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The base of the Faro contouritic drift (IODP Site U1386) on the northern margin of the Gulf of Cádiz (Algarve
margin) is characterized by two sequences of frequent gravity deposits with different ages and compositions.
Among these gravity deposits, several relatively thick debrites (up to 12 m) have been observed and studied in
detail.
Sedimentological analyses have been performed and because of non-turbulent behavior of debris flows, detailed
micropaleontological studies could be realized. Planktonic foraminifera thus allowed establishing a detailed
biostratigraphy of these deposits. Benthic foraminifer and ostracod assemblages were used to evaluate the origin
of the sediment composing these debris flows and estimate their run-out distance.
These debrites are dated fromEarly Pliocene and early Pleistocene, andwere deposited in amesobathyal environ-
ment. They comprise silty mud clasts and matrixes with sand content up to 34%. The Early Pliocene debrites are
bioclast-rich whereas the Early Pleistocene debrite is enriched in terrigenous particles. The data indicates that
these debrites were triggered on the continental shelf and traveled less than 100 km, eroding the seafloor all
along their path for the Early Pliocene debrites and only the first part of their path for the early Pleistocene
debrite. Matrixes originate from failure areas whereas eroded sediments along the flow pathway are incorporated
into the flow as clasts.
High abundance of shelf fauna during the Early Pliocene and great supply of terrigenous particles from rivers
during the early Pleistocene in the south-western Iberianmargin have favored gravity flows from the continental
shelf to the slope. The contouritic paleo-moat of the Faro drift has been a determining channeling feature for
gravity flows along the Algarve margin during the early Pleistocene, testifying of the strong interaction between
MOW circulation and down-slope processes. Tectonic and diapiric activities were significant during Early
Pliocene and early Pleistocene on the Algarve margin and could have been triggering parameters of failures
related to these debris flows.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

The contouritic Faro Drift is one of the largest drifts of the Gulf
of Cádiz and has been regularly used as a reference for studies of
contourite deposits (e.g. Gonthier et al., 1984; Faugères et al., 1985;
Hernández-Molina et al., 2006; Fig. 1). During the Integrated Ocean
Drilling Program (IODP) Expedition 339 Mediterranean Outflow, thick
and numerous gravity deposits have been observed at two sites drilled
into the Faro Drift (U1386 and U1387) at the base of the contouritic
deposits (Expedition 339 Scientists, 2013; Hernández-Molina et al.,
ucassou).

., Origin of the large Pliocene
015.08.018
2013, 2014). These gravity deposits are mainly turbidites but also
thick debrites (mostly U1386) and some slumps (mostly U1387). The
preliminary stratigraphy established onboard indicated that these
gravity deposits are coeval with the onset of Mediterranean Outflow
Water (MOW) (Hernández-Molina et al., 2014). The oldest gravity
deposits occurred during the Early Pliocene (~5.2–4.5 Ma; called unit I
in this work; Fig. 2) and correspond to typical sedimentation on a
continental slope with alternation of terrigenous turbidites, small
slumps, contourites and significant hemipelagites. This period of
mixed downslope and along-slope deposition has been essentially
recorded in the lowest part of Site U1387 (Expedition 339 Scientists,
2013; Hernández-Molina et al. 2013, 2014). At first description,
sediment composition during this period seem similar to the one
observed in the overlying thick contouritic sequence of the Faro Drift.
and Pleistocene debris flows on the Algarve margin, Marine Geology
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Fig. 1. Bathymetricmap of the Gulf of Cádiz showing the location of IODP Sites U1386 and U1387. The Faro Drift extension is represented in graywith awhite contour.MOWpathways are
indicated by thewhite arrows. Black dashed lines correspond to olistostromeedges describedby Iribarren et al. (2009).MOW:MediterraneanOutflowWater.MUW:MediterraneanUpper
Water. MLW: Mediterranean Lower Water. IMB: Intermediate MOW Branch. PMB: Principal MOW Branch. SMB: South MOW Branch.
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A second phase of gravity deposits has been described between ~5.2
and 3.5 Ma (units I and II in this work; Fig. 2). It has been distinguished
from the previous one because reworked sediments are enriched in
bioclasts and gravity deposits are dominant. This unit is characterized
by alternation of turbidites, thick debrites and hemipelagites and has
beenmainly observed at Site U1386. It is coeval with the onset of limited
MOWcirculation (Hernández-Molina et al. 2013, 2014). Themost recent
sequence of gravity deposits is dated between 1.66 and 1.25 Ma (unit III
in this work; Fig. 2). It is composed of mainly terrigenous particles and
gravity deposits are greatly dominant.

Thiswork focuses on Site U1386, in particular two geological periods
(4.5–3.5 Ma and 1.66–1.25 Ma) during which sedimentation on the
Algarve margin was very different from the present, dominated by
downslope activity and under the influence of various sediment
sources. This study examines the micropaleontological composition of
debrites. This was made possible because, due to their transport mech-
anism, debris flows have a better preservation potential for the delicate
tests and shells of microfossils than turbulent flows. Cohesion of the
fine-grained matrix indeed prevents erosion and vertical/horizontal
mixing of particles from clasts and matrix (Mulder and Alexander,
2001). Moreover, some debrites observed at Site U1386 are particularly
thick (up to 12 m) and are thus significant in the history of the Algarve
margin sedimentation.

Debris flows have been largely studied and previous works show
that they are related to sediment failures, their volume could be greatly
variable, the thinnest debrisflows could be highlymobile (Schwab et al.,
1996;Migeon et al., 2010; Ducassou et al., 2013), involvingmechanisms
such as hydroplaning (Mohrig et al., 1998), elevated basal pore-fluid
pressures (Major and Iverson, 1999) or a sandy sole (Haughton et al.,
Please cite this article as: Ducassou, E., et al., Origin of the large Pliocene
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2003), and erosion is not systematic along their pathway (Schwab
et al., 1996; Carter, 2001; Lastras et al., 2004; Ducassou et al., 2013).
Debrite volumes could thus illustrate only the volume of the failed
area or this volume could be added to the volume of sediment eroded
at the sea floor along their pathway. Studying debrites with a composi-
tional approach allows better identifying failure and instable areas and
estimating potential sea floor erosion during the flow in terms of run-
out distance (benthic microfossil assemblages) and thickness of eroded
sediment (biostratigraphical investigation).

Methods used in this study are almost the same than those used and
described by Ducassou et al. (2013). This methodology involves a study
of planktonic and benthic foraminifera, and benthic ostracods in both
clast and matrix samples.

The main goal of this work is to understand the 4.5–3.5 Ma and
1.66–1.25 Ma depositional units during which sedimentation of the
Algarvemarginwas dominated by gravity deposits, contemporaneously
to the MOW onset. The second goal is to show how drill cores can be
used to reconstruct the flow behavior of debris flows. To answer these
objectives, content of each debris flow event was analyzed in order to
determine age(s) and source(s) of the reworked sediments.

2. Geological setting of the Algarve margin

The Algarve margin is located in the northern part of the Gulf of
Cádiz (Fig. 1). As other continental margins of the Gulf of Cádiz, it is
characterized by a concave morphology: the continental shelf, reaching
140 m water depth, is relatively narrow with a mean width of 20 km.
The continental slope is the greatest domain (Hernández-Molina et al.,
2006). The upper slope, between 140 and 400 m water depth, has a
and Pleistocene debris flows on the Algarve margin, Marine Geology
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Fig. 2. [Left]: biostratigraphy based on planktonic foraminifer events of Lourens (2004) and calcareous nannofossils (Raffi et al., 2006; Flores et al., 2010). FO: first occurrence; LO: last oc-
currence; LaO: last abundant occurrence. The asterisk (*) indicates new events used in this study to refine the base of thehiatus and differentiate units I and II. [Right]: lithological log of Site
U1386, Hole C with depths in meters below sea floor (mbsf) and ages established on board and during this study. Roman numbers I to V correspond to samples collected in hemipelagic
sediments. D1 to D4 indicate the four debrites described in this work.
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mean width of 10 km. The middle slope, between 400 and 1200 m
water depth, is characterized by a wide terrace morphology up to
100 km-wide, and the lower slope, between 1200 and 4000 m water
depth, is about 50 km-wide (Hernández-Molina et al., 2006). The
present morphology and near-surface deposits of the middle slope of
the Algarve margin have been controlled by the MOW. Following the
opening of the Strait of Gibraltar, along-slope processes resulting from
the bottom current activity have dominated the middle slope since
the middle of the Pliocene (3.5–3.2 Ma), building up the Faro Drift
(Nelson et al., 1993; Maldonado and Nelson, 1999; Maldonado et al.,
1999; Llave et al., 2006; Hernández-Molina et al., 2014).

The Algarve margin is also located close to the Africa-Eurasia plate
boundary (Zitellini et al., 2009). A compressional regime occurred
from the Late Cretaceous through the Paleogene, related to Africa-
Eurasia convergence. During the Miocene, this collision associated to a
westward drift led to the formation of the Rif and Betic orogen and
the emplacement of significant allochtonousmasses in theGuadalquivir
and Rharb basins and in the Gulf of Cádiz (olistostrome; Torelli et al.,
1997; Maldonado et al., 1999; Medialdea et al., 2004 among others;
Fig. 1). Emplacement of this olistostrome created instabilities initiating
Please cite this article as: Ducassou, E., et al., Origin of the large Pliocene
(2015), http://dx.doi.org/10.1016/j.margeo.2015.08.018
diapiric processes (salt and marls) and Betic-Rif orogen load generated
flexural subsidence in the Algarve margin (Maldonado and Nelson,
1999). Subsidence decreased at the end of the Early Pliocene and
more stable conditions dominated the Algarve during the Late Pliocene
and Quaternary, except ongoing diapiric and fault activity (Nelson et al.,
1993, 1999; Maldonado et al., 1999; Medialdea et al., 2004; Llave et al.,
2006; Hernández-Molina et al., 2006; Roque et al., 2012). Significant
sea-level changes during the Late Pliocene and Quaternary allowed
high terrigenous supplies through the two main rivers from Iberia: the
Guadalquivir and Guadiana rivers (Maldonado and Nelson, 1999;
Fig. 1). The Betic corridor was a deep flexural basin connecting the
Tethys and the Atlantic oceans during the Middle Miocene (Riaza and
Martinez del Omo, 1996). This connection was shut down during the
Late Miocene, creating intracontinental basins and one marine basin:
the Guadalquivir basin (Ledesma, 2000). This marine basin evolved
toward a shallow flexural basin and a continental basin (foreland) up
to the Early Pleistocene (Iribarren et al., 2009). During the Plio-
Quaternary period, sedimentary supplies related to erosion of the Rif
and Betic ranges correspond to ~35,000 km3 of sediment dumped into
the Gulf of Cádiz (Iribarren et al., 2009).
and Pleistocene debris flows on the Algarve margin, Marine Geology
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3. Material and methods

3.1. IODP site U1386

The Site U1386 drilled in the Faro Drift (36°49.685 N, 7°45.321W) is
located at mid slope (565 m) ~25 km at the south–south-east of Faro
(Fig. 1). Three holes (A, B and C) were drilled and cored at this site by
the scientific ocean-drilling vessel JOIDES Resolution in November
2011. Holes U1386A and U1386B were cored to a total depth of 350 m
below the sea floor (mbsf) and Hole U1386Cwas drilledwithout coring
Fig. 3. Shipboard petrophysical measurements performed on whole-round core sections (gam
downhole logs (resistivity (HRLA), density (HLDS) and natural gamma ray (HSGR) logs). D1 to

Please cite this article as: Ducassou, E., et al., Origin of the large Pliocene
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to 300 mbsf and then rotary-cored to 526 mbsf (13 cores with a recov-
ery of 58.5%; Fig. 3). Onboard, these cores were divided into sections of
1.5 m length. The present work focuses on the sedimentary section
recovered from Hole U1386C that extends from the Miocene to the
Pleistocene age, and especially the interval between 400 and 500 mbsf.
This ~100 m-thick sedimentary sequence is characterized by gravity
deposits interbeddedwith contourite and hemipelagite deposits. Gravity
deposits include turbidites with varying thicknesses (cm to dm) and
debrites, occasionally relatively thick (1 m to N10 m). Debrites are stud-
ied in this work because of the good preservation of biogenic material.
ma ray attenuation (GRA), bulk density, and magnetic susceptibility), lithological log and
D4 indicate the four debrites described in this work.

and Pleistocene debris flows on the Algarve margin, Marine Geology
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Four debrites are observed in 5 cores with thicknesses from 1.15 m
to ~11 m (Figs. 2 and 3). These thicknesses will be discussed below as,
except for the oldest debrite, recovery of debrites is poor (Fig. 3).
For these four debrites, clasts and matrix were easy to distinguish (e.g.
texture, color, and lithology) and sampling locations were decided
according to various lithologies of clasts to be the most representative
and available quantity of sediment, especially in clasts. The smallest
clasts with diameters b2 cm have not been sampled, inducing a poten-
tial bias in results. Sampling (~5–10 cm3) has been made carefully in
clasts and in matrixes forming each debrite, and in hemipelagic inter-
vals in-between debrites. The goal being to identify composition and
sources of each clast and each matrix, it was important to avoid mixing
of clast and matrix sediment during sampling. Thirty-six samples have
been collected and analyzed from Hole U1386C: 7 samples were taken
in hemipelagic sediments (above and below debrites), 12 in matrixes
(10 in the Early Pliocene and 2 in early Pleistocene debrites) and 17 in
clasts (15 in the Early Pliocene and 2 in the early Pleistocene debrites).

3.2. Sedimentological analyses

Debrites have been identified from lithological descriptions done and
photos taken during Expedition 339, with typical textural features such
as mud clasts floating in a matrix. Grain size of each sample has been
measured with a laser microgranulometer MALVERN MASTERSIZER S
(University of Bordeaux, EPOC laboratory). Each sample has been sieved
at 63 and 150 μm, and the mineral fraction has been analyzed under a
microscope. For each sample, a minimum of 300 particles has been
counted. Mineral content illustrated in the following figures is in the
sediment size fraction N150 μm. For some samples, thin sections have
been made with grains picked from the N150 μm fraction to better
identify the mineralogical composition (detrital fraction: quartz, micas,
lithic fragments, etc., and authigenic fraction: aggregates, gypsum, pyrite
and glauconite).

3.3. Micropaleontological analyses

Analyses of planktonic and benthic foraminifera and benthic
ostracoda have been performed mainly in the sediment fraction
N150 μm only on 25 samples from debrites D3 and D4 (Figs. 2 and 3)
and in hemipelagic sediments as the thickness of D1 would not be
representative and the missing part of D2 is larger than the recovered
part. The fraction 63–150 μm also has been checked for ostracods.
Samples have been analyzed under a microscope. Identification and
counting of foraminifera have been made on split samples comprising
at least 300 specimens of planktonic and 300 specimens of benthic
foraminifera. Because ostracods were less abundant than foraminifers
in the samples, all ostracods were counted and identified. Microfaunal
counts are given in the figures in percentage of the total assemblage.

Taxonomy of planktonic foraminifera is based on Kennett and
Srinivasan (1983). Planktonic foraminifera were examined to refine
the biostratigraphy established onboard during Expedition 339
with calcareous nannofossils (Raffi et al., 2006; Flores et al., 2010;
Expedition 339 Scientists, 2013). The planktonic events used in this
work are those described by Lourens (2004). The new stratigraphical
results are summarized in Table 1 and indicated with asterisks in Fig. 2.

Taxonomy of benthic foraminifera is based on the works by Van
Morkhoven (1986); Jones and Brady (1994); Cimerman and Langer
(1991); Dayja (2002) and Alves Martins and Ruivo Dragão Gomes
(2004). Taxonomy of ostracoda is based on the works of Bonaduce
et al. (1975); Ruiz and Gonzalez-Regalado (1996); Ruiz-Muñoz et al.
(1998), and Faranda and Gliozzi (2008). Benthic foraminifera and
ostracoda are used to identify paleoenvironments (depth in sediment,
available food, hydrodynamism, oxygenation, and paleobathymetry;
Jorissen et al., 1995; Boomer et al., 2003; Ruiz et al., 2008;
Rodriguez-Lazaro and Ruiz-Muñoz, 2012). Distribution of benthic
foraminifera and ostracoda essentially depends on bottom water
Please cite this article as: Ducassou, E., et al., Origin of the large Pliocene
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oxygenation and trophic level of the environment (Jorissen et al.,
1995; Rodriguez-Lazaro and Ruiz-Muñoz, 2012). These parameters
vary with bathymetry in such a way that there is a close relation
between the benthic microfaunal assemblages and water depth.

This work focuses mainly on life depth of benthic foraminifera and
ostracoda that have a proportion N 5%, in order to estimate the trigger-
ing paleodepths of debrites (failed sediment), their run-out distance
and possible associated erosion (sediment eroded along the flow
pathway). In the following figures, distribution of benthic foraminifer
species in the Gulf of Cádiz related to water depth is based on present
and past distributions presented in the works of Lutze (1986);
Mathieu (1986); Van Morkhoven (1986); Jones and Brady (1994);
Levy et al. (1995); Kouwenhoven (2000); Dayja (2002); Alves Martins
and Ruivo Dragão Gomes (2004), and Mendes et al. (2004), taking
into account the presence of the Mediterranean Upper Water circula-
tion (Fig. 1). The following bathymetrical zonation is used: inner shelf
(0–100 m), outer shelf (100–200 m), epibathyal (200–600 m),
mesobathyal (600–1000 m), infrabathyal (1000–2000 m) and abyssal
(N2000 m).

Results obtained with life depths of benthic foraminifera are com-
pared to Van der Zwaan et al.’s (1990) and Wright and Berggren's
(1977) that allow calculating paleodepths. Van der Zwaan et al.’s
(1990) has been successfully tested on sediments from the Gulf of
Mexico, Gulf of California, western coast of United-States, eastern
Mediterranean and the Adriatic Sea (Van der Zwaan et al., 1990; De
Rijk et al., 1999). Dayja (2002) applied Wright and Berggren's (1977)
in sediments from the Rif corridor in Morocco (south of Gulf of Cadiz).
As the Van der Zwaan et al.’s equation has not been tested in the Gulf
of Cadiz; both equations are used in this work. They both use the plank-
tonic foraminifer proportion (%P) to calculate the paleodepths. In
Wright and Berggren's (1977), %P = P*100/(P + B) where P is the
planktonic foraminifer number and B is the benthic foraminifer number.
Wright and Berggren's (1977):

Depth ¼ e 0:0418%P þ 3:4823ð Þ

In Van der Zwaan et al. (1990), %P = (100*P)/(P + B-S) where P is
the planktonic foraminifer number, B is the benthic foraminifer number
and S is the number of deep endofaunal benthic foraminifera (Bolivina
spp., Bulimina spp. except costata, Uvigerina spp., Valvulineria spp.,
Cancris spp., Chilostomella spp., Globobulimina spp., Rectuvigerina spp.,
Stainforthia spp. and Fursenkoina spp.; Van der Zwaan et al., 1990; Van
der Zwaan and Jorissen, 1991; Rathburn and Corliss, 1994; Fariduddin
and Loubère, 1997; Jorissen and Wittling, 1999; Van Hinsbergen et al.,
2005). Van der Zwaan et al.’s (1990):

Depth ¼ e 3:58718 þ 0:03534%Pð Þð Þ

At 1200 m of water depth (%P = 99), the 90% confidence limit
ranges from 860 to 1650 m.

The results are used to estimate possible triggering depths of debrites.
Thanks to comparison between components of debrite samples and ref-
erence samples (hemipelagic sediments) which indicate depositional
environment characteristics at site location in between gravity flows, it
is possible to estimate the run-out distance of debris flows.

In marine gravity flows such as turbidity currents or debris flows,
particles are easily transported from shallow to deep environments,
most of the time altering biogenic particles. In debris flows, clasts are
theoretically well preserved from mixing and mechanical erosion be-
cause of cohesion of matrix (non-turbulent flow). If the failure area is
characterized by gravity sedimentation such as turbidity currents, clasts
could be representative of past gravity deposits, reworked in a debris
flow. It is a point to keep in mind for paleodepth estimation because
benthic foraminifera can be easily displaced and the debrites studied
in this work are interbedded with numerous turbidites.
and Pleistocene debris flows on the Algarve margin, Marine Geology
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Table 1 (continued)

Samples
Globigerina
falconensis

Globigerinella
siphonifera

Globigerinita
glutinata

Globigerinoides
conglobatus

Globigerinoides
extremus

Globigerinoides
ruber (white)

Globigerinoides
immaturus

Globigerina
sacculifer

Globorotalia
cf. crassula

Globorotalia
crassaformis s. l.

Globorotalia
hirsuta (dex)

Globorotalia
hirsuta (sin)

Early Pleistocene Debrite D4

R F P
R R
R P
R F

Hemipelagites V R P R R P

Early Pliocene Debrite D3

F P R R R P R
R R R F P
R R R F P R
R F R R R
F R R R P P
R P F P R P P
R P F F F R
R F R F R
F F P F R
R R P F P P
F R R R P P
R R R F R
R F R F P
R F R F P
R P R R F P
R R R F P

Hemipelagites IV F P R R P
Hemipelagites III F F P R R
Hemipelagites II R R P F P R
Hemipelagites I R R P R

Table 1
Abundance of planktonic foraminifers in Hole U1386C. P = present (b1%); R = rare (1–5%); F = few (N5–10%); A = abundant (N10–30%).

Samples Cores/Sections
Depth
(mbsf)

Dentoglobigerina
altispira

Dentoglobigerina
baroemoenensis

Globigerina
apertura

Globigerina
bulloides

Globigerina
calida

Globigerina
obesa

Beella
digitata

Globigerinella
aequilateralis

Early Pleistocene Debrite D4

Matrix 2 7R4 419.62 A P
Matrix 1 7R5 420.62 A
Clast B 7R5 420.69 A
Clast A 7R5 421.56 D R R

Hemipelagites V 12R1 462.65 F D R

Early Pliocene Debrite D3

Clast J 12R1 463.58 A D P P P
Matrix 6 12R1 463.73 A D
Clast I 12R2 464.13 A A P P
Matrix 5 12R2 464.33 A A R
Clast H 12R2 464.5 R A A P
Clast G 12R2 464.64 A A P P
Clast F 12R2 465.02 A A P
Matrix 4 12R2 465.18 A D P
Clast E 12R3 465.52 P A D P
Clast D 12R3 466.08 A A P
Clast C 12R3 466.54 P A D
Matrix 3 12R3 466.75 F D P
Clast B 13R1 472.29 F D P
Clast A 13R1 472.96 F D P
Matrix 2 13R1 473.4 A D P
Matrix 1 13R2 474.32 A D

Hemipelagites IV 13R3 475.13 R F A P
Hemipelagites III 14R1 481.85 A A P R
Hemipelagites II 15R4 496.6 R A A
Hemipelagites I 15R5 497.97 A D R P

Abundance of planktonic foraminifers, hole U1386C. P = present (b1%); R = rare (1–5%); F = few (N5–10%); A = abundant (N10–30%); D = dominant (N30%).
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Table 1 (continued)

Samples
Globoturborotalita
tenella

Neogloboquadrina
atlantica (dex)

Neogloboquadrina
atlantica (sin)

Neogloboquadrina
pachyderma (dex)

Neogloboquadrina
pachyderma (sin)

Orbulina
universa

Sphaerodinella
dehiscens

Sphaerodinellopsis
seminulina

Sphaerodinellopsis
subdehiscens

Turborotalita
quinqueloba

Unidentified
species

Stratigraphical
unit

Early Pleistocene Debrite D4

R D R P R P

III
F D P R R P
P D R R F
R A R F P

Hemipelagites V F R II

Early Pliocene Debrite D3

A P F II
A P F P P

I
A A P
A P F R P P
A R R
A P F R
A R F P II
A P F P

I
A R F
A A II
A P F P

IA P F P
F P F P
F P A II
A P F P P P

I
A F P P

Hemipelagites IV P A P
IIHemipelagites III F F R P

Hemipelagites II A F P P
Hemipelagites I A R I

Table 1 (continued)

Samples
Globorotalia
inflata (dex)

Globorotalia
inflata (sin)

Globorotalia
margaritae

Globorotalia
menardii

Globorotalia
miocenica

Globorotalia
puncticulata (dex)

Globorotalia
puncticulata (sin)

Globorotalia
scitula (dex)

Globorotalia
scitula (sin)

Globorotalia
truncatulinoides (dex)

Globorotalia
truncatulinoides (sin)

Globoturborotalita
rubescens

Early Pleistocene
Debrite D4

A P
F A P P
P A P

A R P
Hemipelagites V A

Early Pliocene
Debrite D3

A
R R
P A
P A
R A
R A

R A P
R A
P A P

P A
P P A
P P R
P A

R A
P A
R R

Hemipelagites IV D
Hemipelagites III A
Hemipelagites II R A
Hemipelagites I R R
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Taphonomic features of tests have been observed as indication of
transport and environmental conditions: whole and fresh tests are
typical from quiet and/or weakly oxygenated environments, pyritized
tests indicate a lack of oxygen, partially broken tests or test fragments
and abraded tests are related to high hydrodynamic environments or
dissolution, and oxided and black tests indicate redox conditions inside
sediment (Stefanelli, 2004).

3.4. Downhole logging and core petrophysics

A set of petrophysical measurements has been performed onwhole-
round core sections during the IODP Expedition 339 (Hernández-
Fig. 4. Lithology and stratigraphy of the two oldest debrites of the early Pliocene (D1 and D2). Sa
are shown. Stratigraphic units are indicated in cores/sections box.

Please cite this article as: Ducassou, E., et al., Origin of the large Pliocene
(2015), http://dx.doi.org/10.1016/j.margeo.2015.08.018
Molina et al., 2013). Among them, gamma ray attenuation (GRA) bulk
density and magnetic susceptibility were measured at high resolution
with a Whole-Round Multisensor Logger. Natural gamma radiation
(NGR) core logs were acquired with a Natural Gamma Radiation Logger
(NGRL).

Downhole logs were acquired in Hole U1386C (Hernández-Molina
et al., 2013). They can be used to determine the in situ properties
(physical, chemical, and structural) of the formation penetrated by
a borehole. Log and core data complement one another and may be
interpreted jointly. In this study, the resistivity (HRLA), density
(HLDS) and natural gamma ray (HSGR) logs were used to characterize
the drilled formation where core recovery was incomplete (Fig. 3).
mple location, grain-size results, composition of the sandy fraction and age of each sample

and Pleistocene debris flows on the Algarve margin, Marine Geology
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4. Results

4.1. Stratigraphy of debrites and associated turbidites

Five samples have been collected in hemipelagic sediments in Cores
15R to 12R fromHole U1386C and analyzed to identify the environment
in which the debrites were deposited. These samples are characterized
by a laminated silty clay facies with a clay content ranging from 40%
to 60% and a sand content from 0.5% to 6% (Figs. 4 and 5). Composition
of the fraction N150 μm is relatively homogenous in the different sam-
ples with 45–65% of foraminifera, 5–30% of pyrite, gypsum and siliceous
aggregates.

Thanks to the new investigation of planktonic foraminifer events,
three stratigraphical units have been defined for this work and duration
of a hiatus has been refined based on planktonic foraminifera and
calcareous nannofossils (Expedition 339 Scientists, 2013 and this
study; Fig. 2 and Table 1). The new biostratigraphical events identified
are indicatedwith asterisks in Fig. 2 and involve the distinction between
units I and II, and the age of the hiatus base. Unit I (5.34–3.8 Ma, in dark
Fig. 5. Lithology and stratigraphy of the youngest and thickest debrite of the early Pliocene (D
sample are shown. Stratigraphic units are indicated in both cores/sections and stratigraphic in

Please cite this article as: Ducassou, E., et al., Origin of the large Pliocene
(2015), http://dx.doi.org/10.1016/j.margeo.2015.08.018
gray in Fig. 2; Table 1), extending from 515.16 to 497.97mbsf, is charac-
terized by the presence of planktonic foraminifer species G. margaritae
and, at its base, by the last occurrence of Ceratolithus acutus (calcareous
nannofossil). Unit II (3.8 - N3.57 Ma in gray; Fig. 2), extending from
497.97 to 462.4 mbsf, is related to the presence of G. puncticulata and
the absence of G. margaritae (Table 1). Units I and II are separated
from unit III by the presence of a hiatus. This hiatus, located somewhere
between 454.08 and 462.87mbsf on the core data, is at least 1.4My long
(Expedition 339 Scientists, 2013 and this study). This hiatus is
temptatively placed at 462.4 mbsf based on the downhole log data
(presence of a resistivity peak (dolostone bed?) and increase in potassi-
um content in the interval above; Fig. 3). The lower limit of the hiatus is
temptatively dated at N3.57 Ma: G. puncticulata disappears between
3.57 and 3.31 Ma and this species is present in all the samples taken
from below the hiatus (i.e. deeper than 462.4 mbsf). However we do
not have enough samples to be sure that this short period of
disappearance has not been missed. All samples close to the hiatus
base analyzed in this study contained Sphaerodinellopsis seminulina
which disappears at 3.19Ma (Lourens, 2004) thus the base of the hiatus
3). Sample location, grain-size results, composition of the sandy fraction and age of each
terpretation boxes.

and Pleistocene debris flows on the Algarve margin, Marine Geology
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also could be placed N3.19 Ma (Fig. 2). The top of the hiatus is placed at
454.08mbsf and has been dated at 1.66Ma during Expedition 339with
the last occurrence of calcareous nannofossil Calcidiscus macintyrei
(Raffi et al., 2006; Flores et al., 2010). In this study, we thus refine the
duration of this hiatus to 1.65–1.91 Ma, from ~1.66 to 3.31–3.57 Ma,
as it was previously estimated from ~1.66 to 3.19–3.98 Ma. Studied
samples from above this hiatus have been taken from the debrites
only: planktonic foraminifer G. inflata is present but has been reworked,
and only confirm that unit III (light gray in Fig. 2; Table 1) is younger
than 2.09 Ma. Age of this unit can be refined with calcareous
nannofossils identified during the Expedition: the youngest age obtained
for this unit at ~414 mbsf in Hole U1386C corresponds to the last occur-
rence ofHelicosphaera sellii at 1.25Ma. Unit III is thus comprised between
1.66 and 1.25 Ma (Expedition 339 Scientists, 2013).

The oldest studied debrite (D1, 497.87–496.82 mbsf; Figs. 2 and 3)
belongs to unit II and deposited just above a hemipelagic deposit
dated at 3.8 Ma. Samples taken above the debrite, in hemipelagic sedi-
ments, are also from unit II (3.8–3.57 Ma; Fig. 2; Table 1). This debrite
is thus dated at around 3.8 Ma, assuming the absence of major erosion
at its base. The second debrite (D2, 481.76–476.45 mbsf) and the
thickest and third debrite (D3, 474.33–463.7 mbsf; Figs. 2 and 3;
Table 1) deposited during unit II between 3.8 and 3.57 Ma. The last
and youngest debrite (D4, 424.36–418.9 mbsf) deposited during unit
III, between 1.66 and 1.25 Ma (Fig. 2 and Table 1). In the following
sections, the three oldest debrites (Early Pliocene), emplaced before the
hiatus, are named D1 to D3 and the youngest debrite (Early Pleistocene)
is referred as D4.

4.2. Debrites of Pliocene age

4.2.1. Lithostratigraphy
Gravity deposits from the Early Pliocene are 64 m-thick in total and

consist of 30 turbidites and 3 debrites (Fig. 2). The debrite D1 (~3.8Ma)
is 1.15 m-thick (Core U1386C-15R, Sections 4 and 5; Figs. 3 and 4). The
sand content of its matrix is 13% to 18%. From grain-size curves, this
matrix seems relatively homogeneous vertically through the debrite.
The two sampled clasts are ~5 cm in diameter with a rounded shaped
and have a similar grain size with a sand content of 3–5%. The debrite
D2, deposited at ~3.8–3.57 Ma is N1.6 m-thick (Core U1386C-13R,
Sections 3 and 4; Figs. 3 and 4). A base of a debrite has been cored at
the top of core 14. It could correspond to the base of the overlying
debrite. This interpretation is supported by the downhole logs (Fig. 3).
The debrite is clearly evidenced by high resistivity and density values
and reflect the cemented character of the debrite. The low gamma ray
content likely reflects the presence of sands and the abundance of
bioclasts. The debrite extends from 477.5 to 480.9 mbsf and is 3.4 m
thick. The sample collected in matrix has a sand content of 20%. Clasts
are ~5 cm in diameter, except the large clast observed at the base of
the debrite which is ~40 cm in diameter. Sand content of clasts ranges
from 1% to 8% (Fig. 4). Sediment size fraction N150 μm has not been
counted for debrites D1 andD2 as the thickness of D1would not be rep-
resentative and themissing part of D2 is larger than the recovered part.

The youngest and thickest Early Pliocene debrite D3 is observed into
two cores, spanning 6 sections fromCore U1386C-13R, Section 1 to Core
U1386C-12R, Section 1 (Fig. 5). It is deposited above silty-clay
hemipelagic sedimentswith planar laminations and covered by alterna-
tion of hemipelagites and turbidites. Because of similarity of matrix and
clasts in Cores -12R and -13R, this debrite is considered as continuous
between both cores despite a recovery problem encountered during
rotary coring. The logging data support this interpretation with the
presence of a highly resistive cemented interval extending continuously
from Core 12R to 13R (Fig. 3). The density and gamma ray logs show a
less obvious pattern because they have been affected by an enlargement
of the borehole diameter over this interval. The total thickness of this
debrite is 11.9 m based on core data, and 10.8 m thick (464.8–475.6
mbsf) based on downhole log analysis.
Please cite this article as: Ducassou, E., et al., Origin of the large Pliocene
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Six samples from matrix have been studied. The sand content
ranges from 10% to 25%. The composition of the N150 μm fraction is
characterized by a significant biogenic fraction (30–45% of bivalve,
gastropod and echinoderm shell fragments and 5–30% of foraminifera
and ostracods; Fig. 5). Mineral fraction is represented by terrigenous
particles (mainly quartz, 20–30%) and siliceous aggregates, probably
related to wet sieving (5–20%).

Observed clasts have a mean diameter of 5–10 cm with a general
rounded shape. Clast A exceeds 50 cm in diameter. Planar laminations
have been observed in some clasts, confirming that original material is
incorporated into the flow without mixing with matrix sediment.
However some clasts can also be destructurated as evidenced by
original planar laminations showing either micro-folds or sand injec-
tions related to matrix penetration into clast fractures. Observed clasts
are vertically uniformly distributed in matrix. They have a darker color
than the sediment forming the matrix, and a finer mean grain size.

Ten samples have been collected from 10 different clasts. Clasts are
silty-clay and sand fraction ranges from 1% to 22%. Composition of sand
(N150 μm) is mainly represented by foraminifera and ostracods (25–
65%), shell fragments of bivalves, gastropods, echinoderms (3–35%),
pyrite (5–35%), siliceous aggregates (5–20%) and gypsum (10–25%).
Composition of N150 μm fraction of clasts is relatively homogeneous,
only percentages vary (Fig. 5). State of benthic foraminifer tests does
not show major differences between clasts and matrix except 2–14% of
abraded tests in matrix sediment.

Composition and grain size of each clast do not allow grouping them
into distinct families. Material from clast and matrix is different: clasts
and matrix do not have the same origin implying that they have not
been incorporated in the same time into the debris flow.

4.2.2. Origin of reworked material
Hole U1386C is presently located in the middle slope of the Algarve

margin, at 565mwater depth. Benthic foraminifer and ostracod assem-
blages observed in samples taken in hemipelagic sediments indicate
paleodepths of a bathyal environment (epibathyal to mesobathyal),
ranging from 200 to N500m (Fig. 6). Abundance of benthic foraminifers
Cibicidoides pseudoungerianus, Uvigerina proboscidea, U. bifurcata and
Bulimina costata; and ostracods Krithe spp. and Henryhowella sarsi
profunda mainly indicate these paleodepths (Lutze, 1986; Van
Morkhoven, 1986; Alves Martins and Ruivo Dragão Gomes, 2004;
Mendes et al., 2004; Ruiz et al., 2008; Alvarez Zarikian et al., 2009). In
these samples, taphonomical analysis showed presence of mainly
well-preserved tests (68–85%), with some partially broken (12–25%)
andpyritized tests (0.5–2%).Moreover, ostracoda showbetter preserva-
tion (mostly translucent valves and almost no fragmentation) in clast
samples than in the surrounding matrix, where moderate to high
valve fragmentation, and darkened shells are common.

Paleodepths reconstructions have been performed in detail for the
thick debrite D3. Benthic foraminifera are abundant in clast and matrix
samples of the thick debrite. Ostracoda are present in lower abundance.
All matrix samples are dominated by shelf assemblages. Presence of
benthic foraminifera such as Asterigerinata spp., Cibicides lobatulus and
Elphidium spp.; and of ostracoda Aurila spp., Buntonia spp., Callistocythere
spp., Loxoconcha spp., Pontocythere elongata, Urocythereis spp. and Costa
punctatissima indicate infralittoral to circalittoral environments
(0–100 m; Fig. 6) (Ruiz and Gonzalez-Regalado, 1996; El Mmaidi et al.,
2002; Mendes et al., 2004; Ruiz et al., 2008). Equations of Van der
Zwaan et al. (1990) andWright and Berggren (1977) for benthic forami-
nifera are relatively well correlated, and suggest a more outer shelf envi-
ronment than results frombathymetrical zonation based only on species.
High abundance of planktonic foraminifera in the samples explains the
deepest paleodepths given by the equations. Abundance of shell frag-
ments of bivalves and gastropods, infralittoral ostracods, and terrigenous
particles, however, confirms the shelf environment.

Paleodepth results for clast samples are less accurate than those
from matrix samples. Benthic microfaunal assemblages indicate a mix
and Pleistocene debris flows on the Algarve margin, Marine Geology
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of shelf, and bathyal (upper and meso) paleoenvironments, with
paleodepths ranging from 0 to 200 m for clasts A and B, from ~100 to
~300 m for clast J, from ~100 to ~500 m for clasts C, D, F and H, and
from ~200 to ~500 m for clasts E and G. Clast I shows high abundance
of U. bifurcata (44%), which is typical of water depths of 300–500 m.
Clasts D, F, G, I, and J are devoid of ostracoda.

Paleodepth reconstructions indicate that the source of the clasts
was slightly deeper than the sediment forming the matrix. This implies
that the clasts have been integrated at a later stage during the flow.
Seafloor erosion is significant in thickness (sediment from units I and
II incorporated) but also in term of distance over which erosion
occurred (from shelf to mesobathyal environment). Some clasts (e.g.
Fig. 6. (a): Bathymetric estimation frombenthic foraminifers (black) and ostracods (dark gray),
in samples from the thickest debrite of the Early Pliocene (D3). Stratigraphic units are indicated
paleodepths inferred based on species from the same genus.

Please cite this article as: Ducassou, E., et al., Origin of the large Pliocene
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A, C, G or H) show mixing of benthic fauna living at different depths
and inconsistency with equation results. These clasts probably come
from gravity deposits that occurred before the triggering of debris
flow on the slope.

The debrite D1 was deposited during unit II (3.8 - N3.57 Ma, Fig. 2).
Biostratigraphical study of matrix samples however show that all the
samples are dated from the same period: unit I (4.52–3.8Ma). Sediment
frommatrix are thus up to 950 ka older than period of debris flowdepo-
sition. Determination of biostratigraphical units I and II being based on
presence of G. margaritae, it is possible that during failure, sediment
from both units would mixed. If that is the case, only the oldest unit is
evidenced. Biostratigraphical analysis of clasts indicates that clasts
and results from equations of Van der Zwaan et al. (1990) andWright andBerggren (1977)
in cores/sections and sample boxes. (b): Following the results of debrite 3. * corresponds to
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belong to units: I (clasts B, C, E, G, H and I) and II (clasts A, D, F and J).
Clasts are not organized according to their age or source paleo-depth in-
side matrix and there is no clear evidence of relationship between age
and related depth in clasts (Fig. 6).

In the debrite D1, reworked sediment is either older or of the same
age than debrite initiation. This debris flow displaced sediment older
and coeval of deposition area. These reworked sediments belonged to
ancient turbidites and hemipelagites. Erosion of the sea floor (failed
Please cite this article as: Ducassou, E., et al., Origin of the large Pliocene
(2015), http://dx.doi.org/10.1016/j.margeo.2015.08.018
sediment and sediment eroded along the flow pathway) during this
debris flow has been significant.

4.3. Debrite of early Pleistocene

4.3.1. Lithostratigraphy
Total thickness of gravity deposits from early Pleistocene is ~50 m

with about 30 turbidites and one debrite. This debrite D4 is observed
and Pleistocene debris flows on the Algarve margin, Marine Geology
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Fig. 7. Lithology and stratigraphy of gravity deposits from the early Pleistocene. Sample
location, grain-size results and composition of the sandy fraction of each sample of the
debrite D4. The stratigraphic unit is indicated in both cores/sections and stratigraphic
interpretation boxes.
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in two cores and three sections (U1386C-8R-1 to 7R-4; Fig. 7). It is
deposited between carbonate silty-clay sediment at its base and several
turbiditeswith the same lithological composition than the debrite at the
top. Despite that there is no sample in Core 8R, this debrite is considered
as continuous between both cores based on wireline logging data, and
comparison of the log patterns with the ones of the petrophysical core
logs (Fig. 3). This debrite is 5.40 m thick based on core data, and 6.9 m
thick based on donwhole logs (418.5–425.4 mbsf).

Only four samples have been studied in debrite D4 (as clasts were
few in number and most of them small in size): 2 clasts (A and B) and
2 matrix (1 and 2) samples. Samples from matrix are characterized by
32 and 34% of sand. Composition of the sediment fraction N150 μm
shows a very important terrigenous fraction: 70–95%,mainly represented
by lithic fragments (quartzite with quartz with wavy extinction),
quartz, plagioclase feldspars and micas. Biogenic fraction is mainly
Please cite this article as: Ducassou, E., et al., Origin of the large Pliocene
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composed of shell fragments from bivalves, gastropods and echino-
derms (2 and 10%) and a small amount of foraminifera and ostracoda.
Gypsum is observed (15%) in one sample (Matrix 2; Fig. 7). State of
foraminifer tests shows black tests (5%) and 7–11% of broken tests.
The high terrigenous content in this debrite is supported by magnetic
susceptibility values much higher than in the Early Pliocene bioclast-
rich debrites (Fig. 3), biogenic components being diamagnetic. The
gamma ray signal is also higher in the Early Pleistocene debrite D4,
likely reflecting enrichment in potassium content (Fig. 3) due to the
presence of plagioclase feldspars in the matrix.

Clast A is around 8 cm in diameter. It is composed of 15% of sand and
shows planar laminations and matrix injections. Fraction N150 μm is
characterized by 50% of terrigenous particles (mainly micas, quartz
and lithic fragments similar to those of matrix), 35% of siliceous aggre-
gates (probably newly formed), 5% of wood fragments, 5% of shell
fragments, and 5% of gypsum. Clast B is around 3 cm in diameter with
a rounded and elongated shape. Its sand content is only 6%, composed
of 30% of terrigenous particles (micas, quartz and lithic fragments),
30% of siliceous aggregates, 25% of foraminifera and ostracods, and 5%
of wood fragments. State of tests shows ~5% of broken tests in both
clasts, and 19% of black tests in clast A.

Composition and grain size are relatively different in the two clasts,
indicating a different origin. Clasts and matrix are not composed of the
same sediment suggesting that the clasts have been integrated into
the matrix during the debris flow.
4.3.2. Origin of reworked material
Benthic foraminifer and ostracod assemblages from matrix samples

show relatively similar paleodepths related to shelf environment
(0–200 m). Foraminifera C. carinata, C. lobatulus, Elphidium spp. and
Quinqueloculina spp. and ostracoda Aurila spp., Callistocythere spp.,
Palmoconcha turbida, Pontocythere elongata and Sagmatocythere
multifora are typical from this shallow environment (El Mmaidi et al.,
2002; Ruiz et al., 2008; Fig. 8). Equations from Van der Zwaan et al.
(1990) and Wright and Berggren (1977) fit with data from foraminifer
species assemblages and give paleodepths ranging from 100 to 200 m.
High proportion of terrigenous particles in samples and presence of
bivalve and gastropod fragments confirm this shallow deposition
environment of material forming the matrix before failure.

Clast samples show different paleodepths: clast A seems to originate
from a shelf and inner shelf environment as indicated by the presence of
benthic foraminifera C. carinata, Elphidium spp., N. turgida, B. marginata
and B. gibba, and ostracoda Aurila convexa, Loxoconcha rhomboidea,
Callistocythere spp., Leptocythere sp., Neocythereis subulata, etc. This
sample shows moderate fragmentation of ostracod valves. In contrast,
microfaunal assemblages in clast B indicate that it originated from
an area located between inner/outer shelf and epibathyal domain
(abundance of C. pseudoungerianus, N. turgida, S. bulloides and
C. carinata; and the presence of the inner-shelf ostracoda Loxoconcha
spp., Aurila spp., and Urocythereis spp. and deeper water Krithe spp.,
Cytheropteron sp., Argilloecia sp., and Pseudocythere caudata; Fig. 8).
Such as thematrix sediment, clast A seems to come from an area located
close to the failure area, while clast B has been integrated to the flow
later and at a deeper depth. Clast B shows a mixing of benthic fauna
that could suggest that the material composing the clast consisted of
sediment previously reworked along slope (nepheloid or low density
turbidity current). Presence of wood fragments in all samples testifies
that downslope transfer occurred rapidly from continental domain to
marine gravity deposits.

Biostratigraphical analysis indicates that all sediments forming the
debrite are younger than 2.09 Ma and belong to unit III. Analysis of
calcareous nannofossils allowed refining ages between 1.66 and
1.25 Ma. The debrite probably emplaced closer to 1.25 Ma (Fig. 2). It
was no possible to find hemipelagic sediment just above or below the
gravity deposits in order to refine the age of this debrite.
and Pleistocene debris flows on the Algarve margin, Marine Geology

http://dx.doi.org/10.1016/j.margeo.2015.08.018


Fig. 8. Bathymetric estimation from benthic foraminifers (black) and ostracods (dark gray), and results from equations of Van der Zwaan et al. (1990) andWright and Berggren (1977) in
samples from debrite of the early Pleistocene (D4). * corresponds to paleodepths inferred based on species from the same genus. The stratigraphic unit is indicated in cores/sections and
sample boxes.
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Discussion

4.4. Estimation of erosive behavior of debris flows

4.4.1. Debrites from the early Pliocene
Debrites from the Early Pliocene have clasts with finer grain size

than matrix. They are regularly distributed in matrix, without any
particular organization related to age of sediment or paleodepth. In
the debrite D3, the matrix and the clasts A and B (Fig. 9) have the
same range of origin, in term of paleodepths, and are all originated
from the shelf. The grain-size and composition of sediment size fraction
N150 μm are however very different implying a difference in the
sediment source. This suggests that over the Early Pliocene, the substra-
tum of the shelf of the Algarve margin was heterogeneous, as it is the
case now close to Guadiana mouth (Mendes et al., 2012). The other
clasts have been eroded during the flow from the outer shelf down to
the deposition area (from 100 to 500 m water depth; Fig. 9). A large
part of the Guadalquivir basin was flooded but the morphology of the
Algarve margin is not accurately known for the early Pliocene, it
has been considered that it was relatively similar to the present
Please cite this article as: Ducassou, E., et al., Origin of the large Pliocene
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(Hernández-Molina et al., 2006; Fig. 9). Assuming that the shelf and
upper slope had approximately the same width than today, the debris
flowswould have a run-out distance of less than 100 km, erodingmate-
rial of the same age as well as underlying deposits (units I and II; Fig. 9).
The difference of thickness between the three debrites of Early Pliocene
could be explained by different failure volumes and/or a more or less
erosive behavior.

Roque et al. (2012) do not evidence turbiditic channels in the area
during the Early Pliocene suggesting that debris flows would have run
on the open slope. However, without strike (East–West) seismic lines
on the shelf, it is difficult to confirm that those debrites were not
channelized. Brackenridge et al. (2013) and Martínez del Olmo (2004)
suggest some preferential pathways sourcing from the northeast without
describingpermanent channels (Fig. 9). Regardless the channelizationde-
gree of these debris flows, the high difference of composition between
matrix and some clast samples sourcing from the shelf and other clasts
originating from epi- to mesobathyal environments indicates an erosive
behavior along the pathways of these debris flows.

In the eastern part of the Gulf of Cádiz, unit D (5.3–2.5 Ma) described
by Ledesma (2000), is 500–600 m-thick and corresponds to hemipelagic
and Pleistocene debris flows on the Algarve margin, Marine Geology
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Fig. 9. Synthesis of the origin of clasts and matrix from early Pliocene debrite D3.
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deposits (F.J. Sierro, pers. Comm.). The sedimentation rate in this unit
approximates 200 m/Ma. The presence of a hiatus within this time inter-
val (5.3–2.5 Ma) indicates that this estimation is very rough but may be
useful to estimate the amount of material reworked/eroded into/by the
debrites. Using this mean sedimentation rate, the expected thickness of
combined units I and II (5.34 and 3.57 Ma) at the studied location should
be ~350 m. On shelf and upper slope, this thickness is expected to be re-
duced because of the geometry of the margin consisting of prograding
wedges. In any case, depositional units associated to units I and II are
not of the order of meters or decimeters thick but a hundred meters
thick indicating that the failure areas were probably important in size.
Please cite this article as: Ducassou, E., et al., Origin of the large Pliocene
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As thicknesses of debrites are only decimeter scale, it can be suggested
that the failed sediment volume has been deposited through wide but
thin debris flows or only a part of these failed sediments has been trans-
formed from gliding to flow process. In this example, matrix is typically
composed of failed sediments whereas clasts are either coming from the
failed area or from the erosion along the flow pathway.

4.4.2. Debrite from the early Pleistocene
Clasts of the debrite D4 are regularly distributed in the matrix. Silty-

clay hemipelagic sediment under the debrite is dated around 1.61 Ma
and sediment overlying the debrite are ~1.25 Ma. Sediment displaced
and Pleistocene debris flows on the Algarve margin, Marine Geology
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by the debris flow is dated at 1.25 Ma suggesting that ~350 ka of
sediment deposition are missing. These missing sediments could have
been eroded before or during the debris flow or not have been deposited
because of an intense MOW activity.

Clast B has a higher foraminiferal content and different microfaunal
composition (benthic foraminifera and ostracoda) than clast A, and
their original paleodepth is different (Fig. 10). Eroded volume during
the flow is difficult to estimate because the thickness of the early
Pleistocene hemipelagic deposits is unknown. This debris flow was
probably triggered on the inner or outer shelf and clasts indicate that
the flow eroded the slope at least down to ~400 m of water depth.
The debris flow probably did not erode all along its pathway because
of the lack of mesobathyal species observed. Interpretations of flow
Fig. 10. Synthesis of the origin of clasts and m
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erosion, especially for two clasts showing different information, are
however not fully relevant in a statistic point of view, and they have
to be considered with caution. The run-out distance of this debrite D4
is similar to the run-out distance of the debrite D3 dated from the
Early Pliocene.

4.5. Potential pre-conditioning factors to flow triggering

4.5.1. Sediment sources and shelf storage
Early Pliocene and Early Pleistocene debrites show a similar pattern.

The matrixes and some of the clasts originated from the shelf environ-
mentwhile someother clasts came from theupper slope. These debrites
are also embedded with turbidites and are not isolated in hemipelagic
atrix from early Pleistocene debrite D4.
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sequences. However, they are different in age and sediment composi-
tion (Figs. 9 and 10). Early Pliocene debrites D1 to D3 have a greater
proportion of biogenic particles (Fig. 5), whereas the early Pleistocene
debrite D4 has a greater terrigenous content (Fig. 7). During the
Pliocene, continental supplies in the Gulf of Cádiz were coming from
two main rivers which drained the south of Spain: the Guadalquivir
River (East) and the Guadiana River (North; Ledesma, 2000; Fig. 1).

Biogeographical models of the eastern part of the Gulf of Cádiz
showed a significant change between the Pliocene and the Pleistocene:
Monegatti and Raffi (2007) andMarques da Silva et al. (2010) describe a
high concentration of fossils during the Early Pliocene on continental
shelves. This high concentration is explained by a warm climate and a
relative high and stable global sea level (Miller et al., 2005) allowing
the development of abundant tropical to subtropical shelf species
(Fig. 9). This is in accordance with the abundance of bivalve, gastropod,
echinoderm, and ostracod fragments observed in the Early Pliocene
gravity deposits. Between the Pliocene and the Pleistocene, temperate
and tropical fronts migrated southward of Iberia peninsula, leading to
a cooling and a decrease of biodiversity in the area (Monegatti and
Raffi, 2007; Marques da Silva et al., 2010). This cooling is suggested by
the first appearance of typical deep, cold-water ostracods Pseudocythere
caudata mediterranea and Cytheropteron spp., and could explain the
weaker proportion of shelf fossil fragments into the early Pleistocene
debrite and turbidites.

The Guadalquivir and Guadiana rivers, themain terrigenous sources
of the Gulf of Cádiz over Plio-Pleistocene, have very close drainage ba-
sins and drained geological units are relatively similar. The Guadalquivir
basin drains mainly the Betic ranges and extended geological units
(Iribarren et al., 2009)whereas the Guadiana basin crosses a great num-
ber of various small geological units (Gabaldon, 1994). The Guadiana
River passes through slightlymoremetamorphic and plutonic provinces
than the Guadalquivir River. High abundance of feldspars, quartz and
quartzite with quartz with waving extinction in samples from gravity
deposits implies an important metamorphic origin and could preferen-
tially come from the Guadiana River. The vicinity between Guadiana
mouth and gravity deposit area could indicate also that terrigenous
sand fraction could preferentially come from the Guadiana River,
especially during early Pleistocene (Fig. 10).

The seismic reflection line P74-45 shownbyHernández-Molina et al.
(2014) illustrates the different depositional architectures of the Algarve
margin at the location of Sites U1386 and U1387. Depositional units
I and II, characterized by turbidites and debrites at Site U1386, show
thicker deposits at Site U1387 (4 km southward) with the first
contourites interbedded with turbidites and forming a sheeted drift
(phases 1 and 2 in Hernández-Molina et al., 2014, corresponding to
the onset of limited MOW circulation with intermediate to deep
pathways; Fig. 9). The hiatus of the late Pliocene and the base of
the Quaternary correspond to a regional discontinuity related to
enhanced MOW circulation and erosion by bottom currents (phase 3
in Hernández-Molina et al., 2014). At other Expedition 339 sites, the
hiatus observed in late Pliocene is characterized by a dolostone bed
(Expedition 339 Scientists, 2013; Hernández-Molina et al., 2013,
2014). Depositional unit III is very different at Sites U1386 and U1387
with turbidites, a debrite and erosion related to moat formation at
Site U1386, and contourites southward at Site U1387 (phase 4 in
Hernández-Molina et al., 2014, with the establishment of present-day
circulation of MOW). The moat formation along the Algarve margin
related to MOW intensification created a trough that could have chan-
nelized turbidity currents and debrites coming from the north and
northeast margin, preventing their deposition southward (Fig. 10).
Upslope migration of this moat and the Faro associated drift during
Pleistocene explains the lack of gravity deposits observed at Site
U1386 after 1.25 Ma. This transition from a Pliocene mixed system
with interacting down-slope and along-slope processes to a Quaternary
contourite-dominated margin is also well described in the seismic
synthesis from Brackenridge et al. (2013).
Please cite this article as: Ducassou, E., et al., Origin of the large Pliocene
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4.5.2. Environmental conditions and tectonic activity
During the Early Pliocene and the period of gravity flows enriched in

bioclastic fragments, Mediterranean climate was warmer and wetter
than present (Lourens et al., 1996) and relative sea level was high and
stable (Miller et al., 2005). Cooling periods have been identified: the
first one at 3.7 Ma, the second one between 3.5 and 3.2 Ma (Lourens
et al., 1996). Temperatures decreased during these periods butmoisture
was still high. In the Gulf of Cádiz, activity periods of MOW punctuated
the Pliocene depositswith oneperiod of intensification between 3.5 and
3Ma (Khélifi et al., 2009; Brackenridge et al., 2013) and another one be-
tween 2.4 and 2.1 Ma (Zitellini et al., 2009; Brackenridge et al., 2013).
Thus the ~2 Ma long hiatus (b3.57–1.66 Ma) observed above the Early
Pliocene thick debrite may be related to these periods of MOW intensi-
fication. On the other hand, the studied gravity deposits are particularly
thick and sedimentation observed between the debrites is hemipelagic,
with no evidence for contourite deposits at Site U1386. These
hemipelagites are characterized by centimeter to millimeter-scale
laminae and absence of bioturbation, suggesting absence of current
during sedimentation. The Early Pliocene gravity deposits in the area
may thus have emplaced when MOW was flowing at deeper water
depth than the one at the drilling site as it is suggested from seismic
data by Hernández-Molina et al. (2014); Fig. 9).

The start of glaciations in the northern hemisphere is documented
around 2.7 Ma. Growth and progress of ice southward initiated colder
and drier conditions in Mediterranean and northern Atlantic areas, re-
ducing intensity of ocean circulation through Atlantic and favoring
MOWestablishment (Hernández-Molina et al., 2014). Early Pleistocene
debris flows and turbidity currents flowed around 1.25 Ma. Paleo-moat
location at site U1386 during this period explains the condensate
sedimentation associated to coarse sediment and gravity deposits
(Fig. 10). However, between 1.66 and 1.25 Ma (unit III), 7 sapropels
have been described in the Alboran Sea and in eastern Mediterranean
(Murat, 1999). Sierro et al. (2000) and Ledesma (2000) showed that
logging data (gamma ray and sonic) from industrial drill sites in the
Gulf of Cádiz fit with Milankovitch astronomical cycles (excentricity,
precession and insolation) and with biostratigraphy established at Cap
Rossello (Sicily, Lourens et al., 1996; Sierro et al., 2000). Peaks of
gamma ray (or sonic speed) correspond to maxima of insolation and
minima of excentricity (400 ka cycles) and of precession (20 ka).
These astronomical periods are related to rainfall maxima over Iberia
and Mediterranean Sea, and gray marl deposition during early Pliocene
and sapropels from upper Pliocene (Sierro et al., 2000). Recurrence of
wet events is significant during this period with high rainfall over the
Mediterranean Sea and Iberia. This could be the parameter favoring
riverine input into the Gulf of Cádiz and deposition of very terrigenous
units, potentially reworked in gravity deposits at a later stage
(Fig. 10). Brackenridge et al. (2013) did not identify however any
gravity deposits in their seismic lines and they described the early
Pleistocene as a period dominated by contouritic processes on the
Algarve margin. Contourite deposits are well developed in Site U1387
(4 km southward; Expedition 339 Scientists, 2013) but are almost
absent from Site U1386 between 1.66 and 1.25 Ma (unit III). Gravity
deposits observed in Site U1386 between 1.66 and 1.25 Ma represent
~50 m in thickness and could be difficult to identify in seismic lines
and could be localized along the margin. These gravity deposits that
could have been channelized by the paleo-moat, also did not show a
clear influence of a bottom current flowing at the same time such as a
winnowing of fine particles. Sands are not clean and wood fragments
are observed in debrite as in turbidite deposits. These clues could
suggest either high riverine input dominating temporarily the MOW
influence or a phase of weaker MOW at Site U1386 location between
1.66 and 1.25 Ma after an intense erosional phase from b3.57 to
1.66 Ma (hiatus in Site U1386) related to MOW intensification and
moat emplacement. The MOW core could have move temporarily to a
deeper location during this interval, related to dryer phases as described
by Rogerson et al. (2005).
and Pleistocene debris flows on the Algarve margin, Marine Geology
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The high biodiversity on shelves during the Early Pliocene and
the high terrigenous inputs during the Early Pleistocene resulted in
significant sedimentation on the shelves. These deposits could have
been easily reworked during or afterward these periods, coupled with
different triggering parameters such as sea-level fall, and diapiric or
seismic activity. Roque et al. (2012) and Brackenridge et al. (2013) de-
scribed an intense diapiric activity during the Early Pliocene on the
Algarve margin which could also be a triggering parameter of gravity
flows. Presently this margin also sustains numerous earthquakes. The
main seismogenic area is localized in the Guadalquivir Bank area (e.g.
Borges et al., 2001), just southward of the gravity deposit area studied
in this work. Most of faults of south Iberia extend into the Gulf of
Cádiz, such as Sao Marcos Quarteira fault (SMQF) oriented NW-SE and
extended on the continental shelf, south of Faro (Noiva et al., 2010).
This fault starts to be active from the Early Pliocene (Noiva et al.,
2010; Roque et al., 2012), and could be another triggering parameter
of gravity deposits. Presence of wood fragments in sediment from the
Early Pleistocene debrites and turbidites is in favor of a short storage
of sediment on continental shelf before flow triggering.
5. Conclusions

Since the opening of the Gibraltar strait at the endof theMessinian, a
large part of the present day morphology of the margins in the Gulf of
Cádiz is related to MOW circulation which led to contourite deposits
and drift growth. Over the Plio-Quaternary, at least two periods have
however been characterized by significant and dominating gravity
deposits on the Algarve margin.

Debrites and turbidites have been observed at Site U1386 (Expedition
IODP 339, Hernández-Molina et al., 2013) on the Algarve margin. These
gravity deposits occurred during the Early Pliocene (3.8–3.57 Ma) and
the early Pleistocene (~1.25 Ma) and are relatively thick (45 and 10 m,
respectively). Debrites and turbidites from the Early Pliocene are charac-
terized by a sand fraction enriched in bioclastic fragments with silty-clay
clasts in debrites, whereas gravity deposits from the early Pleistocene
have a terrigenous sand fraction and silty-clay clasts in debrite. Benthic
foraminifer and ostracod assemblages and percentages of planktonic
foraminifera gave estimations of origin of reworked material into
debrites, importance of flow erosion and run-out distances. Equations
used to determine paleodepths can underestimate depths because of
possible enrichment in planktonic foraminifera of sediment. Benthic
foraminifer and ostracod assemblages aremost of the timemore valuable
and give ranges of paleodepths relatively reliable despite their lack of
accuracy, benthic foraminifera being widely distributed depending of
species.

Debris flows from the Early Pliocene studied in this work have been
erosive over their entire pathway (less than 100 km) between failure
and deposition area whereas the debris flow from the early Pleistocene
seems to be erosive only during the first part of its pathway. Matrixes
from the two kinds of debrites initiated from the continental shelf and
clasts have been incorporated from shelf tomesobathyal depths. Eroded
sediments along the flow pathway seem to be integrated into the flow
as clastswhereas sediments from the failure area are typically preserved
in the flowmatrix. Difference between both kinds of debrites and turbi-
dites (bioclastic rich vs terrigenous rich) can be explained by different
climates and relative sea levels, and more or less terrigenous input.
The Early Pliocene in the Gulf of Cádiz is characterized by a warm
tropical to subtropical climate and a great biodiversity of benthic
fauna on continental shelves, recorded in sand fraction of gravity
deposits. The early Pleistocene is marked by a colder andwetter climate
with significant riverine input associated to the contouritic paleo-moat
location at the studied site. This paleo-moat has favored gravity process-
es along the Algarve margin trough this channeling feature in a close
interaction between MOW circulation and down-slope processes.
Triggering parameters of those gravity flows on shelf could be related
Please cite this article as: Ducassou, E., et al., Origin of the large Pliocene
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to high sediment accumulation or input during both periods, coupled
with sea level falls, intense tectonic and/or diapiric activity in the area.

These two periods with significant gravity deposits on the Algarve
margin are also probably related to a weak or deeper activity of MOW
and are coeval with the beginning of Faro contouritic drift formation.
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