3 illustrates the sedimentary facies near Site 976. These seismic fa-
cies reflect the development of different channel-levee complexes
within the upper Pliocene seismic unit, which is correlated to litho-
stratigraphic Unit II. The existence of these turbidite elements (chan-
nel-levee complexes) therefore corroborates the origin of the succes-
sions of turbidite sequences (Ta–Te) defined in Unit II, from la
Pliocene to early Pleistocene. Thus, the large amount of coar
terrigenous sediments could have been transported into the hea
the Fuengirola Canyon and subsequently funneled basinward. T
relatively uniform bulk-mineral composition of hemipelagic and tur
bidites suggests a common source area for the two sediment ty
However, the significant increase in dolomite in Unit II also suppor
a source for this mineral on land. 

Facies Associations and Their Evolution in Time

Six facies associations from A to F can be recognized on the ba
of the thickness and vertical distribution of the different sedimenta
facies described above. The type A facies association is compos
from base to top, of turbidite mud (Te), homogenous gravity-flo
mud (U), and hemipelagic mud (H). The thickness of the differe
sedimentary facies ranges from 1 to 10 m. This facies association 
developed only in lithostratigraphic Unit I and is present only in it
uppermost section (0–223 mbsf). The type B facies association is 
fined by turbidite mud (Te) that changes upward to homogeneo
gravity-flow mud (U); its thickness varies from 5 to 8 m. This facie
association occurs in the uppermost section of Unit I (0−223 mbsf)
and intercalates with the type A facies association.

The type C facies association consists of an alternation of turb
ite mud (Te) and hemipelagic mud (H) with variable bed thicknesse
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from 2 to 30 m. The facies is identified in the lower section of litho-
stratigraphic Unit I (223−362 m depth, mbsf) and Unit III (518–573
m depth, mbsf). The type D facies association contains alterna
turbidite sand, silt, and mud, and only occurs in lithostratigrap
Unit II. The base of this turbidite association is generally defined
a sharp boundary (Fig. 6). The Ta–Tb intervals are present, altho
the most frequent intervals are represented by Tc-Td and Td-Te.
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Figure 8. Debris-flow facies showing the disorganized character with mud
balls at Hole 976B. Te = turbidite mud.
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type E facies association is composed of debris-flow sediments (D
overlying the type D facies association (mostly formed of the Td d
vision). This association is rarely in Unit II (e.g., Samples 161-976B
47X-2, 29−31 cm, 47X-2, 33−35 cm, 47X-CC, 2−4 cm, 48X-1, 23−
25 cm). A similar distribution pattern occurs with the type F facies a
sociation, defined by muddy contourites (MC), which occurs at th
top of Unit II (e.g., 161-976B-39X-5, 90−95 cm, and 42X-CC, 28−
30 cm). 

 The general distribution of facies association types througho
the three lithostratigraphic Units I–III corresponding to the Pliocen
and Pleistocene section in Hole 976B is shown in Figure 9. Facies 
sociation A accounts for ~27% of the stratigraphic section of Unit
of Pleistocene age. Facies association B represents 16% of Unit I,
though it is absent from all other units. In contrast to these assoc
tions, facies association C is the most significant in the compositio
of Unit I (~57%) and Unit III (100%), of Pleistocene and early
Pliocene age, respectively. Facies association D accounts for ~9
of Unit II of lower Pleistocene and upper Pliocene age. Facies ass
ciation E (DF) and F (MC) represent only 1% of Unit II (Fig. 9).

Pliocene and Pleistocene Depositional History 

The Pliocene and Pleistocene depositional history at the base-
slope of the Málaga margin in the northwestern Alboran Sea is go
erned by the occurrence of five major sedimentary processes resp
sible for the deposition of facies identified in Hole 976B: (1) norma
pelagic settling of terrigenous particles introduced by rivers an
wind, and of marine microskeletons (hemipelagic facies); (2) turbid
ity currents transporting dominantly terrigenous sediments from sha
lower environments onto the base-of-slope (turbidite facies); (3) low
density gravity flows related to episodic, but frequent, failure of sed
iment and an associated successions of downslope, redepositio
events that led to unifite deposition (homogeneous gravity-flow fa
cies); (4) bottom currents; and (5) debris flows involving gravity
driven movements of mixtures of sediment particles and water (d
bris-flow facies). Processes 3 and 5 may have been favored dur
falling and lowstand sea levels and by catastrophic events such
slope failure, triggered by earthquakes or slope oversteepening. T
idea is supported by geotechnical evidence, at least for the most re-
cent sediments (late Pleistocene/Holocene; Baraza et al., 1992). T
western Alboran slope can be characterized as potentially unstable
the basis of physical properties of sediments and knowledge of t
seismicity of the area (Sanz de Galdeano and López Casado, 19
Baraza et al., 1992). 

The sedimentological and mineralogical data of the northweste
Alboran Basin allow us to establish three sedimentary stages to e
plain the Pliocene and Pleistocene depositional evolution of this ar
according to the dominant sedimentary sequences: Stage I (ea
Pliocene: hemipelagic settling and turbidite currents of low energy
Stage II (early Pleistocene/late Pliocene: turbidite currents, botto
currents, and debris flows); and Stage III (Pleistocene: hemipelag
settling and gravity flows of low energy) (Fig. 10). Stage I could cor
respond to the flooding of the Mediterranean Sea through the Str
of Gibraltar and the generalized global high sea level during the ea
Pliocene (Alonso and Maldonado, 1992; Estrada et al., in press). T
stage resulted predominantly in hemipelagic sedimentation with fe
mud turbidite layers forming the facies association C (Te–H; Fig
10). After this time, during Stage II, a generalized and pronounce
sea-level lowering occurred during the late Pliocene (Vail et a
1977), which favored the development of the Fuengirola turbidit
system, as revealed by the seismic facies and lithologic compositi
of the turbidite sediments (Figs. 3, 10). Contourite and debris-flo
facies were deposited during this stage, but in lower percentages. T
sedimentary facies deposited during Stage III corresponds to t
Pleistocene, when high-frequency and high-amplitude sea-lev
changes occurred (Ercilla and Alonso, 1996; Estrada et al., in pres
The prevailing sediments deposited during this stage are fine grain
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Figure 9. Quantification (0–100%) of facies association
types (A–F) throughout lithostratigraphic Units I, II, and 
III from Hole 976B. Flat symbols represent zero. See 
explanation in the text.
Figure 10. Pliocene and Pleistocene depositional history in the northwestern Alboran Sea showing the Pliocene–Quaternary seismic units. The distribution of
facies association (A–C) <15% throughout the Pliocene and Pleistocene section are not indicated. Q = Quaternary seismic unit; UPl = upper Pliocene seismic
unit; LPl = lower Pliocene seismic unit (see explanations in text). Letters for facies associations and sedimentary facies are explained in Figure 2; seismic line
corresponds to that in Figure 3.
t

and include both hemipelagic and gravity flows of low energy, as re-
vealed by the presence of fine-grained facies associations A (Te–
H), B (Te–U), and C (Te–H) (Fig. 10).
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