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A B S T R A C T

The Mediterranean Outflow Water (MOW), modified by paleoceanographic conditions and tectonic processes, 
played a significant role in the formation of sediments drifts along the Iberian Margin. Using sediment samples 
from IODP Hole U1387C, we explore the Early Pleistocene history of the upper MOW core above the central Faro 
Drift in the Gulf of Cádiz. The time series of benthic foraminifer stable isotope and grain size related data have a 
rigorous stratigraphic framework consisting of nannofossil biostratigraphy and paleomagnetic and δ18O stra
tigraphy. The paleoenvironmental records are supplemented by natural gamma ray downhole logging data. 
Above the hiatus associated with the youngest dolostone, sandy to muddy contourite sedimentation started at 
1.946 Ma, i.e., within Marine Isotope Stage (MIS) 74, at IODP Site U1387, slightly younger than at IODP Site 
U1389. Formation of contourite layers, reflected in the sortable silt and sand percentage records, strongly reacted 
to precession forcing, including semi- and quarter-precession cycles. The majority of the contourite beds 
developed during stadial (colder) climate periods, like previous observations from the Early to Late Pleistocene. 
Formation of contourite layers within MIS 53, MIS 55 and MIS 65, however, appear to be linked to the prevailing 
atmospheric conditions over North Africa. Periods of poor ventilation in the upper MOW were linked to inso
lation maxima and reduced ventilation in the Mediterranean Sea. Here, MIS 51 presents a peculiar case as poor 
ventilation reached from the surface to the lower North Atlantic Deep Water range, reflecting unique interglacial 
conditions that merit future exploration.

1. Introduction

The Early Pleistocene prior to the Early to Middle Pleistocene 

Transition (Head and Gibbard, 2015) belongs to the “41 kyr world” 
when obliquity controlled the timing of glacial-interglacial cycles (e.g., 
Hodell and Channell, 2016b; Huybers, 2007; Raymo and Nisancioglu, 
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2003; Raymo et al., 2004) (following Aubry et al. (2009) we use Ma/ka 
when referring to a date and Myr/kyr when referring to duration/cy
cles). The glacial-interglacial cycles were more symmetrical than in the 
“100 kyr world” after the Early to Middle Pleistocene Transition and 
glaciations generally less intense (Maslin and Brierley, 2015). The Allan 
Hills blue-ice records from East Antarctica (Yan et al., 2019), although 
temporally restricted, recently confirmed this assumption: interglacial 
periods were not significantly warmer in the “41 kyr world” and had 
atmospheric CO2 levels comparable to the Late Pleistocene, whereas 
glacial periods were less intense prior to the Early to Middle Pleistocene 
Transition and had atmospheric CO2 levels around 24 ppm higher than 
during the Late Pleistocene. Soil carbonate derived CO2 reconstructions 
even point to interglacial levels remaining below 300 ppm throughout 
the whole Early Pleistocene (0.9–2.6 Ma) (Da et al., 2019; The Cenozoic 
CO2 Proxy Integration Project Consortium et al., 2023), which agrees 
with boron isotope based evidence from the tropical Atlantic (Hönisch 
et al., 2009; Dyez et al., 2018; Nuber et al., 2025). A gradual cooling 
trend in the global mean surface temperatures started at 4 Ma and lasted 
until 1 Ma, although temperatures became more variable after 2 Ma and 
particularly after 1.5 Ma (Clark et al., 2024).

Time slice (10 kyr duration) reconstructions back to Marine Isotope 
Stage (MIS) 64 (last 1.8 Ma) indicate that the vertical water-mass 
structure in the subpolar North Atlantic did not differ significantly 

between the “41 kyr” world and the Middle-to-Late Pleistocene during 
both glacials and interglacials (Raymo et al., 2004). Records from in
termediate depths (1150–2300 m), however, show lower δ13C values 
during Early Pleistocene glacial intervals, which was attributed to a 
more extensive sea-ice cover in the Norwegian Greenland Sea as source 
region for that water mass (Raymo et al., 2004). The 3.2 Myr long and 
higher resolution benthic foraminifera isotope records from IODP Site 
U1308 (49◦52.67′N, 24◦ 14.289′W; Fig. 1b) show, nevertheless, that the 
North Atlantic experienced mode changes related to the intensification 
of the northern hemisphere glaciation (Hodell and Channell, 2016b). 
Such mode transitions occurred at 2.7 Ma, 1.5 Ma, 0.9 Ma and 0.65 Ma 
and are related to an increasing vertical δ13C gradient between inter
mediate and deep-water masses, implying changes in the carbon storage 
in the deep ocean and atmospheric CO2 concentrations (Hodell and 
Channell, 2016b; Hines et al., 2024; Nuber et al., 2025). Between MIS 94 
(~2.4 Ma) and MIS 52 (~1.54 Ma) glacial stages were generally weaker, 
in agreement with the atmospheric CO2 evidence (The Cenozoic CO2 
Proxy Integration Project Consortium et al., 2023). The amplitude of 
glacial-interglacial cycles increased from MIS 52 onwards (Hodell and 
Channell, 2016b), which coincides in general with the 1.5 Ma mode 
change. The mode change is observed throughout the Atlantic Ocean 
and associated with glacial shoaling of Northern Component Water and 
a lag in response of middle deep Atlantic (2300–4000 m) benthic δ13C to 

Fig. 1. a) Map of the SW Iberian margin with the locations of the IODP Expedition 339 Sites mentioned in the text. In the bathymetry colour scale, shades of blue 
become darker with increasing depth. Arrows indicate MOW flow paths. b) Map of the North Atlantic Ocean and Mediterranean Sea showing the location of sites 
mentioned in the text, with annual mean salinity at 560 m as background (World Ocean Atlas 2023, 0.25 degree resolution) (Reagan et al., 2024). c) Salinity profile 
along the Algarve margin and into the central Gulf of Cádiz based on CTD data collected at Iberia-Forams stations (St.) 12, 7 to 9 and 10 (see inserted map) in 
September 2012 (Voelker et al., 2015a; Voelker et al., 2015b). Lines at station numbering indicate real length of CTD profile. d) Salinity-temperature profiles and 
respective oxygen concentration for the five Iberia-Forams stations shown in b). Water masses are abbreviated in c) and d) as: AAIW – Antarctic Intermediate Water; 
MOW – Mediterranean Outflow Water with u = upper and l = lower; NACW – North Atlantic Central Water with sp. = subpolar and st = subtropical origin; and 
NADW – North Atlantic Deep Water. Basic maps (b, c) and plot (d) produced with the Ocean Data View software (Schlitzer, 2025). (For interpretation of the ref
erences to colour in this figure legend, the reader is referred to the web version of this article.)

A.H.L. Voelker et al.                                                                                                                                                                                                                           Marine Geology 492 (2026) 107697 

2 



orbital forcing (obliquity, precession) (Lisiecki, 2014). At the same time, 
but already starting around 1.6 Ma, εNd signals at intermediate depth 
(2000–2500 m) sites south of the Wyville Thomson Ridge (Rockall 
trough) point to a major weakening of deep-water production in the 
Nordic Seas, primarily during interglacials (Khélifi and Frank, 2014). 
The changes in the North Atlantic circulation gained influence on 
climate in the Mediterranean region between 2.2 and 1.2 Ma, when 
polar processes increasingly contributed to climate forcing in a combi
nation with the regional forcing and processes that dominated until 2.2. 
Ma (Colleoni et al., 2012).

Sea-level related paleoclimate records (e.g., benthic δ18O) are clearly 
obliquity-paced during the late Pliocene to early Pleistocene and lack 
power in the precession spectrum. Raymo et al. (2006) postulated that 
the precession signal might be cancelled out due to the partially out-of- 
phase waxing and waning of the northern and southern hemisphere ice 
sheets, which was recently confirmed by Morée et al. (2021). In the 
Mediterranean Sea region, on the other hand, precession played an 
important role in modifying paleoclimate conditions throughout the 
Plio-Pleistocene, especially in relation to the strength of the African 
monsoon. Hydrological changes across northern Africa, as reflected in 
increased run-off from the Nile river (e.g., Castañeda et al., 2016; Emeis 
et al., 2003; Revel et al., 2010) or reduced Saharan dust flux (Larrasoaña 
et al., 2003), have been linked to the formation of the organic-rich 
sapropel layers in the eastern Mediterranean Sea (Emeis et al., 2000; 
Grant et al., 2022b; Rohling et al., 2015; Rossignol-Strick et al., 1982; 
Rossignol-Strick et al., 1998). Sapropel layers were dated assuming a 
temporal lag of 3000 years between the precession minimum (insolation 
maximum) and the mid-point of a sapropel layer (Hilgen et al., 1993; 
Lourens et al., 1996). The detailed sapropel history back to 5.3 Ma at 
ODP Site 967 in the eastern Mediterranean Sea (Fig. 1b) revealed, 
however, that not all sapropel layers were associated with an insolation 
maximum (Grant et al., 2022b). Precession-related strengthening of the 
hydrological cycle also affected the southern Iberian Peninsula 
(Bosmans et al., 2015b) and resulted in increased riverine input to 
sediments from the Gulf of Cádiz and the southwestern Iberian margin 
(Lofi et al., 2016; Sierro et al., 2000; Moal-Darrigade et al., 2022a). 
Furthermore, weakening of the overturning circulation in the Mediter
ranean Sea during times of sapropel formation was linked to changes in 
the characteristics of the Mediterranean Outflow Water (MOW) in the 
Gulf of Cádiz during the Early and Late Pleistocene, where those periods 
were associated with a more sluggish circulation (e.g., Bahr et al., 2015; 
Singh et al., 2015; Sierro et al., 2020; Voelker et al., 2015c; Voelker 
et al., 2022; Moal-Darrigade et al., 2022a; Moal-Darrigade et al., 2022b). 
On the other hand, higher MOW flow intensity has been proposed as 
cause for the formation of hiatuses (dolostones) in the Plio- to Pleisto
cene drift sequences along the southern and southwestern Iberian 
margin (Hernández-Molina et al., 2014). The younger hiatus, which 
shipboard biostratigraphic data suggest began earlier than 3.19 Ma and 
ended around 2 Ma (Stow et al., 2013), aligns with the onset of northern 
hemisphere glaciation and the first mode change in North Atlantic cir
culation (Hodell and Channell, 2016b). However, the onset of hemi
pelagic sedimentation following the hiatus appears to be time 
transgressive along the various MOW pathways (Kaboth et al., 2017b; 
Lebreiro et al., 2015).

The current study aims to decipher the Early Pleistocene (2.0- ~1.5 
Ma) history of the MOW at Integrated Ocean Drilling Program (IODP) 
Site U1387 (36◦48′N 7◦43′W; 559 m water depth) (Fig. 1a) and to place 
the MOW signals into the context of northern hemisphere and regional 
Mediterranean/ NW African climate changes. To reconstruct MOW 
conditions, we use benthic foraminifer stable isotope and grain size re
cords in combination with downhole logging data. The chronostratig
raphy of the record is built on δ18O stratigraphy supported by 
paleomagnetic and calcareous nannofossil biostratigraphic data to 
confirm the identification of MIS, in the lower part of the Site U1387 
sedimentary succession where core recovery was poorer. Another 
objective is to determine the upper age boundary of the youngest of the 

two dolostone beds at Site U1387, marking the onset of sandier con
tourite deposition in Lithostratigraphic Unit IC at the Faro Drift 
(Expedition 339 Scientists, 2013b).

2. Regional setting

During IODP Expedition 339 – Mediterranean Outflow, Site U1387 
was drilled into the Faro drift on the southern Portuguese margin (Stow 
et al., 2013). The mounded Faro Drift was built up since the Pliocene by 
activity of the upper MOW core (Roque et al., 2012; Hernández-Molina 
et al., 2014). The MOW (sometimes also called Atlantic Mediterranean 
Water) is the dominant water mass in the intermediate depths of the Gulf 
of Cádiz and along the western Iberian margin. Due to differential 
mixing between the warm, saline water exiting the Mediterranean Sea as 
deep overflow and the overlying, less dense eastern North Atlantic 
Central Water (NACW) (Fig. 1c, d), the MOW forms two branches: an 
upper branch centered between 500 and 800 m and a more saline, 
denser lower branch between 1000 and 1400 m (Ambar and Howe, 
1979; Baringer and Price, 1997). Besides spreading out into the Gulf of 
the Cádiz, the branches flow mainly northwestward along the western 
Iberian margin (Fig. 1a, b). The upper MOW branch is about 50–60 m 
thick above the Faro Drift (Fig. 1c; location of Ib-F station 8 corresponds 
to Site U1387) and fills the moat that formed along the drift’s northern 
edge (see Fig. 2 in Hernández-Molina et al., 2014). Between 750 and 
1000 m, the MOW occupies the same depths as the Antarctic Interme
diate Water (AAIW), which flows northward along the African conti
nental margin and penetrates the Gulf of Cádiz from the southern to 
southeastern side, leading to mixing between the two water masses and 
entrainment of nutrients from the AAIW into the MOW (Cabeçadas et al., 
2010; Louarn and Morin, 2011). Sometimes, remnants of AAIW can be 
observed in the Gulf of Cádiz (Cabeçadas et al., 2002; Cabeçadas et al., 
2003; Voelker et al., 2015a), such as during the occupation of Iberia- 
Forams station 10 in the central Gulf of Cádiz (Fig. 1c, d). The MOW 
contains less oxygen than the surrounding North Atlantic water masses, 
but lowest oxygen levels are associated with the AAIW (Fig. 1d) 
(Cabeçadas et al., 2003; Cabeçadas et al., 2010). Roque et al. (2019)
showed that AAIW prevails in the Gulf of Cádiz during the fall and then 
pushes the MOW towards the upper continental slope.

3. Material and methods

The sediment sequence recovered in Hole U1387C above the 
younger dolostone (457.3–458.0 m below sea floor (mbsf)) consists of 
sandy to muddy contourites interbedded with turbidites (Stow et al., 
2013). While cores U1387C-2R to U1387C-8R-2 are part of the strati
graphic splice with Holes U1387A and B, the cores below section 
U1387C-8R-2 (below 357.52 mbsf equivalent to 394.69 m composite 
depth) are only appended to the splice (Expedition 339 Scientists, 
2013b). Naturally, there are coring gaps within the single cored interval 
below core U1387C-8R.

This study focuses on the sediments from the top of core U1387C-8R 
to the top of the youngest dolostone near the bottom of section U1387C- 
19R-3. Since we are working exclusively with Hole U1387C sediments 
and to facilitate comparison to the downhole logging data, we are using 
the Core depth below Sea Floor (CSF) depth scale instead of the composite 
depth scale of the splice (https://www.iodp.org/policies-and-guideli 
nes/142-iodp-depth-scales-terminology-april-2011/file). Thus, sedime 
nt-sample derived parameters are presented on CSF-B (in mbsf), 
which, as a compression-scaled version of CSF-A, allows correcting for 
overlapping sediments if core recovery was above 100 %. The conver
sion to CSF-B was needed to accommodate overlapping CSF-A depths at 
the transition from core U1387C-8R-CC to core U1387C-9R-1.

3.1. Sample preparation

The Portuguese sample series, which combines samples from several 
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requests by researchers from the Instituto Português do Mar e da 
Atmosfera (IPMA) taken from the working halves, covers the interval 
from U1387C-8R-1 4–6 cm to U1387C-19R-3131–133 cm 
(347.64–457.31 mbsf). As part of the splice, the average sample reso
lution within core U1387C-8R is 12.5 cm (15–30 cc sample volume), 
conforming with the Middle to Early Pleistocene time series of Site 
U1387 (Voelker et al., 2015c; Voelker et al., 2018). Below core U1387C- 
8R, the resolution of the initially, evenly spaced 45 cm resolution series 
(15 cc volume) was increased in 2016. The additional samples with a 30 
cc volume were taken by the staff of the Bremen Core Repository (BCR) 
at pre-described depths (avoiding biscuit transitions) and increased the 

sample resolution to an average of 15 cm, including core catcher (CC) 
sections. All samples from the 2016 series were subsampled for calcar
eous nannofossil studies.

The sediment samples were prepared following the procedure 
established in the Sedimentology and Micropaleontology Laboratory of 
the IPMA’s Marine Geology Division (DivGM). The samples were 
weighed, frozen, freeze-dried, and weighed again to obtain a wet and a 
dry weight, respectively. The dried sediment material was then washed 
through a 63 μm-mesh screen to separate the sand fraction >63 μm from 
the finer sediments. The sand fraction was dried at 40 ◦C and weighed. 
The relationship between the weight of the sand fraction and the dry 

Fig. 2. Scanning electron microscope (Hitachi TM 4000 Plus) pictures of the regional morphological variant of Cibicides pachyderma. a) to e) spiral views; g) to i) 
umbilical (dorsal) views. f), j) and k) umbilical views of the more typical Cibicides pachyderma variant with hardly any perforation and the distinct peripheral band 
(rim). Specimens are from samples: a) U1387C-12R-5124–126 cm; b) and g) U1387C-12R-6 14–16 cm; c) and j) U1387C-15R-2122–124 cm; d), f), and k) U1387B- 
33X-2 2–4 cm; e) and h) U1387B-28X-2 2–4 cm; i) U1387C-12R-7 43–45 cm.
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weight yields the weight-percent (wt%) sand value that can be used as a 
rough indicator for contourite beds (Voelker et al., 2015c; Voelker et al., 
2022).

Additional samples from sections U1387C-18R-5 to U1387C-19R-3 
from the lower resolution sample series of C. Alvarez Zarikian 
(average sample spacing 0.61 m) were used only for the stable isotope 
study. These samples were processed at TAMU (College Station) 
following the same preparation procedure as for the Portuguese sample 
series except that the wet bulk samples were not weighted before being 
frozen and freeze-dried.

3.2. Stable isotope analyses

The stable isotope study included all dried sand fraction samples 
from the Portuguese sample series and those from sections U1387C-18R- 
5 to U1387C-19R-3 in the sample series of C. Alvarez Zarikian. For 
analyzing the stable isotope values in benthic foraminifer shell car
bonate, 2 to 7 clean specimens of the species Cibicides pachyderma or 
Planulina ariminensis were collected from the fraction >250 μm. Some of 
the Cibicides pachyderma specimens represent a regional morphological 
variant (personal communication J. Schönfeld, October 2018) that is 
generally smaller than the typical C. pachyderma variant, often perfo
rated on the umbilical (dorsal) side and exhibits no clearly defined pe
ripheral band at the periphery (Fig. 2). In five samples, none of those 
species were available and shells of Uvigerina spp., most likely specimens 
of Uvigerina peregrina parva (Schönfeld, 2006; Schönfeld and Altenbach, 
2005), were analyzed instead. Combining the Cibicides and Planulina 
data to one continuous record followed Voelker et al. (2015c), whereby 
the δ18O values of both species remain uncorrected (Marchitto et al., 
2014) and the δ13C values of C. pachyderma are adjusted to the 
P. ariminensis level by adding 0.3 ‰. Because the analysis of Uvigerina 
spp. specimens was limited to five samples, these data are incorporated 
into the combined record by subtracting 0.64 ‰ from the Uvigerina δ18O 
values (i.e., correction to Cibicidoides level, contrary to the more com
mon correction of Cibicidoides to the Uvigerina level; Shackleton (1974)). 
The Uvigerina δ13C values were not integrated but are archived together 
with the other isotope data at the World Data Center PANGAEA (Felden 
et al., 2023).

The stable isotopes analyses were performed at MARUM (University 
Bremen, Germany) using a Finnigan MAT 251 mass spectrometer that is 
coupled to an automated Kiel I carbonate preparation system. The mass 
spectrometer’s long-term precision is ±0.05 ‰ for δ13C and ± 0.07 ‰ 
for δ18O based on repeated analyses of in-house (ground Solnhofen 
limestone) and external (NBS-19) carbonate standards.

3.3. Sample series for grain-size analysis

For grain-size analysis an additional sample series with a 10 cc vol
ume was taken to understand the sedimentological changes at Site 

U1387, in particular the nature of the contourite beds. With focus on the 
contourite beds, higher sample resolution (one every 10 cm interval) 
occurs in the sandier intervals, whereas resolution drops to one sample 
every ≥30 cm (up to 150 cm) in the finer-grained intervals (Fig. 3). The 
series includes samples from core sections U1387C-8R-1100 cm to 
U1387C-19R-3133 cm (348.60–457.33 m). The samples were prepared 
for grain size analysis, without removing the carbonates, and measured 
with the Malvern Mastersizer S laser microgranulometer (Malvern 
Panalytical, Malvern, UK), at the EPOC laboratory, University of 
Bordeaux (France). Results for the grain size range from 0.02 to 2000 μm 
are reported as % sand, % silt and % fine fraction <10 μm of each 
sample, respectively. In addition, D90 (meaning that 90 % of the sedi
ment is below this grain size value) and Sortable Silt (SS; McCave, 2023) 
values were calculated.

3.4. Calcareous nannofossil biostratigraphy

The shipboard nannofossil biostratigraphy (Expedition 339 Scien
tists, 2013b) was refined based on 1) the shipboard smear slides pre
pared for those samples taken between the CC samples or 2) slides 
prepared from subsamples of the 2016 stable isotope sample series 
(Portugal samples). The additional shipboard samples average one 
sample per core section, whereas the resolution for the subsamples 
varies between one sample every 15 cm to every 30 cm. Slides for the 
calcareous nannofossil counts were prepared at the University of Sala
manca following the method of Flores and Sierro (1997). The calcareous 
nannofossils were identified using standard light microscope techniques 
on a Zeiss Axiophot and with a polarizing microscope Leica DMRP at 
×1250 and ×1000 magnification and a minimum of 200 fields of view in 
cross-polarized and plane-transmitted light (Balestra et al., 2019). 
Following Raffi et al. (2006) we use the terms Highest Occurrence (HO) 
and Lowest Occurrence (LO) to denominate biohorizons.

3.5. Paleomagnetism

During Expedition 339, continuous paleomagnetic measurements 
were made every 5 cm along the archive-half core sections using the 
shipboard cryogenic magnetometer (2G Enterprises Model-760R). The 
natural remanent magnetization (NRM) was measured before and after 
progressive alternating field (AF) demagnetization with peak fields of 10 
and 20 mT. The NRM data were cleaned by removing results from 
disturbed intervals and from near the ends of the core sections that are 
subject to edge effect. The cleaned data are available in Table T16 of 
Expedition 339 Scientists (Expedition 339 Scientists, 2013b) and the 
raw data are available online from the IODP LIMS Database. Hole 
U1387C was cored with the Rotary Core Barrel (RCB) system, which 
imparted only a weak drilling overprint, most or all of which was 
removed with AF demagnetization with low peak fields.

To permit more detailed demagnetization experiments, remove 

Fig. 3. Distribution and grain size profiles of samples from Cores U1387C-8R to U1387C-19R analyzed in the Malvern Mastersizer at the University Bordeaux. Note 
the varying sample resolution with higher resolution in sandier core intervals.
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overprints more completely, and assess the characteristic remanent 
magnetization (ChRM) directions, oriented discrete sediment samples 
were collected by inserting a hollow extruder into the middle of 
working-half, split-core sections and then extruding the sediment into 
plastic cubes (2 cm × 2 cm × 2 cm, with an internal volume of ~7 cm3) 
as described in Expedition 339 Scientists (2013a). We took one sample 
per section from Cores U1387C-7R to U1387C-61R (339–864 mbsf), 
which together provided roughly continuous 1.5-m spacing of samples 
over the entire cored interval. Another 12 samples were collected in 
2016 by the BCR staff from Core U1387C-10R in an attempt to identify 
the Gilsa Excursion (Channell et al., 2016). In total, 75 discrete samples 
were evaluated within the interval of interest for this study (340–460 
mbsf) (Fig. 4; Supplementary table 1).

Only five of these samples were measured during Expedition 339. 
Another 58 samples were measured post-cruise in the Paleomagnetism 
Laboratory at University of California-Davis and the 12 samples taken at 
the BCR were measured in laboratories at Sam Houston State University 
(SHSU), University of Houston (UH), and Tongji University (TU) (for 
details see identification in column AA = Measured in Supplementary 
table 1). NRM of the discrete samples were measured before and after 
progressive AF demagnetization with peak fields up to 100 mT at 5 to 10 
mT steps. Paleomagnetic directions were determined from principal 
component analysis (PCA) (Kirschvink, 1980) using the ZPLOTIT soft
ware (Acton, 2011). Typically, the remanence measurements from at 
least five demagnetization steps for each interval were fit to lines using 
steps between 20 and 60 mT. PCA lines were fit using both the FREE 
option, in which the line is not required to pass through the origin of the 
plot, and the ANCHORED option, in which line is anchored to the origin. 
A Fisherian mean direction was also computed from the highest several 
demagnetization steps to estimate a stable end point (SEP).

For each sample, we determined a preferred inclination from the PCA 
FREE, PCA ANCHORED, or SEP estimate of the ChRM. The selection of 
which method best resolved the ChRM was based on visual inspection of 
the sample directions plotted on orthogonal vector diagrams (modified 
Zijderveld plots) and stereonets. The results for each sample were 
ranked with a quality factor (1 to 5), where Quality 1 was reserved for 
samples that displayed very linear decay of magnetization during 
demagnetization as noted by PCA maximum angular deviation (MAD) 
angles <5. Quality 2 are similar to Quality 1 but the MAD angles are 
between 5◦ and 10◦. These highest quality (1 and 2) samples have very 
well resolved ChRM directions, and the polarity can be determined with 
great confidence. Quality 3 samples displayed moderate directional 
scatter during AF demagnetization, but a relatively noisy ChRM can be 
determined from which the polarity can be established. Quality 4 sam
ples have large directional scatter during AF demagnetization and 
generally a significant drilling overprint that overlaps much of the 
coercivity spectra of the ChRM. The ChRM cannot be accurately deter
mined although it is often possible to determine the polarity of these 
samples because they trend towards positive (normal polarity) or 
negative (reverse polarity) inclinations as they are demagnetized above 
about 40–80 mT. Quality 5 samples have such highly variable directions 
during AF demagnetization or are so strongly overprinted that their 
polarity is indeterminate. Of the 75 samples analyzed, 14 were quality 1, 
20 were quality 2, 20 were quality 3, 8 were quality 4, and 13 were 
quality 5 (Fig. 4).

3.6. Downhole logging

After completion of coring operations at Hole U1387C, downhole 
logs were acquired with Schlumberger logging tools down to 649 mbsf 
(Expedition 339 Scientists, 2013a). The log data are measured in situ 
and continuously with depth, which results in the wireline-log depth 
scale expressed in meters wireline-log depth below seafloor (mwsf). In 
this paper, we focus on the natural gamma radiation (HSGR, standard 
total Gamma Ray) data that was acquired with the Hostile Environment 
Natural Gamma Ray Sonde (HNGS) of the triple combo tool string 
(Expedition 339 Scientists, 2013b). The HSGR log was acquired at a 
sampling interval of 15.24 cm (6 in.) and with an approximate vertical 
resolution of 20–30 cm. As shown in Lofi et al. (2016), variations in 
HSGR reveal changes in the sedimentology with some low GR values 
indicating more coarser-grained levels.

3.7. Spectral analysis

To explore the cycles driving the different climatic signals and their 
temporal evolution we performed wavelet analysis on the unequal 
spaced time series (Foster, 1996) using the wavelet program embedded 
in the PAST statistic software package (version 4.11) (Hammer et al., 
2001).

4. Stratigraphy and age models

4.1. Magnetostratigraphy and calcareous nannofossil biostratigraphy

The shipboard chronostratigraphic data provided only three age 
control points for the interval between U1387C-8R and U1387C-18R, i. 
e., two nannofossil datums and the Matuyama-Olduvai polarity transi
tion (Expedition 339 Scientists, 2013b). The two calcareous nannofossil 
events were the LO of large Gephyrocapsa spp. (>5.5 μm) (1.61 Ma) and 
the HO of Calcidiscus macintyrei (1.66 Ma), which were both placed 
between samples U1387C-7R-CC and U1387C-8R-CC at 351.62 mbsf.

The Matuyama-Olduvai (C1r.3r/C2n) polarity transition was esti
mated by Expedition 339 Scientists (2013a) to be at ~412.5 mbsf based 
on split-core data from Hole U1387C. This agrees well with the new 
discrete data (Fig. 4), although the higher quality discrete results are too 
widely spaced to refine the location of the reversal. The reversal could be 
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this article.)
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anywhere between discrete samples U1387C-15R-3 48 cm at 418.28 
mbsf and U1387C-14R-3 81 cm at 409.10 mbsf, with a mid-point at 
413.69 mbsf. For the split core data, samples recording the reverse po
larity Chron C1r.3r extend to the base of Core U1387C-14R and possibly 
down to Interval U1387C-15R-1 45 cm (Fig. 4). The inclinations for the 
upper 45 cm of Core U1387C-15R are, however, variable and may just 
be noise within the top of the core. For these reasons, we think the 
reversal can only be constrained to fall between the last split-core 
measurement near the base of Core U1387C-14R in Interval U1387C- 
14R-4 65 cm (410.35 mbsf) and Interval U1387C-15R-1 45 cm 
(415.25 mbsf), which is the first normal polarity direction (positive 
inclination) downhole that is preceded by a long sequence of other 
positive inclinations. The mid-point for the split-core data at 412.8 mbsf 
is the best estimate for the reversal. Both it and the mid-point for the 
discrete samples falls within the ~5-m coring gap between Cores 
U1387C-14R and 15R (Fig. 5). The reversal could be placed anywhere 
within this gap or even somewhere within the upper 45 cm of Core 
U1387C-15R.

The lower 40 m above the youngest dolostone can therefore be 
attributed to the Olduvai subchron (C2n) with an age of 1.945–1.778 Ma 
(Ogg, 2012). More recently, the timing of the top of the Olduvai has been 
defined with a radiogenic age of 1.787 ± 0.015 Ma and occurring during 
MIS 63 in many marine records (Channell et al., 2020). In Hole U1387C, 
the coring gap between Cores U1387C-14R and U1387C-15R occurs 
above MIS 61 in the oxygen isotope stratigraphy (see section 4.2), 
whereas the last normal discrete samples coincide with the transition 
from MIS 62 to MIS 61 (Fig. 5). This discrepancy between the δ18O and 
paleomagnetic stratigraphies indicates that the age model in these cores 
should be treated with caution and might be revised in the future, when 
new data either from Site U1387 or the Sites recently drilled during 
IODP Expeditions 397 and 401 (Hodell et al., 2024; Flecker et al., 2025) 
become available.

The normal inclination value for the discrete sample at 369.05 mbsf 

is considered to be an outlier rather than representing the Gilsa excur
sion (see Supplementary table 1), which has been dated at the MIS 54/ 
55 boundary (1.584 Ma) in the North Atlantic record of IODP Site U1308 
(Channell et al., 2016).

The refined calcareous nannofossil biostratigraphy in the Early 
Pleistocene section of Hole U1387C (Balestra et al., 2019) places the HO 
of Discoaster brouweri between samples U1387C-19R-2 88–90 cm and 
U1387C-19R-2 14–16 cm (455.38–454.63 mbsf) (Fig. 5). Age ranges for 
the biohorizon span from the middle of MIS 77 to late MIS 73 (Raffi 
et al., 2006). Based on the oxygen isotope stratigraphy (see section 4.2) 
the event occurred during late MIS 73 with an age of 1.93 Ma (Table 1), 
in agreement with the Geological Time Scale (GTS) 2012 (Anthonissen 
and Ogg, 2012).

The newly identified biohorizon marking the LO of medium-sized 
Gephyrocapsa (> 4 μm) was located between samples U1387C-14R-1 
88–90 cm and 80–82 cm, (406.08–405 mbsf). However, this event 
should be interpreted with caution due to the irregular and intermittent 

Fig. 5. Nannofossil and magnetostratigraphic evidence in Hole U1387C between 346 and 458 mbsf in comparison to the benthic δ18O record (numbers above 
indicate some MIS). Magenta colored squares mark the depths of the respective nannofossil stratigraphic event with LO/FO indicating the first/last occurrence of the 
coccolithophore species. Bottom panel shows the identified magnetic polarity zones and the preferred inclinations for the discrete samples with qualities between 1 
and 4 (see Fig. 4 for details). Dashed lines marked major coring gaps. (For interpretation of the references to colour in this figure legend, the reader is referred to the 
web version of this article.)

Table 1 
Calcareous nannofossil biostratigraphic and magnetostratigraphic markers.

Event Mean depth in 
U1387C [mbsf]

Age in 
U1387C 
[Ma]

GTS2012 
age 
[Ma]

LO of large Gephyrocapsa spp. 
(>5.5 μm)

368.07 1.545 1.62^

HO of Calcidiscus macintyrei 378.21 1.579 1.60
HO of medium Gephyrocapsa 

spp. (>4 μm)
405.54 1.689 1.73

Matuyama-Olduvai (C1r.3r/ 
C2n) polarity transition

415.59* 1.72 1.778

HO of Discoaster broweri 455.00 1.93 1.93

HO/LO: highest/lowest occurrence; * depth refers to last discrete sample with 
normal polarity and good MAD quality; ̂ 1.59 Ma in GTS2020 (Raffi et al., 2020).
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record, that could be also related to potential carbonate dissolution 
(Balestra et al., 2019). In Hole U1387C, the LO of medium-sized 
Gephyrocapsa occurred during MIS 59 (Fig. 5), which aligns well with 
its expected timing between MIS 59 and MIS 61 (Raffi et al., 2006). The 
age assigned to this biohorizon at IODP Site U1387 is 1.69 Ma (Table 1), 
consistent with its occurrence in the South Atlantic. However, this is 
slightly younger than its recorded age in the Mediterranean Sea (1.73 
Ma) (Anthonissen and Ogg, 2012).

The HO of Calcidiscus macintyrei was identified between samples 
U1387C-11R-2 48–50 cm and U1387C-11R-2 14–16 cm (378.38–378.04 
mbsf). That depth coincides with the MIS 54/ MIS 55 transition (Fig. 5), 
in agreement with the biohorizon’s upper boundary indicated by Raffi 
et al. (2006) and the event’s definition within the upper MIS 55 in the 
GTS2020 (1.6 Ma; Raffi et al., 2020). The LO of large Gephyrocapsa spp. 
(>5.5 μm) was placed between samples U1387C-10R-1 75–77 cm and 
U1387C-10R-1 48–50 cm (367.55–367.28 mbsf) (Fig. 5). Based on the 
δ18O isotope stratigraphy that depth falls within MIS 52 (Fig. 5). 
Therefore, at Site U1387 the event occurred slightly higher (younger 
age) than the LO between MIS 55 and MIS 53, but lower (older age) than 
the lowest common occurrence (LCO) within MIS 48 (Raffi et al., 2006). 
The age corresponding to the LO of large Gephyrocapsa spp. (>5.5 μm) at 
Site U1387 is 1.545 Ma (Table 1), i.e. notably younger than the age 
assigned in the shipboard stratigraphy and in the GTS2012 (1.62 Ma; 
Anthonissen and Ogg, 2012) or the revised 1.59 Ma in the GTS2020 
(Raffi et al., 2020).

4.2. Oxygen isotope stratigraphy and age models for IODP Sites U1387 
and U1389

Using the nannofossil and magnetic stratigraphies as framework, the 
different MIS revealed in the benthic foraminifer δ18O record of IODP 
Site U1387 are identified by comparison to the high-resolution benthic 
foraminifer δ18O record of IODP Site U1308 (Hodell and Channell, 
2016a; Hodell and Channell, 2016b) (Fig. 6). The alignment in the MIS 
49 to MIS 65 interval was obvious as the great similarities in the shape of 
MIS 51, MIS 61 and MIS 65 provided solid anchor points. Due to the 
significant coring gaps below MIS 65 stratigraphic identification was 

more difficult. Since the magneto- and calcareous nannofossil stratig
raphies specified that the sediments above the youngest dolostone were 
deposited during the Olduvai subchron, the low δ18O values in the Site 
U1387 record below MIS 65 were associated with MIS 73 (Fig. 6). 
Although the millennial-scale oscillations during MIS 72 are not seen in 
the Site U1308 benthic foraminifer δ18O record, they correspond with 
the oscillations recorded in the Globigerina bulloides δ18O record of IODP 
Hole U1317E on the Irish margin (Fig. 1b) (Sakai et al., 2009). The 
assignment of the floating segment between MIS 65 and MIS 71 to the 
interval of MIS 67-MIS 69 was based on the record’s shape and keeping 
the average sedimentation rates before and after in mind.

Transferring the LR04 chronology onto the Site U1387 record was 
subsequently obtained by aligning the benthic foraminifer δ18O records 
of Sites U1387 and U1308 (Fig. 6), the latter of which was tuned to the 
LR04 stack (Hodell and Channell, 2016b). Initial tuning points were set 
at glacial maxima and/or glacial/interglacial transitions, whereas sub
sequent alignments were used to adjust clear offsets between the re
cords. For the interval of MIS 48 to late MIS 49 the age model follows 
Voelker et al. (2022), although with the age control points transferred to 
the CSF-B scale, leading to a small age offset relative to Voelker et al. 
(2022) for the same sample. The resulting linear sediment rates vary 
between 3.8 cm/kyr and 45.6 cm/kyr with lower sedimentation rates 
commonly occurring during colder (glacial, stadial) climate phases 
(Fig. 6).

For directly comparing the benthic foraminifer isotope records of 
Sites U1387 and U1389, the Site U1389 data needed to be transferred 
from the MedStack chronology of Kaboth et al. (2017b) to the LR04 
chronology. This was achieved by correlating the Site U1389 benthic 
δ18O record (Kaboth et al., 2017c) to the one from IODP Site U1308 
(Hodell and Channell, 2016b) (Supplementary Fig. S1). Identification of 
the MIS for the alignment followed Kaboth et al. (2017b) (note that MIS 
73 was mislabeled as MIS 71 in Fig. 3 of Kaboth et al., 2017b), except for 
the interval of MIS 75 to MIS 77 where the broad δ18O minimum at the 
beginning of the record was identified as MIS 77. Additional significant 
age shifts occur in the MIS 66 to MIS 69 interval (Supplementary 
Fig. S1). The chronology of the planktonic δ18O record of western 
Mediterranean Sea ODP Site 975 (Fig. 1b) (Pierre et al., 2020; Pierre 

Fig. 6. Oxygen isotope stratigraphy, age model and sedimentation rates for the early Pleistocene sequence of Hole U1387C. Identification of particular MIS 
(interglacial MIS indicated by numbers) and an age model related to the LR04 stack (Lisiecki and Raymo, 2005) were obtained by tuning the Site U1387 benthic δ18O 
record (red) to the one of IODP Site U1308 (blue) in the NE Atlantic (Hodell and Channell, 2016a; Hodell and Channell, 2016b). Tuning points, and thus age control 
points for Site U1387, are indicated by the arrows below the curves, whereby MIS transitions were primary tuning targets and additional points were set to adjust 
significant offsets resulting from extrapolation between the primary tuning points. The ensuing linear sedimentation rates for Site U1387 are shown in the bottom 
panel. Dashed lines indicate intervals of major coring gaps. (For interpretation of the references to colour in this figure legend, the reader is referred to the web 
version of this article.)
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et al., 1999) was also adjusted to the LR04 chronology by correlating 
glacial maxima in the Site 975 data with maxima in the Site U1308 
record. To minimize age offsets when comparing records, data from ODP 
Sites 607, 659 (only Tiedemann et al. (1994) data) and 981 were 
transferred to their respective LR04 chronology (Lisiecki and Raymo, 
2005; http://www.lorraine-lisiecki.com/stack.html).

5. Results

5.1. Stable isotope data and respective spectral analysis results

The benthic foraminifer δ18O record clearly shows glacial/intergla
cial cycles (Fig. 6, 7a) with higher values indicating glacial and stadial 
periods, concordant with reconstructions in younger periods of the Exp. 
339 Sites (e.g., Bahr et al., 2015; Voelker et al., 2015c; Kaboth et al., 
2016; Sierro et al., 2020). The benthic foraminifer δ13C record indicates 
several minima with the more pronounced occurring at the beginning of 
interglacials MIS 61, MIS 57, MIS 51 and MIS 49 (Fig. 7b). Whereas the 
isotopic values of sample U1387C-16R-2 67–69 cm (426.47 mbsf) were 
determined as reworked and have been discarded from the data series, 
two other samples with very low δ13C values were kept, but are flagged 
as potentially reworked. In both cases, samples U1387C-16R-3142–144 
cm (428.72 mbsf) and U1387C-17R-1142–144 cm (435.32 mbsf), their 
δ18O values fit the trends in the surrounding samples, whereas the cor
responding δ13C values do not. Flagging of sample U1387C-16R- 
3142–144 cm (428.72 mbsf) is further indicated due to the occurrence of 
turbidites within this core section (Alonso et al., 2016; B. Alonso, 

personal communication in 2016). On the other hand, the high δ13C 
value of sample U1387C-15R-4 30–32 cm (419.60 mbsf) is perceived as 
valid because the corresponding δ18O value falls within the general 
trend of the curve (Fig. 7).

Like other records from the deep Atlantic Ocean (Morée et al., 2021; 
Raymo et al., 2006), the Site U1387 benthic foraminifer δ18O record is 
mainly showing power in the obliquity bandwidth (41 kyr cycles) 
(Fig. 8a). The spectral analysis of the benthic foraminifer δ13C record, on 
the other hand, reveals a transition from obliquity in the earlier (older) 
part (1.7–1.78 Ma) towards precession in the younger part (1.5–1.65 
Ma), whereby the precession signal is shifted towards the 23–25 kyr 
band (Fig. 8b).

5.2. Sedimentological and logging data and respective spectral analysis 
results

The Malvern derived wt% sand record generally agrees well with the 
wt% sand data obtained from the wet sieved samples (Fig. 7g). The 
exception is the interval between 350.41 and 351.09 mbsf (within late 
MIS 49) when the Malvern data indicates dominant sand contributions 
of over 73 %, excluding the sample at 350.49 mbsf when the sand 
content dropped to zero (Figs. 3, 7). The overall similarity also reveals 
that the sieved sample record is not strongly biased in those intervals 
where gypsum crystals formed due to oxidation of pyrite after the 
sediment cores were opened (as confirmed by sulfite isotope analyses of 
the gypsum crystals; M. Boettcher, personal communication in 2019) 
and contributed to the weight of the sand fraction. For the most part of 

Fig. 7. IODP Site U1387 paleoenvironmental records vs. depth: a) benthic δ18O record [per mil VPDB] with dots marking respective samples; b) benthic δ13C data 
[per mil VPDB]; c) normalized natural gamma ray record (HSGR) from downhole logging (DS = dolostone); d) percentage of clay; e) sortable silt [μm]; f) D90 grain 
size record [μm]; g) percentage of sand derived from the Malvern Mastersizer analyses (light blue) and from weighing the washed sediment sample (dark magenta). 
Dashed lines indicate sections with major coring gaps. Orange bars highlight intervals of HSGR maxima and blue bars contourite beds. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of this article.)
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the record, the fine fraction <10 μm and silt dominate the grain size 
spectrum with sand content only increasing to values above 20 % in the 
contourite beds (Figs. 3, 7d, f-g). The loss of fine fraction indicates 
winnowing processes related to bottom current influence in those beds. 
Thus, the grain size analyses confirm the shipboard core description of 
silty mud contourites being formed at Site U1387 directly above the 
youngest dolostone (Expedition 339 Scientists, 2013b) (Fig. 7). As 
indicated by the D90 values the sand content is mainly within the very 
fine to fine sand range (Fig. 7f). The sortable silt mean varied mostly 
between 16 and 30 μm with maxima coinciding with maxima in D90 and 
wt% sand (Fig. 7). Sortable silt maximum values tend to be higher in the 
older part of the record (422–438 mbsf). All grain size related records 
agree with each other, having contemporary maxima, and reveal a 
clustering of contourite layers between 366 and 386 mbsf, correspond
ing to MIS 52 to MIS 55 but with a higher density within MIS 53. Unlike 

the benthic stable isotope records cyclicity in the grain size data on the 
depth scale is not immediately visible by eye and the timing of the 
contourite layer emplacement is also not strictly linked to the glacial- 
interglacial cycles. The normalized HSGR record shows several max
ima throughout the interval and one pronounced minimum around 437 
mbsf (Fig. 7c). HSGR tends to be higher in core intervals with relatively 
higher fine fraction <10 μm and silt content (lower sand content) (Lofi 
et al., 2016), but also lower carbonate content. Despite the overall high 
fine fraction <10 μm content of the Early Pleistocene sediments at Site 
U1387, no direct relationship between higher HSGR values and % fine 
fraction <10 μm is observed (Fig. 7). High HSGR can reflect relatively 
higher clay content and/or lower sand content. Some HSGR maxima 
coincide with the pronounced benthic foraminifer δ13C minima at the 
onset of MIS 61, MIS 57 and MIS 51. Lower HSGR appears to accompany 
higher SS means marking contourite beds (see MIS 60 to MIS 65 interval 

Fig. 8. Wavelet spectral analysis results for benthic δ18O (a) and δ13C (b) records as well as wt% sand (from washed samples; c), sortable silt (d), and for the 
normalized HSGR logging data (e). Whereas spectral analysis for records (a) to (d) was run only for the more continuous interval back to 1.85 Ma, the complete HSGR 
(back to 1.95 Ma) was analyzed. Dashed horizontal lines and numbers on right indicate obliquity (41 kyr), precession (21 kyr) and semi-precession (11 kyr) bands.
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in Fig. 7). So, based on the limited sortable silt and sand content evi
dence during the HSGR minimum at 422 mbsf, the pronounced HSGR 
minimum at 437 mbsf might be linked to a contourite bed. The available 
grain size data would support this, but because the data are from a 
“floating” section due to the coring gaps, caution should be applied. The 
dolostones (DS label in Fig. 7c), which mark the Plio-/Pleistocene hiatus 
(Expedition 339 Scientists, 2013b), are reflected in normalized HSGR as 
rapid oscillations.

The wt% sand and sortable silt records reveal spectral power within 
the precession band, but also in sub-orbital scale frequencies (Fig. 8c, d). 
Power in the shorter periods that are centered around 12–14 kyr 
(0.08–0.07 kyr− 1 frequency) and 7–8 kyr (0.14–0.125 kyr− 1 frequency) 
and might reflect semi- and quarter-precession periods or combinations 
of obliquity and precession forcing (Billups and Scheinwald, 2014), is 
evident especially around 1.72 Ma and between 1.52 and 1.65 Ma. The 
normalized HSGR spectrum reveals more persistent power in the 
obliquity band than the precession band, although, similar to the 
benthic foraminifer δ13C spectrum, a gradual shift towards the preces
sion band is observed after 1.7 Ma. Comparable to the grain size records, 
there is also power around the 14 kyr band between 1.56 and 1.67 Ma.

6. Discussion

6.1. Onset of Pleistocene contourite formation at IODP Site U1387

At Site U1387 the dolostones marking the Plio-/Pleistocene hiatus 
(associated with the Early Quaternary Discontinuity in seismic profiles; 
Hernández-Molina et al., 2016) occur in sections U1387C-19R-3 and 
U1387C-19R-4 (DS label in Fig. 7c). The shipboard biostratigraphy 

indicates a top age close to 2 Ma for the hiatus based on a planktonic 
foraminifer biostratigraphic event in sample U1387C-19R-3 20–22 cm 
(456.22 mbsf) (Expedition 339 Scientists, 2013b). The stable isotope 
chronology for Site U1387 refines the top age now to 1.946 Ma, which 
marks the recommencement of formation of sandy to muddy contourites 
at the central section of the Faro Drift in the Pleistocene (Figs. 6, 9). With 
that age post-hiatus sedimentation started 0.2 Ma earlier at the central 
Faro Drift than at paleo-moat Site U1386 where hemipelagic sedimen
tation started within MIS 61 (Fig. 9) (Lebreiro et al., 2015). On the other 
hand, at the Site U1389, located slightly deeper (644 m) at the Gua
dalquivir ridge (Fig. 1), the upper MOW branch started to form a con
tourite drift already during glacial MIS 78 (Kaboth et al., 2017b) (at 
2.087 Ma based on the LR04 chronology), thus preceding Site U1387 by 
about 0.14 Ma (Fig. 9).

Where the isotopic records of Sites U1387 and U1389 overlap and to 
a lesser extent also Sites U1387 and U1386 (mainly within MIS 58-MIS 
59 and MIS 49), they are similar enough that they appear to record the 
same thermohaline and biogeochemical conditions in the MOW. The 
very different δ13C signal between MIS 55-MIS 57 and MIS 49 at Site 
U1386 might be caused by enhanced admixing of Atlantic water into the 
MOW recorded in the paleo-moat (Lebreiro et al., 2015) or a reduced 
MOW influence as proposed for the Middle to Late Pleistocene paleo- 
moat record (Kaboth et al., 2017a). Furthermore, contribution of 
reworked benthic foraminifer specimens introduced by gravity- 
controlled sediment deposition cannot be excluded at Site U1386 
(Alonso et al., 2016; García-Gallardo et al., 2017). With MOW temper
ature and salinity properties apparently being similar at Sites U1387 and 
U1389 and global sea level not being significantly lower (higher) during 
the glacial (interglacial) periods of MIS 73 to MIS 78 (Miller et al., 2011; 

Fig. 9. Comparison of the early Pleistocene benthic δ18O (panel a) and δ13C (panel b) records from IODP Sites U1387 (red), U1386 (dark blue) and U1389 (light blue) 
highlight the agreement between the Gulf of Cádiz MOW records and the age differences for the end of the respective Plio-Pleistocene hiatus (top of younger 
dolostone). Panel c) shows the weight percentage sand >63 μm (terrigenous and biogenic components) data for Site U1387 (red) and U1389 (light blue). The Site 
U1389 data (Kaboth et al., 2017b; Kaboth et al., 2017c) is shown on the LR04 related age model generated for this study (Supplementary Fig. S1). The Site U1386 
records (Lebreiro et al., 2015), on the other hand, are shown against mcd depth (x-axis on top left in upper panel) and arranged relative to the Site U1387 records for 
a fit in the better resolved MIS 58-MIS 59 interval, leading to offsets (to the right vs. U1387) for the δ18O peaks identified as MIS 49 and MIS 55 by Lebreiro et al. 
(2015). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Rohling et al., 2014), the cause(s) for the time transgressive resumption 
of contourite formation by the upper MOW is not understood yet, and 
needs to be explored further in the future by making use of the new 
sediment cores collected during IODP Expeditions 397 and 401 (Hodell 
et al., 2024; Flecker et al., 2025). The resemblance between the two 
records allows splicing them together for a more complete MOW history 
in the Gulf of Cádiz during the MIS 65 to MIS 77 interval, also suggesting 
that the “floating” section within MIS 67-MIS 69 could potentially be 
12–14 kyr younger and coincide with the wt% sand maximum dated 
between 1.828 and 1.836 Ma (late MIS 67) at Site U1389 (Fig. 9c).

Interestingly, the strong upper MOW current during the Plio-/Pleis
tocene transition that led to the formation of the dolostones in the Gulf 
of Cádiz sites (Hernández-Molina et al., 2016; Hernández-Molina et al., 
2014) also enabled the growth of cold water coral mounds in the Por
cupine Seabight (IODP Site U1317; Fig. 1b) (Kano et al., 2007; Raddatz 
et al., 2014; Sakai et al., 2009; Thierens et al., 2013), which at the 
Challenger Mound reached maximum growth rates between 2.2 and 2.1 
Ma. The mound growth rate rapidly declined shortly after 2.1 Ma, i.e. 
exactly when MOW contourite sedimentation started at Site U1389 
(Kaboth et al., 2017b) (Fig. 9). The re-commencement of contourite 
formation at the Guadalquivir and Faro Drifts, i.e. at Sites U1389 and 
U1387, appears to reflect a shift in the water column structure in the 
Gulf of Cádiz and the eastern North Atlantic, with influence up to the 
Irish margin. The onset of sedimentation points to a less strong bottom 
current that allowed for particle accumulation along the upper MOW 
pathways on the southern Iberian margin. It remains to be seen if that is 
related to a shift in volume, i.e. more Mediterranean waters feeding into 
the lower MOW branches instead of the upper branch, and/or a change 
in the density structure above the upper MOW, i.e. shifts in the salinity 
and temperature properties of the overlying NACW leading to a lower 
density gradient between the two water masses. After the re-start, 
sedimentation was continuous with some variability in the sedimento
logical properties of the contourite beds (Figs. 3, 7, 9) that would indi
cate major changes in the strength of the upper MOW current. So, the 
combined records of Sites U1387 and U1389 provide no insights into 
why coral mound formation ceased in the Porcupine Seabight between 
1.7 and 1 Ma (Kano et al., 2007; Raddatz et al., 2014; Thierens et al., 
2013).

6.2. Upper MOW at the central Faro Drift

Despite the relative thin upper MOW layer above the central Faro 
Drift (Fig. 1b), Early and Middle Pleistocene paleoclimate records for 
seafloor conditions at Site U1387 have so far always been interpreted as 
being under continuous MOW influence (Singh et al., 2015; Voelker 
et al., 2022; Voelker et al., 2015c), even during times of a more sluggish 
bottom current as previously observed on the Faro Drift during the Late 
Pleistocene (Lebreiro et al., 2018). In contrast, Middle to Late Pleisto
cene records from the moat of the Faro Drift, i.e., IODP Site U1386, 
imply the absence or greatly reduced influence of the upper MOW 
during MIS 2 to MIS 4 and MIS 6 to MIS 10 (Kaboth et al., 2016; Kaboth 
et al., 2017a; Moal-Darrigade et al., 2022b). Moreover, studies for pe
riods younger than 1.47 Ma at IODP Sites U1386, U1387 and U1389 
(Fig. 1a) established links between NW African monsoon intensification, 
increased run-off from the Nile river and sapropel formation in the 
eastern Mediterranean Sea, all related to insolation maxima, and a more 
sluggish and less well ventilated (low epibenthic foraminifera δ13C 
values) MOW in the Gulf of Cádiz (Bahr et al., 2015; Voelker et al., 
2015c; Sierro et al., 2020; Voelker et al., 2022). Precipitation intensifi
cation was not limited to northern Africa but also affected the Iberian 
Peninsula increasing run-off from rivers like the Guadalquivir and 
Guadiana (Fig. 1a) (Bosmans et al., 2015a; Bosmans et al., 2015b). That 
run-off carried clays like smectite to the Faro Drift (Alonso et al., 2016; 
Moal-Darrigade et al., 2022a). Higher clay concentration in the sedi
ments increases the natural gamma ray of the formation allowing to link 
maxima in gamma ray to insolation maxima (Lofi et al., 2016; Sierro 

et al., 2000). Those causal links are in general confirmed by the Early 
Pleistocene records from IODP Site U1387, although not all minima in 
epibenthic δ13C, accompanied by a high fine fraction <10 μm content, 
are associated with a HSGR maximum (Fig. 7b-d; Fig. 10f, g). Wavelet 
analysis, furthermore, revealed that HSGR responded more to obliquity 
than precession forcing (within the age model constraints) between 1.9 
and 1.75 Ma (Fig. 8e). Only after 1.75 Ma, precession forcing within the 
25–23 kyr band becomes evident in the HSGR and epibenthic δ13C re
cords (Fig. 8b, e), whereas a dominantly ~21-kyr period signal is 
observed in wt% sand and sortable silt data (Fig. 8c, d). The different 
frequency response probably reflects a combination of factors affecting 
the various proxies, which merits further exploration in the future. The 
HSGR maximum marking the onset of MIS 51 stands out as both HSGR 
and epibenthic δ13C show high amplitude responses, despite occurring 
during a period marked by low precession and low insolation (Fig. 7; 
Fig. 10a, f, g).

The sedimentological records, i.e., SS, D90 and wt% sand (Fig. 7), 
clearly reveal the persistence of contourite bed formation throughout 
the Early Pleistocene, conforming with the initial shipboard observa
tions (Expedition 339 Scientists, 2013b). The SS data seems to indicate 
three different phases: 1) a faster MOW (mean speed near 30 μm) in the 
1.85–1.7 Ma interval; 2) a slower MOW (low-amplitude mean speed 
ranging 20–25 μm) between 1.7 and 1.61 Ma; and 3) the cluster of 
contourites around MIS 53 (25–30 μm mean speed range). An abnormal 
occurrence is the sandier layer indicated by the Malvern grain size an
alyses during late MIS 49, which disagrees with the sand weight data 
from the washed sediment samples (Fig. 7g). This interval corresponds 
to a highly bioturbated coarse contourite. So, the difference might 
reflect influences of bioturbation (sandier patches) affecting the smaller 
sample volume taken for the grain size analyses more strongly than the 
washed sample series that more likely averages out grain size variability 
in the highly bioturbated sediment. As already previously observed (e.g., 
Voelker et al., 2015c; Moal-Darrigade et al., 2022b) and in agreement 
with the bi-gradational contourite model (Faugères et al., 1984; Stow 
and Faugères, 2008), the maxima in the wt% sand and D90 mark the 
sandiest section of a contourite bed, i.e., the period of highest bottom 
current velocity, whereas the ramping up and tailing in the sortable silt 
record reflect the gradual increase and decline of current velocity 
(Fig. 7). The contourite beds were formed during periods with higher 
epibenthic δ18O values, i.e., stadials with assumed cooler background 
climate, and we will explore potential climatic influences and forcing in 
subchapter 6.3. Formation of contourite beds prevailed in particular 
during the MIS 55 to MIS 52 interval (1.6–1.5 Ma; Fig. 7; Fig. 11f) in the 
lead-up to the regime change at 1.5 Ma and synchronous with changes in 
North Atlantic deep-water circulation (Hodell and Channell, 2016b; 
Khélifi and Frank, 2014; Lisiecki, 2014). The wavelet analyses revealed 
that the contourite bed formation occurred at semi- (11 kyr) and 
quarter-precession (7–8 kyr) periods (Fig. 8c, d). Those periodicities 
were already previously observed in North Atlantic subtropical gyre 
surface water records from the Early Pleistocene (Billups and Schein
wald, 2014; Ferretti et al., 2015; Trotta et al., 2025) and the Early 
Pleistocene MOW at Site U1389 (Kaboth et al., 2017b) and point to a 
link between lower- to mid-latitudinal insolation forcing and millennial- 
scale variability in MOW velocity. Following McIntyre and Molfino 
(1996) and Rutherford and D’Hondt (2000), we assume that modulation 
in the zonal winds, increased northward heat flux from the tropics to the 
higher latitudes and their impact on water mass transformation in the 
North Atlantic’s subtropical gyre (e.g., subtropical NACW) played a role.

6.3. Potential drivers for the upper MOW variability and signals

Following Colleoni et al. (2012), we will explore which low-to-mid 
latitudinal and high-latitudinal processes could be potential drivers for 
the water mass and sedimentological signals observed at Site U1387.
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6.3.1. Mediterranean Sea influences and lower mid-latitude signals
The MOW in the Gulf of Cádiz is a mixture of the Mediterranean 

water exiting through the Strait of Gibraltar and the surrounding North 
Atlantic water masses, in particular the overlying NACW and the un
derlying AAIW and North Atlantic Deep Water (NADW). The subsurface 
outflow from the Mediterranean Sea consists of a mixture of Mediter
ranean intermediate and deep waters (Bryden et al., 1994; Millot, 2014). 
The intermediate waters are formed in the Levantine basin (Levantine 
Intermediate Water; LIW) and near Crete (Cretan Intermediate Water), 
whereas deep convection in the southern regions of the Aegean and 
Adriatic seas contribute to the Tyrrhenian Dense Water and convection 
in the Gulf of Lions forms the Western Mediterranean Deep Water 
(WMDW) (Candela, 2001; Millot et al., 2006; Schroeder et al., 2017). 
Except for the NADW (Fig. 10d, e), we do not have direct proxy records 
for the different water masses during our study period. So, we utilize 

planktonic foraminifer δ13C records from the Mediterranean Sea 
(Fig. 10b, c; Supplementary Fig. S2) to infer conditions in Mediterranean 
Sea surface waters that would be transferred into the intermediate and 
deep waters and subsequently into the MOW (Kaboth et al., 2017b). In 
addition, the Ba/Al record of ODP Site 967 in the eastern Mediterranean 
Sea (Fig. 1b; Fig. 10h) indicates periods when sapropel layers were 
formed, linked to increased run-off from the Nile river (Grant et al., 
2022a; Grant et al., 2022b) and Atlantic moisture (Sierro et al., 2025), 
whereas its dust record (Fig. 11d) (Larrasoaña et al., 2003) could indi
cate periods when strong winds might boost ventilation and convection 
in the Levantine basin and thus formation of LIW.

The comparison between the Mediterranean Sea δ13C and the Site 
U1387 epibenthic δ13C records (Fig. 10c; Supplementary Fig. S2) shows 
that low ventilation in the surface water and thus (assumed) the LIW and 
the upper MOW occurred at the same time only during four periods, i.e., 

Fig. 10. Water mass influences on the MOW signal at Site U1387: a) Obliquity (black) and precession parameter (orange) (Laskar et al., 2004); b) the IODP Site 
U1387 benthic δ18O record (red) in comparison to the G. bulloides δ18O record (black) from ODP Site 975 in the western Mediterranean Sea (Pierre et al., 1999; Pierre 
et al., 2020) (age model adjusted to LR04); c) to e) the IODP Site U1387 benthic δ13C data (light red) compared to b) the ODP Site 975 G. bulloides δ13C data (Pierre 
et al., 1999; Pierre et al., 2020) (black; Y-axis on right), the upper North Atlantic Deep Water (NADW) record from ODP Site 981 (Raymo et al., 2004) (d; blue; 
converted to LR04 chronology) and lower NADW record from IODP Site U1308 (Hodell and Channell, 2016a; Hodell and Channell, 2016b) (e; dark blue); f) 
insolation at 37◦N on June 21st (Laskar et al., 2004); g) IODP Hole U1387C natural gamma ray record; and h) Detrital carbonate deposition by ice-rafting events at 
IODP Site U1308 (black) as revealed by lower bulk carbonate δ18O values (Hodell and Channell, 2016a; Hodell and Channell, 2016b) and sapropel layers in the 
Eastern Mediterranean Sea as identified by Ba/Al maxima at ODP Site 967 (Grant et al., 2022a; Grant et al., 2022b) (green) with the bars marking some of the 
sapropel intervals. Plus or minus signs in panels c) to e) indicate periods when the δ13C records show similar (+) or opposite (− ) signals, respectively. Some Marine 
Isotope Stages (MIS) are indicated in panel b). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.)

A.H.L. Voelker et al.                                                                                                                                                                                                                           Marine Geology 492 (2026) 107697 

13 



MIS 64, MIS 61, MIS 57 and MIS 51, whereby only the MIS 61 and MIS 
57 intervals coincided with sapropel formation (Fig. 10h). Amplitudes in 
the δ13C decline during all four periods were similar at ODP Site 975, 
located in the Balearic basin (western Mediterranean Sea) (Fig. 1b), 
within the MedStack (Wang et al., 2010) (Supplementary Fig. S2 upper 
panel) and the Site U1387 MOW record, whereas they diverge from the 
ODP Site 967 record in the Levantine Sea (eastern Mediterranean Sea) 
(Supplementary Fig. S2 lower panel). We assume that during all those 
periods poorly ventilated LIW contributed to the MOW at Site U1387, 
even if Lebreiro et al. (2015) indicate a strong Atlantic water presence in 
the moat of the Faro Drift (IODP Site U1386) during the interglacial 
periods between MIS 39 and MIS 59. The water depth of Site U1387 is 
too shallow for any AAIW influence, so that we exclude AAIW as source 

for the low δ13C waters, conforming with Voelker et al. (2015c). Because 
sapropel formation occurred mainly during interglacial periods, deep- 
water formation in the North Atlantic should be active and produce 
well-ventilated deep (and central) waters. This is in general confirmed 
by the upper and lower NADW records from ODP Site 981 and IODP Site 
U1308 (Fig. 10d, e). Only during glacial MIS 64 and the stadial event 
during MIS 49 lesser ventilated waters from the upper water column in 
the North Atlantic might have contributed to the signal at Site U1387 
(Fig. 10d). However, MIS 51 (1.51–1.53 Ma) stands out as an enigmatic 
period as ventilation is poor across the complete water column, i.e., from 
the surface waters all the way down into the lower NADW depth range at 
IODP Site U1308 and contemporary in the Mediterranean Sea and the 
North Atlantic Ocean (Fig. 10c-e). The poor ventilation started already 

Fig. 11. Low and high latitude influences on the MOW velocity changes: a) the IODP Site U1387 benthic δ18O record; b) Lipid biomarker derived sea-surface 
temperature (SST) data for mid-latitudinal IODP Site U1313 (Naafs et al., 2012) and subpolar ODP Site 982 (Lawrence et al., 2009); c) Ice-rafted debris record 
of subpolar North Atlantic ODP Site 983 (Barker et al., 2022) and the percentage of assumed cold water related planktonic foraminifer Neogloboquadrina pachyderma 
at DSDP Site 607 (same location as U1313) (Ruddiman et al., 1989); d) Saharan dust flux into the eastern Mediterranean Sea at ODP Site 967 (Larrasoaña et al., 
2003); e) Saharan dust related records from ODP Site 659 off NW Africa presented as % Dust (dark green; Tiedemann et al., 1994) and as Dust flux (light green; 
Crocker et al., 2022); f) Sortable silt and weight-% sand records of IODP Site U1387. Orange bars mark contourite bed intervals formed under interglacial climate 
conditions, blue bars those associated with stadial events and the yellow bar MIS 51. TSE: terminal stadial event; number in a) indicate MIS. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of this article.)
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in MIS 52 (mostly lacking in U1387 because of the core transition) and 
lasted 8 kyr into the interglacial (until 1.522 Ma), whereby the low δ13C 
values at Site U1308 would point to the presence of southern sourced 
waters (Antarctic Bottom Water levels) and thus a much-reduced 
Atlantic meridional overturning circulation. The strong perturbation 
in the ventilation of the North Atlantic under interglacial conditions and 
consequently in the carbon cycle merits further exploration in the 
future, because those signals are not clear. Sea-ice changes in the Nordic 
Seas as proposed by Raymo et al. (2004) to explain Early Pleistocene 
glacial lower δ13C values in the intermediate depths (1150–2300 m) 
should normally not apply for an interglacial period and the Site U1308 
bulk carbonate δ18O record (Fig. 10h) shows only a minor event at the 
onset of MIS 52, although further to the north at Site 983 persistent ice- 
rafted debris deposition was recorded (Fig. 11c) (Barker et al., 2022).

Given the age model constraints and differences in temporal reso
lution between the ODP Site 967 dust record (Larrasoaña et al., 2003) 
and the Site U1387 benthic δ13C and contourite bed records, causal links 
need to be inferred cautiously. The contourite beds during MIS 65 and 
the MIS 57 – MIS 55 interval were formed under warm, interglacial 
climate conditions (Fig. 11b), in contrast to many of the other contourite 
beds (see 6.3.2; Voelker et al., 2015c; Voelker et al., 2022). Therefore, 
velocity increases in the MOW were not linked to a density gradient 
between less saline, cooler North Atlantic surface waters and the saline 
Mediterranean waters (Rogerson et al., 2012a; Rogerson et al., 2012b). 
In agreement with Late to Early Pleistocene observations (Lebreiro et al., 
2015; Voelker et al., 2015c; Kaboth et al., 2016; Kaboth et al., 2017b; 
Moal-Darrigade et al., 2022b; Voelker et al., 2022), the upper MOW was 
well ventilated during periods of contourite bed formation (Fig. 7) and 
increased windiness in the Eastern Mediterranean Sea (more dust at Site 
967; Fig. 11d) appears to have produced a well-ventilated LIW (as re
flected in the generally high planktonic δ13C data at Site 967 and in the 
MedStack; Supplementary Fig. S2). Well-ventilated LIW and WMDW 
were observed during windier, although colder, climate periods of the 
last glacial cycle (Moreno et al., 2005; Cacho et al., 2006; Frigola et al., 
2008; Toucanne et al., 2012), supporting our assumption that the same 
occurred during the Early Pleistocene and contributed to the MOW 
signal at Site U1387. As windier conditions were also recorded off NW 
Africa (ODP Site 659; Fig. 11e) (Tiedemann et al., 1994; Crocker et al., 
2022), enhanced atmospheric circulation over all of northern Africa that 
could have increased evaporation can be inferred, thereby increasing 
salinity and subsequently density in the Mediterranean intermediate and 
deep waters that fed into the MOW. Thus, those interglacial contourite 
beds appear to be linked to atmospheric conditions in the Mediterranean 
Sea region. The exception to the rule might be again MIS 51 when 
neither contemporary increased dust (wind; giving more weight to the 
higher resolution record of Crocker et al. (2022)) nor cooler North 
Atlantic surface waters (see 6.3.2) were observed (Fig. 11).

6.3.2. High latitude influences
The majority of the Pleistocene contourite beds were formed during 

stadials (or Greenland stadials during MIS 2 – MIS 5) including the 
terminal stadial events occurring during deglaciation (Voelker et al., 
2006; Voelker et al., 2015c; Sierro et al., 2020; Moal-Darrigade et al., 
2022b; Voelker et al., 2022). Rogerson et al. (2012a, 2012b) explained 
the increased flow velocity during the colder periods with the increased 
density gradient between the less saline (and thus less dense) North 
Atlantic surface waters in the Gulf of Cádiz and the saline (dense) 
Mediterranean waters entering the Gulf of Cádiz. The colder, less saline 
surface waters are linked to ice-sheet disintegration and ice-rafting in 
the North Atlantic and the related shift in oceanographic fronts in the 
North Atlantic (e.g., Voelker et al., 2006; Voelker et al., 2022). The same 
concepts should apply to the Early Pleistocene contourite beds not 
occurring under interglacial conditions. The Site U1387 records reveal 
contourite beds related to the terminal stadial events of MIS 50, MIS 60 
and MIS 62, which were all associated with ice-rafting and cooler sea- 
surface temperatures in the North Atlantic (Fig. 10h; Fig. 11b, c). The 

majority of stadial related contourite beds were, however, formed as 
part of the millennial-scale climate variability occurring during the 
transition from interglacial to full glacial conditions, namely during late 
MIS 51, MIS 53, MIS 57, MIS 59, and probably MIS 63 and the transition 
from MIS 73 into MIS 72. Most of those periods were characterized by 
cooler surface water conditions (within temporal resolution and age 
model constrains) in the North Atlantic (Fig. 11b, c), but not necessarily 
ice-rafting in the mid-latitudinal North Atlantic (e.g., MIS 73, MIS 57; 
Fig. 10h; Fig. 11c). This probably reflects the smaller Laurentide ice 
sheet (Bintanja and van de Wal, 2008) and reduced glacial erosion 
(sedimentation) rates from the Scandinavian ice sheet as recorded along 
the Norwegian margin and in the North Sea during that time (Lien et al., 
2022).

7. Conclusions

The millennial-scale time series of IODP Site U1387, although 
hampered by coring related sediment gaps in the older sequence, pro
vide insights into the history of the upper MOW core above the central 
Faro Drift. Nannofossil biostratigraphic data and paleomagnetic and 
δ18O stratigraphy provide a rigorous stratigraphic framework for the 
time series. Early Pleistocene sedimentation of sandy to muddy con
tourites restarted at 1.946 Ma, i.e., within Marine Isotope Stage (MIS) 
74, and thus slightly younger than at IODP Site U1389. The sortable silt 
and sand percentage records clearly highlight the contourite beds, 
whose formation was strongly influenced by precession-driven climate 
forcing, including both semi- and quarter-precession cycles. Most of the 
contourite beds developed during stadial (colder) climate periods, 
including the terminal stadials of MIS 50, MIS 60 and MIS 62, consistent 
with earlier findings from the Early to Late Pleistocene in the Gulf of 
Cádiz and along the southwestern Portuguese margin. Their formation is 
therefore related to the high latitude processes associated with ice sheet 
instabilities and their impact on North Atlantic thermohaline circula
tion. Contourite beds within MIS 53, MIS 55 and MIS 65, developed 
under interglacial conditions and their formation appears to be linked to 
the prevailing atmospheric (windy) conditions over North Africa, i.e., 
low- to mid-latitudinal processes. Conforming with the observations of 
Lofi et al. (2016), maxima in the natural gamma ray occurred during 
periods with high fine fraction <10 μm content and low ventilation in 
the upper MOW core, related to insolation maxima. Poor ventilation in 
the upper MOW was linked to reduced ventilation in Mediterranean Sea 
surface waters, although lesser ventilated North Atlantic waters might 
sometimes also have contributed to the δ13C signals at Site U1387. One 
such case would be MIS 51, when poor ventilation was observed 
throughout the water column from the surface to the lower NADW range 
and contemporary in the Mediterranean Sea and the North Atlantic. As 
those unique conditions lasted 8 kyr into the interglacial, MIS 51 pre
sents a peculiar case that merits further exploration in the future.
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the World Data Center PANGAEA (Felden et al., 2023) and the data 
bundle is accessible via https://doi.org/10.1594/PANGAEA.987448. 
The downhole logging data for normalized HSGR is available from IODP 
at https://mlp.ldeo.columbia.edu/data/.
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Castañeda, I.S., Schouten, S., Pätzold, J., Lucassen, F., Kasemann, S., Kuhlmann, H., 
Schefuß, E., 2016. Hydroclimate variability in the Nile River Basin during the past 
28,000 years. Earth Planet. Sci. Lett. 438, 47–56. https://doi.org/10.1016/j. 
epsl.2015.12.014.

Channell, J.E.T., Hodell, D.A., Curtis, J.H., 2016. Relative paleointensity (RPI) and 
oxygen isotope stratigraphy at IODP Site U1308: North Atlantic RPI stack for 1.2–2.2 
Ma (NARPI-2200) and age of the Olduvai Subchron. Quat. Sci. Rev. 131 (Part A), 
1–19. https://doi.org/10.1016/j.quascirev.2015.10.011.

Channell, J.E.T., Singer, B.S., Jicha, B.R., 2020. Timing of Quaternary geomagnetic 
reversals and excursions in volcanic and sedimentary archives. Quat. Sci. Rev. 228, 
106114. https://doi.org/10.1016/j.quascirev.2019.106114.

Clark, P.U., Shakun, J.D., Rosenthal, Y., Köhler, P., Bartlein, P.J., 2024. Global and 
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