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Abstract
Marine gateways play a critical role in the exchange of water, heat, salt, and nutrients between
oceans and seas. The advection of dense waters helps drive global thermohaline circulation, and
because the ocean is the largest of the rapidly exchanging CO2 reservoirs, this advection also
affects atmospheric carbon concentration. Changes in gateway geometry can therefore signifi-
cantly alter both the pattern of global ocean circulation and associated heat transport and climate,
as well as having a profound local impact.

Today, the volume of dense water supplied by Atlantic–Mediterranean exchange through the
Gibraltar Strait is amongst the largest in the global ocean. For the past 5 My, this overflow has
generated a saline plume at intermediate depths in the Atlantic that deposits distinctive contour-
itic sediments in the Gulf of Cadiz and contributes to the formation of North Atlantic Deep Water.
This single gateway configuration only developed in the early Pliocene, however. During the Mio-
cene, a wide, open seaway linking the Mediterranean and Atlantic evolved into two narrow corri-
dors: one in northern Morocco, the other in southern Spain. Formation of these corridors
permitted Mediterranean salinity to rise and a new, distinct, dense water mass to form and over-
spill into the Atlantic for the first time. Further restriction and closure of these connections
resulted in extreme salinity fluctuations in the Mediterranean, leading to the formation of the
Messinian Salinity Crisis salt giant. 

Investigating Miocene Mediterranean–Atlantic Gateway Exchange (IMMAGE) is an amphibious
drilling proposal designed to recover a complete record of Atlantic–Mediterranean exchange from
its Late Miocene inception to its current configuration. This will be achieved by targeting Miocene
offshore sediments on either side of the Gibraltar Strait during International Ocean Discovery
Program (IODP) Expedition 401 and recovering Miocene core from the two precursor connec-
tions now exposed on land with future International Continental Scientific Drilling Program
(ICDP) campaigns. The scientific aims of IMMAGE are to constrain quantitatively the conse-
quences for ocean circulation and global climate of the inception of Atlantic–Mediterranean
exchange, to explore the mechanisms for high-amplitude environmental change in marginal
marine systems, and to test physical oceanographic hypotheses for extreme high-density overflow
dynamics that do not exist in the world today on this scale. 

Plain language summary
Today, Mediterranean–Atlantic seawater exchange takes place exclusively through the Gibraltar
Strait. Around 8 million years ago, however, there were another two gateways: one in northern
Morocco and the other through southern Spain. Both connections have subsequently closed and
been tectonically uplifted and preserved on land. This process contributed to a major episode of
global cooling in at least two ways:

1. Initial restriction of seawater exchange through these marine corridors caused the saltiness of 
the Mediterranean to increase and generated a dense water body that flowed out into the 
Atlantic, changing the pattern of global ocean circulation and drawing CO2 dissolved in surface 
waters down into deeper parts of the ocean. 

2. Extreme restriction of the pre-Gibraltar Strait connections raised salinity in the Mediterranean 
substantially, leading to the precipitation of more than 1 km of salt on the Mediterranean Sea 
floor. This phenomenon, known as a salt giant, occurs episodically in Earth’s history but no salt 
giant is forming today. The extraction of large volumes of salts from seawater changes ocean 
chemistry, which has knock-on consequences for the global carbon cycle and hence is a driver 
of climate change. 

The chemical and physical properties of the sediments preserved in and on either side of the fos-
silized corridors are key to understanding and quantifying the global cooling caused by changes to
Atlantic–Mediterranean exchange 5–8 million years ago. IODP Expedition 401 will recover re-
cords of exchange preserved offshore in the Atlantic and Mediterranean, and subsequent onshore
drilling with ICDP will target the fossil gateway records that are now preserved on land in north-
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ern Morocco and southern Spain. The Investigate the Miocene Mediterranean–Atlantic Gateway
Exchange (IMMAGE) project is the first Land-2-Sea drilling project.

1. Schedule for Expedition 401
International Ocean Discovery Program (IODP) Expedition 401 is the offshore drilling compo-
nent of the first Land-2-Sea drilling project, Investigating Miocene Mediterranean–Atlantic
Gateway Exchange (IMMAGE), which also involves International Continental Scientific Drilling
Program (ICDP) drilling onshore southern Spain and northern Morocco. Expedition 401 is based
on IODP drilling proposal 895 (including versions 895-Full3 and 895-Add2, available at
http://iodp.tamu.edu/scienceops/expeditions/mediterranean_atlantic_gateway_exchange.html).
Following evaluation by the IODP Scientific Advisory Structure and Environmental Protection
and Safety Panel (EPSP), the expedition was scheduled for the research vessel (R/V) JOIDES
Resolution, operating under contract with the JOIDES Resolution Science Operator (JRSO). At the
time of publication of this Scientific Prospectus, the expedition is scheduled to start in Amster-
dam, The Netherlands, on 10 December 2023 and to end in Naples, Italy, on 9 February 2024. A
total of 61 days will be available for the transit, drilling, coring, and downhole measurements
described in this report (for the current detailed schedule, see http://iodp.tamu.edu/scienceops).
Further details about the facilities aboard JOIDES Resolution can be found at
http://iodp.tamu.edu/labs/index.html.

2. Background
Paleoclimate research is often driven by the need to validate various types of climate models under
boundary conditions different from those of the last 150 y for which an instrumental record of
climate is available (Intergovernmental Panel on Climate Change, 2014). Quantifying past changes
in temperature, momentum, and flux in the ocean and atmosphere is therefore a key target for
geological research. However, the small size of climate change signals relative to climate proxy
measurement uncertainty means this is challenging to achieve (Rohling, 2007). A high signal to
noise ratio typically requires amplification of the climate variable, and in the ocean, this is most
commonly found in marginal marine basins where exchange with the open ocean is limited so it
cannot buffer and diminish the signal of environmental change (Grant et al., 2017). Unfortunately,
limited exchange also makes it difficult to use the enhanced marginal basin record to extrapolate
to global-scale oceanographic change (Kaminski et al., 2002). Marine gateways linking the basin to
the open ocean represent a sweet spot where on one side climatic changes are amplified in the
adjoining marginal basin, whereas on the other, their impact on globally-meaningful changes in
the open ocean can be directly assessed. In addition, the geometric and hydraulic restriction of the
gateway itself places physical limitations on the freedom of the system to change (Nelson et al.,
1999). This focuses the deposition of the sedimentological archive of exchange into a small, well-
defined geographical area, making it possible to constrain quantitatively responses to exchange
that impact global climate (Rogerson et al., 2012b). 

The influence of exchanging heat, salt, and momentum through narrow, shallow straits that link
the open ocean to marginal basins is profound. The advection of cool or saline waters (Legg et al.,
2009) helps drive global thermohaline circulation (Thomas et al., 2004; Álvarez et al., 2005; Rahm-
storf, 2006). Because the ocean is the largest of the rapidly exchanging CO2 reservoirs, this advec-
tion also increases the sensitivity of the ocean to atmospheric carbon changes (LaRiviere et al.,
2012; Karas et al., 2017; Elsworth et al., 2017; Capella et al., 2019). Although exchange through the
Denmark Strait, Indonesian archipelago, and Gibraltar Strait can all overprint both zonal and
meridional circulation patterns, global ocean surface circulation and associated heat transport
compensating for water-mass transformation on the basinward side of gateways forces substantial
impacts on sea ice and warming or cooling of adjacent continents and the position of the atmo-
spheric front (Ivanovic et al., 2014a). Unsurprisingly, the opening and closure of oceanic gateways
is therefore well recognized as having a profound impact on the Earth’s climate, including its peri-
odic switching from Greenhouse to Icehouse conditions (Kennett, 1982; Smith and Pickering,
2003; Knutz, 2008). 
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The impact of regional changes on global-scale processes are generally ideal questions for the
Earth System Models theme. However, because of the inherent small-scale of marine gateways
relative to global circulation model grid cells, the gateways are either hugely enlarged in the model
or the transport of heat and water through them is parameterized rather than explicitly modeled
(e.g., Dietrich et al., 2008; Ivanovic et al., 2013). An excellent example of the problem occurs at
Gibraltar (Figure F1), where model grid cells of ~400 km2, which are suitable for the long global
simulations necessary for paleoclimate studies, are ill-equipped to simulate hydraulic control in a
strait ~12 km in width and consequently generate exchange behavior which differs from observa-
tions (Ivanovic et al., 2013; Alhammoud et al., 2010). Consequently, the codependence of ocean
and marginal sea in simulations is reduced, preconditioning models to be insensitive to exchange-
driven change. A view of past and future climate derived from global circulation assessments alone
therefore systematically underestimates the role of gateway processes, eliminating a crucial feed-
back within the Earth system. 

In summary, exchange through marine gateways is an example of a key climate process that can
only be constrained through interrogation of the record of ocean-marginal basin exchange in a
specific sedimentary archive, and as a result is a target that fits precisely with the climate themes
stated in the IODP and ICDP science plans.

2.1. Atlantic–Mediterranean exchange, now and in the past 
In the Atlantic, several marine overflows (Denmark Strait, Mediterranean, and Weddell Sea) sup-
ply dense water that collectively feeds the thermohaline circulation system (Smethie et al., 2000).
The transportation of dense water from the Mediterranean into the interior of the Atlantic (Figure
F1) is amongst the largest in the global ocean (Legg et al., 2009) (Table T1), and exchange also
provides a key exit point for Atlantic buoyancy, the underlying driver behind Atlantic deep con-
vection (Broecker, 1991). 

The dense Mediterranean overflow (MO) is generated as a consequence of its midlatitude setting
where evaporation exceeds precipitation (Peixoto and Kettani, 1973), generating a warm, salty
water mass. The negative hydrologic budget varies in severity through time, amplifying the cli-
mate signal transmitted principally through the Mediterranean’s southern catchments and derived
from North African monsoon rainfall (Marzocchi et al., 2015) (Figure F1). This subtropical mon-
soonal climate signal with its strong precessional pulse is then propagated into the Atlantic by
density-driven exchange (Bahr et al., 2015) through the Gibraltar Strait. Water flowing out of the
Mediterranean at depth entrains ambient Atlantic water as it goes (Dietrich et al., 2008), generat-
ing a distinctive Atlantic–Mediterranean Water (AMW) mass (Rogerson et al., 2012b) in the cen-

Figure F1. Climatic transport system linking the North African monsoonal system via MO to thermohaline circulation in the
North Atlantic. Red stars are the proposed IODP IMMAGE sites; red triangles are the ICDP IMMAGE sites. Arrows indicate
surface and intermediate water masses. AMW = Atlantic–Mediterranean Water, LIW = Levantine Intermediate Water, ITCZ =
Intertropical Convergence Zone.
23 publications.iodp.org · 5
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tral and north Atlantic and large depositional and erosional features including extensive sandy
contouritic drifts (Nelson et al., 1999; Expedition 339 Scientists, 2013; Hernández-Molina et al.,
2003, 2014a, 2014b). AMW flows north, fueling the Norwegian Sea with higher density water that
helps sustain the formation and southward flow of North Atlantic Deep Water (NADW) (Khélifi
et al., 2009; Rogerson et al., 2012b; Kaboth et al., 2018). 

Despite the challenges of modeling the gateway, the exchange that occurs through the Gibraltar
Strait today is a sufficiently influential component of the Earth System for general circulation
models to capture at least part of its impact (Bigg et al., 2003; Bigg and Wadley, 2001). Experiments
without Atlantic–Mediterranean exchange show that its presence makes Greenland warmer and
Antarctica cooler (Bigg et al., 2003). This in turn is sufficient to shift the position of the Intertrop-
ical Convergence Zone (Figure F1), and hence the location of monsoons, storm tracks, and the
hyper-arid zones between them. Atlantic–Mediterranean exchange is also a critical component of
Atlantic Meridional Overturning Circulation (AMOC), particularly at times of weak NADW for-
mation (Bigg and Wadley, 2001; Ivanovic et al., 2014a, 2014b; Penaud et al., 2011; Rogerson et al.,
2006, 2010; Voelker et al., 2006). Furthermore, the transport of dense water from the Mediterra-
nean into the interior of the Atlantic entrains ambient Atlantic water on route, contributing sig-
nificantly to global carbon drawdown (2%–5% of today’s total net ocean carbon sink; Tans et al.,
1993; Siegenthaler and Sarmiento, 1993; Dixon et al., 1994). Taken altogether, this makes Atlantic–
Mediterranean exchange a key teleconnection that links African monsoon precipitation derived
from the south Atlantic with the northern high latitudes. 

Exchange through a single gateway at Gibraltar is a relatively recent phenomenon (Hernández-
Molina et al., 2014b; van der Schee et al., 2016; García-Gallardo et al., 2017a, 2017b). As a result of
Africa-Eurasia convergence, westward docking of the Alborán plate and simultaneous slab-retreat
(Jolivet and Faccenna, 2000; Faccenna et al., 2004; van Hinsbergen et al., 2014), the Atlantic–Med-
iterranean connection evolved from a single, wide open seaway (Figure F2; Table T1) linking a
Mediterranean that was more of an embayment of the Atlantic than a distinct marginal marine

Figure F2. Tectonically-controlled reconfiguration of the Mediterranean–Atlantic seaways from Middle Miocene to present
day. Paleogeography of the Western Mediterranean after Do Couto et al. (2016). The Rifian/Betic seaways (T2), which
replaced a wider seaway (T1), are now exposed on land in northern Morocco and southern Spain. The T2 scenario (~8 Ma)
is the first with potential impact on Atlantic–Mediterranean salinity gradients and overflow formation. (Figure from Capella
et al., 2019.) 
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Table T2. Operations plan and time est
and Safety Panel.
system (Flecker et al., 2015) to two narrow corridors: one in northern Morocco, the other in south-
ern Spain (Benson et al., 1991) (Table T2). The onset of episodic organic-rich sedimentation (sap-
ropels) in the Middle Miocene (Hilgen et al., 2005; Taylforth et al., 2014) is the earliest evidence of
the Mediterranean operating separately from the Atlantic. Ongoing progressive restriction of the
marine corridors permitted Mediterranean salinity to rise, and a distinct, dense water mass
formed. This dense water overspill into the Atlantic for the first time at some point during the
Middle–Late Miocene (Capella et al., 2017, 2019). Ultimately, the narrowing and closure of these
connections resulted in extreme salinity fluctuations in the Mediterranean, leading to the precipi-
tation of more than 1 million km3 of salt, equivalent to ~6% of the total dissolved oceanic NaCl

Table T1. Data from several overflows for comparison with present day exchange through the Gibraltar Strait and esti-
mated Late Miocene Atlantic–Mediterranean exchange. Data for the modern ocean is taken from Legg et al., (2009).

Faroe 
Bank

Denmark 
Strait

Red 
Sea

Gibraltar Exchange

Today

Messinian 
Halite 
Phase

Lago 
Mare 
Phase

Source water
Potential temperature 0. 0.25 22.8 14. 14. 14.
Salinity (g/kg) 34.92 34.1 39.8 38.4 360. 36.
Density at Surface (s units) 28.07 27.94 27.7 28.94 ~300. ~26.96
Sill depth (m) 800. 500. 200. 300. 20. 200.

Density difference at gateway (σ) 1.57 1.44 1.2 2.44 ~275. ~0.5

Product water
Potential temperature 3.3 2.1 21.7 11.8 ? ?
Salinity (g/kg) 35.1 34.84 34.67 36.4 ? ?
Density at Surface (s units) 27.9 27.85 27.48 27.6 ? ?
Depth (m) 3000. 1600. 750. 850. ? ?

Velocity Source (m/s) 1. 0.7 0.55 1. ≫1. ≪1.

Transport
Source 1.8 2.9 0.3 0.8 ≪0.8 ?
Product (Sv) 3.3 5.2 0.55 2.3 ~2.3 ?
Entrainment % 183. 179. 183. 288. ≫288. ?

5.0
4.9

1638 0 4.9 0.0
0 3.8 1.3

10.0
0.5

558 0 2.7 0.0
0 8.8 1.8

13.2
0.6

811 0 3.6 0.0
0 10.6 2.1

16.4
3.7

9.8 34.4 5.2

5.0
39.6

noitidepxE dnE

4.94:syaD gnitarepO latoT:llaC troP
4.45:noitidepxE latoT:etiS-nO latoT-buS

Transit ~944 nmi to Napoli @ 10.5

Hole A - APC/HLAPC/XCB to 550 mbsf - 4 ea APCT3 measurements

Sub-Total Days On-Site:
Transit ~157 nmi to WAB-03A @ 10.5

Hole A - APC/HLAPC/XCB to 660 mbsf - 4 ea APCT3 measurements

Sub-Total Days On-Site:

Hole B - Install Reentry system & 10-3/4" to 525 mbsf w/ HRT - SET Temp  
measurement - RCB to 1464 mbsf - Log w/Triple Combo, FMS-Sonic  & VSP

Hole B - Install Reentry system & 10-3/4"  w/ HRT to 650 mbsf - SET Temp 
Measurement - RCB to 1700 mbsf - Log w/Triple Combo, FMS-Sonic & VSP

Sub-Total Days On-Site:
Transit ~126 nmi to GUB-02A @ 10.5

Hole B - Drill ahead to 700 mbsf - SET Temp merasurement - RCB Core to 930 mbsf - 
Log w/Triple Combo, FMS Sonic & VSP

Hole A - APC/HLAPC/XCB to refusal (~750 mbsf) - 4 ea APCT3 measurements

loor Depth 
(mbrf) Operations Description Transit 

(days)

Drilling 
Coring 
(days)

Logging 
(days)

noitidepxE nigeB port call days
Transit ~1235 nmi to ALM-03B @ 10.5

imates for primary sites, Expedition 401, Option 1 (see text). mbrf = meters below rig floor. EPSP = Environmental Protection
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to 1700 mbsf
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Site No.
Location 
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(m
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Table T3. Operations plan and time estim
(Blanc, 2006; Ryan and Hsü, 1973) in the latest Miocene. This event is known as the Messinian
Salinity Crisis (MSC; Hsü et al., 1973). Ongoing tectonic convergence coupled with isostatic
rebound related to lithospheric mantle dynamics (Duggen et al., 2003) not only severed these ear-
lier marine connections but also uplifted and exposed them on land (Capella et al., 2017). In the
early Pliocene (Table T3), two-way exchange was established through a single conduit, the Gibral-
tar Strait.

During the MSC, the amplified net evaporative flux changed to such an extent that the salinity of
water flowing into the Atlantic varied between near-equality with Atlantic water (~36 g/kg) to
halite-depositing brine (>360 g/kg) and brackish water conditions (<20 g/kg). Gibraltar exchange
today exhibits one of the largest density contrasts in the modern ocean (Table T1), but this con-
trast was increased by up to two orders of magnitude during the acme of the MSC. The water
flowing into the Atlantic at this time was probably the most extremely dense overflow of oceano-
graphic scale in Earth’s history, and all other aspects of the exchange would have been proportion-
ally exaggerated. 

The scientific aim of IMMAGE is to determine when MO first occurred and to constrain quanti-
tatively how the Atlantic Ocean and global climate were altered as a consequence of both the
inception of Atlantic–Mediterranean exchange and extreme density contrast between the two.
This can only be achieved by recovering the following:

• The early record of the gateway, which is preserved onshore in Morocco and Spain (ICDP drill-
ing);

• The later gateway record, which is preserved offshore in the Alborán Basin (IODP drilling); 
and 

• Atlantic sediments impacted by MO (IODP drilling). 

IMMAGE therefore requires an amphibious drilling strategy and is the first Land-2-Sea project.
Expedition 401 is the first of the three drilling phases required to implement IMMAGE. Onshore
drilling in Spain and Morocco is not yet scheduled, but is likely to be undertaken in that order.

5.0
4.9

38 0 4.9 0.0
0 3.8 1.3

10.0
0.5

58 0 8.8 1.8

10.6
0.6

11 0 10.6 2.1

0 3.6 0.0

16.4
3.7

9.8 31.7 5.2

5.0
36.9

noitidepxE dnE

7.64:syaD gnitarepO latoT:llaC troP
7.15:noitidepxE latoT:etiS-nO latoT-buS

Transit ~944 nmi to Napoli @ 10.5

Sub-Total Days On-Site:
Transit ~157 nmi to WAB-03A @ 10.5

Hole B - APC/HLAPC/XCB to 660 mbsf - 4 ea APCT3 measurements

Sub-Total Days On-Site:

Hole A - Install Reentry system & 10-3/4"  w/ HRT to 650 mbsf - SET Temp 
Measurement - RCB to 1700 mbsf - Log w/Triple Combo, FMS-Sonic & VSP

Hole A - Install Reentry system & 10-3/4" to 525 mbsf w/ HRT - RCB  to 1464 mbsf - Log 
w/Triple Combo, FMS-Sonic & VSP

Sub-Total Days On-Site:
Transit ~126 nmi to GUB-02A @ 10.5

Hole B - Drill ahead to 700 mbsf - SET Temp merasurement - RCB Core to 930 mbsf - 
Log w/Triple Combo, FMS Sonic & VSP

Hole A - APC/HLAPC/XCB to 750 mbsf - 4 ea APCT3 measurements

floor 
pth 
brf)

Operations Description Transit 
(days)

Drilling 
Coring 
(days)

Logging 
(days)

noitidepxE nigeB port call days
Transit ~1235 nmi to ALM-03B @ 10.5

ates for primary sites, Expedition 401, Option 2 (see text).
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2.2. Late Miocene Climate
The mid-Cenozoic cooling trend documented by the global δ18Obenthic record (Figure F3A) (Zachos
et al., 2001, 2008) has been linked to the onset and growth of the East Antarctic Ice Sheet (Gulick
et al., 2017). By the Late Miocene, this was well established with evidence of ephemeral continental
ice sheets elsewhere (Larsen et al., 1994; St John and Krissek, 2002; Mercer and Sutter, 1982; Wil-
liams et al., 2010). Intriguingly, while deep sea cooling appears to stabilize in the Late Miocene, sea
surface temperatures (SSTs) indicate up to 6°C of cooling between 7 and 5.3 Ma (Figure F3B)
(Herbert et al., 2016). This cooling trend occurs in both hemispheres and across all of Earth’s
major oceans. It amplifies towards the high latitudes and terminates at 5.3 Ma, coincident with the
Miocene/Pliocene boundary and the end of the MSC, with temperatures almost equivalent to
modern values (Herbert et al., 2016).

This Late Miocene sea surface cooling resulted in stronger equator-pole temperature gradients,
intensifying subtropical aridity and contributing to major continental ecosystem change (Herbert
et al., 2016), including the expansion of C4 plants (e.g., Dupont et al., 2013; Cerling et al., 1997).
Herbert et al. (2016) attributed the cooling to a decline in Late Miocene atmospheric CO2.
Although the PCO2 reconstruction from this period appears to show no significant change during
the Late Miocene (Foster et al., 2017), benthic carbon isotope records support a major perturba-
tion of the global carbon cycle (Hodell and Venz-Curtis, 2006). Possible drivers of this CO2 draw-
down are sequestration in the deep ocean of eroded organic soil matter released from a less
vegetated land surface (Diester-Haas et al., 2006) and ocean gateway change causing shoaling of
the thermocline (LaRiviere et al., 2012). What has not previously been considered is the role of

Figure F3. Seawater temperature records for (A) deep water derived from benthic δ18O composite (Zachos et al., 2001) and
(B) alkenone-derived SSTs for Northern Hemisphere (NH) high and midlatitudes, Southern Hemisphere (SH) midlatitudes,
and Tropics (Herbert et al., 2016). Gray bar indicates the duration of the discrepancy between the implicit temperature evo-
lution of oceanic bottom and surface water. This period ends at the Miocene/Pliocene boundary, coincident with the end of
the MSC (Capella et al., 2019).
23 publications.iodp.org · 9
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MO in oceanic circulation, the ephemeral northern hemisphere Messinian ice ages (van der Laan
et al., 2012), and marine CO2 storage during the Late Miocene (Capella et al., 2019). By recovering
a record of the inception of Atlantic–Mediterranean exchange, IMMAGE drilling will be able to
quantify the impact of this new source of advecting water on the Late Miocene North Atlantic,
northern hemisphere glaciation, and ocean CO2 and the other CO2 reservoirs with which it
exchanges.

2.3. Testing the global versus regional significance of the Messinian 
Salinity Crisis
This potential driver for global climatic change also has important implications for our under-
standing of the evolution of the MSC, which languishes in the grip of an enduring controversy
over the relative importance of eustatic sea level change and local tectonics. Astronomical tuning
of Late Miocene Mediterranean successions quashed initial hypotheses supporting the global-
scale importance of the MSC (see Stanley, 1975, for a review) and suggested that regional tectonics
rather than global eustatic change controlled the onset (Krijgsman et al., 1999) and termination
(van der Laan et al., 2006) of the MSC. This conclusion renders the Mediterranean salt giant an
extraordinary but fundamentally parochial phenomenon. Over the past few years, however, the
potential global interconnectedness and significance of the MSC has revived as a result of retuning
key sections (Manzi et al., 2013), a greater appreciation of the uncertainties in subprecessional
phasing of Mediterranean successions (Modestou et al., 2017), the intricate history of the MSC
(Hilgen et al., 2007). The generation of Late Miocene orbital resolution stable isotope records in
the open ocean (e.g., van der Laan et al., 2012; Drury et al., 2017) improved understanding of the
ocean-dynamic consequences of decreased global salinity arising from sinking 6% of global NaCl
into the salt giant itself (Cullum et al., 2016), as well as the new SST synthesis (Herbert et al., 2016).
Despite this expanding evidence base, this global versus local paradox has not been tested because
we lack the high-resolution records of Atlantic–Mediterranean exchange. The precessional-scale
correlation of Mediterranean and Atlantic successions will allow the IMMAGE team to test rigor-
ously hypotheses that relate the MSC to global climatic change.

2.4. Seismic studies/site survey data
The supporting site survey data for Expedition 401 are archived at the IODP Site Survey Data
Bank (https://ssdb.iodp.org/SSDBquery/SSDBquery.php; select P895 for proposal number).

3. Scientific objectives
The target of the IMMAGE drilling proposal is the record of Atlantic–Mediterranean exchange
during the most dynamic and variable period of its history, from inception through salt giant for-
mation to the establishment of an exchange configuration similar to today. The sediments on
either side of the gateway region, which are preserved both onshore and offshore, record the
changing nature of Atlantic–Mediterranean exchange, allowing quantitative evaluation of its role
in global-scale climate systems, impact on major climatic events, and influence over extreme envi-
ronmental change in the Mediterranean. Two of IMMAGE’s scientific objectives are therefore
paleoclimatic. In addition, a Late Miocene drilling target focused on the gateway also provides an
unparalleled opportunity to test physical oceanographic representations of extreme high-density
overflow dynamics that do not exist in the world today on this scale. 

3.1. Objective 1: to document the time at which the Atlantic first 
started to receive a distinct overflow from the Mediterranean and to 
evaluate quantitatively its role in Late Miocene global climate and 
regional environmental change
Today, dense water (13°C, 37g/kg; Price et al., 1993) pools on the floor of the Mediterranean
behind a shallow (300 m), narrow (15 km) sill, the Gibraltar Strait. Mediterranean waters overspill
the sill and cascade down the continental slope. The density contrast between Mediterranean and
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ambient Atlantic water generates substantial current speed, leading to extensive contouritic drifts
(Hernández-Molina et al., 2016). Recent fieldwork in Morocco has revealed that the Rifian Corri-
dor in northern Morocco contains Upper Miocene contouritic sediments (Capella et al., 2017) that
resemble the Pliocene–Pleistocene contourites in the Gulf of Cadiz (IODP Expedition 339; Expe-
dition 339 Scientists, 2013).

The presence of 7.8–6.3 Ma contourites in Morocco (Capella et al., 2017) indicates that an over-
spill geometry had already formed in the Late Miocene, ~2 My before the MSC, allowing a density
contrast between the Mediterranean and Atlantic to develop and feeding saline Mediterranean
water into the North Atlantic (Capella et al., 2017, 2019). The outstanding question is whether
these exposed Rifian contourites are the first products of MO or whether older, buried contourites
exist in either the Rifian and/or Betic corridors (Figures F2, F4). 

One possibility is that initiation of MO contributes to the cooling that ultimately triggers the for-
mation of permanent Northern Hemisphere ice by altering the North Atlantic density structure
and increasing CO2 drawdown through the entrainment of Atlantic surface water and its dissolved
CO2 in the dense AMW plume (Capella et al., 2019). Correlation with similarly high-resolution
sites in the North Atlantic will be required to test this mechanism and assess its importance in
modulating NADW formation. Correlation with Messinian sequences recovered during IODP
Expeditions 346 (Japan Sea) and 361 (Agulhas Current) will allow us to evaluate the influence of
the MSC on atmospheric conditions and continental-scale aridification (Zhang et al., 2014).

Hypotheses that will be tested as part of this scientific objective include the following:

• Hypothesis 1.1: the earliest contourites formed as a result of Atlantic–Mediterranean ex-
change, correlate with the onset of Late Miocene SST decline in the mid- and high latitudes. 
Dating the first Atlantic–Mediterranean contourites will test this hypothesis.

• Hypothesis 1.2: atmospheric CO2 sequestration in the deeper ocean through the initiation and 
development of AMW can account for the degree and distribution of SST cooling observed. 
Reconstructing the velocity, density, and flux of AMW through time, quantifying its impact on 
CO2 advection (Capella et al., 2019), and then modeling the resulting SST distribution (e.g., 
Ivanovic et al., 2014a) tests this hypothesis.

Figure F4. Map of the Mediterranean–Atlantic gateway at Gibraltar and the two Miocene connections, the Betic and Rifian
corridors, that are now exposed on land in Spain and Morocco respectively. Red circles indicate IMMAGE IODP Expedition
401 and ICDP primary drilling targets; red circles with white centers indicate alternate sites. Green dots indicate existing
IODP/ODP/DSDP sites and the Montemayor borehole, which recovered Upper Miocene sediments. Sites closest to Expedi-
tion 401 sites that did not reach the Miocene (U1385, U1588, and U1391) are also plotted in green. 
23 publications.iodp.org · 11



R. Flecker et al. Expedition 401 Scientific Prospectus

https://doi.org/10.14379/iodp.sp.401.2
• Hypothesis 1.3: Atlantic–Mediterranean Water modulates NADW formation, triggers glacial 
inception, and influences continental-scale aridification. Model-based testing of this hypothe-
sis requires the correlation of IMMAGE records with existing high-resolution records globally.

3.2. Objective 2: to recover a complete record of Atlantic–
Mediterranean exchange before, during, and after the Messinian 
Salinity Crisis and to evaluate the causes and consequences of this 
extreme oceanographic event locally, regionally and globally
Today, Mediterranean seawater flows through the Gibraltar Strait forming a saline plume at inter-
mediate depths in the Atlantic (Iorga and Lozier, 1999). The plume’s record of Pliocene–Quater-
nary contouritic sediments was recovered from the Gulf of Cadiz (IODP Expedition 339) and
documents a Mediterranean contribution to Atlantic thermohaline circulation since the Pliocene
(Hernández-Molina et al., 2014b; van der Schee et al., 2016; Garcia-Gallardo et al., 2017a, 2017b).
However, there was also a Late Miocene episode of Mediterranean influence on the Atlantic
(Capella et al., 2017, 2019) although the conduit for Atlantic–Mediterranean exchange is unclear
because Gibraltar may have already been open alongside marine corridors in northern Morocco
and southern Spain (Figure F4) (Flecker et al., 2015; Martín et al., 2009; Krijgsman et al., 2018) and
the Alborán Basin may have been an intermediate system separated from the Mediterranean by
the Alborán volcanic arc (Booth-Rea et al., 2018). The sedimentary expression of restriction and
closure of these Miocene connections in the Mediterranean comprises both thick evaporites (e.g.,
Roveri et al., 2014) and brackish “Lago Mare” sediments (Figure F5) (Iaccarino and Bossio, 1999;
Orszag-Sperber, 2006; Rouchy et al., 2007; Guerra-Merchan et al., 2010). Understanding the
causes of high-amplitude salinity change in the Mediterranean and its global consequences
depends on recovering a complete record of Atlantic–Mediterranean exchange before, during,
and after the MSC.

Hypotheses that will be tested as part of this scientific objective include the following:

• Hypothesis 2.1: the Alborán Basin was an intermediate marine system influenced by the Atlan-
tic and separated from the Mediterranean by the Alborán volcanic arc during the MSC.

• Hypothesis 2.2: extreme environmental fluctuations in the Mediterranean had negligible im-
pact on AMW. 

Both hypotheses require the reconstruction and comparison of physical properties of Late Mio-
cene water in the Atlantic (proposed Site ALM-01A), Alborán Sea (proposed Site WAB-03A), and
existing Mediterranean successions.

3.3. Objective 3: to test our quantitative understanding of the 
behavior of ocean overflow plumes during the most extreme exchange 
in Earth’s history
There are ~20 major ocean-scale overflow systems in the world today (Legg et al., 2009), including
some of the most important and sensitive oceanic transport systems (e.g., Denmark Strait and
Weddell Sea). All of these systems are driven by source water density anomalies upstream of the
overflow (Price and O’Neill-Baringer, 1994). However, the range of source water density today is
rather small; 27.7 s units (Red Sea) to 28.95 s units (Mediterranean Sea) (Table T1). In comparison,
the density of Mediterranean water during gypsum (Stages 1 and 3 of the MSC) (Figure F5) and
halite deposition (Stage 2) would have been enormous (110 and ~300 s units respectively). This
presents an opportunity and a challenge for existing representations of oceanographic overflow
physics (e.g., Legg et al., 2009) because we can test hypotheses derived from physical theory
through scientific drilling. This is the first experiment of its type that we are aware of and is
ground-breaking in the field of quantitative paleoceanography. 

The application of physical theory to the paleoceanography of MO is well established (Rogerson et
al., 2012a) and suggests the following hypotheses:
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• Hypothesis 3.1: the velocity of the plume is a function of the Atlantic–Mediterranean density 
contrast, limitation on flow through the strait (Bryden et al., 1994), the gradient of the slope, 
and the degree of mixing (Price et al., 1993).

• Hypothesis 3.2: mixing with ambient water causes a strong negative feedback on the size of the 
plume, limiting the degree of its variability (Price et al., 1993). This means that only minor 
changes in the physical size of the plume are expected, despite the proportion of plume water 
derived directly from the outflow varying significantly. As a result, changes in Mediterranean 
density have little impact on the plume position.

• Hypothesis 3.3: the main control on the settling depth of MO is the vertical density gradient in 
the North Atlantic, which is a product of North Atlantic overturning circulation (Rogerson et 
al., 2012a).

These qualitative hypotheses have been quantitatively investigated in pilot experiments exploring
a range of MSC-like salinity scenarios. They show that only minor changes in the position and size
of the MO plume result from extreme differences between evaporite depositing (MSC) and Lago
Mare (brackish-water) boundary conditions (Figure F6). The brackish plume lies at the depth of
the upper part of the modern MO (Borenäs et al., 2002), whereas the evaporite plume coincides
with the lower part of the modern flow. In phases, the plume extends over roughly half the area
influenced by the modern plume. The response of MO settling depth to the North Atlantic density
gradient is shown in Figure F6D. As Miocene AMOC may have been either lower or higher than
today (Butzin et al., 2011; Panitz et al., 2018), the position of the plume could be either higher or

Figure F5. Temporal range of IMMAGE sites. Dark blue indicates higher density Mediterranean water, with the width of the
Alborán Basin column indicative of the gateway restriction. Intermediate blue represents AMW, and pale blue indicates the
Atlantic water prior to the onset of MO. Yellow indicates continental sediments that accumulated in the Betic and Rifian
corridors once marine exchange through them had terminated. A reconstructed salinity profile of Mediterranean water
through time (Flecker et al., 2015) illustrates the enhanced salinity during the three stages of the MSC. Insolation (Lourens
et al., 1996), which has a strong precessional component that is reflected in the sedimentary record, the benthic foramin-
ifera δ18O curve generated for the Salé Core, Morocco (Hodell et al., 2001), and the Pliocene–Pleistocene stack (Lisiecki and
Raymo, 2005) are plotted alongside.
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lower on the slope than indicated in Figure F6A–F6C and will also vary on orbital timescales be-
cause this forcing is expected to cause variations in AMOC (Panitz et al., 2018), but to a much
smaller extent than during the Pleistocene.

These results suggest that both secular and cyclic changes in the position of the plume will be
recorded in its sedimentary product and that the position of the plume is almost independent of
Mediterranean salinity. Coring locations based on the modern plume position, Late Miocene
paleogeography of the coastline and slope, and seismic evidence of Late Miocene contouritic sed-
imentation should recover the full Late Miocene record of exchange. Site GUB-02A will target
plume sediments immediately downstream of the gateway (Figure F4), and Site ALM-02A will
provide a record of the plume at equilibrium depth. The targeted sites will provide high-resolution
records that complement, but do not replicate Expedition 397 Sites U1586 and U1587, which are
more distal.

The opportunity to integrate physical and geological oceanography envisaged here is unique and
exciting, and it ensures that regardless of the record we recover, the results will have far-reaching
implications. IMMAGE is a direct hypothesis test, investigating whether the representations of
overflows within general circulation models are effective outside the range of validation provided
by the modern ocean. If the record fulfills the predicted patterns (Figure F6), this will, for the first
time, provide empirical evidence that these representations are adequate under extreme boundary
conditions. Moreover, this success would allow us to embed physical oceanography more explicitly
in our interpretation of the record, laying the foundation for a new and fully quantitative under-
standing of the past. If the record is inconsistent with the hypotheses, this will be an important,
empirical challenge to assumptions used in climate modeling, casting doubt on all modeling
experiments in which part of the ocean-atmosphere system is outside the range exhibited today.
We are not aware of a previous case where scientific drilling has been used to test ocean physics
hypotheses as explicitly as we propose here. Extreme differences between our predictions and core
evidence which are nevertheless resolvable by iterative modeling, for example an extremely deep
plume comparable to late Quaternary Heinrich Events (Rogerson et al., 2012a), will also be incom-

Figure F6. Salinity (color) and velocity field (arrows) for simulated MO at different time periods, showing the size and loca-
tion of the resulting overflow plume in the Gulf of Cadiz. A. Modern configuration. B. Lago Mare (brackish water) submaxi-
mal exchange. C. MSC gypsum depositional phases. D. Impact of altering Atlantic vertical density gradient on the setting
depth of MO Water (Rogerson et al., 2012a). 
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patible with current conceptualization of how the Miocene Atlantic operated and will provide very
high-impact results.

4. Connections to the 2050 Science Framework
Expedition 401 and IMMAGE drilling are relevant to the following parts of the 2050 Framework
for scientific ocean drilling. 

4.1. Strategic objectives

4.1.1. Earth’s climate system
Opening and closure of oceanic gateways is recognized as having a profound impact on Earth’s
climate, changing the distribution of heat and salt in the world’s oceans. Dense salty water from
the Mediterranean contributes to thermohaline circulation, NADW formation, and associated
carbon drawdown. 

4.1.2. Tipping points in Earth’s history
Flooding of the Mediterranean basin at the end of the Miocene is one of the most vivid examples
of a tipping point in Earth’s history. However, the history of water flow through this gateway
remains to be described in detail, and it has consequences not just for the Mediterranean but also
for the global ocean. 

4.1.3. Global cycles of energy and matter 
The Mediterranean-Atlantic Gateway has a controlling influence on the distribution of salt, heat,
and nutrients in the ocean. 

4.2. Flagship initiatives

4.2.1. Groundtruthing future climate change
Sediment cores from this expedition will cover the last ~8 Ma of Earth’s climate, including analogs
for future warm climates under CO2 levels up to ~500 ppm. In particular, the combination of gate-
way and climate history recorded in the cores will help us understand global climate from 5 to 8
Ma, a relatively understudied interval compared to the last 5 My. 

4.3. Enabling elements

4.3.1. Broader impacts and outreach 
We aim to reach a broad audience to communicate the expedition’s science and real-time progress.
Because of the unusually long duration of this Land-2-Sea drilling project, we have an opportunity
to develop a more ambitious outreach endeavor than is typical and will be targeting, in particular,
communities that do not normally engage with scientific narratives. This will include a cocreation
project called Earth System Song and a multisensory exhibition known as the Mobile Science Sen-
sorium. 

4.3.2. Land to sea
This IODP expedition is the first element of the first ever Land-2-Sea drilling project. The onshore
ICDP drilling will happen in the years following Expedition 401 at sites in southern Spain and
northern Morocco. Integrated results from both the land and sea drilling are necessary to fully
understand Late Miocene gateway history and deliver IMMAGE’s scientific objectives. 

5. Operations plan

5.1. Coring strategy
The expedition will drill at three primary sites. At Site ALM-03B, west of Portugal, we aim to
recover a thick Late Miocene succession of distal MO deposits. Site GUB-02A, in the Gulf of
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Cadiz, targets a high-resolution (precessional) record of Late Miocene MO at an intermediate site
between the proposed onshore ICDP sites (RIF-01A and BET-01A) and the distal Site ALM-03B.
Site WAB-03A targets one of the few thick late Messinian sedimentary successions in the Alborán
basin to provide key constraints on the chemistry and physical properties of MO water during and
after the MSC.

Critical to the success of the science is the ability to correlate each site at a precessional scale, both
with each other, with the onshore IMMAGE sites, and with global climate and paleoceanographic
records. Ideally, this would be achieved through recovering a complete core record of Atlantic–
Mediterranean exchange during the Late Miocene–early Pliocene. However, there are only a few
sites where the Late Miocene offshore is sufficiently shallow to be accessible to drilling with
JOIDES Resolution. This means that the intervals we are targeting are typically quite deeply buried
at depths where core recovery is likely to be <100%. They are buried at similar depths at the
onshore sites too, but because we will use mining drilling technology (not possible to deploy on a
moving ship), we can expect a core recovery much closer to 100%. To meet the requirement of
precession-scale correlation, the IMMAGE drilling strategy will use both stratigraphic informa-
tion derived from recovered cores and high-resolution logging data (i.e., Formation Image logs
supplemented with standard gamma ray, photoelectric effect [PEF], neutron porosity, density,
resistivity, and sonic logs), from which we anticipate a much higher likelihood of recovering a full
stratigraphy.

All of the targeted sediments are anticipated to record a precessional pulse derived from the Afri-
can monsoon and North Atlantic storm tracks (Marzocchi, 2016) that is visible in both the chem-
ical and physical components of the core and in the logging data. These successions also show
characteristic eccentricity modulation that will provide astrochronological tie points in addition
to bio- and magnetostratigraphic age constraints. The use of industrial logging data for astronom-
ical tuning was demonstrated in the Guadalquivir Basin close to Site BET-01A (Ledesma, 2000).
Our strategy is to construct a precessional framework at each site using the high-resolution log-
ging data combined with stratigraphic information provided by the recovered cores. For more
information on the downhole logging tools, see http://iodp.tamu.edu/tools/logging.

At the time of writing, we are submitting a request to the EPSP to extend drilling at Site GUB-02A
from the current maximum permitted depth of 930 metes below seafloor (mbsf ), part-way
through the Messinian, to 1464 mbsf, in the Tortonian. Permission depends on the anticipated
absence of hydrocarbon hazards at this location. The time estimates in this prospectus assume
drilling to 1464 mbsf; if we do not receive permission for this depth, then operational time will
become available either as contingency for lost time (due to weather or drilling problems) or for
additional coring. 

The three Expedition 401 sites are relatively deep, and the main scientific targets are in the bottom
part of each hole. Time estimates for drilling, logging, and coring from the seafloor to the target
depths at all three sites currently leave some contingency time, but there is still a risk that we may
not reach the depth and science objectives at the final site if there is any delay in operations. For
comparison, IODP Expedition 397 (Iberian Margin) lost 8 days of operations time because of high
seas. However, all three sites are quite close to existing IODP/Integrated Ocean Drilling Proj-
ect/ODP/DSDP sites where the Quaternary was previously recovered and is available for sam-
pling. Usually at new drilling sites, the first hole must be cored continuously from the seafloor to
make hydrocarbon safety measurements on each core. We are in the process of proposing to EPSP
to build in some contingency time by applying existing gas measurements from existing sites close
to Sites GUB-02A and WAB-03A and washing down through part or all of the Pleistocene section
before starting to core and log from or just above the top of the Pliocene, drilling only a single hole
at one or both of these sites. This approach is subject to EPSP approval for each of these two sites,
and the exact drilling strategy will vary depending on water depth, total penetration target depth,
and the need for casing. This drilling strategy is described as Option 2 for Sites GUB-02A and
WAB-03A (Figures F7, F8). Option 1 for each site is the drilling strategy where for safety reasons
we are required to monitor for hydrocarbons down all sections of the holes we drill rather than
using existing data from adjacent sites. It is not unlikely that some combination of Options 1 and 2
will ultimately be implemented. We do not propose to request the option to wash down at Site
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Figure F7. Option 1 drilling, coring, and
total depth.
ALM-03B because the Pliocene/Pleistocene boundary is only at 85 mbsf and will therefore not
save much time. The options at each of the three primary sites are described below.

5.1.1. Site ALM-03B
We will drill using the advanced piston corer (APC) and extended core barrel (XCB) systems and
attempt to get to the target depth of 930 mbsf. If this is not possible because coring becomes too
slow with the XCB system, an additional hole will be drilled using the rotary core barrel (RCB)
system, washing down the previously recovered interval and then coring to the target depth.

5.1.2. Site GUB-02A
Option 1: if we need to generate our own gas measurements for safety reasons, the drilling strategy
is as follows:

• Core Hole A with the APC and XCB systems to the depth at which the casing needs to be set 
(525 mbsf), taking gas measurements. This should be above the Pliocene/Pleistocene bound-
ary. If EPSP permission to core to 1464 mbsf is not granted, we would attempt to core as deeply 
as possible to the current maximum permitted depth of 920 mbsf with the APC and XCB sys-
tems. 

• If the target depth is 920 mbsf and was not reached in Hole A, wash Hole B down to the depth 
that APC/XCB coring reached and core with the RCB system to 920 mbsf. 

• If the target depth is 1464 mbsf, case Hole B to 525 mbsf and core with the RCB system to 1461 
mbsf. 

 logging strategy where hydrocarbon monitoring down the full length of holes drilled during Expedition 401 is required. TD =
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Figure F8. Option 2 drilling, coring, and
TD = total depth.
• Complete the full logging program to the target depth (obtaining a natural gamma ray log 
through the casing for the top 525 m).

Option 2: if we are allowed by the EPSP to use the gas measurements from Expedition 339 Sites
U1387 and U1386 (~36 km northwest) instead of generating these ourselves, the single-hole drill-
ing strategy is as follows:

• If permission is given to core to 1464 mbsf, wash down Hole A to 525 mbsf and case this upper 
part of the hole. Otherwise, do not install casing. 

• Core (RCB system) and log Hole A from 525 mbsf to the bottom of the hole (obtaining a natu-
ral gamma ray log through the casing for the top 525 m).

This would save ~2.5 days relative to Option 1. 

5.1.3. Site WAB-03A
Option 1: if we need to generate our own gas measurements for safety reasons, the drilling strategy
is as follows:

• Core Hole A with the APC and XCB systems to a depth just below where the casing needs to be 
set (660 mbsf), taking gas measurements. 

• Case Hole B to 650 mbsf.
• Core Hole B with the RCB system to the target depth of 1700 mbsf.

 logging strategy where the EPSP permits the use of hydrocarbon measurements from existing adjacent IODP/ODP/DSDP sites.
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• Complete the full logging and coring program from 650 mbsf to the target depth. This will also 
produce a natural gamma ray record through the casing for the top 650 m.

Option 2: if we are allowed to use the gas measurements from nearby DSDP Site 121 and ODP Site
976 (~25 and ~32 km away, respectively) instead of generating these ourselves, then the drilling
strategy is as follows:

• Case Hole A to 650 mbsf. This is below the Pliocene/Pleistocene boundary to maximize our 
chances of recovering this very deep Late Miocene target interval. 

• Core (RCB system) and log Hole A from 650 mbsf to the target depth of 1700 mbsf. 
• Core Hole B (APC and XCB systems) to 660 mbsf with the possibility to continue coring if 

operational time remains.

This would not save time relative to Option 1, but it gives us more time to deal with problems
should they arise if we do not leave the deepest hole until the last operation of the expedition. 

If operations run according to schedule and without problems, depending on time, we may drill at
one of the alternate sites:

• The Pliocene–Pleistocene at Site U1385 was recovered to ~4.5 Ma during Expedition 397, but 
the Miocene was not recovered. Adjacent sites indicate that Site U1385 is likely to record an 
excellent cyclic Late Miocene record with good carbonate preservation. 

• One of the EAB sites in the eastern Alboran Basin would recover the Miocene and Pliocene. 

5.2. Proposed drill sites
Sites are described from west to east, which is the proposed order of drilling during Expedition
401, apart from alternate Site U1385, which is described last.

5.2.1. Site ALM-03B (primary)
Site ALM-03B is at 1567 meters below sea level (mbsl) (Figure F9). The primary objective of this
site is to recover a thick, shallowly buried Late Miocene succession that contains distal MO depos-
its. The main contribution of this site is that it will provide a record of the plume once it has
reached equilibrium depth and hence help test quantitative constraints on the behavior of dense
overflows (Objective 3). In addition, the high-resolution (precessional) record we will recover at
this site is a key component of the complete record of Mediterranean–Atlantic exchange during
the Late Miocene–Pliocene (Objectives 1 and 2). This site is close to Site U1391 (Expedition 339).
The Pliocene–Quaternary (0–5.33 My) is between 0 and 258 mbsf with an average accumulation
rate estimated to be ~48 m/My with hemipelagites and muddy contourites. The base of the Mes-
sinian Transparent Unit (5.6 My) is expected at 410 mbsf. This unit should be mainly hemipelag-
ites with an average rate estimated to be ~562 m/My. Between 410 and 704 mbsf (5.6–7.2 My),
Messinian contourites are expected with an average rate of ~183 m/My. The total penetration is
planned to reach the Tortonian (11.9 My) at 990 mbsf. Proposed deposits of this unit are hemipe-
lagites, contourites, and turbidites, with an average rate of ~65 m/My.

5.2.2. Site ALM-02A (alternate)
Site ALM-02A is at 2265 mbsl (Figure F10) and is the alternate to Site ALM-03B. It has the same
main objectives. The estimate lithologies are the same, but key reflectors have deeper depths: the
base of the Pliocene–Quaternary (5.33 My; 693 mbsf) has an average accumulation rate of ~130
m/My, the Messinian Transparent Unit (5.33–5.6 My; 693–874 mbsf ) has an average rate of ~670
m/My, Messinian contourites (5.6–7.2 My; 874–1209 mbsf ) have an average rate of ~334 m/My,
and the Tortonian (7.2–11.6 My; 1209–1629 mbsf ) has an average rate of ~50 m/My.

5.2.3. Site ALM-01A (alternate)
Site ALM-01A is at 1634 mbsl (Figure F11) and is the second alternate site to Site ALM-03B. It has
the same main objectives. The estimate lithologies are also the same, and key reflectors have close
depths: the base of the Pliocene–Quaternary (5.33 My; 328 mbsf ) has an average accumulation
rate of ~62 m/My, the Messinian Transparent Unit (5.33–6.4 My; 328–414 mbsf ) has an average
rate of ~80 m/My, Messinian contourites (6.4–7.2 My; 414–593 mbsf ) have an average rate of
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Figure F9. Site summary form for primary Site ALM-03B.

Figure F10. Site summary form for alternate Site ALM-02A.
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Figure F11. Site summary form for alte
~223 m/My. The Tortonian is divided into two units. The Upper Tortonian, down to the intra-
Tortonian Unconformity (7.2-8 My; 593–703 mbsf ) is estimated to have an average accumulation
rate of ~138 m/My, and the Tortonian below this unconformity (8–11 My; 703–930 mbsf ) has an
average rate of ~75 m/My.

5.2.4. Site GUB-02A (primary)
Site GUB-02A is at 547 mbsl (Figure F12) and is mostly influenced by the upper branch of MO
since its onset. This site targets a complete Late Miocene succession in the pathway of MO. The
aim is to obtain a high-resolution (precessional) record of Miocene MO at an intermediate site
between the onshore records (Sites RIF-01A and BET-01A) and the distal record (Site ALM-01A).
This record makes a critical contribution to all three objectives. This site is close to Expedition 339
Sites U1386–U1389 and U1390. Average accumulation rates are estimated to be ~141 m/My to the
base of the Pliocene (0–5.33 My; 0–754 mbsf ), with mud and silty sand lithologies related to hemi-
pelagites and contourites. In the Messinian Transparent Unit (5.33–6.4 My; 754–840 mbsf ), aver-
age rates are ~80 m/My, associated with nannofossil marls in hemipelagites. During the Lower
Messinian (6.4–7.2 My; 840–920 mbsf ), sands, silty sands, and muds accumulate as hemipelagites,
contourites, and turbidites, with average rates estimated to be ~327 m/My. 

An application to EPSP to extend drilling at this site down to the Tortonian is currently in prog-
ress, and the drilling at this site may be revised in the light of their decision.

5.2.5. Site GUB-03A (alternate)
Site GUB-03A is at 540 mbsl (Figure F13). It serves as an alternate site to Site GUB-02A and thus
has the same main objectives. The estimate lithologies are the same, and key reflectors have very
close depths: the base of the Pliocene–Quaternary (5.33 My; 736 mbsf ) has an average accumula-
tion rate of ~138 m/My, the Messinian Transparent Unit (5.33–6.4 My; 736–869 mbsf ) has an
average rate of ~124 m/My, and the Lower Messinian (6.4–7.2 My; 869–930 mbsf ) has an average
rate of ~433 m/My.

An application to EPSP to extend the drilling at this site down to the Tortonian is currently in
progress, and the drilling at this site may be revised in the light of their decision.

rnate Site ALM-01A.
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Figure F12. Site summary form for prim
1464 mbsf we are currently asking EPSP
5.2.6. Site WAB-03A (primary)
Site WAB-03A is at 800 mbsl (Figure F14). This site targets one of the few thick late Messinian
sedimentary successions in the Alborán Basin. The record recovered from this location will pro-
vide key constraints on the chemistry and physical properties of MO during the Late Miocene.
This is critical for all objectives. This site is close to DSDP Site 121 and ODP Site 976. The pro-
posed total penetration is 1700 m. Quaternary (0–2.6 My; 0–428 mbsf ) and Pliocene (2.6–
5.33/5.46 My; 465–739 mbsf ) sedimentation would be characterized by turbidites and contourites
with an average accumulation rate estimated to be ~150 m/My for the two periods. The MSC
(5.33/5.46–5.97 My; 739–956 mbsf ) sedimentation would be subaerial/shallow waters with an
average accumulation rate estimated to be ~176 m/My. The rest of the Messinian (5.97–7.2 My;
956–1108 mbsf ) sedimentation would be from a deep sea environment. Tortonian, including the
Tortonian tectonic inversion (7.2 to >8 My; 1108–1700 mbsf ) sedimentation would be dominated
by hemipelagites with average accumulation rate of ~190 m/My.

5.2.7. Site EAB-02A (alternate)
Site EAB-02A is at 845 mbsl (Figure F15). Its serves as an alternate site to Site WAB-03A and thus
has the same objectives. It is located on the Spanish side of the Moroccan/Spanish territorial
boundary, very close to the other alternate Site EAB-03A. This site is also close to DSDP Site 121
and ODP Sites 976–979. The Quaternary (0–2.6 My; 0–465 mbsf ) and Pliocene (2.6–5.33/5.46
My; 465–715 mbsf ) would be characterized by deep sea sedimentation and contourites with an
average accumulation rate estimated to be ~150 m/My for the two periods. The Upper Miocene
(5.33/5.46 to <7.2 My; 715–1277 mbsf ) sedimentation would be open marine. 

ary Site GUB-02A. These figures show the currently approved drilling depth of 920 mbsf, not the deeper penetration depth of
 to approve.
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Figure F13. Site summary form for alternate Site GUB-03A. These figures show the currently approved drilling depth of 930 mbsf, not the deeper penetration depth of
1464 mbsf we are currently asking EPSP to approve.

Figure F14. Site summary form for primary Site WAB-03A.
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Figure F15. Site summary form for alter

Figure F16. Site summary form for alter
5.2.8. Site EAB-03A (alternate)
Site EAB-03A is at 838 mbsl (Figure F16). It also serves as an alternate site to Site WAB-03A and
has the same objectives. It is very close to alternate Site EAB-02A. It is also close to ODP Sites
977–979. Stratigraphic limits, lithologies, and paleoenvironments are very similar to those esti-
mated for Site EAB-02A. The Quaternary (0–2.6 My; 0–444 mbsf ) and Pliocene (2.6–5.33/5.46
My; 444–711 mbsf ) would be characterized by deep sea sedimentation and contourites with an
average accumulation rate estimated to be ~150 m/My for the two periods. The Upper Miocene

nate Site EAB-02A.

nate Site EAB-03A.
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(5.33/5.46 to <7.2 My; 711–1277 m) sedimentation would be subaerial/shallow waters during the
MSC and open marine during the rest of the Miocene.

5.2.9. Site U1385 (alternate) 
During Expedition 397, Site U1385 was cored to 400 mbsf (3.942 s TWT), the current EPSP depth
limit, reaching ~4.5 Ma Early Pliocene strata. We are currently requesting permission to extend
that drilling depth to a discontinuity located at 4.34 s TWT (dark green discontinuity, Figure F17)
to recover the Late Miocene sequence of equivalent age to those targeted by the three primary
Expedition 401 sites. We know that this succession exists at Site U1385 because the same Late
Miocene sequence was recovered at Site U1587 downslope (Hodell et al., 2023) and this succession
can be traced on the seismic between the two sites. The Late Miocene sediments at Site U1587
display very well developed precessional cyclicity. However, the poor carbonate preservation at
this deeper water site (3480 m water depth) means that high-resolution carbonate-based proxy
records cannot be generated. The shallow water depth of Site U1385 (2590 m water depth) means
it is likely to have better carbonate preservation, making these essential proxy records viable.

If we choose to drill at Site U1385, we would wash down to 370 mbsf (just 30 m above 400 mbsf )
and then recover a further 503 m (30 + 473 m) of sediment to reach the drilling target depth of 873
mbsf.

5.3. Formation temperature measurements
Formation temperature is part of the science objectives of the expedition. In APC holes, three or
four temperature measurements will be taken with the advanced piston corer temperature
(APCT-3) temperature probe, typically on Cores 4, 7, 10, and 13. If we do not core an APC hole at
a site, we will attempt to deploy the sediment temperature pressure (SETP) probe at least once. 

6. Wireline logging/downhole measurements strategy
Wireline logging in the deepest hole of each site includes three tool strings: the triple combo
(natural gamma ray, density, PEF, porosity, electrical resistivity, and magnetic susceptibility tools);
the Formation MicroScanner (FMS)-sonic (natural gamma ray, FMS image, and sonic velocity
tools); and the Versatile Seismic Imager (VSI) check shot tool. The air gun operations required for
the check shot survey require marine mammal observation and must be conducted during
daylight hours. For more information on the logging tools, see http://iodp.tamu.edu/tools;
http://iodp.tamu.edu/tools/logging.

Figure F17. Seismic Line JC89-9 crossing Site U1385 and showing the drilled sections during Integrated Ocean Drilling
Project Expeditions 339 and 397 and the requested extension to 4.34 s TWT. See Figure 12 in the Expedition 397 Scientific
Prospectus (Hodell et al., 2022) for the cross line and site map.
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7. Risks and contingency
We have identified the following potential risks associated with Expedition 401 and have mitigated
them as much as possible.

7.1. Marine traffic
The Gulf of Cadiz and west Portugal represent busy areas for maritime traffic. Fortunately, the
proposed IMMAGE sites are at a considerable distance from the Gibraltar Strait (the closest site is
>50 nmi from the Gibraltar Strait), which represents the most problematic area in that respect.
The other busy area is offshore southwest Portugal (in front of the Saint Vincent Cape; blue area in
Figure F18), which is a traffic control navigation channel. The closest proposed site to this area is
alternate Site ALM-02A, which is 2.7 nmi west of this area. The Alborán Sea is also a busy area for
maritime traffic, but its main route is again a considerable distance from the selected sites.

Sites GUB-02A and GUB-03A are close to an area used for submarine exercises. We expect to have
to inform the Spanish authorities in advance that JOIDES Resolution will be in this area and will
likely be required to report its position during Expedition 401.

7.2. Overpressure and shallow gas
There are no acoustic anomalies suggesting the presence of shallow gas within the sediments tar-
geted in the west Alborán Basin, and seabed sampling carried out by Conoco-Philips in October
2000 close to Site WAB-03 did not reveal any evidence of oil, gas, or gas hydrate in the top ~5 m of
the sediment. Gas levels in the existing ODP and DSDP holes in the area never became hazardous,
and ODP Sites 979 and 976 had normal headspace concentrations of biogenic methane. 

No shallow gas has been reported in the area of the proposed sites on the Atlantic margin. How-
ever, both Repsol Oil Company and The National Office of Hydrocarbons and Mines (ONHYM)
have drawn our attention to the potential for overpressured zones within the early Messinian tur-
biditic subsurface sediments. We have therefore investigated this thoroughly with the support of
Repsol, Chariot, and ONHYM and are targeting sites that we and our colleagues in Repsol can
demonstrate have negligible overpressuring or gas. 

7.3. Storms
The scheduling of Expedition 401 during midwinter runs a heightened risk of disruption to the
drilling program due to storms and associated heave. One possible contingency that could be
enacted under the right circumstances, is to change the site order of drilling and drill the more

Figure F18. Position of Atlantic margin IODP sites for the IMMAGE project and adjacent submarine cables, pipelines, and
traffic control navigation channels.
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sheltered site within the Alborán Sea (WAB-03A) during a period where bad weather impacts the
Atlantic. This would require additional time spent in transit (1–2 days).

7.4. Clearance
The drilling sites are in the Exclusive Economic Zones of Portugal and Spain, with two of the alter-
nate sites in the Alborán Sea close to the Spanish/Moroccan border. Obtaining clearance to drill
will be necessary. 

7.5. COVID-19
COVID-19 continues to be a significant risk, and contingency plans are in place for a reduced
science and technical party should conditions warrant. It may involve reduced core processing and
analysis during the expedition with a shift toward increased shore-based activities during and/or
after the expedition.

8. Sampling and data sharing strategy
As the first Land-2-Sea drilling project to be scheduled, it is possible that the standard IODP pro-
cesses and protocols may need to be modified to ensure that the scientific objectives that straddle
both the offshore and onshore cores are achieved. For example, because Expedition 401 is sched-
uled before either of the two onshore ICDP drilling campaigns, it is essential that sufficient Expe-
dition 401 material is preserved to allow strategic sampling of the same intervals in both onshore
and offshore cores. It is also worth noting that because Expedition 401 will recover only single
records at each of its three sites, sample abundance may be restricted both during and after the
moratorium period. 

Shipboard and shore-based researchers should refer to the IODP Samples, Data, and Obligations
Policy and Implementation Guidelines (http://www.iodp.org/top-resources/program-docu-
ments/policies-and-guidelines). This document outlines the policy for distributing IODP sam-
ples and data. It also defines the obligations incurred by sample and data recipients. The Sample
Allocation Committee (SAC; composed of Co-Chief Scientists, Staff Scientist, and IODP Curator
on shore and curatorial representative on board the ship) will work with the entire scientific party
to formulate a formal expedition-specific sampling plan for shipboard and postcruise sampling.

Every member of the science party is obligated to carry out scientific research for the expedition
and publish the results. Shipboard scientists are expected to submit sample requests (at
http://iodp.tamu.edu/curation/samples.html) ~4 months before the beginning of the expedi-
tion. Based on sample requests (shore based and shipboard) submitted by this deadline, the SAC
will prepare a tentative sampling plan, which will be revised on the ship as dictated by core recov-
ery and cruise objectives. The sampling plan will be subject to modification depending upon the
actual material recovered and collaborations that may evolve between scientists during the expe-
dition. Modification of the strategy during the expedition must be approved by the Co-Chief Sci-
entists, Staff Scientist, and curatorial representative on board the ship.

Given the specific objectives of Expedition 401, great care will be taken to maximize shared sam-
pling to promote integration of data sets and enhance scientific collaboration among members of
the scientific party so that IMMAGE’s scientific Land-2-Sea objectives are met and each scientist
has the opportunity to contribute. All sample sizes and frequencies must be justified on a scientific
basis and will depend on core recovery, the full spectrum of other requests, and the expedition
objectives. Some redundancy of measurement is unavoidable, but minimizing the duplication of
measurements among the shipboard party and identified shore-based collaborators will be a fac-
tor in evaluating sample requests. If critical intervals are recovered, there may be considerable
demand for samples from a limited amount of cored material. These intervals may require special
handling, a higher sampling density, reduced sample size, or continuous core sampling by a single
investigator. A sampling plan coordinated by the SAC may be required before critical intervals are
sampled. Success will require collaboration, integration of complementary data sets, and consis-
tent methods of analysis. Substantial collaboration and cooperation are highly encouraged. The
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SAC may require an additional formal sampling plan before critical intervals are sampled, and a
special sampling plan will be developed to maximize scientific return and scientific participation
and to preserve some material for future studies. The SAC can decide at any stage during the expe-
dition or during the 1 y moratorium period which recovered intervals should be considered criti-
cal.

Shipboard sampling will be restricted to acquiring ephemeral data types, shipboard measure-
ments, and low-resolution sampling (e.g., biostratigraphic sampling and toothpick-sized samples
for bulk carbonate isotopes), mainly so that we can rapidly produce age model data critical to the
overall objectives of the expedition and for planning for higher resolution sampling postcruise.
Whole-round samples may be taken for interstitial water measurements and physical property
measurements as dictated by the shipboard sampling plan that will be finalized during the first few
days of the expedition. The majority of the sampling for postcruise research will be postponed
until a shore-based sampling party that will be implemented approximately 4–6 months after the
end of the expedition at the Bremen Core Repository (BCR) in Bremen, Germany. All shipboard
and approved shore-based scientists, students, and collaborators will be invited to help collect the
thousands of anticipated samples.

The data collected during the expedition will be used to produce age models for each site, which
are critical to the overall objectives of the expedition and for planning for higher resolution sam-
pling postexpedition. The minimum permanent archive will be the standard archive half of each
core and will not be sampled on board the ship. Following the expedition, the IODP Curator will
finalize the selection of archive halves designated as permanent over any intervals recovered from
multiple holes at a site.

For all IMMAGE’s onshore and offshore sites, a highly coordinated sampling effort will be under-
taken to produce a multiproxy data set on samples from the same stratigraphic horizons with
acute attention to resolution, replication, and time control. This strategy requires close coordina-
tion between shipboard and shore-based scientists associated with Expedition 401 as well as those
undertaking the equivalent tasks on the two ICDP drilling campaigns in Spain and Morocco.
IMMAGE participants will be involved in the planning process to develop a sampling scheme that
meets the needs of all investigators and fulfills the Land-2-Sea science objectives that underpin the
original IMMAGE proposal.

All data and samples collected during Expedition 401 will be protected by a 1 y postcruise morato-
rium, during which time data and samples are available only to the Expedition 401 Science Party
and approved shore-based participants. This moratorium will extend 1 y following the completion
of the sampling party. 

9. Expedition scientists and scientific participants
The current list of participants for Expedition 401 can be found at http://iodp.tamu.edu/science-
ops/expeditions/mediterranean_atlantic_gateway_exchange.html.
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Site summaries

Site ALM-03B

Site GUB-02A

Site WAB-03A

Priority: Primary
Position: 37.37711°N, 9.59853°W
Water depth (m): 1634
Target drilling depth (mbsf): 930
Approved maximum penetration (mbsf): 930
Survey coverage (track map; seismic profile): Inline: WPortugal_IL1740_ALM03B.sgy

Position: CDP CDP1740
Crossline: WPortugal_XL5210_ALM03B.sgy
Position: CDP CDP5210

Objectives: • Recover a thick, shallow Late Miocene succession which contains distal Mediterranean 
overflow deposits

• Test quantitative constraints on the behavior of sense overflows (Objective 3)
• Recover the high resolution (precessional) record of Mediterranean–Atlantic exchange 

during Late Miocene-Pliocene (Objectives 1 and 2)
Coring program: See text
Downhole measurements program: Triple combo tool string, FMS-sonic, VSP
Nature of rock anticipated: Muds, muddy sands, sands

Priority: Primary
Position: 36.699683°N, 7.431424°W
Water depth (m): 547
Target drilling depth (mbsf): 1464
Approved maximum penetration (mbsf): 1464 (approved by EPSP on 31 March 2023)
Survey coverage (track map; seismic profile): Inline: GulfofCadiz_IL3170_GUB02A.sgy

Position: CDP CDP939
Crossline: GulfofCadiz_XL2125_GUB02A.sgy
Position: CDP CDP2189

Objectives: • Recover a complete Late Miocene succession in the pathway of Mediterranean overflow
• Obtain a high-resolution (precessional) record of Miocene Mediterranean overflow at an 

intermediate site between the onshore records (RIF-01A and BET-01A) and the distal record 
(ALM-03A) (Objectives 1, 2 and 3)

Coring program: See text
Downhole measurements program: Triple combo tool string, FMS-sonic, VSP
Nature of rock anticipated: Muds, muddy sands, marls, sands

Priority: Primary
Position: 36.312544°N, 4.571213°W
Water depth (m): 800
Target drilling depth (mbsf): 1700
Approved maximum penetration (mbsf): 1700
Survey coverage (track map; seismic profile): Inline: CAB01-125

Position: SP 590
Crossline: CAB01-106
Position: SP 472

Objectives: • Recover one of the few thick Late Messinian sedimentary successions in the Alboran Basin
• Obtain key contraints on the chemistry and physical properties of Mediterranean overflow 

during the Late Miocene (Objectives 1, 2 and 3)
Coring program: See text
Downhole measurements program: Triple combo tool string, FMS-sonic, VSP
Nature of rock anticipated: Conglomerates, sandstones, marles, shales, volcanoclastics, clays, minor anhydrite/gypsum
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Site ALM-01A

Site ALM-02A

Site GUB-03A

Site EAB-02A

Priority: Alternate
Position: 37.4317°N, 9.5767°W
Water depth (m): 1567
Target drilling depth (mbsf): 990
Approved maximum penetration (mbsf): 990
Survey coverage (track map; seismic profile): Inline: PD00522_ALM-1A_WPORTUGAL

Position: SHOT POINT 4340
Crossline: PD00610_ALM-1A_WPORTUGAL

Objectives: • Recover a thick, shallow Late Miocene succession which contains distal Mediterranean 
overflow deposits

• Test quantitative constraints on the behavior of sense overflows (Objective 3)
• Recover the high resolution (precessional) recod of Mediterranean–Atlantic exchange during 

Late Miocene-Pliocene (Objectives 1 and 2)
Coring program: See text
Downhole measurements program: Triple combo tool string, FMS-sonic, VSP
Nature of rock anticipated: Muds, muddy sands, marls

Priority: Alternate
Position: 36.8359°N, 9.7481°W
Water depth (m): 2265
Target drilling depth (mbsf): 1630
Approved maximum penetration (mbsf): 1630
Survey coverage (track map; seismic profile): Inline: PD00608A_ALM-1B_WPORTUGAL

Position: SP 10685
Crossline: PD00538_ALM-2A_WPORTUGAL

Objectives: • Recover a thick, shallow Late Miocene succession which contains distal Mediterranean 
overflow deposits

• Test quantitative constraints on the behavior of sense overflows (Objective 3)
• Recover the high resolution (precessional) recod of Mediterranean–Atlantic exchange during 

Late Miocene-Pliocene (Objectives 1 and 2)
Coring program: See text
Downhole measurements program: Triple combo tool string, FMS-sonic, VSP
Nature of rock anticipated: Muds, muddy sands, marls

Priority: Alternate
Position: 36.700975°N, 7.411174°W
Water depth (m): 540
Target drilling depth (mbsf): 1650
Approved maximum penetration (mbsf): 930 (Currently seeking EPSP approval for the full target drilling depth)
Survey coverage (track map; seismic profile): Inline: GulfofCadiz_IL3260_GUB03A.sgy

Position: CDP CDP888
Crossline: GulfofCadiz_XL2072_GUB03A.sgy
Position: CDP CDP2279

Objectives: • Recover a complete Late Miocene succession in the pathway of Mediterranean overflow
• Obtain a high-resolution (precessional) record of Miocene Mediterranean overflow at an 

intermediate site between the onshore records (RIF-01A and BET-01A) and the distal record 
(ALM-03A) (Objectives 1, 2 and 3)

Coring program: See text
Downhole measurements program: Triple combo tool string, FMS-sonic, VSP
Nature of rock anticipated: Muds, muddy sands, marls, sands

Priority: Alternate
Position: 35.75518251°N, 2.43956525°W
Water depth (m): 845
Target drilling depth (mbsf): 1277
Approved maximum penetration (mbsf): 1277
Survey coverage (track map; seismic profile): Inline: GBT02

Position: SP 1955
Crossline: MSB12
Position: SP 1457

Objectives: • Recover one of the few thick Late Messinian sedimentary successions in the Alboran Basin
• Obtain key contraints on the chemistry and physical properties of Mediterranean overflow 

during the Late Miocene (Objectives 1, 2 and 3)
Coring program: See text
Downhole measurements program: Triple combo tool string, FMS-sonic, VSP
Nature of rock anticipated: Marls, silts, sands and clays
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Site EAB-03A

Site U1385/SHACK-04C (drilled to 400 mbsf on Expedition 397)

Priority: Alternate
Position: 35.750427°N, 2.431305°W
Water depth (m): 838
Target drilling depth (mbsf): 1277
Approved maximum penetration (mbsf): 1277
Survey coverage (track map; seismic profile): Inline: GBT02

Position: SP 2004
Crossline: MSB12
Position: SP 1432

Objectives: • Recover one of the few thick Late Messinian sedimentary successions in the Alboran Basin
• Obtain key contraints on the chemistry and physical properties of Mediterranean overflow 

during the Late Miocene (Objectives 1, 2 and 3)
Coring program: See text
Downhole measurements program: Triple combo tool string, FMS-sonic, VSP
Nature of rock anticipated: Marls, silts, sands and clays

Priority: Alternate
Position: 37°34.0002′N; 10°7.6644′W
Water depth (m): 2585
Target drilling depth (mbsf ): 873
Approved maximum penetration (mbsf ): 400; request to deepen to 873 mbsf pending at EPSP. 
Survey coverage (track map; seismic profile): Common midpoint (CMP) 1325 on JC089 Line 9 CMP 662 on JC089 Line 13 (nearest crossing)
Objective(s): • Recover Late Miocene to Early Pliocene precessional-scale stratigraphy below 400 mbsf, the 

depth reached at this site on Expedition 397. 
• Obtain key contraints on the chemistry and physical properties of Mediterranean overflow 

during the Late Miocene (Objectives 1, 2 and 3).
Coring program: 1 hole: XCB to 400 mbsf; PDC bit
Downhole measurements program: Triple combo tool string, FMS-sonic, VSP
Nature of rock anticipated: Hemipelagic sediments
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