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Abstract The Gulf of Cadiz constitutes a prime area to study teleconnections between the North Atlantic
Ocean and climate change in the Mediterranean realm. In particular, the highly saline Mediterranean Outflow
Water (MOW) is an important modulator of the North Atlantic salt budget on intermediate water levels.
However, our understanding of its paleoceanographic evolution is poorly constrained due to the lack of
high-resolution proxy records that predate the last glacial cycle. Here we present the first continuous and
high-resolution (~ 1 kyr) benthic δ18O and δ13C as well as grain size records from Integrated Ocean Drilling
Program Site U1386 representing the last ~570 kyr. We find three distinct phases of MOW variability
throughout the Late to Middle Pleistocene at Site U1386 associated with prominent shifts in its composition
and flow strength. We attribute this long-term variability to changes in water mass sourcing of the MOW.
Superimposed on the long-term change in water mass sourcing is the occurrence of distinct and precession
paced δ18O enrichment events, which contrast the pattern of global ice volume change as inferred from
the global mean δ18O signal (i.e., LR04) but mimics that of the adjacent Mediterranean Sea. We attribute these
enrichment events to a profound temperature reduction and salinity increases of the MOW, aligning with
similar changes in the Mediterranean source region. These events might further signify ice volume increases
as inferred from significant sea level drops recorded in the Red Sea and/or increased influence of North
Atlantic intermediate water masses when MOW influence was absent at Site U1386.

1. Introduction

The most striking hydrographic feature of the Gulf of Cadiz (Figure 1) is the Mediterranean Outflow Water
(MOW) shaping the sedimentary depositional system along its upper (~500 water depth) and middle slope
(~1000 m water depth) [Baringer and Price, 1997; Borenäs et al., 2002; Hernández-Molina et al., 2013]. The
MOW constitutes of warm and relatively saline water masses exiting the Mediterranean Sea through the
Strait of Gibraltar [Ambar and Howe, 1979; Bryden et al., 1994; Bryden and Stommel, 1984]. As such, the Gulf
of Cadiz is hydrographically directly linked to changes in the Mediterranean Sea source region through the
MOW [Bahr et al., 2015; Jiménez-Espejo et al., 2015; Kaboth et al., 2016; Voelker et al., 2006]. The saline water
masses of the MOW are thought to be an important modulator of the North Atlantic salt budget at intermedi-
ate water levels and proposed to precondition Atlantic Meridional Overturning Circulation (AMOC) [Voelker
et al., 2006].

Deciphering the interplay of MOW and the ambient North Atlantic intermediate water masses within the Gulf
of Cadiz as well as their associated driving mechanisms over long geological time scales has so far presented
a challenge to the scientific community due to the lack of long sedimentary records from the area predating
the last climatic cycle [Hernández-Molina et al., 2006; Llave et al., 2006; Rogerson et al., 2005; Voelker et al.,
2006]. Plio-/Pleistocene contourite drift sequences from the Gulf of Cadiz have been recently recovered
during the IODP (Integrated Ocean Drilling Program) Expedition 339 [Hernández-Molina et al., 2013; Stow
et al., 2013] allowing for a better understanding of the Gulf of Cadiz current system and climatic evolution.

Taking advantage of the unique hydrographic setting of the Gulf of Cadiz and its sensitivity to Mediterranean
and North Atlantic climate variability, we aim to investigate the orbital scale variability of its intermediate
water masses over the last five glacial-interglacial cycles (~570 kyr). For this, we have established the first
benthic foraminifera δ18O and δ13C records of shallowmarine (~560 m water depth) IODP Site U1386 located
on the upper slope in the Gulf of Cadiz (see Figure 1). We compare our results to the benthic oxygen isotope
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record of the ambient Mediterranean Sea, derived from the eastern basin [Konijnendijk et al., 2015]. The
results of this study demonstrate that the MOW underwent significant changes in both composition
and flow dynamics during the Middle to Late Pleistocene which potentially impacted North Atlantic
circulation patterns.

2. Modern Hydrography at Site U1386

The complex hydrography setting along the upper slope of the Gulf of Cadiz (Site U1386) is driven by the
interplay of variable water masses (see Figure 2). At the bottom (>450 m) the hydrographic regime is domi-
nated by northwestward migrating dense (>36 practical salinity unit (psu)) and warm (~13°C) upper branch
of Mediterranean OutflowWaters [Ambar and Howe, 1979]. The MOW is predominately sourced of intermedi-
ate water masses from the Levantine basin in the Eastern Mediterranean Sea and changeable parts of
Western Mediterranean Deep Water originating in the Gulf of Lions [Millot, 2014, 2009; Millot et al., 2006].

Above the MOW, the intermediate and subsurface water column is influenced by subtropical water masses
(14–16°C; ~36.2 psu) originating from the northern boundary of the eastern Azores Current branch that
extends into the Gulf of Cadiz [Peliz et al., 2009, 2005]. During spring and summer, colder and fresher

Figure 1. Study area; locationmap of the Gulf of Cadiz showing the recent flow pattern of MOWmodified after [Hernández-
Molina et al., 2013; Stow et al., 2013]. Site location of U1386 (upper MOW core, this study, red) and ODP967/968 in the
Eastern Mediterranean Sea (black) is marked.
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subsurface water masses can be
traced along the upper slope region
in the Gulf of Cadiz as identified by
the salinity minimum above the
MOW (see Figure 2). This process
is linked to the seasonal upwelling
systems along the Iberian Margin
[Fiúza et al., 1998]. With the relaxation
of the upwelling (in the late fall
to winter) the Iberian Poleward
Current/Navidad Current establishes
itself along the Iberian Margin asso-
ciated with the northward bending
of the subtropical front [Peliz et al.,
2005; Stevenson, 1977].

3. Materials and Methods
3.1. Site Location

Site U1386 was drilled during IODP
Expedition 339 in November 2011 to
January 2012 and is located south-

east of the Portuguese Margin mounded on the Faro Drift along the Alvarez Cabral Moat at 36°49.680N;
7°45.320W in 561 m water depth (see Figure 1). The Faro drift is part of the Contourite Depositional System
(CDS) of the Gulf of Cadiz [Stow et al., 2013]. At recent, Site U1386 is directly influenced by the upper MOW
flow core [Baringer and Price, 1997; Borenäs et al., 2002; Hernández-Molina et al., 2013]. The composite depth
scale (meters composite depth, mcd) was developed from parallel holes at Site U1386 [Hernández-Molina
et al., 2013].

3.2. Stable Isotope Measurements and Interspecies Correlation

For this study, 658 sediment samples were analyzed for δ18O at 30 cm intervals between 0 to 187.51 mcd
(~570 kyr) resulting in an approximately 1 kyr resolution. The freeze-dried sediment samples were wet sieved
into three fractions: (>150 μm, 150–63 μm and 63–38 μm; <38 μm fraction was discarded); residues were
oven dried at 40°C. Stable oxygen isotope analyses were carried out on four to six specimens of the preferably
epifaunal living foraminifera species Planulina ariminensis from the >150 μm size fraction. In the absence of
P. ariminensis we selected specimen of the likewise preferably epifaunal living foraminifera Cibicides ungeria-
nus [Schönfeld, 2002]. All selected specimens were crushed, sonicated in ethanol, and dried at 35°C. Stable
isotope analyses were carried out on a CARBO-KIEL automated carbonate preparation device linked to a
Thermo-Finnigan MAT 253 mass spectrometer at Utrecht University. The precision of the measurements is
±0.08‰ and ±0.03 for δ18O and δ13C, respectively. The results were calibrated using the international stan-
dard NBS-19, and the in-house standard NAXOS. Isotopic values are reported in standard delta notation (δ)
relative to the Vienna Pee Dee Belemnite (VPDB).

P. ariminensis was absent in 40 samples; resulting gaps were filled with C. ungerianus. The δ18O values were
corrected for interspecies induced isotopic offsets. The calculation of the interspecies isotopic offsets is based
on 20 paired oxygen and carbon isotope measurements of both benthic species (Figure 3). The interspecies
offsets were determined by applying a least squares linear regression equation. The Pearson correlation coef-
ficient (R2) between both species shows high correlation of 0.97 and 0.89 for δ18O and δ13C, respectively. For
δ18O the calculated slope of linear relationship is ~1 with an intercept of�0.17‰ between P. ariminensis and
C. ungerianus at Site U1386 which is slightly lower than the �0.3‰ isotopical shift in δ18O reported by Zahn
et al. [1987] between P. ariminensis and deeper infaunal C. wuellerstorfi from the Gulf of Cadiz. For δ13C the
calculated slope of linear relationship is ~0.5 with an intercept of ~1‰ between P. ariminensis and C. unger-
ianus at Site U1386 which is higher than the isotopical shift in δ13C reported by Zahn et al. [1987] between
P. ariminensis and deeper infaunal C. wuellerstorfi from the Gulf of Cadiz.

Figure 2. Modern Hydrography; CTD depth profile of temperature (red line),
salinity (blue line), and δ18Owater (black line) of EUROFLEETS-Iberian-Forams
Cruise IB-F9 (36°48.400N; 7°42.850W) [Voelker et al., 2015]. SW = surface
water, NACWst = North Atlantic Central water of subtropical origin,
NACWsp = North Atlantic water of subpolar origin, MOW = Mediterranean
Outflow Water.
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3.3. Grain Size

The oxygen isotope sample pre-
paration was used to obtain weight
percentages (wt %) of the grain
size fractions >150 μm, 150–
63 μm, 63–38 μm, and <38 μm
for the investigated samples were
obtained during sample prepara-
tion for isotope analyses. We con-
centrate on the grain size fraction
between 150 and 63 μm which
has been used previously as indica-
tor for flow strength changes in the
Gulf of Cadiz attributed to MOW
variability [Rogerson et al., 2005].
Even though untreated weight
percentages hold a bias, it has
been shown for the last climatic
cycle that weight percentages mir-
ror major peaks in Zr/Al records,
considered a reliable recorder of
MOW flow strength variability
[Bahr et al., 2014], and thus can be
used to trace patterns of MOW
variability [Kaboth et al., 2016].

3.4. Mg/Ca Paleothermometry

For the Mg/Ca ratio measurements
11 samples were selected from
Holocene and Last Glacial Maximum
(LGM) as reference to the desig-
nated δ18O enrichment events
during marine oxygen isotope
stage (MIS) 12 to MIS 6. From these
samples five to seven specimen of
U. peregrina from the >150 μm
fraction (~250 μg) were gently

crushed between two glass plates to open the chambers and then cleaned following the procedure of
Barker et al. [2003]. The major steps of this method are (1) several water and ethanol washings to remove clay,
(2) hydrogen peroxide treatment in a boiling water bath to eliminate organic matter, and (3) a short (30 s)
dilute acid leaching with 0.001 M nitric acid to eliminate any adsorbed contaminants from test fragments.
Prior to measurement, samples are dissolved in 350ml of 0.075M nitric acid, centrifuged to separate insoluble
residues, and analyzed with a Varian Vista PRO simultaneous inductively coupled plasma atomic emission
spectrometer at the Godwin Laboratory at Cambridge University. The Mg/Ca ratios were transferred into tem-
perature estimates following Cacho et al. [2006]. This calibration is based on Western Mediterranean Deep
Water top core samples and temperature adjusted to fit recent bottom water conditions in the region. We
have applied this equation as other available transfer equations [e.g. Bryan and Marchitto, 2008; Elderfield
et al., 2012] produced unrealistic cold temperatures at Site U1386 during glacial periods of 1 to 3°C. This tem-
perature offset potentially relates to the increased salinities of the MOW as Mg/Ca ratios often show a positive
correlation to salinity [Ferguson et al., 2008]. Additionally, we monitored in particular Mn and Fe element con-
centrations for the identification of potential contamination from clays or Mn-rich coatings. Long-term instru-
mental precision of theMg/Ca ratio data, determined by replicate analyses of a standard solution, was ±0.33%.
Uncertainty of the temperature estimates is based on parallel measurements and range between 0.15 to 1.2°C.

Figure 3. The (a) δ18O and (b) δ13C interspecies correlation between benthic
foraminifera Cibicides ungerianus and Planulina ariminensis at Site U1386 for
the Late and Middle Pleistocene. The correction is based on parallel mea-
surements throughout the investigated interval. Linear square regression
(black line) equation and Pearson correlation coefficient (R2) are shown.
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3.5. Chronology

The chronology is based on the visual correlation of the benthic δ18O record at Site U1386 to the global mean
benthic isotope stack LR04 [Lisiecki and Raymo, 2005] (see Figure 4a). To facilitate best correlation, we mon-
itored the average sedimentation rate ~0.3 m/kyr [Hernández-Molina et al., 2013; Stow et al., 2013] of Site
U1386 throughout the correlation process. The transitions TI-TV were used as initial tie points for the correla-
tion. In addition, we utilized the maxima of the glacials and interglacials, respectively. The chronology of the
MIS follows Lisiecki and Raymo [2005]. The applied correlation tie points are shown in Table 1.

3.6. Spectral Analysis

For the spectral analysis we applied the multitaper method as implemented in the “astrochron” R package
[Meyers, 2014; Rahim et al., 2014; Thomson, 1982]. The data were evenly spaced at 1 kyr resolution and linear
detrended prior to analysis. Filtering was done using a taner filter [Taner, 1992] with cutoff frequencies at
0.029 and 0.075, and a roll-off rate of 103. Wavelets were determined using the “biwavelet” R package
[Gouhier et al., 2016; R Core Team, 2014] and follow methods described in Grinsted et al. [2004], Liu et al.
[2007] and Torrence and Compo [1998].

Figure 4. Chronology of Site U1386; blue columns represent MIS stages following [Lisiecki and Raymo, 2005]. (a) Correlation
of δ18O record on shipboard mcd scale correlated to the benthic δ18O LR04 stack [Lisiecki and Raymo, 2005]. Lines with
arrows indicate selected tie points used for the age model (a full list of tie points is available in Table 1). (b) Comparison of
the normalized benthic δ18O record of Site U1386 on the time scale according to our tuning, and normalized δ18O
LR04 stack on its age model [Lisiecki and Raymo, 2005]. (c) Sedimentation rate for Site U1386.
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3.7. Stable Oxygen Isotope
Comparison Between Sites
U1386 and ODP 967/968

To evaluate changes in
Mediterranean Outflow influence
at Site U1386 during the last
~570 kyr, we compared the δ18O
record from Site U1386 in the Gulf
of Cadiz to the δ18O stack of ODP
Sites 967 and 968 in the eastern
Mediterranean Sea [Konijnendijk
et al., 2015]. Due to the lack of suf-
ficient long stable oxygen isotope
records at intermediate water
depth from the Mediterranean
Sea during the Late to Middle
Pleistocene, we are limited to the
Eastern Mediterranean Sea deep-
water record for comparison.
Adjacent sites ODP 967 and 968
are located south of Cyprus near
the Eratosthenes seamount at a
water depth of 2554 m, and bath
in Eastern Mediterranean Deep-
Water (EMDW). Although EMDW is

not directly contributing to MOW, it is interconnected due to convection and admixing to the overlying inter-
mediate water masses, e.g., Levantine Intermediate Water (LIW) which is the predominant contributor to
MOW [Millot, 2009; Millot et al., 2006; Rogerson et al., 2012]. The recorded isotopic signal at Sites
ODP967/968 and, hence, EMDW functions therefore as a surrogate for long-term variability in the overlying
LIW. The validity of this approach is supported by the fact that for the last ~130 kyr the δ18O gradient between
U1386 and ODP967/968 reproduces a similar pattern as observed between U1386 and the available LIW
record at Site MD01-2472 [Kaboth et al., 2016]. As an exception, our ODP967/968 might not be a good
indicator for LIW properties during the formation of sapropels in the eastern Mediterranean Sea as those
are a consequence of reduced intermediate and deep-water convection [Cramp and O’Sullivan, 1999;
Rossignol-Strick, 1985].

For our comparison, we first corrected the two δ18O records for interspecies offsets to equilibrium with the
ambient water. The δ18O stack at ODP Sites 967/968 is placed on a baseline of Gyroidina altiformis and
Gyroidina neosoldanii [Konijnendijk et al., 2015]. Gyroidina spp. is considered to calcify its δ18O composition
in equilibrium with the ambient water mass, therefore setting the baseline for our comparison [Shackleton
and Cita, 1979]. Our oxygen isotope record of Site U1386 is placed on a P. ariminensis baseline with C. unger-
ianus values spliced in (see section 3.2). For the interspecies correction we followed the approach described
in Kaboth et al. [2016]. As there are no direct correction values available for P. ariminensis, we followed Zahn
et al. [1987] who showed a small offset of �0.3‰ for δ18O between P. ariminensis and more often used
Cibicides wuellerstorfi. To align Site U1386 to ODP 967/968, we adjusted the δ18O values first to C. wuellerstorfi
by�0.3‰ following Zahn et al. [1987] and second to equilibrium by adding 0.64‰ following [Shackleton and
Hall, 1984].

4. Results
4.1. Chronology and Sedimentation Rate

The U1386 δ18O record exhibits the major glacial-interglacial variability present in LR04 [Lisiecki and
Raymo, 2005] over the past ~570 kyr (Figure 4b). The estimated mean sedimentation rate for Site U1386 (see
Figure 4c) is ~0.4 m/kyr which differs from the relatively uniform sedimentation rate of ~0.25 m/kyr that has

Table 1. Age Calibration Points for the Visual Tuning of Benthic
δ18O Record of Site U1386 to the Global Mean Benthic δ18O Stack of
LR04 [Lisiecki and Raymo, 2005]

MCD Age (ka)

0.0 0
2.0 9
4.0 18
9.1 29
27.8 60
30.2 87
35.5 112
44.0 123
45.0 135
69.5 185
79.0 210
81.3 223
85.5 230
86.3 237
89.6 252
105.0 286
114.5 324
117.4 341
136.0 401
138.5 405
144.0 431
172.0 508
187.2 570
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been calculated from shipboard stratigraphy for the past 1.8 Myr [Hernández-Molina et al., 2013; Stow et al.,
2013]. The resulting sedimentation rates vary between ~0.1 and ~0.8 m/kyr over the last ~570 kyr. With a
sample spacing of approximately 0.3 m the resulting resolution of the composite benthic isotope record from
Site U1386 is ~1 kyr. A doubling of the sedimentation rate coincides with the transition of MIS 12 to MIS 11
(~400 ka), MIS 8 to MIS 7 (~220 ka) and MIS 6 to MIS 5 (~125 ka). Three intervals exhibit relatively low
sedimentation rates of <0.1 m/kyr: ~65 to 85 ka, ~132 ka, and ~230 ka.

4.2. Stable Oxygen and Carbon Isotopes

Figure 4b shows the comparison between the δ18O record of Site U1386 normalized (by subtracting the
respective most recent δ18O value of the records) with the global mean δ18O stack LR04 [Lisiecki and
Raymo, 2005]. Evidently, IODP Site U1386 has been strongly influenced by global ice volume changes. This
is made apparent by the good signal correlation of these records for the last ~570 kyr and highlights the
ice volume-induced glacial-interglacial variability at Site U1386 (Figure 4b).

On glacial-interglacial timescales Site U1386 shows lightest values (~1.20–1.68‰) during interglacials MIS 5
and MIS 13 and glacial enrichment in δ18O (~2.95–3.72‰) during MIS 14 and MIS 12. Terminations TIV to TI
show depletions ranging between ~1.80‰ and ~2.19‰ (see Figure 4b).

While the δ18O signal of Site U1386 and LR04 are coherently in-phase, diverging δ18O values are visible espe-
cially during glacial periods (Figure 4b). These periods at Site U1386 are marked by a series of millennial-scale
oscillations of triangular shape preceding the glacial maxima (see MIS 12, MIS 10, MIS 8, MIS 6, and partially
MIS 4). These perturbations are of the order of up to ~1‰ (e.g., MIS 8) compared to the global mean δ18O.
Similar δ18O enrichment cannot be observed during MIS 2.

The δ13C record at Site U1386 is shown in Figure 5a. Lightest values of �0.42‰ coincide with the transition
MIS 10/MIS 9, and the heaviest values (~2.03‰) coincide with MIS 13. The δ13C record shows a strong long-
term trend starting from around ~475 kyr when a shift toward lighter δ13C occurs compared to the older
interval of the record (on average ~0.8‰). The trend is reversed around ~130 kyr when δ13C values increase
on average ~0.3‰.

4.3. Grain-Size

The mean grain size values (150–63 μm fraction) throughout the last ~570 kyr is ~2.5 wt %. Highest values of
up to ~33 wt % are correlated with MIS 5 (Figure 5a). The grain size record shows glacial-interglacial variability
with decreased values during glacial periods, and generally high-amplitude variations during interglacial
periods. Interglacial grain size variability is, however, not uniform throughout the interglacial periods with
highest values during MIS 5 and MIS 1 (~15 wt %) and lowest (~5% wt %) variations during MIS 11.

4.4. Mg/Ca Paleothermometry

The benthic Mg/Ca values range from on average 1.52 to 2.01 mmol/mol on glacial interglacial timescales.
The resulting temperatures following Cacho et al. [2006] range from ~11°C during MIS 1 (interglacial
conditions) to on average 8°C during the glacial periods of the last ~570 kyr (see Figure 5c).

5. Discussion
5.1. MOW Influence at Site U1386 During the Late to Middle Pleistocene

The grain size record at Site U1386 shows three distinct phases of MOW variability over the past 570 kyr. The
last ~130 kyr (Phase I, see Figure 5a) have been already presented and discussed in Kaboth et al. [2016]. For
this interval, strong MOW activity at Site U1386 was suggested during sea level high stands (MIS 5 and MIS 1)
as indicated by high-amplitude grain size variability (Figure 4a). The largest grain size amplitude changes,
indicating a strengthening of MOW flow at Site U1386, were shown to correlate to North Atlantic cold spells
during the interglacial periods MIS 5 and MIS 1 [Kaboth et al., 2016]. However, the authors also suggested the
reduction or lack of MOW influence at Site U1386 during the full glacials MIS 4 and MIS 2 correlating with sea
level low stands. These findings support previous suggestions of glacial MOW flowing deeper along the mid-
dle slope of the Gulf of Cadiz during the LGM [Hernandez-Molina et al., 2014; Llave et al., 2007; Rogerson et al.,
2005; Schönfeld and Zahn, 2000; Voelker et al., 2006, 2009].
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Accordingly, the strongly decreased grain size variability in Phase II between ~475 kyr (MIS 13/MIS 12) and
~130 kyr (MIS 6/MIS 5) would suggest that MOW influence at Site U1386 was genuinely reduced or absent
prior to the upper Pleistocene during both glacial and interglacial periods (Figure 5a). The comparison
between the δ18O records of Site U1386 and that of ODP Sites 967/968 in the Eastern Mediterranean Sea
[Konijnendijk et al., 2015], however, point to a different scenario (Figure 5b). This comparison yields a persis-
tent isotopic gradient during the past ~130 ka [Kaboth et al., 2016] and a strongly reduced gradient, both

Figure 5. (a) Comparison of the normalized benthic δ18O signal of Site U1386 (black line) and the global mean LR04 stack
(blue line) [Lisiecki and Raymo, 2005], with the δ13C record at Site U1386 (black) and the MedSea δ13C stack (orange line
[Wang et al., 2010]), and the grain size (150–63 μm fraction) at Site U1386. The glacial δ18O enrichment events are marked
by small red arrows. MIS stages (blue columns) follow [Lisiecki and Raymo, 2005] (b) Comparison of the interspecies cor-
rected δ18O signals between Site U1386 (black line) and ODP sites 967 and 968 (orange line) [Konijnendijk et al., 2015].
Isotopic gradient marked as grey shaded area. (c) U. peregrina Mg/Ca-based mean temperature estimates (red crosses)
for the glacial δ18O enrichment events relative to the recent at Site U1386. For visual reference the benthic δ18O record
(grey line) at Site U1386 is also given. (d) The ~23 kyr filter (red dotted line) of the benthic δ18O signal superimposed on the
stable oxygen isotope signal at Site U1386.
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during glacial and interglacial periods, prior to 130 ka. The absence of a similar distinct gradient between 130
and 570 kyr suggests a permanent MOW influence at Site U1386. Evidently, this MOW influence must have
largely ceased during the glacial periods of the last climatic cycle. As grain size variability is a proxy for
MOW flow speed and in extension its density rather than its presence, the lack of profound grain size varia-
bility during Phase II might be explained by a shift in the major source regions (i.e., western versus eastern
Mediterranean Sea basins) of MOW. The convergence of the δ18O records from Site U1386 with those of
the Eastern Mediterranean Sites 967/968 during Phase II implies that MOW was predominantly composed
of LIW. A less dense MOW would tentatively be associated with decreased sediment interaction and hence
suppressed flow strength as evidenced by the reduced grain size variability during Phase II. However, it
has been argued that the internal structure of the ambient North Atlantic intermediate water column is
the most prominent driver of MOW flow behavior on glacial-interglacial timescales [Rogerson et al., 2012].
As the reduction of flow strength at Site U1386 during Phase II is a general phenomenon and not directly
linked to glacial-interglacial climate change, it seems more likely that changes within the Mediterranean
source region could have been the driving mechanisms behind the difference between Phase I and II. In this
light, significant portions of denser Western Mediterranean Deep Water (WMDW) might have played a
greater role during the entire Phase I as has been already suggested for the LGM [Voelker et al., 2006]. A den-
ser MOW during Phase I fed more dominantly into the lower MOW core at greater depth along the middle
slope on the expense of the upper MOW core at Site U1386 aligning with the increased isotopic gradient
between Site U1386 and ODP 967/968 (Figure 5b). Additionally, a renewed tectonic activity from ~600 kyr
to ~300 kyr [Hernanndez-Molina et al., 2015] could have caused a modification of the MOW pathway along
the upper slope and a reduction in MOW flow strength resulting in a general fining of the sediment. Site
U1386 is also closely located to the moat generated by the MOW [Hernández-Molina et al., 2013; Stow
et al., 2013] making it most sensitive to variations in bottom current velocity as it represents the upper bound-
ary layer of the MOW [Bahr et al., 2015]. Nevertheless, the presence of at least short-term, interglacial MOW
variability can be traced in the grain size changes at Site U1386 during MIS 11, MIS 9, and MIS 7 (Figure 5a).

For the oldest interval (Phase III) between ~570 ka and ~475 ka the high grain size amplitude changes, similar
to those of the last climatic cycle, point again to a stronger MOW flow strength at Site U1386 at the end of the
Middle Pleistocene transition (Figure 5(a)). A pronounced oxygen isotopic gradient between Site U1386 and
ODP 967/968, as found for Phase I, did not occur during the glacial period of MIS 14 (Figure 5b), indicating
that MOW influence remain present at Site U1386 during Phase III. This interpretation is supported by the
increased variability found in the grain size record. Most likely, the less severe climate conditions and
associated higher sea level stands during MIS 14 compared to MIS 2 and MIS 4 did not lead to a significant
reduction in MOW flow speed along Site U1386.

To gain further insight into possible changes of the MOW source region during the last 570 kyr, we utilized
our δ13C record at Site U1386. The results, at first glance, also suggest a three-phased behavior, in line with
our grain size record (Figure 5a), that could provide further evidence for substantial changes in the com-
position of the MOW as the driving mechanism behind the observed grain size variability. Yet the super-
imposed long-term trend has been recognized globally [Wang et al., 2003] as well as in the surface water
signal of the Mediterranean Sea [Wang et al., 2010] and has been attributed to profound changes in the
global carbon reservoir (e.g., Middle Brunhes event at ~430 ka) [Wang et al., 2003]. A direct comparison
between our δ13C signal at Site U1386 and the Mediterranean Sea is not possible due to the lack of
long-term benthic records. The close similarities in phasing and amplitude between the planktic, eastern
Mediterranean Sea and Site U1386 δ13C records (Figure 5(a)) nonetheless support the suggestion that
water masses at Site U1386 were dominantly of Mediterranean origin throughout the last 570 kyr. A
substantial and long-lasting switch from MOW to ambient North Atlantic intermediate water masses with
relative light δ13C values [Voelker et al., 2006] would most probably have resulted in a distinct offset
between both δ13C records.

5.2. Glacial δ18O Enrichment Events at Site U1386 and Their Relation to Precession

The δ18O record of Site U1386 reveals prominent enrichments (up to ~1‰, e.g., MIS 8, Figure 5a) during
the full glacial periods between MIS 12 and MIS 6 and the transitional climate conditions (MIS 13/MIS 12
and MIS 11/MIS 10), i.e., the time period encompassing the shift in water mass composition at Site U1386
between ~470 and 130 ka, that are clearly absent in the LR04 global stack (Figure 5a). The power spectrum
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(Figure 6) and filtered ~23 kyr
signal both give strong indication
that these observed strong
glacial δ18O enrichment events
are related to precession variabil-
ity (Figure 5d).

The comparison between Site
U1386 and the Mediterranean Sea
(Figure 5b) might provide the most
straightforward explanation for
these precession-related enrich-
ment events as glacial enrichment
events similar in amplitude can
also be found in the eastern
Mediterranean Sea [Konijnendijk
et al., 2015]. It was suggested that
these perturbations (e.g., within
MIS 8) reflect a sea level drawdown
and associated temperature drop
in extension to major ice volume
advances as similar excursions
were also identified in the Red
Sea sea level reconstructions
[Grant et al., 2014; Rohling et al.,

2009; Siddall, 2004]. If the δ18O enrichment events at Site U1386 coincide with MOW influence, it seems fea-
sible that the Mediterranean sea level signal was eventually transported to Site U1386. This suggests that the
δ18O enrichment events might, in fact, represent an imprint of ice volume-related changes that are not
depicted in the global mean stack. A fraction of the glacial δ18O enrichment events at Site U1386 might also
derive directly from MOW influence which could also explain their apparent precession pacing as a distinct
precession-related signal was found for MOW production during the past 150 kyr [Bahr et al., 2015]. In parti-
cular, during times of (predominantly) precession-driven sapropel formation in the eastern Mediterranean,
MOW was reduced, causing a decline of the flow speed within the major branches of MOW in the Gulf of
Cadiz. Hence, besides a possible glacioeustatic forcing mechanism, these δ18O enrichment events could also
reflect a direct response to insolation driven hydrographic changes in the Mediterranean source area [Bahr
et al., 2015; Kaboth et al., 2016]. Such a scenario is in accordance with climate modeling experiments showing
that MOW is generally increased during precession maxima when dryer and colder climate background
conditions prevailed over the Mediterranean region [Bosmans et al., 2014]. This aligns with our findings as
the strongest δ18O enrichment events throughout the Late Pleistocene (e.g., MIS 8 and MIS 6) exclusively
coincide with precession maxima. Furthermore, the wavelet analysis visualizes that the precession forcing
of δ18O enrichment at Site U1386 is more prominent during glacial stages similar to Sites ODP 967/968
and contrasting the precession contribution to ice volume change which is more dominant during transi-
tional and early interglacial periods (see Figure 7). This might also be seen as an indication that the origin
of these δ18O enrichment events is of a more regional rather than global character.

Our bottom water temperature estimates of ~6–8°C based on benthic Mg/Ca measurements for the
enrichment events at Site U1386 are similar to that of the LGM (Figure 5c). This indicates that bottom water
temperatures dropped on glacial-interglacial timescales by ~3 to 5°C, i.e., in accordance with the global mean
[Köhler et al., 2010]. It becomes apparent that the glacial-induced temperature decrease did substantially
contribute to the increase of δ18O during the glacial periods but provide no indication that a more profound
cooling occurred during the peaks of the δ18O enrichment events relative to the LGM conditions at Site
U1386. As a similar decrease in temperature is also expected for the Mediterranean Sea, it seems possible that
our bottom water temperature estimates might represent glacial MOW properties. The rather steady tem-
perature decrease between the peaks of the δ18O enrichment events during, e.g., MIS 8 and MIS 6 compared
to the LGM also stands in contrast to the glacial depiction of the LR04 where MIS 8 and MIS 6 are not just

Figure 6. Power spectrum of δ18O record of Site U1386 with 90% confidence
interval (black line). The main frequency of obliquity (~40 kyr), precession
(~23 kyr), semiprecession (~11 kyr), and a third precession (~7.5 kyr)
is marked.
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related to higher sea level than compared to the LGM but in association also to a smaller glacial reduction in
deep-water temperature [de Boer et al., 2014]. This indicates that a substantial part of the relative δ18O
discrepancy between Site U1386 and LR04 derives from the fact that the LR04 represents global mean
deep-water temperature conditions which do not match the pattern of glacial temperature decrease we
observe at Site U1386.

Figure 7. Wavelet analysis; occurrence of δ18O enrichment events during MIS 6 to MIS 12 at Site U1386 are marked by
blue columns. Marine isotope stages (MIS) following Lisiecki and Raymo [2005]. (a) Wavelet of δ18Osea water change
relative to the present day (ice volume equivalent) derived from the benthic global δ18O record LR04 [de Boer et al.,
2014]; (b) wavelet of benthic δ18O record at Site U1386 (this study); and (c) wavelet of benthic δ18O record at Sites ODP
967/968 [Konijnendijk et al., 2014].
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An alternative explanation for the strong precession cyclicity and the occurrence of these glacial δ18O enrich-
ment events might also be seen in the influence of subtropical water in the Gulf of Cadiz during glacials. In
this scenario, the associated sea level drawdown would move the core location upward into the direction
of the overlying NACW (see Figure 2). Hence, a significant part of the recorded δ18O signal during these
enrichment events could also relate to an increased salinity of the subtropical water masses [Schmidt et al.,
2006] and not to MOW influence. Initially, it was suggested that the prevalence of subtropical intermediate
and surface water masses along the Iberian Margin and in extension the Gulf of Cadiz is predominately gla-
cioeustatic driven [Rogerson et al., 2004; Voelker et al., 2009; Voelker and de Abreu, 2011]. However, recent sug-
gestions made by Amore et al. [2012] for the Iberian Margin indicate a precession related migration pattern
superimposed on glacial-interglacial variability. The authors argued that northward increase of subtropical
waters are caused by prolonged negative North Atlantic Oscillation (NAO)-like conditions coinciding with
precession maximum (LGM coincides with precession maximum at 20 ka). In this case, the weaker Azores
high-Icelandic low pressure system is shifted southward, due to the decreased warming in the Northern
Hemisphere in response to insolation as well as emergence of a circumpolar high-pressure belt. As a conse-
quence of the decreased pressure gradient, the equatorward wind stress decreases aiding the northward
expansion of subtropical water masses [Moreno, 2002; Yin et al., 2009].

Independent of the forcing mechanisms, our records indicate profound changes in the characteristics of the
MOW (i.e., flow speed, salinity, and temperature) over the course of the past 570 kyr. Especially, salinity
increases as inferred for the glacial δ18O excursion will enhance the salinity budget of the intermediate
North Atlantic and stabilized or even help to invigorate the glacial overturning circulation.

6. Conclusions

The isotopic and grain size records at Site U1386 represents the first available long-term records of MOW
variability and interconnected eastern North Atlantic Central Water variability from the Gulf of Cadiz during
the Late and Middle Pleistocene.

We find three distinct phases of MOW variability: during Phase I (last climatic cycle) MOW influence is
strengthened predominately during interglacial periods and sea level highstands whereas it is reduced or
absent during glacial periods of MIS 2 and MIS 4. During Phase II (~475 to ~130 ka), MOW flow strength is
generally low, though prevailed at Site U1386, and largely unaffected by the prevalent glacial-interglacial-
related climatic background conditions. During Phase III (~475 to ~570 ka) MOW influence at Site U1386 is
generally strengthened and persistent during MIS 14. The driving mechanism of the overall pattern of
MOW variability through these three phases might relate to a distinct shift in the relative contributions of
eastern Mediterranean intermediate water (Phase II) versus WMDW (Phases I and III).

Keeping pace with the change in MOW sourcing is the occurrence of distinct and precession paced δ18O
enrichment events contrasting the pattern of glacial behavior depicted in the global mean δ18O signal
(LR04). These δ18O enrichment events most likely reflect a combination of (1) profound temperature reduc-
tion and salinity increases of the MOW, since it aligns with similar changes in the Mediterranean source
region, (2) potentially increased ice volume, since these events are accompanied by significant sea level
drops as reconstructed from Red Sea sediments, and (3) the increased influence of North Atlantic intermedi-
ate water masses when MOW influence is highly reduced or even absent at Site U1386.
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