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Abstract: In order to better understand interglacial climate variability within the 41 kyr world, we pro-
duced high-resolution climate records for interglacial Marine Isotope Stage (MIS) 47 (1424–1452 ka)
at IODP Site U1387 (36◦48′ N, 7◦43′ W) on the southern Portuguese margin. Using benthic and
planktonic foraminifera stable isotope records, Uk’

37 sea-surface temperature (SST), and plankton
assemblage data we investigated Mediterranean Outflow Water (MOW) and surface water conditions.
The MOW-level records indicate a poorly ventilated and sluggish bottom current during the MIS
48/MIS 47 transition in association with the insolation maximum, whereas a well-ventilated MOW
formed a contourite layer during the second insolation maximum. The benthic δ18O record shows
a fairly abrupt change during the deglaciation of MIS 48, while the surface waters experienced a
terminal stadial event that was associated with initial cooling and freshening followed by stepwise
warming until interglacial SST was reached at 1450 ka. Interglacial conditions with SST of 24 ◦C
or higher persisted until 1427 ka, although warm SST prevailed into MIS 46. The persistent and
prolonged warmth is attributed to a northward expansion of the subtropical gyre during MIS 47 as
reflected by the dominance of subtropical-tropical planktonic foraminifera species and the presence
of warm water coccolithophores taxa.

Keywords: interglacial climate; IODP Site U1387; sea surface temperatures; terminal stadial event;
subtropical gyre; Mediterranean Outflow Water; planktonic foraminifera; coccolithophores; stable
isotopes

1. Introduction

Earth’s climate system has varied across multiple timescales in the past due to orbital
forcing and internal feedback. Prior to the Mid-Pleistocene Transition (ca. 1250–650 ka;
e.g., [1]), glacial/interglacial cycles of the Early Pleistocene (780–2580 ka) were more
symmetric and dominantly driven by the 41 kyr cycle of Earth’s obliquity [2] (following [3]
we use ka when referring to fixed dates in time and kyr when discussing duration and
rates). Precession still played an important role [4,5], but its signal in the ice volume
(benthic δ18O) record was canceled out due to the partially out-of-phase waxing and
waning of the northern and southern hemispheres ice sheets [6,7]. Although the number of
high-resolution records that extend into the early Pleistocene prior to the Mid-Pleistocene
Transition is still limited [4,8–12] were able to show that millennial-scale variability was also
a feature of early Pleistocene climate variability. Understanding the drivers and impacts of
millennial-scale variability during the Pleistocene is highly important because those abrupt
events are associated with tipping points in the Earth’s climate system [13], which might
occur again in the future. Major systems showing tipping behavior include the Atlantic
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Meridional Overturning Circulation (AMOC), Greenland ice-sheet melting and shifts in
the West African Monsoon. A change in one can provoke a tipping cascade. For example,
increased meltwater run-off from Greenland leads to freshening in the North Atlantic’s
areas where deep-water is formed, causing a slowdown of the AMOC, which, through
its effect on sea-surface temperatures, can destabilize the West African Monsoon causing
drought. Abrupt transitions in northern hemisphere ice-sheet melting and associated
AMOC slowdown have been a persistent feature during the past 3200 ka [10,14] and include
the terminal stadial events that mark the deglaciations of at least the last 1450 ka [15].

On the southwestern and southern Portuguese margin those terminal stadial events
were associated with extreme cooling in the surface waters, in particular during the Mid-
Pleistocene Transition [16,17], and a southward displacement of the Polar front into the
lower mid-latitudes of the North Atlantic [18]. Prior to the Mid-Pleistocene Transition,
coldest sea-surface temperatures (SST) on the southern Portuguese margin did, however,
not necessarily occur during the terminal stadial event [19]. In addition, the planktonic
foraminifera δ18O records of Integrated Ocean Drilling Program (IODP) Sites U1385 [15]
and U1387 [19,20] (Figure 1) point to more gradual glacial/interglacial transitions for
Marine Isotope Stages (MIS) 29 to 45 [21], i.e., prior to and during the early phase of the
Mid-Pleistocene Transition, with warmest surface water conditions not being reached until
later within the interglacial [19]. For the deglaciation of MIS 48, however, planktonic and
benthic foraminifera isotope records from the North Atlantic [10,20,21] indicate an abrupt
transition into MIS 47 that mimics those observed during the Mid-Pleistocene Transition
period of MIS 21 to MIS 25 [16,17]. Reconstructing the exact nature of this transition at
IODP Site U1387 is therefore one of the aims of the current study.
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Figure 1. (a) Map of the North Atlantic Ocean showing the major surface water circulation currents
with Gulf Stream recirculation and circulation pathways north of 40◦ N following [22]. Seasonal
or dominantly subsurface currents are shown as dashed lines. The subarctic front separating the
subtropical gyre (STG) from the subpolar gyre (SPG) is associated with the northern boundary of
the central (“50◦ N”) branch of the North Atlantic Current (NAC). Other currents are abbreviated as
follows (in alphabetical order): AnC-Antilles Current; AzC-Azores Current; AzCC-Azores Counter
Current; CC-Canary Current; GC-Guinea Current; GS-Gulf Stream; IPC-Iberian Poleward Current;
NEC-North Equatorial Current; NECC-North Equatorial Counter Current; and PC-Portugal Current.
The background shows the summer (July–Sept.) sea surface temperature at 0.25-degree resolution
based on the World Ocean Atlas 2018 [23] (map made with Ocean Data View [24]). (b) Close-up of
the Gulf of Cadiz (bathymetry as background) with the locations of IODP Sites U1387 and U1385 and
major pathways of the Mediterranean Outflow Water branches indicated by arrows. (c) Depth profile
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from the upper to the middle slope of the Algarve margin near the longitude of IODP Site U1387
(extracted from https://portal.emodnet-bathymetry.eu/; accessed on 4 July 2022). The colored bar
indicates roughly the lateral expansion of the contourite depositional system offshore Faro (but not
the vertical expansion!), with the darker colored area highlighting the Faro-Albufeira mounded drift
into which IODP Site U1387 was drilled [25]. Lateral expansion and local names follow [26,27].

The study’s second aim is to understand the interglacial climate evolution and the
potential variability of MIS 47, which, similar to MIS 31, is sometimes referred to as a
“super-interglacial”. MIS 47 encompasses two insolation maxima and is therefore identified
as a continued interglacial by [28]. On a global scale, the sea level during MIS 47 was
slightly lower than today [29], although a reconstruction based on a Mediterranean Sea
isotope record indicates that the sea level in that region might have been up to 20 m
higher [30]. So far, no information on atmospheric greenhouse gas concentrations exists
for MIS 47, but evidence for periods prior to (“MIS 50”) and after (MIS 33 to MIS 37)
indicate atmospheric carbon dioxide concentrations in the same range or not significantly
higher than during many of the middle and late Pleistocene interglacial periods [31,32].
We, therefore, work with the hypothesis that climate forcing during MIS 47 was basically
not much different than during other early Pleistocene glacial/interglacial cycles, although
local climate response might have been much different.

Using southern Portuguese margin IODP Site U1387 (36◦48′ N, 7◦43′ W) (Figure 1) as
target for our multi proxy, high-resolution study on the climatic evolution during late MIS
48 and interglacial MIS 47 allows us to directly link high-latitude ice-sheet melting and
AMOC tipping elements to the low-latitude process of the North African monsoon. The
link to the North African monsoon is provided by the signal exported from the (eastern)
Mediterranean Sea into the Mediterranean Outflow Water (MOW) that forms the bottom
water current at the location of IODP Site U1387. Following, or based on the recent study
of [33] during, insolation maxima, increased monsoonal precipitation led to increased runoff
from the Nile River and the formation of sapropel layers in the eastern Mediterranean Sea.
The related hydrographic changes subsequently affected the MOW, which became less
well ventilated and a more sluggish current in the Gulf of Cadiz as evidenced by various
paleoceanographic studies e.g., [19,34,35].

For reconstructing the climatic evolution during the deglaciation of MIS 48 and during
interglacial MIS 47 and the subsequent return to glacial conditions during MIS 46, we
produced centennial-scale proxy records that allow us to trace changes at the level of
the MOW and in the surface waters. Benthic foraminifera stable isotope data and the
identification of contourite layers in the sediments indicate MOW changes. Surface water
conditions are reconstructed using the stable isotope records for planktonic foraminifera
Globigerina bulloides and Globigerinoides ruber white, SST estimated from lipid biomarker
concentrations, and evidence from the plankton foraminifera and calcareous nannofossil
assemblages to infer the presence of subtropical or subpolar surface waters.

2. Materials and Methods
2.1. Regional Setting and Material

IODP Site U1387 was drilled into the Faro Drift on the southern Portuguese margin
(Gulf of Cadiz) at a water depth of 559 m during IODP Expedition 339–Mediterranean
Outflow Water [36]. The contourite depositional system on the middle slope offshore Faro
consists of the Faro-Albufeira mounded drift, short Faro drift, the Faro-Cadiz sheeted
drift and the Bartolomeu Dias sheeted drift [25–27] (Figure 1). The contourite depositional
system expands laterally from the Gulf of Cadiz to the western Iberian margin [25] and
reaches a thickness of 730 m at Site U1387 [36]. It was built by the upper MOW branch
since the early Pliocene [25,36].

Nowadays the region is influenced by surface waters from the subtropical gyre that
are advected into the Gulf of Cadiz by the eastern branch of the Azores Current and by the
Gulf of Cadiz Slope Current [37,38]. In addition, the Portugal Current, one of the eastern
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boundary recirculation currents of the North Atlantic’s subtropical gyre, transports surface
and subsurface waters into the latitudes of the Gulf of Cadiz. The Portugal Current’s
subsurface component is the Eastern North Atlantic Central Water (ENACW) of subpolar
origin [39], which, along the western Iberian margin, is encountered between 250 and
500 m water depth and marked by a salinity minimum between 450 and 500 m [40,41]. The
subpolar ENACW is overlain by its subtropical counterpart (ENACWst) that is formed
by winter convection along the Azores Front and transported as a subsurface component
of the Azores Current [42,43]. In the region of the Gulf of Cadiz and the SW Portuguese
margin, the ENACWst occupies depths between 100 and 250 m and is marked by a salinity
maximum of around 100 m [40,41]. During the upwelling season (May-October) nutrient-
rich waters upwelled off Cape São Vicente (Figure 1b) or more locally restricted off Cape
Santa Maria (near Faro) can also temporarily influence surface water conditions near Site
U1387 [44,45].

The Gulf Stream, North Atlantic Current, Portugal Current, Canary Current, North
Equatorial Current, and Antilles Current represent the circulation loop of the North At-
lantic’s subtropical gyre and the subarctic (subpolar) front associated with the northern
boundary of the central (“50◦ N”) branch of the North Atlantic Current e.g., [22] marks the
boundary between the subtropical and subpolar gyres (Figure 1a). The North Atlantic’s
subtropical gyre has, however, another major current, namely the Azores Current that me-
anders across the basin and whose origin has been linked to the water mass transformation
(MOW) in the Gulf of Cadiz e.g., [46]. The Azores Front (or subtropical front) marks the
northern boundary of the Azores Current and movement of this front into more northern
latitudes is seen as evidence of an expanded subtropical gyre [47].

Intermediate depths (500–1400 m) along the southern and western Iberian margin and
within the NE Atlantic are characterized by MOW [41,48], which is sometimes also called
(Atlantic) Mediterranean Water. The MOW is formed east of the Strait of Gibraltar (main sill
depth of 280 m) by mixing the warm and saline subsurface outflow from the Mediterranean
Sea with the surrounding North Atlantic water masses, whereby ENCAW has the highest
contribution, but Antarctic Intermediate Water and upper Northeast Atlantic Deep Water
also contribute [49,50]. The varying mixing of the water masses results in the formation of
two MOW cores, an upper core between 500 and 800 m and a more saline, denser lower
core between 1000 and 1400 m that spread along pathways in the Gulf of Cadiz (Figure 1b)
and into the NE Atlantic [48,51,52]. Along the northern slope of the Gulf of Cadiz, a third
core is observed at a mean depth of 500 m [52,53] and that core is the one that forms the
bottom water current at the position of IODP Site U1387 [19]. The Mediterranean Sea
outflow across the Strait of Gibraltar is a mixture of Levantine Intermediate Water and
deep-water masses, such as the Western Mediterranean Deep Water and Tyrrhenian Dense
Water [54,55]. The Levantine Intermediate Water is formed by deep convection in regions
such as the southern Adriatic Sea, the southern Aegean Sea, and the Levantine Basin. Its
formation in the eastern Mediterranean Sea, and thus close to the Nile River plume, makes
it the primary exporter of the North African monsoon signal into the MOW.

The current study uses IODP Site U1387 sediment samples from the interval be-
tween 419.11 and 441.94 corrected meters composite depth (c-mcd) following the revised
splice established by [20]. For the interval of MIS 47 and the surrounding transitions
(424.8–436.27 c-mcd) the sample resolution was increased from the 12–13 cm spacing in [20]
to an average of 3–4 cm.

2.2. Methods

The samples needed to increase the temporal resolution were prepared in the Sedi-
mentology and Micropaleontology Laboratory of the Division for Marine Geology and Geo-
resources of IPMA (Alges, Portugal) following the same procedure as described in [19,20].
Briefly, the sample was weighed before and after freeze-drying to obtain the dry weight
and then subsampled for the different analyses. The subsamples for the stable isotope and
planktonic foraminifera assemblage analyses were washed with tap water through a 63
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µm-mesh and included a final washing with distilled water to separate the fraction < 63 µm
and >63 µm. The residue > 63 µm was then dried in filter paper at 40 ◦C and its weight was
determined. The weight of the fraction > 63 µm was used to calculate the weight-percent
(wt.%) of the sand fraction in each sample ([weight > 63 µm/dry weight]× 100). In general,
maxima in the wt.% sand indicate the presence of contourite layers and thus indicate
periods with a higher velocity bottom current at the location of IODP Site U1387 [19]. The
presence of gypsum crystals can, however, falsify the wt.% values, which in the study
period applies in particular to the interval between 433.87 and 435.09 c-mcd. The gypsum
crystals formed when the sediment cores were opened and the pyrite inside the sediment
was exposed to oxygen and subsequently oxidized (as confirmed by sulfite isotope analyses
of the gypsum; personal communication with M. Boettcher, Leibniz-Institute for Baltic Sea
Research Warnemünde, D; in 2019).

2.2.1. Stable Isotope Analyses

For reconstructing physicochemical conditions in the MOW, we produced epibenthic
foraminifera based on δ18O and δ13C records. Due to varying abundances, the records are
spliced together using data obtained for either Planulina ariminensis or Cibicidoides pachy-
derma whereby adjustments for the δ13C values of C. pachyderma were made following [19],
i.e., 0.3‰ were added to the C. pachyderma δ13C values. For the stable isotope analy-
sis, 2–9 specimens of either species were collected from the fraction > 250 µm, whereby
2–3 specimens were normally analyzed in the mass spectrometer. For the planktonic
foraminifera, stable isotope records 5–12 clean specimens of G. bulloides or 12–20 clean
specimens of G. ruber white were selected from the fraction > 250 µm and submitted for
analysis. For the planktonic foraminifera samples, about 3–6 specimens were analyzed,
respectively, depending on sample weight. Analysis of some samples, especially for G.
ruber white, was repeated to confirm the isotope values. Similar to the already existing,
lower resolution benthic foraminifera and G. bulloides records [19–21], the isotope analyses
were conducted at MARUM (University Bremen, Germany). The new samples, analyzed to
increase the temporal resolution or to generate records for G. ruber white, were analyzed
with the Thermo Fisher Scientific 253 plus gas isotope ratio mass spectrometer with a Kiel IV
automated carbonate preparation device. During the period of analyses, repeatability was
±0.05‰ for δ13C and ±0.05–0.07‰ for δ18O based on repeated analyses of the in-house
carbonate standard (ground Solnhofen limestone). The latter was calibrated against the
NBS-19 reference material.

2.2.2. Lipid Biomarker Analyses

The samples for lipid biomarker analyses were prepared in the Biogeochemistry
Laboratory of IPMA (Alges, Portugal) following the established procedure [18]. The
organic compounds were extracted from freeze-dried and pulverized sediment material
by sonication using dichloromethane and the extracts were then hydrolyzed with 6%
potassium hydroxide in methanol to eliminate interferences from wax esters. The neutral
lipids were extracted with hexane, evaporated to dryness under an N2 stream, and finally,
derivatized with bis(trimethylsilyl)trifluoroacetamide. The lipids were analyzed in the
Varian Gas chromatograph Model 3800 equipped with a septum programmable injector
and a flame ionization detector. For the current study, we focus solely on the alkenone
concentrations, namely those used to calculate the alkenone unsaturation index Uk’

37. The
Uk’

37 values were converted into annual mean SST following [56].

2.2.3. Planktonic Foraminifera Assemblage

The planktonic foraminifera assemblage was analyzed using census counts in splits
of the fraction > 250 µm and 150–250 µm, whereby about 200 (or more) specimens were
identified in the fraction > 250 µm and about 100 specimens in the fraction 150–250 µm,
with the aim of reaching a total count of 300 or more specimens. Species identification
followed [57] for the extant species. For the interpretation of prevailing surface waters, we
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grouped the subtropical and tropical species together (see Appendix A for species lists),
whereby the subtropical group also includes the extinct species Globigerinoides obliquus. The
presence of polar species Neogloboquadrina pachyderma and subpolar species Turborotalita
quinqueloba and Neogloboquadrina incompta are used to identify polar to subpolar surface
waters incursions to the southern Portuguese margin. In addition, we are using the
abundance of G. bulloides, which presence can indicate upwelling-related productivity on
the western Iberian margin [58], and of subtropical species G. ruber white as support in the
interpretation of their isotopic signals.

2.2.4. Coccolithophore Data

For the analysis of the calcareous nannofossil, flora samples were requested from the
Bremen Core Repository at 8 to 13 cm resolution to obtain an average temporal resolution
of 300 years. The preparation of the samples followed the established protocol of [59]
and was conducted at the Dipartimento di Scienze della Terra e Geoambientali of Bari
University Aldo Moro (Bari, Italy). The nannofossil flora was identified in the microscope
slides using a polarizing optical microscope and performing a quantitative analysis by
counting about 500 coccoliths in a variable number of fields (number of fields defined by
the abundance of coccoliths in the respective sample). Further details and the full outcome
of the calcareous nannofossil analysis are provided in [60]. For the current study, we focus
solely on the percentage abundance of warm water taxa, i.e., species that are known to
indicate warm and oligotrophic waters and are abundant in tropical-subtropical waters. For
the IODP Site U1387 study, the warm water taxa include Discosphaera tubifera, Calciosolenia
spp., Umbilicosphaera sibogae, and Umbilicosphaera foliosa as well as Helicosphaera pavimentum
and Calcidiscus leptoporus subsp. small (<5 µm) [60].

2.3. Age Model and Sedimentation Rates

The age model for the MIS 46 to MIS 48 interval at IODP Site U1387 was established
by tuning the benthic δ18O record of IODP Site U1387 to the high-resolution benthic δ18O
record of IODP Site U1308 using the LR04 [61] related age model for Site U1308 as published
by [10] (note that for the MIS 48 to MIS 47 transition that age model differs from the one
published previously by [62]). As a first step isotopic minima in MIS 48 and MIS 46 and the
termination of MIS 48 were aligned as well as the isotopic maximum of MIS 50 (not shown
in Figure 2), forming primary age control points. Additional control points were then set to
improve the alignment of signals, while avoiding extreme changes in the sedimentation
rates at Site U1387. The levels used for age control are shown in Figure 2 and listed in
Table 1.
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Table 1. Age model tuning points for IODP Site U1387.

Depth in U1387 [c-mcd] 1 LR04 Age in U1308 [ka] Comment

422.16 1413.15 Primary point
425.44 1420.71 Primary point
427.26 1424.47 Secondary point
429.01 1427.44 Primary point
432.83 1446.03 Secondary point
434.58 1453.00 Primary point
436.21 1456.00 Primary point
437.45 1457.43 Secondary point
440.28 1466.29 Primary point
443.36 1484.14 Primary point

1 c-mcd = corrected meters composite depth [20].

The resulting sedimentation rates vary between 20.6 cm/kyr and 86.7 cm/kyr with
the lower sedimentation rates occurring during interglacial MIS 47 and MIS 49, a pattern
already observed for interglacial MIS 31 [19]. Based on the sedimentation rates, the stable
isotope and sections of the other proxy records have in general a temporal between 100
and 300 years in the higher resolution section (1419.2–1456 ka).

3. Results
3.1. Stable Isotope Records

The benthic foraminifera and G. bulloides δ18O records reveal different conditions for
glacial MIS 48 and MIS 46 (Figures 3b and 4b). Whereas MIS 48 shows a gradual increase
of values towards the glacial maximum, the end of MIS 47 and MIS 46 are marked by
millennial-scale variability, i.e., the occurrence of three stadial (cold)/interstadial (warm)
cycles, in general agreement with [12]. The benthic δ18O record reveals a fairly abrupt
transition from MIS 48 to MIS 47 (Figure 3b), similar to the deep North Atlantic record of
Site U1308 (Figure 2). The G. bulloides δ18O record (Figure 4b), on the other hand, exhibits
several stages during the deglaciation, reflecting the evolution of hydrographic conditions
during the terminal stadial event (1450.6–1456 ka). Between 1454.8 and 1456.2 ka, the G.
bulloides δ18O values were slightly lower (mostly in the 0.9–1.3‰ range) than during the
preceding glacial maximum (1.65–2.0‰ range), followed by a short return to higher values
around 1.8‰ between 1454.4 and 1454.6 ka (Figure 4b). The δ18O values then decreased
until 1453.6 ka, when the decline stalled and values remained at a level around 0.8–1.0‰
for 2 kyr (until 1451.5 ka), forming a type of interstadial event during the deglaciation.
Subsequently, short oscillations with values down to 1.3‰ occurred before the values
finally rose to the interglacial level with 0.5‰ being reached for the first time at 1450.6 ka.
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Figure 3. Focus on Mediterranean Outflow Water history at IODP Site U1387: (a) Sea level relative
to today [29]; (b) benthic foraminifera δ18O record; (c) benthic foraminifera δ13C record; (d) weight
percentage of the sand-sized fraction (>63 µm) with maxima indicating contourite layers, with the
exception of the stippled peak during the deglaciation where the samples contain a large number of
gypsum crystals; (e) XRF scanning derived Ba/Ca record (green) of ODP Site 967 [33] with maxima
marking sapropel layers in the eastern Mediterranean Sea, in comparison to 21st June insolation at
37◦ N [63]; (f) comparison between benthic foraminifera δ13C records of IODP Site U1387 (magenta)
and IODP Site U1308 (black) [10] with the Site U1308 record reflecting AMOC conditions in the deep
North Atlantic.
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Figure 4. Planktonic foraminifera stable isotope records of IODP Site U1387. (a) G. ruber white δ18O
record; (b) G. bulloides δ18O record; (c) δ13C records of G. ruber white (blue) and G. bulloides (orange);
(d) percentage contributions of G. ruber white (blue) and G. bulloides (orange) to the planktonic
foraminifera fauna.

During the interglacial phase of MIS 47 (1427–1450.6 ka) the G. bulloides δ18O record
shows a “plateau” with small variations (generally 0–0.8‰ range; Figure 4b). In contrast,
the G. ruber white δ18O data (Figure 4a) reveal strong oscillations over a much wider range
(−1.20 to 0.96‰), whereby the high variability and trends were confirmed by repeating
several of the G. ruber white measurements. The G. ruber white record includes a period
with higher values between 1430 and 1434 ka. The benthic δ18O record (Figure 3b), on the
other hand, exhibits three phases. The initial phase lasted from 1443.3 to 1451.1 ka and
included the lowest values (0.85–1.16‰) between 1447.2 and 1451.1 ka. A period with
slightly higher values followed between 1441.1 and 1443.1 ka, and finally a “plateau” with
values around 1.31 ± 0.13‰ until 1427.2 ka, after which the values dropped significantly
during the stadial event at the end of MIS 47.
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The epibenthic δ13C record (Figure 3c) reveals three periods with lower values. The
oldest occurred at the beginning of the record during MIS 49 (until 1472.3 ka) when values
as low as −0.48‰ were measured. It is followed by an extended period of values above
0.8‰ that lasted until 1460 ka. After 1460 ka, the values gradually declined until the
minimum with values as low as –0.28‰ was reached during the MIS 48/MIS 47 transition
(1452.5–1454.1 ka), which is also the period when high amounts of gypsum crystals formed
from oxidized pyrite are found in the sediments. After this minimum, the values gradually
rose again throughout MIS 47 until 1443 ka, when a second maximum started. That
maximum with values generally exceeding 1.1‰ lasted until 1427.4 ka, after which the
values dropped down to 0.5‰ during the third, but the least pronounced minimum that
coincided with the stadial event at the end of MIS 47. Throughout MIS 46 the benthic δ13C
values remained high with values around 0.8–1.0‰.

The δ13C values of G. bulloides varied between −1.57 and 0.26‰ and those of G. ruber
white between –0.87 and 1.82‰ (Figure 4c). Similar to the evolution of the benthic δ13C
data, both records reveal a gradual increase throughout MIS 47 that culminated in a period
with higher values after 1437 ka. G. bulloides also shows higher values during the terminal
stadial event at the end of MIS 48 and during the beginning of MIS 46.

3.2. Weight Percentage of Sand-Sized Fraction

Excluding the higher wt.% sand values between 1450 and 1453.6 ka, where the presence
of gypsum crystals is skewing the sand weight, the wt.% sand is showing a maximum with
values up to 25.4% between 1565 and 1469 ka within MIS 49 and another between 1429
and 1436 ka, i.e., within MIS 47, that reaches the highest values observed in the interval
of 41% (Figure 3d). Similar to the δ18O records, the wt.% record reveals millennial-scale
oscillations within MIS 46, especially in the interval from 1419 to 1423.3 ka, with values
reaching 20% or 24%, respectively. Those values are in the same range as observed at Site
U1387 during the younger interval of MIS 29 to MIS 34 [19]. Another smaller peak with
values around 7–9% is observed during the stadial (cooling) event (evidenced by the high
δ18O values) between 1412.5 and 1414.3 ka.

3.3. Sea Surface Temperatures

The SSTs show a range from 14.5 ◦C to 29 ◦C (Figures 5c and 6b). The colder SST are
recorded during the terminal stadial event of MIS 48 and as short-term oscillations during
MIS 46 when SST dropped to 17 ◦C and 16 ◦C, respectively. The terminal stadial event
included three phases: (1) the initial extreme cooling event from 1454.3 to 1455.3 ka and
with SST between 14.5 and 17 ◦C; (2) an abrupt warming that stalled at an SST level around
20.6 ◦C between 1452–1453.2 ka; and (3) finally, a short drop to 20 ◦C at 1451.7 ka followed
by a second abrupt warming until interglacial SST of >24 ◦C were reached at 1450 ka.
During late interglacial MIS 49 (1469–1475 ka) SST ranged between 23.7 and 25 ◦C. MIS 48
started with a short-term warm event of 26.8 ◦C near 1468 ka followed by SST between 19
and 21.5 ◦C until the terminal stadial event. During MIS 47, interglacial level SST persisted
from 1450 ka until the MIS boundary at 1424 ka with an average temperature of 25.1 ± 1 ◦C.
Between 1442.8 and 1444.3 ka, SST mostly exceeded 26 ◦C and during a second warmer
period around 1438 ka, the maximum of 29 ◦C was reached (Figures 5c and 6b). During
MIS 46, SST remained warm with an average temperature of 23.1 ± 1 ◦C. Short-term
oscillations when SST dropped to 17.2 ◦C, 19.3 ◦C, and 16.1 ◦C occurred at 1420.8 ka, 1420.3
ka, and 1413.5 ka, respectively.

3.4. Planktonic Foraminifera Assemblage

The planktonic foraminifera assemblage consists of a mixture of tropical, subtropical,
transitional, subpolar, and occasionally polar species, similar to the observations from
the Mid-Pleistocene transition interval at Site U1387 [17]. The MIS 46-MIS 48 assemblage
contains, however, two extinct species, G. obliquus and Neogloboquadrina atlantica dextral.
Whereas the rare occurrences of G. obliquus were included in the percentage of subtropical
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species, the occurrence and abundance changes of N. atlantica dextral will be the topic of
another publication and are not further discussed here.
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Figure 5. Terminal stadial event of MIS 48 (yellow bar) and millennial-scale variability in MIS
46 at IODP Site U1387: (a) Obliquity (black) and Precession (dark magenta) [63]; (b) G. bulloides
δ18O record; (c) Uk’

37 sea surface temperatures; (d) percentage of polar species N. pachyderma in the
planktonic foraminifera assemblage; (e) percentage of subpolar species T. quniqueloba; (f) percentage
of subpolar species N. incompta; (g) δ18O bulk carbonate record of IODP Site U1308 [10] with peaks of
lower values indicating ice-rafting events in the eastern North Atlantic.
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Figure 6. Focus on the warm water sphere during MIS 47: (a) G. bulloides δ18O record; (b) Uk’
37

sea surface temperatures; (c) summer (June–September) insolation at 65◦ N [63]; (d) percentage
contribution of subtropical planktonic foraminifera to the assemblage; (e) percentage contribution
of tropical planktonic foraminifera (purple) and just of subsurface dwelling, tropical species G.
crassaformis (strawberry pink) to the assemblage; (f) Percentage of warm water taxa in the calcareous
nannofossil flora.

The polar species N. pachyderma shows a prominent peak between 1451 and 1456 ka
reaching values above 45% (maximum of 63%) between 1453.7 and 1454.8 ka (Figure 5d).
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Those are extremely high values for the southern Portuguese margin, although in the range
of some of the terminal stadial events of the Mid-Pleistocene Transition [17].

The species T. quinqueloba and N. incompta are grouped into the subpolar species
e.g., [64], but in the western Iberian margin upwelling system N. incompta contributes
significantly to the assemblage in those regions where the subpolar variant of the ENCAW
is being upwelled [58]. Likewise, T. quinqueloba can reach up to 20% in surface sediment
samples from the western Iberian margin and shows a minor, but positive affiliation
with the upwelling factor, which is dominated by G. bulloides [58]. Thus, the presence
of either species can be linked to either cooler, subpolar surface waters or upwelling-
related productivity changes. T. quinqueloba shows a broad maximum of up to 7.4% during
the terminal stadial event of MIS 48 (Figure 5e). Its abundance, exceeding 10%, already
increased during the stadial event between 1420 and 1421 ka. So, those two periods are
interpreted as reflecting subpolar surface water incursion to the southern Portuguese
margin. In contrast, the increased contributions to the fauna between 1426 and 1440 ka
are probably related to productivity conditions, in agreement with the higher percentages
of G. bulloides during the same period (Figure 4d). Similar to T. quinqueloba, N. incompta
(Figure 5f) is present in the MIS 47 fauna with percentages generally in the 11 to 25% range,
especially after 1445 ka; the same range observed in surface sediments from southwestern
and southern Portuguese margin [58]. The species shows, however, higher percentages
during the interval from 1422.5 to 1426 ka, reaching the maximum of 47% at 1424.4 ka.

The abundance of transitional, but also high productivity/upwelling related species G.
bulloides varied between 3.3 and 23% (Figure 4d). Lower contributions occurred during the
early interglacial phase of MIS 47, when subtropical species G. ruber white (Figure 4d) and
subtropical species in general (Figure 6d) dominated the fauna, and during the transition
from MIS 47 to MIS 46, when N. incompta became more abundant. The abundance of
G. ruber white started to increase significantly after 1450 ka reaching a maximum of 34%
at 1448 ka. While its percentages lingered around 8–15% between 1429 and 1442 ka, it
reveals a second increase to values up to 26% between 1428 and 1429 ka. The abundance of
the group of subtropical species (Appendix A) started to increase slightly earlier than G.
ruber white, i.e., it exceeded 30% already at 1450.4 ka (Figure 6d). It reached a significant
maximum of >60% between 1447 and 1449 ka. Mimicking the G. ruber white record that
group reveals a four-phased abundance distribution throughout MIS 47: (1) a maximum
with >30% between 1440 and 1450.4 ka; (2) a short drop to values below 30% around
1429 ka; (3) a second period with values > 30% between 1426.5 ka and 1438.9 ka, including
54% at 1428.9 ka and 53% at 1438.2 ka; and (4) the gradual decline down to 12% towards
the MIS 47/MIS 46 boundary (Figure 6d).

The contribution of the tropical species is only minor, reaching a maximum of 4.6% at
1436.8 ka, with higher abundances during periods when subtropical species dominated
(Figure 6e). After 1437.3 ka, the deep-dwelling species Globorotalia crassaformis starts
to contribute significantly to the tropical group (Figure 6e) pointing to the presence of
subsurface waters of (sub)tropical origin in the vicinity of Site U1387. The observed G.
crassaformis percentages are in the same range as those recorded at Site U1387 during the
Holocene and interglacial MIS 11c [65]. The regular occurrence of Sphaeroidinella dehiscens,
which is not found in modern surface sediments from the western Iberian margin, but has
been observed in interglacial MIS 11c samples from the western Iberian margin [66], can
also be interpreted as a signal for the advection of subsurface (sub)tropical waters.

3.5. Calcareous Nannofossil Warm Water Taxa Abundance

The warm water taxa were mostly absent during glacial MIS 48 and MIS 46, although
the warm water taxa group shows some low occurrences between 1462 and 1465 ka
(Figure 6f), concurrent with SST near 21–22 ◦C. The percentages of the warm water taxa
started to increase after 1453 ka, i.e., concurrent with the stalled SST warming during
the terminal stadial event (Figure 6c). It reached a maximum value of 9% at 1450.6 ka,
although values during MIS 47 were on average 2.5 ± 1%. Despite the warm SST and in
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contrast to the planktonic foraminifera assemblage (Figure 6), the warm water taxa mostly
disappeared from the calcareous nannofossil flora after 1427 ka, although low percentage
contributions are observed between 1425 and 1426 ka and 1420 and 1424.5 ka.

4. Discussion

The new results obtained for the MIS 46 to MIS 48 interval at IODP Site U1387 indicate
varying climatic conditions that sometimes were similar to those during younger early
Pleistocene glacial/interglacial cycles. Unexpected features include the intensity of and
climatic evolution during the terminal stadial event of MIS 48 and the contourite layer
formed during interglacial MIS 47. In the following, we will discuss the major features and
make first inferences on their potential drivers and climatic implications.

4.1. Hydrographic Conditions at the Seafloor–Upper MOW Influence

Nowadays the seafloor at the Faro Drift is influenced by the upper branch of the MOW,
although the MOW layer is only about 60 m thick at the location of Site U1387 [19,41].
Contourite layers –and the Faro Drift itself– were formed by that upper branch of the
MOW [36], with the higher current velocity at the sea floor driven by the MOW’s higher
density. So, we assume that MOW was present at Site U1387 when contourite layers
(wt.% sand maxima) were formed. Increased MOW velocity during periods of cooler
(stadial) climate periods is a feature that was previously already documented at IODP Site
U1387 [19,34] and other IODP Sites in the Gulf of Cadiz e.g., [35]. The presence of colder
and less saline surface waters as indicated by the SST and/or planktonic foraminifera fauna
(presence of N. pachyderma, T. quinqueloba, N. incompta) in conjunction with the more saline
waters exiting from the Mediterranean Sea is assumed to increase the density gradient in
the upper water column of the Gulf of Cadiz e.g., [19,35], which, together with changes
in the water column structure of the North Atlantic along with a reduced AMOC, led to
buoyancy loss [67]. Such a type of contourite layers was formed during MIS 46 (discussed
further in Section 4.3) and during the “stadial” event (depicted by a slight cooling in the
SST; Figure 5c) at the beginning of MIS 48 (1466–1469 ka; Figure 3d).

Whereas the formation of contourite layers during “stadial” climate periods is com-
mon, both in the upper and lower branch of the MOW [19,34,35,68], the occurrence of
contourite layers during an interglacial is rare. The list of known examples for interglacial
contourite layers, namely during the Holocene [35,68] and during MIS 31 [19], can now be
expanded to MIS 47 when a prominent contourite layer was formed between 1429.5 and
1436 ka by a well-ventilated upper MOW branch (Figure 3). The contourite layer developed
while insolation was rising, exactly identical to during MIS 31 [19], and the sea level was
starting to fall (Figure 3a) [29]. The new record from ODP Site 967 and the revised timing
of sapropel formation [33] (Figure 3e) indicates that the MIS 47 contourite layer formed
in the Gulf of Cadiz despite a sapropel layer developing in the eastern Mediterranean
Sea due to an intensified North African monsoon, contrary to conditions during the first
insolation maximum of MIS 48/MIS 47. Studies in the Mediterranean Sea have shown that,
whereas the formation of sapropel layer S1 in the early Holocene strongly impacted the
water column below 1800 m in the eastern basin e.g., [69], no related organic-rich layer was
formed in the western Mediterranean basin e.g., [70]. Furthermore, sediment properties
in cores from intermediate depths in the Corsica Trough [71] and the lower slope offshore
Minorca [72] revealed flow of Levantine intermediate water and Western Mediterranean
deep water, respectively, at least during some intervals while sapropel S1 developed in
the eastern basin. So, similar to S1 and conforming with observations by [73] for the last
20 ka, we infer that conditions in the western Mediterranean Sea were the ones impacting
the MOW during the time the MIS 47 contourite layer was formed. On the Atlantic side,
the two planktonic foraminifera-derived δ13C records (Figure 4c), indicate that the surface
waters were better ventilated during that period of MIS 47 (after 1437 ka) and that signal
was apparently mixed down into the MOW. We attribute the better ventilation of the sur-
face waters to increased wind mixing as a consequence of decreasing obliquity (Figure 5a)



Atmosphere 2022, 13, 1378 15 of 24

and related strengthening of surface winds in the mid-latitudinal North Atlantic [74] and
potentially advection of Portugal Current waters because of percentage abundances of N.
incompta (Figure 5f) and G. bulloides (Figure 4d), both of which are positively correlated with
the Portugal Current [58], increased during that period. Still, ongoing good ventilation of
North Atlantic (deep) waters is also implied by the benthic δ13C record of IODP Site U1308
(Figure 3f) that points to a strong AMOC during that period.

Conditions at Site U1387 were significantly different during the first insolation maxi-
mum when extremely low benthic δ13C values were recorded at Site U1387 in conjunction
with a sluggish current (low wt.% sand excluding the interval falsified by the presence of
gypsum crystals; see Methods and Section 3.2) (Figure 3). The formation of pyrite (source of
gypsum crystals; see Methods) in the sediments during or shortly after deposition together
with the low benthic δ13C values point to a low oxygen environment. Following the dis-
cussion in [19] and assuming strong overprinting by local conditions, such as high organic
carbon flux in low oxygen conditions (to be confirmed by future analyses), we interpret
the prevailing water mass to be MOW and not Antarctic Intermediate Water (generally
encountered below 700 m in the Gulf of Cadiz [41,75]), although some entrainment of
Antarctic Intermediate Water cannot be excluded [75]. The extensive δ13C minimum coin-
cided with the formation of a sapropel layer in the eastern Mediterranean Sea and a strongly
reduced AMOC as indicated by the Antarctic Bottom Water related δ13C values observed at
IODP Site U1308 (Figure 3) and both processes likely affected the intermediate depths and
buoyancy in the Gulf of Cadiz [67]. Ventilation at Site U1387 started to decline when insola-
tion and run-off from the Nile River driven by the North African monsoon [33] started to
increase, with the lowest δ13C values contemporary with the insolation maximum and peak
of sapropel layer formation. So, conforming with previous studies [19,34,35], we relate the
signal at Site U1387 to a poorly ventilated water mass exiting the Mediterranean Sea. Poor
ventilation in the Mediterranean Sea was caused by reduced overturning/stagnating waters
due to increased freshwater supply from the Nile River and other circum-Mediterranean
rivers caused by increased rainfall in the circum-Mediterranean region and a strengthened
North African monsoon [76]. The signal from the Mediterranean waters dominated the
MOW signal because the G. bulloides δ13C data (Figure 4c) indicate fairly well-ventilated
surface water during that period, although some of the G. bulloides δ13C signals might be
temperature dependent [77].

Ventilation of the upper MOW branch started to recover already at the onset of MIS
47 (1452 ka), preceding the end of sapropel formation in the eastern Mediterranean Sea
and return to a strong AMOC (Figure 3). As discussed above for the period of contourite
formation, water masses and conditions in the western Mediterranean Sea basin probably
played a stronger role for the MOW during early MIS 47 leading to the “decoupling”
from the sapropel signal at ODP Site 967 (Figure 3). The resemblance between the ben-
thic foraminifera and G. bulloides δ13C (Figure 4c) records confirms the mixing of the
surface/ENACW signal into the MOW. Those surface/ENACW waters were of subtropical
origin as revealed by the planktonic foraminifera assemblage data (Figure 6), explaining
why the MOW was less well ventilated than waters in the higher latitude North Atlantic as
indicated by the Site U1308 benthic δ13C record (Figure 3f). The benthic δ13C values at Site
U1387 during MIS 47 until 1437 ka are in the range of δ13C-DIC (DIC = dissolved inorganic
carbon) values obtained for the modern MOW in the Gulf of Cadiz and along the western
Iberian margin (A. Voelker, unpublished data from Iberia-Forams stations [41]), so that
water mass compositions were probably similar to today. Current velocity was, however,
weak at Site U1387 (low wt.% sand) during early MIS 47, in agreement with observation
for intervals of interglacial MIS 29, MIS 31 and MIS 33 [19] and MIS 5e [34] at Site U1387,
but in contrast to late Holocene signals at Sites U1387 and U1386 [34,65].

4.2. The Terminal Stadial Event of MIS 48

Whereas the higher resolution version of the benthic δ18O record (Figure 3b) still shows
a fairly abrupt transition from MIS 48 to MIS 47, the surface water records (Figure 5) now
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clearly exhibit a stepwise evolution during the deglaciation of MIS 48. The terminal stadial
event (1451–1456 ka) started with a significant SST drop. Based on the high percentage
contributions of N. pachyderma and to a lesser extent of T. quinquiloba we relate this to the
advection of subpolar surface waters into the latitudes of the northern Gulf of Cadiz. The
coldest SST was in the range of 14.5 to 16 ◦C and thus a few degrees warmer than during
the terminal stadial events of MIS 26, MIS 24, and MIS 22, when SST below 12 ◦C, even
down to 9 ◦C were recorded at Site U1387 [16]. They were, however, in the same range
as obtained for the MIS 48 terminal event at IODP Site U1313 (41◦ N 33◦ W) [78] and
for Heinrich event 1 in the Gulf of Cadiz [79]. At Site U1387, the abruptness of the SST
decline and subsequent recovery (warming) during the MIS 48 event was comparable to
the Mid-Pleistocene Transition events at Site U1387 and to the Mid-Pleistocene Transition to
late Pleistocene events at Site U1385 [16,18]. At Site U1387, the maximum SST cooling at the
end of MIS 48 lasted, however, only 1 kyr versus 2–3 kyr for the Mid-Pleistocene Transition
events. The high percentage of N. pachyderma is comparable to the numbers observed for
the Mid-Pleistocene Transition terminal stadial events at Sites U1387 and U1385 [17,80],
but much lower than recorded during Heinrich event 1 in the Gulf of Cadiz [65,68,81].
Such high percentages are common for last glacial Heinrich events if the core location is
within the southern latitudes of the North Atlantic’s ice-rafted debris belt (37–41◦ N on the
western Portuguese margin [81]). The terminal stadial event was associated with ice-rafting
within the ice-rafted debris belt and a reduced AMOC, as evidenced at IODP Site U1308
(Figures 3f and 5g) and Site U1313 [78]. Following [18] for the terminal events between 700
and 900 ka, we assume that the subarctic front was displaced as far south as 36.5–37◦ N.
Overall, the terminal stadial event of MIS 48 was more intense than expected for a glacial
in the 41 kyr world and a location within the lower mid-latitudes of the North Atlantic.
We speculate that the higher intensity might be caused by the absence of millennial-scale
oscillations during MIS 48, contrary to MIS 46 (see Section 4.3), which might have allowed
more ice (and for a longer period) to be stored on the continents as indicated by the sea level
record [29] (Figure 3a). The disintegration of those continental ice shields and associated
ice shelves would then have had a much higher impact on the AMOC and thus climatic
conditions in the North Atlantic than during the MIS 46 stadial events.

Conditions in the northern Gulf of Cadiz started to ameliorate already around 1454 ka,
i.e., prior to the onset of MIS 47, although ice-rafting still occurred at Site U1308 (Figure 5).
SST rose into the 18 ◦C range and subsequently 21 ◦C range where the warming stalled
between 1452 and 1453.2 ka. Such warm SST was contemporary with a still significant con-
tribution of (sub)polar planktonic foraminifera to the assemblage (Figure 5). We interpret
this apparent contradiction as a signal of highly variable surface water hydrography at Site
U1387, where the sediments combine evidence from transitional to subpolar surface water
dominated periods with those of transitional to subtropical water influence, depending
on oscillations in the latitudinal position of the subpolar front. Increasing subtropical gyre
water influence during the stalled warming interval is also evidenced by the warm water
taxa group, which percentage contribution first peaked during the precession minimum
at 1453 ka (Figure 6f). In the northern Gulf of Cadiz, the terminal stadial event ended at
1450 ka when interglacial conditions were established at Site U1387, about 3 kyr earlier
than in the northern mid-latitudes of the North Atlantic (Site U1308; Figures 3f and 5g).

The G. bulloides δ18O record mostly mimics the SST evolution during the terminal
stadial event (Figure 5). There occurred, however, oscillations with lower values during the
early phase, which we interpret as reflecting salinity changes (to be confirmed by planned
trace element analyses). Lower salinities could be caused either by meltwater contributions
to the subpolar surface waters and/or by advection of riverine waters, especially from the
Guadalquivir and Guadiana Rivers that drain into the Gulf of Cadiz (see discussion in [19]).
The period of the terminal stadial event coincided with the insolation maximum and thus
higher precipitation also in the southern Iberian Peninsula [74,76].
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4.3. Millennial-Scale Variability during Late MIS 47 and MIS 46

Higher resolution studies of the early Pleistocene climate revealed that millennial-scale
variability was a common feature during glacial periods [10,12,82,83]. So, observing it
during MIS 46 is not surprising and the pattern with cooler surface waters (e.g., colder
SST and/or higher G. bulloides δ18O values) during the stadials (Figures 4 and 5), often
in conjunction with the intensification of MOW velocity (Figure 3), is typically observed
in records from the Gulf of Cadiz e.g., [19,35,68]. Nevertheless, the three stadials of the
stadial/interstadial cycles observed between 1427.2 and 1412.5 ka have different features
indicating that the impacts -and potentially some of the drivers- might not have been
the same.

The first stadial, which marks the glacial inception of MIS 46, had a much longer
duration in the benthic isotope records than in the planktonic foraminifera δ18O records.
The benthic δ18O record shows higher values between 1423.8 and 1427 ka, with the values,
at least to some extent, also reflecting the falling sea level (Figure 3a). The comparison with
the benthic δ13C record of IODP Site U1308 and the eastern Mediterranean Sea sapropel
record of ODP Site 967 (Figure 3) reveals that a reduction in AMOC strength and/or depth,
as reflected in the lower benthic δ13C values at Site U1308, and not hydrographic changes in
the eastern Mediterranean Sea were driving the lower ventilation within the upper MOW
branch. However, MOW ventilation started to recover slightly earlier than in the deep North
Atlantic where the ice-rafting event recorded at Site U1308 at the MIS 47/MIS 46 boundary
(minimum in δ18O bulk carbonate [10]; Figure 5g) led to the strongest AMOC reduction. In
contrast, the southern Portuguese margin already experienced interstadial-type conditions
during that period, as indicated by the G. bulloides δ18O record (Figures 4 and 5) and the
abundance increase of subtropical planktonic foraminifera species (Figure 6d), although
the peak of the ice-rafting event resulted in a very brief return to less favorable conditions.
Climatic amelioration in the Gulf of Cadiz leading conditions in the northern mid-latitudes
was also observed for the MIS 48 terminal stadial event (see Section 4.2) and seems to be a
recurrent feature.

The timing and duration of the period with higher δ18O values in the planktonic
foraminifera records, generally associated with cooler surface water, differed between the
species. G. ruber white recorded a maximum between 1426 and 1426.7 ka and G. bulloides
between 1425.3 and 1426.4 ka (Figure 4), whereby the timing in the G. ruber white record fits
better with the onset of change in the benthic δ18O data. Within age model error bars, the
“cooling” in the surface water at Site U1387 coincided with the millennial-scale variability
reconstructed by [12] that shows a maximum of around 1426.6 ka. However, whereas
the isotope records point to some “cooling”, such a signal is not seen in the SST data
(Figures 5 and 6). There occurred no advection of subpolar surface waters as indicated by
the near absence of N. pachyderma and T. quinqueloba (Figure 5). In contrast, the planktonic
foraminifera assemblage was dominated by N. incompta (Figure 5f). Small contributions of
subtropical and tropical species indicate some influence of subtropical waters, which would
explain why the SST showed no strong cooling. The presence of more transitional waters
with some advection of subtropical waters could be the reason why no strengthening of
MOW velocity was recorded during that stadial, i.e., the density gradient between the
surface and MOW level waters might not have been large enough. Overall, that stadial
period had some unique features, which might partially be linked to decoupling between
conditions in the subtropical gyre and the subpolar gyre, and need to be explored further
in the future, including adding data from other mid-latitudinal core locations.

During the second and third stadial events (within MIS 46), conditions were more typi-
cal with SST cooling and the presence of polar and subpolar planktonic foraminifera species
(Figure 5), i.e., advection of subpolar or very cold transitional waters into the latitudes of
the Gulf of Cadiz, similar to the MIS 48 terminal stadial event. Colder surface waters are
also implicated by the calcareous nannofossil flora [60]. During both periods the MOW was
well ventilated, differing from the AMOC reduction recorded at Site U1308 (Figure 3f), and
contourite layers were formed (Figure 3). The formation of a less pronounced contourite
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layer during the stadial between 1413 and 1414 ka was probably related to a more restricted
exchange across the Strait of Gibraltar in consequence of the lower sea level (Figure 3a).
Conform with observations from younger periods [19,35], the good ventilation of the MOW
during those stadials was likely the result of better ventilated (more recently formed) waters
exiting from the Mediterranean Sea and fairly well ventilated ENACW as implied by the G.
bulloides δ13C data (Figure 4c).

4.4. Interglacial Climate Variability during MIS 47

Interglacial conditions were established at 1450.4 ka as indicated by SST near or above
24 ◦C and the planktonic foraminifera fauna starting to be dominated by subtropical
species and the start of the G. bulloides δ18O “plateau” (Figure 6). That timing coincides
with the summer insolation maximum at 65◦N (Figure 6c), but lags the maximum 21st
June insolation at 37◦ N (Figure 3e) and the precession minimum (Figure 5a) by 3 kyr.
During MIS 47, the lag of SST and planktonic δ18O maxima to the precession minimum was,
therefore, 3–4 kyr shorter than established for the last 420 ka in a southwestern Portuguese
margin sediment core [84]. Additional studies are needed to confirm if the shorter lag is
representative of early Pleistocene interglacials and for locations other than Site U1387.

Subtropical planktonic foraminifera dominated throughout most of MIS 47 with
percentages generally >10% higher than during interglacial and interstadial periods of the
Mid-Pleistocene Transition at Site U1387 [17] and >20% higher than at the southwestern
margin of Site U1385 [80]. Persistent subtropical water influence is also indicated by
the percentage contribution of the warm water taxa to the calcareous nannoplankton
flora (Figure 6f), although those percentages were generally in the same range as during
the middle Pleistocene interglacial periods [85,86]. The exception is the warm water taxa
maximum of 9% at 1450.6 ka that, within the different sample resolution, coincided with the
occurrence of subsurface dwelling tropical planktonic foraminifera species G. crassaformis
(Figure 6e), but preceded the planktonic foraminifera subtropical fauna maximum by
1.5 kyr (Figure 6). The presence of G. crassaformis suggests that the advected subtropical gyre
waters included a subsurface component, e.g., subtropical ENACW, which was admixed
into the MOW and contributed to the MOW’s increased ventilation (see Section 4.1).

The high contributions of subtropical and to a lesser extent tropical foraminifera
species persevered until 1442.8 ka. Those high percentages imply not only persistent
subtropical gyre/Azores Current influence in the Gulf of Cadiz, but also that those waters
were warmer than today. Warmer waters are supported by the SST data (Figure 6b), which
were >3 ◦C warmer during MIS 47 than during the Holocene (19–21 ◦C) [79]. The MIS
47 SST values were also 2–3 ◦C warmer than observed during “super” interglacial MIS
31 [19] or during Mid-Pleistocene Transition interglacial stages MIS 21g and MIS 25e [16]
at Site U1387. Since summer insolation during MIS 47 was either in the same range (MIS
21g) or lower (MIS 25e, MIS 31) [28], insolation alone cannot explain the warmer SST.
The subtropical gyre seems to have been expanded northward, including a northward
displacement of the Azores Front following modern-day observations [47], but the driver(s)
for this expansion and potential intensification of subtropical gyre circulation needs to be
explored in the future.

Northward expansion of the subtropical gyre, either still ongoing or reoccurring, is also
assumed during the two other intervals with higher subtropical planktonic foraminifera
percentages (Figure 6). Interestingly, both of those periods were associated with higher
contributions of G. crassaformis and S. dehiscens to the tropical fauna reflecting the presence
of a northward subsurface flow. After 1438 ka, G. bulloides started to contribute more signif-
icantly to the planktonic foraminifera fauna (Figure 4d). Since that increase is accompanied
by higher numbers of N. incompta and T. quinqueloba (Figure 5) we assume that upwelling
occurred more frequently and/or persistently around Cape São Vicente and potentially off
Cape Santa Maria during the second half of MIS 47, with the upwelled waters probably
being replaced by the northward flow of subtropical subsurface waters.
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Whereas the G. bulloides δ18O data is fairly stable throughout the interglacial phase
of MIS 47, the same cannot be said for the G. ruber white δ18O record (Figure 4). The G.
ruber white δ18O data reveals strong oscillations over a much wider isotopic range than G.
bulloides. Those oscillations are not linked to changes in the subtropical fauna abundance
or the SST (Figure 6). Some of the lower values during the early phase of MIS 47 when
insolation was still high and precipitation over the southern Iberian Peninsula was probably
high [76], could reflect salinity changes caused by strong river run-off. At the moment, we
cannot explain the variations and plan to perform trace element analyses in G. ruber white
shells in order to distinguish between temperature and salinity signals.

5. Conclusions

The new, high-resolution records for the MIS 46 to MIS 48 interval at IODP Site
U1387 revealed that glacial/interglacial cycles during the early Pleistocene can be highly
variable, but encompass features familiar from younger periods, such as the millennial-scale
variability observed during MIS 46.

The abruptness and intensity of the terminal stadial event of MIS 48 were similar
to terminal stadial events during the Mid-Pleistocene Transition, especially in the MIS
21-MIS 25 interval [16–18]. This shows that high insolation can lead to significant changes
in the circulation of the North Atlantic Ocean also during the early Pleistocene, when
continental ice sheets were not as large as during and after the Mid-Pleistocene Transition.
The multiple phases for the terminal stadial event confirm that subarctic front movements
played a key role in modifying the oceanographic signals on the southern Portuguese
margin. Whereas the surface waters variations were mostly driven by high latitudinal
changes, conditions at the seafloor, i.e., the presence of a poorly ventilated, sluggishly
MOW flow, recorded conditions prevailing in the Mediterranean Sea, and subsequently
influence of North African monsoon intensification.

The interglacial phase of MIS 47 experienced significantly warmer surface waters in
regard to absolute SST values and plankton assemblage composition. Subtropical and
tropical planktonic foraminifera species dominated the fauna, consistent with contributions
of the warm water taxa to the calcareous nannofossil flora. All of this points to a stronger
subtropical gyre influence in the region than during younger interglacial periods, despite
comparable insolation values and probably also atmospheric carbon dioxide concentrations.
The warmer conditions in the Gulf of Cadiz are attributed to a northward expansion and
potentially intensification in the circulation of the subtropical gyre. The influence of
subtropical waters, through the admixing of less well-ventilated subtropical ENACW, is
also driving the evolution of MOW ventilation during the interglacial. Several climate
records show three to four phases throughout MIS 47 with less “optimal” conditions during
the insolation minimum. A cool stadial event marks the end of MIS 47 and thus the glacial
inception of MIS 46. Open questions remain regarding the high variability observed in the
δ18O data of G. ruber white, which can probably only be solved by trace element analyses
that would allow distinguishing between temperature and salinity signals.

An unexpected result of the study is the apparent decoupling between the eastern
Mediterranean Sea and mid-latitudinal North Atlantic hydrographic conditions in associa-
tion with the second insolation maximum of MIS 47, when a well-ventilated, high-velocity
MOW formed a contourite layer, although a sapropel layer was formed in the eastern
Mediterranean Sea.

Our data provide first insights into the variability of early Pleistocene climate change at
the southern Portuguese margin. For sure, those observations will lead to several follow-up
studies to better understand the climatic signals and their drivers and wider impacts.
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Appendix A. List of Planktonic Foraminifera Species Summed Up as

(a) Subtropical species

Beella digitata
Globigerina falconensis
Globigerinella calida
Globigerinella siphonifera
Globigerinoides conglobatus
Globigerinoides ruber white
Globigerinoides obliquus
Globoturborotalita tenella
Orbulina universa
Neogloboquadrina dutertrei
Globorotalia truncatulinoides

(b) Tropical species

Trilobus trilobus
Sphaeroidinella dehiscens
Pulleniatina obliquiloculata
Globorotalia crassaformis
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