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A B S T R A C T

The presence and high abundances of the benthic foraminiferal group “elevated epifauna” has been proposed as
indicator of the existence of Mediterranean Outflow Water (MOW) in the Gulf of Cadiz. Here we intend to use
this potential proxy to reconstruct MOW in the early Pliocene at the Integrated Ocean Drilling Program (IODP)
Hole U1387C. Cibicides lobatulus, Planulina ariminensis and Cibicides refulgens were found at this site, but high
abundances of C. lobatulus and C. refulgens coincide with increases of shelf taxa and grain size, related to episodes
of downslope transport. This issue calls into question the applicability of these species as MOW proxies. The
present study therefore reassesses the role of these three elevated epifaunal species by means of stable isotope
analyses (δ18O, δ13C) by contrasting their isotopic signature with that of shelf dwellers and deep-water taxa from
Pliocene and Recent sediments from the Gulf of Cadiz and the western Iberian margin. Since foraminiferal calcite
does not always precipitate in equilibrium with seawater, substantial efforts have been taken in order to de-
termine species-specific offset values and to correct the isotopic signature for vital effects. Our corrected results
demonstrate that C. lobatulus and C. refulgens are isotopically similar to the shelf dwellers in the Pliocene data-
set, eliminating them as MOW indicators. Recent samples from the Gulf of Cadiz and the western Portugal shelf
corroborate the wide bathymetric range of C. lobatulus from the shelf to the slope. Our results thus warrant for
caution when considering C. lobatulus and C. refulgens as indicators of bottom current strength in unstable slope
settings, particularly when co-occurring with allochthonous shelf dwellers. In contrast, P. ariminensis shows a
signature close to deep-water taxa, corroborating its reliability as indicator of MOW.

1. Introduction

Exploring the history of Mediterranean Outflow Water (MOW), a
warm and saline water mass that enters the North Atlantic through the
Strait of Gibraltar (Fig. 1) and being considered a contributor to the
Atlantic Meridional Overturning Circulation (AMOC), has been the
primary objective of the Integrated Ocean Drilling Program (IODP)
Expedition 339 (Stow et al., 2013). The opening of the Strait of Gi-
braltar occurred at 5.33 Ma (Hsü et al., 1978; Comas et al., 1999;
Maldonado et al., 1999; Duggen et al., 2003; García-Castellanos et al.,
2009; Hernández-Molina et al., 2014; Roveri et al., 2014; Flecker et al.,
2015), leading to the re-establishment of Mediterranean-Atlantic cir-
culation. Sedimentological evidence indicates the presence of MOW in
the Gulf of Cadiz since the mid-Pliocene (Hernández-Molina et al.,

2014). Little, however, is known for the time interval between the
opening of the Strait of Gibraltar and the onset of continuous contourite
deposition at ~4.5 Ma due to poor core recovery and the presence of
turbidites masking the original signal (Stow et al., 2013; Hernández-
Molina et al., 2014). In a recent study at IODP Hole U1387C (Fig. 1),
Van der Schee et al. (2016) concluded from sedimentological and
geochemical evidence that Mediterranean-Atlantic exchange was es-
tablished very quickly after 5.33 Ma but remained weak in this first
stage. In a related study by García-Gallardo et al. (2017), benthic for-
aminiferal assemblages from the same core intervals have been ana-
lyzed with a particular focus on species known to occupy elevated
epifaunal microhabitats where they were exposed to strong bottom
currents such as MOW. This group of suspension feeding benthic for-
aminifers is commonly termed the “elevated epifauna” and considered
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to take advantage of elevated substrates to harvest organic matter
particles carried by bottom currents (Lutze and Thiel, 1989; Schönfeld,
1997, 2002a; Diz et al., 2004; Schönfeld et al., 2011). In the Gulf of
Cadiz it has been demonstrated that present-day abundance patterns of
the elevated epifauna are directly related to MOW strength and po-
tentially provides a powerful proxy for the reconstruction of MOW in
the past (Schönfeld, 1997, 2002a, 2002b; Schönfeld and Zahn, 2000;
Rogerson et al., 2011; Singh et al., 2015). The application of this
method to lower Pliocene sediments of IODP Hole U1387C, however,
shows that highest abundances of the elevated epifauna parallel
maxima of allochthonous shelf taxa and sand content (García-Gallardo
et al., 2017), indicating a potential bias of the proxy by downslope
transport. As gravity deposits are documented for this site up to the
Pleistocene (Alonso et al., 2016; Ducassou et al., 2016), the application
of the proxy method may be problematic in younger time intervals as
well.

The present study compares the stable isotope (δ13C, δ18O) sig-
nature of the elevated epifauna to those of benthic foraminifera living
in either shelf or deep-water environments from Recent and lower
Pliocene samples. The new data shed light on the provenance of in-
dividual species associated with the elevated epifauna and help to re-
fine the applicability of the proxy to the fossil record. The comparison
of stable isotope data from autochthonous shelf and deep-water species
of both investigated time slices further provides new insights into
Mediterranean-Atlantic exchange after the opening of the Strait of
Gibraltar and before the onset of contourite drift deposition in the Gulf
of Cadiz.

2. Regional setting

In this study, samples from different locations and age along the
southern (Gulf of Cadiz) and western Iberian margin (Portuguese
margin) are analyzed (Fig. 1). In both study areas, sites from the con-
tinental slope have been compared to sites from the shelf.

2.1. Continental slope

Most investigated sites on the continental slope are under the in-
fluence of MOW. While less saline Atlantic water enters the
Mediterranean basin through the Strait of Gibraltar at the surface,
warm and highly saline Mediterranean deep waters exit the basin below
and form MOW (e.g. Millot, 1999). The complex morphology of the
continental slope in the Gulf of Cadiz causes the splitting of MOW into
two main plumes with different hydrographic properties: the upper
plume, flowing between 500 and 800 m along the SW Iberian Margin,
which is warmer and less saline (13–14 °C and 35.7–37) than the lower
plume (10.5–11.5 °C and 36.5–37.5), flowing deeper between 800 and
1400 m toward the NW Atlantic (Madelain, 1970; Zenk, 1975; Ambar
and Howe, 1979; Borenäs et al., 2002; Serra et al., 2005; Llave et al.,
2007; Marchès et al., 2007; García et al., 2009). The influence of MOW
in the Gulf of Cadiz has been documented since the mid-Pliocene, which
together with tectonic activity results in a complex depositional en-
vironment characterized by moats, channels, contourite drifts, turbi-
dites, and debrites (Hernández-Molina et al., 2006, 2014).

Three of the investigated sites are located on the continental slope of

Fig. 1. Location of samples from IODP Sites U1386, U1387, U1389 (IODP Expedition 339), the Guadiana shelf (CRIDA cruises), and the western Portugal shelf and Estremadura
promontory (PALEO I POS 287) used in this study. Arrows indicate MOW pathway. The map was generated with GeoMapApp (http://www.geomapapp.org), using the default basemap,
the Global Multi-Resolution Topography (GMRT) Synthesis (Ryan et al., 2009).
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the southern Iberian margin in the Gulf of Cadiz. IODP Sites U1386 and
U1387 are situated on the Faro Drift at ~562 and 559 m water depth,
respectively (Fig. 1; Table 1). Today, these sites are bathed by the upper
MOW plume with bottom current speeds in the order of 20 cm/s (Zenk,
1975; Nelson et al., 1999; Stow et al., 2013). IODP Site U1389 is located
to the southeast on the Huelva Drift at a water depth of ~643 m (Fig. 1;
Table 1). It is influenced by the lower MOW plume, and bottom current
velocities of ~50–100 cm/s have been reported from this area due to its
more proximal position with respect to the Strait of Gibraltar
(Madelain, 1970; Kenyon and Belderson, 1973; Zenk, 1975; Nelson
et al., 1999; Stow et al., 2013).

On the western Portuguese continental slope, sites PO287-45-1B,
PO287-03-1B and PO287-44-1B are located on the Estremadura pro-
montory at water depths of 1216, 1505 and 1866 m, respectively, and
under the influence of MOW, within the MOW/Northeast Atlantic Deep
Water (NEADW) mixing zone and within the NEADW, respectively
(Fig. 1; Table 1; Daniault et al., 1994). Submarine canyons (Porto,
Aveiro Nazaré, Lisboa, Setúbal and São Vicente) might promote trans-
port of shelf material to deeper settings (Mil-Homens et al., 2006b; de
Stigter et al., 2007, 2011; Puig et al., 2014).

2.2. Shelf

The Guadiana shelf is located in the northern Gulf of Cadiz (Fig. 1).
The surface circulation is governed by a branch of the larger-scale
Portuguese-Canary Eastern Boundary Current, which leads to a general
anticyclonic circulation due to the southeastward movement of the
Surface Atlantic Water (SAW) (Criado-Aldeanueva et al., 2006; García-
Lafuente et al., 2006). Major river discharges occur during winter
months associated with high-precipitation episodes of negative North
Atlantic Oscillation (NAO) phases, in contrast to significant decrease in
river flows favored during the positive phase of NAO (Trigo et al.,
2004). Positive NAO predominated during sampling of sediment cores
1/2-3, 3/1-2 and 6/3-4 (July 2002; Hurrell and National Center for
Atmospheric Research Staff, 2016), while negative NAO prevailed
during sampling of sediment core 14/2-3 (April 2005; Hurrell and
National Center for Atmospheric Research Staff, 2016). All of them are
located in the northern Gulf of Cadiz off the Guadiana River mouth, at
water depths of 90, 85, 40 and 80 m, respectively (Fig. 1; Table 1).

The western Iberian margin is in general affected by high levels of
precipitation and discharges from the Ave, Douro, Lis, and Mira rivers.
This area is characterized by the occurrence of seasonal coastal up-
welling during spring and summer, induced by northern winds (Fiúza,

1983) and favored during the positive phase of NAO (Lebreiro et al.,
2006). Sites PO287-15-1B and PO287-21-1B are located on the western
Portugal shelf, north of the Nazare Canyon close to the Lis river mouth
at water depths of 111 and 128 m (Fig. 1; Table 1; Mil-Homens et al.,
2006a).

3. Material and methods

3.1. Pliocene samples

Upper Miocene to Holocene sediment cores from IODP Hole U1387C
were recovered in the Gulf of Cadiz during IODP Expedition 339 with a
total drilling depth of 870 m below sea-floor (mbsf). Lower Pliocene
hemipelagic sediments of cores 51R to 30R (764.92–625.7 mbsf; Stow
et al., 2013; Hernández-Molina et al., 2013; Van der Schee et al., 2016)
have been analyzed. Based on the available stratigraphic data, this in-
terval ranges from ~5.1 to 4.5 Myrs (Stow et al., 2013; Van der Schee
et al., 2016). The lower interval is mainly composed of nannofossil-rich
mud with intercalated silty beds. Some beds of fine and medium sands,
interpreted as turbidites, occur in cores 50R and 49R (Stow et al., 2013;
Van der Schee et al., 2016). Core 47R consists of silty mud with medium
sand while cores 42R, 37R and 33R are composed of nannofossil and silty
mud. Samples were collected at the Bremen Core Repository. They were
freeze-dried overnight, weighed, disaggregated in water, and the re-
sidues> 63 μm were weighed.

3.2. Surface sediment samples

3.2.1. Gulf of Cadiz
Mudline samples from IODP Holes U1386B, U1387A, U1387B, and

U1389C have been recovered during IODP Expedition 339 (Table 1).
Samples were stained with Rose Bengal, washed over a 63 μm sieve and
dried. Based on the absence of stained (live) epifaunal species and the
presence of intermediate (Melonis barleeanum) and deep infaunal ele-
ments (Chilostomella oolina, Globobulimina affinis), the mudline samples
most likely represent unconsolidated sediment 1–2 cm below the sur-
face layer (Grunert et al., 2015; Balestra et al., 2017). Holocene sedi-
mentation rates in the order of 16–30 cm/kyr suggest a modern
age < 100 years for the samples (Stow et al., 2013; Singh et al., 2015).
Unstained benthic foraminifera > 125 μm have been picked for this
study as stained specimens of the herein analyzed species are rare or
absent.

Sediment cores from the Guadiana shelf were retrieved aboard the

Table 1
Age, study area, Site ID, coordinates, water depth (WD; m: meters) and indication of MOW influence (Y: yes; N: no) for each of the drilled sites used in this study.

Time frame Study area Site ID Latitude (°N) Longitude (°W) WD (m) MOW influence

Pliocene Faro Drift
(Gulf of Cadiz)

U1387C 36.8052 −7.7188 558 Y

Recent Faro Drift
(Gulf of Cadiz)

U1386B 36.8281 −7.7753 562 Y
U1387A 36.8054 −7.7190 559 Y
U1387B 36.8054 −7.7188 558 Y
U1389C 36.4253 −7.2779 642 Y

Recent Guadiana shelf
(Gulf of Cadiz)

Core 3/1-2 36.9842 −7.2441 85 N
Core 14/2-3 37.0444 −7.4446 80 N
Core 1/2-3 36.9999 −7.3330 90 N
Core 6/3-4 37.0634 −7.3459 40 N

Recent Estremadura promontory
(western Portuguese slope)

PO287-45-1B 39.0833 −10.3742 1216 Y
PO287-03-1B 39.0738 −10.4993 1505 Y
PO287-44-1B 39.0425 −10.6607 1866 N

Recent Shelf north of the Nazare Canyon
(western Portuguese shelf)

PO287-21-1B 39.9667 −9.3750 128 N
PO287-15-1B 39.7367 −9.2533 111 N
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vessel Aguayo during campaigns CRIDA0702 and CRIDA0405, in July
2002 and April 2005, respectively, in the frame of Project CRIDA
(POCTI/P/MAR/15289/99). The cores were retrieved using a light-
weighted vibro-corer with water injection, characterized by a core
barrel of 4 m length and an inner diameter of 9 cm. Core-tops were
sampled in 1 cm slices, stained with Rose Bengal, washed over a 63 μm
sieve and dried. Samples from levels 1–2 cm (core 3), 2–3 cm (cores 1
and 14) and 3–4 cm (core 6), were used in this study (Table 1). Within
the middle shelf mud body, late Holocene sedimentation rates ranged
between 61 and 166 cm/kyr indicating a modern age for these samples
(Mendes et al., 2012b; Rosa, 2014).

3.2.2. Western Portuguese margin
Box cores PO287-15-1B and PO287-21-1B from the western coast of

Portugal and PO287-45-1B, PO287-03-1B and PO287-44-1B from the
Estremadura promontory were retrieved during the scientific cruise
POS287-PALEO I aboard the RV POSEIDON during April–May 2002
(Monteiro et al., 2002). Sedimentation rates and dry bulk density are
unpublished. Based on a 14C age at 3.5–4.0 cm depth (KIA 26157: un-
corrected 14C age of 1890 ± 25 yr BP for a Globorotalia inflata >
315 μm sample), the surface of core PO287-44-1B is recent (Mil-
Homens et al., 2006b).

3.3. Benthic foraminifera selected for analyses

Twelve benthic foraminiferal taxa are compared in the present
study. Each species is assigned to one of the following groups based on a
thorough review of available biogeographic, bathymetric and ecolo-
gical data (e.g., Berggren and Haq, 1976; Corliss, 1985; Van Morkhoven
et al., 1986; Murray, 1991; Jones and Brady, 1994; Schönfeld, 1997;
González-Regalado et al., 2001; Schönfeld, 2002a, 2002b; Mendes
et al., 2004; Murray, 2006; Schönfeld, 2006; Rogerson et al., 2011;
Mendes et al., 2012a): shelf taxa; deep-water taxa; elevated epifaunal
taxa. Shelf taxa comprise Ammonia spp., Asterigerinata spp., Elphidium
crispum, and Nonion fabum. Ammonia beccarii and its varieties (e.g., A.
beccarii forma parkinsoniana) are the most abundant in our samples,
including closely related species such as A. falsobeccarii. Due to the
scarcity of individuals in some cases and identification problem due to
abrasion, it is probable that some other varieties were included for
analysis. The same applies for Asterigerinata. Cassidulina laevigata is
characteristic from the slope; however, it occurs only in our surface
sediment samples from the Guadiana shelf, where it was also recorded
in the living assemblage and throughout the Middle-Late Holocene,
with peaks of abundance associated with upwelling processes and in-
creased silt and clay content (Mendes et al., 2012a, 2013). For this
reason, C. laevigata has been included in the shelf group. Cibicidoides
pachyderma, Globobulimina spp., Uvigerina celtica, and U. pigmea are
considered to have their upper depth limit at the shelf break and are
autochthonous to the continental slope. The elevated epifauna is re-
presented by Cibicides lobatulus, Cibicides refulgens and Planulina ar-
iminensis. Those species were picked separately from the 150–250 μm
and> 250 μm fraction to address potential ontogenetic effects on the
isotopic signal. Scanning electron microscope pictures of representative
specimens from each setting are displayed in Plate 1.

3.4. Isotope analyses (δ13C, δ18O)

Isotopic data for C. pachyderma from the herein studied samples of
IODP Hole U1387C have been taken from Van der Schee et al. (2016).
For the rest of the samples, the following analytical protocols have been
applied: 10 to 20 foraminiferal tests with suitable preservation,
minimum fillings and no overgrowths were picked, crushed between
glass slides, and transferred into vials containing an H2Odest: Methanol
(2:1) mixture. These vials were put in an ultrasonic bath for 1 min to

remove sediment and fillings from the tests. Once the liquid was re-
moved and the clean fragments were dry, they were transferred into a
vial for isotopic measurements.

Pliocene and Recent samples from the Gulf of Cadiz and Recent
samples from the Estremadura promontory and the shelf north of the
Nazare Canyon were reacted with oversaturated 100% orthophosphoric
acid at 70 °C in a Kiel II automated reaction system and measured with
a Delta Plus isotope-ratio mass spectrometer at the Institute of Earth
Sciences, University of Graz. Reproducibility of replicate analyses for
standards (in-house and NBS 19) was better than± 0.1‰ for δ13C
and± 0.15‰ for δ18O. All carbonate isotopic values are quoted re-
lative to Vienna Pee Dee Belemnite (VPDB).

In samples from the Guadiana shelf, the fraction> 63 μm was
covered with ethanol (99.9%) and dried in open air. This procedure was
repeated to make sure all the water has been removed, in order to avoid
dissolved carbonates within the sediment to crystalize and disturb the
original isotopic signal. Five to ten foraminiferal specimens were
picked, stored in vials and sent for analyses to the Leibniz-Laboratory
for Radiometric Dating and Stable Isotope Research at Kiel University
(Germany). Isotope measurements were conducted with the automated
Finnigan-MAT Kiel Device Type I, coupled to a Finnigan-MAT 251 mass
spectrometer and calibrated to the VPDB (Vienna Pee Dee Belemnite)
scale by means of the NBS-19 carbonate isotope standard and several
other lab-internal standard compounds. The analytical precision
was< ± 0.04‰ for δ13C and< ± 0.07‰ for δ18O.

Specimens from the Estremadura promontory (western Portuguese
slope) were picked from the fraction> 315 μm and analyzed in the
Finnigan MAT 252 mass spectrometer at Marum (University Bremen,
Germany), which is coupled to an automated Kiel carbonate prepara-
tion system. Based on repeated analyses of internal (Solnhofen lime-
stone) and external (NBS-19) carbonate standards the long-term pre-
cision is± 0.05‰ for δ13C and± 0.07‰ for δ18O (Voelker et al.,
2010).

The obtained isotopic data must be corrected for species-specific
offsets from the equilibrium due to vital effects. Correction values ap-
plied to the individual taxa are described and discussed in Chapters 5.1
and 5.2.

3.5. Modern hydrographic data

A summary of modern hydrographic parameters (bottom water
temperature (BWT), salinity, δ18Osw (seawater)) for the Gulf of Cadiz and
the Western Iberian margin have been compiled from Daniault et al.
(1994), Mendes et al. (2012a), Stow et al. (2013), Voelker et al.
(2015b), Balestra et al. (2017) and the World Ocean Atlas (WOA)
(Table 2). For the three sites from the western Iberian slope (Table 2),
seawater was analyzed on the DeltaPlusXL mass spectrometer coupled
to a Gasbench II of the Leibniz Laboratory of Kiel University (see
Voelker et al., 2015b for details on standards and precision). In this
context, it is important to consider that δ18Oc (calcite) is reported relative
to the Vienna Pee-Dee Belemnite (VPDB) standard, while δ18Osw is re-
ported in reference to Standard Mean Ocean Water (VSMOW) (Craig,
1961). Differential CO2 liberated from VPDB CaCO3 and CO2 equili-
brated with VSMOW results in an offset between both standards
(Coplen et al., 1983). δ18Osw (‰ VSMOW) has been thus converted to
δ18Osw (‰ VPDB) by subtracting 0.27‰ from the VSMOW value (Hut,
1987) (Table 2). Predicted δ18O (‰ VPDB) of foraminiferal calcite at
equilibrium with seawater has been calculated for each sampling
point by using the paleotemperature equation (t= 16.9–4.0
(δ18Oc − δ18Osw + 0.2)) in Marchitto et al. (2014) derived from
Shackleton (1974) (t is temperature in degrees Celsius, δ18Oc is the
predicted foraminiferal δ18O calcite composition relative to VPDB, and
δ18Osw is the δ18O composition of seawater) (Table 2).

Á. García-Gallardo et al. Global and Planetary Change 155 (2017) 78–97

81



PLIOCENE GULF OF CADIZ (IODP HOLE U1387C)

RECENT GULF OF CADIZ 
(IODP SITES U1386, U1387, U1389)

RECENT WESTERN PORTUGAL SHELF 

1 2

3

4 5

6

8

10

13 b

14 15

16 17

18 19

20

7

9a aa

b bb3

6

9

13 a11

12

21b

21a

(caption on next page)

Á. García-Gallardo et al. Global and Planetary Change 155 (2017) 78–97

82



4. Results

4.1. Pliocene Gulf of Cadiz

In the Pliocene samples, tests of Ammonia spp., Asterigerinata spp., C.
lobatulus, C. refulgens, C. pachyderma, E. crispum, Globobulimina spp., N.
fabum, P. ariminensis, and U. pigmea have been analyzed (Fig. 2-A1,
Table 3a). Carbon and oxygen isotope values show a range of −2.03 to
+1.08‰ and from −1.60 to +2.41‰, respectively.

The ranges and mean values of δ13C and δ18O values for each
analyzed species are: Ammonia spp. (δ13C: −0.47 to −0.31‰, mean:
−0.36‰; δ18O: −0.45 to +0.18‰, mean: −0.07‰) Asterigerinata
spp. (δ13C: −0.46 to +0.43‰, mean: +0.03‰; 18O: −1.6 to
−0.3‰, mean:−0.8‰), C. lobatulus (δ13C: +0.18 to +0.73‰, mean:
+0.45‰; δ18O: −0.64 to +0.34‰, mean: −0.14‰), C. refulgens
(δ13C: +0.71‰, δ18O: −0.03‰) C. pachyderma (δ13C: −0.34 to
+1.03‰, mean: +0.34‰; δ18O: +0.72 to +2.03‰, mean:
+1.18‰), E. crispum (δ13C: +0.2 to +0.79‰, mean: +0.38‰; δ18O:
+0.04 to +1.21‰, mean: +0.45‰), Globobulimina spp. (δ13C:−2.03
to −1.79‰, mean: −1.91‰; δ18O: +0.91 to +2.03‰, mean:
+1.47‰), N. fabum (δ13C: −0.75‰, δ18O: +0.34‰) P. ariminensis
(δ13C: +0.58 to +1.08‰, mean: +0.81‰; δ18O: +0.92 to +1.57‰,
mean: +1.34‰) and U. pigmea (δ13C: −1.64 to −0.57‰, mean:
−1.13‰; δ18O: +1.25 to +2.41‰, mean: +2.03‰).

4.2. Recent Gulf of Cadiz

In the mudline and core-top samples from the Gulf of Cadiz, C.
laevigata, C. lobatulus, Globobulimina spp., N. fabum, P. ariminensis, and
U. celtica have been analyzed (Fig. 2-A2, Table 3b). C. lobatulus, Glo-
bobulimina spp., P. ariminensis, and U. celtica come from the IODP Holes
U1386B, U1387A, U1387B and U1387C, while C. laevigata and N.
fabum are samples from the Guadiana shelf (Table 1). Carbon and
oxygen isotopes show a total range from −2.54‰ to +1.47‰ and
from 0.07‰ to +1.69‰, respectively. The range and mean values of
δ13C and δ18O values for each analyzed species are: C. laevigata (δ13C:
−1.14 to −0.84‰, mean: −1‰; δ18O: +1.24 to +1.3‰, mean:
+1.28‰), C. lobatulus (δ13C: +0.5 to +0.82‰, mean: +0.67‰;
δ18O: +0.07 to +1.35‰; mean: +0.68‰), Globobulimina spp. (δ13C:
−1.07‰, δ18O: +1.69‰), N. fabum (δ13C: −2.54 to −0.74‰, mean:
−1.54‰; δ18O: +1.42 to +1.64‰, mean: +1.56‰), P. ariminensis
(δ13C: +1.28 to +1.47‰, mean: +1.39‰; δ18O: +0.85 to +1.25‰,
mean: +1.08‰), and U. celtica (δ13C: −0.39 to +0.24‰, mean:
−0.09‰; δ18O: +1.53 to +1.68‰, mean: +1.61‰).

4.3. Recent western Portugal shelf

In the samples from the western Portugal shelf, Ammonia spp., C.
lobatulus, C. pachyderma, E. crispum, N. fabum, and U. celtica have been
analyzed (Fig. 2-A3, Table 3c). Carbon and oxygen isotopes show a

Plate 1. Scale bar = 100 μm.

1. Asterigerinata sp.
2. Elphidium crispum (Linnaeus, 1758).
3. Ammonia beccarii forma parkinsoniana (d'Orbigny, 1839). a) Umbilical side. b) Spiral side.
4. Planulina ariminensis (d'Orbigny, 1826).
5. Cibicides refulgens (de Monfot, 1808).
6. Cibicides lobatulus (Walker and Jakob, 1798). a) Umbilical side. b) Spiral side.
7. Praeglobobulimina ovata (d'Orbigny, 1846).
8. Uvigerina pigmea (d'Orbigny, 1826).
9. Cibicidoides pachyderma (Rzehak, 1886). a) Umbilical side. b) Spiral side.

10. Nonion fabum (Fichtel and Moll, 1978).
11. Cassidulina laevigata (d'Orbigny, 1826).
12. Planulina ariminensis (d'Orbigny, 1826).
13. Cibicides lobatulus (Walker and Jakob, 1798). a) Umbilical side. b) Spiral side.
14. Praeglobobulimina ovata (d'Orbigny, 1846).
15. Uvigerina celtica (Schönfeld, 2006).
16. Ammonia falsobeccarii (Rouvillois, 1974). Spiral side.
17. Nonion fabum (Fichtel and Moll, 1798).
18. Elphidium crispum (Linnaeus, 1758).
19. Cibicides lobatulus (Walker and Jakob, 1798). Spiral side.
20. Uvigerina celtica (Schönfeld, 2006).
21. C. pachyderma (Rzehak, 1886). a) Umbilical side. b) Spiral side.

Table 2
Hydrographic parameters in the Gulf of Cadiz (deep slope and Guadiana shelf) and Western Iberian Margin (slope and shelf north of the Nazare Canyon). WD: water wepth. BWT: bottom
water temperature.

Expedition Area Site WD BWT Salinity δ18Osw

(‰ VSMOW)
δ18Osw

(‰ VPDB)
Predicted δ18Oc

(‰ VPDB)
Source

IODP 339 Gulf of Cadiz/Slope U1386 562 13.1 36.1 0.84 0.57 1.32 Stow et al. (2013),
Voelker et al. (2015b),
Balestra et al. (2017)

U1387 559 13.1 36 0.8 0.53 1.28
U1389 644 13.4 36 0.8 0.53 1.21

CRIDA 0405 Gulf of Cadiz/Guadiana shelf Core 3/1-2 85 13.5 36.1 0.9 0.63 1.28 Mendes et al. (2012a),
Voelker et al. (2015b),
WOA

Core 14/2-3 80 13.5 36.2 0.9 0.63 1.28
Core 1/2-3 90 13.5 36.2 0.9 0.63 1.28
Core 6/3-4 40 14 36.2 0.9 0.63 1.16

PALEO I (POS 287) Western Portuguese slope 45-1B 1216 11.1 36.2 0.72 0.45 1.7 Daniault et al. (1994),
Voelker et al. (2015b),
WOA

03-1B 1505 9.2 35.9 0.66 0.39 2.12
44-1B 1866 5.1 35.3 0.42 0.15 2.90

PALEO I (POS 287) Western Portuguese shelf 21-1B 128 14.1 35.9 0.8 0.53 1.03 Voelker et al. (2015b),
WOA15-1B 111 13.5 35.9 0.8 0.53 1.18
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Fig. 2. Isotopic composition on A) raw data of A1) Pliocene samples from IODP Hole U1387C, A2) Mudline (Recent) samples from IODP Sites U1386, U1387 and U1389 in the Gulf of
Cadiz (IODP Expedition 339) and the Guadiana shelf samples (CRIDA cruises), A3) Recent western Portugal shelf samples from the shelf north of the Nazare Canyon and Estremadura
promontory (PALEO I POS 287 cruise); B) corrected data of B1) Pliocene samples from IODP Hole U1387C, B2) Mudline (Recent) samples from IODP Sites U1386, U1387 and U1389 in
the Gulf of Cadiz (IODP Expedition 339) and the Guadiana shelf samples (CRIDA cruises), B3) Recent western Portugal shelf samples from the shelf north of the Nazare Canyon and
Estremadura promontory (PALEO I POS 287 cruise). Black vertical bars in Figs. B2 and B3 indicates the Predicted δ18Osw (‰ VPDB) according to Table 2.
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Table 3
Raw and corrected δ13C and δ18O data-set obtained from isotopic measurements for a) Pliocene Gulf of Cadiz; b) recent Gulf of Cadiz; c) recent western Portugal shelf. Corrected values
are the result after offset correction. Location area, core ID and size fraction are indicated.

3a) Pliocene Gulf of Cadiz

Raw data Corrected Core-section Top-bottom (cm) Fraction (μm)

δ13C
(‰ VPDB)

δ18O
(‰ VPDB)

δ13C
(‰ VPDB)

δ18O
(‰ VPDB)

Ammonia spp. −0.33 −0.45 −0.33 −0.45 49R-1 10–12 > 250
−0.34 −0.08 −0.34 −0.08 50R-1 83–85 150–250
−0.47 0.18 −0.47 0.18 51R-3 42–44 150–250
−0.31 0.06 −0.31 0.06 49R-5 71–73 > 250

Min. −0.47 −0.45 −0.47 −0.45

Max. −0.31 0.18 −0.31 0.18

Average −0.36 −0.07 −0.36 −0.07

Standard deviation 0.07 0.27 0.07 0.27

Asterigerinata spp. −0.16 −1.6 −0.16 −1.6 30R-5 82–84 150–250
−0.46 −1.23 −0.46 −1.23 48R-5 60–62 150–250
0.43 −0.35 0.43 −0.35 50R-1 83–85 150–250
0.01 −0.3 0.01 −0.3 51R-3 42–44 150–250
0.35 −0.52 0.35 −0.52 48R-5 60–62 150–250

Min. −0.46 −1.6 −0.46 −1.6

Max. 0.43 −0.3 0.43 −0.3

Average 0.03 −0.8 0.03 −0.8

Standard deviation 0.37 0.58 0.37 0.58

C. lobatulus 0.18 −0.63 −0.22 −0.7 48R-4 40–42 150–250
0.43 −0.07 0.03 −0.14 48R-5 60–62 > 250
0.73 0.04 0.33 −0.03 49R-1 10–12 > 250
0.32 0.34 −0.08 0.27 49R-5 71–73 > 250
0.6 −0.64 0.2 −0.71 50R-1 83–85 150–250
0.44 0.12 0.04 0.05 49R-5 71–73 > 250

Min. 0.18 −0.64 −0.22 −0.71

Max. 0.73 0.34 0.33 0.27

Average 0.45 −0.14 0.05 −0.21

Standard deviation 0.2 0.41 0.19 0.41

C. refulgens 0.71 −0.03 0.71 −0.03 50R-1 83–85 150–250

C. pachyderma 0.21 1.59 −0.09 1.59 48R-3 100–102 > 315
0.64 1.03 0.34 1.03 48R-4 50–52 > 315
0.24 0.79 −0.06 0.79 48R-5 10–12 > 315
0.15 1.43 −0.15 1.43 49R-1 30–32 > 315
1.03 0.77 0.73 0.77 49R-3 0–2 > 315
0.05 0.72 −0.25 0.72 49R-5 90–92 > 315
0.74 1.09 0.44 1.09 50R-1 83–85 > 315
−0.34 2.03 −0.64 2.03 51R-3 122–124 > 315

Min. −0.34 0.72 −0.64 0.72

Max. 1.03 2.03 0.73 2.03

Average 0.34 1.18 0.04 1.18

Standard deviation 0.44 0.47 0.44 0.47

E. crispum 0.36 0.19 0.36 −0.33 49R-1 10–12 > 250
0.21 0.17 0.21 −0.35 49R-5 71–73 > 250
0.53 0.04 0.53 −0.48 50R-1 83–85 150–250
0.2 0.07 0.2 −0.45 47R Shipboard 150–250
0.28 0.11 0.28 −0.41 42R-2 3–5 150–250
0.79 1.21 0.79 0.69 33R-5 82–84 150–250
0.2 0.45 0.2 −0.07 51R-3 42–44 150–250

(continued on next page)
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Table 3 (continued)

3a) Pliocene Gulf of Cadiz

Raw data Corrected Core-section Top-bottom (cm) Fraction (μm)

δ13C
(‰ VPDB)

δ18O
(‰ VPDB)

δ13C
(‰ VPDB)

δ18O
(‰ VPDB)

0.21 1.08 0.21 0.56 50R Shipboard 150–250
0.64 0.69 0.64 0.17 49R-5 71–73 150–250

Min. 0.2 0.04 0.2 −0.48

Max. 0.79 1.21 0.79 0.69

Average 0.38 0.45 0.38 −0.07

Standard deviation 0.22 0.45 0.22 0.45

Globobulimina spp. −1.79 0.91 −1.79 0.59 48R-5 60–62 150–250
−2.03 2.03 −2.03 1.71 48R-1 110–112 150–250

Min. −2.03 0.91 −2.03 0.59

Max. −1.79 2.03 −1.79 1.71

Average −1.91 1.47 −1.91 1.15

Standard deviation 0.17 0.8 0.17 0.8

N. fabum −0.75 0.34 −0.75 −0.06 49R-5 71–73 150–250

P. ariminensis 0.78 1.36 0.78 1.36 42R-2 3–5 150–250
0.96 1.56 0.96 1.56 42R-1 10–12 150–250
1.08 1.15 1.08 1.15 30R-5 42–44 150–250
0.58 1.27 0.58 1.27 48R-5 60–62 > 250
0.93 0.92 0.93 0.92 49R-3 30–32 150–250
0.68 1.49 0.68 1.49 50R-1 83–85 150–250
0.83 1.38 0.83 1.38 51R-5 2–4 150–250
0.65 1.57 0.65 1.57 49R-5 0–2 150–250

Min. 0.58 0.92 0.58 0.92

Max. 1.08 1.57 1.08 1.57

Average 0.81 1.34 0.81 1.34

Standard deviation 0.17 0.22 0.17 0.22

U. pigmea −1.4 2.32 −1.4 1.85 48R-2 140–142 > 250
−1.06 2.04 −1.06 1.57 49R-1 10–12 > 250
−0.57 1.25 −0.57 0.78 49R-3 30–32 150–250
−1.31 2.2 −1.31 1.73 49R-5 71–73 > 250
−1.31 2.29 −1.31 1.82 51R-3 42–44 150–250
−0.87 1.72 −0.87 1.25 37R-1 20–22 150–250
−1.13 1.86 −1.13 1.39 42R-2 03–05 150–250
−0.97 1.97 −0.97 1.5 33R-5 82–84 150–250
−1.64 2.35 −1.64 1.88 48R-2 140–142 > 250
−1.29 2.25 −1.29 1.78 51R-3 42–44 150–250
−1.26 2.41 −1.26 1.94 49R-5 0–2 > 250
−0.71 1.72 −0.71 1.25 51R-1 42–44 150–250

Min. −1.64 1.25 −1.64 0.78

Max. −0.57 2.41 −0.57 1.94

Average −1.13 2.03 −1.13 1.56

Standard deviation 0.31 0.35 0.31 0.35

3b) Recent Gulf of Cadiz

Raw data Corrected Site/core ID Fraction (μm)

δ13C
(‰ VPDB)

δ18O
(‰ VPDB)

δ13C
(‰ VPDB)

δ18O
(‰ VPDB)

C. laevigata −1.05 1.28 −1.05 1.28 Core 3/1-2 > 63
(continued on next page)
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Table 3 (continued)

3b) Recent Gulf of Cadiz

Raw data Corrected Site/core ID Fraction (μm)

δ13C
(‰ VPDB)

δ18O
(‰ VPDB)

δ13C
(‰ VPDB)

δ18O
(‰ VPDB)

−0.84 1.3 −0.84 1.3 Core 14/2-3 > 63
−1.14 1.29 −1.14 1.29 Core 1/2-3 > 63
−0.98 1.24 −0.98 1.24 Core 6/3-4 > 63

Min. −1.14 1.24 −1.14 1.24

Max. −0.84 1.3 −0.84 1.3

Average −1 1.28 −1 1.28

Standard deviation 0.13 0.03 0.13 0.03

C. lobatulus 0.71 0.66 0.31 0.59 U1386B > 250
0.71 0.58 0.31 0.51 U1386B 150–250
0.82 0.74 0.42 0.67 U1387B 150–250
0.5 1.35 0.1 1.28 U1389C 150–250
0.52 1.03 0.12 0.96 U1389C 150–250
0.81 0.34 0.41 0.27 U1389C 150–250
0.6 0.07 0.2 0 U1386B 150–250

Min. 0.5 0.07 0.1 0

Max. 0.82 1.35 0.42 1.28

Average 0.67 0.68 0.27 0.61

Standard deviation 0.13 0.42 0.13 0.39

Globobulimina spp.

−1.07 1.69 −1.07 1.37 U1386B 150–250

N. fabum −1.55 1.62 −1.55 1.22 Core 3/1-2 > 63
−0.74 1.64 −0.74 1.24 Core 14/2-3 > 63
−1.32 1.56 −1.32 1.16 Core 1/2-3 > 63
−2.54 1.42 −2.54 1.02 Core 6/3-4 > 63

Min. −2.54 1.42 −2.54 1.02

Max. −0.74 1.64 −0.74 1.24

Average −1.54 1.56 −1.54 1.16

Standard deviation 0.75 0.1 0.75 0.1

P. ariminensis 1.34 1 1.34 1 U1389C > 250
1.47 1.25 1.47 1.25 U1387A > 250
1.28 0.85 1.28 0.85 U1387B > 250
1.44 1.25 1.44 1.25 U1389C 150–250
1.4 1.03 1.4 1.03 U1386B 150–250

Min. 1.28 0.85 1.28 0.85

Max. 1.47 1.25 1.47 1.25

Average 1.39 1.08 1.39 1.08

Standard deviation 0.08 0.17 0.08 0.17

U. celtica 0.24 1.68 0.24 1.21 U1389C 150–250
−0.39 1.53 −0.39 1.06 U1386B 150–250
−0.24 1.68 −0.24 1.21 U1387B 150–250
0.05 1.53 0.05 1.06 U1389C 150–250

Min. −0.39 1.53 −0.39 1.06

Max. 0.24 1.68 0.24 1.21

Average −0.09 1.61 −0.09 1.14

(continued on next page)
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Table 3 (continued)

3b) Recent Gulf of Cadiz

Raw data Corrected Site/core ID Fraction (μm)

δ13C
(‰ VPDB)

δ18O
(‰ VPDB)

δ13C
(‰ VPDB)

δ18O
(‰ VPDB)

Standard deviation 0.28 0.08 0.28 0.08

3c) RECENT WESTERN PORTUGAL SHELF

Raw data Corrected Core ID Fraction (μm)

δ13C
(‰ VPDB)

δ18O
(‰ VPDB)

δ13C
(‰ VPDB)

δ18O
(‰ VPDB)

Ammonia spp. −0.09 1.42 −0.09 1.42 PO287-15-
1B

> 250

C. lobatulus 1.02 1.48 0.62 1.41 PO-287-21-
1B

150–250

0.86 1.04 0.46 0.97 PO-287-21-
1B

> 250

Min. 0.86 1.04 0.46 0.97

Max. 1.02 1.48 0.62 1.41

Average 0.94 1.26 0.54 1.19

Standard deviation 0.12 0.31 0.12 0.22

C. pachyderma 1.17 2.34 0.87 2.34 PO287-45-
1B

1.19 2.33 0.89 2.33 PO287-03-
1B

1.06 2.43 0.76 2.43 PO287-44-
1B

Min. 1.06 2.33 0.76 2.33

Max. 1.19 2.43 0.89 2.43

Average 1.14 2.36 0.84 2.36

Standard deviation 0.07 0.05 0.07 0.05

E. crispum −0.19 1.87 −0.19 1.35 PO-287-21-
1B

150–250

0.64 2.33 0.64 1.81 PO-287-21-
1B

> 250

Min. −0.19 1.87 −0.19 1.35

Max. 0.64 2.33 0.64 1.81

Average 0.22 2.1 0.22 1.58

Standard deviation 0.58 0.32 0.58 0.32

N. fabum −0.15 1.53 −0.15 1.13 PO-287-21-
1B

> 250

−1.41 1.58 −1.41 1.18 PO-287-15-
1B

150–250

Min. −1.41 1.53 −1.41 1.13

Max. −0.15 1.58 −0.15 1.18

Average −0.78 1.56 −0.78 1.16

Standard deviation 0.88 0.03 0.88 0.03

U. celtica −0.38 1.91 −0.38 1.44 PO-287-15-
1B

125

0.04 1.72 0.04 1.25 PO-287-15-
1B

> 250

(continued on next page)
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range from −1.41‰ to +1.19‰ and +1.04‰ to +2.43‰, respec-
tively. The range and average δ13C and δ18O values for each analyzed
species are: Ammonia spp. (δ13C: −0.09, δ18O: +1.42‰), C. lobatulus
(δ13C: +0.86 to +1.02‰, mean: +0.94‰; δ18O: +1.04 to +1.48‰,
mean: +1.26‰), C. pachyderma (δ13C: +1.06 to +1.19‰, mean:
+1.14‰; δ18O: +2.33 to +2.43‰, mean: +2.36‰), E. crispum
(δ13C: −0.19 to +0.64‰, mean: +0.22‰; δ18O: +1.87 to +2.33‰,
mean: +2.1‰), N. fabum (δ13C: −1.41 to −0.15‰, mean: −0.78‰;
δ18O: +1.53 to +1.58‰, mean: +1.56‰), and U. celtica (δ13C:
−0.38 to +0.14‰, mean: −0.07‰; δ18O: +1.48 to +1.91‰, mean:
+1.66‰).

5. Discussion

The isotopic signature of benthic foraminifera theoretically reflects
the composition of the ambient seawater in which they live. However, it
is usually biased as a result of different factors that divert the isotopic
composition of the shell calcite from equilibrium (e.g., Duplessy et al.,
1970; Woodruff et al., 1980; Vincent et al., 1981; Wefer and Berger,
1991; Bemis et al., 1998). For benthic foraminifera, in particular, it has
been demonstrated that vital effects (e.g., ontogeny, carbonate ion
concentration) and microhabitat effects may cause species-specific de-
viations from isotopic equilibrium (Emiliani, 1954; Grossman, 1987;
McCorkle et al., 1990; Spero et al., 1997; Fontanier et al., 2006;
Rogerson et al., 2011). For this reason, and before any meaningful
deduction from our multi-species data-set, these biases on the isotopic
signals have to be constrained.

5.1. Species-specific corrections of δ18O

For the purpose of our study, we have accounted for vital effects in
δ18O in two ways to ensure a meaningful interpretation. First, a thor-
ough review of available data shows that many of the herein analyzed
species are well studied with respect to their specific offsets from iso-
topic equilibrium, and respective correction values have been suggested
(Table 4). Second, information on the oxygen isotope composition of
the seawater (δ18Osw; Table 2) enable us to critically evaluate the ap-
plicability of published species-specific correction values at our sites as
well as to estimate offset values for those taxa which have not been
considered in previous studies.

The herein analyzed deep-water species and some elevated epi-
faunal species are particularly well studied with respect to vital effects.
C. pachyderma and P. ariminensis have been considered to calcify at
isotopic equilibrium with the ambient bottom water due to their epi-
faunal microhabitat (Zahn et al., 1986; Bemis et al., 1998; Rohling and
Cooke, 1999; Katz et al., 2003; Marchitto et al., 2014). Accordingly,

δ18O of C. pachyderma fits perfectly into the predicted δ18O values for
Estremadura promontory today (Table 2) and no offset correction has
been applied to their isotopic values.

Correction values for U. pigmea and U. celtica have not been estab-
lished, whereas a wide number of studies have focused on the closely
related shallow infaunal species U. peregrina. It has been suggested that
this species calcifies in equilibrium with pore water δ18O (e.g.
Shackleton, 1974; Woodruff et al., 1980; Grossman, 1987; McCorkle
et al., 1990). However, in a recent study that re-evaluates the tem-
perature dependency of foraminiferal δ18O from a global data-set,
Marchitto et al. (2014) suggest that U. peregrina shows a positive offset
of 0.47‰ from isotopic equilibrium. In the present study, this correc-
tion value is applied to U. pigmea and U. celtica from the Pliocene and
Recent samples. Both species are considered closely related species of
U. peregrina (Schönfeld, 2006) and our isotopic data from the surface
samples in the Gulf of Cadiz and the shelf area north of the Nazare
Canyon (Table 2) are in the range of the correction value established for
U. peregrina.

Species of Globobulimina precipitate their tests in a deep infaunal
microhabitat and are thus considered to reflect pore water rather than
bottom water δ18O. Available studies suggest that Globobulimina pre-
cipitates its tests with a positive offset from equilibrium between ~0.1
to 0.3‰ (McCorkle et al., 1990, 1997; Rogerson et al., 2011). Rogerson
et al. (2011) determined an offset value of −0.15‰ with respect to U.
peregrina. This correction value has been used in this study, resulting in
the offset value applied to Globobulimina (Table 4).

For C. lobatulus, a negative offset up to ~−1‰ with respect to
equilibrium has been proposed by Vilks and Deonarine (1988),
McCorkle et al. (1997) and Scourse et al. (2004). Cage and Austin
(2008) revealed an offset from equilibrium of −0.24‰ to −0.21‰
with a signature close to equilibrium δ18O seawater in summer. They
state that δ18Oforam deviations are more influenced by a seasonal iso-
topic effect rather than vital effects. A negative offset-value of−0.55‰
was further proposed by Mackensen and Nam (2014) for C. lobatulus
and C. refulgens from Arctic regions. In contrast, positive offset- values
between +0.3 and +0.8‰ are suggested in Polyak et al. (2003), Hald
and Vorren (1987) and Poole et al. (1995); however, the former does
not report direct measurements and the latter studies are performed in
Northern regions. Since these previous studies do not reach a consensus
for an offset value of C. lobatulus, probably related to low sample
numbers (McCorkle et al., 1997) or samples from regions of variable
temperatures and salinity, further assessment of offset values is re-
quired for this species. A new offset value for C. lobatulus has been
estimated in this study with respect to the average value of the shallow
infaunal U. celtica from the western Portugal shelf data-set considering
that all species are autochthonous. According to this, the difference

Table 3 (continued)

3c) RECENT WESTERN PORTUGAL SHELF

Raw data Corrected Core ID Fraction (μm)

δ13C
(‰ VPDB)

δ18O
(‰ VPDB)

δ13C
(‰ VPDB)

δ18O
(‰ VPDB)

−0.08 1.51 −0.08 1.04 PO-287-21-
1B

150–250

0.14 1.48 0.14 1.01 PO-287-21-
1B

> 250

Min. −0.38 1.48 −0.38 1.01

Max. 0.14 1.91 0.14 1.44

Average −0.07 1.66 −0.07 1.19

Standard deviation 0.23 0.2 0.23 0.2
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Fig. 3. Correlation C. lobatulus - Elphidium spp. and P. ariminensis -
Elphidium spp. from the Pliocene samples of IODP Hole U1387C
(top panel) and the mudline samples of U1387C and surface sedi-
ment samples of Rogerson et al. (2011; bottom).

Table 4
Offset values used to correct δ18O and δ13C deviations from equilibrium. Equilibrium reference indicates the
reference object to which the offset value is applied for each species.

Taxon Offset δ18O (‰) Reference

Ammonia Equilibrium Scourse et al. (2004)
Cibicides lobatulus +0.07 This study
Cibicidoides

pachyderma
Equilibrium Katz et al. (2003)

Elphidium crispum +0.52 This study
Globobulimina +0.32 Rogerson et al.

(2011)
Nonion +0.4 Duplessy and Pujol

(1980)
Planulina ariminensis Equilibrium Marchitto et al.

(2014)
Uvigerina celtica +0.47 Marchitto et al.

(2014)

Taxon Offset δ13C (‰) Reference

Cibicides lobatulus +0.4 Mackensen et al.
(2000)

Cibicidoides
pachyderma

+0.3 Voelker et al.
(2015a)
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between the average un-corrected δ18O values of C. lobatulus and cor-
rected ones of U. celtica results in the offset value for C. lobatulus applied
in this study (Table 4).

For shelf dwellers, it is important to consider that variable en-
vironmental conditions (e.g. salinity, temperature) in shallow-water
settings complicate the calculation of a reliable offset value, and scarce
information on correction values is available. A. beccarii has been de-
monstrated to calcify enriched by +0.29‰ in Cage and Austin (2008)
with seasonal variability. However, in a study by Scourse et al. (2004)
A. batavus has been considered to calcify in or close to equilibrium with
seawater. This could be caused by a difference of δ18O due to vital
effects between either species or seasonality. In our dataset, Ammonia is
close to equilibrium with the rest of taxa in the Portuguese shelf (Fig. 2-
B3).

A correction factor of +0.4‰ for Nonion has been adopted from
Duplessy and Pujol (1980). This offset value is consistent with our data
from the Guadiana and the shelf north of the Nazare Canyon areas.

In the case of Elphidium, E. crispum is the predominant species in the
present study. No data are available for this specific species, but pre-
vious studies have evaluated several other Elphidium species. McCorkle
et al. (1990) revealed a negative offset for δ18O of E. excavatum. Lécuyer
et al. (2012) suggested a negative δ18O offset of −0.7‰ for Elphidium
sp. Other studies (Erlenkeuser and von Grafenstein, 1999; Polyak et al.,
2003; Bauch et al., 2004) are focused on Elphidium excavatum forma
clavata from the Laptev Sea and Arctic environments and reveal positive
and negative offsets for that taxon that varies seasonally due to a vital
effect. Therefore, local differences in temperatures and salinities be-
tween the Arctic and Gulf of Cadiz shelf areas may cause different
isotopic disequilibria of Elphidium species in particular and/or shallow
water taxa in general. Consequently, values and considerations in-
dicated in these studies should not be directly comparable with our
results. Thus, it is necessary to reconsider this value. The offset value for
E. crispum has been calculated with respect to the δ18O from Ammonia
in the Pliocene Gulf of Cadiz data-set since their abundances are similar
and the number of data-points is larger than the Recent data-sets (see
Table 3). The difference between the average original (not corrected)
δ18O values of E. crispum and Ammonia spp. results in an offset value for
E. crispum of +0.52‰ in this study.

For some species, subsamples from different fractions
(150–250 μm,> 250 μm) were analyzed (Table 3) in order to evaluate
if ontogeny affects isotopic composition. Results reveal that the isotopic
composition, while showing some scatter, does not show any systematic
positive or negative offset between both fractions. Thus, potential
variations on the isotopic signature due to ontogeny have been dis-
carded.

5.2. Species-specific corrections of δ13C

In contrast to oxygen isotopes, little information was found in re-
lation to the δ13C offsets from isotopic equilibrium; available data was
found only for C. lobatulus and C. pachyderma (Table 4). A positive
offset of +0.4‰ was estimated for δ13C of C. lobatulus by Mackensen
et al. (2000) and Wilfert et al. (2015) and also applied to our specimens
(Table 4). C. pachyderma has been suggested to be offset from δ13CDIC

(Dissolved Organic Carbon) and Voelker et al. (2015a) estimated this value in
samples from IODP Site U1387, resulting in a positive deviation of
+0.3‰ that has been assumed in this study (Table 4).

5.3. Corrected isotopic values

Correcting the isotopic data results in a different arrangement of the
isotopic composition of each taxon (Fig. 2-B; Table 3).

In the Pliocene Gulf of Cadiz, two groups of taxa can be dis-
tinguished. C. pachyderma, Globobulimina spp., P. ariminensis, and U.
pigmea group together within a larger δ13C gradient (−2.03 to
+1.08‰; Fig. 2-B1, Table 3a) and narrower range of δ18O (+0.59 to

+2.03‰). The second group comprises Ammonia, Asterigerinata spp.,
C. lobatulus, C. refulgens, E. crispum, and N. fabum, characterized by δ13C
values ranging from −0.75 to +0.79‰ and lighter δ18O values with a
comparably wider range of −1.60 to +0.69‰.

In the Recent data-set from the Guadiana shelf, all species show
corrected values within a small range of δ18O from +0.85‰ to
+1.37‰, except C. lobatulus which shows a wider range (0.00‰ to
+1.28‰). P. ariminensis is considered to calcify in equilibrium with
seawater and deeper settings in the Gulf of Cadiz at IODP Sites U1386,
U1387 and U1389 (Table 2) verify it reflecting δ18O values of +1.03,
+1.05 and +1.12‰ (average for each site in Table 3b, respectively), a
bit lighter to the predicted δ18O values for the area (+1.32, +1.28 and
+1.21‰, respectively; table 2). Similarly, C. laevigata recorded in the
Guadiana shelf at depths of 85, 80, 90 and 40 m values of +1.28,
+1.30, +1.29, and +1.24‰, respectively (Table 3b), that match the
corresponding +1.28, +1.28, +1.28, and 1.16‰ predicted values
(Fig. 2-B2; Table 2).

On the western Portugal shelf and margin, no distinct differentiation
occurs between species, except for C. pachyderma (Estremadura pro-
montory) which shows heavier δ13C average composition (0.84‰) than
the rest (δ13C: −0.08‰; Fig. 2-B3; Table 3c). In the shelf samples from
north of the Nazare Canyon, at 128 and 111 m, respectively, δ18O va-
lues from N. fabum are +1.13 and +1.18‰, fitting the predicted va-
lues for this setting (+1.03 and +1.18‰; Fig. 2-B3; Table 2). At the
Western Iberian Margin slope (Estremadura promontory), heavier δ18O
values of C. pachyderma (+2.34, +2.33 and +2.43‰) are consistent
with predicted δ18O values (+1.70, +2.12 and +2.90‰; Fig. 2-B3;
Table 2). The shelf-slope gradient on δ18O is probably resulting from
the different water masses affecting each sample location since it gets
heavier with more NEADW influence (see Chapter 2.1; Table 2).

5.3.1. Microhabitat effect on δ13C
A distinct δ13C gradient between epifaunal and infaunal for-

aminifers is well known (Corliss, 1985; McCorkle et al., 1990; Rathburn
et al., 1996; McCorkle et al., 1997; Mackensen et al., 2000; Ravelo and
Hillaire-Marcel, 2007). This microhabitat effect reflects the depletion of
pore waters in δ13C relative to seawater due to respiration of organic
matter in the sediment and it is clearly reflected in all our data-sets. In
the Pliocene samples from IODP Hole U1387C (Fig. 2-B1), the deep-
water taxa Globobulimina spp., U. pigmea, C. pachyderma, and P. ar-
iminensis display a wide range of 3.11‰ in their δ13C values with a
clear gradient along microhabitat preferences. Lightest δ13C values of
the deep-water taxa are recorded by the deep infaunal Globobulimina,
while the elevated epifaunal P. ariminensis shows highest values. δ13C
values of the shallow infaunal U. pigmea and epifaunal C. pachyderma
are intermediate between those two taxa, whereby the C. pachyderma
δ13C values from the Estremadura promontory in Recent samples from
the western Iberian margin agree well with the seawater δ13CDIC values
for that region (unpublished results). The characteristic gradient be-
tween epifaunal and infaunal species has been described frequently in
studies on Recent foraminifera and support the reliability of our iso-
topic signal (Shackleton, 1974; Woodruff et al., 1980; Dunbar and
Wefer, 1984; Zahn et al., 1986; Van der Zwaan and Jorissen, 1991; Sen
Gupta and Machain-Castillo, 1993; Loubere, 1994; Jorissen et al., 1995;
Loubere, 1996, 1997; Kaiho, 1999; Van der Zwaan et al., 1999;
Schönfeld, 2001; Fontanier et al., 2006; Okazaki et al., 2016). A similar
trend occurs between the deep-water taxa Globobulimina spp., U. celtica
and P. ariminensis in the Recent samples from the deep Gulf of Cadiz
(Fig. 2-B2).

Microhabitat effects can be observed in the shelf taxa as well (Fig. 2-
B3). Probably due to its infaunal character with a more depleted δ13C
environment of N. fabum (Moodley, 1990; Fontanier et al., 2002; Hill
et al., 2003; Duchemin et al., 2008; Mojtahid et al., 2010), they show
the lightest δ13C in contrast to the epifaunal Elphidium spp. and Aster-
igerinata spp. (Murray, 1991).
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5.4. Applicability of the elevated epifauna as a proxy for bottom currents

5.4.1. Potential bias of downslope transport on abundances of elevated
epifaunal foraminifera

Abundances of the elevated epifauna in the Gulf of Cadiz have been
linked to MOW strength today and have been proposed as a proxy for
the reconstruction of bottom current strength (Schönfeld, 1997, 2002a,
2002b). Of this group, only C. lobatulus, C. refulgens and P. ariminensis
were present in lower Pliocene samples of IODP Site U1387C. García-
Gallardo et al. (2017) have observed a positive correlation between
maximum abundances of C. lobatulus and C. refulgens, shelf taxa and
grain-size whereas no such correlation occurs with P. ariminensis. The
positive correlation between the abundances of C. lobatulus and Elphi-
dium spp. in IODP Hole U1387C (R2 = 0.85; p = 4.21 × 10−24) is
highlighted in Fig. 3. In contrast, no correlation occurs between P. ar-
iminensis and Elphidium spp. (R2 = 8.65E-05, p = 0.95). It is well
known (and corroborated by our own samples from the Portuguese
shelf) that C. lobatulus and C. refulgens show a broad bathymetric range
with an upper depth limit extending into shelf areas < 100 m of the
Atlantic and the Mediterranean Sea (Murray, 1973; Alexander and
DeLaca, 1987; Polyak et al., 2003; Diz et al., 2004; Murray, 2006; Dorst
and Schönfeld, 2013). In contrast, P. ariminensis is most commonly

recorded at settling heights> 550 m (e.g., Schönfeld, 2002a, 2002b).
García-Gallardo et al. (2017) thus concluded that in tectonically active
settings such as the Gulf of Cadiz the applicability of the elevated epi-
fauna proxy might be at times compromised by downslope transport.
Ducassou et al. (2016) include C. lobatulus and Elphidium in the species
group that indicates downslope transport from the shelf in the early
Pleistocene sediments of nearby Site U1386. The trends observed in the
Pliocene samples are further supported by a re-evaluation of quantita-
tive data-sets of benthic foraminifera from core tops in the Gulf of Cadiz
presented by Rogerson et al. (2011). Correlations obtained were posi-
tive (R2: 0.70; p: 2.17 × 10−18) for C. lobatulus – Elphidium spp. and
non-existent (R2 = 0.03; p = 0.17) for P. ariminensis – Elphidium spp.
(Fig. 3).

On the basis of corrected δ13C and δ18O data, the isotopic signal of
the elevated epifauna present in our samples can now be assessed in
order to identify their provenance in either shallow or deep waters in
the Pliocene and Recent Gulf of Cadiz.

5.4.2. Pliocene - Gulf of Cadiz
In the Pliocene samples, δ18O values show a clear gradient between

shelf (lighter δ18O: −1.60 to +0.69‰) and deep-water taxa (heavier
δ18O: +0.59 to +2.03‰). We interpret this gradient as a substantial
difference in temperature between warmer waters (lighter δ18Oc) on the
shelf and colder waters (heavier δ18Oc) on the slope. While salinity may
affect the δ18O signal to some degree, the large gradient nonetheless
suggests a primary control of temperature (Voelker et al., 2015a).

In this setting, the corrected isotope values of C. lobatulus (mean
δ13C: +0.05‰, mean δ18O: −0.21‰) and C. refulgens (δ13C:
+0.71‰, δ18O:−0.03‰) range well within those of the shelf dwellers
Ammonia spp. (mean δ13C: −0.36‰, mean δ18O: −0.07‰), E. crispum
(mean δ13C: +0.38‰, mean δ18O: −0.07‰), N. fabum (δ13C:
−0.75‰, δ18O: −0.06‰), and Asterigerinata spp. (mean δ13C:
+0.03‰, mean δ18O: −0.80‰). The evidence thus strongly supports
the allochthonous nature of C. lobatulus and C. refulgens hypothesized
by García-Gallardo et al. (2017). It is reasonable to assume that large
amounts of tests of these two species have been transported from the
shelf during periods of downslope transport. In contrast, the isotopic
signal of P. ariminensis (mean δ13C: +0.81‰, mean δ18O: +1.34‰)
appears within the range of deep-water taxa δ18O, showing values only
slightly higher than those of C. pachyderma (mean δ13C: +0.04‰,
mean δ18O: +1.18‰; see Fig. 2-B1). The data spread observed for
deep-water taxa is best explained by calcification during different gla-
cial and interglacial stages covered by our data-set (Van der Schee
et al., 2016; García-Gallardo et al., 2017). Notably, the clear separation
between δ18O values of shelf and deep-water taxa is evident in spite of
the data spread (Fig. 2-B1). For this reason, P. ariminensis is interpreted
as an autochthonous deep-water taxon in this setting and remains the
only component of the elevated epifauna at this site useful as a possible
indicator of enhanced bottom current strength related to Mediterra-
nean-derived waters in the early Pliocene Gulf of Cadiz.

5.4.3. Recent - Gulf of Cadiz
The δ18O gradient observed for the Pliocene samples is not apparent

in the present-day samples from IODP Sites U1386, U1387 and U1389
from the Gulf of Cadiz. Shelf dwellers Elphidium, Ammonia and
Asterigerinata were absent or too scarce to obtain reliable data in the
recent samples from the Gulf of Cadiz. Instead, N. fabum and C. laevigata
from the Guadiana shelf have been used (Table 1). N. fabum is con-
sidered intermediate infaunal and associated with eutrophic environ-
ments and high organic matter of low quality from terrestrial runoff
(Fontanier et al., 2002; Duchemin et al., 2008; Mojtahid et al., 2010;
Pérez-Asensio and Aguirre, 2010; Pérez-Asensio et al., 2012). C. laevi-
gata is a shallow infaunal taxon living under high supply of organic
matter frequent in muddy sediments off the Guadiana River and found
in samples until 2520 m depth (Corliss, 1991; de Rijk et al., 2000;

Fig. 4. Pliocene and Recent isotopic composition of a) P. ariminensis and b) U. pigmea
(Pliocene) and U. celtica (Recent).
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Mendes et al., 2004, 2012a; Pérez-Asensio et al., 2012). Although this
taxon is commonly considered a deep dweller, in this case it occurs in
our recent samples from the Guadiana shelf as a response to high silt
and clay content and increased nutrient availability due to upwelling
processes (Mendes et al., 2012a, 2013). For this reason, the isotopic
composition of both species would be expected to reflect lower δ18O
than the deep-water taxa. However, the isotopic signature is similar to
that of the deep-water taxa (Fig. 2-B2) as it is measured in the Gulf of
Cadiz, showing that temperature and salinity values are indistinguish-
able between the Guadiana shelf and the IODP Sites (Table 2). From
these deductions, Fig. 2-B2 thus shows the differential δ13C signature
likely due to microhabitat and carbon flux on the shelf reflected by the
shelf taxa.

The elevated epifaunal elements C. lobatulus and P. ariminensis were
also evaluated within this context. The assessment of δ18O signals of C.
lobatulus is complicated in this case. In Fig. 4b, C. lobatulus from U1386
and U1387 shows slightly heavier δ13C (0.31‰) and lower δ18O
(0.44‰ in average) than specimens from U1389 (0.21‰ and 0.84‰,
respectively; see Table 3b), which have similar values to the infaunal U.
celtica and fit well into the narrow range of δ18O in which deep taxa
appear. At first glance, those samples showing lighter δ18O may be
interpreted to reflect higher temperatures due to their origin in shelf
areas and have been later transported, such as in the Pliocene setting.
However, this idea is not consistent since shelf taxa (e.g. Elphidium spp.,
Ammonia spp., Asterigerinata spp.) are absent in samples from U1386
and U1387, and most importantly, there is no δ18O gradient observed.
If the isotopic values of C. lobatulus are not related to a transport from
the shelf, one possible explanation could be the differential position of
the upper and lower plumes of MOW. IODP Site U1389, affected by
lower MOW is 80–90 m deeper than Sites U1386 and U1387, within
upper MOW (Table 1). Considering that Sites U1386 and U1387 are
affected by the upper MOW plume while U1389 by the lower MOW
plume (Stow et al., 2013), they may reflect different isotopic compo-
sition. However, hydrographic measurements (Table 2) show similar
δ18O composition for all sites (U1386: 0.84‰, U1387: 0.8‰ and
U1389: 0.8‰ VSMOW). A third explanation for these lower δ18O values
of C. lobatulus is their possible transport from upper parts of the slope,
which would be affected by NACW that has a similar δ18O composition
(~0.5‰, Voelker et al., 2015b). Nevertheless, in our records, the iso-
topic composition of C. lobatulus is closer to the δ18O composition of the
deep-water taxa and predicted δ18O. With respect to δ13C, C. lobatulus
appears closer to those from the deep-water U. celtica instead of the
shelf infaunal taxon C. laevigata, which appears δ13C depleted by 1‰
with respect to U. celtica. For these reasons, we tempt to state that the
isotopic composition of this taxon is responding to MOW influence in
the present day in the Gulf of Cadiz, according to Schönfeld (1997,
2002a, 2002b). Finally, the spread of δ18O values could result from time
averaging (i.e. the samples integrate variations of MOW, probably on
seasonal to decadal scales) and/or the location in relation to their po-
sition within MOW. In any case, the δ18O data for C. lobatulus together
with its correlation to shelf taxa (Fig. 3) in the Gulf of Cadiz warrant for
caution in general.

P. ariminensis is spatially restricted to the northern Gulf of Cadiz
under the influence of strong MOW (Rogerson et al., 2011). It has been
previously observed that P. ariminensis prefers elevated positions above
the sediment surface having the opportunity to catch suspended food
particles from enhanced current systems (Altenbach et al., 1987; Lutze
and Thiel, 1989; Linke and Lutze, 1993). Our results are accordingly
explained by this feature. In addition, this taxon, calcifying in equili-
brium with seawater, shows average δ18O values close to the MOW
δ18O composition (Table 2). For these reasons, we conclude that P.
ariminensis is the most reliable taxon that can be used as proxy for MOW
reconstruction in the Gulf of Cadiz, always under a cautious analysis of
the settings.

5.5. Implications for early Mediterranean-Atlantic exchange

Present-day hydrographic parameters (bottom-water temperature,
salinity, δ18Osw (VSMOW)) were accessible for the locations and water
depths used in this study (see Chapter 3.5.; Table 2). Obtaining those
parameters is not directly possible in the Pliocene setting, but they can
be inferred from the isotopic composition of foraminiferal calcite. The
good correspondence between δ18Osw (VSMOW) and predicted δ18OC

(VPDB), as well as the differential δ18O in the western Portugal shelf-
slope due to influences of different water masses (e.g. MOW-NEADW)
has been demonstrated in Chapter 3.5. This means that δ18OC from
autochthonous taxa from the Pliocene samples probably provide rea-
sonable estimates of the hydrographic parameters in the Pliocene.
Following this assumption, the difference between shelf and deep-water
δ18O is on average +1.62‰ in the Pliocene Gulf of Cadiz, contrasting
rather uniform δ18O values of the present-day water column (Fig. 2-
A2). A larger difference in the δ18O values from the early Pliocene
might reflect a larger temperature offset, suggesting that either deep
waters in the Gulf of Cadiz were colder and thus not influenced by
warm Mediterranean water, or that Pliocene surface waters were
warmer by several degrees (Tzanova and Herbert, 2015).

Pliocene and Recent δ18Oc from P. ariminensis and U. pigmea/U.
celtica have been compared separately (Fig. 4) in order to figure out
water temperature differences between the Pliocene and the present-
day and possible influence of MOW. P. ariminensis values from the
Pliocene and the present-day samples in the Gulf of Cadiz are displayed
in Fig. 4a. We consider this elevated epifaunal species autochthonous to
deeper settings. Higher δ18O and lower δ13C suggest a colder and lesser
ventilated environment in the early Pliocene (mean δ13C: +0.81‰,
mean δ18O: +1.34‰), indicating a major influence of the colder
Atlantic water and a eutrophic environment in the early Pliocene Gulf
of Cadiz (García-Gallardo et al., 2017). Today there is a shift toward
warmer and better ventilated waters likely due to the influence of MOW
(mean δ13C: +1.39‰, mean δ18O: +1.08‰). A similar trend can be
observed for Uvigerina (Fig. 4b). U. celtica values from the present-day
Mudline samples from the Gulf of Cadiz (mean δ13C: −0.09‰, mean
δ18O: +1.14‰) are higher in δ13C and lower in δ18O than U. pigmea in
the Pliocene deep Gulf of Cadiz samples (mean δ13C: −1.13‰, mean
δ18O: +1.56‰). However, since Uvigerina is considered a shallow in-
faunal taxon, differences in the carbon isotope composition are affected
by the microhabitat effect and should be treated with caution (Zahn
et al., 1986).

In summary, the isotopic data together with diminished occurrences
of P. ariminensis (García-Gallardo et al., 2017) suggest the presence of
relatively cold and poorly ventilated bottom waters and reduced
bottom current strength in the early Pliocene compared to today. This
water mass was likely primarily sourced from the Atlantic; if and to
which degree Mediterranean-sourced waters might have contributed
cannot be determined from our data.

6. Conclusions

The elevated epifauna, which has been suggested as proxy for MOW
reconstruction, has been re-assessed in this study using stable isotopes
(δ13C, δ18O). Species-specific offset values have been determined in
Pliocene and Recent samples and contrasted with recent hydrographic
data. After correction, results show good correspondence between
Recent foraminiferal δ18O and seawater δ18O.

Corrected isotopic values reveal that C. lobatulus and C. refulgens in
the Pliocene slope of the Gulf of Cadiz have been transported from the
shelf to greater depths, thus they do not provide suitable indicators of
the first Mediterranean Outflow. Isotope data from Recent samples from
the Gulf of Cadiz and the western Portugal shelf have also demonstrated
that C. lobatulus can either inhabit shelf and deep environments. The
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results warrant for caution when C. lobatulus is intended to be used as
proxy for strong bottom current, and samples should be checked care-
fully for the presence of other allochthonous taxa. In contrast, P. ar-
iminensis is shown to be autochthonous to deeper settings in the
Pliocene and the present day, resulting in a more reliable proxy for
bottom current reconstruction.

In addition, past and present δ18O and δ13C of P. ariminensis and U.
pigmea suggest that intermediate waters in the Gulf of Cadiz were colder
and less ventilated in the early Pliocene. This likely reflects consider-
able admixture of Atlantic waters and diminished influence of
Mediterranean water at IODP Site U1387 just after the opening of the
Strait of Gibraltar compared to today.
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and Sloan (1990). Plate I, Figs. 5, 6; Plate II, Figs. 1, 3.

Ammonia falsobeccarii (Rouvillois, 1974). Jones and Brady (1994).
Plate 107, Fig. 5.

Cassidulina laevigata (d'Orbigny, 1826). Murray (2003). Pag. 21.
Figs. 6.8–6.10.

Cibicides lobatulus (Walker and Jakob, 1798). Jones and Brady
(1994). Plate 93, Figs. 1, 4, 5.

Cibicides refulgens (de Monfort, 1808). Holbourn et al. (2013). Pag.
154, Figs. 1-3.

Cibicidoides pachyderma (Rzehak, 1886). Holbourn et al. (2013). Pag
198. Figs. 1-3.

Elphidium crispum (Linnaeus, 1758). Holbourn et al. (2013), Pag.
236, Figs. 1-3.

Nonion fabum (Fichtel and Moll, 1798). Jones and Brady (1994).
Plate 109, Figs. 12, 13.

Planulina ariminensis (d'Orbigny, 1826). Holbourn et al. (2013). Pag.
402, Figs. 1, 2.

Praeglobobulimina ovata (d'Orbigny, 1846). Jones and Brady (1994).
Plate 50 Fig. 13.

Uvigerina celtica (Schönfeld, 2006). Schönfeld (2006). Plate 1,
Fig. 14–18.

Uvigerina pigmea (d'Orbigny, 1826). Schönfeld (2006). Plate 1,
Figs. 6–11.

Acknowledgements

The Integrated Ocean Discovery Program and the IODP Expedition
339 team, as well as projects CRIDA (Consequences of River Discharge
Modifications on Coastal Zones and Continental Shelf-PDCTM/P/MAR/
15289/1999) and CIRCO (Climate changes from isotopic records during
the Holocene in South-western Iberia-PTDC/CLI/66393/2006) are ac-
knowledged for the samples provided. This work was supported by the
Austrian Science Fund (FWF; project P25831-N29) and the Portuguese
Foundation for Science and Technology (FCT; grant SFRH/BPD/72869/
2010, projects INGMAR (ARIPIPI) and SEDPORT (PDCTM/40017/
2003), IF contract IF/01500/2014). AV, furthermore, acknowledges
support from CCMAR (UID/Multi/04326/2013). Comments from two
reviewers and the editor helped to improve the manuscript and are
gratefully acknowledged.

References

Alexander, S.P., DeLaca, T.E., 1987. Feeding adaptations of the foraminifera Cibicides
refulgens living epizoically and parasitically on the Antarctic scallop Admussium col-
becki. Biol. Bull. 173, 136–159.

Alonso, B., Ercilla, G., Casas, D., Stow, D.A.V., Rodríguez-Tovar, F.J., Dorador, J.,
Hernández-Molina, F.-J., 2016. Contourite vs gravity-flow deposits of the Pleistocene
Faro Drift (Gulf of Cadiz): sedimentological and mineralogical approaches. Mar. Geol.
377, 77–94. http://dx.doi.org/10.1016/j.margeo.2015.12.016.

Altenbach, A.V., Lutze, G.F., Weinholz, P., 1987. Beobachtungen an Benthos-
Foraminiferen Teilprojekt A3. In: Berichte aus dem Sonderfoschungbereich. 313 (6).
pp. 1–86.

Ambar, I., Howe, M.R., 1979. Observations of the Mediterranean outflow. I mixing the
Mediterranean outflow. Deep-Sea Res. 26, 535–554.

Balestra, B., Grunert, P., Ausin, B., Hodell, D., Flores, J.-A., Alavarez-Zarikian, C.A.,
Hernández-Molina, F.J., Stow, D., Piller, W.E., Paytan, A., 2017. Coccolithophore and
benthic foraminifera distribution patterns in the Gulf of Cadiz and western Iberian
margin during Integrated Ocean Drilling Program (IODP) expedition 339. J. Mar.
Syst. 170, 50–67. http://dx.doi.org/10.1016/j.jmarsys.2017.01.005.

Bauch, H.A., Erlenkeuser, H., Bauch, D., Mueller-Lupp, T., Taldenkova, E., 2004. Stable
oxygen and carbon isotopes in modern benthic foraminifera from the Laptev Sea
shelf: implications for reconstructing proglacial and profluvial environments in the
Arctic. Mar. Micropaleontol. 51 (3–4), 285–300. http://dx.doi.org/10.1016/j.
marmicro.2004.01.002.

Bemis, B.E., Spero, H.J., Bijma, J., Lea, D.W., 1998. Reevaluation of the oxygen isotopic
composition of planktonic foraminifera: experimental results and revised paleo-
temperature equations. Paleoceanography 13 (2), 150–160. http://dx.doi.org/10.
1029/98PA00070.

Berggren, W.A., Haq, B.U., 1976. The Andalusian Stage (Late Miocene): biostratigraphy,
biochronology and palaeoecology. Palaeogeogr. Palaeoclimatol. Palaeoecol. 20,
67–129. http://dx.doi.org/10.1016/0031-0182(76)90026-2.

Borenäs, K.M., Wåhlin, A.K., Ambar, I., Serra, N., 2002. The Mediterranean outflow
splitting—a comparison between theoretical models and CANIGO data. Deep-Sea Res.
II Top. Stud. Oceanogr. 49, 4195–4205.

Cage, A.G., Austin, W.E.N., 2008. Seasonal dynamics of coastal water masses in a Scottish
fjord and their potential influence on benthic foraminiferal shell geochemistry. In:
Austin, W.E.N., James, R.H. (Eds.), Biogeochemical Controls on Palaeoceanographic
Environmental Proxies. Geological Society, London, Special Publications 303. pp.
155–172. http://dx.doi.org/10.1144/SP303.11.

Comas, M.C., Platt, J.P., Soto, J.I., Watts, A.B., 1999. The origin and tectonic history of
the Alborán basin: Insigths from Leg 161 results. In: Zahn, R., Comas, M.C., Klaus, A.
(Eds.), Proceedings of the Ocean Drilling Program. Scientific Results. 161. pp.
555–579.

Coplen, T.B., Kendall, C., Hopple, J., 1983. Comparison of stable isotope reference
samples. Nature 302, 236–238.

Corliss, B.H., 1985. Microhabitats of benthic foraminifera within deep-sea sediments.
Nature 314 (6010), 435–438. http://dx.doi.org/10.1038/314435a0.

Corliss, B.H., 1991. Morphology and microhabitat preferences of benthic foraminifera
from the northwest Atlantic Ocean. Mar. Micropaleontol. 17 (3–4), 195–236. http://
dx.doi.org/10.1016/0377-8398(91)90014-W.

Craig, H., 1961. Standard for reporting concentrations of deuterium and oxygen-18 in
natural waters. Science 133, 1833–1834.

Criado-Aldeanueva, F., García-Lafuente, J., Miguel Vargas, J., Del Río, J., Vázquez, A.,
Reul, A., Sánchez, A., 2006. Distribution and circulation of water masses in the Gulf
of Cadiz from in situ observations. Deep Sea Res., Part II 53, 1144–1160. http://dx.
doi.org/10.1016/j.dsr2.2006.04.012.

Daniault, N., Maze, J.P., Arhan, M., 1994. Circulation and mixing of Mediterranean water
west of the Iberian peninsula. Deep Sea Res., Part I 41, 1685–1714. http://dx.doi.
org/10.1016/0967-0637(94)90068-X.

Diz, P., Frances, G., Costas, S., Souto, C., Allejo, I., 2004. Distribution of benthic for-
aminifera in coarse sediments, Ría de Vigo, NW Iberian margin. J. Foraminifer. Res.
34, 258–275.

Dorst, S., Schönfeld, J., 2013. Diversity of benthic foraminifera on the shelf and slope of
the NE Atlantic: analysis of datasets. J. Foraminifer. Res. 43 (3), 238–254. http://dx.
doi.org/10.2113/gsjfr.43.3.238.

Ducassou, E., Fournier, L., Sierro, F.J., Álvarez-Zarikian, C.A., Lofi, J., Flores, J.A., Roque,
C., 2016. Origin of the large Pliocene and Pleistocene debris flows on the Algarve
margin. Mar. Geol. 377, 58–76. http://dx.doi.org/10.1016/j.margeo.2015.08.018.

Duchemin, G., Jorissen, F.J., Le Loc'h, F., Andrieux-Loyer, F., Hily, C., Thouzeau, G.,
2008. Seasonal variability of living benthic foraminifera from the outer continental
shelf of the Bay of Biscay. J. Sea Res. 59 (4), 297–319.

Duggen, S., Hoernle, K., van den Bogaard, P., Rüpke, L., Morgan, J.P., 2003. Deep roots of
the Messinian salinity crisis. Nature (London, U. K.) 422 (6932), 602–606.

Dunbar, R.B., Wefer, G., 1984. Stable isotope fractionation in benthic foraminifera from
the Peruvian continental margin. Mar. Geol. 59 (1–4), 215–225. http://dx.doi.org/
10.1016/0025-3227(84)90094-X.

Duplessy, J.C., Pujol, J.M., 1980. Deep water formation in the North Atlantic Ocean
during the last ice age. Nature 286, 479–482.

Duplessy, J.C., Lalou, C., Vinot, A.C., 1970. Differential isotopic fractionation in benthic
foraminifera and paleotemperatures reassessed. Science 168 (3928), 250–251.
http://dx.doi.org/10.1126/science.168.3928.250.

Emiliani, C., 1954. Depth habitats of some species of pelagic foraminifera as indicated by
oxygen isotope rations. Am. J. Sci. 252, 149–158.

Erlenkeuser, H., von Grafenstein, U., 1999. Stable oxygen isotope ratios in benthic car-
bonate shells of ostracoda, foraminifera, and bivalvia from surface sediments of the
Laptev Sea, summer 1993 and 1994. In: Kassens, H., Bauch, H.A., Dmitrenko, I.,
Eicken, H., Hubberten, H.-W., Melles, M., Thiede, J., Timokhov, L. (Eds.), Land-Ocean
Systems in the Siberian Arctic: Dynamics and History. Springer, Berlin, pp. 503–514.

Fiúza, A.F.G., 1983. Upwelling patterns off Portugal. In: Suess, E., Thiede, J. (Eds.),
Coastal Upwelling. Its Sediment Record. Plenum, New York, pp. 85–98.

Flecker, R., Krijgsman, W., Capella, W., de Castro Martíns, C., Dmitrieva, E., Mayser, J.P.,
Marzocchi, A., Modestou, S., Ochoa, D., Simon, D., Tulbure, M., van den Berg, B., van
der Schee, M., de Lange, G., Ellam, R., Govers, R., Gutjahr, M., Hilgen, F.,
Kouwenhoven, T., Lofi, J., Meijer, P., Sierro, F.J., Bachiri, N., Barhoun, N., Alami,
A.C., Chacon, B., Flores, J.A., Gregory, J., Howard, J., Lunt, D., Ochoa, M., Pancost,
R., Vincent, S., Yousfi, M.Z., 2015. Evolution of the late Miocene
Mediterranean–Atlantic gateways and their impact on regional and global environ-
mental change. Earth Sci. Rev. 150, 365–392. http://dx.doi.org/10.1016/j.earscirev.

Á. García-Gallardo et al. Global and Planetary Change 155 (2017) 78–97

94

http://refhub.elsevier.com/S0921-8181(17)30078-4/rf0005
http://refhub.elsevier.com/S0921-8181(17)30078-4/rf0005
http://refhub.elsevier.com/S0921-8181(17)30078-4/rf0005
http://dx.doi.org/10.1016/j.margeo.2015.12.016
http://refhub.elsevier.com/S0921-8181(17)30078-4/rf0015
http://refhub.elsevier.com/S0921-8181(17)30078-4/rf0015
http://refhub.elsevier.com/S0921-8181(17)30078-4/rf0015
http://refhub.elsevier.com/S0921-8181(17)30078-4/rf0020
http://refhub.elsevier.com/S0921-8181(17)30078-4/rf0020
http://dx.doi.org/10.1016/j.jmarsys.2017.01.005
http://dx.doi.org/10.1016/j.marmicro.2004.01.002
http://dx.doi.org/10.1016/j.marmicro.2004.01.002
http://dx.doi.org/10.1029/98PA00070
http://dx.doi.org/10.1029/98PA00070
http://dx.doi.org/10.1016/0031-0182(76)90026-2
http://refhub.elsevier.com/S0921-8181(17)30078-4/rf0045
http://refhub.elsevier.com/S0921-8181(17)30078-4/rf0045
http://refhub.elsevier.com/S0921-8181(17)30078-4/rf0045
http://dx.doi.org/10.1144/SP303.11
http://refhub.elsevier.com/S0921-8181(17)30078-4/rf0055
http://refhub.elsevier.com/S0921-8181(17)30078-4/rf0055
http://refhub.elsevier.com/S0921-8181(17)30078-4/rf0055
http://refhub.elsevier.com/S0921-8181(17)30078-4/rf0055
http://refhub.elsevier.com/S0921-8181(17)30078-4/rf0060
http://refhub.elsevier.com/S0921-8181(17)30078-4/rf0060
http://dx.doi.org/10.1038/314435a0
http://dx.doi.org/10.1016/0377-8398(91)90014-W
http://dx.doi.org/10.1016/0377-8398(91)90014-W
http://refhub.elsevier.com/S0921-8181(17)30078-4/rf0075
http://refhub.elsevier.com/S0921-8181(17)30078-4/rf0075
http://dx.doi.org/10.1016/j.dsr2.2006.04.012
http://dx.doi.org/10.1016/j.dsr2.2006.04.012
http://dx.doi.org/10.1016/0967-0637(94)90068-X
http://dx.doi.org/10.1016/0967-0637(94)90068-X
http://refhub.elsevier.com/S0921-8181(17)30078-4/rf0090
http://refhub.elsevier.com/S0921-8181(17)30078-4/rf0090
http://refhub.elsevier.com/S0921-8181(17)30078-4/rf0090
http://dx.doi.org/10.2113/gsjfr.43.3.238
http://dx.doi.org/10.2113/gsjfr.43.3.238
http://dx.doi.org/10.1016/j.margeo.2015.08.018
http://refhub.elsevier.com/S0921-8181(17)30078-4/rf0105
http://refhub.elsevier.com/S0921-8181(17)30078-4/rf0105
http://refhub.elsevier.com/S0921-8181(17)30078-4/rf0105
http://refhub.elsevier.com/S0921-8181(17)30078-4/rf0110
http://refhub.elsevier.com/S0921-8181(17)30078-4/rf0110
http://dx.doi.org/10.1016/0025-3227(84)90094-X
http://dx.doi.org/10.1016/0025-3227(84)90094-X
http://refhub.elsevier.com/S0921-8181(17)30078-4/rf0120
http://refhub.elsevier.com/S0921-8181(17)30078-4/rf0120
http://dx.doi.org/10.1126/science.168.3928.250
http://refhub.elsevier.com/S0921-8181(17)30078-4/rf0130
http://refhub.elsevier.com/S0921-8181(17)30078-4/rf0130
http://refhub.elsevier.com/S0921-8181(17)30078-4/rf0135
http://refhub.elsevier.com/S0921-8181(17)30078-4/rf0135
http://refhub.elsevier.com/S0921-8181(17)30078-4/rf0135
http://refhub.elsevier.com/S0921-8181(17)30078-4/rf0135
http://refhub.elsevier.com/S0921-8181(17)30078-4/rf0135
http://refhub.elsevier.com/S0921-8181(17)30078-4/rf0140
http://refhub.elsevier.com/S0921-8181(17)30078-4/rf0140
http://dx.doi.org/10.1016/j.earscirev.2015.08.007


2015.08.007.
Fontanier, C., Jorissen, F.J., Licari, L., Alexandre, A., Anschutz, P., Carbonel, P., 2002.

Live benthic foraminiferal faunas from the Bay of Biscay: faunal density, composition,
and microhabitats. Deep-Sea Res. I Oceanogr. Res. Pap. 49 (4), 751–785. http://dx.
doi.org/10.1016/S0967-0637(01)00078-4.

Fontanier, C., Mackensen, A., Jorissen, F.J., Anschutz, P., Licari, L., Griveaud, C., 2006.
Stable oxygen and carbon isotopes of live benthic foraminifera from the Bay of
Biscay: microhabitat impact and seasonal variability. Mar. Micropaleontol. 58 (3),
159–183. http://dx.doi.org/10.1016/j.marmicro.2005.09.004.

García, M., Hernández-Molina, F.J., Llave, E., Stow, D.A.V., León, R., Fernández-Puga,
M.C., Díaz del Río, V., Somoza, L., 2009. Contourite erosive features caused by the
Mediterranean Outflow Water in the Gulf of Cadiz: quaternary tectonic and ocea-
nographic implications. Mar. Geol. 257, 24–40. http://dx.doi.org/10.1016/j.margeo.
2008.10.009.

García-Castellanos, D., Estrada, F., Jiménez-Munt, I., Gorini, C., Fernàndez, M., Vergés, J.,
Vicente, R., 2009. Catastrophic flood of the Mediterranean after the Messinian sali-
nity crisis. Nature 462 (7274), 778–781. http://dx.doi.org/10.1038/nature08555.

García-Gallardo, Á., Grunert, P., Van der Schee, M., Sierro, F.J., Jiménez-Espejo, F.J.,
Álvarez-Zarikian, C.A., Piller, W.E., 2017. Benthic foraminifera - based reconstruction
of the first Mediterranean-Atlantic exchange in the early Pliocene Gulf of Cadiz.
Palaeogeogr. Palaeoclimatol. Palaeoecol. 472, 93–107. http://dx.doi.org/10.1016/j.
palaeo.2017.02.009.

García-Lafuente, J., Delgado, J., Criado-Aldeanueva, F., Bruno, M., del Río, J., Vargas,
J.M., 2006. Water mass circulation on the continental shelf of the Gulf of Cadiz. Deep
Sea Res., Part II 53 (11−13), 1182–1197. http://dx.doi.org/10.1016/j.dsr2.2006.
04.011.

González-Regalado, M.L., Ruiz, F., Tosquella, J., Baceta, J.I., Pendón, J.G., Abad, M.,
Hernández-Molina, F.J., Somoza, L., Díaz del Río, V., 2001. Foraminíferos bentónicos
actuales de la plataforma continental del norte del Golfo de Cádiz. Geogaceta 29,
61–64.

Grossman, E.L., 1987. Stable isotopes in modern benthic foraminifera; a study of vital
effect. J. Foraminifer. Res. 17 (1), 48–61. http://dx.doi.org/10.2113/gsjfr.17.1.48.

Grunert, P., Skinner, L., Hodell, D.A., Piller, W.E., 2015. A micropalaeontological per-
spective on export productivity, oxygenation and temperature in NE Atlantic deep-
waters across Terminations I and II. Glob. Planet. Chang. 131, 174–191. http://dx.
doi.org/10.1016/j.gloplacha.2015.06.002.

Hald, M., Vorren, T.O., 1987. Stable isotope stratigraphy and paleoceanography during
the last deglaciation on the continental shelf off Troms, northern Norway.
Paleoceanography 2, 583–599. http://dx.doi.org/10.1029/PA002i006p00583.

Hernández-Molina, F.J., Llave, E., Stow, D.A.V., García, M., Somoza, L., Vázquez, J.T.,
Lobo, F.J., Maestro, A., Díaz del Río, V., León, R., Medialdea, T., Gardner, J., 2006.
The contourite depositional system of the Gulf of Cádiz: a sedimentary model related
to the bottom current activity of the Mediterranean outflow water and its interaction
with the continental margin. Deep-Sea Res. II Top. Stud. Oceanogr. 53 (11–13),
1420–1463. http://dx.doi.org/10.1016/j.dsr2.2006.04.016.

Hernández-Molina, F.J., Stow, D., Álvarez-Zarikian, C., Acton, G., Bahr, A., Balestra, B.,
Ducassou, E., Flood, R., Flores, J.A., Furota, S., Grunert, P., Hodell, D., Jimenez-
Espejo, F., Kim, J.K., Krissek, L., Kuroda, J., Li, B., Llave, E., Lofi, J., Lourens, L.,
Miller, M., Nanayama, F., Nishida, N., Richter, C., Roque, C., Pereira, H., Goñi
Fernanda Sanchez, M., Sierro, F.J., Singh, A.D., Sloss, C., Takashimizu, Y., Tzanova,
A., Voelker, A., Williams, T., Xuan, C., 2013. IODP Expedition 339 in the Gulf of
Cadiz and off West Iberia: decoding the environmental significance of the
Mediterranean outflow water and its global influence. Sci. Drill. 16, 1–11. http://dx.
doi.org/10.5194/sd-16-1-2013.

Hernández-Molina, F.J., Stow, D.A.V., Álvarez-Zarikian, C.A., Acton, G., Bahr, A.,
Balestra, B., Ducassou, E., Flood, R., Flores, J.-A., Furota, S., Grunert, P., Hodell, D.,
Jimenez-Espejo, F., Kim, J.K., Krissek, L., Kuroda, J., Li, B., Llave, E., Lofi, J., Lourens,
L., Miller, M., Nanayama, F., Nishida, N., Richter, C., Roque, C., Pereira, H., Sanchez
Goñi, M.F., Sierro, F.J., Singh, A.D., Sloss, C., Takashimizu, Y., Tzanova, A., Voelker,
A., Williams, T., Xuan, C., 2014. Paleoceanography. Onset of Mediterranean outflow
into the North Atlantic. Science (New York, N.Y.) 344 (6189), 1244–1250. http://dx.
doi.org/10.1126/science.1251306.

Hill, T.M., Brooks, G.R., Duncan, D.S., Medioli, F.S., 2003. Benthic foraminifera of the
Holocene transgressive west-central Florida inner shelf: paleoenvironmental im-
plications. Mar. Geol. 200, 263–272. http://dx.doi.org/10.1016/S0025-3227(03)
00186-5.

Holbourn, A.E.L., Henderson, A.S., MacLeod, N., 2013. Atlas of Benthic Foraminifera.
Wiley-Blackwell; Natural History Museum, Chichester, West Sussex, Hoboken, NJ,
[London] ISBN:9781118389805.

Hsü, K.J., Montadert, L., Bernoulli, D., Cita, M.B., et al., 1978. Initial Reports of the Deep
Sea Drilling Project 42A. US Govt. Printing Office, Washington (1249 pp).

Hurrell, James, National Center for Atmospheric Research Staff, 2016. The Climate Data
Guide: Hurrell North Atlantic Oscillation (NAO) Index (station-based). https://
climatedataguide.ucar.edu/climate-data/hurrell-north-atlantic-oscillation-nao-
index-station-based (Last modified 16 Aug).

Hut, G., 1987. Consultants group meeting on stable isotope reference samples for geo-
chemical and hydrological investigations: Vienna, Austria. In: Report to Director
General of the Institute of Atomic Energy Agency, (42 pp).

Jones, R.W., Brady, H.B., 1994. The Challenger Foraminifera. Oxford University Press,
Oxford, New York ISBN:0198540965.

Jorissen, F.J., de Stigter, H.C., Widmark, J.G.V., 1995. A conceptual model explaining
benthic foraminiferal microhabitats. Mar. Micropaleontol. 26 (1–4), 3–15. http://dx.
doi.org/10.1016/0377-8398(95)00047-X.

Kaiho, K., 1999. Effect of organic carbon flux and dissolved oxygen on the benthic for-
aminiferal oxygen index (BFOI). Mar. Micropaleontol. 37 (1), 67–76. http://dx.doi.
org/10.1016/S0377-8398(99)00008-0.

Katz, M.E., Katz, D.R., Wright, J.D., Miller, K.G., Pak, D.K., Shackleton, N.J., Thomas, E.,
2003. Early Cenozoic benthic foraminiferal isotopes: species reliability and inter-
species correction factors. Paleoceanography 18 (2), 1024. http://dx.doi.org/10.
1029/2002PA000798.

Kenyon, N.H., Belderson, R.H., 1973. Bed forms of the Mediterranean undercurrent ob-
served with side-scan sonar. Sediment. Geol. 9 (2), 77–99. http://dx.doi.org/10.
1016/0037-0738(73)90027-4.

Lebreiro, S.M., Francés, G., Abrantes, F.F.G., Diz, P., Bartels-Jónsdóttir, H.B.,
Stroynowski, Z.N., Gil, I.M., Pena, L.D., Rodrigues, T., Jones, P.D., Nombela, M.A.,
Alejo, I., Briffa, K.R., Harris, I., Grimalt, J.O., 2006. Climate change and coastal hy-
drographic response along the Atlantic Iberian margin (Tagus prodelta and Muros
Ría) during the last two millennia. The Holocene 16, 1003–1015. http://dx.doi.org/
10.1177/0959683606hl990rp.

Lécuyer, C., Daux, V., Moissette, P., Cornée, J., Quillévéré, F., Koskeridou, E., Fourel, F.,
Martineau, F., Reynard, B., 2012. Stable carbon and oxygen isotope compositions of
invertebrate carbonate shells and the reconstruction of paleotemperatures and pa-
leosalinities—a case study of the early Pleistocene of Rhodes, Greece. Palaeogeogr.
Palaeoclimatol. Palaeoecol. 350-352, 39–48.

Linke, P., Lutze, G.F., 1993. Microhabitat preferences of benthic foraminifera — a static
concept or a dynamic adaptation to optimize food acquisition? Mar. Micropaleontol.
20, 215–234. http://dx.doi.org/10.1016/0377-8398(93)90034-U.

Llave, E., Hernández-Molina, F.J., Somoza, L., Stow, D.A.V., Díaz del Río, V., 2007.
Quaternary evolution of the contourite depositional system in the Gulf of Cadiz. Geol.
Soc. Lond., Spec. Publ. 276, 49–79. http://dx.doi.org/10.1144/GSL.SP.2007.276.
01.03.

Loubere, P., 1994. Quantitative estimation of surface ocean productivity and bottom
water oxygen concentration using benthic foraminifera. Paleoceanography 9 (5),
723–737. http://dx.doi.org/10.1029/94PA01624.

Loubere, P., 1996. The surface ocean productivity and bottom water oxygen signals in
deep water benthic foraminiferal assemblages. Mar. Micropaleontol. 28 (3–4),
247–261. http://dx.doi.org/10.1016/0377-8398(96)00004-7.

Loubere, P., 1997. Benthic foraminiferal assemblage formation, organic carbon flux and
oxygen concentrations on the outer continental shelf and slope. J. Foraminifer. Res.
27 (2), 93–100. http://dx.doi.org/10.2113/gsjfr.27.2.93.

Lutze, G.F., Thiel, H., 1989. Epibenthic foraminifera from elevated microhabitats:
Cibicidoides wuellerstorfi and Planulina ariminensis. J. Foraminifer. Res. 19, 153–158.
http://dx.doi.org/10.2113/gsjfr.19.2.153.

Mackensen, A., Nam, S.I., 2014. Taxon-specific epibenthic foraminiferal δ18O in the
Arctic Ocean: relationship to water masses, deep circulation, and brine release. Mar.
Micropaleontol. 113, 34–43. http://dx.doi.org/10.1016/j.marmicro.2014.09.002.

Mackensen, A., Schumacher, S., Radke, J., Schmidt, D.N., 2000. Microhabitat preferences
and stable carbon isotopes of endobenthic foraminifera: clue to quantitative re-
construction of oceanic new production? Mar. Micropaleontol. 40 (3), 233–258.
http://dx.doi.org/10.1016/S0377-8398(00)00040-2.

Madelain, F., 1970. Influence de la topographie du fond sur l'écoulement méditerréen
entre le Détroit de Gibraltar et le Cap Saint-Vincent. Cah. Oceanogr. 22, 43–61.

Maldonado, A., Somoza, L., Pallarés, L., 1999. The Betic orogen and the Iberian–African
boundary in the Gulf of Cadiz: geological evolution (central North Atlantic). Mar.
Geol. 155 (1–2), 9–43. http://dx.doi.org/10.1016/S0025-3227(98)00139-X.

Marchès, E., Mulder, T., Cremer, M., Bonnel, C., Hanquiez, V., Gonthier, E., Lecroart, P.,
2007. Contourite drift construction influenced by capture of Mediterranean outflow
water deep-sea current by the Portimao submarine canyon (Gulf of Cadiz, south
Portugal). Mar. Geol. 242, 247–260.

Marchitto, T.M., Curry, W.B., Lynch-Stieglitz, J., Bryan, S.P., Cobb, K.M., Lund, D.C.,
2014. Improved oxygen isotope temperature calibrations for cosmopolitan benthic
foraminifera. Geochim. Cosmochim. Acta 130, 1–11. http://dx.doi.org/10.1016/j.
gca.2013.12.034.

McCorkle, D.C., Keigwin, L.D., Corliss, B.H., Emerson, S.R., 1990. The influence of mi-
crohabitats on the carbon isotopic composition of deep-sea benthic foraminifera.
Paleoceanography 5 (2), 161–185. http://dx.doi.org/10.1029/PA005i002p00161.

McCorkle, D.C., Corliss, B.H., Farnham, C., 1997. Vertical distributions and isotopic
compositions of live (stained) benthic foraminifera from the North Carolina and
California continental margins. Deep-Sea Res. 44, 983–1024. http://dx.doi.org/10.
1016/S0967-0637(97)00004-6.

Mendes, I., Gonzalez, R., Dias, J.M.A., Lobo, F., Martins, V., 2004. Factors influencing
recent benthic foraminifera distribution on the Guadiana shelf (Southwestern Iberia).
Mar. Micropaleontol. 51 (1–2), 171–192. http://dx.doi.org/10.1016/j.marmicro.
2003.11.001.

Mendes, I., Dias, J.A., Schönfeld, J., Ferreira, Ó., 2012a. Distribution of living benthic
foraminifera on the northern Gulf of Cadiz continental shelf. J. Foraminifer. Res. 42,
18–38. http://dx.doi.org/10.2113/gsjfr.42.1.18.

Mendes, I., Dias, J.A., Schönfeld, J., Ferreira, Ó., Rosa, F., Gonzalez, R., Lobo, F.J., 2012b.
Natural and human-induced Holocene paleoenvironmental changes on the Guadiana
shelf (northern Gulf of Cadiz). The Holocene 22, 1011–1024. http://dx.doi.org/10.
1177/0959683612437867.

Mendes, I., Dias, J.A., Schönfeld, J., Ferreira, Ó., Rosa, F., Lobo, F.J., 2013. Living, dead
and fossil benthic foraminifera on a river dominated shelf (northern Gulf of Cadiz)
and their use for paleoenvironmental reconstruction. Cont. Shelf Res. 68, 91–111.

Mil-Homens, M., Stevens, R.L., Abrantes, F., Cato, I., 2006a. Heavy metal assessment for
surface sediments from three areas of the Portuguese continental shelf. Cont. Shelf
Res. 26, 1184–1205. http://dx.doi.org/10.1016/j.csr.2006.04.002.

Mil-Homens, M., Stevens, R.L., Boer, W., Abrantes, F., Cato, I., 2006b. Pollution history of
heavy metals on the Portuguese shelf using 210Pb-geochronology. Sci. Total Environ.
367, 466–480.

Millot, C., 1999. Circulation in the western Mediterranean sea. J. Mar. Syst. 20 (1–4),
423–442. http://dx.doi.org/10.1016/S0924-7963(98)00078-5.

Á. García-Gallardo et al. Global and Planetary Change 155 (2017) 78–97

95

http://dx.doi.org/10.1016/j.earscirev.2015.08.007
http://dx.doi.org/10.1016/S0967-0637(01)00078-4
http://dx.doi.org/10.1016/S0967-0637(01)00078-4
http://dx.doi.org/10.1016/j.marmicro.2005.09.004
http://dx.doi.org/10.1016/j.margeo.2008.10.009
http://dx.doi.org/10.1016/j.margeo.2008.10.009
http://dx.doi.org/10.1038/nature08555
http://dx.doi.org/10.1016/j.palaeo.2017.02.009
http://dx.doi.org/10.1016/j.palaeo.2017.02.009
http://dx.doi.org/10.1016/j.dsr2.2006.04.011
http://dx.doi.org/10.1016/j.dsr2.2006.04.011
http://refhub.elsevier.com/S0921-8181(17)30078-4/rf0180
http://refhub.elsevier.com/S0921-8181(17)30078-4/rf0180
http://refhub.elsevier.com/S0921-8181(17)30078-4/rf0180
http://refhub.elsevier.com/S0921-8181(17)30078-4/rf0180
http://dx.doi.org/10.2113/gsjfr.17.1.48
http://dx.doi.org/10.1016/j.gloplacha.2015.06.002
http://dx.doi.org/10.1016/j.gloplacha.2015.06.002
http://dx.doi.org/10.1029/PA002i006p00583
http://dx.doi.org/10.1016/j.dsr2.2006.04.016
http://dx.doi.org/10.5194/sd-16-1-2013
http://dx.doi.org/10.5194/sd-16-1-2013
http://dx.doi.org/10.1126/science.1251306
http://dx.doi.org/10.1126/science.1251306
http://dx.doi.org/10.1016/S0025-3227(03)00186-5
http://dx.doi.org/10.1016/S0025-3227(03)00186-5
http://refhub.elsevier.com/S0921-8181(17)30078-4/rf0220
http://refhub.elsevier.com/S0921-8181(17)30078-4/rf0220
http://refhub.elsevier.com/S0921-8181(17)30078-4/rf0220
http://refhub.elsevier.com/S0921-8181(17)30078-4/rf0225
http://refhub.elsevier.com/S0921-8181(17)30078-4/rf0225
https://climatedataguide.ucar.edu/climate-data/hurrell-north-atlantic-oscillation-nao-index-station-based
https://climatedataguide.ucar.edu/climate-data/hurrell-north-atlantic-oscillation-nao-index-station-based
https://climatedataguide.ucar.edu/climate-data/hurrell-north-atlantic-oscillation-nao-index-station-based
http://refhub.elsevier.com/S0921-8181(17)30078-4/rf0235
http://refhub.elsevier.com/S0921-8181(17)30078-4/rf0235
http://refhub.elsevier.com/S0921-8181(17)30078-4/rf0235
http://refhub.elsevier.com/S0921-8181(17)30078-4/rf0240
http://refhub.elsevier.com/S0921-8181(17)30078-4/rf0240
http://dx.doi.org/10.1016/0377-8398(95)00047-X
http://dx.doi.org/10.1016/0377-8398(95)00047-X
http://dx.doi.org/10.1016/S0377-8398(99)00008-0
http://dx.doi.org/10.1016/S0377-8398(99)00008-0
http://dx.doi.org/10.1029/2002PA000798
http://dx.doi.org/10.1029/2002PA000798
http://dx.doi.org/10.1016/0037-0738(73)90027-4
http://dx.doi.org/10.1016/0037-0738(73)90027-4
http://dx.doi.org/10.1177/0959683606hl990rp
http://dx.doi.org/10.1177/0959683606hl990rp
http://refhub.elsevier.com/S0921-8181(17)30078-4/rf0270
http://refhub.elsevier.com/S0921-8181(17)30078-4/rf0270
http://refhub.elsevier.com/S0921-8181(17)30078-4/rf0270
http://refhub.elsevier.com/S0921-8181(17)30078-4/rf0270
http://refhub.elsevier.com/S0921-8181(17)30078-4/rf0270
http://dx.doi.org/10.1016/0377-8398(93)90034-U
http://dx.doi.org/10.1144/GSL.SP.2007.276.01.03
http://dx.doi.org/10.1144/GSL.SP.2007.276.01.03
http://dx.doi.org/10.1029/94PA01624
http://dx.doi.org/10.1016/0377-8398(96)00004-7
http://dx.doi.org/10.2113/gsjfr.27.2.93
http://dx.doi.org/10.2113/gsjfr.19.2.153
http://dx.doi.org/10.1016/j.marmicro.2014.09.002
http://dx.doi.org/10.1016/S0377-8398(00)00040-2
http://refhub.elsevier.com/S0921-8181(17)30078-4/rf0315
http://refhub.elsevier.com/S0921-8181(17)30078-4/rf0315
http://dx.doi.org/10.1016/S0025-3227(98)00139-X
http://refhub.elsevier.com/S0921-8181(17)30078-4/rf0325
http://refhub.elsevier.com/S0921-8181(17)30078-4/rf0325
http://refhub.elsevier.com/S0921-8181(17)30078-4/rf0325
http://refhub.elsevier.com/S0921-8181(17)30078-4/rf0325
http://dx.doi.org/10.1016/j.gca.2013.12.034
http://dx.doi.org/10.1016/j.gca.2013.12.034
http://dx.doi.org/10.1029/PA005i002p00161
http://dx.doi.org/10.1016/S0967-0637(97)00004-6
http://dx.doi.org/10.1016/S0967-0637(97)00004-6
http://dx.doi.org/10.1016/j.marmicro.2003.11.001
http://dx.doi.org/10.1016/j.marmicro.2003.11.001
http://dx.doi.org/10.2113/gsjfr.42.1.18
http://dx.doi.org/10.1177/0959683612437867
http://dx.doi.org/10.1177/0959683612437867
http://refhub.elsevier.com/S0921-8181(17)30078-4/rf0360
http://refhub.elsevier.com/S0921-8181(17)30078-4/rf0360
http://refhub.elsevier.com/S0921-8181(17)30078-4/rf0360
http://dx.doi.org/10.1016/j.csr.2006.04.002
http://refhub.elsevier.com/S0921-8181(17)30078-4/rf0370
http://refhub.elsevier.com/S0921-8181(17)30078-4/rf0370
http://refhub.elsevier.com/S0921-8181(17)30078-4/rf0370
http://dx.doi.org/10.1016/S0924-7963(98)00078-5


Mojtahid, M., Griveaud, C., Fontanier, C., Anschutz, P., Jorissen, F.J., 2010. Live benthic
foraminiferal faunas along a bathymetrical transect (140–4800 m) in the Bay of
Biscay (NE Atlantic). Rev. Micropaleontol. 53 (3), 139–162. http://dx.doi.org/10.
1016/j.revmic.2010.01.002.

Monteiro, J.H., Voelker, A., Ferreira, A., Mil-Homes, M., Nave, N., Magalhães, V.,
Salgueiro, E., Vagueiro, S., Muinos, S., Freitas, P., 2002. Report of the cruise PALEO I
(PO287) on FS Poseidon (April 22–May 3, 2002). Alfragide, Departamento Geologia
Marinha, Instituto Geológico e Mineiro, DGM, Relatório Tecnico–Projecto INGMAR,
INGMARDEP 09/ FCT/ 2002–20/06/2002.

Moodley, L., 1990. “Squatter” behavior in soft-shelled foraminifera. Mar. Micropaleontol.
16, 149–153. http://dx.doi.org/10.1016/0377-8398(90)90033-I.

Murray, J.W., 1973. Distribution and Ecology of Living Benthic Foraminiferids.
Heinemann, London.

Murray, W., 1991. Ecology and Paleoecology of Benthic Foraminifera. Longman, Wiley,
Harlow/Essex, New York (397 pp).

Murray, J.W., 2003. An illustrated guide to the benthic foraminifera of the Hebridean
Shelf, West of Scotland, with notes on their mode of life. Palaeontol. Electron. 5,
1–31.

Murray, J.W., 2006. Ecology and Applications of Benthic Foraminifera. Cambridge
University Press, Cambridge ISBN: 13 978-0-521-82839-0.

Nelson, C.H., Baraza, J., Maldonado, A., Rodero, J., Escutia, C., Barber, J.H., 1999.
Influence of the Atlantic inflow and Mediterranean outflow currents on Late
Quaternary sedimentary facies of the Gulf of Cadiz continental margin. Mar. Geol.
155 (1–2), 99–129. http://dx.doi.org/10.1016/S0025-3227(98)00143-1.

Okazaki, Y., Ulincy, A.J., Álvarez-Zarikian, C.A., Asahi, H., 2016. In: Takahashi, K.,
Ravelo, A.C., Alvarez Zarikian, C.A., The Expedition 323 Scientists (Eds.), Data re-
port: benthic foraminiferal stable isotope records at Site U1344, Integrated Ocean
Drilling Program Expedition 323. Proceedings of the Integrated Ocean Drilling
Program, 323: Tokyo (Integrated Ocean Drilling Program Management International,
Inc.). http://dx.doi.org/10.2204/iodp.proc.323.203.2016.

Pérez-Asensio, J.N., Aguirre, J., 2010. Benthic foraminiferal assemblages in temperate
coral-bearing deposits from the late Pliocene. J. Foraminifer. Res. 40 (1). http://dx.
doi.org/10.2113/gsjfr.40.1.61.

Pérez-Asensio, J.N., Aguirre, J., Schmiedl, G., Civis, J., 2012. Messinian paleoenviron-
mental evolution in the lower Guadalquivir Basin (SW Spain) based on benthic for-
aminifera. Palaeogeogr. Palaeoclimatol. Palaeoecol. 326-328, 135–151.

Polyak, L., Stanovoy, V., Lubinski, D.J., 2003. Stable isotopes in benthic foraminiferal
calcite from a river-influenced Arctic marine environment, Kara and Pechora Seas.
Paleoceanography 18 (1), 1003. http://dx.doi.org/10.1029/2001PA000752.

Poole, D.A.R., Dokken, T.M., Hald, M., Polyak, L., 1995. Stable isotope fractionation in
recent benthic foraminifera from the Barents and Kara Seas. In: Dokken, T.M. (Ed.),
Paleoceanographic Changes during the Last Interglacial-Glacial Cycle from the
Svalbard-Barents Sea Margin: Implications for ice-Sheet Growth and Decay.
Doctorate thesis at Institute for Biology and Geology, Department of Geology,
University Tromsø, Norway, pp. 175.

Puig, P., Palanques, A., Martín, J., 2014. Contemporary sediment-transport processes in
submarine canyons. Annu. Rev. Mar. Sci. 6, 53–77. http://dx.doi.org/10.1146/
annurev-marine-010213-135037.

Rathburn, A.E., Corliss, B.H., Tappa, K.D., Lohmann, K.C., 1996. Comparisons of the
ecology and stable isotopis compositions of living (stained) benthic foraminifera from
the Sulu and South China Seas. Deep Sea Res., Part I 43 (10), 1617–1646. http://dx.
doi.org/10.1016/S0967-0637(96)00071-4.

Ravelo, A.C., Hillaire-Marcel, 2007. The use of oxygen and carbon isotopes of for-
aminifera in paleoceanography. In: Proxies in late Cenozoic Paleoceanography. 1.
pp. 735–764. http://dx.doi.org/10.1016/S1572-5480(07)01023-8. chapter eighteen.

de Rijk, S., Jorissen, F.J., Rohling, E.J., Troelstra, S.R., 2000. Organic flux control on
bathymetric zonation of Mediterranean benthic foraminifera. Mar. Micropaleontol.
40 (3), 151–166. http://dx.doi.org/10.1016/S0377-8398(00)00037-2.

Rogerson, M., Schönfeld, J., Leng, M.J., 2011. Qualitative and quantitative approaches in
palaeohydrography: a case study from core-top parameters in the Gulf of Cadiz. Mar.
Geol. 280 (1–4), 150–167. http://dx.doi.org/10.1016/j.margeo.2010.12.008.

Rohling, E.J., Cooke, S., 1999. Stable oxygen and carbon isotope ratios in foraminiferal
carbonate. In: Sen Gupta, B.K. (Ed.), Modern Foraminifera. Kluwer Acad, Dordrecht,
Netherlands, pp. 239–258 (Chap. 14).

Rosa, F.M.P., 2014. Climatic variability and recent sedimentation in the Continental Shelf
off the Guadiana River. In: Dissertação para obtenção do Grau de Doutor em Ciências
do Mar, da Terra e do Ambiente. Especialidade Paleoceanografia. Universidade do
Algarve, Ramo Geociências (244 pp).

Roveri, M., Flecker, R., Krijgsman, W., Lofi, J., Lugli, S., Manzi, V., Sierro, F.J., Bertini, A.,
Camerlenghi, A., De Lange, G., Govers, R., Hilgen, F.J., Hubscher, C., Meijer, P.T.,
Stoica, M., 2014. The Messinian Salinity Crisis: past and future of a great challenge
for marine sciences. Mar. Geol. 352, 25–58.

Ryan, W.B.F., Carbotte, S.M., Coplan, J.O., O'Hara, S., Melkonian, A., Arko, R., Weissel,
R.A., Ferrini, V., Goodwillie, A., Nitsche, F., Bonczkowski, J., Zemsky, R., 2009.
Global multi-resolution topography synthesis. Geochem. Geophys. Geosyst. 10,
Q03014. http://dx.doi.org/10.1029/2008GC002332.

Schönfeld, J., 1997. The impact of the Mediterranean Outflow Water (MOW) on benthic
foraminiferal assemblages and surface sediments at the southern Portuguese con-
tinental margin. Mar. Micropaleontol. 29, 211–236. http://dx.doi.org/10.1016/
S0377-8398(96)00050-3.

Schönfeld, J., 2001. Benthic foraminifera and pore-water oxygen profiles: a reassessment
of species boundary conditions at the western Iberian Margin. J. Foraminifer. Res. 31
(2), 86–107. http://dx.doi.org/10.2113/0310086.

Schönfeld, J., 2002a. A new benthic foraminiferal proxy for near-bottom current velo-
cities in the Gulf of Cadiz, northeastern Atlantic Ocean. Deep-Sea Res. I Oceanogr.
Res. Pap. 49 (10), 1853–1875. http://dx.doi.org/10.1016/S0967-0637(02)00088-2.

Schönfeld, J., 2002b. Recent benthic foraminiferal assemblages in deep high-energy en-
vironments from the Gulf of Cadiz (Spain). Mar. Micropaleontol. 44 (3–4), 141–162.
http://dx.doi.org/10.1016/S0377-8398(01)00039-1.

Schönfeld, J., 2006. Taxonomy and distribution of the Uvigerina pigmea plexus in the
tropical to northeastern Atlantic. J. Foraminifer. Res. 36 (4), 355–367. http://dx.doi.
org/10.2113/gsjfr.36.4.355.

Schönfeld, J., Zahn, R., 2000. Late Glacial to Holocene history of the Mediterranean
Outflow. Evidence from benthic foraminiferal assemblages and stable isotopes at the
Portuguese margin. Palaeogeogr. Palaeoclimatol. Palaeoecol. 159 (1–2), 85–111.
http://dx.doi.org/10.1016/S0031-0182(00)00035-3.

Schönfeld, J., Dullo, W.-C., Pfannkuche, O., Freiwald, A., Rüggeberg, A., Schmidt, S.,
Weston, J., 2011. Recent benthic foraminiferal assemblages from cold-water coral
mounds in the Porcupine Seabight. Facies 57 (2), 187–213. http://dx.doi.org/10.
1007/s10347-010-0234-0.

Scourse, J.D., Kennedy, H., Scott, G.A., Austin, W.E.N., 2004. Stable isotopic analyses of
modern benthic foraminifera from seasonally stratified shelf seas: disequilibria and
the 'seasonal effect'. The Holocene 14 (5), 747–758. http://dx.doi.org/10.1191/
0959683604hl753rp.

Sen Gupta, B.K., Machain-Castillo, M.L., 1993. Benthic foraminifera in oxygen-poor ha-
bitats. Mar. Micropaleontol. 20 (3–4), 183–201. http://dx.doi.org/10.1016/0377-
8398(93)90032-S.

Serra, N., Ambar, I., Käse, R.H., 2005. Observations and numerical modelling of the
Mediterranean outflow splitting and eddy generation. Deep Sea Res., Part II 52,
383–408.

Shackleton, N.J., 1974. Attainment of isotopic equilibrium between ocean water and
benthonic foraminifera genus Uvigerina: isotopic changes in the ocean during the last
glacial. In: Les methodes quantitatives d'etude des variations du climat au cours du
Pleistocene, Gif-sur-Yvette. Colloque international du CNRS. 219. pp. 203–210.

Singh, A.D., Rai, A.K., Tiwari, M., Naidu, P.D., Verma, K., Chaturvedi, M., Nigoyi, A.,
Pandey, 2015. Fluctuations of Mediterranean OutflowWater circulation in the Gulf of
Cadiz during MIS 5 to 7: evidence from benthic foraminiferal assemblage and stable
isotope records. Glob. Planet. Chang. 133, 125–140. http://dx.doi.org/10.1016/j.
gloplacha.2015.08.005.

Spero, H.J., Bijma, J., Lea, D.W., Bemis, B.E., 1997. Effect of seawater carbonate con-
centration on foraminiferal carbon and oxygen isotopes. Nature 390, 497–500.
http://dx.doi.org/10.1038/37333.

de Stigter, H.C., Boer, W., de Jesus Mendes, P.A., César Jesus, C., Thomsen, L., van den
Bergh, G.D., van Weering, T.C.E., 2007. Recent sediment transport and deposition in
the Nazaré canyon, Portuguese continental margin. Mar. Geol. 246 (2–4), 144–164.
http://dx.doi.org/10.1016/j.margeo.2007.04.011.

de Stigter, H.C., Jesus, C.C., Boer, W., Richter, T.O., Costa, A., van Weering, T.C.E., 2011.
Recent sediment transport and deposition in the Lisbon-Setúbal and Cascais sub-
marine canyons, Portuguese continental margin. Deep Sea Res., Part II 58,
2321–2344. http://dx.doi.org/10.1146/annurev-marine-010213-135037.

Stow, D.A.V., Hernández-Molina, F.J., Alvarez-Zarikian, C., 2013. In: Expedition 339
summary. Proceedings of the Integrated Ocean Drilling Program. http://dx.doi.org/
10.2204/iodp.proc.339.104.2013.

Trigo, R.M., Pozo-Vázquez, D., Osborn, T.J., Castro-Díez, Y., Gámis-Fortis, S., Esteban-
Parra, M.J., 2004. North Atlantic Oscillation influence on precipitation, river flow
and water resources in the Iberian Peninsula. Int. J. Climatol. 24, 925–944. http://dx.
doi.org/10.1002/joc.1048.

Tzanova, A., Herbert, T.D., 2015. Regional and global significance of Pliocene sea surface
temperatures from the Gulf of Cadiz (Site U1387) and the Mediterranean. Glob.
Planet. Chang. 133, 371–377. http://dx.doi.org/10.1016/j.gloplacha.2015.07.001.

Van der Schee, M., Sierro, F.J., Jiménez-Espejo, F.J., Hernández-Molina, F.J., Flecker, R.,
Flores, J.A., Acton, G., Gutjahr, M., Grunert, P., García-Gallardo, Á., Andersen, N.,
2016. Evidence of early bottom water current flow after the Messinian Salinity Crisis
in the Gulf of Cadiz. Mar. Geol. 380, 315–329. http://dx.doi.org/10.1016/j.margeo.
2016.04.005.

Van der Zwaan, G.J., Jorissen, F.J., 1991. Biofacial patterns in river-induced shelf anoxia.
Geol. Soc. Lond. Spec. Publ. 58, 65–82. http://dx.doi.org/10.1144/GSL.SP.1991.058.
01.05.

Van der Zwaan, G.J., Duijnstee, I.A.P., den Dulk, M., Ernst, S.R., Jannink, N.T.,
Kouwenhoven, T.J., 1999. Benthic foraminifers: proxies or problems? A review of
paleocological concepts. Earth Sci. Rev. 46 (1–4), 213–236. http://dx.doi.org/10.
1016/S0012-8252(99)00011-2.

Van Morkhoven, F.P.C.M., Berggren, W.A., Edwards, A.S., 1986. Cenozoic cosmopolitan
deep-water benthic foraminifera. In: Bulletin du Centre de Recherches Elf Exploration
Production. Elf-Aquitaine, Mem. 11. pp. 68–70.

Vilks, G., Deonarine, B., 1988. Labrador shelf benthic Foraminifera and stable oxygen
isotopes of Cibicides lobatulus related to the Labrador Current. Can. J. Earth Sci. 25,
1240–1255. http://dx.doi.org/10.1139/e88-120.

Vincent, E., Killingley, J.S., Berger, W.H., 1981. Stable isotopes in benthic foraminifera
from ontjong-java plateau, box cores ERDC 112 and 123. Palaeogeogr.
Palaeoclimatol. Palaeoecol. 33 (1–3), 221–230. http://dx.doi.org/10.1016/0031-
0182(81)90040-7.

Voelker, A.H.L., Rodrigues, T., Billups, K., Oppo, D., McManus, J., Stein, R., Hefter, J.,
Grimalt, J.O., 2010. Variations in mid-latitude North Atlantic surface water proper-
ties during the mid-Brunhes (MIS 9-14) and their implications for the thermohaline
circulation. Clim. Past 6, 531–552. http://dx.doi.org/10.5194/cp-6-531-2010.

Voelker, A.H.L., Salgueiro, E., Rodrigues, T., Jiminez-Espejo, F.J., Bahr, A., Alberto, A.,
Loureiro, I., Padilha, M., Rebotim, A., Röhl, U., 2015a. Mediterranean outflow and
surface water variability off southern Portugal during the early Pleistocene: a snap-
shot at marine isotope stages 29 to 34 (1020–1135 ka). Glob. Planet. Chang. 133,
223–237. http://dx.doi.org/10.1016/j.gloplacha.2015.08.015.

Voelker, A.H.L., Colman, A., Olack, G., Waniek, J.J., Hodell, D., 2015b. Oxygen and

Á. García-Gallardo et al. Global and Planetary Change 155 (2017) 78–97

96

http://dx.doi.org/10.1016/j.revmic.2010.01.002
http://dx.doi.org/10.1016/j.revmic.2010.01.002
http://refhub.elsevier.com/S0921-8181(17)30078-4/rf0385
http://refhub.elsevier.com/S0921-8181(17)30078-4/rf0385
http://refhub.elsevier.com/S0921-8181(17)30078-4/rf0385
http://refhub.elsevier.com/S0921-8181(17)30078-4/rf0385
http://refhub.elsevier.com/S0921-8181(17)30078-4/rf0385
http://dx.doi.org/10.1016/0377-8398(90)90033-I
http://refhub.elsevier.com/S0921-8181(17)30078-4/rf0395
http://refhub.elsevier.com/S0921-8181(17)30078-4/rf0395
http://refhub.elsevier.com/S0921-8181(17)30078-4/rf0400
http://refhub.elsevier.com/S0921-8181(17)30078-4/rf0400
http://refhub.elsevier.com/S0921-8181(17)30078-4/rf0405
http://refhub.elsevier.com/S0921-8181(17)30078-4/rf0405
http://refhub.elsevier.com/S0921-8181(17)30078-4/rf0405
http://refhub.elsevier.com/S0921-8181(17)30078-4/rf0410
http://refhub.elsevier.com/S0921-8181(17)30078-4/rf0410
http://dx.doi.org/10.1016/S0025-3227(98)00143-1
http://dx.doi.org/10.2204/iodp.proc.323.203.2016
http://dx.doi.org/10.2113/gsjfr.40.1.61
http://dx.doi.org/10.2113/gsjfr.40.1.61
http://refhub.elsevier.com/S0921-8181(17)30078-4/rf0430
http://refhub.elsevier.com/S0921-8181(17)30078-4/rf0430
http://refhub.elsevier.com/S0921-8181(17)30078-4/rf0430
http://dx.doi.org/10.1029/2001PA000752
http://refhub.elsevier.com/S0921-8181(17)30078-4/rf0440
http://refhub.elsevier.com/S0921-8181(17)30078-4/rf0440
http://refhub.elsevier.com/S0921-8181(17)30078-4/rf0440
http://refhub.elsevier.com/S0921-8181(17)30078-4/rf0440
http://refhub.elsevier.com/S0921-8181(17)30078-4/rf0440
http://refhub.elsevier.com/S0921-8181(17)30078-4/rf0440
http://dx.doi.org/10.1146/annurev-marine-010213-135037
http://dx.doi.org/10.1146/annurev-marine-010213-135037
http://dx.doi.org/10.1016/S0967-0637(96)00071-4
http://dx.doi.org/10.1016/S0967-0637(96)00071-4
http://dx.doi.org/10.1016/S1572-5480(07)01023-8
http://dx.doi.org/10.1016/S0377-8398(00)00037-2
http://dx.doi.org/10.1016/j.margeo.2010.12.008
http://refhub.elsevier.com/S0921-8181(17)30078-4/rf0470
http://refhub.elsevier.com/S0921-8181(17)30078-4/rf0470
http://refhub.elsevier.com/S0921-8181(17)30078-4/rf0470
http://refhub.elsevier.com/S0921-8181(17)30078-4/rf0475
http://refhub.elsevier.com/S0921-8181(17)30078-4/rf0475
http://refhub.elsevier.com/S0921-8181(17)30078-4/rf0475
http://refhub.elsevier.com/S0921-8181(17)30078-4/rf0475
http://refhub.elsevier.com/S0921-8181(17)30078-4/rf0480
http://refhub.elsevier.com/S0921-8181(17)30078-4/rf0480
http://refhub.elsevier.com/S0921-8181(17)30078-4/rf0480
http://refhub.elsevier.com/S0921-8181(17)30078-4/rf0480
http://dx.doi.org/10.1029/2008GC002332
http://dx.doi.org/10.1016/S0377-8398(96)00050-3
http://dx.doi.org/10.1016/S0377-8398(96)00050-3
http://dx.doi.org/10.2113/0310086
http://dx.doi.org/10.1016/S0967-0637(02)00088-2
http://dx.doi.org/10.1016/S0377-8398(01)00039-1
http://dx.doi.org/10.2113/gsjfr.36.4.355
http://dx.doi.org/10.2113/gsjfr.36.4.355
http://dx.doi.org/10.1016/S0031-0182(00)00035-3
http://dx.doi.org/10.1007/s10347-010-0234-0
http://dx.doi.org/10.1007/s10347-010-0234-0
http://dx.doi.org/10.1191/0959683604hl753rp
http://dx.doi.org/10.1191/0959683604hl753rp
http://dx.doi.org/10.1016/0377-8398(93)90032-S
http://dx.doi.org/10.1016/0377-8398(93)90032-S
http://refhub.elsevier.com/S0921-8181(17)30078-4/rf0535
http://refhub.elsevier.com/S0921-8181(17)30078-4/rf0535
http://refhub.elsevier.com/S0921-8181(17)30078-4/rf0535
http://refhub.elsevier.com/S0921-8181(17)30078-4/rf0540
http://refhub.elsevier.com/S0921-8181(17)30078-4/rf0540
http://refhub.elsevier.com/S0921-8181(17)30078-4/rf0540
http://refhub.elsevier.com/S0921-8181(17)30078-4/rf0540
http://dx.doi.org/10.1016/j.gloplacha.2015.08.005
http://dx.doi.org/10.1016/j.gloplacha.2015.08.005
http://dx.doi.org/10.1038/37333
http://dx.doi.org/10.1016/j.margeo.2007.04.011
http://dx.doi.org/10.1146/annurev-marine-010213-135037
http://dx.doi.org/10.2204/iodp.proc.339.104.2013
http://dx.doi.org/10.2204/iodp.proc.339.104.2013
http://dx.doi.org/10.1002/joc.1048
http://dx.doi.org/10.1002/joc.1048
http://dx.doi.org/10.1016/j.gloplacha.2015.07.001
http://dx.doi.org/10.1016/j.margeo.2016.04.005
http://dx.doi.org/10.1016/j.margeo.2016.04.005
http://dx.doi.org/10.1144/GSL.SP.1991.058.01.05
http://dx.doi.org/10.1144/GSL.SP.1991.058.01.05
http://dx.doi.org/10.1016/S0012-8252(99)00011-2
http://dx.doi.org/10.1016/S0012-8252(99)00011-2
http://refhub.elsevier.com/S0921-8181(17)30078-4/rf0595
http://refhub.elsevier.com/S0921-8181(17)30078-4/rf0595
http://refhub.elsevier.com/S0921-8181(17)30078-4/rf0595
http://dx.doi.org/10.1139/e88-120
http://dx.doi.org/10.1016/0031-0182(81)90040-7
http://dx.doi.org/10.1016/0031-0182(81)90040-7
http://dx.doi.org/10.5194/cp-6-531-2010
http://dx.doi.org/10.1016/j.gloplacha.2015.08.015


hydrogen isotope signatures of Northeast Atlantic water masses. Deep-Sea Res. II Top.
Stud. Oceanogr. 116, 89–106. http://dx.doi.org/10.1016/j.dsr2.2014.11.006.

Walton, W.R., Sloan, B.J., 1990. The genus Ammonia Brünnich, 1772: its geographic
distribution and morphologic variability. J. Foraminifer. Res. 20 (2), 128–156.

Wefer, G., Berger, W.H., 1991. Isotope paleontology: growth and composition of extant
calcareous species. Mar. Geol. 100, 207–248.

Wilfert, P., Krause, S., Liebetrau, V., Schönfeld, J., Haeckel, M., Linke, P., Treude, T.,
2015. Response of anaerobic methanotrophs and benthic foraminifera to 20 years of
methane emission from a gas blowout in the North Sea. Mar. Pet. Geol. 68, 731–742.

http://dx.doi.org/10.1016/j.marpetgeo.2015.07.012.
Woodruff, F., Savin, S.M., Douglas, R.G., 1980. Biological fractionation of oxygen and

carbon isotopes by recent benthic foraminifera. Mar. Micropaleontol. 5, 3–11. http://
dx.doi.org/10.1016/0377-8398(80)90003-1.

Zahn, R., Winn, K., Sarthein, M., 1986. Benthic foraminiferal δ13C and accumulation
rates of organic carbon: Uvigerina pigmea group and Cibicidoides wuellerstorfi. Paléo 1
(1), 27–42.

Zenk, W., 1975. On the Mediterranean outflow west of Gibraltar. Meteor Forsch.-Ergebn.
A 16, 23–34.

Á. García-Gallardo et al. Global and Planetary Change 155 (2017) 78–97

97

http://dx.doi.org/10.1016/j.dsr2.2014.11.006
http://refhub.elsevier.com/S0921-8181(17)30078-4/rf0625
http://refhub.elsevier.com/S0921-8181(17)30078-4/rf0625
http://refhub.elsevier.com/S0921-8181(17)30078-4/rf0630
http://refhub.elsevier.com/S0921-8181(17)30078-4/rf0630
http://dx.doi.org/10.1016/j.marpetgeo.2015.07.012
http://dx.doi.org/10.1016/0377-8398(80)90003-1
http://dx.doi.org/10.1016/0377-8398(80)90003-1
http://refhub.elsevier.com/S0921-8181(17)30078-4/rf0645
http://refhub.elsevier.com/S0921-8181(17)30078-4/rf0645
http://refhub.elsevier.com/S0921-8181(17)30078-4/rf0645
http://refhub.elsevier.com/S0921-8181(17)30078-4/rf0650
http://refhub.elsevier.com/S0921-8181(17)30078-4/rf0650

	Re-evaluation of the “elevated epifauna” as indicator of Mediterranean Outflow Water in the Gulf of Cadiz using stable isotopes (δ13C, δ18O)
	Introduction
	Regional setting
	Continental slope
	Shelf

	Material and methods
	Pliocene samples
	Surface sediment samples
	Gulf of Cadiz
	Western Portuguese margin

	Benthic foraminifera selected for analyses
	Isotope analyses (δ13C, δ18O)
	Modern hydrographic data

	Results
	Pliocene Gulf of Cadiz
	Recent Gulf of Cadiz
	Recent western Portugal shelf

	Discussion
	Species-specific corrections of δ18O
	Species-specific corrections of δ13C
	Corrected isotopic values
	Microhabitat effect on δ13C

	Applicability of the elevated epifauna as a proxy for bottom currents
	Potential bias of downslope transport on abundances of elevated epifaunal foraminifera
	Pliocene - Gulf of Cadiz
	Recent - Gulf of Cadiz

	Implications for early Mediterranean-Atlantic exchange

	Conclusions
	Taxonomic references
	Acknowledgements
	References




