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Abstract

During Integrated Ocean Drilling Program Expedition 339, five sites were drilled in
the Gulf of Cadiz and two sites were drilled off the West Iberian margin from Novem-
ber 2011 to January 2012. Total length of recovered core is 5447 m, with an average
recovery of 86.4%. The Gulf of Cadiz was targeted for drilling as a key location for the
investigation of Mediterranean Outflow Water (MOW) through the Strait of Gibraltar
gateway and its influence on global circulation and climate. The gulf is also a prime
area for understanding the effects of tectonic activity on evolution of the Strait of Gi-
braltar gateway and margin sedimentation.

Drilling penetrated into the Miocene at two sites in the Gulf of Cadiz, where sedimen-
tary record showed a strong MOW signal following the opening of the Strait of Gi-
braltar gateway. Preliminary results indicate contourite deposition from 4.2 to 4.5 Ma,
although subsequent research will establish whether this deposition dates from the
first onset of MOW. The Pliocene succession, penetrated at four sites, displays charac-
teristics consistent with low bottom-current activity linked with weak MOW. Signifi-
cant widespread unconformities at 3.0-3.2 and 2.2-2.4 Ma are interpreted as a signal
of intensified MOW, especially from ~2.4 Ma. The Quaternary succession displays
characteristics consistent with a much more pronounced phase of contourite drift de-
velopment, with two distinct periods of increased MOW activity separated by a wide-
spread unconformity at ~0.9 Ma related to even higher MOW. Following this
unconformity, the final phase of drift evolution established the contourite deposi-
tional system architecture we see today.

There is significant climate control on this evolution of MOW and bottom-current ac-
tivity. However, from the closure of the Atlantic-Mediterranean gateways in Spain and
Morocco around 6 Ma to the opening of the Strait of Gibraltar gateway at 5.3 Ma,
even stronger tectonic control affected margin development, downslope sediment
transport, and contourite drift evolution. Based on the timing of events recorded in
the sedimentary record, we propose tectonic pulsing in the region linked with small
movements of the African and Iberian plates.

The Gulf of Cadiz is the world’s premier contourite laboratory and thus presents an
ideal testing ground for the contourite paradigm. Following recovery of >4.5 km of
contourite cores, existing models for contourite deposition are found to be sound.
Further study of these models will undoubtedly allow us to resolve outstanding issues
of depositional processes, drift budgets, and recognition of fossil contourites in the
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ancient record onshore. The expedition also verified the presence of a more than ex-
pected quantity and extensive distribution of contourite sands that are clean and well
sorted. These sands represent a completely new and important exploration target for
potential oil and gas reservoirs. Preliminary work has shown a remarkable record of
orbital-scale variation in bulk sediment properties of contourites at several of the drift
sites and good correlation between all sites. Climate control on contourite sedimen-
tation is clearly significant at this scale; further work will determine the nature of con-
trols at the millennial scale.

Introduction

Integrated Ocean Drilling Program (IODP) Expedition 339 combined IODP Proposal
644-Full2 and ancillary proposal letter (APL)-763. The expedition was primarily pale-
oceanographic in nature, focusing mainly on the broader significance of Mediterra-
nean Outflow Water (MOW) on North Atlantic Ocean circulation and climate. This
expedition offered a rare opportunity to understand the global link between pale-
oceanographic, climatic, and sea level changes from Messinian to recent time and ad-
dressed the importance of ocean gateways in regional and global ocean circulation
and climate.

Seven sites (U1385-U1391) were cored and, of those seven, five sites were logged dur-
ing the expedition in the Gulf of Cadiz and on the West Iberian margin (Figs. F1, F2)
to study the contourite depositional system (CDS) generated by MOW influence and
its evolution and environmental implications. This CDS has developed at very high
rates of sediment accumulation over the past 5 m.y. as the direct result of MOW, pro-
viding an expanded sedimentary record that permits detailed examination of paleo-
circulation patterns linked to past environmental change. In addition, one of the
sites, U1385, was cored to produce a marine reference section of Pleistocene millen-
nial-scale climate variability and changes in surface and deepwater circulation along
the Portuguese margin (APL-763). Climate signals from this reference section will
constrain the temporal relationships of abrupt climate change recorded in the north-
east Atlantic Ocean, the polar ice cores, and European terrestrial records.

The objectives of Expedition 339 address key elements of the IODP Initial Science
Plan (ISP) through targeted drilling of a Neogene and Quaternary continental margin
sequence in the Gulf of Cadiz and off West Iberia.
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Oceanic gateways and their influence

Tectonically induced changes are highlighted in the ISP as one of the principal inter-
nal forcing mechanisms for environmental change. By drilling in the Gulf of Cadiz,
we seek to document the effects of opening the Strait of Gibraltar gateway at ~5 Ma
and therefore initiating the major influx of warm, saline intermediate water into the
North Atlantic Ocean.

Paleocirculation and climate

One of the fundamental scientific questions identified in the ISP under Environmen-
tal Change, Processes, and Effects is “How did the Earth system respond to climatic
change and at what timescales?” A key response of the ocean system to climate forc-
ing is significant reorganization of global circulation and adjustment in the thermo-
haline conveyor belt model. Hence, the record of paleocirculation and paleoclimate
is further identified as a specific target in the ISP. Expedition 339 research will address
changes in and effects of MOW as a component of North Atlantic circulation in the
post-Miocene time period.

Rapid climate change

Rapid climate change is highlighted as a special initiative in the ISP under Environ-
mental Change, Processes, and Effects. Future advances in our understanding of the
causes of abrupt change will rely on our ability to correlate high-resolution sedimen-
tary archives from oceans, ice cores, and terrestrial sequences and to interpret these
records in the context of novel Earth system modeling approaches. A challenge for
IODP, and the broader drilling community, is to identify sequences from appropriate
locations with adequate temporal resolution to study processes of the integrated cli-
mate system. Expedition 339 recovered sediment records deposited at high accumu-
lation rates containing high-fidelity signals of Pleistocene climate variability and
rapid climate change that can be correlated to polar ice-core and terrestrial archives.

Sea level change and sediment architecture

The response of sediment architecture, especially along continental margins, to sea
level change is highlighted in the ISP as the second principal internal forcing mech-
anism for environmental change. Whereas considerable attention and several past
Ocean Drilling Program (ODP) drilling legs have been directed toward placing turbi-

10
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dites and other downslope systems within a sequence stratigraphic context, there is
no generally accepted understanding of how and where the alongslope sedimentary
system, driven by bottom water circulation, fits within these models. Fundamental
questions regarding the timing and extent of hiatuses and condensed sequences and
the corollary periods of alongslope deposition, drift development, and paleodepth re-
construction have yet to be answered. The objectives of Expedition 339 address pre-
cisely these aspects of sediment architecture within the Gulf of Cadiz and West
Iberian marginal sequences in relation to changes in sea level and other forcing mech-
anisms.

Neotectonic activity

Margin evolution anywhere is controlled by complex interactions of many different
forcing variables, most importantly sea level and climate, sediment supply, and tec-
tonics. Results from Expedition 339 will be used to reconstruct the timing of neotec-
tonic activity that had a significant impact on submarine topography and,
consequently, controlled the flow path of the two branches of MOW and their influ-
ence in the North Atlantic.

Expedition 339 was certainly ambitious in scope and scientifically very exciting. It
was carefully crafted by a broad spectrum of scientists over an 8 y gestation period.
The expedition reflects intense international interest in the region and its global sig-
nificance, building on a research database accumulated over 35 y. Furthermore, the
study of the CDS should be of great interest to the international community not only
because of its stratigraphic, sedimentologic, paleoceanographic, and paleoclimato-
logic significance but also because of its close relationship with possible specific deep-
marine geohabitats and/or mineral and energy resources (Rebesco and Camerlenghi,
2008).

Background

Geological and oceanographic setting
Tectonic framework

The southwestern margin of the Iberian Peninsula, at the eastern end of the Azores-
Gibraltar zone, is the location of the diffuse plate boundary between Eurasia and Af-
rica. The present plate convergence between the African and Eurasian plates in the

11
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Gulf of Cadiz area is ~4 mm/y with a northwest-southeast trend and is accommo-
dated over that broad, diffuse deformation zone (Olivet, 1996; Argus et al., 1989). Dis-
tinct periods of crustal deformation, fault reactivation, and halokinesis related to
movement between Eurasia and Africa (Malod and Mauffret, 1990; Srivastava et al.,
1990; Maldonado et al., 1999; Gutscher et al., 2002; Alves et al., 2003; Gutscher, 2004;
Medialdea et al., 2004, 2009; Lopes et al., 2006; Terrinha et al., 2009; Zitellini et al.,
2009) are known to have controlled the tectonostratigraphic evolution of this part of
the Iberian Peninsula. The tectonic structure of this area is a consequence of the dis-
tinct phases of rifting since the Late Triassic to the Early Cretaceous caused by the
opening of the central and North Atlantic basin (Murillas et al., 1990; Pinheiro et al.,
1996; Wilson et al., 1996; Srivastava et al., 2000; Borges et al., 2001) and its later de-
formation during the Cenozoic, especially in the Miocene (Ribeiro et al., 1990; Zitel-
lini et al., 2009). Cenozoic evolution in the Gulf of Cadiz was controlled by the Alpine
tectonic phases that affected the southern part of Europe. During the Pliocene and
Quaternary, glacio-eustatic variations rather overprinted structural effects on the mar-
gin and resulted in erosion, sedimentary progradation, and incision of major subma-
rine canyons (Mougenot, 1988; Alves et al., 2003; Terrinha et al., 2003, 2009).

The Gulf of Cadiz straddles this oblique-compressive zone between the Eurasian and
African plates, extending from the Gloria transform fault zone to the Gibraltar arc,
which marks the western front of the Betic-Rif collisional orogen. Since the late Mio-
cene, the northwest-southeast compressional regime developed simultaneously with
the extensional collapse of the Betic-Rif orogenic front by westward emplacement of
a giant “olistostrome,” the Cadiz Allochthonous Unit (CAU), and by very high rates
of basin subsidence coupled with strong diapiric activity. At the end of the Messinian,
a transtensional regime caused reopening of the connection between the Atlantic and
the Mediterranean through the Strait of Gibraltar (Maldonado et al., 1999). By the
end of the early Pliocene, subsidence decreased and the margin evolved toward its
present, more stable condition (Maldonado et al., 1999; Maestro et al., 2003; Medial-
dea et al., 2004), although the CAU provides an unstable substratum for late Miocene,
Pliocene, and Quaternary sedimentation (Medialdea et al., 2004; Zitellini et al., 2009).
Some neotectonic reactivation is also evident, as expressed by the occurrence of mud
volcanoes, diapiric ridges (Diaz-del-Rio et al., 2003; Somoza et al., 2003; Gutscher,
2004; Fernandez-Puga et al., 2007; Zitellini et al., 2009), and fault reactivation (Mae-
stro et al., 1998; Gracia et al., 2003a, 2003b; Lobo et al., 2003; Terrinha et al., 2009).
Tectonics represent a key long-term factor in affecting seafloor morphology, which
has exerted strong control on the pathways of MOW and, therefore, the architecture
of the CDS.

12
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Oceanographic setting

The present-day circulation pattern is dominated by exchange of water masses
through the Strait of Gibraltar (Fig. F3). This exchange is driven by highly saline and
warm MOW flowing out of the Mediterranean Sea near the bottom and the turbulent,
less saline, cool-water mass of Atlantic water flowing east and into the Mediterranean
Sea at the surface. MOW forms a strong bottom current flowing toward the west and
northwest above North Atlantic Deep Water (NADW) (Madelain, 1970; Melieres,
1974; Zenk, 1975; Thorpe, 1976; Ambar and Howe, 1979).

After it exits through the Strait of Gibraltar gateway, MOW represents an intermediate
water mass that is warm and very saline and flows to the northwest along the middle
slope (Fig. F3) under Atlantic Inflow and above NADW (Zenk, 1975; Thorpe, 1976;
Gardner and Kidd, 1983; Ochoa and Bray, 1991; Baringer and Price, 1999). MOW also
represents a flux of ~1.78 Sv through the Strait of Gibraltar gateway, composed of
both Levantine Intermediate Water (LIW) and Western Mediterranean Deep Water
(WMDW) (Bryden and Stommel, 1984; Bryden et al., 1994; Millot, 1999, 2009), and
generates important alongslope sedimentary processes along the Atlantic margin
(Serra et al., 2010a, 2010b). In the Gulf of Cadiz, MOW flows between 500 and 1400
meters below sea level (mbsl) at a velocity close to 300 cm/s at the Strait of Gibraltar
(Ambar and Howe, 1979) and ~80-100 cm/s at the latitude of Cape Sao Vicente
(Cherubin et al., 2000). Distribution of MOW is conditioned by the complex mor-
phology of the continental slope, which generates two main cores: between 500 and
700 mbsl (upper core or Mediterranean upper water [MU]) and between 800 and 1400
mbsl (lower core or Mediterranean lower water [ML]). ML is further divided into three
branches (Fig. F3) (Madelain, 1970; Zenk, 1975; Ambar and Howe, 1979; Johnson and
Stevens, 2000; Borenis et al., 2002). In the western sectors, the interaction of these
branches with the seafloor generates large meddies (Richardson et al., 2000).

After exiting the Gulf of Cadiz, MOW has three principal branches (Fig. F4): the main
branch flows to the north, the second to the west, and the third to the south, reaching
the Canary Islands and then veering toward the west (Iorga and Lozier, 1999; Slater,
2003). The northern branch flows along the middle slope of the Portuguese margin
and is further divided into two branches by the influence of Galicia Bank (Fig. F4).
These two branches return to converge and subsequently circulate to the east in the
Gulf of Biscay, following the continental slope contour (Fig. F4). MOW reaches Por-
cupine Bank and partly circulates to the north along Rockall Trough until reaching
the Norwegian Sea (Iorga and Lozier, 1999; Slater, 2003).

13
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Between ~500 and 1500 mbsl, the water column along the West Iberian margin is
dominated by warm, salty MOW, the two cores of which are centered at ~800 and
1200 mbsl (Ambar and Howe, 1979) and flow as undercurrents northward along the
margin and also spread westward. Below MOW at ~1600 mbsl, Labrador Sea Water
(LSW) can be found on the margin north of 40.5°N (Fiuza et al., 1998). Below 2000
mbsl, recirculated Northeast Atlantic Deep Water (NEADW) prevails, representing a
mixture of LSW, Iceland Scotland Overflow Water (ISOW), Denmark Strait Overflow
Water (DSOW), and to a lesser extent MOW and Lower Deep Water (LDW) (van Aken,
2000). Abyssal water in the region consists of a lower fringe of NEADW that obtains
an increasing component of southern-sourced LDW with depth until ~4000 mbsl,
where LDW dominates.

Morphosedimentary and stratigraphic framework

The major part of the Gulf of Cadiz comprises a pronounced outward bulge sloping
to the west with irregular surface relief (Fig. F5). The principal physiographic features
of this broad slope are

¢ A shelf-break located between 100 and 140 mbsl,
¢ A steeper (2°-3°) upper slope between 150 and 400 mbsl,

e Two gently dipping (>1°) wide terraces at 500-750 and 800-1200 mbsl on the
middle slope crossed by channels and ridges that trend northeast, and

¢ A smooth lower slope (0.5°-1°).

For the most part, this slope lacks submarine canyons, except in the western area of
the Algarve margin (Hernandez-Molina et al., 2006; Mulder et al., 2006; Marches et
al., 2007). The West Iberian margin is characterized by a steeper slope (~4.5°) that is
crossed by several major submarine canyons, but there is also a middle slope terrace
(Alves et al., 2003; Terrinha et al., 2003; Llave et al., 2007).

The interaction of MOW with the Gulf of Cadiz margin has resulted in the develop-
ment of one of the most extensive and complex CDSs ever described. Many authors
have highlighted this interaction and have characterized the erosive and depositional
features along the middle slope (e.g., Madelain, 1970; Gonthier et al., 1984; Nelson et
al., 1993, 1999; Llave et al., 2001, 2006, 2007, 2010, submitted; Habgood et al., 2003;
Herndndez-Molina et al., 2003, 2006, submitted; Mulder et al., 2003, 2006; Hanquiez
et al., 2007; Marches et al., 2007). This CDS has both large depositional and erosional
features (Fig. F2), conditioned by a strong current with speeds reaching nearly 300
cm/s close to the Strait of Gibraltar, slowing to ~80 cm/s at Cape Sdo Vicente (Kenyon
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and Belderson, 1973; Ambar and Howe, 1979; Cherubin et al., 2000). The main depo-
sitional features are sedimentary wave fields, sedimentary lobes, mixed drifts, plas-
tered drifts, elongated mounded and separated drifts, and sheeted drifts. The main
erosional features are contourite channels, furrows, marginal valleys, and moats. All
of these features have a specific location along the margin, and their distribution de-
fines five morphosedimentary sectors within the CDS (details can be found in
Hernandez-Molina et al., 2003, 2006, and Llave et al., 2007). The development of
each of these five sectors at any time is related to systematic deceleration of MOW as
it flows westward from the Strait of Gibraltar, caused by interaction of MOW with
margin bathymetry and the effects of Coriolis force. In general, the drifts are com-
posed mainly of muddy, silty, and sandy sediments with a mixed terrigenous (domi-
nant component) and biogenic composition (Gonthier et al., 1984; Stow et al., 1986,
2002). In contrast, sand and gravel are found in the large contourite channels (Nelson
et al.,, 1993, 1999), as are many erosional features (Hernandez-Molina et al., 2006;
Garcia et al., 2009). In the proximal sector close to the Strait of Gibraltar, an excep-
tionally thick (~815 m) sandy-sheeted drift with sand layers averaging 12-15 m thick
(minimum thickness = 1.5 m; maximum thickness = 40 m) is present (Buitrago et al.,
2001).

Four major depositional sequences that must be related to MOW paleoceanographic
changes have been recognized in the large contourite systems of the Pliocene and
Quaternary sedimentary record. The depositional sequences are separated by four ma-
jor regional discontinuities (Fig. F6), which from bottom to top are late Miocene (M),
intra-lower Pliocene (LPR), base Quaternary discontinuity (BQD), and mid-Pleisto-
cene revolution (MPR) (Llave et al., 2001, 2007, 2010, submitted; Hernandez-Molina
et al., 2002, 2009; Stow et al., 2002). Together, these discontinuities constitute an im-
pressive record of changes in water mass circulation and of the tectonic and/or envi-
ronmental changes that have affected evolution of the margin.

Portuguese margin sediments, by contrast, are dominated by hemipelagic muds, with
variable admixtures of terrigenous silt and sand, and biogenic components (Baas et
al., 1997). Pelagic sedimentation prevails during interglacial periods. Input of terrige-
nous material is enhanced during glacial periods because of lowered sea level and in-
put from local sources such as density-driven slope lateral advection and low-
concentration turbidity currents, as well as minor influences from bottom currents
and ice rafting. High sedimentation rates are typical in this region because of elevated
fluxes in both glacial (clay) and interglacial (silt) material; however, distinct climate
control results in enhanced sedimentation during colder periods at both orbital and
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millennial timescales. This pattern is observed in water depths between 2500 and
4600 m (Hall and McCave, 2000; Lebreiro et al., 2009). Detrital input from rivers
(Tagus) channeled by turbidity currents is limited to submarine canyon systems (Le-
breiro et al., 2009) and abyssal plains (Lebreiro et al., 1997) and does not affect open
slope deposition. Ice-rafted detritus occasionally reached the Iberian margin during
the last glacial period, especially during Heinrich events, when sea-surface tempera-
tures were very low (Lebreiro et al., 1996; Baas et al., 1997; Cayre et al., 1999; Thou-
veny et al., 2000; de Abreu et al., 2003).

Neotectonic implications

Tectonism during the Pliocene and Quaternary caused by the broad northwest-south-
east compressional regime determined in the short term the local thickness, geome-
try, and present position of various depositional bodies and in the long term also con-
tributed to paleoceanographic changes. Several features of the CDS in the Gulf of
Cadiz and west of Portugal can be related to this recent tectonic activity, which has
involved the reactivation of faults and diapiric structures related to local movements
(Maldonado et al., 1999; Medialdea et al., 2004, 2009; Ferndndez-Puga et al., 2007;
Neves et al., 2009; Terrinha et al., 2009; Zitellini et al., 2009). The most recent tectonic
activity has directly created the conditions that led to several features (Llave et al.,
2001, 2003; Hernandez-Molina et al., 2003; Garcia et al., 2009), including

¢ The recent configuration of the channels and ridges sector,

¢ The inactivity of several fossil mounded and sheeted drifts identified in Sectors
3 and 4,

¢ The recent genesis of the Diego Cao Channel, and

¢ The recent overexcavation and northward migration of the Cadiz Channel.

On the West Iberian margin, recent tectonic activity is variable from north to south.
The Lisbon margin in the north has undergone significant subsidence through the
Pliocene and Quaternary. The Alentejo margin further south has undergone moderate
subsidence during the early Pliocene but evolved to a region of mixed transpression-
transtension during the late Pliocene and Quaternary, in association with uplift of
Gorringe Bank. Neotectonic activity is recognized in this area at the present time
(Alves et al., 2003; Gracia et al., 2003a, 2003b; Terrinha et al., 2003; Zitellini et al.,
2009).
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Seismic studies/Site survey data

A broad database of Gulf of Cadiz and West Iberian margin information collected over
the past 40 y by many different nations and cruises provides a superb template for
drilling. This database is composed of

e Bathymetric data, including swath bathymetry of the middle slope using Simrad
EM12S8-120 and EM300 multibeam echo-sounder systems;

¢ Side-scan sonar image data from Seamap, OKEAN, geological long range inclined
Asdic (GLORIA), and towed ocean bottom instrument (TOBI) systems;

¢ An extensive seismic data grid, including low-resolution multichannel seismic
profiles from oil companies (mainly REPSOL and TGS-NOPEC); medium-resolu-
tion seismic profiles from Sparker, air gun, Geopulse, and Uniboom systems;
high-resolution seismic profiles using a 3.5 kHz system; and ultrahigh-resolution
seismic profiles using topographic parametric sonar (TOPAS);

e A variety of core data, ranging from box cores and short gravity cores to giant
piston cores;

e More than 3000 submarine photographs taken with a BENTHOS-372 camera;
and

e Physical oceanographic information.

Objectives

Drilling in the Gulf of Cadiz and off the West Iberian margin offers a unique oppor-
tunity to tackle key scientific goals enumerated in the IODP ISP related to

¢ Oceanic gateways and their global influence,

e Paleocirculation and climate,

e Rapid climate change,

¢ Sea level and related controls on sediment architecture, and

¢ Neotectonic activity and controls on continental margin sedimentation.

The extensive CDS that has been developing within the Gulf of Cadiz and extending
around the West Iberian margin over the past 5 m.y. is a direct result of MOW (e.g.,
Madelain, 1970; Gonthier et al., 1984; Faugeres et al., 1985; Nelson et al., 1993, 1999;
Llave et al., 2001, 2006, 2007, 2010, submitted; Stow et al., 2002; Habgood et al.,
2003; Hernandez-Molina et al., 2003, 2006, submitted; Mulder et al., 2003, 2006;
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Hanquiez et al., 2007; Marches et al., 2007). The high accumulation rates and ex-
panded sedimentary records of drift deposits permit high-resolution examination of
past environmental change (Llave et al., 20035; Voelker et al., 2006). The CDS deposits,
therefore, hold the very best signal of MOW flow through the Strait of Gibraltar gate-
way and a clear record of its influence on the oceanography and climate of the North
Atlantic Ocean and on NADW variability (Bigg and Wadley, 2001a, 2001b; Bigg et al.,
2003). However, the region had not previously been drilled for scientific purposes,
even though the Strait of Gibraltar gateway clearly has major implications for global
climate and oceanography. The deeper target off western Portugal (APL-763) lies out-
side the direct influence of MOW but contains an expanded record of primarily hemi-
pelagic sediment with which we can develop a Pleistocene marine archive of climate
change.

We identified five broad scientific objectives for the proposed drilling program.

1. Understand the opening of the Strait of Gibraltar gateway and onset of MOW.

Tectonic adjustments along the suture line between the African and Eurasian plates
could have lead to the opening of the Strait of Gibraltar gateway at the end of the
Miocene at 5.3 Ma (Berggren and Hollister, 1974; Mulder and Parry, 1977; Maldonado
et al., 1999; Blanc, 2002; Garcia-Castellanos et al., 2009). Other authors have stressed
that the cut into the threshold of Gibraltar was due to regressive erosion of a stream
that was flowing toward the desiccated Mediterranean Basin, resulting in the opening
of the strait (Blanc, 2002; Loget and Van Den Driessche, 2006). Reopening of the Strait
of Gibraltar gateway marked the end of complete isolation of the Mediterranean Sea
and the global effects of the Messinian salinity crisis (Ryan et al., 1973; Hsi et al.,
1978; Comas et al., 1999; Duggen et al., 2003). Immediately following this initial
opening, the gateway depth was most likely insufficient to allow very significant out-
flow of deep MOW into the Gulf of Cadiz. Therefore, the onset of deep MOW, the ini-
tiation of contourite drift sedimentation in the gulf, and the broader influence of
warm saltwater influx in the North Atlantic lagged behind gateway opening. How-
ever, the actual timing of this event is uncertain.

Our first objective was to drill through the drift succession and into late Miocene sed-
iments at several different sites and therefore date the basal age of drift sedimentation
in the Gulf of Cadiz. We also aimed to evaluate the nature of change in the patterns
of sedimentation and microfauna/microflora from the end of the Miocene through
the early to middle Pliocene, from proximal regions closest to the Strait of Gibraltar
gateway to distal regions on the West Iberian margin. This evaluation will allow us to
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determine any downstream variation in the onset of contourite deposition and of
MOW bottom water signature.

2. Determine MOW paleocirculation and global climate significance.

The present-day flux of MOW through the Strait of Gibraltar gateway is nearly 2 Sv
(i.e., 2 x 10° m3/s), carrying warmer waters and more than 300,000 tons of excess salt
into the North Atlantic every second. The consequent increase in density of NADW
may stabilize, or in cases of decreased MOW flux, destabilize thermohaline circula-
tion and therefore trigger climate change (Johnson, 1997; Rahmstorf, 1998; Bigg and
Wadley, 2001a; Bigg et al., 2003). The importance of MOW in North Atlantic Ocean
circulation and climate is now widely recognized. MOW millennial to long-term vari-
ability and its effects on thermohaline circulation is an active and prolific line of re-
search at present. It has been inferred that the rate of deepwater formation reached
its highest level in the Mediterranean during glacial stages, when contribution of
NADW was at a minimum and Antarctic Bottom Water (AABW) at a maximum, but
there are still many questions to resolve in this regard (e.g., Duplessy et al., 1988;
Abrantes, 1988; Caralp, 1988, 1992; Sarnthein et al., 1994; Schonfeld, 1997, 2002;
Cayre et al., 1999; Flower et al., 2000; Sierro et al., 2000, 2005; Shackleton et al., 2000;
Schonfeld and Zahn, 2000; Cacho et al., 2000, 2001; Moreno et al., 2002; de Abreu et
al., 2003; Schonfeld et al., 2003; Slater, 2003; Lowemark et al., 2004; Raymo et al.,
2004; Voelker et al., 2006; Llave et al., 2006; Lebreiro et al., 2009; Lebreiro, 2010;
Voelker and Lebreiro, 2010; among others).

Our second objective was to date the principal unconformities and minor discontinu-
ities identified on seismic records, thereby calibrating the seismic stratigraphic frame-
work. We can therefore assess their link to paleocirculation variation and events and
evaluate their global correlation and significance. Detailed reconstruction of pale-
oceanographic conditions over centennial, millennial, and longer timescales at high
resolution will disclose their evolution through time and help elucidate the back-
ground driving forces.

3. Establish a marine reference section of Pleistocene climate (rapid climate change).

Few marine sediment cores have played such a pivotal role in paleoclimate research
as those from the Portuguese margin Shackleton sites, so-called to honor Nick Shack-
leton’s seminal work in highlighting the global importance of these sections (Shack-
leton et al., 2000). These cores preserve a high-fidelity record of millennial-scale
climate variability for the last glacial cycle that can be correlated precisely to polar ice
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cores in both hemispheres (Fig. F7). Moreover, the narrow continental shelf off Por-
tugal results in rapid delivery of terrestrial material (e.g., pollen) to the deep-sea envi-
ronment, thereby permitting correlation of marine and ice-core records to European
terrestrial sequences. IODP drilling at Site U1385 (proposed Site Shack-04 and loca-
tion of piston Core MDO01-2444) on the Iberian margin during Expedition 339 pro-
vided a rare opportunity to recover a marine reference section of Pleistocene climate
variability that can be correlated confidently to polar ice cores and terrestrial archives.

Our third objective (and the principal objective of Site U1385 [APL-763]) was to re-
cover a Pleistocene sediment archive offshore Portugal that will greatly improve the
precision with which marine sediment records of climate change are correlated to and
compared with ice-core and terrestrial records. By yielding multiproxy records that
can be placed on an integrated stratigraphy, drilling of proposed Site Shack-04 re-
sulted in major advances in our ability to reconstruct millennial-scale climate vari-
ability during the Pleistocene and understand its underlying causes.

4. Identify external controls on sediment architecture of the Gulf of Cddiz CDS and West Iberian
margin.

The effects of sea level change on Pliocene-Quaternary sedimentary architecture in
the Gulf of Cadiz and along the West Iberian margin have been considerably ampli-
fied by the direct influence of the Strait of Gibraltar gateway cross-sectional area (see
above). Detailed analysis of the sedimentary architecture of CDS drift deposits is es-
sential to distinguishing between climate and sea level change and to the further de-
velopment of the global sequence stratigraphic model. In particular, the global role of
bottom currents and evolution of alongslope depositional systems has not been ade-
quately considered as a major component of the generalized sequence stratigraphic
framework for continental margins. Furthermore, the cyclicity of MOW flux and re-
sultant deposits has a relationship to eustatic influences on the Gibraltar sill that
needs to be defined as a control on circulation of the entire North Atlantic.

Our fourth objective was to establish the nature of sedimentation and the timing of
associated hiatuses by first-order drilling, dating, facies analysis, and correlation be-
tween all drill sites. This will further allow us to determine the stacking pattern and
evolution of the Pliocene—Quaternary drift deposits and evaluate contourite cyclicity
at seismic to sediment scales. Combining facies analysis and sedimentation rates with
detailed compositional studies allows a more complete understanding of sediment
supply and remobilization within the bottom-current system and quantification of a
sedimentary budget and flux for the CDS in the gulf.
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5. Ascertain synsedimentary neotectonic control on architecture and evolution of the CDS.

Charting the chronology of neotectonic activity that has had significant effect on de-
velopment and architecture of the CDS is essential to a more complete understanding
of the margin system in this region. Margin evolution anywhere is controlled by com-
plex interaction of many different forcing variables, most importantly sea level and
climate, sediment supply, and tectonics. The Gulf of Cadiz provides an excellent ex-
ample of how recent tectonic activity has markedly affected submarine topography
(Medialdea et al., 2004; Hernandez-Molina et al., 2006; Fernandez-Puga et al., 2007;
Llave et al., 2007; Garcia et al., 2009; Terrinha et al., 2009; Zitellini et al., 2009) and,
consequently, controlled changes in the distribution of branches of MOW and their
influence in the North Atlantic (Llave et al., 2007). The initiation and early history of
MOW with regard to timing and tectonic control of the Strait of Gibraltar gateway is
the focus of Objective 1 (above).

Our fifth objective was to chart the chronology of neotectonic activity that has had
significant effect on development and architecture of the CDS and to identify the
principal morphological changes that have resulted from this tectonic activity. We
will thus be able to evaluate the direct influence of recent diapiric activity on the evo-
lution of the CDS, particularly with regard to the erosion of channels and moats
through the softer cores of diapir strings. There is also an excellent opportunity to de-
termine the rate of diapiric movement and its change through time.

Site summaries

Site U1385

Background and obijectives

Site U1385 is located at 2585 mbsl on the southwestern Iberian margin (37°34.285'N;
10°7.562'W) near the position of Core MD01-2444 (Fig. F8), which contains a detailed
record of millennial-scale variability for the last 190 ka (Fig. F9). The overall objective
of this site is to recover a late Pleistocene sediment record needed to extend this re-
markable record to 1.4 Ma. The acquired record will greatly improve the precision
with which marine sediment records of climate change can be correlated to and com-
pared with polar ice cores and European terrestrial records.

Site U1385 was occupied on 25 November 2011. Five holes were cored at this site us-
ing the APC and nonmagnetic core barrels (Fig. F10). Four holes were cored to ~150
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mbsf and one (Hole U1385C) to just 9.5 mbsf (1 core). A total of 67 cores were col-
lected to obtain 622 m of sediment (103% recovery). The APCT-3 was deployed 12
times.

Main results

The sediments at Site U1385 are defined as a single lithologic unit (Unit I). Unit I is a
very uniform lithology composed of a Holocene-Pleistocene sequence dominated by
bioturbated calcareous muds and calcareous clays that vary in the relative proportion
of biogenic carbonate material (23%-39%), as shown by color variation from lighter
(i.e., more calcareous) to darker (i.e., more terrigenous) sediment (Fig. F11). Relatively
more terrigenous-dominated sediments are present in the upper quarter of Unit I, but
their occurrence does not warrant the definition of any additional lithologic units or
subunits. No primary sedimentary structures were observed; however, bioturbation is
the most obvious secondary sedimentary structure and ranges from sparse to moder-
ate. Other features, such as small-scale subvertical microfaults and contoured beds,
are present at several depth intervals. These features are local and of minor impor-
tance and do not seriously disrupt the continuity of the stratigraphic section. The en-
tire section cored at this site is therefore considered to be typical hemipelagic deposits
with average sedimentation rates of ~10 cm/Kk.y.

The five holes cored at Site U1385 provided ample sediment for constructing a com-
plete spliced stratigraphic section containing no notable gaps or disturbed intervals.
A primary splice was constructed using all holes and provides an optimal composite
section for all physical and magnetic properties measured using pass-through multi-
sensor tracks (Figs. F10, F11). Two nearly complete secondary splices were also con-
structed, one using intervals from Holes U1385A and U1385B and the other using
intervals from Holes U1385D and U1385E. These alternate splices will maximize the
core material available for sampling while adhering to IODP sampling policy.

Biostratigraphy at Site U1385 is based on the shipboard study of calcareous nannofos-
sils and planktonic and benthic foraminifers in core catcher samples from Holes
U1385A-U1385D and the five lowermost core catcher samples of Hole U1385E. Nan-
nofossils and planktonic foraminifers were very abundant and relatively well pre-
served in all samples. Benthic foraminifers were also relatively abundant and diverse;
however, ostracods were rare and pteropods were not observed in any samples down-
hole with the exception of the mudline sample. Pollen and spores were generally
abundant and moderately well preserved, providing an excellent opportunity for ma-
rine-terrestrial correlations. The chronological framework for Site U1385 was mainly
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based on calcareous nannofossil and planktonic foraminifer events as well as one ben-
thic foraminifer datum, suggesting a continuous Pleistocene record with a nearly uni-
form sedimentation rate of ~10 cm/k.y. The age of the base of the section is estimated
to be ~1.4 Ma.

Natural remanent magnetization (NRM) intensity ranges from ~10- to ~10-3 A/m.
Within the uppermost 50 m the intensity is on the order of 10-2 A/m, but below ~60
mbsf the intensity decreases to ~10-3 to ~10-3. The correlation between remanent in-
tensity and magnetic susceptibility suggests that the magnetic minerals that carry the
NRM are the same grains that dominate the magnetic susceptibility. Magnetic suscep-
tibility generally varies between 10 x 10-> and 50 x 10> SI (Fig. F10). The Brunhes-
Matuyama polarity transition (0.781 Ma) as well as the termination and beginning of
the Jaramillo Subchron (Clr.1n; 0.988 and 1.072 Ma, respectively) are identified at
Site U138S. In addition, a brief normal polarity interval is tentatively interpreted to
represent the Cobb Mountain Subchron (Cl1r.2n; 1.173-1.185 Ma). Postcruise paleo-
magnetic analysis of samples from Site U1385 will provide a reliable record of varia-
tions in relative paleointensity of Earth’s geomagnetic field.

The most remarkable aspect of all physical property records at Site U138S is a gradual
reduction of magnetic susceptibility values beginning at ~30 mbsf (Fig. F10). Despite
the reduction in intensity, magnetic susceptibility displays distinct high-amplitude
variability until 50 mbsf, being comparatively low and less variable downhole. This
main change between 30 and 60 mbsf seems to correspond to a general change in li-
thology and/or diagenetic overprint (e.g., mirrored in low natural gamma ray [NGR]
counts and high L* values) (Figs. F10, F11). A likely cause for the overall decrease of
magnetic susceptibility is the reduction of fine-grained magnetite to iron sulfides
within the sulfate reduction zone. High-frequency variations show a close correlation
to gamma ray attenuation (GRA) densities, likely reflecting varying relative amounts
of clay and carbonate. There is also a notable positive correlation between NGR and
magnetic susceptibility below 40 mbsf that is not apparent above this depth, hinting
at a change in the factors influencing the sedimentary composition during this inter-
val.

Organic carbon is generally low (<1 wt%) and the C/N ratio indicates that the organic
carbon is mainly of marine origin. Diagenesis of organic matter has led to depletion
of dissolved sulfate in interstitial waters. In this process, sulfate is consumed and al-
kalinity, ammonium, and phosphate are produced as by-products. The increase in al-
kalinity promotes authigenic precipitation of carbonate minerals (e.g., calcite and
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dolomite), consistent with decreases in magnesium and calcium concentrations in
the sulfate reduction zone. Hydrogen sulfide ions produced by sulfate reduction and
anaerobic methane oxidation can react with iron to form iron sulfide minerals, which
are paramagnetic and have lower susceptibility than magnetite. This process may ex-
plain the decrease in magnetic susceptibility observed below ~40 mbsf. Oxygen and
hydrogen isotope values of interstitial water show considerable variability in the up-
permost 30 m, which is unexpected from a profile that should be dominated by dif-
fusion.

The measured geothermal gradient at Site U1385 is ~39.2°C/km, and the estimated
heat flow is 47.5 mW/m?, which is in the lower half of the normal range for heat flow
on the Portuguese margin.

Highlights

Exactly as predicted, drilling at Site U1385 recovered a continuous 1.4 Ma record (lith-
ologic Unit I) of hemipelagic deposits with an average sedimentation rate of ~10 cm/
k.y. The multiple spliced records recovered in five holes provide essential material
needed for postcruise studies of millennial-scale climate variability through the Mid-
Pleistocene Transition (MPT). Variations in physical properties and color display cy-
clic changes that reflect cyclic changes in the proportion of biogenic carbonate and
detrital material delivered to the site. These variations will prove useful to orbitally
tune the record at Site U1385, serve as a marine reference section of Pleistocene cli-
mate variability, and significantly improve the precision with which marine climate
records can be correlated to polar ice cores and terrestrial sequences.

Site U1386

Background and obijectives

Site U1386 is located on the southern Iberian margin (36°49.685'N; 7°45.321"W) ~25
km south-southeast of the Portuguese city of Faro, in a water depth of 561 mbsl (Fig.
F1). It is the most distal of our sites from the Strait of Gibraltar gateway, within the
depositional sector of the Cadiz CDS. The site targets the eastern end of an elongated
mounded and separated drift (the Faro Drift) that has a total length of 100 km, a
width up to 20 km, and a maximum thickness of ~700 m.

The Faro Drift represents a classic example of middle-slope contourite deposits, which
shows a well-layered internal acoustic structure with laterally extensive, aggrada-
tional to progradational seismic depositional units and widespread discontinuities
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(Fig. F12). Faro Drift has been developing along the middle slope over the past 4-5
m.y. under the direct influence of MOW. It therefore holds a clear signal of MOW
through the Strait of Gibraltar gateway, which reopened following tectonic adjust-
ments at the end of the Messinian salinity crisis.

Our primary objective was to recover a key Pleistocene and Holocene sedimentary
succession formed under the influence of MU, and hence a clear record of MOW in-
fluence on the North Atlantic Ocean. The high rates of accumulation and expanded
sedimentary record of this drift site should permit high-resolution examination of
past environmental change (climatic and eustatic). This site is complementary to Site
U1387, located ~4.1 km southeast, which will target a Pliocene and lower Pleistocene
sedimentary record also influenced by MU.

Site U1386 was occupied on 30 November. Three holes were drilled and cored using
the APC, XCB, and RCB, achieving the target depth of 526 mbsf in Hole U1386C.
Downhole logging was carried out in Hole U1386C using the triple combo, FMS-
sonic, and VSI tool strings. Overall recovery at Site U1386 was 351 m (102%) with the
APC, 417.6 m (89%) with the XCB, and 82 m (58.5%) with the RCB. The total cored
interval at Site U1386 was 954.4 m, and total recovery was 850.6 m (89%).

Main results

The sedimentary succession at Site U1386 extends from the latest Miocene to Holo-
cene (Fig. F13). It is divided into two lithologic units (Units I and II), distinguished
on the basis of inferred depositional process. Unit I is a Pleistocene-Holocene se-
quence dominated by classic contourite deposition, including nannofossil mud, cal-
careous silty mud, and silty bioclastic sand lithologies. These three lithologies are
generally organized as bi-gradational sequences, the most complete of which coarsen
upward from nannofossil mud to calcareous silty mud to silty bioclastic sand, and
then fine upward through calcareous silty mud into nannofossil mud. Unit I is di-
vided into three subunits (IA, IB, and IC) based on the relative importance of the silty
muds and silty sands. Thin turbidite intercalations occur very rarely in the uppermost
part of Subunit IA and more commonly in the lowermost 30 m of Subunit IC.

Unit II is a late Miocene-Pleistocene sequence characterized by the deposits of down-
slope processes interbedded with contouritic and hemipelagic nannofossil muds. The
downslope facies include medium- and thick-bedded disorganized turbidites and
thick- to very thick-bedded chaotic debrites. Quartz-lithic-rich turbidites are more
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common in the uppermost part, whereas debrites and bioclastic (shelly) turbidites are
typical of the lowermost part.

Calcareous microfossils (nannofossils, planktonic and benthic foraminifers, and os-
tracods) are mostly common to abundant with moderate to good preservation
through lithologic Unit I but occur more sporadically and with poorer preservation
through Unit II. The sedimentary record is continuous for the most part in the Holo-
cene and Pleistocene to ~1.9 Ma, with an average sedimentation rate of 35 cm/k.y. be-
tween 0 and 384 mbsf (contourite dominated) decreasing to 15 cm/Kk.y. between 384
and 453 mbsf (turbidite dominated). Preliminary shipboard dating suggests the pres-
ence of a major hiatus before 1.9 Ma, which cuts out much of the early Pleistocene
and late Pliocene, and a somewhat discontinuous record through the debrite-domi-
nated section. The lowermost 15 m of the record is most likely of Messinian age (<5.8
Ma).

The observed variability in both benthic foraminifer and ostracod distribution seems
to reveal significant changes in depositional processes and bottom water environ-
mental conditions over the last ~5 m.y. In general, there is marked mixing with shelf-
derived taxa in the lower part of the succession as a result of direct input from down-
slope processes and progressive upward increase in cold-water taxa. Periodic increases
in bottom-current energy and ventilation are indicated by both lithologic changes
and benthic faunas. Pollen and spores are abundant in all the samples analyzed, along
with microcharcoal and dinocysts. Together, these indicate significant changes in ter-
restrial climate and vegetation comparable with the marine record.

Paleomagnetic measurements identified the Brunhes-Matuyama polarity transition
(0.781 Ma) as well as the termination and beginning (0.988 and 1.072 Ma, respec-
tively) of the Jaramillo Subchron (C1r.1n). These give reliable confirmation of bio-
stratigraphic dating for Site U1386 and confirm the relatively high rates of
sedimentation through the contourite succession.

Based on the physical property data, distinct changes have been identified that are
commonly related to boundaries between defined lithologic units. In addition, cyclic
variation in NGR and magnetic susceptibility values and persistent covariation of
both parameters with sediment color appear to track decimeter-scale cyclicity noted
in lithologic character. Especially high magnetic susceptibilities correspond to the tur-
bidite-dominated section between 420 and 445 mbsf. Below 445 mbsf, low values in
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NGR and magnetic susceptibility conform with a shift in the lithology to debrites and
turbidites below a major hiatus.

The pore water profile at Site U1386 is dominated by organic matter diagenesis with
a shallow sulfate reduction zone in the uppermost 12.5 m and methanogenesis below.
High alkalinity associated with sulfate reduction and anaerobic methane oxidation
has resulted in authigenic calcite and dolomite formation. Iron sulfide minerals
formed as a consequence of sulfate reduction. A maximum in §'80 and 8D coincident
with a minimum of chloride in interstitial water suggests the influence of gas hydrates
that dissociated upon core recovery.

Downhole measurements were made in Hole U1386C to a total depth of 526 mbsf.
Despite a certain degree of borehole rugosity, the combination of logs used closely re-
flects both lithologic changes and cementation recorded in the recovered cores. This
allowed us to infer lithologies from some of the gaps in core recovery. Preliminary in-
spection also revealed a marked cyclicity from 102 to 346 mbsf through the contou-
rite section, which seems to relate to Milankovitch precession cycles of ~20 k.y. These
data will be carefully scrutinized together with cycles observed in both the lithologic
and physical property records.

The measured geothermal gradient at Site U1386 is ~34.3°C/km, and the estimated
heat flow is 42.1 mW/m?.

Highlights

Coring at Site U1386 on the Faro Drift recovered a thick Pleistocene-Holocene succes-
sion of mud/silt contourites, as anticipated. These successions showed a continuous
record of drift sedimentation over the past 1.9 m.y. at an average sedimentation rate
of 35 cm/k.y. for the past 1 m.y. What was not expected was to reach into the latest
Miocene at ~515 mbst.

We confirmed the classic contourite model of meter-scale bi-gradational cyclicity
with apparent millennial-scale forcing. There was also evidence of a strong lateral sup-
ply of terrigenous material to the bottom currents. We also recognized decimeter-
scale cycles characterized by relative abundance and thickness of silty contourites.
These are provisionally related to seismic cycles with Milankovitch-scale forcing.

At the base of the main constructional drift, interbedded turbidites and contourites
are underlain by a 40 m thick unit of early Pleistocene turbidite sandstones, which
probably represent deposition during sea level lowstand. These directly overlie a ma-
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jor hiatus of 0.3-2.2 m.y. duration, which we provisionally relate to aggressive erosion
by bottom currents sometime after the onset of MOW. The early Pliocene succession
comprises bioclastic debrites and turbidites, most likely the result of widespread tec-
tonic activity and slope instability. These events at the very beginning of the Pliocene
might be related to the final stages in the opening of the Strait of Gibraltar gateway.

Site U1387

Site U1387 is located on the southern Iberian margin (36°48.321'N; 7°43.1321'W)
about 29 km south-southeast of the Portuguese city of Faro in a water depth of 559.1
mbsl (Fig. F1). This site is a close companion to Site U1386 at the eastern end of the
Faro Drift and part of the larger Cadiz CDS. Although lying only 4 km southeast of
Site U1386, interpretation of the seismic records indicates a slightly reduced Pleisto-
cene section and an expanded Pliocene succession.

The Faro Drift represents a classic example of middle-slope contourite deposits, show-
ing a well-layered internal acoustic structure with laterally extensive aggradational to
progradational seismic depositional units and widespread discontinuities (Fig. F6).
Faro Drift has been developing along the middle slope over the past 4-5 m.y., under
the direct influence of MOW. It therefore holds a clear signal of MOW through the
Strait of Gibraltar gateway, which reopened following tectonic adjustments at the end
of the Messinian salinity crisis.

Our primary objective at this site was to recover a full Pliocene, Pleistocene, and Ho-
locene sedimentary succession formed under the influence of MU and also to pene-
trate the Miocene/Pliocene boundary. As at its companion site, the high rates of
accumulation and expanded sedimentary record of this site should permit high-reso-
lution examination of past environmental change (climatic and eustatic).

Site U1387 was occupied on 8 December. Three holes were drilled and cored using the
APC, XCB, and RCB, achieving the target depth of 870 mbsf in Hole U1387C. Down-
hole logging was carried out in Hole U1387C using the triple combo, FMS-sonic, and
VSI tool strings. Overall recovery at Site U1387 was 97 m (103%) with the APC, 578.4
m (97%) with the XCB, and 409.5 m (70.6%) with the RCB. The total cored interval
at Site U1387 was 1270.7 m, and total recovery was 1084.95 m (85%).
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Main results

The sedimentary succession at Site U1387 extends for 870 m from the latest Miocene
to Holocene (Fig. F14) and is divided into four lithologic units (I-1V) distinguished on
the basis of lithologic character and inferred depositional process. Unit I is a Pleisto-
cene-Holocene sequence dominated by classic contourite deposition, including nan-
nofossil mud, calcareous silty mud, and silty bioclastic sand lithologies generally
organized as bi-gradational sequences. Thin turbidite intercalations occur more com-
monly than at Site U1386 and are especially noted in the lowermost 100-150 m of
the unit.

Below a more significant unconformity, Unit Il is capped by two well-cemented dolo-
mite horizons. For the most part the unit represents Pliocene sedimentation charac-
terized by a clear cyclic arrangement of lighter colored facies having turbidite and/or
contourite affinity and darker colored facies of pelagite affinity (Fig. F14). There is
close interaction between processes and more or less continuous bioturbation
throughout. In Unit III the evidence of downslope resedimentation is still more evi-
dent, including poorly sorted turbidite sandstones, a chaotic debrites, and slump
units as thick as 5 m. Shallow-water bioclastic debris is common together with resed-
imented lignitic material in places. Below ~680 mbsf, a 50 m thick section includes
hard calcite-cemented sandstone turbidites and poor core recovery. This unit is
mainly early Pliocene in age, but may start in the latest Miocene.

Unit IV is a relatively thinner basal unit of late Miocene age with a very different char-
acter (Fig. F14) dominated by middle-slope hemipelagic sediments to nannofossil
muds and muddy oozes.

Calcareous microfossils (nannofossils, planktonic and benthic foraminifers, and os-
tracods) are mostly common to abundant with moderate to good preservation
through lithologic Units I and IV and relatively poorer preservation through Units II
and III, where considerable reworking is also apparent. The sedimentary record is con-
tinuous for the most part in the Holocene and Pleistocene to about 1.8 Ma, with an
average sedimentation rate of 25 cm/k.y. Below the Pliocene-Pleistocene hiatus (1.8-
3.2 Ma) at 450 mbsf (Fig. F14), the mean sedimentation rate is ~15 cm/Kk.y., although
a significant proportion of this section comprises instantaneous event beds. The low-
ermost unit is most likely of Messinian age (<5.8 Ma).

The observed variability in both benthic foraminifer and ostracod distribution reveals
significant environmental changes over the last ~5 m.y., closely comparable with

29



Expedition 339 Preliminary Report

those observed at Site U1386. In general, the Pleistocene succession shows typical up-
per bathyal assemblages indicative of increased organic matter input and reduced
ventilation. There is marked mixing with shelf-derived taxa in the Pliocene part of the
succession as a result of direct input from downslope processes and progressive up-
ward increase in cold-water taxa, as noted also by planktonic assemblages. Periodic
increases in bottom-current energy and ventilation are indicated by both lithologic
changes and benthic faunas. Pollen and spores are abundant in most of the samples
analyzed, along with microcharcoal and dinocysts. Together, these indicate normal
(fresh) supply from Mediterranean forests and grasslands for the Pleistocene, a transi-
tional zone mixed with corroded, reworked forms, and then a Pliocene succession
with a notable absence of freshly derived pollen.

Paleomagnetic measurements identified the Brunhes—-Matuyama polarity transition
(0.781 Ma) but no clear Jaramillo Subchron. Measurements also identified a reliable
Matuyama-Olduvai transition (1.778 Ma) toward the base of Unit I. These measure-
ments give reliable confirmation of the biostratigraphic dating for Site U1387 and
confirm the relatively high rates of sedimentation through the contourite succession.
Cyclic variation in the intensity of NRM and magnetic susceptibility requires further
study.

Physical property data show generally high values of NGR, magnetic susceptibility,
and bulk density within the uppermost SO m of lithologic Unit I, with lower values
downhole. Cyclic variation in values and the presence or absence of covariation be-
tween different parameters (and with sediment color) show a complex track of deci-
meter-scale cyclicity noted in lithologic character. In some cases, high magnetic
susceptibility values correspond to individual turbidites within the Pleistocene sec-
tion but not those in the Pliocene.

The pore water profile at Site U1387 shows a similar shallow sulfate reduction zone
to that found at Site U1386, followed by transition to methanogenesis. This is as-
sumed to be related to high rates of organic matter accumulation. High alkalinity as-
sociated with sulfate reduction and anaerobic methane oxidation has resulted in
authigenic calcite and dolomite formation. Iron sulfide minerals also formed as a con-
sequence of sulfate reduction.

Downhole measurements were made in Hole U1387C to a bridged-hole depth of 649
mbsf with the first tool string. There was further bridging at shallower depths for sub-
sequent tool strings. Moderately severe borehole rugosity severely hampered ship-
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board interpretation, although the combination of logs used generally reflects both
lithologic changes and cementation recorded in the recovered cores. Apparent cyclic-
ity in some parts of the section will require further study following an attempt to cor-
rect for variation in borehole diameter. The sonic log and vertical seismic profile will
be useful in refining our interpretation of key reflectors on seismic profiles at this site.
Only one downhole temperature measurement was achieved at the site because of the
shallow change to XCB drilling at ~47 mbsf.

Highlights

Although only 4 km apart, Sites U1386 and U1387 on the Faro Drift showed some in-
teresting and significant differences, as well as similarities. There was the same thick
Pleistocene-Holocene succession of mud/silt contourites at Site U1387, indicating a
continuous record of mounded drift construction over the past 1.8 m.y., at an average
sedimentation rate of 25 cm/Kk.y. Meter-scale bi-gradational contourite cyclicity was
common, with evidence of a strong lateral supply of terrigenous material to the bot-
tom currents, especially before ~1.8 Ma. Decimeter-scale cycles characterized by rela-
tive abundance and thickness of silty contourites are most evident on physical
property and downhole logs. These correlate well between sites and with Milanko-
vitch-scale forcing. The same extended Pliocene-Pleistocene hiatus (~1.4 m.y.) is rec-
ognized as being related to a phase of highly active MOW but within drift rather than
at the floor of a channel, which was the case at Site U1386.

Interbedded contourites and turbidites characterize the later Pliocene phase of
sheeted drift construction with clear evidence of process interaction. The early Plio-
cene is dominated by resedimented facies, including debrites, slump deposits, and
channel-fill turbidite sandstones. This is further evidence of widespread tectonic ac-
tivity and slope instability at a time close to the opening of the Strait of Gibraltar gate-
way.

Site U1388

Site U1388 is located on the southern Iberian margin (36°16.142'N; 6°47.647'W)
about 50 km southwest of the Spanish city of Cadiz, in a water depth of 663 mbsl (Fig.
F1). This lies within the extensive Cadiz sand sheet, which is in the proximal part of
the larger Cadiz CDS. This site is the site closest to the Strait of Gibraltar gateway
drilled during Expedition 339.
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The Cadiz sand sheet represents an important example of very poorly studied sandy
contourite deposits on a middle-slope terrace. The seismic profiles show a well-lay-
ered internal acoustic structure with laterally extensive, aggradational to seismic de-
positional units, some thin intervals of lateral progradation, and inferred section
discontinuities (Fig. F15). This sand sheet has accumulated on a middle-slope terrace
over the past 4-5 m.y. under the direct influence of MOW.

Our primary objective at this site was to recover a full Pliocene, Pleistocene, and Ho-
locene sedimentary succession formed under the influence of MOW close to its exit
from the Strait of Gibraltar gateway and to penetrate the Miocene/Pliocene boundary.
Site U1388 was intended as our deepest penetration site (1550 mbsf).

Site U1388 was occupied on 18 December. Three holes were drilled and cored using
the APC, XCB, and RCB, but a depth of only 226 mbsf was achieved in the third hole
(U1388C). The site was terminated prematurely as a result of hole instability; down-
hole logging was considered unwise. Overall recovery for Site U1388 was 3.6 m
(107%) with the APC, 107 m (47%) with the XCB, and 10.4 m (43%) with the RCB.
The total cored interval for Site U1388 was 253 m and total recovery was 121 m
(47.8%), which was significantly lower than at the other expedition sites.

Main results

The sedimentary succession at Site U1388 extends 226 m from the mid-Pleistocene to
Holocene (Fig. F16) and comprises a single lithologic unit notable for its distinctly
sandy nature and consequent low core recovery. The principal lithologies include
sand, silty sand, and silty mud, all calcareous in nature with 10%-25% carbonate con-
tent, which is part bioclastic and part detrital in origin. On the assumption that much
of the missing material is unconsolidated sand, the upper 100 m is sandier than the
underlying 50 m. The remainder of the unit comprises alternating 20-30 m thick
units of sand-rich and mud-rich material. A range of bi-gradational normally graded
and reverse-graded sequences occur, which are interpreted as mainly contouritic in
nature, although further work is required to improve our understanding of the depo-
sitional process.

Calcareous microfossils (nannofossils, planktonic and benthic foraminifers, ostra-
cods, and rare pteropods) are much less abundant than at other sites but generally
show good to very good preservation. The section is inferred to reach an age of <0.56—
0.7 Ma, with a sedimentation rate of 60 cm/k.y. Temperate to subtropical conditions
are indicated by the planktonic foraminifer assemblages. Benthic foraminifers show
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typical upper bathyal assemblages, some mixing with shelf-derived taxa, and varia-
tion in ventilation and/or MOW intensity.

Paleomagnetic measurements from all three holes indicate that only the Brunhes nor-
mal polarity chron (C1n) is recorded in these sediments, which confirms the biostrati-
graphic dating. Neither the intensity of NMR nor magnetic susceptibility values are
especially high. Physical property data show a correspondence between higher mag-
netic susceptibility and sandier layers within the more mud-prone sections; other-
wise, the data are relatively poor.

The pore water profile at Site U1388 shows a relatively deep sulfate reduction zone in
which sulfate reduces to zero levels at ~50 mbsf followed by transition to methano-
genesis. This corresponds to a level of increased authigenic dolomite recorded in the
cores. An anomalous increase in both Na and Cl is apparent downhole, indicating
mixing with deeper saline waters. Total organic carbon values of 0.2-0.8 wt% are rel-
atively lower than at other sites

Highlights

Although drilling was difficult, recovery was generally poor, and the site was termi-
nated early because of hole instability, the sediments recovered form a very important
part of the MOW story. High rates of sedimentation and a generally sand-rich section
testify to intensified MOW flow coupled with abundant sediment supply. These
sandy contourites represent the best record we have to date of this facies type, which
appears to be significantly different from the downflow counterparts at other drilled
sites. Also, the presence of thick mud-rich intervals records variable MOW intensity
over the past ~0.6 m.y. during construction of a sand-prone sheeted contourite drift.

Site U1389

Site U1389 is located on the southern Iberian margin (36°25.515°N; 7°16.683'W) ~90
km west of the Spanish city of Cadiz, in a water depth of 644 mbsl (Fig. F1). This site
is one of two sites in the “channels and ridges” sector of the larger Cadiz CDS and is
perched on a relative topographic high, which is currently elevated 50-250 m above
the flanking contourite channels and lies ~4 km northwest of the Guadalquivir dia-
piric ridge.

We designate this as the Huelva sheeted/patch drift, which is in fact a small remnant
of a much larger middle-slope sheeted drift system that has been dissected by several
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contourite channels. Huelva Channel lies along the northern flank and Guadalquivir
Channel along the southern flank of Huelva Drift. Seismic profiles show a well-lay-
ered internal acoustic structure with laterally extensive, mainly aggradational seismic
depositional units and widespread discontinuities (Fig. F17). There is a complex ero-
sional-depositional relationship between drift and flanking channel. Huelva Drift has
been developing in this region over the past 4 m.y., at least, and is presently under
the influence of the ML.

Our primary objective at this site was to recover a Pliocene, Pleistocene, and Holocene
sedimentary succession formed under the influence of ML and to compare this record
with that found at Sites U1386 and U1387, which formed under MU.

Site U1389 was occupied on 21 December. Five holes were drilled and cored using the
APC, XCB, and RCB, achieving the target depth of 990 mbsf in the fifth hole
(U1389E). Downhole logging was carried out in Holes U1389A and U1389E using the
triple combo, FMS-sonic, and VSI tool strings. Overall recovery for Site U1389 was 307
m (104%) with the APC, 464 m (90.5%) with the XCB, and 352 m (54%) with the
RCB. The total cored interval for Site U1389 was 1463.4 m, and total recovery was
1123.5 m (77%).

Main results

The sedimentary succession at Site U1389 extends for 990 m from the early Pliocene
to Holocene (Fig. F18) and is represented by a thick, rapidly accumulated, and very
uniform series of contouritic sediment, which has been divided into a single litho-
stratigraphic unit and five subunits (IA-IE). Unit I is dominated by classic contourite
deposition, including calcareous mud, silty mud, sandy mud, and silty bioclastic sand
lithologies. These are generally organized as bi-gradational sequences and partial se-
quences, of which base-cutout, normally graded sequences are more common than
top-cutout, inversely graded sequences. Carbonate content ranges from 21-35 wt%,
and total organic carbon ranges from 0.3-1.8 wt%. The division of Unit I into five
subunits is based on subtle changes in the relative abundance of the different lithol-
ogies and silt/sand intervals.

Calcareous microfossils (nannofossils, planktonic and benthic foraminifers, and os-
tracods) are mostly common to abundant with moderate to good preservation
throughout. Pteropod fragments are more common at this site than at any of the
other sites, mainly within the uppermost 30 m. The sedimentary record is continuous
through the Holocene and Pleistocene to ~2.1 Ma, with a sedimentation rate between
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30 and 40 cm/k.y. A relatively short hiatus (2.1-2.4 Ma) occurs at ~640 mbsf, below
which the average sedimentation rate is 25 cm/k.y. There is some evidence from lith-
ologic, physical property, and downhole logging data for two other minor hiatuses at
~0.4 and 0.9 Ma. The deepest part of the section is younger than 3.7 Ma.

Distinctive variability in benthic foraminifer assemblages reveals significant environ-
mental changes through the Pliocene-Holocene succession closely comparable with
that observed at other sites. The upper 0.9 m.y. of the Quaternary shows typical upper
bathyal assemblages indicative of increased organic matter input and reduced venti-
lation. The remainder of the Pleistocene shows lower nutrient supply, greater influ-
ence of MOW, and significant mixing with shelf-derived taxa. Pliocene assemblages
suggest high-nutrient, low-oxygen conditions and generally warmer waters. Pollen
and spores are abundant in most of the samples analyzed, along with microcharcoal
and dinocysts. Together, these indicate normal (fresh) supply from Mediterranean
forests and grasslands for the late Pleistocene, a transitional zone mixed with cor-
roded, reworked forms and no pines, and then a Pliocene succession with mostly cor-
roded conifers.

Paleomagnetic measurements identified the Brunhes-Matuyama polarity transition
(0.781 Ma), the top and bottom of the Olduvai Subchron (1.778 and 1.945 Ma, respec-
tively), the Matuyama-Gauss transition (2.581 Ma), the Gauss-Gilbert transition, and
potentially three minor excursions. These give reliable confirmation of the biostrati-
graphic dating for Site U1389, although some of the inferred polarity boundaries need
further confirmation.

Physical property data show relatively close tracking of magnetic susceptibility and
bulk density with more sand-/silt-rich intervals within the Pleistocene succession but
a much more complex pattern within the Pliocene. The downhole distribution of po-
rosities shows higher values in an interval of high interstitial water chlorinity, arguing
in favor of lateral advection of brine-related fluids through more permeable strata.

The pore water profiles at Site U1389 show distinct maxima in several elements at
~530 mbsf, with relatively sharp transitions above and below. This suggests either a
barrier to vertical diffusion or enhanced lateral fluid flux. The increase in concentra-
tions is likely due to dissolution of minerals, most likely carbonates. A strong negative
correlation also exists between §'80 and 8D, which is characteristic of clay mineral de-
hydration reactions that take place at temperatures >50°C. This requires that the fresh
signal is a result of fluid migration from a deeper, higher temperature source.
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Downhole measurements were made in Hole U1389A to 355 mbsf and in Hole
U1389E to a bridged-hole depth of 568 mbsf. A good suite of FMS image logs was ob-
tained in Hole U1389A. There is a distinct change in log characteristics at ~320 mbsf,
which correlates closely with a lithostratigraphic boundary and a zone of poor core
recovery. This zone appears to be more sand rich on the basis of borehole logs, al-
though no sands were recovered by coring. Distinct cyclicity is apparent in some parts
of the section, corresponding to both lithologic and physical property data. This will
require further study. Nine downhole temperature measurements were made in the
uppermost 100 m of section, indicating a geothermal gradient of 20.9°C/km, rela-
tively lower than at other sites of this expedition.

Highlights

We recovered core to a total depth of 990 mbsf at Site U1389, the deepest penetration
of the expedition. The site lies under the influence of ML and is perched on a topo-
graphic high between contourite channels. For much of its Pleistocene history, it has
only received sediment from either bottom current or hemipelagic processes. Espe-
cially notable is the extreme uniformity of the succession and its rapid accumulation
at rates of 25-40 cm/k.y. The sediments are distinctively contouritic in character
throughout, with mixed terrigenous-biogenic composition and characteristic bi-gra-
dational or partial contourite sequences. Significantly, the long-duration hiatus ob-
served at both Sites U1386 and U1387 on the Faro Drift under MU, and related to a
phase of highly active MOW, are reduced at Site U1389 to 2.1-2.4 Ma. Two other mi-
nor hiatuses are inferred at around 0.4 and 0.9 Ma, and are also indicative of en-
hanced MOW at these times.

Site U1390

Site U1390 is located on the southern Iberian margin (36°19.110°N; 7°43.078'W) ~130
km west of the Spanish city of Cadiz in a water depth of 992 mbsl (Fig. F1). This site
is the second of two sites drilled in the channels and ridges sector of the larger Cadiz
CDS and is near the western end of a sheeted drift adjacent to the Guadalquivir con-
tourite channel at 300 m above the channel floor and ~20 km northwest of the of the
Guadalquivir diapiric ridge.

This sheeted drift is known as the Guadalquivir drift, which is part of a much larger
middle-slope sheeted drift system that has been dissected by several contourite chan-
nels. Site U1389 lies on the Huelva drift, which is another dissected portion of this
same system also under the influence of ML (see “Site U1389” in “Site summaries”).
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On seismic profiles the Huelva drift displays a well-layered internal acoustic structure
with laterally extensive, mainly aggradational seismic depositional units (Fig. F19)
and lies unconformably above two earlier buried drifts that have been differentially
tilted up toward the north adjacent to the tectonically elevated Guadalquivir bank.

Our primary objective at this site was to recover the Pliocene—Quaternary sedimen-
tary succession close to and affected by tectonic uplift of the Guadalquivir bank. By
penetrating the unconformities between the surface and buried drifts we have been
able to evaluate the timing of this tectonic activity and its effects on drift sedimenta-
tion. The secondary objective at this site was to further assess drift sedimentation un-
der the influence of the ML.

Site U1390 was occupied on 2 January 2012. Three holes were drilled and cored using
the APC and XCB systems, achieving the target depth of 350 mbsf in the first hole
(U1390A). The second and third holes were piston cored to refusal. Downhole logging
was carried out in Hole U1390A using the triple combo and FMS-Sonic tool strings.
Overall recovery for Site U1390 was 438 m (98%) with APC and 248 m (91%) with
XCB. The total cored interval for Site U1390 was 719.5 m and total recovery was 686.3
m (95%).

Main results

Whereas our predrilling interpretation had assumed a relatively low rate of sedimen-
tation above base-Quaternary and mid-Pliocene unconformities, instead we found
very high rates of sedimentation under the influence of an active ML. The unconfor-
mities noted on seismic records, therefore, are much younger than expected. The
basal unconformity of Guadalquivir Drift is 0.9-1.2 Ma, and the bottom of the hole
reached to about 1.3 Ma.

The sedimentary succession at Site U1390 extends for 350 m from the mid-Pleisto-
cene to Holocene (Fig. F20). It is represented by a very rapidly accumulated and uni-
form series of contouritic sediment, which has been divided into a single lithologic
unit and two subunits (IA and IB). Unit I is dominated by classic contourite deposi-
tion, including calcareous mud, silty mud, sandy mud, and silty bioclastic sand lithol-
ogies. These are generally organized as bi-gradational sequences and partial
sequences, of which base-cutout, normally graded sequences are more common than
top-cutout, inversely graded sequences in Subunit IA. Whereas top-cutout, inversely
graded sequences are more common in Subunit IB. Carbonate content ranges from
21-35 wt%, and total organic carbon ranges from 0.4-1.1 wt%. The division of Unit
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I into two subunits is based on a marked change at 290 mbsf in the relative abundance
and thickness of the silt/sand intervals. These are more prominent in Subunit IB,
where the sandy facies makes up ~50% of the total.

Calcareous microfossils (nannofossils, planktonic and benthic foraminifers, and os-
tracods) are mostly common to abundant with moderate to good preservation
throughout. Pteropod fragments are present sporadically. There are two relatively
short hiatuses in the sedimentary record at 0.3-0.6 Ma and 0.9-1.2 Ma, separating in-
tervals with rapid rates of sedimentation, averaging 75 cm/k.y. above the upper hiatus
and 85 cm/k.y. below. Holocene sedimentation rates are also very high, around 80
cm/k.y. Although age constraints are not yet refined, it appears that the rate below
the lower hiatus exceeds 100 cm/Kk.y. This is the highest rate we know of for any con-
tourite drift site.

Distinctive variability in benthic foraminifer assemblages is apparent and reveals sig-
nificant long-term trends as well as short-term cycles of environmental change. Com-
parable with other sites, the upper 0.9 m.y. of the Quaternary shows typical upper
bathyal assemblages indicative of increased organic matter input and reduced venti-
lation. The remainder of the Pleistocene shows lower nutrient supply and greater ven-
tilation. The direct role and influence of MOW at this site requires further study. The
shipboard palynological study was carried out at a very coarse resolution but, as for
other sites drilled, shows dominance of the four main plant ecological groups that
characterize this region, Pinus, Mediterranean forest, semidesert, and grasslands.

Magnetostratigraphy proved difficult to resolve closely, in part because of coring dis-
turbance and in part because of the presence of hiatuses at or near critical polarity
transitions. The upper 230 m of section is within the Brunhes Chron, but the deeper
section requires more detailed shore-based study to resolve. Strong peaks in magnetic
susceptibility in these cores appear to correlate with large amounts of diagenetic iron
sulfides (presumably including greigite and pyrrhotite).

As was observed at the other sites drilled during Expedition 339, physical property
data show relatively close tracking of magnetic susceptibility and bulk density in
much but not all of the section. These may correlate or anticorrelate with NGR values
and color reflectance (L* and a* values). Both larger scale trends and smaller scale cy-
cles are evident, with some correlation at the small scale with lithology.

The pore water profiles at Site U1390 show significantly higher concentrations of
many elements, including Na, Cl, Ca, Mg, Sr, and NH4, than at any of the other sites
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drilled to this point, including Site U1389, where the values reached a distinct maxi-
mum at ~530 mbsf. However, the high chloride and sodium concentrations are asso-
ciated with low 8D values, which indicates that high salinity may not be the result of
in situ salt dissolution. Instead, we suggest that salts were dissolved at depth by pore
waters that had been altered by clay mineral dehydration reactions, which can also
affect water sodium concentration.

Downhole measurements were made in Hole U1390A to 350 mbsf with good quality
data obtained as a result of good hole conditions, especially in the upper 270 m. There
is a distinct change in log characteristics at ~290 mbsf, which correlates closely with
the lithologic boundary between subunits and the change downhole to a more sand-
rich lithology. Distinct cyclicity is apparent in some parts of the section, correspond-
ing with both lithologic and physical property data. This will require further study to
unravel. Nine downhole temperature measurements were made in the uppermost 110
m of section, indicating a geothermal gradient of 32.0°C/km.

Highlights

At Site U1390, we penetrated a short but very interesting section to a total depth of
350 mbsf. The site lies under the influence of ML close to the Guadalquivir contourite
channel and shows very high rates of sedimentation in both the sand-rich and mud-
rich sections. With maximum rates of 85 cm/k.y., and perhaps in excess of 100 cm/
k.y., these are the highest known rates for contourite drifts anywhere. As a result,
some of the contourite muds retain a distinctive lamination, albeit discontinuous in
character, whereas the thicker sands are especially clean and well sorted. Two impor-
tant hiatuses at ~0.4 and ~0.9 Ma reflect episodes of enhanced bottom-current flow,
in part related to tectonic adjustment of the local topography. Significantly, these hi-
atuses are correlative across the Cadiz CDS on the basis of seismic stratigraphy and are
recognized as more minor events at the other sites.

Site U1391

Site U1391 is located on the southwest Iberian margin (37°21.532°N; 9°24.656’'W) ~50
km northwest of Cape Sao Vicente in a water depth of 1085 mbsl (Fig. F1). This site
is the most distal of the drilled sites under the influence of MOW and lies on the
broad, gently inclined middle-slope region of the southwest Portuguese margin, on
which the seismic data indicate an extensive plastered drift that stretches alongslope
for ~90 km between the Sdo Vicente and Setubal downslope-oriented submarine can-
yons.
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We consider this plastered drift as part of the larger Cadiz CDS. On seismic profiles it
shows a well-layered internal acoustic structure with laterally extensive, mainly ag-
gradational seismic depositional units and gentle thickening of the Quaternary suc-
cession toward the axial region of the drift (Fig. F21). Deeper within the section is one
or more unconformities apparent in the seismic profiles and potentially related to re-
cent tectonic activity. There is no separate designation of MU and ML along the Por-
tuguese margin, although in terms of water depth, Site U1391 would be closer to ML.

Our primary objective at this site was to recover a Pliocene, Pleistocene, and Holocene
sedimentary succession formed under the influence of MOW and to compare this re-
cord with that found at sites within the Gulf of Cadiz that are closer to the Strait of
Gibraltar gateway. Very little is known about contourite deposition along this margin,
so all data will be new and significant in this regard. The record at this site will also
provide a direct comparison with hemipelagic sedimentation at Site U1385, which is
removed from contourite input and under the influence of NADW.

Site U1391 was occupied on 8 January. Three holes were drilled and cored using the
APC, XCB, and RCB systems, achieving a total depth of 672 mbsf in the third hole
(U1391C). Downhole logging was carried out in Hole U1391C using the triple combo
and FMS-sonic tool strings. Overall recovery for Site U1391 was 359 m (105%) with
the APC, 331 m (91%) with the XCB, and 269 m (81%) with the RCB. The total cored
interval for Site U1391 was 1038.1 m and total recovery was 958.6 m (92%).

Main results

The sedimentary succession at Site U1391 extends for 672 m from the mid-Pliocene
to Holocene (Fig. F22) and is represented by a thick, very uniform series of mud-rich
contouritic sediment, with rapid rates of sedimentation through the later Quaternary.
The succession has been divided into two lithologic units (I and II), both of which are
dominated by calcareous mud-rich contourite deposition with more minor litholo-
gies including silty mud, sandy mud, nannofossil mud, and biosiliceous mud. Bioclas-
tic silty sand is rare. These lithologies are generally organized as bi-gradational
sequences and partial sequences with bioturbated and gradational upper and lower
contacts. Carbonate content ranges from 17.5 to 48 wt%, and total organic carbon
ranges from 0.5 to 1.8 wt%.

Unit I is divided into Subunit IA, which has a greater number of silty (and sandy) in-
tervals as well as distinct alternation of greenish and reddish units. Subunit IB is even
more mud rich with mainly greenish gray to dark greenish gray color cyclicity. The
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Unit I/II boundary occurs at a possible minor hiatus, below which there is a slightly
more mixed system, including the base of a debrite, some minor faulting (slump
unit?), more biosiliceous material, and a 50 cm thick well-cemented dolomitic mud-
stone below a probable second minor unconformity. The mud-rich sediments in Unit
IT have an intermediate contourite-hemipelagite aspect.

Calcareous microfossils (nannofossils, planktonic and benthic foraminifers, and os-
tracods) are mostly common to abundant with moderate to good preservation
throughout. The sedimentary record appears to be relatively continuous through the
Quaternary period, with an average sedimentation rate of 27 cm/k.y. for the later
Pleistocene and 17 cm/Kk.y. for the early Pleistocene. However, there may be minor hi-
atuses present at ~0.7-0.9 and 2.41-2.5 Ma. The average sedimentation rate for the
Pliocene section recovered is 13 cm/k.y., although there is also evidence for a minor
hiatus at 3.0-3.19 Ma or, alternatively, for much reduced rates of sedimentation at
this time.

As found at the other CDS sites, distinctive variability in benthic foraminifer assem-
blages reveals significant environmental changes through the Pliocene-Holocene
succession. In general, the later Quaternary shows typical upper bathyal assemblages
that are indicative of increased organic matter input and reduced ventilation. This
signature is also evident during some earlier intervals. The remainder of the Quater-
nary and Pliocene succession shows lower nutrient supply and improved or variable
ventilation. Certain signature taxa show somewhat lesser influence of MOW on the
Portuguese margin than in the Gulf of Cadiz. Although nannofossils show common
reworking in parts of the succession, it is less evident in general than at the Cadiz
sites, and there is no evident reworking of planktonic foraminifers. Pollen and spores
are abundant in most of the samples analyzed, together with microcharcoal and di-
nocysts. They show a similar assemblage and pattern to that found at the other drilled
sites.

Paleomagnetic measurements indicate that the Brunhes—Matuyama polarity transi-
tion (0.781 Ma) occurs below 175 mbst but is not clear, perhaps because of the in-
ferred hiatus across this boundary. Specific identification of the top and bottom of the
Olduvai Subchron (1.778 and 1.945 Ma, respectively) and the Matuyama-Gauss tran-
sition (2.581 Ma) was made. These give reliable confirmation of the biostratigraphic
dating for Site U1391, although some of the inferred polarity boundaries need further
confirmation.
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As observed at the other drilled sites, physical property data show relatively close
tracking of magnetic susceptibility and bulk density in much but not all of the sec-
tion. These may correlate or anticorrelate with NGR values and color reflectance (L*
and a* values). Both larger scale trends and smaller scale cycles are evident, with some
correlation at the small scale with lithology. In lithologic Unit II, much lower NGR
variability and very low magnetic susceptibility values are apparent.

The pore water profile at Site U1391 shows some significant distinction from that of
Site U1385, commensurate with the deposition under MOW rather than NADW.
Rates of sedimentation and hence of organic matter accumulation are greater at Site
U1391, which makes for a shallower zone of sulfate reduction.

Downhole measurements were made in Hole U1391C to 668 mbsf, almost the bottom
of the hole. The borehole was very rugose with many narrow washouts that affected
log quality. Minor changes in log characteristics occur at ~562 mbsf, which correlates
closely with a lithologic boundary. The deeper interval has generally lower NGR val-
ues and includes two zones with poor core recovery that may be more sand rich on
the basis of borehole logs, although no sands were recovered by coring. Distinct cy-
clicity is apparent in some parts of the section, corresponding to both lithologic and
physical property data. Ten downhole temperature measurements were made in the
uppermost 146 m of the hole, indicating a geothermal gradient of 14.2°C/km, the
lowest of this expedition.

The three holes cored provide a complete composite stratigraphic section to the base
of the APC interval at 171 mbsf and a virtually complete section all the way to 354
mbsf. The section below this was cored only in Hole U1391C to a total depth of 671.5
mbsf, with some short gaps between cores and larger gaps in the few instances where
core recovery was low. This will be very beneficial for all subsequent paleoceano-
graphic studies.

Highlights

We recovered core to a total depth of 672 mbsf at Site U1391 on the southwest Portu-
guese margin. The site lies under the influence of ML and penetrates through a rela-
tively complete Quaternary and late Pliocene section of a plastered contourite drift.
This is the most distal of our MOW sites and is distinctly more mud rich throughout
than those in the Gulf of Cadiz. Nevertheless, sedimentation rates (27 cm/k.y.) for the
later Quaternary are as high as those of the Faro Drift, and the contouritic signature
of uniformity and bi-gradational sequences is ever present. Important similarities
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with other sites include an uphole increase in sedimentation rate, the number of silt/
sand intervals, and organic matter supply, as well as reduced ventilation uphole.
These all support enhanced MOW influence through the Quaternary. Hiatuses, pos-
sible hiatuses, or much reduced sedimentation rates are noted at ~0.7-0.9, 2.4-2.5,
and 3.0-3.2 Ma, all of which are recognized at one or more of the Cadiz sites. These
are interpreted as episodes of enhanced MOW and bottom-current activity.

Expedition synthesis

Expedition 339 drilled five sites in the Gulf of Cadiz and two sites off the west Iberian
margin from November 2011 to January 2012 (Fig. F23). In total, we recovered nearly
5.5 km of core, with an average recovery of 86.4%, from a region never before drilled
for scientific purposes. The Gulf of Cadiz represents a key location for the investiga-
tion of MOW through the Strait of Gibraltar gateway and its influence on global cir-
culation and climate and is a prime area for understanding the effects of tectonic
activity on evolution of the Strait of Gibraltar gateway and on margin sedimentation.
The Gulf of Cadiz has also become known as the world’s premier contourite labora-
tory in which to thoroughly investigate and challenge existing models of contourite
sedimentation.

Extensive previous work, both onshore and offshore and including seismic surveys
for oil company exploration, has allowed us to develop a good regional understand-
ing. Most importantly, we have been able to establish a firm seismic stratigraphic
framework into which we could fit the ages of key seismic reflectors as determined by
the drilling results from this expedition.

The principal results of Expedition 339 can be summarized as follows.

Mediterranean Outflow Water onset and evolution

We penetrated the Miocene at two different sites and established the strong signal of
MOW in the sedimentary record of the Gulf of Cadiz following opening of the Strait
of Gibraltar gateway at 5.3 Ma. Our present documentation shows clear contourites
in the record from ~4.2 to 4.5 Ma. However, MOW was not well developed at this
stage and the signal is relatively weak. Additional seismic evidence for sheeted drift
development exists in the early Pliocene. The contourite signal is also mixed with
considerable downslope resedimentation and hiatuses in the record. Further work
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will establish how far back in time we can extend the onset of contourite sedimenta-
tion.

The Pliocene succession was penetrated at four sites, all of which show relatively low
bottom-current activity linked with a generally weak MOW, with some evidence for
a slow increase in activity through the later Pliocene. Significant unconformities are
apparent at ~3.0-3.2 and 2.1-2.4 Ma to a variable extent at different sites. We inter-
pret these as indicative of enhanced bottom currents related to intensified MOW, the
principal phase occurring from ~2.4 Ma.

In general, the Quaternary succession shows a much more pronounced phase of con-
tourite deposition and drift development throughout the region. Although there is
some variation between sites, we recognize two periods of current intensification,
noted by increased sandy and silty contourites in the sedimentary record. The first is
from ~2.0 to 0.9 Ma and culminates in a regional hiatus of variable duration (~0.7-
0.9 m.y.). The second is from 0.9 Ma to the present; this also includes a more locally
developed hiatus at ~0.4 Ma.

In part, there is an important climate control on this long-period cyclicity in the de-
velopment of MOW and bottom-current activity. Another part is tectonic (see below).

Tectonic pulse at a plate boundary

Regionally, there appears to be very strong tectonic control on margin development,
downslope sediment transport, and contourite drift evolution. From the occurrence,
nature, and disposition of the sedimentary record, as well as from the known timing
of closure and opening of the Atlantic-Mediterranean gateways, we recognize a clear
signal of this tectonic activity.

We have established a clear signal of tectonic pulsing over the past 6 m.y. in this re-
gion that has controlled

1. Closure of Atlantic-Mediterranean connections in Spain and Morocco,

2. Initial opening of the Strait of Gibraltar gateway and probable subsequent deep-
ening,

3. Continental margin instability and episodes of active downslope resedimenta-
tion,
4. Basin subsidence in the Gulf of Cadiz,

5. Local uplift and diapiric intrusion within the basin, and
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6. Constriction of MOW and development of narrow core bottom currents instead
of a broad tabular.

According to the timing of these different events, we propose an ~1 m.y. duration of
tectonic pulsing with an overprint of larger 2.5 m.y. cycles. We further relate this tec-
tonic pulsing to regional asthenosphere activity that is especially apparent at the
plate boundary between the African and European tectonic plates.

Testing the contourite paradigm

Of the 5.5 km of core recovered, at least 4.5 km is from the Cadiz CDS in the world’s
premier contourite laboratory. This was the ultimate testing ground for the contourite
paradigm. In general, we have found the models for contourite deposition to be in
very good order, contrary to recent doubts expressed in the literature. Sedimentation
rates ranged from moderate (~20 cm/k.y.) to extremely high (>100 cm/k.y.).

The contourites recovered are remarkably uniform in composition and textural attri-
butes. They have a noted absence of primary sedimentary structures and an intense
continuous bioturbation throughout. They are particularly characterized by bi-grada-
tional sequences from inverse to normal grading with a range of partial sequence
types, as predicted by the models.

However, very interesting modifications are required, for example, to the detail of the
sand-silt contributions and the role of sediment supply. These are very significant for
future use of contourite systems in paleoceanographic studies and in hydrocarbon ex-
ploration. We have documented very interesting interactions between contourite and
turbidite processes that are completely new and different from the current models.

Paradigm shift for oil exploration

We have verified an enormous quantity and extensive distribution of contourite
sands (and bottom-current-modified turbidite sands), and have begun to establish
their detailed characteristics. Drilling at the proximal site (U1388) managed to pene-
trate only the uppermost 220 m of what we had interpreted as a very thick sandy con-
tourite drift. Hole instability and collapse of these unconsolidated sands prevented
further penetration. At other proximal sites (U1389 and U1390), we also encountered
thick contourite sands (as thick as 10 m) within the muddy contourite drifts.
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These are completely different deepwater sands than the turbidite sands that are cur-
rently dominant as deepwater oil and gas plays and are formed in different deposi-
tional settings, have different depositional architectures, and are clean and well
sorted. These characteristics would provide good quality potential reservoirs when
buried deeply.

In addition, the associated contourite muds are very thick, rapidly deposited, and
moderately rich in organic carbon (up to 2 wt%). These could provide potential
source rocks in the subsurface, as well as suitable seals in stratigraphic traps.

These new findings could herald a paradigm shift in exploration targets in deepwater
settings.

Cracking the climate code

At the Shackleton site (U1385), we succeeded in recovering multiple sets of a pristine
Quaternary record over the past 1.4 m.y. These sets will form the basis of a detailed
shore-based scientific collaboration to establish a marine reference section of Quater-
nary climate change for comparison with ice-core and terrestrial records. There are
many years of research ahead to decode the full climatic signal from these cores.

However, we have also shown that exactly the same climate signal is evident in all the
contourite drift sites at which the sedimentation rate is 3-10 times as high. This will
allow even more detailed sampling, a possibly better marine archive, and a hugely im-
portant comparison with the Shackleton site for documenting the nature and varia-
tion of MOW. The comparison between the influence and effects of MOW compared
with NADW (above the Shackleton site) will also be of great interest. We can be con-
fident of identifying hiatuses where these occur in the contourite records and there-
fore can avoid this problem in their interpretation. At the most distal site on the
Portuguese margin, for example, hiatuses were minimal, although sedimentation
rates for the last 1.5 m.y. were about three times as high as those of the Shackleton
site.

Preliminary work has shown a remarkable record of orbital-scale variation in bulk sed-
iment properties at several of the drift sites, a good correlation between sites, and, sig-
nificantly, a very close correlation with the same records at the Shackleton site. The
climate control on contourite sedimentation is clearly significant at this scale. Further
work will determine the nature of controls at the millennial scale.
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Preliminary scientific assessment

There can be no doubt that the expedition results have more than met our scientific
objectives at the outset. The results are both expected in that they confirm many of
our pre-expedition hypotheses and also unexpected in the wealth of new ideas and
data that have arisen. We set out with five broad objectives. They have been addressed
and met as follows.

1. Understand the opening of the Strait of Gibraltar gateway and onset of MOW,

We drilled to the Miocene at two sites, assessed the basal age of drift sedimentation
caused by MOW, and evaluated the nature and effects of climate change in the pat-
terns of drift sedimentation. We recognize clear evolution from proximal to distal
sites.

2. Determine MOW paleocirculation and global climate significance.

We penetrated most key Miocene to recent reflectors at one or several sites and there-
fore have been able to date these reflectors and confirm or refine our seismic strati-
graphic framework accordingly. We have been able to understand and evaluate their
link to paleocirculation variation and events with respect to MOW, as well as to the
sedimentary and tectonic evolution of the whole region. We recognized orbital- and
millennial-scale signals in the sedimentary record, which will be evaluated through
subsequent work.

3. Establish a marine reference section of Quaternary climate change.

We recovered a very complete record of sedimentation at the Shackleton site (U1385)
dating back to ~1.4 Ma. Four holes were drilled and cored to 150 meters below sea-
floor (mbsf), allowing construction of two complete spliced records. Detailed sam-
pling and subsequent study of this material will certainly increase the precision with
which marine sediment records of climate change are correlated and compared with
ice-core and other terrestrial records. It will also support and refine the proposals for
turther drilling on this margin.

4. Identify external controls on sediment architecture of the Gulf of Cddiz and Iberian margin.

We have established the nature of sedimentation and timing of associated hiatuses by
drilling and correlation between sites. This correlation has enabled us to further refine
our understanding of the stacking pattern and evolution of the Quaternary drift de-
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posits and to evaluate the nature of contourite cyclicity at different scales. Further de-
tailed work on the contourite sediments will allow us to better understand the nature
of bottom current processes and contourite deposition and gain better insight into
the sedimentary budget for contourite drifts. We have already established the key
sources of sediment and their controls.

5. Ascertain synsedimentary tectonic control on architecture and evolution of the CDS.

We have been able to accurately chart the chronology of neotectonic activity in the
Gulf of Cadiz and to clearly see evidence of the varied effects of this activity, both on
the alongslope (contourite) depositional system and on the downslope component.
The timing and local effects of diapiric activity have been established; further work
will allow closer refinement and understanding of these effects and of rates of move-
ment.

Operations
Port call

Expedition 339 began with the first line ashore at 0830 h, 16 November 2011, to Berth
12 in Ponta Delgada harbor on the island of Sad Miguel, Azores. The IODP technical
crew change occurred as scheduled on 17 November, although a group of IODP per-
sonnel arrived on 18 November because of weather-related travel problems. The sci-
entific complement joined the vessel on 18 November. Education and public relation
activities were carried out on Friday and Saturday, 18-19 November, and included
tours of the R/V JOIDES Resolution for 175 students and 15 teachers from 4 local high
schools (Escola Secundaria Antero de Quental-Ponta Delgada, Escola Secundaria das
Laranjeiras-Ponta Delgada, Escola Secundaria de Lagoa-Lagoa, and Escola Secundaria
da Ribeira Grande-Ribeira Grande), 12 students and professors from the Universidade
dos Acores, 25 students and researchers from the Centro de Vulcanologia e Avaliacao
de Riscos Geologicos, 20 local visitors, 9 local government representatives, the Portu-
guese European Consortium for Ocean Research Drilling delegate, and 6 local journal-
ists (press).

In addition to routine resupply of consumables and offloading of returning freight,
the ship was loaded with ~600 MT of marine gasoil 60 ST of sepiolite, and 20 ST of
barite drilling mud. Just prior to concluding the port call in Ponta Delgada, the home
port of registry for the JOIDES Resolution was changed from Monrovia, Liberia, to Li-
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massol, Cyprus. The port call concluded when the last line was released at 0800 h, 22
November.

Site U1385

We arrived at Site U1385 (proposed Site SHACK-04A) at 0400 h Universal Time Coor-
dinated (UTC), 25 November 2011, after a 68 h, 741 nmi journey from Ponta Delgada.
Five holes were cored at this site using the advanced piston corer (APC) system and
nonmagnetic core barrels (Table T1). Four holes were cored to ~150 mbsf and one to
just 9.5 mbsf (1 core). A total of 67 cores were required to obtain 621.8 m of sediment
(103.2% recovery). The advanced piston corer temperature tool (APCT-3) was de-
ployed 12 times.

Hole U1385A

The initial pipe trip was extended by routine measuring and “rabbiting” that occurs
on the first deployment of the drill string. Following a 3 h survey of the seabed using
the underwater camera system, during which no obstructions were observed, Hole
U1385A was spudded with the APC at 2300 h, 25 November. Recovery of the first core
established the seafloor depth at 2598 meters below rig floor (mbrf) (2587 mbsl). Pis-
ton coring with nonmagnetic core barrels advanced to a total depth of 151.1 mbsf (17
cores), which was the depth objective of the site. Total recovery in Hole U1385A was
155.9m (103%). Cores 339-U1385A-4H through 17H were oriented with the Flexit
tool. The APCT-3 was deployed to take temperature measurements at 30 (Core 4H),
58.5 (Core 7H), 87 (Core 10H), and 115.5 (Core 13H) mbsf. The APC experienced par-
tial strokes on Cores 14H and 17H. The last core advanced only 7.7 m when the for-
mation became firm and abruptly stopped the APC. The drill crew experienced
difficultly extracting the sinker bars from the drill string prior to pulling out of the
hole, requiring 4.5 h of IODP rig time to remove a deformed section of coring line
before operations could resume. This involved the removal of 100 m of coring line,
reheading the line, and redressing the oil saver.

Hole U1385B

Following a vessel offset of 20 m east of Hole U1385A, operations in Hole U1385B be-
gan at 0030 h, 27 November. The water depth calculated from the recovery of the first
core was 2598 mbrf (2587 mbsl). Piston coring using nonmagnetic core barrels con-
tinued to a total depth of 147.9 mbsf (16 cores). Total recovery in Hole U1385B was
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150.7 m (103%). APCT-3 measurements were made at 34.6 (Core 4H), 63.1 (Core 7H),
91.6 (Core 10H), and 120.1 (Core 13H) mbsf.

Hole U1385C

Hole U1385C was spudded at 1830 h, 27 November. Because the core barrel was re-
trieved full of sediment (9.87 m), a mudline depth could not be determined and an-
other hole was required to obtain a good mudline core. Total recovery in Hole
U1385C was 9.9 m (104%).

Hole U1385D

Following a vessel offset of 20 m south, Hole U1385D was spudded at 2045 h. The first
core established a seafloor depth at 2595 mbsf (2584 mbsl). Piston coring advanced
without incident to a final depth of 146.4 mbsf (16 cores) with an average recovery
of 105.2%. Cores were oriented starting with Core 4H. The APCT-3 was deployed at
35.4 (Core 4H), 60.9 (Core 7H), 89.4 (Core 10H), and 117.9 (Core 13H) mbsf. Cores
15H and 16H were partial strokes and advanced by recovery. All cores were obtained
with nonmagnetic core barrels. The bit cleared the seafloor at 1255 h, 28 November.

Hole U1385E

After a vessel offset of 20 m west of Hole U1385D, piston coring in the last hole at Site
U1385 began at 1520 h, 28 November, using nonmagnetic core barrels. Seventeen
cores were taken to the total depth of 148.7 mbsf by 0730 h, 29 November. We recov-
ered 151.3 m of sediment (102%). Cores were oriented starting with Core SH. The last
three cores (Cores 15H through 17H) were partial strokes and advanced by recovery.
Two cores were intentionally repositioned (Core 8H and 10H) to maintain an offset
relative to the previous holes on this site. All cores were obtained with nonmagnetic
core barrels. This hole concluded operations at this site.

The drill string was recovered and the bit cleared the seafloor at 0850 h. Once the
drilling equipment was secured and the beacon recovered, the vessel departed for the
next site at 1515 h, 29 November. Total time on site was 4.5 days.

Site U1386

After a 150 nmi transit from Site U1385, the JOIDES Resolution, arrived at Site U1386
(proposed Site GC-01A; 560.4 mbsl) at 0415 h, 30 November 2011. We deployed the
camera system and conducted a ~2 h survey of the seabed on a 30 m grid pattern to
ensure that the seafloor was free of man-made obstructions. No obstructions were ob-
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served on the seafloor, but many shallow linear furrows were seen that were assumed
to be the result of fishing trawls.

Three holes were drilled at Site U1386 (Table T1). Hole U1386A was cored using the
APC system to 183.1 mbsf and then cored with the extended core barrel (XCB) system
to 349.3 mbsf. Similarly, Hole U1386B was cored with the APC to 162.3 mbsf and then
with the XCB to 464.9 mbst. Hole U1386C was drilled to 405 mbsf and then cored
using the rotary core barrel (RCB) system to the target depth of 526 mbst. Two cores
were taken in the initial drilled interval (Core 339-U1386C-2R, 165-174.6 mbsf, 40%
recovery; Core 4R, 205-214.6 mbsf, 93% recovery) to try to fill in short gaps in APC
cores recovered from Holes U1386A and U1386B. Downhole logging was carried out
in Hole U1386C using the triple combination (triple combo), Formation MicroScan-
ner (FMS)-sonic, and Versatile Sonic Imager (VSI) tool strings (see “Downhole log-
ging at Site U1386"”). Overall recovery at Site U1386 was 351 m (101.62%) with the
APC, 417.63 m (89.1%) with the XCB, and 82 m (58.5%) with the RCB. The total
cored interval for Site U1386 was 954.4 m, and total recovery was 850.64 m (89.1%).

Hole U1386A

Once the camera system was recovered at 1255 h, 30 November, we began piston cor-
ing in Hole U1386A. APC coring continued to refusal at 183.1 mbsf (Cores 1H
through 21H). Recovery for this interval was 101%. Temperature measurements were
obtained at 32.3 (Core 4H), 60.8 (Core 7H), 89.3 (Core 10H), 117.8 (Core 13H), 114.0
(Core 16H), and 167.2 (Core 19H) mbsf. Cores were oriented starting with Core 4H.
The corer was advanced by recovery on Cores 16H to 19H and 21H. Nonmagnetic
hardware was used on all cores. At 183.1 mbsf, the coring system was switched to the
XCB and coring continued to a total depth of 349.3 mbst (Cores 22X through 39X)
by 0415 h, 2 December. The 166.2 m interval was cored with a recovery of 97%. The
total recovery in Hole U1386A was 346.2 m, which represented 99% of the cored in-
terval. The bit cleared the seafloor at 0620 h, 2 December, and the vessel offset 20 m
east of Hole U1386A.

Hole U1386B

Piston coring in Hole U1386B began at 0825 h, 2 December, and advanced to an APC
refusal depth of 162.3 mbsf (Cores 1H through 18H). Recovery for the APC interval
was 100%. The calculated water depth from the recovery of the first core was 562
mbsl. Temperature measurements using the APCT-3 were taken at 16.8 (Core 2H),
45.3 (Core 5H), 73.8 (Core 8H), 102.8 (Core 11H), 130.8 (Core 14H), and 157.6 (Core
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17H) mbst. The cores were oriented starting with Core 3H. There were partial strokes
with Cores 15H, 16H, and 18H. Nonmagnetic hardware was used to obtain all cores.
At 2200 h, 2 December, the coring system was switched to XCB and coring continued
to 455.4 mbst (Cores 19X through 49X), where XCB refusal was reached. Recovery for
the XCB interval was 293.5 m (100%).

Hole U1386C

The third hole of Site U1386 was offset 20 m south of Hole U1386B and spudded with
the RCB at 0345 h, 5 December. This hole was drilled with a wash barrel to 405 mbsf,
except for RCB coring of two intervals that eluded recovery in the two previous XCB
holes (Cores 2R and 4R from 165.0-174.6 and 205.0-214.6 mbsf, respectively). Con-
tinuous RCB coring started at 405 mbsf at 0545 h, 6 December, and reached the depth
objective of 526 mbsf by 0200 h, 7 December. The RCB interval (140 m) recovered
59%. The drilled interval was 386 m. The total cored interval for all holes at this site
was 954 m with a recovery of 89% (104 cores).

Downhole logging at Site U1386

Following a wiper trip and hole conditioning, Hole U1386C was displaced with 172
bbl of 10.5 ppg mud to prepare the hole for downhole logging. The open end of the
pipe was placed at a logging depth of 102.4 mbsf. During rig up of the wireline cable,
the cable jumped from the lower left most sheave wheel in the wireline heave com-
pensator and became jammed between the wheel and the frame. Because of the pos-
sibility of damage to the cable, it was cut above the crimped section.

The triple combo tool string descended through the seafloor at 2003 h and was suc-
cessful in reaching the bottom of the hole (526 mbsf). The tool string was back on
deck by 0100 h, 8 December. Subsequently, the FMS-sonic tool suite was run into the
hole at 0410 h. The tool suite was blocked from further downhole progress by a bridge
at 948 mbrf (375 mbsf), the lowermost of the tight sections observed in the triple
combo run. Rig down of the FMS-sonic tool string was completed by 0930 h, 8 De-
cember.

The marine mammal watch for conducting the vertical seismic profile (VSP) experi-
ment started at 0800 h, 8 December. The VSI tool started its descent in Hole U1386C
at ~1030 h and reached a bridge at 940 mbrf (367 mbsf) at 1105 h. The slightly shal-
lower penetration for this tool run indicated that the hole was closing with time. The
seismic source (two-gun cluster; 7 mbsl on the port side) had been ramped up in soft
start mode. It was difficult to get a good clamp with the VSI, and consequently noisy
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waveforms were obtained that were attributed to the rugose borehole and soft forma-
tion. Only a fraction of the shots produced clean first arrivals, but there were enough
at most stations to stack. The upper part of the hole was especially difficult. The tool
was back on deck at 1440 h and rigged down by 1530 h, 8 December. The drill string
was recovered and the vessel departed for the next site at 1730 h, 8 December. Total
time at Site U1386 was 8.6 days.

Site U1387

The vessel was offset in dynamic position mode 2.2 nmi on a bearing of 128° to Site
U1387 (proposed Site GC-09A). During this move, accomplished in 3 h, maintenance
was performed on the 480 V switchboard, which required shutting down the regu-
lated power from 1800 to 1845 h. The vessel was positioning on Site U1387 at 2030
h, 8 December 2011.

Three holes were drilled at Site U1387 (Table T1). Hole U1387A was cored using the
APC to 47.7 mbst and then with the XCB to 352.4 mbst. Hole U1387B was cored with
the APC to 46.9 mbsf and then with the XCB to 338.3 mbsf. Hole U1387C was drilled
without coring to 290 mbsf and then cored using the RCB to the target depth of 870
mbsf. Downhole logging was carried out in Hole U1387C using the triple combo,
FMS-sonic, and VSI tool strings (see “Downhole logging at Site U1387"”). Overall re-
covery at Site U1387 was 97.03 m (102.6% recovery) with the APC, 578.42 m (97%
recovery) with the XCB, and 409.5 m (70.6% recovery) with the RCB. The total cored
interval at Site U1387 was 1270.7 m, and total recovery was 1084.95 m (85.4%).

Hole U1387A

Prior to spudding Hole U1387A, a 2 h underwater camera survey of the seafloor was
made during which many linear furrows on the seabed were observed. These furrows
were presumed to be the result of fishing bottom trawls. The vessel had to be offset
10 m from the original position to avoid spudding into what appeared to be man-
made debris (a spiral of loose wire or cable). Hole U1387A was spudded with the APC
at 0325 h, 9 December. Seafloor depth calculated from the recovery of the first core
was established at 570.5 mbrf (559.1 mbsl). APC coring advanced to 47.7 mbsf, where
very sticky, firm clay prevented further progress. The APC cored 47.7 m and recovered
48.83 m (102.4% recovery). Cores 339-U1387A-4H through 6H were oriented. The
APCT-3 tool was deployed on Core 4H (33.9 mbsf). Nonmagnetic core barrels were
used to obtain all piston cores. XCB coring was initiated at 0915 h, 9 December, and
deepened Hole U1387A from 47.7 mbsf to a final depth of 352.4 mbsf by 0545 h, 10
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December. The XCB system cored 304.7 m with a 98.1% recovery. The total cored in-
terval in Hole U1387A was 352.4 m, with a recovery of 98.7%.

Hole U1387B

The bit was pulled clear of the seafloor at 0715 h, 10 December, and the vessel offset
20 m east of Hole U1387A. The underwater camera was deployed to ensure no man-
made debris was present on the seafloor prior to coring. Hole U1387B was spudded
with the APC at 1050 h and established a water depth of 569.6 mbrf (558.2 mbsl). Pis-
ton coring advanced to 46.9 mbsf (102.8% recovery) before switching to the XCB.
Cores 3H through SH were oriented. All cores were obtained with nonmagnetic core
barrels.

XCB coring deepened Hole U1387B to a final depth of 338.3 mbsf. The average recov-
ery for the XCB cored interval of 291.4 m was 95.9%. APC/XCB coring recovered
96.8% of the cored interval in Hole U1387B (338.3 m). Coring was terminated prior
to the depth objective of 350 mbsf because the quality of the cores was compromised
because of biscuiting disturbance, discovered when the deeper cores in Hole U1387A
were examined in the ship’s core laboratory.

Hole U1387C

The drill string was recovered with the bit clearing the rotary table at 1305 h, 11 De-
cember. After the nonmagnetic drill collar and seal bore drill collar were laid out along
with the APC/XCB polycrystalline diamond bit, a four-stand RCB bottom-hole assem-
bly (BHA) with a new CC-3 Rock Bit International bit was made up and deployed
along with the underwater camera. Once the video images provided by the underwa-
ter camera confirmed that the seafloor was clear of obstructions, the driller tagged the
seabed with the RCB bit at 569.8 mbrf (558.4 mbsl) at 1640 h, 11 December. Following
retrieval of the camera, Hole U1387C was spudded with the RCB at 1850 h. The hole
was drilled with a wash barrel in place to 290.0 mbsf, where continuous RCB coring
was initiated.

Rotary coring proceeded without incident to a final depth of 870 mbst by 0930 h, 16
December. A total of 580 m was cored in Hole U1387C with an average recovery of
70.6%. The average rate of penetration for the cored interval was 11.6 m/h. The
drilled portion of the hole was 290 m and the total penetration (cored plus drilled)
was 870 m. While penetrating the cored interval, the drillers pumped eleven 20 bbl
and two 30 bbl high-viscosity mud flushes to keep the hole clean of cuttings.
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Downhole logging at Site U1387

After a wiper trip and hole conditioning, the bit was dropped at the bottom of Hole
U1387C and the hole was displaced with 290 bbl of 10.5 ppg mud. The end of the
pipe was positioned at 103.8 mbsf. During the wiper trip, the driller had to pick up
the top drive and wash and ream a tight portion of the hole (ledge or bridge) from
649.0 to 653.0 mbsf. There was 28 m of soft fill at the bottom of the hole that was
flushed clean with a 50 bbl Hi-Vis sweep.

The triple combo tool string was made up and deployed at 0230 h, 17 December. The
tool could not advance past 650 mbsf; therefore, the hole was logged from that point.
The triple combo tool string was recovered at 0835 h. The VSI tool was run in the pipe
at 1105 h. This tool could not be lowered deeper than 254 mbsf. The Marine Mammal
Protocol was observed while conducting the VSP experiment. The VSI tool was recov-
ered at 1420 h. The last log was made with the FMS-sonic tool string, which was de-
ployed at 1610 h and could not go deeper than 334 mbsf. The FMS-sonic tool string
was recovered and disassembled by 2300 h. The end of the pipe was pulled clear of
the seafloor at 2355 h, and the drill string was recovered. The drilling equipment was
secured and the vessel departed for Site U1388 at 0230 h, 18 December. Total time on
site was 9.3 days.

Site U1388

The 55 nmi transit from Site U1387 to Site U1388 (proposed Site GC-04D) was accom-
plished in ~5 h at an average speed of 11 kt. At 0745 h, 18 December 2011, the vessel
was positioned on the new location.

The operations plan for Site U1388 called for APC/XCB/RCB coring in three holes and
conducting downhole logging operations in Holes U1388B and U1388C. The first two
holes were to be cored with the APC to refusal and then with the XCB to ~350 mbsf.
The third hole was to be cored with the RCB from 350 to 1300 mbsf. Ultimately, three
holes were drilled (Table T1), but the coring objectives were not achieved because of
hardware failure caused by a difficult sandy formation. In Hole U1388A, APC Core
339-U1388A-1H advanced only 3.4 m (recovery of 107.6%) because a thick sand layer
at the sediment surface prevented the core from penetrating any further. Hole
U1388B was cored using the XCB to 225.7 mbsf with recovery of 47.2%. Hole U1388C
was drilled without coring to 205 mbsf and then cored using the RCB to 229 mbst.
Overall recovery at Site U1388 was 120.54 m (47.6%): 3.64 m (107.6% recovery) with
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the APC, 106.54 m (97% recovery) with the XCB, and 10.36 m (43.17% recovery) with
the RCB. The site was terminated earlier than planned because of formation instabil-

ity.
Hole U1388A

An APC/XCB BHA with a 973 inch polycrystalline diamond bit, lockable float valve,
seal bore drill collar, and nonmagnetic drill collar was assembled and deployed. Fol-
lowing a 1.3 h underwater camera survey of the seafloor over a 30 m grid pattern,
Hole U1388A was spudded with the APC at 1500 h. The calculated seafloor depth
from the recovery of the first core was 675.1 mbrf (663.6 mbsl), which was 0.7 m
deeper than the corrected depth given by the precision depth recorder. The second
attempt at a piston core appeared to be an incomplete stroke. The core winch operator
spent ~3 h attempting to recover the stuck core barrel. The Kinley cutter was deployed
to cut the coring line above the sinker bars when it was not possible to jar off the core
barrel. The only course of action remaining was to recover the drill string and extri-
cate the core barrel on the surface. The drill string was retrieved by 2400 h, 18 Decem-
ber. The reason why the core barrel couldn’t be recovered was obvious. Most of the
BHA was full of sand that apparently “U-tubed” when the driller advanced into the
formation to position the bit for the next piston core (2H).

Hole U1388B

The BHA was cleared of sand and deployed to 669.9 mbrf. The vessel offset 20 m east
of the previous hole. The underwater camera displayed what appeared to be man-
made debris on the seafloor and precipitated another 10 m offset to the east. The strat-
egy for the second hole of the site was to core an XCB hole to depth and use the in-
formation acquired from that pilot hole to assess if and where the APC could be
deployed in subsequent holes. The driller tagged seafloor at 674.4 mbrf (662.9 mbsl)
at 0645 h. The camera system was recovered, and the top drive was picked up. Hole
U1388B was spudded with the XCB at 0835 h, 19 December, and advanced to 225.7
mbsf by 0745 h, 20 December. While coring this interval, there was extensive cutting
shoe damage suggesting that the distribution of fluid flow between the cutting shoe
and the polycrystalline diamond bit was not optimum for this formation. Rather than
continue coring in this fashion and considering that the objectives of this site were
deeper in the formation, XCB coring was terminated at 225.7 mbsf. The average re-
covery for this hole was 47.2%. The driller pumped a 5 bbl slug of heavy mud prior
to making a connection for Cores 1X through 12X (110.9 mbsf) to avoid a reoccur-
rence of the sand backflowing into the BHA. A 20 bbl sepiolite flush was made at
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216.1 mbsf. The drill string was pulled clear of the seafloor at 0925 h and on deck at
1155 h, 20 December.

Hole U1388C

A four-stand RCB BHA with a new CC-4 Rock Bit International bit and mechanical bit
release was made up and run in to 668.0 mbrf. After a short underwater camera survey
confirmed that the location of the hole was clear of debris, the driller tagged the sea-
floor at 674.0 mbrf (662.5 mbsl). The underwater camera was recovered, the top drive
was picked up, and Hole U1388C was spudded with the RCB at 19135 h, 20 December.
The hole was washed to 205.0 mbsf, where rotary coring was initiated. At 119.8 and
167.6 mbsf, 20 bbl Hi-Vis mud sweeps were circulated. Rotary coring advanced from
205.0 to 229.0 mbsf, where the drill sting became firmly stuck in the formation. There
was no rotation and limited circulation. It required 1.5 h to free the pipe utilizing
overpulls of as much as 120,000 1b and adjusting rotary current limits as high as 1050
A. Once the pipe came free, more mud (both Hi-Vis and 10.5 ppg) was pumped to
clear out some of the sand that had collapsed on the BHA. The drill string was pulled
free of the seafloor at 1330 h and on deck by 1725 h, 21 December. The formation was
considered too unstable to safely core and the decision was made to move on to the
next planned site of the expedition. Total time at Site U1388 was 3.2 days, which was
10 days less than the allotted time. The vessel departed for Site U1389) at 1730 h, 21
December.

Site U1389

The vessel departed for Site U1389 (proposed Site GC-11A) at 1730 h, 21 December
2011. The 25 nmi journey from Site U1388 was accomplished in 2.5 h, and the JOIDES
Resolution was positioned on the new site by 2000 h, 21 December.

Four holes were drilled at Site U1389 (Table T1). Hole U1389A was cored using the
APC to 97.2 mbsf and then with the XCB to 354.9 mbsf. Only one piston core (9.5 m)
was taken in Hole U1389B. Hole U1389C was cored with the APC to 95 mbsf and then
with the XCB to 350 mbsf. Hole U1389D was cored with the APC to 94 mbsf to pro-
vide an additional record of the upper section at the site. Hole U1389E was drilled
without coring to 335 mbsf and then cored using the RCB to the depth objective of
990 mbsf. Downhole logging was carried out in Holes U1389A and U1389E using the
triple combo and FMS-sonic tool strings (see “Downhole logging at Site U1389”).
Overall recovery at Site U1389 was 307.28 m (103.55%) with the APC, 463.93 m
(90.49% recovery) with the XCB, and 352.28 m (53.78% recovery) with the RCB. The
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total cored interval at Site U1389 was 1463.4 m and total recovery was 1123.49 m
(76.8%).

Hole U1389A

The APC/XCB BHA was assembled and deployed to 651.7 mbrf. Subsequent to a 1.3
h survey of the seafloor, Hole U1389A was spudded with the APC at 0240 h, 22 De-
cember. The water depth calculated from the recovery of the first core established the
seafloor at 656.2 mbrf (644.7 mbsl). This was 1.3 m shallower than the corrected pre-
cision depth recorder depth.

Piston coring advanced Hole U1389A to the refusal depth of 99 mbsf. The average re-
covery for this interval was 103%. Core orientation started with Core 339-U1389A-
4H. Three APCT-3 measurements were made at 33 (Core 4H), 61 (Core 7H), and 90
(Core 10H) mbsf. Nonmagnetic core barrels were utilized on all cores. XCB coring
deepened the hole to a final depth of 357 mbsf by 1415 h, 23 December. The average
recovery for the 258 m XCB interval of the hole was 91%. The total average recovery
for the entire hole was 94%.

Holes U1389B and U1389C

Hole U1389B was spudded at 2010 h, but the full core barrel could not be used to as-
certain the seafloor depth. Hole U1389C was spudded with the APC at 2025 h and
established the seafloor depth at 654.5 mbrf (643 mbsl). Piston coring advanced to 95
mbsf. Cores were oriented starting with Core 3H. The APCT-3 was deployed at 19
(Core 2H), 47.5 (Core 5H), and 76 (Core 8H) mbsf. All cores were obtained with non-
magnetic core barrels. Coring continued in Hole U1389C with the XCB, which
reached the depth objective of 350 mbsf at 0815 h, 26 December. Recovery for the 255
m XCB interval of the hole was 90%. The total recovery for both coring systems for
Hole U1389C was 94%. The bit was pulled free of the seafloor at 1000 h, 26 December,
and the vessel offset 20 m south of the previous hole.

Holes U1389D

An additional hole was piston cored to obtain a complete section of the uppermost
~100 m portion of the sedimentary record at Site U1389. Hole U1389D was spudded
with the APC at 1120 h, and the water depth was established at 655.5 mbrf (644
mbsl). Piston coring advanced without incident to the depth objective of 94 mbsf by
1845 h. Recovery was 104%. The cores were oriented starting with Core 3H. Three
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APCT-3 measurements were made at 24.5 (Core 3H), 53 (Core 6H), and 75 (Core 9H)
mbsf. All cores were obtained with the nonmagnetic core barrels.

Holes U1389E

The drill string was recovered, and the bit cleared the rotary table at 2220 h, 26 De-
cember. The vessel offset 20 m west. A four-stand RCB BHA was made up and de-
ployed. After the driller tagged the seafloor at 655 mbrf (643.5 mbsl), Hole U1389E
was spudded with the RCB at 0240 h, 27 December. We drilled without coring to 355
mbsf, where continuous rotary coring was initiated at 1830 h, 27 December. Rotary
coring continued until 0845 h, 1 January 2012, when the hole was terminated at the
depth objective of 989.9 mbsf. A total of 654.9 m was cored with a recovery of 54%.

Downhole logging at Site U1389

On 23 and 24 December, we carried out downhole logging operations in Hole
U1389A. During preparations for logging, the wiper trip found only 1 m of soft fill at
the bottom of the hole, and the hole was filled with 112 bbl of 10.5 ppg mud. The
open end of the pipe was placed at a logging depth of 85.7 mbsf. The triple combo
tool string, composed of the natural gamma radiation, density, and resistivity tools,
descended through the seafloor at 2300 h, 23 December, and was run to the bottom
of the hole at 1011 mbrf (355 mbsf). A short pass of 75 m was followed by a main pass
up to the seabed. Sand-rich layers are apparent by their low gamma radiation signa-
ture. The hole was mostly in gauge but had several meter-scale washouts. The tool
string was back on deck by 0140 h.

The FMS-sonic reached the bottom of the hole and made two passes, recording resis-
tivity images of the borehole, sonic velocities, and natural gamma radiation data over
the entire interval. The tool string was back on deck at 0950 h. The VSI tool was run
to conduct the VSP experiment. Marine mammal watch started at ~1100 h, 24 De-
cember. The air guns (two-gun cluster, 7 mbsl on the port side) were ramped up in a
soft start procedure. The VSI tool started its descent in Hole U1389A at 1145 h and
reached the bottom of the hole. Ten out of eleven stations recorded good sonic wave-
forms. Stations were spaced at ~25 m intervals, and the survey itself lasted from 1300
to 1500 h. The tool string was back on deck at 1630 h, and logging equipment was
rigged down by 1715 h. At 175§ h, 24 December, the bit cleared the seafloor and the
vessel offset 20 m east of Hole U1389A.

After coring operations had finalized at Hole U1389E, a wiper trip was conducted to
condition the hole in preparation for downhole logging. After concluding the wiper
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trip, the bit was released and the hole displaced with 375 bbl of 10.5 ppg logging mud.
The end of pipe was positioned at 102.2 mbst. The first log was made with the triple
combo tool string, which was deployed shortly after 2400 h, 1 January. The tool was
not able to pass a bridge or ledge at 567 mbsf. The tool was recovered at 0610 h after
logging the hole up from 567 mbsf. The second logging experiment was made with
the FMS-sonic tool string, which was also unable to penetrate deeper than 567 mbst.
The FMS-sonic was recovered at 1425 h after logging the upper portion of the hole.

The VSP experiment was canceled. Shortly after arriving at Site U1389, maintenance
was carried out in the vessel’s sea chest and bilge spaces. As part of this routine, ultra-
sonic thickness readings were taken on the steel plating. Evaluation of the readings
indicated that some of the sea chest plating had wastage beyond acceptable limits and
that several frames on the starboard side required immediate attention. Although re-
pairs were in progress, it was felt that the sound pressure generated by the air gun dur-
ing seismic profiling could subject the deteriorated sea chest to sufficiently high levels
of vibration that would present a potential risk to the vessel. Therefore, VSP measure-
ments planned for the last three sites of the expedition were canceled. The logging
equipment was rigged down, the drill string was recovered, and the beacon was re-
called. The vessel departed for the sixth site of the expedition at 1930 h, 2 January.
Total time at Site U1389 was 12 days.

Site U1390

The vessel departed for Site U1390, the sixth site of the expedition, at 1930 h, 2 Jan-
uary 2012. The 22 nmi transit from Site U1389 was covered in just over 2 h. The vessel
was positioned on the new coordinates at 2145 h.

Three holes were drilled at Site U1390 (Table T1). Hole U1390A was cored using the
APC to 76.7 mbsf and then with the XCB to 350 mbsf. Hole U1390B was cored with
the APC to 194.1 mbst. Hole U1390C was cored with the APC to 175.4 mbsf. Down-
hole logging was carried out in Hole U1390A using the triple combo and FMS-sonic
tool strings (see “Downhole logging at Site U1390”). Overall recovery at Site U1390
was 437.95 m (98.2%) with the APC and 248.32 m (90.9%) with the XCB. Total cored
interval at Site U1390 was 719.5 m and total recovery was 686.27 m (95.4%).

Hole U1390A

The APC/XCB BHA and the drill string were deployed with the underwater camera. A
survey of the seafloor was conducted using a 30 m grid pattern. Other than one large
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rock, no significant obstructions were observed. Hole U1390A was spudded with the
APC at 0520 h, 3 January. Seafloor depth was established at 1005.1 mbrf (993.4 mbsl),
which was 3.1 m deeper than the corrected precision depth recorder value of 1002
mbrf. Piston coring was only able to advance to 76.7 mbsf. The decision was made to
switch to the XCB when the last APC core (339-U1390A-9H) required ~3 h to extract
from the core barrel. Recovery for the piston cored interval was 102%. Cores were ori-
ented starting with Core 4H. The APCT-3 was deployed to measure temperature at
32.1 (Core 4H) and 60.6 (Core 7H) mbsf. XCB coring deepened the hole to the depth
objective of 350 mbsf by 1700 h, 4 January. Recovery for the 273.3 m XCB interval
was 91%. The overall recovery in Hole U1390A was 93%.

Hole U1390B

With the scientific objective of “chasing” a contour line on the seismic record at the
site, the vessel was offset 200 m north of Hole U1390A. The underwater camera was
deployed and the seafloor monitored during the movement of the vessel. Once the
vessel was on position, Hole U1390B was spudded with the APC from 1002 mbrf at
1700 h. The calculated seafloor depth was 1002.4 mbrf (990.7 mbsl). Piston coring ad-
vanced to 194.1 mbsf, where Core 21H could not be recovered with the coring line.
When the orientation tool was retrieved to the surface using the coring line, it was
discovered that the bulkhead lock pin between the male and female sections that con-
nect the nonmagnetic sinker bars to the core barrel had parted in two places (possible
metal fatigue). After several fishing attempts failed to grasp the female section that
remained downhole with the core barrel, the BHA was recovered and the core barrel
extracted at the surface. The bit was at the rotary table at 2120 h, 6 January. Piston
coring recovered 189.9 m, which represented 98% of the cored interval. Cores were
oriented starting with Core 3H. Temperature measurements were obtained with the
APCT-3 at 18.6 (Core 2H), 47.1 (Core 5H), and 75.6 (Core 8H) mbsf. All cores were
obtained with nonmagnetic core barrels.

Hole U1390C

The drill string was redeployed for the second time on site and the vessel offset 20 m
east of Hole U1390B. Hole U1390C was spudded with the APC at 0240 h, 7 January,
and established seafloor depth at 1004.1 mbrf (992.4 mbsl). Piston coring proceeded
to the depth objective of 174.5 mbsf by 2200 h, 7 January. Stuck core barrels on Cores
2H through 4H required an extra coring line round trip to pull the orientation tool
before it was possible to recover the core barrel. Cores were oriented starting with
Core 4H and then followed by Cores 9H through 19H (last core). APCT-3 measure-
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ments were obtained at 23.4 (Core 3H), 51.9 (Core 6H), 80.4 (Core 9H), and 108.9
(Core 12H) mbsf. Nonmagnetic core barrels were used to obtain all cores. The bit was
pulled free of the seafloor at 2300 h and cleared the rotary table at 0115 h, 8 January,
ending operations at Site U1390. The vessel departed for the last site of the expedition
at 0230 h that morning. Total time on site was 5.2 days.

Downhole logging at Site U1390

Instead of logging the third hole at the site, it was decided to log Hole U1390A. The
hole was subjected to the routine conditioning procedures, including a wiper trip,
mud flushes, and displacement with 124 bbl of 10.5 ppg mud before the bit was
placed at 96.6 mbsf. The logging program consisted of the triple combo and FMS-
sonic tool strings. The triple combo tool string was deployed at 2400 h, 4 January, and
recovered at 0330 h. The FMS-sonic tool string was run in at 0600 h and recovered at
1000 h, S January. Both tools successfully covered the open hole to 350 mbsf. After
the FMS-sonic tool string was rigged down, the bit was pulled clear of the seafloor at
1155 h, 5 January.

Site U1391

The 115 nmi voyage to Site U1391 (proposed Site WI-01B) was made at an average
speed of 11.5 kt. The vessel was positioned on the last site of the expedition at 1230
h, 8 January 2012.

Three holes were drilled at Site U1391 (Table T1). Hole U1391A was cored using the
APC to 171.1 mbsf and then with the XCB to 353.1 mbsf. Hole U1391B was cored us-
ing the APC to 171 mbsf and then with the XCB to 353.5 mbsf. Hole U1391C was
drilled without recovery to 340 mbsf and then cored using the RCB to 671.5 mbsf.
Downhole logging was carried out in Hole U1391C using the triple combo and FMS-
sonic tool strings (see “Downhole logging at Site U1391”). Overall recovery at Site
U1391 was 342.1 m (104.7% recovery) with the APC, 230.7 m (90.7% recovery) with
the XCB, and 269.02 m (81.15% recovery) with the RCB. The total cored interval at
Site U1391 was 1038.1 m and total recovery was 958.57 m (92.3%).

Hole U1391A

The APC/XCB BHA was made up, and a routine survey of the seafloor was conducted
using a 30 m grid pattern. No significant obstructions were observed. Hole U1391A
was spudded with the APC at 1080.0 mbrf at 2035 h, 8 January. Seafloor depth was
established at 1085.4 mbrf (1073.7 mbsl). Piston coring advanced to final depth of
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171.1 mbsf with a recovery of 106%. Cores were oriented starting with Core 339-
U1391A-4H. Temperature measurements were made at 32.6 (Core 4H), 61.1 (Core
7H), 89.6 (Core 10H), 118.1 (Core 13H), and 146.6 (Core 16H) mbsf. Nonmagnetic
core barrels were used to obtain all piston cores. XCB coring deepened the hole to the
depth objective of 353.1 mbsf by 0345 h, 10 January. Average recovery for the 182 m
XCB interval was 88.8%. Combined recovery in Hole U1391A was 97%. The drill
string was pulled out of the hole, clearing the seafloor at 0520 h, 10 January. The ves-
sel was offset 20 m south of Hole U1391A.

Hole U1391B

Hole U1391B was spudded with the APC at1085 mbrf at 0815 h, 10 January. Although
the mudline core was 9.65 m, the desired vertical offset (5 m deeper) with the previ-
ous hole was maintained and piston coring continued to a final depth of 171 mbsf
with a recovery of 104%. Cores were oriented starting with Core 3H. Temperature
measurements were made at 19 (Core 2H), 47.5 (Core 5H), 76 (Core 8H), 104.5 (Core
11H), and 133 (Core 14H) mbsf. All cores were obtained with nonmagnetic core bar-
rels. XCB coring deepened the hole to the depth objective of 353.5 mbsf. Average re-
covery for the XCB interval of 182.5 m was 93%. Combined recovery for Hole U1391B
was 98%. The drill string was recovered with the bit clearing the seafloor at 1350 h
and the rotary table at 1850 h, 11 January. The trip out of the hole was suspended 1.5
h for the routine maintenance procedure of slipping and cutting the drilling line.

Hole U1391C

A four-stand RCB BHA was made up with a new CC-4 Rock Bit International bit and
mechanical bit release and deployed. After the driller tagged the seafloor at 1085 mbrf
(1073.3 mbsl), Hole U1391C was spudded with the RCB at 2345 h, 11 January. The
hole was drilled with a wash barrel to 340 mbsf by 1400 h, 12 January. The empty
wash barrel was recovered and a fresh core barrel dropped at 1430 h when rotary cor-
ing was initiated. Rotary coring advanced to a final depth of 671.5 mbsf by 1645 h,
14 January. Recovery for the 331.5 m cored interval in Hole U1391C was 81%. Recov-
ery percentage was adversely affected by the absence of recovery in Cores 26R, 29R,
and 35R, which was assumed to be formation related. The average rate of penetration
for the 331.5 m cored interval was 14.2 m/h.

Downhole logging at Site U1391

Following the wiper trip, Hole U1391C was flushed with sepiolite mud and the bit
was released at the bottom. The hole was displaced with 248 bbl of 10.5 ppg heavy
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mud, and the end of pipe was placed at the logging depth of 98.9 mbsf. The first log
of the hole was made with the triple combo tool string, which was made up of the
natural gamma radiation, density, and resistivity tools and deployed at 0330 h, 15
January. The tool string succeeded in reaching 668 mbsf. The tool string was recov-
ered and rigged down by 0815 h. The second and final log was made with the FMS-
sonic tool string. The tool string reached 666 mbsf and recorded resistivity images of
the borehole, sonic velocities, and natural gamma radiation data. The hole contained
many thin washouts. As at previous sites, all the logs have medium-amplitude alter-
nations on the several-meter scale. Sonic velocity, density, and resistivity all show a
downhole compaction trend. Logging equipment was rigged down by 1915 h, con-
cluding all science operations of the expedition. We departed Site U1391 at 0200 h,
16 January. Expedition 339 ended at 1342 h, 16 January, with the first line ashore in
Lisbon, Portugal.
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Table T1. Coring summary, Expedition 339.

Water depth ~ Cores Cored  Recovered Recovered Drilled Penetration Time on hole Time on site
Hole Latitude Longitude (mbsl) (N) (m) (m) (%) (m) (m) (h) (days)
U1385A 37°34.2894'N  10°7.5708'W 2586.7 17 151.5 155.87 102.9 0 151.5 40.5
U1385B 37°34.2892’N  10°7.5561'W 2586.6 16 146.3 150.73 103.0 0 146.3 20.3
U1385C 37°34.2892’N  10°7.5561'W 2586.6 1 9.5 9.87 103.9 0 9.5 1.8
U1385D 37°34.2784'N  10°7.5559'W 2583.8 16 146.4 153.95 105.2 0 146.4 18.4
U1385E 37°34.2785'N  10°7.5692'W 2588.7 17 148.7 151.32 101.8 0 148.7 26.3
Site U1385 totals: 67 602.4 621.74 103.2 0 602.4 107.3 4.5
U1386A 36°49.6885'N  07°45.3309'W 560.4 39 349.3 347.04 99.4 0 349.3 50.1
U1386B 36°49.688'N 07°45.3168'W 561.9 50 464.9 421.60 90.7 0 464.9 64.1
U1386C 36°49.6773'N  07°45.3165'W 561.8 15 140.2 82.00 58.5 385.8 526.0 91.1
Site U1386 totals: 104 954.4 850.64 89.1 385.8 1340.2 205.2 8.6
U1387A 36°48.3246'N  07°43.1408'W 559.1 38 352.4 347.84 98.7 0 352.4 34.8
U1387B 36°48.3246'N  07°43.1278'W 558.2 36 338.3 327.61 96.8 0 338.3 29.8
U1387C 36°48.3139'N  07°43.1277'W 558.4 61 580.0 409.50 70.6 290.0 870.0 157.4
Site U1387 totals: 135 1270.7 1084.95 85.4 290.0 1560.7 222.0 9.3
U1388A 36°16.1378'N  06°47.6602'W 663.6 1 3.4 3.64 107.1 0 3.4 18.8
U1388B 36°16.1383'N  06°47.6413'W 662.9 24 225.7 107.00 47.4 0 225.7 33.7
U1388C 36°16.1495'N  06°47.6411'W 662.5 3 24.0 10.36 43.2 205.0 229.0 29.6
Site U1388 totals: 28 253.1 121.00 47.8 205.0 458.1 82.0 3.4
U1389A 36°25.5183'N  07°16.6907'W 644.7 39 354.9 335.60 94.6 0 354.9 69.9
U1389B 36°25.5199'N  07°16.6772'W 643.9 1 9.5 9.72 102.3 0 9.5 2.3
U1389C 36°25.5199'N  07°16.6772'W 642.9 38 350.0 328.48 93.9 0 350.0 37.8
U1389D 36°25.5092'N  07°16.6772'W 644.0 11 94.0 97.41 103.6 0 94.0 12.3
U1389E 36°25.5084'N  07°16.6906'W 643.4 69 655.0 352.28 53.8 335.0 990.0 165.2
Site U1389 totals: 158 1463.4 1123.49 76.8 335.0 1798.4 287.5 12.0
U1390A 36°19.0387'N  07°43.0812'W 993.4 38 350.0 326.26 93.2 0 350.0 62.2
U1390B 36°19.1460'N  07°43.0815'W 990.7 21 194.1 189.93 97.9 0 194.1 33.4
U1390C 36°19.1466'N  07°43.0674'W 992.4 19 175.4 170.08 97.0 0 175.4 29.2
Site U1390 totals: 78 719.5 686.27 95.4 0 719.5 124.7 5.2
U1391A 37°21.5392’N  09°24.6601'W 1073.7 38 353.1 342.62 97.0 0 353.1 40.8
U1391B 37°21.5288'N  09°24.6604'W 1073.3 38 353.5 346.93 98.1 0 353.5 37.5
U1391C 37°21.5286'N  09°24.6468'W 1073.3 35 331.5 269.02 81.2 340.0 671.5 103.2
Site U1391 totals: 111 1038.1 958.57 92.3 340.0 1378.1 181.5
Expedition 339 totals: 681 6301.6 5446.66 86.4 1555.8 7857.4 1210.2 50.4
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Figure F1. Expedition 339 sites in the Gulf of Cadiz and West Iberian margin.
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Figure F2. Regional map of the contourite depositional system on the middle slope of the Gulf of
Cadiz and West Iberian margin with Expedition 339 site locations. Morphosedimentary sectors (1-
5) based on Hernandez-Molina et al. (2003, 2006) and S. Lebreiro (pers. comm., 2006).
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Figure F3. Location sketch with main water-mass circulation along the margin (modified from
Hernandez-Molina et al., 2006).
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Figure F4. General circulation pattern of the Mediterranean Outflow Water (MOW) pathway in the
North Atlantic (modified from lorga and Lozier, 1999). Red circles filled with yellow indicate relative
location of proposed sites. AB = Agadir Basin, BAP = Biscay Abyssal Plain, BB = Bay of Biscay, EP = Ex-
tremadura Promontory, GaB = Galicia Bank, GoB = Gorringe Bank, HAP = Horseshoe Abyssal Plain,
MAP = Madeira Abyssal Plain, MI = Madeira Island, PAP = Porcupine Abyssal Plain, RC = Rockall
Channel, SAP = Seine Abyssal Plain, St.V = Cape Sao Vicente, TAP = Tagus Abyssal Plain.
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Figure F5. Three-dimensional regional bathymetric map of the Gulf of Cadiz (realized ]J.T. Vazquez [IEO] from satellite data from
Smith and Sandwell, 1997). CC = Cascais Canyon, GB = Guadalquivir Bank, NC = Nazaré Canyon, PC = Portimao Canyon, St. VC =
Sao Vicente Canyon, SC = Settibal Canyon, TC = Tagus Canyon. AIM = Algarve margin; BLM = Beira litoral margin, BM = Betic do-
main margin, GM = Guadalquivir margin, LM = Lisbon margin, SM = Sudiberic margin.
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base Quaternary disconti-

mid-Pleistocene revolution discontinuity, BQD

late Miocene discontinuity.

Figure F6. Multichannel seismic (MCS) reflection profile (Line P74-45) of Site U1387 on the Faro-Albufeira Drift (MCS lines pro-

vided by REPSOL Oil Company). SP = shotpoint. MPR
nuity, LPR = intra-lower Pliocene discontinuity, M
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Figure F7. Correlation of 880 record of GISP ice core (red line; 1-18 = marine isotope stages) to 3'80
of Globigerina bulloides (black line) in Core MD95-2042. Resulting correlation of Vostok 8D (green
line; A1-AS = oscillation events) and benthic §'80 of Core MD95-2042 (blue line) based on methane
synchronization. V-PDB = Vienna Peedee belemnite, V-SMOW = Vienna standard mean ocean water.
Age is from Shackleton et al. (2004).
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Figure F8. Bathymetric map of the southwestern Iberian margin showing the position of Site U1385
and nearby piston Cores MD01-2444 and MD95-2042.
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Figure F9. Oxygen isotope record of Globigerina bulloides from piston Core MDO01-2444, located at
approximately the same position as Site U1385. VPDB = Vienna PeeDee belemnite. MIS = marine
isotope stage, GIS = Greenland interstadial stage.
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Figure F10. Core recovery, magnetic susceptibility, natural gamma radiation, and polarity reversal
boundaries for the spliced composite section, Site U1385.
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Figure F11. Spliced color reflectance records and polarity reversal stratigraphy, Site U138S.
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Figure F12. Sparker seismic reflection profile (Line FADO L-38) across the Faro Drift on the middle slope showing location of Site
U1386. An important change in the overall architectural stacking of the mounded contourite deposits from a more aggrading depo-
sitional sequence to a clear progradational body is associated to the mid-Pleistocene revolution (MPR) discontinuity. BQD = base
Quaternary discontinuity, LPR = intra-lower Pliocene discontinuity, M = late Miocene discontinuity.
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Figure F13. Lithologic summary, Site U1386. MOW = Mediterranean Outflow Water, MPR = mid-Pleistocene revolution discontinuity, BQD = base Quaternary discontinuity, LPR = intra-lower Pliocene discontinuity, M =
late Miocene discontinuity
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Figure F14. Lithologic summary, Site U1387. MOW = Mediterranean Outflow Water, MPR = mid-Pleistocene revolution discontinuity, BQD = base Quaternary discontinuity, LPR = intra-lower Pliocene discontinuity, M =
late Miocene discontinuity.
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Figure F15. Multichannel seismic (MCS) reflection profile (Line S81A-16) of Site U1388 over the Cadiz Drift (MCS lines provided by
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Figure F16. Lithologic summary, Site U1388. MPR = mid-Pleistocene revolution discontinuity.
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Figure F17. Multichannel seismic (MCS) reflection profile (Line HE91-20) of Site U1389 on the Huelva drift (MCS lines provided by
REPSOL Oil Company). SP = shotpoint. MPR = mid-Pleistocene revolution discontinuity, BQD = base Quaternary discontinuity, LPR

= intra-lower Pliocene discontinuity.
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Figure F18. Lithologic summary, Site U1389. MOW = Mediterranean Outflow Water, MPR = mid-Pleistocene revolution discontinuity, BQD = base Quaternary discontinuity.
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Figure F19. Multichannel seismic (MCS) reflection profile (Line Tasyo L-8) of Site U1390 on the Guadalquivir Drift. SP = shotpoint.

MPR = mid-Pleistocene revolution discontinuity, BQD = base Quaternary discontinuity.
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Figure F20. Lithologic summary, Site U1390. MOW = Mediterranean Outflow Water, MIS = marine isotope stage, MPR = mid-Pleis-

tocene revolution discontinuity.
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Figure F21. Multichannel seismic (MCS) reflection profile (Line PD00-522) of Site U1391 on the southwest Portuguese margin (MCS
line TGS-NOPEC Geophysical Company ASA). SP = shotpoint. MPR = mid-Pleistocene revolution discontinuity, BQD = base Quater-
nary discontinuity, M = late Miocene discontinuity.
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Figure F22. Lithologic summary, Site U1391. MOW = Mediterranean Outflow Water, MPR = mid-Pleistocene revolution discontinu-
ity, BQD = base Quaternary discontinuity.
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Figure F23. Lithologic summary for sites drilled during Expedition 339. Includes general preliminary interpretations from the proximal area close to the Strait of Gibraltar to the distal area west off Portugal.
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