
1

NORWEGIAN JOURNAL OF GEOLOGY Vol 99 Nr. 3

 

Kari Grøsfjeld1, Karen Dybkjær2, Tor Eidvin3, Fridtjof Riis3, Erik Skovbjerg Rasmussen2 & 
Jochen Knies1,4

1Geological Survey of Norway, P.O. Box 6315 Torgarden, N–7491 Trondheim, Norway. 
2Geological Survey of Denmark and Greenland (GEUS), Øster Voldgade 10, DK–1350 Copenhagen K, Denmark.
3Norwegian Petroleum Directorate (NPD), Professor Olav Hanssens vei 10, NO–4021 Stavanger, Norway.
4Centre for Arctic Gas Hydrate, Environment and Climate, University of Tromsø, N–9037 Tromsø, Norway.

E-mail corresponding author (Kari Grøsfjeld): kari.grosfjeld@ngu.no

Seven side-wall core samples from the lower part of the Molo Formation in exploration well 6610/3–1 off Vestfjorden/Lofoten have been 
reanalysed for marine palynomorphs. Description of new species from other studies and access to reference successions from nearby sites 
with an independent chronostratigraphy have enabled a more reliable depositional age constraint for the Molo Formation in its northern 
distribution area than previously achieved. The new data (e.g., the lowest occurrence of the dinoflagellate cysts Barssidinium graminosum and 
Barssidinium pliocenicum and the highest occurrence of the dinoflagellate cysts Minisphaeridium latirictum and Operculodinium piaseckii) provide 
incontrovertible evidence for a Miocene age for the Molo Formation in well 6610/3–1. Our data suggest that the Molo Formation in well 6610/3–1 
started to accumulate after erosional activity which took place between the late middle Miocene and the late Miocene. The data (especially the 
presence of the dinoflagellate cyst A. andalouisiensis andalousiensis, the co-occurrence of the dinoflagellate cysts Barssidinium evangelineae and 
M. latirictum and the presence of the acritarch L. lucifer) suggest that the Molo Formation in well 6610/3–1 started to accumulate at around 8.8 
/ 8.7 Ma. The sediments were deposited in a warm temperate, high-energy environment influenced by river discharge. During deposition, older 
sediments, particularly from the Paleogene, became extensively eroded. The erosion and rapid accumulation were probably associated with the 
combined effects of eustatic sea-level fall and uplift/updoming of the hinterland/coastal zone. 
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A Miocene age for the Molo Formation, Norwegian Sea 
shelf off Vestfjorden, based on marine palynology

Introduction

The origin and deposition of the shallow-marine coast-
parallel Molo Formation, extending for at least 600 km 
along the middle/inner continental shelf (63°15’N to 
67°50’N) (Henriksen & Vorren, 1996; Løseth et al., 
2017), has repeatedly been a subject for discussion 
(Fig. 1). Particularly its time of deposition and source 
of accumulation have been extensively debated. The 
Molo Formation was first recognised and mapped 
by Eldholm & Nysæther (1968) and Nysæther et al. 

(1969), but it has still not been formally defined by the 
Norwegian Stratigraphic Committee. Description of a 
new lithostratigraphic nomenclature for the post-Eocene 
deposition on the Norwegian continental shelf is under 
preparation. Originally, all shallow westward-prograding 
sands above deposits interpreted to be of Eocene age on 
the inner continental shelf offshore Møre to Lofoten, 
between 63°15’N and 67°50’N, were defined as belonging 
to the Molo Formation depositional system (Eidvin et 
al., 2013). Bugge et al. (1976) were among the first to 
propose that the Molo Formation was deposited as a 
result of uplift and erosion of the mainland.
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The lithology of the Molo Formation varies throughout 
its distribution area. Whereas the deposits in the 
north consist of clastic sandy sediments with minor 
glauconite, the sands in the south (Draugen Field 
area) are dominated by dark glauconite grains, with 
minor clay and silt (Fig. 1; Eidvin et al., 2007, 2013). 
The sands in the north are considered to be sourced 
from the Vestfjorden area in the northeast. The clastic 
sediments apparently did not reach as far south as the 
Draugen Field area. There appears to be consensus 
with regard to the depositional environment. The Molo 
Formation represents a prograding, marine, shelf-edge 

delta influenced by waves and currents and extensive 
longshore drift (Rokoengen et al., 1995). Both its sandy 
lithology and the characteristic seismic reflection pattern 
with densely spaced, steeply dipping (up to 15 degrees) 
clinoforms (Fig. 2; Rokoengen et al., 1995; Patruno & 
Helland-Hansen, 2018) are evidence of a high-energy 
coastal environment. The top-set beds are commonly 
missing in the inner part, possibly due to erosion, 
whereas top sets and bottom sets are normally preserved 
in the outer part (Løseth et al., 2017). In its northern 
distribution area the sandy unit is a wave breaker being 
nearly exposed on the seabed. 
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Figure 1. Bathymetric map with location of the investigated well 6610/3–1 (Nordland Ridge) outside Vestfjorden. The locations of Ocean 
Drilling Program (ODP) Hole 642B on the outer shelf (Vøring Plateau) and well 6407/9–5 on the Draugen Field (Trøndelag Platform) are 
also shown. The sea-bottom outcrop of the Molo Formation (outline), after Ottesen et al. (2009), is indicated in yellow. The paleocoast during 
deposition of the Molo Formation was likely located east of the eastern boundary of this outcrop. The location of the seismic profile (stippled 
line) crossing well 6610/3–1 is also shown (see Fig. 2). Blue arrows show possible drainage routes along old lineaments at the time when the 
Molo Formation was deposited. 
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well, Eidvin et al. (1998) published dinoflagellate cyst 
results from the lower part of the Molo Formation, which 
included five side-wall cores from 460 to 555 metres 
below the rig floor (mRKB, hereafter referred to as m). 
Based on analyses of foraminifera, dinoflagellate cysts 
and strontium-isotope stratigraphy, Eidvin et al. (1998) 
concluded with a Rupelian age for the Molo Formation. 
Eidvin et al. (2007) reinvestigated the same samples 
from the Molo Formation. In addition, they carried out 
dinoflagellate cyst analyses on samples from the section 
immediately below the Molo Formation. These include 
the samples at 589.8 m and 611 m, which they defined 
to belong to the Brygge Formation. Based on seismic 
interpretation and regional considerations, Eidvin et al. 
(2007) favoured a post mid-Miocene age for the Molo 
Formation in its northern distribution area (Fig. 3). For 
the samples immediately below the Molo Formation, 
Eidvin et al. (2007) reported a rich and relatively diverse 
marine microflora including several typical Eocene 
species and reworked Jurassic dinoflagellate cysts. They 
interpreted these samples to be of Bartonian (middle 
Eocene) age and included them in the Brygge Formation. 
Eidvin et al. (2013, 2014) returned to the previous 
interpretation of a Rupelian age for the Molo Formation. 
Based on interpretation of new seismic data, Eidvin et 
al. (2013) correlated well 6610/3–1 with well 6610/2–1 
S, which is located southwest of well 6610/3–1 on the 
Nordland Ridge and in a more distal position from the 
coast than well 6610/3–1 (see Eidvin et al., 2013 for 
its location). The Molo Formation in well 6610/2–1 S 
was interpreted to have accumulated during the early 

Due to the lack of reliable age constraints, the erosional 
and depositional history of the Molo Formation is 
poorly understood. For example, the suggested age of 
the Molo Formation in the north off Vestfjorden/Lofoten 
has varied considerably from between Rupelian (early 
Oligocene) (Eidvin et al., 1998, 2014) to the post mid-
Miocene compression phase (Eidvin et al., 2007), as well 
as the Zanclean (early Pliocene) (Henriksen & Vorren, 
1996; Løseth et al., 2017). The thickness of the Molo 
Formation varies significantly, being thickest close to 
its northern limit, where its depocentre is located. It has 
been suggested that the Molo Formation coastal sand in 
its northern distribution area (off Vestfjorden/Lofoten) 
was deposited at an earlier stage than the sand in the 
south (Eidvin et al., 2013, 2014).

Based on analyses of foraminifera, dinoflagellate cysts 
and strontium isotope stratigraphy, Eidvin et al. (2007) 
investigated the Molo Formation sand in its southern 
distribution area. One of their studied sections was 
from exploration well 6407/9–5, on the Draugen Field 
Trøndelag Platform, in the Norwegian Sea (Fig. 1). There, 
the Molo Formation accumulated in a distal position 
from the palaeo-coastline. It was interpreted to have 
been deposited during the late Miocene with continued 
deposition into the early Pliocene (Eidvin et al., 2007). 
The exploration well 6610/3–1, which has been restudied 
in the present study, is located close to the northern 
boundary of the Molo Formation and its depocentre in 
the north. Here, the Molo Formation was deposited in a 
proximal location from the palaeo-coastline. From this 
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Figure 2. A WNW–ESE, fifteen km-long, seismic profile through exploration well 6610/3–1 (see Fig. 1 for its geographical location), showing the 
westward prograding Molo Formation (Fm) (indicated in yellow) on the Norwegian shelf. The well penetrates an upward-coarsening sequence 
of the Molo Fm from distally deposited sediments through sandy steep clinoforms in the upper part. The unconformity at the base of the Molo 
Fm sequence is indicated by the blue line. Seven side-wall cores (SWCs) collected from the Molo Formation have been marine-palynologically 
reinvestigated. The SWCs located at 611 and 585.8 m were collected from the fine-grained sediments. The SWCs at 525 and 555 m are from the 
grey, mica-rich, sand layers below the clinoforms, whereas the SWC at 502 m was collected immediately below the clinoforms. The SWCs at 460 
m and 480 m are from the lower part of the steep clinoforms (rust-stained sand and pebbles). The reflector hosting the samples at 611 m and 
585.8 m climb into the prograding succession eastwards, indicating that the onset of the progradation is likely older than the age constrained 
for the Molo Formation in well 6610/3–1. Due to the erosional truncation of the Molo Fm towards the east, the onset of the progradation of the 
Molo Fm and its oldest shoreline are not preserved. The depths are in milliseconds two-way travel time, and all depths refer to metres below the 
rig floor (m). A sea-floor multiple is indicated by the blue arrow. Abbreviation: PL – Pleistocene sediments. 
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Oligocene. They considered the Rupelian taxa in well 
6610/3–1 to be indigenous and the Molo Formation in 
this location to be equivalent to the Brygge Formation. 
Further, they interpreted the Molo Formation to be 
younger towards the west and south. 

The difficulties in constraining a reliable age for the 
Molo Formation are multifaceted. In both exploration 
wells 6610/3–1 and 6407/9–5 the marine palynomorph-
inferred ages have been based on the age ranges of 
species living in other areas. Several species have 
recently been shown to have a diachronous distribution 
across various basins (De Schepper et al., 2015, 2017). 

Reliable age constraints depend on either a detailed 
chronostratigraphy in the studied section (for example 
based on palaeo-magnetostratigraphy) or access to 
reference sections located nearby with ages based on 
calibrated bioevents. An additional problem is that 
samples from exploration wells, where only ditch-
cutting samples are routinely available, suffer from 
contamination by caved fossils. This precludes a reliable 
detection of the lowest occurrence (LO) of a species. 
In contrast to exploration well 6407/9–5, which was 
sampled only with ditch cuttings in the Molo section, 
well 6610/3–1 was sampled with high-quality side-wall 
cores in its upper part including the Molo Formation 
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Figure 3. Gamma ray, lithostratigraphy and previous (Eidvin et al., 1998, 2007, 2014) and current age assignment based on the reinvestigation of the 
seven side-wall cores located between 611 and 460 m in exploration well 6610/3–1. The redefined age of the location of the base of the Molo Fm at 643 
m is based on the new age constraints and compilation of logs and seismics. As the Molo Formation appears to have started to prograde farther east of 
well 6610/3–1 (see Fig. 2), the constrained age for the Molo Formation strictly holds only for the well section of 6610/3–1. The constrained age is based 
on Cohen et al. (2013, updated 2018). Modified from Eidvin et al. (2007). Abbreviations: B – Brygge; Fm – Formation; SWC – side-wall core; gAPI – 
American Petroleum Institute gamma-ray units, μs/f = microseconds per foot. All depths (m) refer to metres below the rig floor (mRKB).
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in marine palynomorph biostratigraphy. An up-to-
date Messinian to Piacenzian marine palynomorph 
biozonation has recently been established for Ocean 
Drilling Program (ODP) Hole 642B, on the outer shelf 
(Vøring Plateau) in the eastern Norwegian Sea (De 
Schepper et al., 2015, 2017), relatively close to well 
6610/3–1 (Figs. 2 & 3). Another section with well-
constrained bioevents is ODP Site 907, located in the 
Iceland Sea at about the same latitude as well 6610/3–1 
(Figs. 2 & 3; Schreck et al., 2012). Combined with the 
description of many new marine palynomorph taxa, 
including dinoflagellate cysts and acritarchs in recent 
years (De Schepper & Head, 2008a, 2014; Schreck et al., 

(Fig. 4). On the other hand, the succession referred to 
the Molo Formation in well 6610/3–1 contains distinctly 
larger amounts of reworked material than the Molo 
Formation deposits in well 6407/9–5. This is likely due to 
the more proximal location of well 6610/3–1 compared 
with well 6407/9–5. In well 6610/3–1, extensive 
reworking of older deposits in the source area has caused 
dilution of the indigenous taxa by an ample supply of 
reworked taxa. This has complicated the age constraint 
on the Molo Formation in its northern distribution area. 

Since the last palynological investigation of the Molo 
Formation, there has been considerable progress 
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Figure 4. Litho-, bio- and chronostratigraphy of well 6610/3–1. The constrained mid- to late-Tortonian age of the Molo Formation is based on the 
stratigraphic distribution of index taxa (dinoflagellate cysts and acritarchs, see Fig. 8 and Table 3) between 611 and 460 m in the Molo Formation (Fm). 
The lowermost reinvestigated side-wall core sample (SWC) at 611 m is located 32 m above the base of the Molo Fm. Both SWC samples at 611 and 585.8 
m were collected from the finer-grained deposits in the lower part of the Molo Fm. The SWC samples at 555 m to 502 m are from the deposits below the 
steep clinoforms, whereas the SWC samples at 480 and 460 m are from the lower part of the steep clinoforms. The investigated part of the sequence is 
highlighted. The age is based on Cohen et al. (2013, updated 2018). Abbreviations: B – Brygge, Fm – Formation, m – metres below the rig floor.
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2012; De Schepper et al., 2015, 2017), this has increased 
the potential to obtain more reliable depositional age 
constraints on the Molo Formation. 

On the basis of the recent progress in marine 
palynomorph biostratigraphy, we have reanalysed 
marine palynomorphs aiming to obtain an improved 
age constraint on the Molo Formation and its erosional 
history in its northern distribution area. Sample 
preparation (slides) from seven side-wall cores in 
well 6610/3–1 have been reanalysed (Table 1). These 
include seven samples from the lower part of the Molo 
Formation (Fig. 2).

Geological setting

The Norwegian Sea formed the eastern part of the 
North Atlantic realm during the Paleogene (Eidvin 
et al., 2014). It was bounded towards the east by the 
Fennoscandian Shield. However, the exact location 
of the shoreline is unknown. The Norwegian Sea was 
dominated by hemipelagic mud deposition during 
the Paleogene. A major unconformity formed at the 
end of the Paleogene or during the early part of the 
Neogene. This unconformity separates the lower Brygge 
Formation from the upper Brygge Formation (Eidvin et 
al., 2007). However, the fully marine depositional setting, 
characterised by hemipelagic mud sedimentation, 
continued during the early Miocene (i.e., the early part 
of the Neogene). A second important erosional break, 
referred to as the middle Miocene unconformity, exists 
in the northern North Sea and on the Norwegian Sea 
shelf (Brekke, 2000; Eidvin & Rundberg, 2007; Eidvin et 
al., 2007, 2013, 2014). 

Detailed seismic attribute studies of the clinoformal 
package in the Molo Formation indicates a depositional 
environment with deltas and barrier-island complexes 
(Bullimore et al., 2005; Løseth et al., 2017). Thus, 
the lithology of the clinoformal units is inferred to 
be dominated by sands intercalated with marine and 

lagoonal muds. However, the lithology of the Molo 
Formation varies throughout its distribution area. For 
instance, the lithology in the north consists of clastic 
sandy sediments with minor glauconite, whereas the 
sands in the south (Draugen Field area) are dominated 
by dark glauconite grains, with minor clay and silt (Fig. 
1; Eidvin et al., 2007, 2013, 2014). The sands in the north 
are considered to be sourced from the Vestfjorden area 
in the northeast. The ancient Vestfjorden lineament 
(fracture zone), has been reactivated several times since 
the Paleocene. This old lineament probably served as a 
transport system or corridor for delivery of sediments 
to the shelf. The clastic sediments apparently did not 
reach as far south as the Draugen Field area. There, the 
glauconite must have been formed on the sea floor, later 
to become transported and sorted along the coast. 

Material and methods

Material

Well 6610/3–1 was drilled at 66°55’29.70’’N, 10°54’6.28’’E 
in the southern Vestfjorden Basin on the Nordland 
ridge and penetrates the Molo Formation (Figs. 1 & 2). 
Eidvin et al. (1998, 2007, 2014) defined the Molo For-
mation to comprise the interval from 555 to c. 349 m. 
The basal/lower boundary of the Molo Formation was 
placed at approximately 555 m by Eidvin et al. (2007), 
being marked by a strong negative spike on the gamma 
log (Fig. 3). The finer-grained deposits below 555 m 
were included in the Brygge Formation (Eidvin et al., 
1998, 2007). However, in the current study, on the basis 
of the current age constraints and compilation of logs 
and seismics, the base of the Molo Formation has been 
shifted stratigraphically further down to 643 m (Fig. 4). 
The Molo Formation is overlain by a thin cover of gla-
ciomarine sediments of the Naust Formation. The upper 
boundary of the Molo Formation has not been sampled 
and logged at this site. It is only recognised on seismic 
lines (Eidvin et al., 2007). 

Table 1. Reanalysed samples/slides in exploration well 6610/3-1 with references to the slides. All depths (m) refer to metres below the rig floor.

Latitude 
66°55’29.70’’N

Longitude
10°54’6.28’’E

Sample depth (m) Sample type Owner Slide ref. Slide 

460 Side wall core (SWC) NPD P–51419 460m  Ø1
480 Side wall core (SWC) NPD P–51420 480m Ø1
502 Side wall core (SWC) NPD P–51421 502m Ø1
525 Side wall core (SWC) NPD P–51422 525m Ø1
555 Side wall core (SWC) NPD P–51423 555m Ø1
585.8 Side wall core (SWC) Statoil Statoil 585.8mX
611 Side wall core (SWC) Statoil Statoil 611mX
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age-significant marine palynomorphs (Table 1). The 
number of marine palynomorphs counted in each sample 
varies between 132 and 299 specimens (Electronic 
Supplement 1). For identification, a 63x/1.40 Zeiss oil 
immersion objective on a Zeiss Axioplan microscope 
was applied. The recorded specimens are listed in Table 
2. The potential age-diagnostic taxa are illustrated in 
Figs. 5–7. Dinoflagellate cyst and acritarch nomenclature 
follows Châteauneuf (1980), Head et al. (1989b), Manum 
et al. (1989), De Schepper & Head (2008a) and Williams 
et al. (2017).

All absolute ages in the present study are based on Cohen 
et al. (2013, updated 2018).

Taxonomic note

Barssidinium evangelineae. The specimens we 
have attributed to B. evangelineae correspond to the 
description of this species by Lentin et al. (1994), by 
having short, hollow, aculeate processes which are 
open distally (Fig. 5, photos 2–4). One of the criteria 
to differentiate B. evangelineae from Barssidinium 
pliocenicum and Barssidinium graminosum is that the 
processes are open distally. The processes also have 
annular thickenings (or septa). The process length/
central body length ratio falls within the range described 
for the species, which is one seventh to one tenth (Fig. 
5, photo 4). The smooth to psilate wall sculpturing also 
agrees with that described for the species, which can be 
smooth to densely granulate. However, our specimens 
differ from the description of this species by being 
considerably smaller. We attribute the small size to the 
adverse environmental conditions at the site, which are 
described below. 

Batiacasphaera micropapillata complex. De Schepper 
et al. (2017) included specimens with a microreticulate 
wall as well as specimens with other types of wall 
ornamentation in their Batiacasphaera micropapillata 
complex. In Schreck et al. (2012), specimens with a 
microreticulate wall are included in Batiacasphaera 
micropapillata. The taxa included in our Batiacasphaera 
micropapillata complex have microreticulate wall 
ornamentation.

Bitectatodinium tepikiense. A specimen of B. tepikiense 
with a single plate lost in the archeopyle was recorded at 
460 m (Fig. 5, photo 17). The number of opercular plates 
lost in the archeopyle is one of several criteria used to 
differentiate between genera. For example, Habibacysta 
tectata and B. tepikiense have been differentiated by the 
presence of a one- or two-plate archeopyle (Head, 1994 
and references therein). B. tepikiense is a species with 
a two-plate archeopyle. Thus, B. tepikiense specimens 
with only one of the plates lost in the archeopyle may 

Five side-wall cores (at 611 m, 585.8 m, 555 m, 525 m 
and 502 m) collected in the lower part of the analysed 
section below the clinoforms, and two samples (at 480 
m and 460 m), collected in the lower part of the steep 
clinoforms, have been reanalysed (Figs. 2 & 4). The 
characteristics of the finer-grained sediments in the two 
lowermost analysed samples (at 611 m and 585.8 m), 
previously included in the Brygge Formation, are not 
known in detail. The samples at 555 m, 525 m and 502 m 
consist of grey, unoxidised, mica-rich sand. In contrast, 
the samples from the clinoforms (at 460 m and 480 m) 
contain mostly quartzose sand with pebbles and only 
minor glauconite. The quartz grains have a rust-stained 
and oxidised appearance. Rounded and subrounded, 
rust-tinted pebbles of crystalline rocks are also present. 

Processing and analysis

Processing techniques
The samples from 555–460 m were carefully cleaned 
of any adherent solidified drilling mud (‘mud cake’) 
and their quality assessed. Unfortunately, there is no 
information about how the two lowermost side-wall 
cores (at 611 m and 585.8 m) were treated after they were 
collected.

The samples from 460 to 555 m were processed at the 
laboratory of the Norwegian Petroleum Directorate 
(NPD). Of 10–30 g of sediment sampled from the side-
wall cores, the material smaller than 0.1 mm was saved 
for palynological analysis (Eidvin et al., 1998). Acid 
digestion applying HCL and HF was carried out to 
remove carbonate and silicate particles, respectively. 
Unconsolidated sediment was soaked in water and wet 
sieved, whereas consolidated sediment was dissolved in 
hydrogen peroxide. Cold (50%) nitric acid (HNO3) was 
applied for 2 minutes to oxidise the residue in order to 
remove pyrite and some amorphous organic material. 
The residues were sieved through a 20 microns mesh. In 
spite of this relatively large mesh size, with the possibility 
of losing small and potentially stratigraphically useful 
acritarchs, several small marine palynomorphs with 
a diameter less than 20 micron were recovered. The 
residues were mounted on cover slips using the 
mounting medium Elvacite. The two lowermost samples 
from 585.8 and 611 m were processed by Statoil. The 
processing technique of these two samples is not known 
in detail, but conventional preparation methods were 
followed.

Analysis
The main focus has been to constrain the age of the Molo 
Formation based on the presumed in situ dinoflagellate 
cysts and acritarchs. It is not intended to provide 
a detailed description of the marine palynomorph 
assemblages as the main part is reworked. For this 
purpose, the slides from the seven side-wall cores (SWC) 
of well 6610/3–1 were scanned to search for potential 
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Figure 5–7. (Page 9–11)
Selected marine palynomorphs recorded in well 6610/3–1. Figs. 5 & 6 
illustrate the marine palynomorphs used to constrain the age, whereas 
Fig. 7 illustrates dinoflagellate cyst taxa which are characteristic for the 
environment and/or which could not be identified to species level. All 
photomicrographs are in bright field illumination. Where several focal 
levels are included these are successively from high to low level. All scale 
bars are 20 microns. For each illustrated specimen the depth in metres 
below the sea floor (m = mRKB) and the location of the specimen on the 
slide, i.e., the England Finder coordinates (E.F.) are provided. References 
to the analysed slides are included in Table 1. 

Table 2. List of taxa. This includes all the recorded marine palynomorphs which could be identified to species or generic level. The nomencla-
ture refers to Williams et al. (2017).

Neogene taxa

Dinoflagellate cysts
Achomoshaera andalousiensis 
andalousiensis

Barssidinium evangelineae

Barssidinium graminosum

Barssidinium pliocenicum

Bitectatodinium tepikiense

Minisphaeridium latirictum

Operculodinium piaseckii 

Pyxidinopsis vesiculata 

Spiniferites elongatus

Acritarchs
Lavradosphaera lucifer

Potential Neogene taxa

Dinoflagellate cysts
cf. Capillicysta fusca 

Operculodinium sp.  
Pyxidinopsis sp.  
Quinquecuspis sp.  
cf. Sumatradinium pustulosum 

Acritarchs
cf. Cymatiosphaera?  spp.  
cf. Cyclopsiella granosa

Long ranging taxa

Dinoflagellate cysts
Batiacasphaera micropapillata complex

Dapsilidinium pseudocolligerum/pastielsii

Distatodinium paradoxum

Hystrichokolpoma cinctum

Hystrichokolpoma rigaudiae 

Lingulodinium machaerophorum

Operculodinium centrocarpum 

Operculodinium israelianum

Operculodinium spp.  
Palaeocystodinium golzowense

Reticulatosphaera actinocoronata

Spiniferites mirabilis

Spiniferites pseudofurcatus

Spiniferites pseudofurcatus verrucosus

Spiniferites ramosus

Spiniferites spp.
Tectatodinium pellitum 

Thalassiphora pelagica

Acritarchs
Tectatodinium sp. 1 Manum, 1976
Problematicum III Manum 1976

Paleogene taxa

Dinoflagellate cysts
Achomosphaera ramulifera

Achilleodinium biformoides

Areosphaeridium diktyoplokum

Areosphaeridium michoudii

Axiodinium augustum

Caligodinium amiculum 

Cerebrocysta bartonensis 

Charlesdowniea spp.  
Cleistosphaeridium spp.  
Cordosphaeridium cantharellus 

Cordosphaeridium funiculatum

Cordosphaeridium fibrospinosum

Corrudinum incompositum

Cribroperidinium giuseppei

Deflandrea granulata

Deflandrea phosphoritica  

Dinopterygium cladoides

Diphyes colligerum

Distatodinium ellipticum

Elytrocysta brevis

Enneadocysta arcuata/E. pectiniformis

Evittosphaerula sp.    
Glaphyrocysta semitecta

Heteraulacysta leptaea

Heteraulacysta porosa

Hystrichosphaeridium tubiferum

Hystrichostrogylon membraniphorum

Lanternosphaeridium lanosum

Licracysta semicirculata

Membranosphaera sp. B de Coninck 1975
Microdinium sp. 1 of Châteauneuf  (1980)
Operculodinium divergens

Palaeoperidinium pyrophorum

Phthanoperidinium amoenum/P. regalis

Phthanoperidinium comatum 

Phthanoperidinium echinatum

Phthanoperidinium levimurum

Rhombodinium draco

Rotnestia borussica

Samlandia chlamydophora

Spinidinium densispinatum

Spiniferella cornuta cornuta

Spiniferites sp. 2 of Manum et al. 1989
Svalbardella cooksoniae 

Thalassiphora delicata

Thalassiphora fenestrata 

Wetzeliella articulata 

Wetzeliella spp.

Acritarchs
Cordosphaeridium callosum 

Green algae

Botryococcus

»»
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Figure 5. Marine palynomorphs
Dinoflagellate cysts 
Acomosphaera andalousiensis 
andalousiensis 
1.  Well 6610/3–1, 502 m, E.F. Y59. 
Barssidinium evangelineae
2.  Well 6610/3–1, 460 m, E.F. X62/2.
3.  Well 6610/3–1, 555 m E.F. U24/2. 
4.  Well 6610/3–1, 585.8 m, E.F. S65/4.

Barssidinium pliocenicum
5.  Well 6610/3–1, 585.8 m, E.F. U63/4.
Barssidinium graminosum
6, 7.  Well 6610/3–1, 611 m, E.F. T67/3.
8–10.  Well 6610/3–1, 611 m, E.F. T70/2. 
Batiacasphaera micropapillata complex
11, 12.  Well 6610/3–1, 460 m, E.F. S15.
13, 14.  Well 6610/3–1, 460 m, E.F. V57/3.

Bitectatodinium tepikiense
15–17. Well 6610/3–1, 460 m, E.F. U35/1. 

Only one of the two plates in the 
archeopyle is lost. 

18, 19. Well 6610/3–1, 585.8 m, E.F. W62/1. 
Minisphaeridium latirictum 
20.  Well 6610/3–1, 611 m, E.F. V37.
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Figure 6. Marine palynomorphs
Dinoflagellate cysts 
Operculodinium piaseckii 
1, 2.  Well 6610/3–1, 460 m, E.F. P52/2.
3, 4.  Well 6610/3–1, 502 m, E.F. W15/4. 
Pyxidinopsis vesiculata
5, 6.  Well 6610/3–1, 525 m, E.F. N35.
7–9.  Well 6610/3–1, 611 m, E.F. T70.
Reticulatosphaera actinocoronata
10.  Well 6610/3–1, 480 m, E.F. H64/1. 

Spiniferites elongatus 
11.  Well 6610/3–1, 502 m, E.F. V26-3.
cf. Sumatradinium pustulosum
12.  Well 6610/3–1, 480 m, E.F. K31/3
Acritarchs
cf. Cyclopsiella granosa
13. Well 6610/3–1, 480 m, E.F. Q35. 
Lavradosphaera lucifer
14–16. Well 6610/3–1, 585.8 m, E.F. E16/3. 

Reworked Paleogene dinoflagellate cysts
Enneadocysta arcuata/pectiniformis 
17. Well 6610/3–1, 460 m, E.F. V41/1. 
Axiodinium augustum 
18. Well 6610/3–1, 585.8 m, E.F. U33.
Phthanoperidinium amoenum
19. Well 6610/3–1, 502 m, E.F. V26/1.
Phthanoperidinium geminatum
20. Well 6610/3–1, 611 m, E.F. F68/1
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Figure 7. Marine palynomorphs
Dinoflagellate cysts 
Lingulodinium machaerophorum 
1.  Well 6610/3–1, 611 m, E.F. V59/1. 
2–4.  Well 6610/3–1, 525 m, E.F. X64/2. 
Operculodinium israelianum 
5–7.  Well 6610/3–1, 585.8 m, E.F. W34/3. 
cf. Lingulodinium machaerophorum 
8.  Well 6610/3–1, 525 m, E.F. W61/W62.

Operculodinium sp. 
9, 10.  Well 6610/3–1, 525 m, E.F. K51/4.
11, 12.  Well 6610/3–1, 502 m, E.F. R37/4.
Operculodinium centrocarpum s.l.
13, 14.  Well 6610/3–1, 502 m, E.F. S21/3.
15, 16.  Well 6610/3–1, 480 m, E.F. W24/4.
17, 18.  Well 6610/3–1, 480 m, E.F. H51/1.

Pyxidinopsis sp. 
19, 20.  Well 6610/3–1, 502 m, E.F. W15/4.
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be exposed to misidentification (Head, 1994). Four 
specimens of B. tepikiense were also recorded at 585.8 
m (Fig. 5, photos 18 & 19). The wall structure of these 
specimens appear to agree well with the wall structure 
of the “moderately extreme morphotype” of Van 
Nieuwenhove (2005). Such ‘aberrant’ morphtypes are 
quite rare. All the recorded specimens of B. tepikiense in 
our study have a lower body diameter than that described 
for the species by Wilson (1973). 

Minisphaeridium latirictum appears to be consistent 
with the species in ODP Site 907 in the Iceland Sea 
referred to by Schreck et al. (2012) as Cordosphaeridium 
minimum sensu Benedek & Sarjeant (1981).

Operculodinium centrocarpum s.l. The specimens 
included in this taxon include specimens of O. 
centrocarpum (Deflandre & Cookson) Wall, 1967. There 
are both small and relatively large forms. This group 
does not include specimens of cysts of Protoceratium 
reticulatum (previously known as O. centrocarpum sensu 
Wall & Dale (1966), see Paez-Reyes & Head (2013). The 
latter species is associated with the North Atlantic Drift 
(Grøsfjeld et al., 2014). Some of the specimens resemble 
cysts of Protoceratium reticulatum by their small size 
and delicate processes. However, they deviate from this 
species by having a microreticulate wall ornamentation. 

Operculodinium sp. There are several specimens of 
Operculodinium sp., which could not be identified 
to species level. Some of these, referred to as 
Operculodinium sp., have a spherical to ovoidal central 
body with a microgranulate wall sculpture (Fig. 7, photos 
9–12). They have numerous non-tabular processes 
(or virgae), which are usually short. These are smooth 
and formed by the outer wall layer. They taper and are 
distally acuminate. The processes are open, at least at 
their base. This species occurs in the foreset sediments of 
the Molo Formation. Some of the specimens superficially 
resemble Operculodinium? eirikianum, but differ 
from this by having a microgranulate wall instead of a 
microreticulated one. 

Pyxidinopsis vesiculata/Cerebrocysta bartonensis. We 
have recorded several specimens which are in accordance 
with the description of P. vesiculata (Fig. 6, photos 5–9). 
P. vesiculata can be distinguished from C. bartonensis 
by its characteristic small vesicles at the base of some or 
most of its ridges, forming a fine, complete or incomplete, 
irregular reticulum over the cyst surface (Head & Norris, 
2003). There are also specimens with less abundant 
vesicles, and specimens where vesicles are more or less 
absent. Specimens with these kinds of morphological 
features have not been reported from the Paleogene 
previously. Specimens with similar morphology were 
probably included in the species referred to by Eidvin et al. 
(1998, 2007) as C. bartonensis. As most specimens appear 
to have vesicles, we have also attributed specimens where 
the vesicles are nearly absent to P. vesiculata. 

Spiniferites elongatus. The recorded specimens 
attributed to S. elongatus deviate from the original 
description of this species by Reid (1974) by having 
comparatively much longer processes.

Spiniferites spp. Included in Spiniferites spp. are all 
species of the genus, including Spiniferites mirabilis 
and Spiniferites ramosus, as well as the undifferentiated 
species of the genus. Of these, S. mirabilis is occasionally 
the most abundant species. The group may include both 
indigenous and reworked specimens. 

Results 

General description of the assemblages

The marine palynomorph assemblages in the analysed 
section (611–460 m) generally contain many well-
preserved specimens, although the entire range from 
excellently to poorly preserved varieties has been 
recorded. The assemblages are strongly dominated 
by reworked taxa, Paleogene taxa being particularly 
abundant, although upper Jurassic–lower Cretaceous 
specimens are also present. 

Several stratigraphically significant Neogene 
dinoflagellate cyst taxa are recorded, although 
sporadically (Table 2; Electronic Supplement 1). The 
dating of the Molo Formation in the studied well, 
presented here, is based on these occurrences, in addition 
to one acritarch species. Their occurrences in the studied 
samples are shown in Fig. 4 and include among others; 
Acomosphaera andalousiensis andalousiensis (a single 
specimen at 502 m), Barssidinium evangelineae (at 460 
m, 555 m and 585.8 m), Barssidinium graminosum (five 
specimens recorded at 611 m), Barssidinium pliocenicum 
(a single specimen at 585.8 m), B. tepikiense (a single 
specimen at 460 m and several specimens at 585.8 m), M. 
latirictum (occurring in nearly all the studied samples), 
Operculodinium piaseckii (a single specimen at 460 m 
and 502 m, and Spiniferites elongatus (a single specimen 
at 502 m and 460 m). 

Neogene dinoflagellate cyst taxa that could not confidently 
be identified to species level are cf. Capillicysta fusca 
(480 m), undifferentiated species of Operculodinium, 
Quinquecuspis sp. (at 480 m), and cf. Sumatradinium 
pustulosum (a single specimen at 480 m). Dinoflagellate 
cysts strongly dominate over acritarchs; the latter 
occurring in low numbers. One age-significant acritarch, 
L. lucifer, is recorded (two specimens at 585.8 m), in 
addition to cf. Cyclopsiella granosa (a single specimen at 
480 m), which may also provide important information. 
No Neogene taxa have been recorded from the strata 
below the base of the Molo Formation (at 643 m) (Eidvin 
et al., 2007, unpublished, Karen Dybkjær 2019).
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There are several dinoflagellate cyst species with LO 
in the Palaeogene but with ranges extending into the 
Neogene, for example B. micropapillata complex (at 
460 m and 585.8 m), Dapsilidinium pseudocolligerum/
pastielsii (at 480 m, 502 m, 525 m, 555 m, 585.8 m 
and 611 m), Hystrichokolpoma rigaudiae (at 460 m, 
480 m, 555 m, 585.8 m and 611 m), Lingulodinium 
machaerophorum (at 460 m, 502 m, 525 m, 585.8 m and 
611 m), O. centrocarpum (at all depths), P. vesiculata 
(480 m, 525 m, 585.8 m and 611 m), Reticulatosphaera 
actinocoronata (at 460 m, 480 m, 525 m and 585.8 m), 
Tectatodinium pellitum (at 460 m, 480 m, 502 m, 525 m 
and 585.8 m) and Operculodinium israelianum. Both O. 
centrocarpum and Spiniferites spp. occasionally occur in 
significant proportions. The highest occurrence (HO) 
of some of these taxa, including the B. micropapillata 
complex, P. vesiculata and R. actinocoronata, have been 
used here to constrain the minimum age of the studied 
succession (Figs. 4 & 8). 

Terrestrial organic material, including spores and 
pollen, occur abundantly. Bisaccate pollen strongly 
dominates over spores and non-bisaccate pollen grains. 
Botryococcus occurs throughout the investigated section. 
Foraminiferal linings and fungae are also observed, 
although these are rare (Electronic Supplement 1).

Paleogene and Mesozoic taxa

The dinoflagellate cyst assemblages in the studied 
samples are dominated by reworked Paleogene taxa. 
In addition to long-ranging taxa which may include 
Paleogene ones, more than 50 Paleogene taxa were 
identified (Table 2; Electronic Supplement 1). The 
Paleogene dinoflagellate cyst assemblages are dominated 
by Areosphaeridium dictyoplokum, Areosphaeridium 
michoudii, Corrudinium incompositum, Cribroperidinium 
guiseppei, species of Deflandrea, including Deflandrea 
phosphoritica, Enneadocysta arcuata/E. pectiniformis 
and Phthanoperidinium comatum. Other species are 
Cleistosphaeridium spp., Glaphyrocysta semitecta, 
Palaeoperidinium pyrophorum, various species of 
Phthanoperidinium, including Phthanoperidinium 
geminatum and Spiniferella cornuta, to mention a 
few. However, it is uncertain whether all of them 
are Paleogene as, for example, both C. guiseppei and 
Cleistosphaeridium spp. range well into the Miocene. 
In addition to these taxa, a number of taxa occur more 
sporadically, including Axiodinium augustum, C. 
bartonensis, Diphyes colligerum and Rottnestia borrusica. 
The proportion of the various Paleogene taxa varies in 
the different samples. 

Upper Jurassic to lower Cretaceous dinoflagellate 
cysts, including Batioladinium cf. varigranosum, 
Cribroperidinium granuligerum Group, Gochteodinia 
villosa villosa, Gonyaulacysta jurassica, Hystrichodinium 
voigtii, Rhynchodiniopsis cladophora, Scriniodinium 

pharo, Senoniasphaera jurassica and Sirmiodinium 
grossii, occur sporadically through the studied interval. 
However, these are rare compared to the Paleogene taxa. 

Discussion

Age constraints

The locations of the majority of the sites referred to in 
the text below are shown in Fig. 9. The recordings of 
stratigraphically important dinoflagellate cysts and acri-
tarch taxa are listed in Fig. 4. The reported age ranges of 
these marker taxa are shown in Fig. 8 and are included in 
Table 3. In the following, the ranges of the marker taxa 
will be discussed, one by one.

Achomosphaera andalousiensis andalousiensis is a 
neritic species with a known range from the middle 
Miocene through upper Pleistocene and Holocene (Head, 
1993 and references therein). In Northwest Europe it has 
its lowest known occurrence in the Serravallian (13.82–
11.63 Ma) (e.g., Powell & Brinkhuis, fig. 21.2, p. 423, in 
Lourens et al., 2004). In the eastern Norwegian Sea (Site 
643) its first reported occurrence was used to define the 
base of the Achomosphaera andalousiensis Zone, which 
defines the boundary between the middle and upper 
Miocene (Manum et al., 1989). 

Barssidinium evangelineae ranges from 8.8 to 5.0 Ma 
in Northwest Europe (Powell & Brinkhuis, fig. 21.2, p. 
423, in Lourens et al., 2004). De Verteuil & Norris (1996) 
reported the LO at the base of their DN9 Zone, in the 
mid-Tortonian. This species was also recorded in the 
shelf sediments of ODP Hole 911A at the Yermak Plateau 
in the marginal Arctic Ocean, where its occurrence at c. 5 
Ma was consistent with the palaeo-magnetostratigraphy 
(Grøsfjeld et al., 2014; Mattingsdal et al., 2014). 

Barssidinium graminosum and Barssidinium 
pliocenicum are neritic species with nearly similar 
total age ranges. They have possibly a range base in the 
Serravallian (latest middle Miocene) to late Miocene at 
the Grand Banks, offshore eastern Canada (Lentin et al., 
1994), ranging up to the early Pleistocene (De Schepper 
& Head, 2008b, 2009). In the eastern North Atlantic 
they commonly disappear at around 2.6 Ma, although 
they have also been reported from 1.95 My-old shallow-
marine deposits in southern England (Head, 1993). 

In exploration well 6507/9–5 at the Draugen field, 
B. graminosum is recorded in ditch-cutting samples 
from the base of the early Miocene Cordosphaeridium 
cantharellum Zone of Eidvin et al. (2007) up to 30 m 
below the interpreted base of the Naust Formation. 
However, the occurrences of the species in the lower 
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Miocene ditch-cutting samples are possibly due 
to caving. So far, the oldest known occurrence in 
sediments of well-calibrated ocean drillcores in the 
eastern Norwegian Sea is in the Messinian of the ODP 
Hole 642B (De Schepper et al., 2017). However, this 
investigation did not study deposits older than 5.89 Ma. 
In the eastern North Sea it is common in the uppermost 
Tortonian Selenopemphix armageddonensis Zone (7.6–
5.0 Ma) (Dybkjær & Piasecki, 2010). There, it is further 
consistently recorded in ditch-cutting samples from the 
Hystrichosphaera obscura Zone (8.8–7.6 Ma) with a few 
recorded specimens occurring in the Amiculosphaera 
umbraculatum Zone (11.61–8.8 Ma) (personal obser-
vation, Karen Dybkjær). 

Rare occurrences of B. pliocenicum occur throughout the 
ODP Hole 642B section analysed by De Schepper et al. 
(2017) from c. 5.87–3 Ma. In exploration well 6507/9–5, 
B. pliocenicum occurs in sediments that are considered 
to range from a general upper Miocene part of the 

Achomosphaera sp. 1 Assemblage Zone to the middle part 
of the lower Pliocene Reticulatosphaera actinocoronata 
Zone (Eidvin et al., 2007). It is absent in the lowermost 
part of the Achomosphaera sp. 1 Assemblage Zone, which 
was assigned an early Miocene age by Eidvin et al. (2007).

The Batiacasphaera micropapillata complex, which is 
known from the Eocene (Shaw, 1999), ranges up into the 
Pliocene with HO between 3.8 and 3.4 Ma throughout 
the North Atlantic (Schreck et al., 2012 and references 
therein). 

Bitectatodinium tepikiense is recorded consistently 
from the mid-Langhian (middle Miocene) in the 
North Atlantic (the Porcupine Basin, southwest of 
Ireland), while a single specimen was recorded from 
the Burdigalian (Lower Miocene) (Louwye et al., 2007). 
In ODP Hole 642C, located in the eastern Norwegian 
Sea, B. tepikiense has LO in the lowermost Tortonian 
at the base of the upper Miocene Achomosphaera 
andalousiensis Zone of Manum et al. (1989). In well 
6407/9–5, B. tepikiense has its first reported appearance 
at 760 m in the upper part of the upper Miocene 
Achomosphaera sp. 1 Assemblage Zone of Eidvin et al. 
(2007). It occurs throughout the remaining investigated 
sequence, extending into the early Pliocene and younger 
strata. However, as the analysed samples represent ditch-
cutting samples we cannot exclude the possibility of B. 
tepikiense being caved.

Minisphaeridium latirictum is commonly recorded 
from the Miocene across the North Atlantic and adjacent 
seas, with a highly variable diachronous HO, ranging 
from the early Serravallian (c. 13.1 Ma) to late Tortonian 
(Schreck et al., 2012 and references therein). In the 
Iceland Sea (ODP Hole 907A) it has a range top at 10.4 
Ma in the lower Tortonian (Schreck et al., 2012), except 
for an isolated specimen at 8.4 Ma which is considered 
reworked. In eastern U.S.A (Salisbury Embayment) it 
has a reported HO at c. 10.5 Ma in the lower Tortonian 
(de Verteuil & Norris, 1996). In the continental slope 
off New Jersey (eastern U.S.A.) it disappears in the mid-
Tortonian (de Verteuil, 1996). In the Norwegian Sea, this 
species (referred to as Hystrichosphaeridium latirictum 
alias Cordosphaeridium minimum) has LO in the late 
Oligocene Impagidinium sp. 1 Zone (Manum et al., 
1989). It is persistently present up to near the top of the 
upper Miocene Achomosphaera andalousiensis Zone of 
Manum et al. (1989), at a depth which likely corresponds 
to the mid-Tortonian. Manum et al. (1989) studied 
only the lower part of the upper Miocene and could not 
deduce the exact age of the top of the Achomosphaera 
andalousiensis Zone. He tentatively correlated it with the 
Achomosphaera andalousiensis Zone of Piasecki (1980), 
which was assigned a late Miocene age. Mudie (1989) did 
not record this species in the Miocene deposits on the 
Vøring Plateau. In the eastern North Sea, the HO of M. 
latirictum (referred to as Cordosphaeridium minimum) 
occurs at the upper boundary of the Amiculosphaera 

Figure 8. Age range of index taxa in the North Atlantic, including the 
Nordic seas, used to constrain the age of the Molo Formation at Site 
6610/3–1. The biozones for the Danish North Sea Basin of Dybkjær & 
Piasecki (2010) and for the outer Vøring Plateau, eastern Norwegian Sea, 
are shown to the right. The latter includes the Messinian to Piacenzian 
dinoflagellate and acritarch biozones VP1–VP3 of ODP Hole 642B 
of De Schepper et al. (2017). The mid Miocene to early Pleistocene 
dinoflagellate cyst zonation of Mudie (1989) (PM1–PM4) and the upper 
part (i.e. the upper Miocene) of the dinoflagellate zonation of Manum et. 
al.  (1989) are also included. The middle to late Pleistocene biozone Zone 
PM1 of Mudie (1989) is not shown on the figure. The age of the base of 
the Achomosphaera andalousiensis andalousiensis Zone is based on the 
magnetostratigraphy of Bleil (1989). A hiatus (5.29–5.18 Ma) in ODP 
Hole 642B between the VP1 and VP2 zones is indicated (De Schepper et 
al., 2015, 2017). Colour code: black – the outer Vøring Plateau, eastern 
Norwegian Sea; dark grey – Iceland Sea (ODP Hole 907A, Schreck et al. 
(2012); light grey – Danish North Sea (Dybkjær & Piasecki, 2010); white 
– other North Atlantic sites referred to in the text and included in Table 
3. The constrained age of the studied section in 6610/3–1 (611 to 460 m) 
is shown to the right. Arrows – taxa with range extending into an older 
age. Abbreviations: LO – lowest occurrence; I. aquaed – Impagidinium 
aquaeductus. Ages are based on Cohen et al. (2013, updated 2018). 

Vøring Plateau, eastern Norwegian Sea

Iceland Sea

Eastern North Sea

Other sites in the North Atlantic

Colour code

»
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umbraculum Zone (c. 8.8 Ma), at the same level as the LO 
of B. evangelineae (Dybkjær & Piasecki, 2010). In West 
Greenland, the HO of M. latirictum was found in the 
Tortonian in the Qulleq–1 well (Piasecki, 2003) and in 
the Nuussuaq Basin (Nøhr-Hansen et al., 2002). 

Operculodinium piaseckii has been recorded from the 
earliest Miocene at several sites (de Verteuil & Norris, 

1996 and references therein). In the eastern Norwegian 
Sea, O. piaseckii is recorded from the lower lower 
Miocene (Manum et al., 1989). According to Schreck et 
al. (2012) the HO of O. piaseckii likely permits correlation 
across the Nordic seas and North Atlantic over a broader 
time span within the upper Tortonian. They refer to a 
number of studies (see references in Schreck et al., 2012) 
of which the majority indicates ages varying between 8.8 

O
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Figure 9. North Atlantic and adjacent basins with locations of sites discussed in the text. Additional discussed sites, indicated by digits, are 1: the 
Danish North Sea Basin, 2: Northern Germany, 3: Belgium, 4: The Netherlands, 5: the Salisbury Embayment. Redrawn from De Schepper & Head 
(2008b).
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 and 7.6 Ma. A few younger recordings are mentioned 
but these are suggested to be reworked. In the western 
North Atlantic (Salisbury Embayment, eastern U.S.), O. 
piaseckii has HO coincident with Chron C4 (c. 8.8–7.5 
Ma) (de Verteuil & Norris, 1996). In the Labrador Sea 
(ODP Hole 646B), it has HO in the uppermost part of 
nannofossil zone NN10 (c. 8.6–8.3 Ma) (Head et al., 
1989a; Knüttel et al., 1989). In ODP Hole 907A in the 
Iceland Sea, it has HO at 8.4 Ma (Schreck et al., 2012). O. 
piaseckii (referred to as Operculodinium sp. of Piasecki, 
1980), was one of the characteristic species in the PM4 
Zone of Mudie (1989) at the outer Vøring Plateau (ODP 
Hole 643A/642B). In ODP Hole 643A this species has 
a magneto-stratigraphically calibrated HO at c. 7.6 Ma 
(Subchron C4n.1n) (Bleil, 1989; Manum et al., 1989; 
Mudie, 1989). In West Greenland, the HO of O. piaseckii 
was found in the upper Tortonian in the Qulleq–1 well 
(Piasecki, 2003) and in the Nuussuaq Basin (Nøhr-
Hansen et al., 2002). Schreck et al. (2012) incorrectly 
refer the HO of O. piaseckii in the eastern North Sea to 
be reported from the Hystrichosphaeropsis obscura Zone 
(8.8–7.6 Ma). Its last occurrence is reported from the 
Selenopemphix armageddonensis Zone (7.6–5.0 Ma) of 
late Tortonian age (Dybkjær & Piasecki, 2010). However, 
there is no direct age control on the zonal boundaries in 
this study.

Pyxidinopsis vesiculata has a well-documented range 
top in the Zanclean at several sites in the North Atlantic 
(Schreck et al., 2012 and references therein; De Schepper 
et al., 2015). In the Iceland Sea (ODP Hole 907A) it has 
HO at 4.5 Ma (Schreck et al., 2012), whereas in ODP 
Hole 642B it has HO at 4.9 Ma (De Schepper et al., 2015, 
2017). It was not recorded in the eastern Norwegian 
Sea by Manum et al. (1989) or Mudie (1989). Due to 
the sparse records of P. vesiculata the range base of 
this species is poorly mapped. The few investigations 
include the Labrador Sea (ODP Hole 646B) where it was 
included within Batiacasphaera/Cerebrocysta? from the 
Upper Miocene (nannofossil zone NN11b, Knüttel et al., 
1989; Head et al., 1989a; Schreck et al., 2012). In western 
North Atlantic DSDP Hole 603C, it was recorded from 
5.8 Ma (Head & Norris, 2003), which is the approximate 
base of that study. In the Iceland Sea (ODP 907A) it has 
a lowest reported occurrence at 5.9 Ma (Schreck et al., 
2012; De Schepper et al., 2015). At the outer shelf in the 
eastern Norwegian Sea, P. vesiculata was encountered in 
a few samples dated to between 5.29 and 4.91 Ma (ODP 
Hole 642B, Vøring Plateau) (De Schepper et al., 2015, 
2017). In all these studies only sporadic occurrences of 
this species have been observed.

Reticulatosphaera actinocoronata, which ranges from 
the mid-Oligocene (Benedek & Sarjeant, 1981), has 
its range top in the Zanclean across the North Atlantic 
(Schreck et al. 2012 and references therein; De Schepper 
et al., 2015). In ODP Hole 907A, R. actinocoronata has 
HO at 4.5 Ma, whereas in ODP Hole 646B it has HO at 
4.64 Ma (Fig. 3; Schreck et al., 2012).

Spiniferites elongatus. Manum et al. (1989) recorded the 
LO of S. elongatus in ODP Hole 643A (sample 104A–
643–8–6), in the uppermost part of their Achomosphaera 
andalousiensis Zone, at a depth which likely corresponds 
to mid-Tortonian. 

Lavradosphaera lucifer has a documented range from 
several sites in the North Atlantic and adjacent seas (De 
Schepper & Head, 2008a) with a total known range from 
the mid-Tortonian (calcareous nannofossil zone NN10) 
into the Piacenzian. In the Labrador Sea (ODP Hole 
646B) it ranges from mid-Tortonian to 3.3 Ma (Head et 
al., 1989a); in Baffin Bay it ranges from late Miocene or 
Zanclean through Piacenzian (de Vernal & Mudie, 1989; 
Anstey, 1992); in DSDP Site 611 in the North Atlantic it 
ranges from the Tortonian through the Zanclean (Mudie, 
1987); in the western North Atlantic (DSDP Hole 603C) it 
ranges from Messinian to 3.47 Ma (Head & Norris, 2003). 
In ODP Hole 642B it occurs at the base of the succession 
(>5.89 Ma), disappearing at 4.69 Ma close to the top of the 
VP2 Zone (De Schepper et al., 2015, 2017). L. lucifer was 
not reported by Mudie (1989) or Manum et al. (1989) in 
the eastern Norwegian Sea. Its true range base is probably 
not known as its reported LO in most studies represent the 
age of the base of the studied sections.

Interpreted depositional age

Neogene age
Several taxa (e.g., A. andalousiensis andalousiensis, 
B. evangelineae, B. graminosum, B. pliocenicum, L. 
lucifer) with an age range within the Neogene, provide 
incontrovertible evidence for a Neogene age (see above). 
There are no taxa characteristic for the early and middle 
Miocene. This indicates no reworking from the early and 
middle Miocene, and hence no deposition of sediments 
from this time period. Exceptions are B. graminosum and 
B. pliocenicum, recorded in the lowermost part of the 
investigated section, and A. andalousiensis andalousiensis 
(at 502 m). These three taxa are known to range down 
into the late middle Miocene (Serravalian) (see above). 
Thus, there is a Serravallian maximum age constraint for 
the Molo Formation on the inner continental shelf off 
Vestfjorden. 

Based on several species (B. evangelineae, B. 
micropapillata complex, P. vesiculata, R. actinocoronata) 
with well-constrained HO within the Zanclean in the 
Nordic seas and/or at other sites in the North Atlantic, 
listed above, we can exclude any age of the investigated 
section younger than the Zanclean. This is supported 
by the absence of a range of taxa characteristic for the 
VP2 Zone (5.18 Ma–4.64 Ma) of De Schepper et al. 
(2017). This includes Filisphaera filifera with a range base 
at 5.18 Ma at the base of the VP2 Zone (5.18 Ma–4.64 
Ma) of De Schepper et al. (2017). Whereas F. filifera is 
nearly consistently present in the investigated sediments 
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younger than 5.18 Ma in ODP Hole 642B, it is absent 
between 5.1 and >5.89 Ma (which is the age of the base 
of their studied section). Thus, an earliest Pliocene 
minimum age of 5.2 Ma and late middle Miocene 
(Serravallian) can be firmly constrained for the analysed 
section. This age span can possibly be further restricted, 
and we present various hypotheses below. 

Deposition during the mid- to late-Tortonian 
The first hypothesis suggests that the analysed section 
started to accumulate during the mid- to late-Tortonian 
at c. 8.8–8.7 Ma (Fig. 8). For example, B. evangelineae 
and M. latirictum seem to have overlapping first and 
last occurrences, respectively, in the eastern North 
Sea at around 8.8 Ma (Dybkjær & Piasecki, 2010). The 
assumption of a depositional age around this time 
implies contemporaneous LO and HO, respectively, 
of these two species in the eastern North Sea and the 
eastern Norwegian Sea. A thermal gradient is anticipated 
to have existed in the southern Norwegian–Greenland 
Sea since the late middle Miocene (Fronval & Jansen, 
1996). This probably resulted in a somewhat diachronous 
distribution of taxa across the Iceland Sea and eastern 
Norwegian Sea. This was likely less developed between 
the North Sea region and the eastern Norwegian Sea. 
Although the north-south temperature gradient seems 
to have been somewhat reduced compared to the 
present day (Matthiessen et al., 2009), a proto North 
Atlantic Drift probably transported warm surface 
waters northward to the investigated site. The surface 
water temperatures in the eastern Norwegian Sea and 
the North Sea region were possibly quite similar, and a 
diachronous distribution of taxa probably did not exist 
between these areas. 

In the eastern Norwegian Sea (ODP Hole 643A), O. 
piasecki has a magnetostratigraphically calibrated HO at 
c. 7.6 Ma. In the eastern North Sea it has HO between 
7.6 and 5.0 Ma (see above). Thus, the investigated section 
may have been deposited between 8.8 / 8.7 Ma and 7.6 
Ma (Fig. 8). 

At Site 643 at the outer Vøring Plateau, the LO of A. 
andalousiensis andalousiensis was used to mark the base 
of the Achomosphaera andalousiensis andalousiensis 
Zone of Manum et al. (1989), which defines the boundary 
between the middle and late Miocene. According to the 
magnetostratigraphy of Bleil (1989), this boundary falls 
within an unconformity. In ODP Hole 643A there is an 
unconformity located at around the middle–late Miocene 
boundary between 14.66 and 8.71 Ma, consisting 
of a series of hiati, representing a total time gap of 
around 6 Ma (Bleil, 1989). The LO of A. andalousiensis 
andalousiensis at Site 643 is in the mid-Tortonian at 
around 8.7 Ma. As the sediments which probably hosted 
its LO have been eroded, the LO of A. andalousiensis 
andalousiensis at Site 643 probably does not represent its 
true LO in the eastern Norwegian Sea. Nevertheless, the 
occurrence of A. andalousiensis andalousiensis at 502 m 

in well 6610/3–1 could support the hypothesis of a mid-
Tortonian maximum age for the sediments above 502 
m in well 6610/3–1. We then anticipate that erosion off 
Vestfjorden took place concomitantly with the erosive 
event around the middle–late Miocene boundary at 
Site 643 at the Vøring Plateau. This is supported by the 
marine palynomorph-inferred Serravallian maximum 
age of the deposits in well 6610/3–1. 

In ODP Hole 643C, B. tepikiense has LO at the same 
stratigraphic depth as A. andalousiensis andalousiensis 
(Manum et al., 1989). The LO of S. elongatus 
was recorded c. 35 m above the range base of A. 
andalousiensis andalousiens and B. tepikiense (Manum 
et al., 1989). However, the stratigraphic usefulness of B. 
tepikiense and S. elongatus is restricted. This is partly due 
to their morphology which is not very distinctive (see 
taxonomic note). 

The assumption of a mid- to late-Tortonian depositional 
age for the investigated section is supported by the 
absence of taxa characteristic for the Messinian, 
except for P. vesiculata, which has a reported LO in the 
Messinian. However, we consider the LO of this species 
to be uncertain (see below).

Deposition during the Messinian (7.246–5.333 Ma). 
Another hypothesis suggests that the entire section 
was deposited during the Messinian. This is based on 
the occurrence of P. vesiculata throughout the analysed 
sequence, which has its oldest reported occurrence at 
5.9 Ma in the Iceland Sea (Fig. 8). This hypothesis is 
supported only by the presence of B. pliocenicum, which 
in the eastern Norwegian Sea has not been recorded in 
deposits older than the Messinian (see above). Its oldest 
reported occurrence with firm age control is in the c. 5.87 
Ma-old deposits in ODP Hole 642B. In exploration well 
6507/9–5 it was not recorded in sediments older than the 
undefined upper Miocene deposits of the Achomosphaera 
sp. 1 Assemblage Zone (see above). Strontium-isotope 
ages from foraminifer tests from these deposits provided 
ages of 5.8 and 5.2 Ma (Eidvin et al., 2007). In ODP Hole 
642B at the outer shelf (Vøring Plateau) there is a hiatus, 
which is paleomagnetically dated to 5.29–5.18 Ma (Fig. 
8; De Schepper et al., 2015, 2017). This reflects tectonic 
activity in the region during that time. The upper part 
of the analysed sections with the clinoforms were likely 
deposited prior to this period of non-deposition. The 
hypothesis of a Messinian depositional age for the 
entire section implies that the potential Tortonian taxa 
in the analysed well 6610/3–1 section are recycled. The 
weakness of this hypothesis is that there are no other taxa 
characteristic for the Messinian than P. vesiculata. The 
lowest recorded occurrence of P. vesiculata at 5.29 Ma 
near the Miocene–Pliocene boundary in ODP Hole 642B 
is likely due to the hiatus in this hole (indicated in Fig. 8). 
Although this species has so far not been reported from 
deposits older than the Messinian, its range base needs to 
be better mapped. 
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 Reworked Paleogene, Jurassic and Cretaceous 
taxa

The assemblages throughout the investigated section 
contain many similar taxa including the common 
occurrence of A. dictyoplokum and the occurrences 
of C. bartonensis, D. colligerum and R. borrusica. C. 
bartonensis and R. borrusica indicate a middle Eocene age 
(Mudge & Bujak, 1996; Williams et al., 2004; Heilmann-
Clausen & Van Simaeys, 2005), whereas A. diktyoplokum 
ranges into the upper Eocene (El Beialy et al., 2019). D. 
colligerum has also been recorded in the upper Eocene 
of Germany (El Beialy et al., 2019). The occurrences 
of A. augustum and Palaeoperidinium pyrophorum 
demonstrate that deposits from the upper Paleocene 
and lowermost Eocene contributed to the reworked 
material although such occurrences are less common. 
The range of A. augustum is restricted to the Sparnacian 
(earliest Eocene), while P. pyrophorum ranges from 
the Maastrichtian to the upper part of the Selandian 
(Heilmann-Clausen et al., 1985; Mudge & Bujak, 1996; 
Williams et al., 2004). Typically, Oligocene marker 
species (e.g., Chiropteridium galea, C. lobospinosum, 
Distatodinium biffii, Spiniferites manumii, Wetzeliella 
gochtii/symmetrica) have not been recorded. However, 
several species range up into the Rupelian, e.g,. Areoligera 
semicirculata, E. arcuata/pectiniforme, Svalbardella 
cooksoniae, Thalassiphora fenestrata (Heilmann-Clausen 
& Van Simaeys, 2005; Sliwinska et al., 2012; Egger et al., 
2016). P. geminatum is common at 585.8 m, indicating an 
age not younger than the Lutetian (Eldrett et al., 2004). 
This indicates that sediments of middle Eocene age seem 
to have been reworked at the time when the deposits in 
the analysed section accumulated. 

As mentioned above, Mesozoic taxa have rare 
occurrences compared with the Paleogene taxa. Details 
concerning the stratigraphic ranges of the Upper Jurassic 
to Lower Cretaceous dinoflagellate cysts, listed under 
results, can be found, for example, in Davey (1982), 
Heilmann-Clausen (1987) and Riding & Thomas (1992). 
The dinoflagellate cyst assemblages thus indicate minor 
reworking from the Upper Jurassic–Lower Cretaceous, 
while massive reworking of Paleogene deposits took 
place. 

Depositional history and reconstruction of 
 surface-water conditions 

Our results demonstrate that extensive erosion and 
redeposition of older sediments most likely took place 
as a response to an uplift of the hinterland/coastal zone. 
Although we discuss possible deposition during the 
Messinian, we consider a mid-Tortonian depositional 
age for the Molo Formation to be more likely. We 
propose that the unconformity at the base of the studied 
part of the Molo Formation may correlate with the 
interval from the Serravallian to the mid-Tortonian 

and that the Molo Formation started to accumulate 
at around 8.8 / 8.7 Ma. The entire investigated section, 
which comprises the lower part of the Molo Formation, 
possibly accumulated between 8.8 / 8.7 and 7.6 Ma (Fig. 
4). However, we cannot rule out that the lowermost 
investigated part below the steep shelf-edge clinoforms 
may have been deposited between the Serravallian and 
the mid-Tortonian, whereas the clinoforms started to 
accumulate at around 8.8 / 8.7 to 7.6 Ma. The analysed 
section might comprise several erosional events. For 
example, there might be a hiatus close to the base of 
the clinoformal package. The reflector in the lowermost 
finer-grained part of the analysed section hosting the 
samples at 611 m and 585.8 m appears to climb into the 
prograding succession eastwards (Fig. 2). This indicates 
that the onset of the progradation might be older than the 
constrained age of the Molo Formation in well 6610/3–1 
(Figs. 3 & 4). Therefore, the documented age constraint 
holds only strictly for the 6610/3–1 well section. Due to 
the erosional truncation of the Molo Formation towards 
the east, the time of onset of the progradation of the 
Molo Formation and its oldest shoreline is not recorded 
(Fig. 2). The erosional event which marks the base of the 
Molo Formation (at 643 m) in well 6610/3–1 can possibly 
be correlated with the middle-upper Miocene erosional 
boundary at Site 643 on the outer Vøring Plateau (Bleil, 
1989; Manum et al., 1989).

Although uplift/updoming of the hinterland/coastal zone 
is considered to be the main causal mechanism for the 
initiation and rapid progradation of the Molo Formation, 
a concomitant drop in eustatic sea level may also have 
influenced the erosion of the source regions and the 
deposition. Eustatic drop took place several times during 
the late Miocene. Although the time resolution of the 
fluctuations in sea level in the late Miocene is relatively 
poor, with an uncertainty of sea-level drops of up to plus/
minus 1 Ma (Boulila et al., 2011), an eustatic drop of up 
to a few tens of metres has been observed at c. 11 and 8.7 
Ma (Miller, 2005; Boulila et al., 2011). 

Except for B. tepikiense (recorded by a single specimen 
at 460 m and by a few specimens at 585.8 m), there 
are no cool surface-water tolerant taxa in well 
6610/3–1. All the recorded specimens of B. tepikiense 
represent the ‘aberrant’ morphtypes described 
above. D. pseudocolligerum/pastielsii, H. rigaudiae, L. 
machaerophorum, O. centrocarpum, O. israelianum, S. 
mirabilis and T. pellitum are all listed by De Schepper 
et al. (2015, 2017) as warm-temperate, surface-water 
tolerant species. L. machaerophorum, which is recorded 
throughout the analysed sequence, is an extant summer-
blooming temperate to tropical species. It tolerates a 
minimum summer SST of 10–12°C and winter SST 
>0°C (Lewis & Hallett, 1997; Zonneveld et al., 2013). 
In the North Atlantic it has a distribution south of the 
Arctic Front (Zonneveld et al., 2013). It occurs along 
the Norwegian coast up to Trondheimsfjorden, at 62 
degrees north (Milzer et al., 2013). This appears to be 
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the approximate limit for its northern distribution along 
the Norwegian coast. The species tends to bloom in 
regions with a broad salinity range. It has frequently been 
reported from regions where stratified water masses have 
developed due to a supply of fresh water from river run 
off or other sources (Zonneveld et al., 2013). A reduced 
length of the processes has been observed in relationship 
to both reduced salinity and elevated salinities and 
temperatures (Zonneveld et al., 2013). At present, O. 
israelianum is restricted to subtropical, tropical and 
equatorial regions (Zonneveld et al., 2013). It was 
reported from the lower Pliocene in ODP Hole 911A at 
the Yermak Plateau (Mattingsdal et al., 2014; Grøsfjeld et 
al., 2014). However, we still do not know if this species 
had somewhat different preferences in the past compared 
to the present day. Spiniferites spp. is ubiquitous in shelf 
and particularly shelf-edge sediments. S. mirabilis, which 
is included in this group, is in places richly represented. 
B. evangelineae, B. graminosum and B. pliocenicum appear 
to thrive in shallow neritic environments. They are all 
recorded from the Scotian Shelf offshore eastern Canada 
(Lentin et al., 1994) and the Yermak Plateau (Grøsfjeld 
et al., 2014). B. graminosum and B. pliocenicum are also 
recorded from neritic environments in the Pliocene of 
Belgium (Louwye et al., 2004). They are heterotrophic 
taxa and their occurrence may be due to access to 
nutrients in the coastal zone rather than being controlled 
by the surface-water temperature. The paleoecological 
preferences of P. vesiculata are not known. However, it is 
anticipated to represent an adaptation to more temperate 
conditions (Shreck et al., 2012). B. tepikiense is restricted 
to subpolar and temperate regions, where surface-water 
temperatures during winter and summer are between -2 
and +26.9°C, and where spring to autumn sea surface 
salinities are between 17.4 and 39.3 (Zonneveld et al., 
2013). Elevated abundances occur only where the spring 
surface-water salinity exceeds 30.3, and it requires 
surface-water salinities >25.6. It is absent in regions 
where the surface-water salinity becomes seasonally 
reduced by meltwater (de Vernal et al., 1998). S. elongatus 
has a polar to subtropical distribution and occurs in full-
marine conditions, where the salinity is reduced due to 
ice melting and/or river discharge. It also thrives near 
frontal systems (Zonneveld et al., 2013). 

Thus, the dominance of taxa tolerating warm temperate 
surface waters and the apparent absence of species 
tolerating cool sea surface water, is in accordance with 
deposition prior to the vigorous reorganisation of the 
surface-water circulation in the Nordic Seas which took 
place at c. 4.5 Ma (De Schepper et al., 2015, 2017). The 
marine palynomorphs indicate that warm temperate 
surface waters prevailed. L. machaerophorum reflects a 
supply of freshwater from a riverine source. The reduced 
process length of some of the specimens is probably 
a result of the reduced salinity. Also, the specimen of 
B. pliocenicum at 585.8 m is represented by very short 
processes. The reduced salinity was likely due to a humid 
climate with ample freshwater outflow from rivers.

The palaeocoast was located to the east of Well 6610/3–1. 
Løseth et al. (2017) assumed a strong current parallel 
to the coast to have influenced the shelf during the 
accumulation of the Molo Formation. A large river 
system apparently supplied the basin with fresh water 
and sediment. The unfavourable environment may have 
influenced the morphology of some species. For example, 
the recorded specimens of B. evangelineae, B. pliocenicum 
and B. tepikiense have much smaller sizes than what 
is normal for these species. This could represent 
adaptations to the severe conditions in the coastal 
zone (high-energetic environment, reduced salinity). 
However, the main cause for the apparent paucity of 
indigenous taxa is apparently the high sedimentation 
rate with rapid accumulation of reworked sediments 
containing organic material, including reworked marine 
palynomorphs, diluting the indigenous ones. 

Conclusions 

Several marine palynomorphs have been recorded for 
the first time in well 6610/3–1. Among these are the 
dinoflagellate cysts A. andalousiensis andalousiensis, 
B. tepikiense, B. evangelineae, B. graminosum, B. 
pliocenicum, M. latirictum, P. vesiculata, O. piaseckii and 
S. elongatus, and the acritarch L. lucifer. 

The presence of these taxa is incontrovertible evidence 
for a Miocene age of the Molo Formation, in its northern 
distribution area off Vestfjorden/Lofoten. This inferred 
age can be further constrained.

We propose that the Molo Formation started to 
accumulate in well 6610/3–1 at around 8.8 / 8.7 Ma. The 
entire investigated section, which comprises the lower 
part of the Molo Formation, including the lower part of 
the steep shelf-edge clinoforms, possibly accumulated 
between 8.8 / 8.7 and 7.6 Ma. However, we cannot rule 
out the possibility that the lowermost investigated part 
below the steep shelf-edge clinoforms was deposited 
between the Serravallian and the mid-Tortonian, 
whereas the clinoforms started to accumulate at around 
8.8 / 8.7 to 7.6 Ma. The unconformity at the base of the 
Molo Formation (at 643 m) can possibly be correlated 
with that at the mid- to late-Miocene boundary at the 
outer Vøring Plateau (Site 643).

Due to the erosion of the Molo Formation farther to the 
east of well 6610/3–1, the start of the progradation and 
the ancient coastlines of the Molo Formation are not 
preserved. Therefore, the documented age constraint for 
the Molo Formation holds strictly only for the 6610/3–1 
well section.

Our results demonstrate that extensive erosion and 
redeposition of older sediments took place during the 
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 accumulation of the Molo Formation. The major part 
of the reworked dinoflagellate cysts is from the middle 
and late Eocene, although reworking from other parts 
of the Paleogene, as well as from the upper Jurassic and 
lower Cretaceous, have also been recorded. Tortonian 
deposits may also have been eroded. As there are no 
taxa characteristic for the early and middle Miocene, we 
anticipate that there was no accumulation of sediments 
from this time period on the inner shelf off Vestfjorden.
Uplift/updoming of the hinterland/coastal zone is 
considered to be the main causal mechanism for the 
accumulation and rapid progradation of the analysed 
section. However, a concomitant drop in sea level 
probably also influenced the erosion of the source 
regions and the depositional regime. The marine 
palynomorphs reflect a high-energetic environment with 
a supply of fresh water and sediments from a large river 
system that drained through the Vestfjorden area. Warm 
temperate surface-water conditions prevailed. 
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