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Abstract. We have analyzed marine palynomorphs (mainly dinocysts and acritarchs) from the Integrated Ocean
Drilling Program Site U1307 in the Labrador Sea in order to establish a detailed biostratigraphy for the Late
Pliocene to Early Pleistocene. We have defined three magnetostratigraphically calibrated dinocyst and acritarch
biozones in the Late Pliocene to Early Pleistocene. Zone LS1 is defined based on the highest occurrence of
Barssidinium graminosum and covers the later Pliocene from 3.21 to 2.75 Ma. Zone LS2 is marked by the
acme of Pyxidinopsis braboi which occurs between 2.75 and 2.57 Ma, thus encompassing the Plio–Pleistocene
transition. Finally, zone LS3 extends from 2.57 to 2.23 Ma in the Early Pleistocene.

The palynostratigraphic record of IODP Site U1307 is difficult to correlate to other North Atlantic and Nordic
Seas sites mainly because of a different temporal resolution and a lack of well-defined biostratigraphic marker
species at the basin scale. The low abundance, discontinuous occurrence and asynchronous events of warm-water
Pliocene taxa such as Invertocysta lacrymosa, Impagidinium solidum, Ataxiodinium confusum, Melitasphaerid-
ium choanophorum and Operculodinium? eirikianum suggest cooler conditions in the Labrador Sea than else-
where in the North Atlantic, reflecting a strong regionalism. Nevertheless, as recorded at other locations in the
North Atlantic, the disappearance of many dinocyst and acritarch taxa around 2.75 Ma at Site U1307 reflects a
strong ecological response accompanying the intensification of the Northern Hemisphere glaciation.

1 Introduction

The Cenozoic was marked by large tectonic, paleoceano-
graphic and paleoclimatic events that ultimately led to the
initiation and the intensification of the Northern Hemisphere
glaciations (iNHG; Shackleton et al., 1984; Mudelsee and
Raymo, 2005). Well-constrained chronologies are crucial
for documenting and better understanding the paleoceano-
graphic conditions and paleoclimatic changes around the
iNHG at the end of the Cenozoic. However, the stratigraphic
control is limited due to poor carbonate preservation in
high-latitude oceans, and this hampers accurately document-
ing and understanding the paleoceanographic and climatic
change around this time. The temporal coverage of existing

stratigraphic schemes is often incomplete or the resolution
is too low (Harrison et al., 1999). Mattingsdal et al. (2014)
demonstrated the importance of a robust chronology to re-
construct the regional history of the Fram Strait gateway in
order to better understand exchange between the Arctic and
Atlantic oceans as well as the intensification of glaciation in
the Barents Sea and on Svalbard. Today, uncertainties remain
about the relationships between the different ocean gateways,
including the Bering Strait, the Canadian Arctic Archipelago,
the Fram Strait and Isthmus of Panama and their implication
in the intensification of the Northern Hemisphere glaciation
(iNHG; Sarnthein et al., 2009; Matthiessen et al., 2009).

The Labrador Sea is well located to document past climate
and ocean circulation in relation with the Northern Hemi-
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sphere glaciation because of its proximity to Greenland and
northeast North America, which permits the identification
of important phases of glacial activity of the Greenland and
Laurentide ice sheets through its sedimentary input (Thiede
et al., 2011; Andrews and Tedesco, 1992). The Labrador
Sea is also a transitional basin between Baffin Bay and the
western North Atlantic (Fig. 1), where winter convection
presently accounts for a part in the Atlantic Meridional Over-
turning Circulation (AMOC; Weaver et al., 1999; Yashaya-
hev, 2007; Yashayahev et al., 2007). Two main surface cur-
rents characterize the Labrador Sea. Along the Greenland
margins, the West Greenland Current (WGC) is composed of
the warm waters from the North Atlantic Drift (NAD) mixing
with cold waters of the East Greenland Current. Along the
Canadian margins, the Labrador Current (LC) flows south-
ward, carrying cold waters from the Arctic via Baffin Bay
and the Hudson Strait. Hence, the paleoceanography of the
Labrador Sea should permit to document the exchange be-
tween the Arctic and the North Atlantic. However, in the
Labrador Sea as in many high-latitude settings, biostratig-
raphy and paleoceanographic reconstructions from deep-sea
sediments are challenging because of the low preservation
of biosiliceous and calcareous microfossils (e.g., Baldauf et
al., 1989). Hence, in the Neogene sediments of the subpolar
North Atlantic and North Pacific oceans, organic-walled mi-
crofossils such as dinoflagellate cysts (hereafter dinocysts)
and acritarchs are very useful to establish biostratigraphi-
cal schemes (Louwye et al., 2004; De Schepper and Head,
2008a, b, 2009; De Schepper et al., 2009, 2014, 2017; Dy-
bkjær and Piasecki, 2010; Verhoeven et al., 2011; Schreck
et al., 2012; Zorzi et al., 2019). Since the 1980s, several re-
gional studies across the North Atlantic and the Nordic Seas
(the Iceland Sea and the Norwegian Sea) have led to the
improvement of the taxonomy of dinocysts and acritarchs
(Head, 1993, 1996, 1997; Versteegh and Zevenboom, 1995;
Head and Norris, 2003; De Schepper et al., 2004; De Schep-
per and Head, 2008a, 2014; Schreck et al., 2012; Verhoeven
et al., 2014) and to the development of calibrated biozona-
tions that may allow correlations (De Schepper and Head,
2009; Schreck et al., 2012; De Schepper et al., 2017). More-
over, the paleoecological affinities of extinct Neogene taxa
were also explored to better understand the significance of
bioevents (De Schepper et al., 2009, 2011; Hennissen et al.,
2015, 2017; Schreck et al., 2017).

The number of studies dealing with Neogene dinocysts
and acritarchs in the western part of the subpolar North At-
lantic remains limited and their spatial coverage is incom-
plete. Only a few sites drilled in the northwestern North At-
lantic cover the Pliocene. They include the Ocean Drilling
Program (ODP) sites 646 off southwest Greenland, 647 in
the south central Labrador Sea, 645 in Baffin Bay and the
Integrated Ocean Drilling Program (IODP) sites U1306 and
U1307, both located at the southern tip of Greenland on
the Eirik Drift in the Labrador Sea (Fig. 1) (Baldauf et al.,
1989; Channell et al., 2010; Blake-Mizen et al., 2019). In

the Labrador Sea, marine palynological studies at the above
mentioned ODP sites have led to coarse-resolution biostratig-
raphy of dinocysts and acritarchs encompassing the upper
Miocene to Pleistocene (de Vernal and Mudie, 1989; Head
et al., 1989). At ODP Site 646, de Vernal and Mudie (1989)
defined five biostratigraphic zones encompassing the Early
Pliocene (∼ 5.4 Ma) to Holocene (0 Ma) based on acmes
and the common occurrence of dinocyst and acritarch taxa.
The age model was based on calcareous nannofossil bios-
tratigraphy (Knüttel et al., 1989) and magnetostratigraphy
(Clement et al., 1989). The dinocyst biostratigraphy of de
Vernal and Mudie (1989) deserves to be revisited in the light
of the new dinocyst descriptions (cf. above) and because of
the low resolution of the initial stratigraphic study. Here, we
focus on the nearby and more recently drilled IODP Site
U1307 (58◦30.3′ N, 46◦24′W; Fig. 1), where a continuously
spliced sedimentary sequence has been recovered, and a de-
tailed age model was established (Blake-Mizen et al., 2019).
The present study has been undertaken to establish a de-
tailed palynostratigraphy covering the Late Pliocene to Early
Pleistocene in the Labrador Sea with the double objective
of (i) identifying bioevents that may be used for a biostrati-
graphic purpose on a large scale and (ii) to pinpoint dinocyst
and acritarch assemblage transitions that represent regional
ecological response to ocean change. To do so, we have
defined biozones and bioevents which we compare to cali-
brated dinocyst and acritarch biostratigraphic schemes from
the North Atlantic and Nordic Seas (Head and Norris, 2003;
De Schepper and Head, 2008a, b, 2009, 2014; De Schepper
et al., 2017).

2 Materials and methods

2.1 Marine sediments

IODP Site U1307 is located near the southern tip of Green-
land (58◦30.3′ N, 46◦24′W) at a water depth of 2575 m on
the Eirik Drift (Fig. 1). Two holes (U1307A and U1307B)
were drilled, reaching a maximum depth of 162.6 m below
sea floor (m b.s.f.). The composite sequence from the two
holes yields a complete and an almost continuous section of
∼ 175 m of Late Pliocene through Holocene sediments.

The lithology has been divided into three units from the
top to the bottom (Expedition 303 Scientists, 2006). Unit I
(49.55–0 m c.d. – meters composite depth) consists of pre-
dominant silty clays containing foraminifers and foraminifer
and nannofossil oozes. Unit II (49.55 to 133.86 m c.d.) con-
sists almost exclusively of silty clay. Unit III (133.86 to
173.6 m c.d.) consists mainly of silty clay, silty clay with nan-
nofossil oozes and occasional diatom mats. All samples for
this study were collected from the lower part of Unit II and
Unit III between 116.43 and 172.99 m c.d.
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Figure 1. Map of the Labrador Sea showing the location of Site IODP U1307, other sites mentioned in the text and the modern surface
currents (made with Ocean Data View; Schlitzer, 2018).

2.2 Palynological work

2.2.1 Palynological preparation

The 178 samples were prepared in two different laborato-
ries. A total of 126 samples were treated with the standard
palynological preparation method of de Vernal et al. (1999)
and processed at the micropaleontological laboratory of
Geotop at UQAM. Samples were first dried and weighed
prior to being wet sieved on 10 and 106 µm mesh sieves.
One Lycopodium clavatum spore tablet (Batch no. 177745
with n= 18584±829 spores; no. 124961 with n= 12542±
931 spores; no. 483216 with n= 18583± 1708 spores; and
no. 3862 with n= 9666±671 spores per tablet) was added to
the remaining 10–106 µm fraction and digested in warm hy-
drochloric acid (HCl; 10 %) to remove carbonate particles.
This was followed by a hydrofluoric acid (HF; 49 %) treat-
ment to dissolve silicates. Between each step samples were
washed with water. Finally, the residues were sieved again
on a 10 µm mesh sieve. In addition, heavy liquid separation
in a solution of sodium polytungstate calibrated for a specific
density of 2 was used (Munsterman and Kerstholt, 1996) for
the removal of the remaining silicates and heavy minerals.
According to Mertens et al. (2009), heavy liquid separation
does not bias the results. Residues were mounted on micro-
scope slides with glycerin jelly.

The 52 remaining samples were prepared at Palynologi-
cal Laboratory Services Ltd (Holyhead, UK) and followed

the palynological preparation described in De Schepper et
al. (2017). The samples were dried, weighed and put in
a beaker. One Lycopodium clavatum spore tablet (Batch
no. 483216 with n= 18583± 1708 spores and no. 124961
with n= 12542± 931 spores per tablet) was added prior to
chemical degradation with cold acids. First, HCl (50 %) was
added, followed by adding water and sieving using a 10 µm
sieve cloth. The collected residue was returned to the beaker
and 100 mL HF (60 %) was added. After dilution with water,
the residue was again sieved using a 10 µm sieve cloth. Ox-
idation or ultrasound was not used. Polyvinyl alcohol (1 %)
was added to the residue to prevent clumping, and some sam-
ples were stained with Safranin O. Residues were mounted
on microscope slides with glycerin jelly.

2.2.2 Microscopic analysis and counts

The microscope analyses of 143 samples were done by Au-
rélie M. R. Aubry using a Leica DMR microscope, while
35 samples were counted by Stijn De Schepper using a
Zeiss Axio Imager A2 microscope. All counts were done
using transmitted light at 400× and 1000× magnification.
Dinocyst and acritarch assemblages were the focus of this
study, but spores, pollen grains, benthic foraminifer linings,
freshwater algae and reworked palynomorphs were also enu-
merated. Reworked palynomorphs were distinguished based
on the preservation state and/or their known extinct range.
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The concentrations of palynomorphs were calculated using
the marker grain method of Stockmarr (1971) and are re-
ported as specimens per gram (g) of dry sediment with an
approximate error of ±10 % for a confidence interval of
0.95 (de Vernal et al., 1987; Mertens et al., 2009). The
stratigraphic occurrence of selected dinocyst and acritarch
taxa is reported in Fig. 3 with reference to absolute abun-
dance as follows: occasional (< 10 cysts g−1), few (10–
100 cysts g−1), common (100–1000 cysts g−1) and abundant
(> 1000 cysts g−1).

The list of taxonomic names and their full authorial cita-
tions of taxa encountered in this study is presented in Data S1
in the Supplement. Raw data are available in Data S2.

2.2.3 Taxonomy and nomenclatures

The taxonomic nomenclature follows the DINOFLAJ3
database of Williams et al. (2017). Some taxa were only
grouped into generic categories when identification at
the species level was equivocal, such as the following:
Spiniferites/Achomosphaera spp., Impagidinium spp., Leje-
unecystsa spp. and Operculodinium spp.

The identification of the “round hairy” cysts was not al-
ways easy, and sometimes it was not possible to distinguish
the crucial morphological features of Filisphaera filifera, Fil-
isphaera microornata and Bitectatodinium tepikiense. This
led us to group some specimens as Filisphaera spp. or Fil-
isphaera/Bitectatodinium indet. when classification to the
species level was not possible. The subspecies Filisphaera
filifera filifera and Filisphaera filifera pilosa (Head, 1993)
were grouped as Filisphaera filifera. The vermiculate and
columellate forms of Bitectatodinium tepikiense were iden-
tified but grouped as Bitectatodinium tepikiense.

2.3 Age model, resolution and uncertainties

The age model established in the initial report of the expe-
dition was mainly based on nannofossil and magnetostati-
graphic datums (Fig. 2; Expedition 303 Scientists, 2006;
Channell et al., 2010). Stable isotope measurements on
planktonic foraminifera (Neogloboquadrina atlantica) from
117.64 to 173.32 m c.d. and a correlation with the LR04 ben-
thic foraminiferal δ18O stack of Lisiecki and Raymo (2005)
led Sarnthein et al. (2009) to propose another age model.
Hence, there were two different age models for the inter-
val spanning from 2.6 to 3.6 Ma, both relying on the ship-
board magnetostratigraphy and biostratigraphy (Expedition
303 Scientists, 2006; Channell et al., 2010). The age mod-
els differed in the identification of the Kaena and Mammoth
magnetic events and in the position of the pronouncedly cold
marine isotopic stage (MIS) M2 in the δ18O record (Fig. 2).
Sarnthein et al. (2009) also used the highest occurrence
(HO) of two dinocyst species, Operculodinium? eirikianum
and Barssidinium pliocenicum, as tie points for the isotopic
stratigraphy at ∼ 3.3 Ma. However, the HOs of these species

have been shown to be asynchronous in the North Atlantic
and the Nordic Seas (De Schepper et al., 2015, 2017), and
the age of 3.3 Ma based on correlation with the discontinu-
ous ODP Hole 646B sequence (de Vernal and Mudie, 1989;
Clement et al., 1989) was not warranted. Further uncertainty
about using these dinocyst events comes from the resolution
of the shipboard palynological analyses for Site U1307. As
the onboard analyses were done in core catcher sediments,
the intervals between samples was at least 10 m (Expedition
303 Scientists, 2006; Channell et al., 2010).

Recently, Blake-Mizen et al. (2019) published a new high-
resolution magnetic susceptibility record and proposed a re-
vised chronostratigraphy for IODP Site U1307. Their age
model spans the last ∼ 3.2 Myr and is based on magne-
tostratigraphic reversals and the relative paleointensity (RPI),
which was tuned to the RPI of IODP Site U1308 (Channell et
al., 2016). The lowest paleomagnetic reversal is identified to
be at the top of the Mammoth subchron (3.20 Ma) and not the
Gauss–Gilbert reversal (3.58 Ma) as previously thought (Ex-
pedition 303 Scientists, 2006; Sarnthein et al., 2009; Chan-
nell et al., 2010).

For this study, we used the new IODP U1307 splice
and age model (Table 1) established by Blake-Mizen et
al. (2019), which is continuous for an interval encompassing
the Late Pliocene to Holocene. For each of our samples, we
converted meters below sea floor (m b.s.f.) in holes U1307A
and U1307B to revised meters composite depth (rmcd) ac-
cording to the splice of Blake-Mizen et al. (2019). We calcu-
lated the age for each sample based on linear interpolations
between their age model tie points (Table 1).

The error of paleomagnetic reversal age corresponds to
half the age difference between the two samples that record
the reversal (Weaver and Clement, 1987). In IODP Site
U1307 cores, the extent of the reversals varied from 32 to
77 cm with an average of 48 cm. Considering an average sed-
imentation rate of ∼ 6 cm kyr−1 (Blake-Mizen et al., 2019)
the error ranges from 5.3 to 12.8 kyr. The sampling reso-
lution also affects the accuracy of the highest occurrence
(HO) and lowest occurrence (LO) because the real disappear-
ances and appearances may occur anywhere between the an-
alyzed samples (see Versteegh, 1997). We analyzed a total
of 178 sediment samples between 116.43 and 175.11 rmcd,
with the sample spacing varying between 1 to 400 cm (av-
erage 33 cm). This corresponds to a time resolution of 0.1 to
30 kyr (average 5.5 kyr), which thus applies to the error in the
timing of HO and LO.

2.4 Origin of particles (dinocysts and acritarchs)

Lateral particle transport can be relatively high in the
Labrador Sea due to the surface currents (EGC) and deep cir-
culation (Western Boundary Under Current – WBUC; Noote-
boom et al., 2019). Based on high-resolution sedimentolog-
ical records, Blake-Mizen et al. (2019) inferred that bot-
tom current dominated depositional processes at IODP Site
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Figure 2. Age models at IODP Site U1307. Magnetostratigraphy and lithology of IODP Site U1307 from Channell et al. (2006). Stable
oxygen isotope data based on the planktic foraminifer Neogloboquadrina atlantica and two proposed age models from Sarnthein et al. (2009).
The most recent age model is based on magnetic reversals and a paleointensity record tuned to IODP Site U1308 (Blake-Mizen et al., 2019).
M: Mammoth Subchron; K: Kaena Subchron; MIS: Marine Isotope Stage; RPI: relative paleointensity.

U1307 before ∼ 2.9 Ma. A sedimentary change recorded be-
tween 2.9 and 2.7 Ma was interpreted as a change in the depth
of the flow path of the WBUC relative to the site (Blake-
Mizen et al., 2019). Although assessment on the strength of
the WBUC remains equivocal, the change in sedimentary
regime implies possibly variation in lateral transport from
∼ 2.9 to 2.7 Ma. Hence, taphonomical processes cannot be
discarded as an important factor of the palynological signal
at our study site as elsewhere in the ocean (Nooteboom et
al., 2019). As lateral transport would follow the route of the
EGC and WBUC, an upstream origin of small-sized particles
is possible, and our record could represent fluxes from along
the southern or southeastern Greenland margins (see also:
https://planktondrift.org, last access: 21 February 2020).

3 Results

3.1 General

In the 178 analyzed samples, organic palynomorphs are
well preserved. Dinocysts and acritarchs dominate the pa-
lynomorph assemblages, but freshwater algae, pollen grains
and spores, and reworked marine and terrestrial paly-
nomorphs are also common. Dinocysts occur in all sam-
ples and only three samples contain less than 10 cysts
per slide. Two samples have been discarded because of
mislabeling (#13C316 and #13C317). Concentrations range
from 27 to 3126 cysts g−1 of dry sediment with an aver-
age of 442 cysts g−1 of dry sediment. Acritarch concentra-
tions are higher with an average of 1352 acritarchs g−1 of
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Figure 3. IODP Site U1307 stratigraphic occurrence of selected dinocyst and acritarch taxa and biozones defined in this study, calibrated
against the Blake-Mizen et al. (2019) age model. All raw data are available in Data S2.
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Table 1. Age model tie points used at IODP Site U1307 from Blake-Mizen et al. (2019). Magnetostratigraphic reversals are in bold.

Depth Age (Ma) Type Chronology Upper Lower
(rmcd) boundary boundary

sample depth (rmcd) sample depth (rmcd)

117.63 2.25384 RPI U1308
118.51 2.2687 RPI U1308
120.52 2.31938 RPI U1308
121.3 2.34027 RPI U1308
121.86 2.3642 RPI U1308
122.05 2.37048 RPI U1308
122.4 2.38028 RPI U1308
123.11 2.42918 RPI U1308
123.53 2.46437 RPI U1308
123.96 2.52141 RPI U1308
124.88 2.595 Reversal Gauss–

Matuyama
U1307A-14H-3
143 cm

124.74 U1307A-14H-4
25 cm

125.06

127.32 2.66445 RPI U1308
129.1 2.73077 RPI U1308
129.73 2.74782 RPI U1308
132 2.77611 RPI U1308
135 2.80408 RPI U1308
136.03 2.82958 RPI U1308
136.86 2.84671 RPI U1308
137.47 2.88009 RPI U1308
138.13 2.89464 RPI U1308
138.54 2.90858 RPI U1308
138.8 2.93008 RPI U1308
139.31 2.94014 RPI U1308
141.12 2.96667 RPI U1308
143.76 3.00041 RPI U1308
147.97 3.029 Reversal Kaena (t) U1307A-17H-2

61 cm
147.81 U1307A-17H-2

97 cm
148.17

151.01 3.05942 RPI U1308
155.41 3.09399 RPI U1308
157.33 3.116 Reversal Kaena (b) U1307A-18H-2

31 cm
157.06 U1307A-18H-2

82 cm
157.57

166.48 3.14918 RPI U1308
168.96 3.16734 RPI U1308
170.7 3.18776 RPI U1308
174.48 3.207 Reversal Mammoth (t) U1307A-19H-6

60 cm
173.93 U1307A-19H-6

120 cm
174.53

dry sediment and a maximum value of 8975 acritarchs g−1 of
dry sediment. Terrestrial palynomorphs (pollen and spores)
are less abundant. Among samples analyzed, 10 yielded
less than 10 terrestrial palynomorphs per slides. They are
nevertheless common with concentrations ranging up to
1209 palynomorphs g−1 of dry sediment (average of 262 pa-
lynomorphs g−1 of dry sediment). Freshwater algae occur
occasionally, with a maximum value of 106 algae g−1 of dry
sediment and an average of 11 algae g−1 of dry sediment.

The number of dinocyst species is high with 115 taxa
identified, among which 43 are extinct today. The num-
ber of taxa ranges from 4 to 26 per sample with an av-
erage of 14. The two most dominant taxa are Operculo-

dinium centrocarpum sensu Wall and Dale (1966) (Opercu-
lodinium centrocarpum hereafter) and the round brown cysts
group. Round brown cysts combine all sub-spherical brown
protoperidinoid cysts without processes and with or with-
out a visible archeopyle (for example they include all cysts
of Brigantedinium). In addition, the other dominant taxa
are Nematosphaeropsis labyrinthus, Impagidinium aculea-
tum, Habibacysta tectata, Filisphaera filifera, Impagidinium
pallidum, Filisphaera microornata, cysts of Pentapharso-
dinium dalei, Spiniferites/Achomosphaera spp., Bitectato-
dinium tepikiense and Impagidinium paradoxum.

Acritarchs dominate the marine assemblages comprising
up to 96 % of some, with an average of 63 %. A total of
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24 taxa were recorded. Common to abundant species in-
clude Cymatiosphaera? invaginata, Cymatiosphaera? fen-
somei, Cymatiosphaera? aegirii, Cymatiosphaera? iceno-
rum, Lavradosphaera crista and Lavradosphaera canalis.
Sphaeromorph acritarchs are also abundant and globally
correspond to discoidal to spherical forms as illustrated in
Schreck et al. (2013).

3.2 Age calibration of selected bioevents

We have identified biostratigraphic events as described in De
Schepper and Head (2008b). The highest occurrence (HO) is
the last sample with the presence of a given taxon, and, con-
versely, the lowest occurrence (LO) is the first sample with
the occurrence of a taxon. The highest persistent occurrence
(HPO) is the highest successive occurrence of a species, even
in low abundance, and sporadic occurrence after the HPO
might be reworked specimens. The highest common occur-
rence (HCO) is the highest notable and abundant occurrence
of a taxon, which can still occur higher up in the record but
then in lower numbers.

Calibrated ages for dinocyst and acritarch HO, LO, HPO
and HCO are summarized in Table 2. Standard zona-
tions of calcareous nannofossils (Martini, 1971), planktonic
foraminifers (Berggren et al., 1985, 1995) and diatoms (Bal-
dauf, 1987; Baldauf et al., 1989), as well as the rele-
vant Pliocene and Pleistocene ATNTS2012 polarity chrons
(Hilgen et al. 2012).

3.3 Biostratigraphy and biozonation

Our Labrador Sea biozonation is the first high-resolution
biostratigraphy of the Neogene to Quaternary for the
Labrador Sea. It has been made to better document the bios-
tratigraphy of the Plio–Pleistocene transition in this region
in order to lay foundations for future regional and supra-
regional correlations with other records from the North At-
lantic and Arctic oceans. It has been suggested that bioevents
recorded during the Neogene–Quaternary primarily repre-
sent a response to ecological stresses due to climatic changes
rather than evolutionary features (De Schepper and Head,
2008b; Schreck et al., 2012, 2013; De Schepper et al., 2015).
However, some dinocysts and acritarchs have stratigraphi-
cally well-defined ranges. This is the case for Habibacysta
tectata and Filisphaera filifera, which have been used for
supra-regional stratigraphic correlation between the Arctic
Ocean and adjacent basins (Matthiessen et al., 2018) and the
acritarch genera Lavradosphaera and Cymatiosphaera that
also seem to have a stratigraphical range allowing correla-
tions at midlatitudes to high latitudes of the Northern Hemi-
sphere (De Schepper and Head, 2014; this study).

The biozonation we developed here follows the nomencla-
ture of the International Stratigraphic Guide (abridged ver-
sion of Murphy and Salvador, 1999). Accordingly, the zones

are defined as assemblage (LS1, LS3) and abundance (acme)
biozones (LS2).

Zone boundaries are defined from bioevents, which occur
almost synchronously across the high-latitude North Atlantic
including the Labrador Sea. These bioevents include the HO
of Barssidinium graminosum and the acme of Pyxidinopsis
braboi (Figs. 3, 4; Table 2). Most dinocyst and acritarch taxa
used as stratigraphic markers in the study are illustrated in
Plates S1 and S2 in the Supplement. The biozones have been
given informal names (LS1 to LS3) in reference to the lo-
cation of IODP Site U1307 in the Labrador Sea. Dinocyst
and acritarch taxa in each zone are described based on their
relative abundances: rare (1 %–3 %), frequent (3 %–10 %),
common (10 %–30 %), abundant (30 %–50 %) and dominant
(> 50 %).

LS1 Barssidinium graminosum Assemblage Zone

Definition

This zone is characterized by the association of the almost-
continuous occurrence of Barssidinium graminosum, Lavra-
dosphaera crista and Corrudinium harlandii. It spans from
the base of the studied interval to the HO of Barssidinium
graminosum.

Other bioevents

Operculodinium? eirikianum eirikianum and Operculo-
dinium? eirikianum crebrum have limited occurrences re-
stricted from the base of the zone to 167.61 and 169.63 rmcd,
respectively.

At the top of zone LS1, the HPO of Lavradosphaera
crista occurs at 130.00 rmcd. Near the top of zone LS1, the
HPO of Lejeunecysta hatterasensis occurs between 134.15
and 130.80 rmcd; an acme of the acritarch Cymatiosphaera?
fensomei occurs at 136.80–130.80 rmcd and the HCO of
Lavradosphaera canalis occurs at ∼ 130.00 rmcd. The low-
est common occurrence of Lavradosphaera canalis occurs at
136.50 rmcd.

Reference section

Samples U1307A-19H07, 28-30 cm, to U1307B-14H03, 30-
32 cm, or from 175.11 to 130.00 rmcd.

Age

Late Pliocene, from > 3.21 to 2.75 Ma.

Calibration

Calcareous nannofossil zone NN16, planktonic foraminifer
zone N20–21 and Nitzschia jouseae diatom zone, and they
correspond to subchron C2An.2n, C2An.1r and C2An.1n.
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Table 2. Dinocyst and acritarch bioevents at IODP Site U1307. The age model error is from Blake-Mizen et al. (2019) and the age error is
based on the sampling interval. HO: highest occurrence; HCO: highest common occurrence; HPO: highest persistent occurrence.

Event Species Sample Depth (rmcd) Age (Ma) Error (Ma)

Dinocysts

HO Melitasphaeridium choanophorum U1307B-13H03, 57.5–59.5 cm 119.40 2.29 0.0068
HO Impagidinium sp. 2 of U1307A-14H02, 60–62 cm 122.41 2.38 0.0041

De Schepper and Head (2009)
HO Lejeunecysta hatterasensis U1307A-14H03, 54–56 cm 123.85 2.51 0.0079
HO Pyxidinopsis tuberculata U1307A-14H03, 110–112 cm 124.41 2.56 0.008
Acme (top) Pyxidinopsis braboi U1307A-14H03, 120–122 cm 124.51 2.57 0.008
Acme (bottom) Pyxidinopsis braboi U1307B-13H07, 55–57 cm 126.75 2.65 0.0057
HO Barssidinium pliocenicum U1307B-14H01, 30–32 cm 127.00 2.66 0.0028
HO Corrudinium harlandii U1307B-14H03, 28–33 cm 129.98 2.75 0.0093
HO Barssidinium graminosum U1307B-14H03, 30–32 cm 130.00 2.75 0.0003
HO Ataxiodinium confusum U1307B-14H03, 50–52 cm 130.20 2.75 0.0025
HPO Lejeunecysta hatterasensis U1307B-14H03, 110–112 cm 130.80 2.76 0.0038
HO Invertocysta lacrymosa U1307B-14H05, 130–132 cm 134.01 2.79 0.0046
HO Impagidinium solidum U1307B-15H01, 50–52 cm 136.50 2.84 0.0041
HO Operculodinium? eirikianum eirikianum U1307A-19H02, 28–30 cm 167.61 3.16 0.014
HPO Operculodinium? eirikianum crebrum U1307A-19H03, 80–82 cm 170.63 3.19 0.0103

Acritarchs

HPO Cymatiosphaera? aegirii U1307B-13H04, 52–54 cm 120.85 2.33 0.0067
HPO Lavradosphaera canalis U1307B-14H03, 140–142 cm 124.71 2.58 0.0043
HCO Lavradosphaera canalis U1307B-14H03, 30–32 cm 130.00 2.75 0.0003
HPO Lavradosphaera crista U1307B-14H03, 50–52 cm 130.20 2.75 0.0253
Acme (top) Cymatiosphaera? fensomei U1307B-14H03, 110–112 cm 130.80 2.76 0.0038
Acme (bottom) Cymatiosphaera? fensomei U1307B-15H01, 80–82 cm 136.80 2.85 0.0062
HCO Lavradosphaera crista U1307B-15H02, 80–82 cm 138.30 2.90 0.0078

Correlation

The top of zone LS1 coincides with the top of the Inverto-
cysta lacrymosa Interval Zone or RT5 zone at DSDP 610A
placed at 2.74 Ma (De Schepper and Head, 2008b).

Dinocyst association

Dominant to rare: round brown cysts: Operculodinium
centrocarpum, Filisphaera filifera and Nematosphaeropsis
labyrinthus. Abundant to rare: Impagidinium aculeatum and
Habibacysta tectata. Common to rare: Impagidinium para-
doxum, Spiniferites/Achomosphaera spp., Bitectatodinium
tepikiense/Filisphaera microornata, Impagidinium pallidum,
Pyxidinopsis braboi and cysts of Pentapharsodinium dalei.
Rare: Impagidinium sp. 2 of De Schepper and Head, 2009,
and Corrudinium? labradori.

Acritarch association

Dominant to abundant acritarchs: Cymatiosphaera? invagi-
nata. Dominant to common: Lavradosphaera crista. Abun-
dant to rare: Cymatiosphaera? fensomei. Common to rare:
Cymatiosphaera? aegirii. Frequent to rare: Cymatiosphaera?
icernorum. Rare: Cymatiosphaera latisepta.

LS2 Pyxidinopsis braboi Abundance Zone

Definition

The body of strata from the HO of Barssidinium graminosum
to the top of the acme of Pyxidinopsis braboi.

Other events

The HPO of Lavradosphaera canalis (124.71 rmcd) occurs
near the top of the zone.

Reference section

Samples U1307B-14H03, 28-30 cm, to U1307A 14H03,
120-122 cm, or from 130.00 to 124.51 rmcd.

Age

Late Pliocene to Early Pleistocene, from 2.75 to 2.57 Ma.

Calibration

Upper calcareous nannofossil zone NN16, planktonic
foraminifer zone N20–21, upper Nitzschia jouseae diatom
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zone and the uppermost part of subchron C2An.1n to C2r.2r.
The top of the zone broadly corresponds to the Gauss–
Matuyama reversal and the Plio–Pleistocene boundary.

Correlation

Zone LS2 correlates well with zone RT6 at DSDP Hole
610A of De Schepper and Head (2009) in the eastern North
Atlantic. The HO of Barssidinium graminosum defines the
base of zone RT6, which is placed at 2.74–2.69 Ma. The
Pyxidinopsis braboi acme was missed by De Schepper and
Head (2009) probably because of a 2.1 m sample gap be-
tween 126.37 and 128.47 m b.s.f. Hennissen et al. (2014) cov-
ered this interval in more detail and recorded the Pyxidinop-
sis braboi acme between 127.55 and 128.21 m b.s.f. (2.59–
2.61 Ma, corresponding to MIS 104), at the boundary be-
tween zones RT6 and RT7 as defined by De Schepper and
Head (2009).

Dinocyst association

Dominant to rare: round brown cysts: Operculodinium
centrocarpum. Abundant to rare: Impagidinium aculea-
tum and Habibacysta tectata. Common to rare: Impagi-
dinium pallidum, Nematosphaeropsis labyrinthus, Impagi-
dinium paradoxum, Spiniferites/Achomosphaera, Bitectato-
dinium tepikiense and Filisphaera microornata. Rare: Cor-
rudinium? labradori and Impagidinium sp. 2 of De Schepper
and Head, 2009.

Acritarch association

Dominant to frequent acritarchs: Cymatiosphaera? invagi-
nata. Dominant to rare: Cymatiosphaera? aegirii. Frequent
to rare: Lavradosphaera canalis. Rare and sporadic: Cyma-
tiosphaera? fensomei and Cymatiosphaera? icenorum.

LS3 Habibacysta tectata Assemblage Zone

Definition

The body of strata from the acme of Pyxidinopsis braboi to
the top of the studied interval. The zone is characterized by
the association of Habibacysta tectata, Filisphaera filifera,
and Filisphaera microornata and Bitectatodinium tepikiense.

Other events

HPOs of Cymatiosphaera? aegirii (120.85 rmcd) and Im-
pagidinium sp. 2 of De Schepper and Head, 2009
(122.41 rmcd).

Reference section

Samples U1307A 14H03, 120-122 cm, to U1307B-13H01,
60-62 cm, or from 124.51 to 116.43 rmcd.

Age

Early Pleistocene, from 2.57 to 2.23 Ma.

Calibration

Calcareous nannofossil zone NN17 and NN18, planktonic
foraminifer zone N20–21, latest Nitzschia jouseae and
Nitzschia marina diatom zone and subchron C2r.2r. The base
of the zone broadly corresponds to the Gauss–Matuyama re-
versal and the Plio–Pleistocene boundary.

Correlation

Precise correlation with the eastern North Atlantic zonation
is difficult, but the dinocyst association of zone LS3 shows
great similarities with zone RT7 characterized by Habiba-
cysta tectata (De Schepper and Head, 2009; Hennissen et al.,
2014).

Dinocyst association

Dominant to rare: round brown cysts. Sporadic occurrence
peaks of Pyxidinopsis braboi. Abundant to rare: Impagi-
dinium aculeatum, Spiniferites/Achomosphaera, Bitectato-
dinium tepikiense, Habibacysta tectata, Nematosphaerop-
sis labyrinthus and Filisphaera microornata. Common to
rare: Impagidinium paradoxum, Impagidinium pallidum, Fil-
isphaera filifera. Frequent to rare: Operculodinium centro-
carpum.

Acritarch association

Dominant to frequent: Cymatiosphaera? invaginata. Dom-
inant to rare: Cymatiosphaera? aegirii. Rare and sporadic:
Cymatiosphaera? fensomei. Rare: Cymatiosphaera? iceno-
rum.

4 Discussion

4.1 Comparison with previously established zonation at
the nearby ODP Hole 646

We analyzed 178 samples from the Late Pliocene to Early
Pleistocene at intervals ranging between 1 and 400 cm (0.1
and 30 kyr). Our study focused on the Plio–Pleistocene tran-
sition and was made with considerably higher temporal res-
olution than that of de Vernal and Mudie (1989), who in-
vestigated 155 samples at 1.5 m intervals in the Pliocene to
Holocene sediments recovered at ODP Hole 646B. The pio-
neering work of de Vernal and Mudie (1989) identified a rich
palynological assemblage, including several new taxa char-
acteristics of the Pliocene that were left in open nomencla-
ture. The knowledge of the North Atlantic Neogene dinocyst
and acritarchs has improved considerably over the last two
decades as several new taxa were described (Head, 1993,
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1996, 1997; Versteegh and Zevenboom, 1995; Head and
Norris, 2003; De Schepper et al., 2004; De Schepper and
Head, 2008a, 2014; Schreck et al., 2012; Verhoeven et al.,
2014). Using the state-of-the-art taxonomy, we identified 115
dinocyst and 24 acritarch taxa at Site U1307, which repre-
sents a much higher species diversity than the one reported
by de Vernal and Mudie (1989) which reported∼ 51 dinocyst
and ∼ 8 acritarch taxa at ODP Hole 646B.

Five intervals were defined by de Vernal and Mudie
(1989). The interval V (∼ 5.4–4.8 Ma) is based on
the occurrence of the dominant taxa: Brigantedinium
spp., Nematosphaeropsis labyrinthus (as Nematosphaeropsis
labyrinthea), Filisphaera filifera, Cymatiosphaera? invagi-
nata (as Cymatiosphaera sp. I) and Batiacasphaera sphaer-
ica; Interval IV (∼ 4.8–4.0 Ma) is defined by the stratigraphic
range and abundance of cyst type 1; Interval III (4–2.3 Ma)
is distinguished by the common-to-abundant occurrence of
Lavradosphaera crista (as Incertae sedis I). The base of In-
terval II (∼ 2.36–∼ 1.23 Ma) corresponds to the common oc-
currence of Cymatiosphaera latisepta (as Nematosphaerop-
sis sp. I) and Pyxidinopsis braboi (as Tectatodinium sp. II)
and the top corresponds to the HOs of Filisphaera filifera
and Cymatiosphaera? invaginata. Finally, Interval I (∼ 1.2–
0 Ma) is characterized by modern dinocyst species common
in the Labrador Sea such as Operculodinium centrocarpum,
Nematosphaeropsis labyrinthus and Brigantedinum spp.

The comparison of the biostratigraphical schemes is ham-
pered by the temporal resolution and the definition of the
biozones and their boundaries in the different studies. While
de Vernal and Mudie (1989) defined biozones using abun-
dances of dinocyst and acritarch, we used bioevents such
as HOs and acme to define our biozone limits. Neverthe-
less, our zones LS1, LS2 and the majority of LS3 corre-
spond generally to Interval III of de Vernal and Mudie (1989)
(Fig. 4). Their Interval III is characterized by common to
abundant occurrence of Lavradosphaera crista, and the top
of this interval corresponds to the last record of this acritarch
in IODP Site U1307 at 2.38 Ma. Interval III is also de-
fined by the dominance of the acritarchs Cymatiosphaera?
invaginata and Lavradosphaera crista accompanied with
the dinocysts Brigantedinium spp., Filisphaera filifera, Ne-
matosphaeropsis labyrinthus and Operculodinium centro-
carpum. We also identified these species throughout our
study interval at IODP Site U1307 as an important part in
the dinocyst assemblage. However, the lower part of Inter-
val III does not have overlap with our biozonation. It is
characterized by the last common occurrence of Operculo-
dinium? eirikianum (as Operculodinium longispinigerum in
de Vernal and Mudie, 1989). At IODP Site U1307, both sub-
species Operculodinium? eirikianum var. crebrum and Oper-
culodinium? eirikianum var. eirikianum occur at the base of
zone LS1, which thus extend their stratigraphic range in the
Labrador Sea.

The uppermost part of zone LS3 corresponds to the lowest
part of Interval II (Fig. 4). The base of Interval II was de-

fined based on common occurrence of Cymatiosphaera la-
tisepta (as Nematosphaeropsis sp. I in de Vernal and Mudie,
1989) and Pyxidinopsis braboi of which the end of the acme
marked the base of zone LS3.

4.2 Comparison with the North Atlantic Ocean and the
adjacent seas

4.2.1 Restricted time resolution

The comparison of our new dinocyst and acritarch zonation
for the Labrador Sea with the palynostratigraphy of other
regions is difficult. The time interval and resolution of the
biostratigraphic record differ from site to site, and our study
interval (3.2–2.2 Ma) is often poorly represented in previ-
ously published zonations (see Fig. 4). Our study interval
is situated in the Melitasphaeridium choanophorum zone of
Williams and Bujak (1977) from offshore eastern Canada,
Zone III of Harland (1979) defined from DSDP 400 in Bay
of Biscay, Zone II of Mudie (1987) at DSDP Sites 607 and
611 in the North Atlantic, and in the PM2 Filisphaera filifera
acme zone at ODP Sites 642, 643 and 644 in the Norwegian
Sea (Mudie, 1989). Only two studies reporting data with a
temporal resolution highlighting boundaries within our stud-
ied time interval allow a comparison with our record; one
is from the Danish North Sea onshore–offshore well section
compilation of Dybkjær and Piasecki (2010), and the other is
from the North Atlantic DSDP Hole 610A (De Schepper and
Head, 2009) (Fig. 4).

4.2.2 Absence of Pliocene stratigraphic marker species
in the Labrador Sea

Despite the relatively high temporal resolution of our anal-
yses, the occurrence of indicator taxa used in the Neogene
biostratigraphy of the North Atlantic is rare and discontinu-
ous. The indicator taxa include Impagidinium solidum, Atax-
iodinium confusum and Invertocysta lacrymosa, which oc-
cur occasionally making them unsuitable for robust biostrati-
graphic assessment at IODP Site U1307 (see Fig. 4).

The top of zone RT4 in the North Atlantic DSDP Hole
610A is defined by the HO of Impagidinium solidum at
3.25 Ma (De Schepper et al., 2009). This species, which
has not been recorded in the Labrador Sea by de Vernal
and Mudie (1989), is identified in only two samples as sin-
gle occurrences in our study (Figs. 3, 4). Ataxiodinium con-
fusum seems to disappear at the end of the Pliocene around
2.6 Ma across the North Atlantic (De Schepper and Head,
2008b, 2009; Hennissen et al., 2014). In our Labrador Sea
record, Ataxiodinium confusum has three single occurrences
before 2.75 Ma (Fig. 4). The HO of Invertocysta lacrymosa
that characterizes the top of zone RT5 in DSDP Hole 610A
(2.72 Ma; De Schepper et al., 2009) is a widespread bioevent
during the iNHG across the midlatitudes in the North At-
lantic Ocean; in the Bay of Biscay, it occurred at 2.84 Ma
(Harland, 1979); in the central North Atlantic DSDP Site
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Figure 4. (a) Late Pliocene–Early Pleistocene dinocyst biozonation schemes from different locations in the North Atlantic. (b) Adapted
from De Schepper et al. (2017). Late Pliocene dinocyst extinction events in the Labrador Sea (this study), the western North Atlantic (DSDP
Hole 603C; Head and Norris, 2003; Martin J. Head, unpublished data), eastern North Atlantic (DSDP Hole 610A; De Schepper and Head,
2008a, b, 2009) and the Norwegian Sea (ODP Hole 642B; De Schepper et al., 2015, 2017).
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607/607A and the Singa section of southern Italy, it occurred
at 2.74 Ma (Versteegh, 1997); in the western North Atlantic
DSDP Hole 603C it occurred at 2.81 Ma (Martin J. Head,
unpublished data in De Schepper and Head, 2008b), in Hole
U1313C, at 2.74 Ma (Hennissen et al., 2014). Its HO oc-
curs around 2.79 Ma at IODP Site U1307, which is consis-
tent with other North Atlantic records, but was found only in
three samples as a single specimen.

Other taxa that could be used as stratigraphical markers are
conspicuously present in our study interval and have a con-
tinuous range of occurrence with marked HOs. These taxa
include Barssidinium graminosum, Lavradosphaera crista
and Lavradosphaera canalis (Figs. 3, 4 and 5). Barssidinium
species are used in both biostratigraphical schemes of the
Danish North Sea onshore–offshore well section compila-
tion of Dybkjær and Piasecki (2010) and the North Atlantic
DSDP Hole 610A of De Schepper and Head (2009). In the
scheme of Dybkjær and Piasecki (2010) the boundary be-
tween the Barssidinium pliocenicum zone and the Impagi-
dinium multiplexum zone, defined at 2.4–2.6 Ma, encom-
passes our LS2–LS3 limit at 2.57 Ma (Fig. 4). This boundary
is based on the HO of Barssidinium pliocenicum and the LO
of Impagidinium multiplexum, followed by the LO of Bitec-
tatodinium tepikiense. At IODP Site U1307, Impagidinium
multiplexum is not recorded; Bitectatodinium tepikiense is
common throughout the interval studied (3.2–2.2 Ma), but
Barssidinium pliocenicum is found until 2.66 Ma (Fig. 3).
Specimens of Barssidinium pliocenicum were identified in
younger sediments of southwest England (∼ 2.1–1.95 Ma;
Head, 1993), the North Sea (2.4–1.8 Ma; Head et al., 2004),
ODP Site 986 on the Svalbard–Barents shelf (up to 2.17 Ma;
Smelror, 1999; Knies et al., 2009) and northern Iceland
(> 2 Ma; Verhoeven et al., 2011, and references therein).
At other North Atlantic sites, the HO of Barssidinium
pliocenicum is older. It occurs around 2.75 Ma in ODP Hole
603C (Martin J. Head, unpublished data) and around 2.72 Ma
in DSDP Hole 610A (De Schepper, 2006). The HO of Bars-
sidinium pliocenicum seems therefore diachronous across the
North Atlantic. On the contrary, the HO of Barssidinium
graminosum that we use to define the top of zone LS1 seems
to occur simultaneously in the Labrador Sea (2.75 Ma), the
western North Atlantic (DSDP Hole 603C; ∼ 2.77–2.76 Ma;
Martin J. Head, unpublished data) and the eastern North At-
lantic (DSDP Hole 610A; 2.74 Ma; De Schepper and Head,
2008b) (Fig. 4).

4.2.3 Regional paleoceanographic conditions
overprinting the biostratigraphy

While most sites used with a Late Neogene stratigraphical
scheme are under the influence of warm North Atlantic wa-
ters, IODP Site U1307 is situated in the path of the East
Greenland Current, which carries relatively fresh and cool
waters (Fig. 1). Ocean circulation and distribution of water
masses have played an important role in the geographical oc-

currences of Neogene species such as Impagidinium solidum,
Ataxiodinium confusum, Invertocysta lacrymosa and Meli-
tasphaeridium choanophorum, and are likely causing asyn-
chronous bioevents. This hampers biostratigraphic correla-
tions throughout the Labrador Sea and North Atlantic.

Impagidinium solidum and Ataxiodinium confusum have
preference for warmer waters (De Schepper et al., 2011;
Hennissen et al., 2017), and their low abundance during the
Late Pliocene in the Labrador Sea may indicate cooler waters
than those in the eastern North Atlantic, where they persisted
in younger sediments. In the Norwegian Sea, De Schepper
et al. (2017) also found rare occurrences of Impagidinium
solidum but restricted to the Early Pliocene until 3.59 Ma.
The bioevents of both species in the Norwegian Sea, North
Atlantic and Labrador Sea are thus diachronous. Hennissen
et al. (2017) interpreted Invertocysta lacrymosa as a warm-
water species typical of open oceanic conditions. Also there,
low occurrences of Invertocysta lacrymosa in the Labrador
Sea and its early HOs in the Norwegian Sea (3.27 Ma; De
Schepper et al., 2017) and the Iceland Sea (4.45 Ma; Schreck
et al., 2012) during the Early Pliocene support cooler condi-
tions in the northern part of the North Atlantic Ocean, than
at midlatitudes.

The low abundance of Melitasphaeridium choanophorum
in only two samples before 2.29 Ma at our study site con-
trasts with the persistent rare to common record in DSDP
Hole 610A until 2.98 Ma (De Schepper, 2006). This species
is considered typical of the Pliocene across the North At-
lantic Ocean (Williams and Bujak, 1977; De Schepper and
Head, 2009; Dybkjær and Piasecki, 2010; De Schepper et al.,
2017). But the occurrence of Melitasphaeridium choanopho-
rum in the western North Atlantic in DSDP Hole 603C
through the Pliocene and Early Pleistocene (Martin J. Head,
unpublished data in De Schepper et al., 2017), on the Sco-
tian Shelf and Grand Banks in the Pliocene and the Late
Gelasian (Williams and Bujak, 1977), and even in recent sed-
iments of the Gulf of Mexico (Limoges et al., 2013, 2014;
Price et al., 2017) indicates a more extended range than pre-
viously thought and affinities for subtropical conditions. Its
diachronous disappearance from the Pliocene North Atlantic
and persistence in the Gulf of Mexico may be related to cool-
ing and the intensification of glaciation during the Quater-
nary.

At DSDP 610A, the top of zone RT6 dated at 2.62 Ma
corresponds to the HO of Operculodinium? eirikianum var.
eirikianum. However, at IODP Site U1307 both subspecies
Operculodinium? eirikianum var. eirikianum and Operculo-
dinium? eirikianum var. crebrum are restricted to the be-
ginning of zone LS1 with HOs around 3.18–3.16 Ma. Op-
erculodinium? eirikianum is a cool-intolerant species that
prefers warmer waters (De Schepper et al., 2015; Hennis-
sen et al., 2017). During the Early Pliocene, this taxon dis-
appeared from the Iceland Sea records, which is interpreted
to be a result of regional cooling due to changes in oceanic
gateway configuration at the onset of the modern circulation
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in the Nordic Seas and deep ocean circulation in the North
Atlantic (De Schepper et al., 2015). Thus, Operculodium?
eirikianum has an asynchronous HO across the North At-
lantic, the Nordic Seas and the Labrador Sea, possibly due
to regional changes and reorganization of ocean circulation.

At IODP Site U1307, we noticed a low abundance but a re-
curring occurrence of Corrudinium harlandii until 2.76 Ma.
This species is considered extinct, but it shares morpholog-
ical similarities with the modern taxon Pyxidinopsis retic-
ulata, notably in the expression of crests. A morphological
gradation between the two taxa was reported to occur in
DSDP Hole 610A (De Schepper and Head, 2009), with typ-
ical Corrudinium harlandii being more frequent during the
Pliocene and typical Pyxidinopsis reticulata extending to the
Pleistocene. It is thus possible that Corrudinium harlandii
and Pyxidinopsis reticulata represent a morphological grada-
tion of a same genotype that evolved naturally or in response
to changing environmental conditions. In modern sediments,
Pyxidinopsis reticulata is found from equatorial to subpo-
lar waters but with a preference for temperate conditions in
the Pacific Ocean (de Vernal and Marret, 2007; de Vernal
et al., 2019). The rare and low occurrence of this taxa in the
Labrador Sea is consistent with cool conditions. Although no
paleoecological affinity is known for Corrudinium harlandii,
the rare and low occurrence of transitional morphotypes sug-
gests distinct conditions in the Labrador Sea compared to the
eastern North Atlantic.

Finally, in the Labrador Sea, we defined the top of zone
LS2 at 2.57 Ma based on the end of the acme of Pyxi-
dinopsis braboi, which is recorded in DSDP Hole 610A at
∼ 2.58 Ma, during MIS 104 (Hennissen et al., 2014). Pyxi-
dinopsis braboi is also found in low numbers in sediment of
MIS 104 in IODP Hole U1313C (∼ 2.61–2.59 Ma; Hennis-
sen et al., 2014). This species is interpreted as a cold, po-
lar, opportunistic taxa (Warny et al., 2009; Hennissen et al.,
2014, 2017), and its acme is suggested to result from the Arc-
tic front moving south, close to the DSDP Hole 610A posi-
tion in the North Atlantic at the Plio–Pleistocene boundary
(Hennissen et al., 2014, 2017). Thus, its acme at IODP Site
U1307 may provide evidence for increasingly cool condi-
tions and freshwater transport via the EGC into the Labrador
Sea at the Plio–Pleistocene transition. However, there are
several samples above the Plio–Pleistocene transition that
record very few dinocysts, clearly indicating changes in en-
vironmental conditions, which may have blurred the strati-
graphic range of the different taxa (see Data S2).

4.3 Paleoceanographic and paleoclimatic implications

In general, the transitions in the dinocyst and acritarch
records, which led us to define stratigraphic zones and bio-
events at IODP Site U1307, seem to reflect regional cooling
phases. These could be related to the EGC strengthening and
the development of the Greenland ice sheet during the Plio–
Pleistocene transition.

Among common taxa recorded at IODP Site U1307, Oper-
culodinium centrocarpum sensu Wall and Dale 1966 is a cos-
mopolitan modern species particularly abundant in the path
of the North Atlantic Current (NAC) (Rochon et al., 1999).
In the Plio–Pleistocene sediments of the North Atlantic and
the Nordic Seas, this species was interpreted as a marker of
the North Atlantic Current (De Schepper et al., 2009, 2013;
Hennissen et al., 2014, 2017). The dominance of this species
in zone LS1 and the lower half of zone LS2 (Fig. 4) sug-
gests Atlantic water flows into the Labrador Sea possibly
through the Irminger Current until about 2.65 Ma. At the
base of zone LS1, the common occurrence of both Opercu-
lodinium? eirikianum var. eirikianum and Operculodinium?
eirikianum var. crebrum suggests warm conditions. Oper-
culodinium? eirikianum was reported as a cool-intolerant
species by Hennissen et al. (2017). In the Iceland Sea the
disappearance of this species in the Early Pliocene was asso-
ciated with the establishment of the proto-EGC, whereas its
continued presence in the Late Pliocene (< 3 Ma) Norwegian
Sea reflects the continued influence of Atlantic water there
(De Schepper et al., 2015). Operculodinium? eirikianum var.
crebrum has also been linked to warm, stable conditions fol-
lowing MIS M2 (De Schepper et al., 2013). Hence, at IODP
Site U1307; the occurrence of both subspecies of Operculo-
dinium? eirikianum at the base of LS1 (Fig. 4, Table 2) sug-
gests relatively warm Atlantic water influenced sea surface
conditions before 3.1 Ma.

At about 2.75 Ma, several dinocyst and acritarch taxa have
their HO, HPO or HCOs at IODP Site U1307 (Fig. 4, Ta-
ble 2). Among the taxa, Impagidinium solidum, Ataxiodinium
confusum and Invertocysta lacrymosa are Pliocene markers.
Their disappearance suggests a regional cooling contempo-
raneous with the onset of persistent ice-rafted deposition at
∼ 2.72 Ma in response to major expansion of the Greenland
ice sheet (Blake-Mizen et al., 2019). Subsequently, between
2.65 and 2.57 Ma, we record the acme of Pyxidinopsis braboi
at Site U1307 as well as at the eastern North Atlantic DSDP
Hole 610A (Hennissen et al., 2014). Pyxidinopsis braboi is
interpreted as a cold, polar, opportunistic taxa, and its acme
suggests the proximity of the Arctic front (Warny et al.,
2009; Hennissen et al., 2014, 2017). After 2.57 Ma, zone
LS3 is characterized by the occurrence of typical Late Neo-
gene cool-water species such as Habibacysta tectata, Fil-
isphaera microornata and Filisphaera filifera. These disap-
peared from the North Atlantic, the Nordic Seas, the Arc-
tic and the North Pacific oceans during the Early Pleistocene
after 2.0 Ma (Matthiessen et al., 2018). Filisphaera filifera,
Filisphaera microornata and Habibacysta tectata are con-
sidered cool-tolerant (De Schepper et al., 2011; Hennissen
et al., 2017; Schreck et al., 2017). In the Arctic Ocean, their
acme has been associated with the inflow of North Atlantic
waters (Matthiessen et al., 2018). However, at North Atlantic
DSDP Site 610, a high abundance of Filisphaera filifera char-
acterized the cold MIS M2 (3.26–3.31 Ma; De Schepper et
al., 2009), whereas Habibacysta tectata dominated the Early
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Figure 5. Adapted from De Schepper and Head (2014). Selected acritarch stratigraphic ranges from different sites across the North Atlantic
(DSDP Sites 603 and 610; ODP Sites 646, 642 and 907; IODP Sites U1308, U1313 and U1307) and North Pacific (IODP Site U1314, ODP
Site 882). Old: Olduvai Subchron; M: Mammoth Subchron; HCO: highest common occurrence; HPO: highest persistent occurrence.

Pleistocene (2.57–2.20 Ma) assemblages and was associated
with a reduced influence of Atlantic waters and a southward
shift of the NAC (De Schepper et al., 2009; Hennissen et
al., 2014). At IODP Site U1307, the increased occurrence
of Habibacysta tectata is concomitant with minima of Oper-
culodinium centrocarpum percentages after 2.65 Ma, which
could be attributed to further surface water cooling.

4.4 The use of acritarchs in marine palynostratigraphy
across the Plio–Pleistocene transition

Compared to dinocysts, acritarchs are extremely abundant
and have a continuous range of occurrence in the Labrador
Sea throughout the entire study interval (Figs. 3 and 5). Com-
mon taxa from IODP Site U1307 also occurred at other sites
from the North Atlantic (De Schepper and Head, 2014), mak-
ing potential correlation possible between the North Atlantic
and the Labrador Sea during the Late Pliocene.

De Vernal and Mudie (1989) defined biostratigraphic In-
terval II in ODP Hole 646B based on the common to abun-
dant occurrence of Lavradosphaera crista (as Incertae sedis
I) until ∼ 2.3 Ma, which broadly corresponds to the last
appearance of this species at IODP Site U1307, where it
is dated at 2.38 Ma. The three single occurrences above
the HPO at 2.75 Ma may represent reworking (Fig. 5).

Lavradosphaera crista is extremely abundant in middle Late
Pliocene of the North Atlantic with an HPO between 3.05
and 2.91 Ma at DSDP Sites 603 and 610 and IODP Site
U1308 (De Schepper and Head, 2014). The record of Lavra-
dosphaera crista in the Labrador Sea is also restricted to the
Late Pliocene with very abundant specimens between 3.05
and 3.00 Ma. De Schepper and Head (2014) found specimens
in the Bering Sea (IODP Site U1314) making the species a
potential marker for correlation between the North Pacific
and the North Atlantic. However, its stratigraphic distribution
in the Bering Sea appears to be restricted to 3.66 to 3.40 Ma.
Zorzi (2019) extended its geographic distribution to the west-
ern North Pacific (ODP Site 882), where specimens are com-
mon between ∼ 3.8 and ∼ 2.9 Ma. Hence, Lavradosphaera
crista could be a good indicator of the middle and late Late
Pliocene, not only in the midlatitudes and high latitudes of
the North Atlantic but also in the North Pacific.

Cymatiosphaera? fensomei encompasses the entire study
interval, from 3.21 to 2.33 Ma, thus making it impossible
to assess its specific range at IODP Site U1307. Across the
North Atlantic, this species has a total range spanning from
3.38 to 2.57 Ma (De Schepper and Head, 2014), making it
a good marker for the latest Pliocene. Cymatiosphaera? fen-
somei in the Labrador Sea is more abundant from 3.08 to
2.76 Ma and the HCO at 2.76 Ma is distinctive and useful,
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thus adding another Late Pliocene bioevent around 2.75 Ma
in the Labrador Sea (Fig. 5). Similarly, Lavradosphaera
canalis is found mainly between 2.8 and 2.58 Ma in the
Labrador Sea with maximum abundance recorded between
2.8 and 2.75 Ma. Other sporadic and single occurrences after
the Plio–Pleistocene transition might be related to reworking
(Fig. 5) as this species has a very narrow stratigraphic range
from 2.8 to 2.6 Ma at IODP Site U1308 and DSDP Site 610A
(De Schepper and Head, 2014), suggesting that this taxon is
a good marker at midlatitudes and high latitudes of the North
Atlantic (Fig. 5).

On the contrary, Cymatiosphaera? icenorum does not
seem to have any stratigraphic significance. This species
is present throughout our study interval and its total strati-
graphic range spans from 5.7 to 1.71 Ma (this study and
DSDP 603C, Martin J. Head, unpublished data, in De Schep-
per et al., 2017). It has its HCO at 2.72 at IODP Site U1308
(De Schepper et al., 2014) and at 2.74 Ma in DSDP Hole
610A (De Schepper and Head, 2009) (Fig. 5).

5 Conclusion

We have established a new marine Late Pliocene to Early
Pleistocene palynostratigraphic scheme based on the anal-
yses of 178 samples, spanning from 3.2 to 2.2 Ma at the
Labrador Sea Site U1307. The succession of three distinct
biozones (LS1, LS2 and L3) is based on the HO of Bars-
sidinium graminosum (LS1/LS2) at 2.75 Ma and the end of
the acme of Pyxidinopsis braboi (LS2/LS3) at 2.57 Ma. Most
sites with comparable biostratigraphical schemes are from
the North Atlantic and have been influenced by warm wa-
ters from the North Atlantic Current. In contrast, IODP Site
U1307 is situated in the path of the East Greenland Current,
marked by cold and low-salinity waters of Arctic origin. As a
result, a strong regionalism marks the Labrador Sea dinoflag-
ellate cyst and acritarch assemblage, which is reflected in
asynchronous bioevents between the North Atlantic, Nordic
Seas and Labrador Sea. Nevertheless, despite diachronous
stratigraphic ranges for several taxa, our Labrador Sea zone
boundaries were constructed with bioevents that are in large
part contemporaneous with those of the eastern North At-
lantic DSDP Hole 610A (RT5, RT6 and RT7; De Schepper
and Head, 2009).

Data availability. All raw data are in Data S2 in the Supplement.
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