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Abstract. Two Miocene successions from onshore Denmark (Sgnder Vium, or Sdr. Vium, well) and offshore
Norway (2/11-12S well) have been correlated using dinoflagellate cyst (dinocyst) biostratigraphy. This corre-
lation provides a valuable opportunity to compare Early to Middle Miocene dinocyst assemblages and paly-
nofacies across environmentally contrasting, yet time-equivalent, depositional settings in the North Sea Basin.
Both successions were deposited during the Miocene Climatic Optimum (MCO; ~ 16.9-14.7 Ma), a promi-
nent global warming phase within the Miocene. Our analyses integrate palynofacies and dinocyst biostratig-
raphy to reconstruct depositional settings, changes in the environment, and climatic conditions through the
Burdigalian—Langhian interval. The palynofacies data, including terrestrial/marine palynomorph ratios (P/D
index), indicate a distal marine setting in the offshore 2/11-12S well (low P/D index, dominance of marine
palynomorphs) and a more proximal marine setting at Sgnder Vium (high P/D index, higher terrestrial input).
Dinocyst assemblages also mirror this environmental gradient. Oceanic to outer neritic taxa, such as Impagi-
dinium spp. and Nematosphaeropsis spp., are abundant offshore but rare or absent onshore. Conversely, Ho-
motryblium tenuispinosum, indicative of inner neritic settings, is present onshore but appears only once in the
offshore well. The presence of thermophilic taxa (e.g., Melitasphaeridium choanophorum and Polysphaeridium
zoharyi) in both wells during the late Burdigalian to early Langhian suggests sustained warm sea surface tem-
peratures (SSTs) across the basin. Warm temperatures are supported by lipid-biomarker-derived (TEXgg) SST
estimates from the 2/11-12S well. Moreover, a distinct occurrence pattern of Polysphaeridium zoharyi is con-
current with the warmest SSTs during the late Burdigalian to early Langhian, corresponding to the MCO. The
later appearance of cooler-water taxa, such as Habibacysta tectata, in the latest Langhian also coincides with a
decrease in SST, indicating a climatic shift towards cooler conditions.
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1 Introduction

The Miocene, spanning 23.03 to 5.33 Ma, is regarded as
a “coolhouse” climate (Westerhold et al., 2020), paced by
orbitally driven glaciation episodes in Antarctica, the Mi-
events (e.g., Miller et al., 1991). Despite this, the Miocene
was overall warmer than today’s icehouse conditions. A sig-
nificant climatic phase within this epoch was the Miocene
Climatic Optimum (MCO; ~ 16.9-14.7 Ma), a period of sus-
tained global warming followed by a gradual cooling trend
that ultimately ushered in modern polar ice sheet expansion
(Westerhold et al., 2020; Zachos et al., 2001). Importantly,
the MCO was the last time in Earth’s history when atmo-
spheric CO, levels were similar to today (Honisch et al.,
2023), making it a critical reference interval for future cli-
mate projections (Steinthorsdottir et al., 2020). The MCO
was followed by the so-called Miocene Climatic Transition, a
period of climatic cooling (e.g., Shevenell et al., 2004). The
global climate deteriorated, leading to the onset of bipolar
glaciation and setting the stage for the development of the
modern icehouse climate system.

During the Early to Middle Miocene, present-day Den-
mark was covered by vegetation typical of warm and tem-
perate but also humid to semi-humid conditions. Pollen and
spores from that time interval suggest that broad-leaved de-
ciduous forests and swamp forests were widespread (Larsson
et al., 2011). In coastal swamp areas, Taxodium was the most
prevalent genus, while the adjacent hardwood forests were
dominated by Alnus, Ulmus, and Acer. In better-drained up-
land areas, species such as Magnolia, Castanea, and Juglans
thrived (Larsson et al., 2011). The Early and Middle Miocene
flora in Denmark included “exotic” vegetation, such as Se-
quoia (Redwood), Sabaloid palms, and Magnolia (see de-
tails in Sliwiriska et al., 2024). The floristic turnover in Late
Miocene northern Europe coincided with the establishment
of the globally colder climate. In Denmark, e.g., in the Late
Miocene, Sabal palms disappeared, and Taxodium declined
significantly (Larsson et al., 2011).

Despite growing interest in the MCO, North Sea climate
records from this interval remain limited. Only one study has
explored SST evolution across the MCO in the Danish North
Sea (Herbert et al., 2020). A few studies cover the larger
northern North Atlantic—-Nordic Seas region (Sangiorgi et al.,
2021; Herbert et al., 2016). Many of these records cover ei-
ther the warmest part of the MCO or the subsequent period
of cooling; e.g., they do not cover the pre-MCO interval. The
only existing SST record across the MCO from the Danish
North Sea is based on the distributions of alkenones (Herbert
et al., 2020) in the Sgnder Vium (Sdr. Vium) well. This well
is, so far, the most northerly located site revealing SST evo-
lution across the MCO, covering both pre- and post-MCO.
The temperature records suggest that, in the warmest part of
the MCO, SST was up to 20 °C higher than present (Herbert
et al., 2020), notably, within the range of summer (warmest
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mean month) temperature for the Miocene derived from the
pollen and spore record (Sliwiriska et al., 2024).

While climatic records are scarce, a robust biostratigraphic
framework has been developed for the central and east-
ern North Sea Basin through decades of palynological and
micropalaeontological research studies (e.g., Powell, 1992;
Laursen and Kristoffersen, 1999; Dybkjer and Piasecki,
2010; Munsterman and Brinkhuis, 2013; King et al., 2016;
Sheldon et al., 2025). Building on this framework, palyno-
facies (organic sedimentary particles, e.g., pollen, spores,
dinocysts, fungal spores) analysis is a proven effective tool
for reconstructing past environmental changes (Tyson, 1995;
De Vernal, 2009; Dybkjer et al., 2019). The composition of
organic sedimentary particles is influenced by e.g., the dis-
tance from the shoreline, freshwater input, depositional en-
ergy, and organic matter source (Tyson, 1995; De Vernal,
2009). Analyses of palynofacies aid in reconstructing the rel-
ative distance from the land and the depositional energy by
assessing the distribution of organic constituents (e.g., Dy-
bkjer, 2004a; Rasmussen and Dybkjar, 2005; Rasmussen et
al., 2006; Sliwinska et al., 2014; Dybkjer et al., 2019). An-
other valuable method for reconstructing (past) surface wa-
ter conditions is dinocyst assemblages. Dinoflagellates are
sensitive to changes in various environmental parameters
such as temperature, salinity, nutrients, and light availability
(e.g., Dale, 1996; Head, 1996; Zonneveld et al., 2013), mak-
ing dinocysts important proxies in palacoenvironmental and
palaeoclimatic research. However, dinoflagellates respond to
multiple environmental drivers simultaneously, so interpret-
ing their fossil assemblages can be complex. Isolating the
effects of individual environmental parameters in the fos-
sil record — such as separating temperature influences from
salinity — requires a well-constrained environmental frame-
work, for example, studying dinocyst assemblages from the
same time interval but from different environmental set-
tings. Such studies are, however, very limited (e.g., Pross and
Schmiedl, 2002).

This study aims to bridge the gap between the climatic and
environmental reconstruction of the Miocene succession in
the North Sea and improve the understanding of dinocysts as
palaeoenvironmental proxies. To achieve these aims, we in-
tegrate palynofacies and dinocyst assemblage analysis across
the MCO using sediment cores from two wells penetrating
two different depositional settings:

1. The Sdr. Vium well (DGU nr 102.948) — located on-
shore Denmark (Fig. 1), in the western part of Jylland.
The well was drilled in 2002 and has been extensively
studied for sedimentology, palynology, and organic geo-
chemistry (e.g., Rasmussen et al., 2010; Dybkjer and
Piasecki, 2010; Larsson et al., 2011; Anthonissen, 2012;
Herbert et al., 2020; Sliwiniska et al., 2024).

2. The 2/11-12S well — located in the central North Sea
(Fig. 1), in the southernmost part of the Norwegian sec-
tor. The well was drilled in 2019. Publicly available data
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Figure 1. Location of the Sdr. Vium and 2/11-12S wells and major
structural elements in the greater North Sea area (modified from
Sliwiriska, 2019).

are limited to an integrated biostratigraphic framework,
including dinocyst stratigraphy (Sheldon et al., 2025).

The Miocene succession in the Sdr. Vium well was de-
posited relatively close to the coastline, with the water depth
fluctuating between 0 and 200m (e.g., Sliwiriska et al.,
2024). In contrast, the 2/11-12S well is situated in the central
North Sea Basin, far from the coastline, representing a more
distal depositional setting. The correlation between wells is
based on key dinocyst bioevents (defined by Dybkjer and
Piasecki, 2010) and enables the unique opportunity to com-
pare Early to Middle Miocene dinocyst assemblages from
time-equivalent, yet environmentally distinct, depositional
settings. Our study provides the reconstruction of the depo-
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sitional environment history and climatic conditions during
the MCO.

Additionally, we applied a palaeothermometer, TetraEther
indeX of tetraethers consisting of 86 carbon atoms (TEXge)
(Schouten et al., 2002), on the 2/11-12S well to trace changes
in the surface water temperature independently from the
dinocyst assemblages. Although the 2/11-12S well contains
hydrocarbons, the isoprenoid GDGTs (isoGDGTs) used in
TEXge analysis remain stable and largely unaffected by ther-
mal overprinting from oil. Thus, TEXge offers a viable ap-
proach for estimating SSTs at this site and complements the
palynological data.

2 Geological context

2.1 Geological setting and palaeoenvironment of the
North Sea

The Cenozoic evolution of the North Sea Basin was pri-
marily driven by thermal subsidence following the cessa-
tion of Mesozoic rifting (Ziegler, 1990; Knox et al., 2010).
Although this thermal relaxation led to a generally steady
pattern of basin subsidence, it was intermittently disrupted
by the reactivation of pre-existing fault systems. These tec-
tonic movements uplifted former graben structures and re-
activated salt structures, significantly influencing sediment
routing, shoreline distribution, and depositional trends (Li-
boriussen et al., 1987; Mogensen and Jensen, 1994; Ras-
mussen, 2009, 2013). The evolution of the Fennoscandian
hinterland played a key role in the infilling of the eastern
North Sea throughout the Cenozoic. During the Miocene, ex-
tensive river systems drained this region, with estimated dis-
charges around 30000m3s~!. These rivers initially exhib-
ited braided morphologies, transitioning to meandering sys-
tems from the Burdigalian onwards. At their outlets, wave-
dominated delta complexes formed (Rasmussen et al., 2010).
The position of the North Sea within the prevailing westerly
wind belt further influenced sediment transport. East of the
main delta systems, sands were redistributed by longshore
drift, accumulating in spit and barrier complexes. In con-
trast, fine-grained sediments were transported westward by
slope-parallel bottom currents and deposited as contourites
in deeper marine settings (Rasmussen et al., 2025). Water
depths in the central North Sea during the Miocene reached
up to 700 m (Rasmussen et al., 2025). The Early to Mid-
dle Miocene delta systems in the eastern North Sea were
largely controlled by eustatic sea-level fluctuations, resulting
in three major regressive—transgressive cycles (Rasmussen
et al., 2025). Concurrent with the regressive part of the
youngest of the three cycles, diatomite was deposited in
the central parts of the basin. A major marine transgression
during the Middle Miocene, linked to tectonic reorganiza-
tion in northwestern Europe, led to the drowning of these
deltas (Ziegler, 1990; Rasmussen, 2004). Delta progradation
resumed in the Late Miocene, continuing into the Pliocene,
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as sediment supply from Fennoscandia increased once more
(Rasmussen et al., 2025).

2.2 Miocene sedimentary succession in the eastern
North Sea (Sdr. Vium well, onshore Denmark)

The Miocene succession onshore Denmark comprises a se-
ries of sedimentary deposits subdivided into 11 lithostrati-
graphic units (Rasmussen et al., 2010, 2025). In the Early
Miocene, three sand-rich formations, the Billund, Bastrup,
and Odderup formations, were deposited in fluvio-deltaic de-
positional environments (Fig. 2). These units are interfin-
gered with marine deposits, specifically the Vejle Fjord,
Klintinghoved, and Arnum formations, which reflect peri-
ods of marine transgression. In the westernmost part of the
Danish sector of the North Sea, the marine mud-rich Klint-
inghoved and Arnum formations interfinger with the clay-
and diatomite-rich sediments of the newly defined Dany and
Nora formations, indicating lateral variations in depositional
environments (Rasmussen et al., 2025). Deposition of the
Odderup, Arnum, and Nora formations continued into the
early Middle Miocene, until the subsidence of the North Sea
Basin and the resulting transgression of the fluvial deltaic
systems gave way to more widespread marine conditions.
This transition is marked by the onset of deposition of the
mud-rich Hodde and @rnhgj formations (Rasmussen et al.,
2010, 2025). The Upper Miocene was characterized by the
marine Gram Formation, which reflects a continued fully
marine transgressive regime. This was followed by a re-
newed phase of fluvio-deltaic sedimentation represented by
the Marbak and Luna formations (Rasmussen et al., 2010,
2025), indicating a reestablishment of a more proximal de-
positional setting.

The stratigraphic framework of the Danish Miocene suc-
cession is underpinned by a combination of sequence stratig-
raphy (e.g., Michelsen et al., 1995, 1999; Rasmussen, 1996,
2004; Sgrensen et al., 1997; Gregersen, 1998; Clausen et
al., 1999; Rasmussen and Dybkjer, 2005; Rasmussen et
al., 2006; Dybkjer, 2004a), strontium isotope stratigraphy
(Howarth and McArthur, 1997; Eidvin and Rundberg, 2001,
2007; Eidvin et al., 2014), and biostratigraphy (see more in
Dybkjer and Piasecki, 2010; Sliwiriska et al., 2024). This in-
tegrated framework extends into the central North Sea, sup-
porting regional correlations. A key contribution to the bios-
tratigraphic framework of the Danish Miocene was made by
Dybkjer and Piasecki (2010), who provided a dinocyst zona-
tion for the Danish onshore and offshore Neogene. Their
zonation is based on extensive palynological analysis from
onshore wells, outcrops, and offshore wells. Crucial to this
study was the Sdr. Vium well, which penetrates the most
complete Miocene succession onshore Denmark, located in
Jylland, western Denmark (Fig. 1). The Sdr. Vium well spans
an interval from the Burdigalian to the Tortonian (Rasmussen
et al., 2010; Fig. 2).
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2.3 Miocene succession in the central North Sea
(2/11-128 well)

The 2/11-12S well is located in the Norwegian sector of the
central North Sea (Fig. 1) and penetrates the upper part of the
Lark Formation. The upper Lark Formation in this well was
deposited during the final phase of shoreline progradation
from the southern Scandes (Scandinavian Mountain range)
and is time-equivalent to the Odderup Formation onshore
Denmark (Sheldon et al., 2025; Rasmussen et al., 2025).

The Lark Formation, part of the Hordaland Group, extends
across the central part of the North Sea Basin and is predom-
inantly composed of different mudstone intervals (Schigler
et al., 2007). Within the Lower to Middle Miocene succes-
sion of the Lark Formation in the Central Graben, layers
enriched by biogenic silica — comprising diatoms, radiolar-
ians, and sponge spicules — have been identified (Sulsbriick
and Toft, 2018; Sheldon et al., 2018, 2025; Rasmussen et al.,
2025). Recently, two new lithostratigraphic units equivalent
with this succession have been proposed for the Danish sec-
tor of the central North Sea: the Lower Miocene Dany For-
mation, consisting of mud and silt deposits, and the Middle
Miocene Nora Formation, characterized by high silica and
diatomite content (Rasmussen et al., 2025; Fig. 2). A new
study by Sheldon et al. (2025) provides a multidisciplinary
biostratigraphic framework for the Miocene succession in the
southern Norwegian sector of the North Sea. This framework
integrates data from dinocysts, microfossils, calcareous nan-
nofossils, diatoms, and silicoflagellates. Notably, the 2/11-
12S well — one of only two fully cored wells in the area —
served as a key reference section for establishing this frame-
work.

3 Material and methods

3.1 Palynology
3.1.1 Sdr. Vium and 2/11-12S wells

A total of 45 samples were collected from the Danish Sdr.
Vium well, spanning depths from 149.52 to 41.12m, and
processed for palynological analysis. The samples cover four
of the Miocene formations, Klintinghoved Formation (up to
132m), Arnum Formation (132.0 to 111.0m and 98.0 to
51.0 m), Hodde Formation (51.0 to 44.9 m), and @rnhgj For-
mation (44.9 to 40.0m), spanning the Lower Miocene to
Middle Miocene (Figs. 2 and 3). The Odderup Formation
consists of loose sand and was not cored. The studied in-
terval covers the following dinocyst zones: Sumatradinium
hamulatum (the uppermost part), Cordosphaeridium can-
tharellus, Cousteaudinium aubryae, Labyrinthodinium trun-
catum, Unipontidinium aquaeductum, and Achomosphaera
andalousiensis zones sensu Dybkjar and Piasecki (2010). In
this study, we applied the stratigraphic framework of the Sdr.
Vium well following Dybkjar and Piasecki (2010) and Sli-
winiska et al. (2024). The first sample set (25 samples, anal-
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Figure 2. Location and investigated core intervals of the Sdr. Vium and 2/11-12S wells plotted against the new Danish lithostratigraphic

framework for the Neogene (adapted from Rasmussen et al., 2025).

ysed for dinocysts by Stefan Piasecki and Karen Dybkjer: SP
and KD in Fig. 3) formed the basis of the Neogene dinocyst
zonation published in Dybkjer and Piasecki (2010), which
focused on first and last occurrences of key taxa. However,
raw abundance data and recorded taxa were not previously
published. An additional set of 20 samples (analysed by Julie
Fredborg and Laura F. Kellner: JMF and LFK in Fig. 3) was
generated to increase the resolution of the studied succession.
Based on the new sample set, the dinocyst-derived strati-
graphic model for the interval from 115 to 22 m was updated
in Sliwifiska et al. (2024). In the current study, we focus on
the environmental changes recorded in the dinocyst assem-
blages from the full dataset available for the well. Addition-
ally, to elucidate changes in the depositional environments,
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a palynofacies analysis was performed on 10 samples (anal-
ysed by LFK under the supervision of KD; Fig. 4), examining
the distribution of various palynomorph assemblages and cal-
culating the terrestrial/marine index (P /D index) through-
out the succession.

A total of 40 samples were analysed by KD from five
cored intervals of the 2/11-12S well (located in the Nor-
wegian sector of the North Sea), covering a depth range
from 1671.22 to 1486.78 m (Fig. 5). All samples were also
analysed for palynofacies (Fig. 6). The studied succession
spans the lower Burdigalian to middle Serravallian and in-
cludes the following dinocyst biozones (sensu Dybkjaer and
Piasecki, 2010), as documented by Sheldon et al. (2025):
Sumatradinium hamulatum, Cordosphaeridium cantharel-
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Figure 3. Range chart showing the relative abundance (%) of all recorded dinocysts (in situ) in the Sdr. Vium well. Only when the abundance
of a specific taxon/genus is > 1 % is the percentage value provided as a number. The distribution of dinocysts is arranged according to the
first occurrence (FO). Hystrichokolpoma reductum and Hystrichokolpoma pseudooceanicum were invalidly published by Zevenboom (1995)
and therefore the names are in quotation marks. Data are plotted against the dinocyst zones defined by Dybkjer and Piasecki (2010) and
onshore Danish lithostratigraphy (Rasmussen et al., 2010). Biozone abbreviations: S.h., Sumatradinium hamulatum; C.c., Cordosphaeridium
cantharellus; C.a., Cousteaudinium aubryae; L.t., Labyrinthodinium truncatum; U.a., Unipontidinium aquaeductus; A.a., Achomosphaera
andalousiensis. +: taxa observed outside counting; ?: questionable. Lithostratigraphy column: @rn — @rnhgj; Hod.: Hodde.
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lus, Exochosphaeridium insigne, Cousteaudinium aubryae,
Labyrinthodinium truncatum, Unipontidinium aquaeductum,
and Achomosphaera andalousiensis.

All samples presented in this study were processed at
the Palynological Laboratory of the Geological Survey of
Denmark and Greenland (GEUS) in Copenhagen, follow-
ing the internal preparation methods: sediment samples were
dried and manually crushed. Approximately 20 g of sediment
(< 2 mm particles) from each sample was used for the prepa-
ration of palynological samples. Applied treatment included
HCL, HF, neutralization, brief oxidation with HNOj3; and
KOH, heavy liquid separation, and filtering on a nylon screen
with an 11 pm mesh size. Residues were mounted on glass
slides with glycerine jelly. For palynofacies analysis, organic
residue filtered on 11 um mesh size was used. Dinocyst anal-
ysis was carried out on slides where organic residua were
filtered on a 20 um nylon net. For age-diagnostic dinocysts,
we determine the first occurrence (FO) and the last occur-
rence (LO), as shown in Figs. 3 and 5. A complete list of all
registered dinocysts, along with their position in Figs. 3 and
5, is shown in Appendix A (Table Al). All slides are stored
at GEUS.

Microscopic examination was conducted at GEUS using a
Leica DM 2000 transmitted light microscope with 400 x and
1000x magnification. Images were captured using a Leica
DFC295 camera.

3.1.2 Palynomorph counting method

For dinocyst analysis, a minimum of 200 specimens were
identified per sample to species or genera level, making a
total of 25177 specimens counted in both wells. Dinocysts
lacking diagnostic features were grouped as ‘“unidenti-
fied dinocysts”. Additionally, the group named here “small
dinocysts undiff.” includes small palynomorphs (< 30 um)
considered to be dinocysts. These palynomorphs consist of
various morphotypes (see Appendix B) which have an out-
line typical for dinocysts, but we were not able to observe
key diagnostic features, e.g., the archeopyle type (see Ap-
pendix B for more photos). Therefore, with no clearly vis-
ible features allowing at least genus identification, we de-
cided to group them for simplicity. Taxonomic nomenclature
for dinocysts identified to genus and species level follows
Williams et al. (2017). Raw dinocyst data from both wells
are provided in the Supplement data files. The relative abun-
dance of dinocyst taxa for Sdr. Vium well is shown in Fig. 3,
and that of the 2/11-12S well is shown in Fig. 4. Notably,
heterotrophic dinocysts have hitherto rarely been recorded in
the Danish Miocene and consist mainly of the genus Palaeo-
cystodinium. This could be due to the oxidation step in our
preparation methods, which may affect the preservation of
heterotrophic dinocysts (e.g., Zonneveld et al., 2010).

For palynofacies analysis, palynomorphs from both wells
(10 samples from the LFK-sample set from the Sdr. Vium
well and all samples from the 2/11-12S well) were counted

https://doi.org/10.5194/jm-44-509-2025

and assigned to one of eight categories: (1) non-saccate
pollen, (2) bisaccate pollen, (3) spores, (4) fungal spores,
(5) freshwater algae, (6) acritarchs, (7) dinocysts, (8) uniden-
tified palynomorphs (see Dybkjar et al., 2019, for in-depth
information on the methods, subdivision, the “freshwater al-
gae” category, and photos of the categories). A minimum
of 300 particles were counted per slide/sample. Identifiable
fragments were counted as single particles. The last category
contains all degraded particles and particles that are not pos-
sible to assign to any other group. The raw palynofacies data
for each of the palynomorph categories are shown in the Sup-
plement data file. The relative abundance of palynomorphs
in the Sdr. Vium well is shown in Fig. 4,, and that of the the
2/11-12S well is shown in Fig. 6.

3.1.3 P/D index

The P/D index expresses the ratio between terrestrial
and marine palynomorphs (Versteegh, 1994; McCarthy and
Mudie, 1998; Donders et al., 2009). It can be used to deter-
mine the relative proximity to the coastline (e.g., McCarthy
et al., 2003; Dybkjer et al., 2019). Terrestrial palynomorphs
(P) include non-saccate pollen, spores, fungal spores, and
freshwater algae, whereas marine palynomorphs are repre-
sented by dinocysts only (D). These terrestrial palynomorphs
are recorded in the highest abundances in nearshore marine
settings (e.g., Mudie, 1982; Dybkjer et al., 2019). A low
P /D index value indicates high marine influence, meaning
that there is less proximity to land, while a high P/D index
value reflects higher terrestrial influence and higher proxim-
ity to land (e.g., McCarthy et al., 2003). The P/D index was
calculated as follows:

P
P/D index = (— x 100%. @))

D+ P)
Bisaccate pollen palynomorphs are not included in the in-
dex estimates due to their ubiquitous presence in all types of
environments: marine, terrestrial, and lacustrine. The P/D
index values for both wells are shown in Fig. 7. Raw data are
included in the Supplement data file.

3.1.4 Dinocysts and other palynomorphs as
environmental indicators

Several studies (e.g., Dale, 1996; Pross and Brinkhuis, 2005)
affirm that organic-walled dinocysts are present across a wide
range of aquatic environments, including marine and brack-
ish or freshwater settings. Dinocysts are highly sensitive to
changes in surface water conditions, such as light availability,
salinity, sea surface temperature, and nutrient supply, mak-
ing them valuable proxies for reconstructing past environ-
mental changes (e.g., Dale, 1996; Head, 1996; De Schepper,
2006, 2009; Quaijtaal et al., 2014; Boyd et al., 2018; Sli-
winska, 2019; Vieira and Jolley, 2020; Vieira et al., 2022).
The environmental affinities of modern dinocysts are well

J. Micropalaeontology, 44, 509-539, 2025
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Figure 4. Range chart showing the relative abundance (%) of all palynomorphs in the Sdr. Vium well. Data are plotted against the dinocyst
zones defined by Dybkjer and Piasecki (2010) and onshore Danish lithostratigraphy (Rasmussen et al., 2010). Biozone abbreviations: S.h.,
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Unipontidinium aquaeductus; A.a., Achomosphaera andalousiensis; G.v., Gramocysta verricula.

documented (e.g., Zonneveld et al., 2013; Head, 1996). Sev-
eral modern dinocysts, such as Lingulodinium machaeropho-
rum and Polysphaeridium zoharyi (see Table 1), existed be-
fore the Miocene, so their presence or absence or abun-
dance variations in the geological archives can rather be di-
rectly applied to trace past changes in the environment. How-
ever, a number of the Miocene dinocysts (e.g., Homotry-
blium spp.) are now extinct, and the preferential habitat of
these dinocysts needs to be extrapolated. This is done by
e.g., analysing their co-occurrence with other taxa of known
ecological preferences, palaeogeographical context, and as-
sociated geochemical proxies (e.g., stable isotopes, biomark-
ers), allowing a reconstruction of their likely environmental
tolerances and habitat conditions.

In this study, we follow the environmental affinities of
dinocyst taxa suggested in previous studies by e.g., Head

J. Micropalaeontology, 44, 509-539, 2025

(1994, 1996, 1997), Dale (1996), Dybkjer (2004b), De
Schepper et al. (2009), De Schepper et al. (2011), Zonn-
eveld et al. (2013), Marret and Zonneveld (2003), Schreck
et al. (2013), and Schreck et al. (2017).

3.2 Organic geochemistry

Seven sediment samples (subsamples of the palynological
samples) distributed across the entire cored interval of the
2/11-12S well were processed for biomarker analysis at
GEUS (Fig. 5). Samples were collected from the interval
between 1672.00 to 1491.61 m. Each sediment sample was
freeze-dried and mechanically powdered. Sediment samples
(10-13 g) were extracted with a mixture of dichloromethane
(DCM) and methanol (MeOH) (9 : 1; v/v) using the Mile-
stone ETHOS X Advanced Microwave Extraction System.

https://doi.org/10.5194/jm-44-509-2025
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Figure 5. Range chart showing the relative abundance (%) of all recorded dinocysts (in situ) in the 2/11-12S well. Only when the abundance
of a specific taxon/genus is > 1 % is the percentage value provided as a number. The distribution of dinocysts is arranged according to
the first occurrence (FO). Data are plotted against the dinocyst zones defined by Dybkjer and Piasecki (2010) and onshore Danish lithos-
tratigraphy (Rasmussen et al., 2025). Biozone abbreviations: S.h., Sumatradinium hamulatum; C.c., Cordosphaeridium cantharellus; E.i.,
Exochosphaeridium insigne; C.a., Cousteaudinium aubryae; U.a., Unipontidinium aquaeductus; A.a., Achomosphaera andalousiensis; G.v.,
Gramocysta verricula. +: taxa observed outside counting; ?: questionable.
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Table 1. Environmental preferences of the dinocyst taxa utilized in the present study.

Environment Dinocyst

References

Warm water Impagidinium aculeatum
Impagidinium paradoxum
Invertocysta spp.

Lingulodinium machaerophorum
Melitasphaeridium choanophorum
Polysphaeridium zoharyi
Tectatodinium pellitum
Tuberculodinium vancampoae

Head (1997), Zonneveld et al. (2013), Marret and Zonneveld
(2003), De Schepper et al. (2011), Zonneveld et al. (2013)

Cool water Habibacysta tectata (extinct)

Filisphaera filifera

De Schepper (2006), Schreck et al. (2017)

Inner neritic Homotryblium spp. (extinct)

Polysphaeridium zoharyi

Dybkjer (2004a), Zonneveld et al. (2013)

Neritic Operculodinium spp.

Spiniferites spp.

Cleistosphaeridium placacanthum (extinct)
Dapsilidinium pseudocolligerum
Lingulodinium machaerophorum
Polysphaeridium zoharyi

Tectatodinium pellitum

Tuberculodinium vancampoae

De Schepper et al. (2011), Schreck et al. (2017), Marret and
Zonneveld (2003), Zonneveld et al. (2013)

Outer
neritic/oceanic

Impagidinium spp.
Nematosphaeropsis spp.

Dale (1996), De Schepper et al. (2011), Schreck et al. (2017),
Zonneveld et al. (2013)

Extraction was performed during a 10 min ramp to 70 °C
(1000 W), a 10min hold at 70°C (1000 W), and a 20 min
cooling phase. Supernatants were collected, and the remain-
ing sample was rinsed with DCM : MeOH (9 : 1, vol/vol)
at least five times to maximize lipid extraction. The total
lipid extracts (TLEs) were concentrated using the TurboVap
evaporator system. TLEs were separated into three fractions
over a 4 cm silica column by elution with hexane (saturated
fraction), hexane:DCM (1 : 1 vol/vol; neutral fraction), and
DCM : MeOH (1 : 1 vol/vol; polar fraction).

The neutral fractions (containing alkenones) were anal-
ysed on a Hewlett Packard gas chromatograph (GC)
equipped with a CP-sil 5SCB fused silica column coupled to
a flame ionization detector (FID) and helium as a carrier gas
at Utrecht University.

The polar fractions (containing GDGTs) were re-dissolved
in hexane : isopropanol (99:1, v/v) and filtered using a
0.45uM PTEE filter. GDGTs were analysed using an Ag-
ilent 1260 Infinity ultrahigh-performance liquid chromato-
graph coupled to an Agilent 6130 single quadrupole mass
spectrometer (UHPLC-MS) at Utrecht University, with in-
strument and method settings according to Hopmans et
al. (2016).

The GDGT distributions were tested for non-thermal over-
prints using dedicated indices established in the literature
(see Bijl et al., 2025 for overview) prior to translating the
TEXge into temperature using an SST calibration (TEX§{6;
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(Schouten et al., 2002; Kim et al., 2010). Additionally, the
branched and isoprenoid tetraether (BIT) index is used here
as a proxy for the relative input of soil organic matter into the
marine environment. Calculations of GDGT relative abun-
dances and indices for samples from the 2/11-12S well are
provided in the Supplement data file.

4 Results

4.1 The Sdr. Vium well (onshore Denmark)
4.1.1 Diversity and abundance of dinocysts

In the Sdr. Vium well, we identified 23 genera, 51 species,
and 1 subspecies of dinocysts (Fig. 3). The preserva-
tion of the dinocysts is moderate to good. The most
abundant dinocyst species are Achomosphaera + Spiniferites
spp. (19 %—-60 %), Apteodinium spp. (<1 %—43 %), Cleis-
tosphaeridium placacanthum (< 1 %-36 %), Dapsilidinium
spp. (< 1%-9 %), Hystrichokolpoma rigaudiae (< 1%—
24 %), Impletosphaeridium insolitum (< 1 %—19 %), Lingu-
lodinium machaerophorum (< 1 %-12 %), Operculodinium
centrocarpum (< 1 %—13 %), and Polysphaeridium zoharyi
(< 1%-29 %); see Fig. 3 for details. The genera Achomo-
sphaera + Spiniferites and Apteodinium spp. and the species
Cleistosphaeridium placacanthum dominate throughout the
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entire studied interval. Selected dinocyst taxa from the well
are shown in Fig. 8.

The stratigraphically diagnostic dinocyst events recog-
nized in our dataset include the LO of Cordosphaerid-
ium cantharellus at 111.00m, the FO of Cousteaudinium
aubryae at 110.77 m, the FO of Labyrinthodinium trunca-
tum at 59.54 m (Fig. 3a), the FO of Unipontidinium aquae-
ductum at 49.12 m with the LO at 47.52 m, and the FO of
Achomosphaera andalousiensis at 45.67 m (Fig. 3). The rare
occurrence of reworked species in the Sdr. Vium well sug-
gests only minor reworking (Supplement data file).

Several neritic taxa (see details in Table 1) are present in
the Sdr. Vium well, including Operculodinium spp., Cleis-
tosphaeridium placacanthum, and Dapsilidinium pseudo-
colligerum (Fig. 3). The outer neritic/oceanic genus Ne-
matosphaeropsis spp. makes a single occurrence (at 45.67m)
at the top of the studied succession. The inner neritic genus
Homotryblium occurs throughout the succession in low abun-
dance, represented mainly by Homotryblium tenuispinosum
(Fig. 3).

Warm-water-tolerant species (Table 1), such as Lingu-
lodinium machaerophorum, Melitasphaeridium choanopho-
rum, Polysphaeridium zoharyi, and Impagidinium para-
doxum, are observed throughout the succession (Fig. 3).
While L. machaerophorum and M. choanophorum are
present in nearly every sample, P. zoharyi has its last per-
sistent occurrence at 52.04 m. I. paradoxum appears only
sporadically from 50.54 to 45.67 m. The cool-water-tolerant
species (Table 1) Habibacysta tectata has an FO at 49.12m
(Fig. 3).

4.1.2 Palynofacies and P/D index

The palynofacies data show variability in each group
throughout the studied succession (Fig. 4). In the lower part
of the succession (146.67 to 133.32m), the relative abun-
dance of non-saccate pollen decreased from 49 % to 19 %.
In contrast, the abundance of dinocysts increased from 21 %
to 47 %. At a depth of 119.07 m, both groups reach similar
values: the non-saccate increases to 40 %, and the dinocysts
decrease to 41 %. At 112.67 m, there is a small increase to
46 % in dinocyst relative abundance, coinciding with a de-
crease in non-saccate pollen to 37 %. Between 110 and 98 m,
there is a core gap due to the presence of the loose or un-
consolidated sand deposits of the Odderup Formation. The
interval from 95.42 to 51.42m is characterized by a higher
terrestrial input than the interval (146.67 to 112.67 m) be-
low the core gap, where the relative abundances of the non-
saccate pollen range between 38 % and 52 % and the dinocyst
abundances range between 7 % and 32 %. The topmost sam-
ple at 43.12 m, representing the basal part of the @rnhgj For-
mation, is characterized by the highest relative abundance of
dinocysts (54 %) recognized in any of the previously anal-
ysed samples. Overall, with the exception of the lower part
of the Arnum Formation and the @rnhgj Formation, which
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are dominated by dinocysts, the succession is dominated by
non-saccate pollen.

The relative abundance of bisaccate pollen varies between
3 % and 38 % throughout the succession (Fig. 4). Spores and
fungal spores vary from < 1% to 4 % and < 1 % to 2 %, re-
spectively. Acritarchs are present in every sample with an
abundance variation between < 1% and 8 %, having the high-
est relative abundance in the middle part of the succession
(119.07 to 88.02m). Freshwater algae only appear in the
lower and middle part of the succession (146.67 to 74.02 m),
varying from < 1 % to 3 % (Fig. 4).

The P/D index (Fig. 7) decreases in the lowest part of
the succession (146.67-133.32 m), from 71 % to 31 %. From
133.32 to 53.42m, the P/D index increases from 31 % to
88 %. In the uppermost part of the succession (53.42 to
43.12m), the P/D index decreases significantly from 88 %
to 43 %. The P /D index closely follows the trends observed
in the dinocysts and non-saccate pollen (Figs. 4 and 7).

4.2 The 2/11-12S well (central North Sea)
4.2.1 Diversity and abundance of dinocysts

In the 2/11-12S well, we identified 8 genera, 64 species,
and 1 subspecies of dinocysts (Fig. 5), with moderate
to good preservation. Selected dinocysts from the well
are shown in Fig. 9. The most commonly occurring
dinocyst taxa are Cleistosphaeridium placacanthum (1 %—
34 %), Lingulodinium machaerophorum (1 %—12 %), Oper-
culodinium centrocarpum (3 %-23 %), Palaeocystodinium
miocaenicum/minor (2 %-30%), Spiniferites spp. (17 %—
45 %), and the “small dinocysts undiff.” (1 %—15 %); Fig. 5.
The genus Spiniferites and the species Operculodinium cen-
trocarpum and Lingulodinium machaerophorum are abun-
dant throughout the studied interval. Palaeocystodinium mio-
caenicum/minor only appears from 1608.84 to 1500.54 m.
The “small dinocysts undiff.” are present throughout the
whole succession but are more abundant in the upper part
of the succession (Fig. 5).

The stratigraphically diagnostic dinocyst events, as rec-
ognized in Sheldon et al. (2025), include the LO of Cor-
dosphaeridium cantharellus at 1659.69 m, the FO of Exo-
chosphaeridium insigne at 1667.70 m and LO at 1633.61 m,
the FO of Cousteaudinium aubryae at 1645.53 m and LO
at 1551.29m, the FO of Labyrinthodinium truncatum at
1606.14 m, and the FO of Unipontidinium aquaeductum at
1532.56 m and LO at 1498.34 m (Fig. 5).

In the 2/11-12S well, we identified only a few possibly
reworked taxa: Gonyaulacysta jurassica (Upper Jurassic) at
1500.54 m, Deflandrea phosphoritica (Eocene to lowermost
Miocene) at 1606.54 m, and Cordosphaeridium cantharellus
(Eocene to Lower Miocene) at 1653.61 m (Supplement data
file).

Only one inner neritic taxon is observed in our
dataset (Homotryblium tenuispinosum). Few outer neritic
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Figure 8. Photos of selected taxa from the Sdr. Vium well (onshore Denmark). (a) Apteodinium cf. australiense, (b) Hystrichosphaeropsis
obscura, (¢) Distatodinium paradoxum, (d) Labyrinthodinium truncatum, (e) Hystrichokolpoma rigaudiae , (f) Lingulodinium machaeropho-
rum, (g) Polysphaeridium zoharyi, (h) Cerebrocysta poulsenii, (i) Batiacasphaera + Arcticacysta group spp., (j) Tectatodinium pellitum,

(k) Cousteaudinium aubryae, (1) Apteodinium tectatum.

and oceanic taxa (see Table 1) are present (e.g., Cleis-
tosphaeridium placacanthum, Impagidinium spp., and Ne-
matosphaeropsis spp.); Fig. 5.

Warm-water-tolerant species (Table 1), such as Lingu-
lodinium machaerophorum, Impagidinium paradoxum, and
Polysphaeridium zoharyi, were found throughout the succes-
sion. Polysphaeridium zoharyi only occurs from 1667.70 to
1561.39 m. The cool-water-tolerant taxon Filisphaera filif-
era was recorded from a single sample at 1654.72 m, while

J. Micropalaeontology, 44, 509-539, 2025

Habibacysta tectata is consistently present from 1525.80 m
upwards (Fig. 5).

4.2.2 Palynofacies and P/D index

The palynofacies data showed an overall trend with increas-
ing dinocyst abundances and decreasing non-saccate pollen
upwards (Fig. 6). Throughout the succession, the dinocyst
abundance ranges between 44 % and 98 %. The non-saccate
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Figure 9. Photos of selected taxa from the 2/11-12S well (offshore Norway). The scale bar of 20 um applies to all photos. (a) Can-
nosphaeropsis passio, (b) Cleistosphaeridium placacanthum, (¢) Cordosphaeridium cantharellus, (d) Exochosphaeridium insigne, (e) Imple-
tosphaeridium insolitum, (f) small dinocyst undiff., (g) Impagidinium paradoxum, (h) Nematosphaeropsis lemniscata, (i) Melitasphaeridium
choanophorum, (j) Palaeocystodinium miocaenicum/minor, (K) Spiniferites spp., (1) Unipontidinium aquaeductus.

pollen varies between < 1 % and 23 %. The lower part of the
succession (1671.22 to 1570.90 m) is characterized by the
highest relative abundance of non-saccate pollen (between
5% to 23 %). In the upper part of the studied succession
(1570.90 to 1486.78 m), non-saccate pollen is present but
less common (< 1 %—10 %).

Bisaccate pollen palynomorphs are present throughout the
entire succession and vary from <1% to 23 %, showing
a pattern similar to the non-saccate pollen, with the high-
est relative abundances in the lower part of the succession
(1671.22 to 1570.90 m). Spores occur in most samples, espe-
cially in the lower part of the succession, but in very low
numbers (< 1%). Fungal spores are absent in all samples
from the succession. Freshwater algae were only recorded in
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four samples and in very low numbers. Acritarchs are present
in almost every sample, with a relative abundance between
< 1% and 9 % (Fig. 6).

The P/D index is the highest (between 29 % and 33 %)
in the lower part of the succession (1671.22 to 1570.90 m);
Fig. 7. In the upper part of the succession, from 1570.90
to 1486.78 m, the P/D index is of a much lower value and
ranges between 0 % and 12 %.

4.2.3 Biomarkers and palaeothermometry

None of the analysed neutral fractions yielded alkenones. In
six out of seven samples, GDGTs were above the detection
limit. GDGTs were too low in a sediment sample collected

J. Micropalaeontology, 44, 509-539, 2025
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from 1672.0 m; therefore, the sample is not considered fur-
ther here. The isoGDGT distributions in the remaining sam-
ples were assessed for non-thermal overprints, such as ter-
restrial input or contributions from methanogenic, methan-
otrophic, or deep-dwelling archaea, using indices established
in the literature (e.g., Blaga et al., 2009; Zhang et al., 2011;
Sinninghe Damsté et al., 2012; Zhang et al., 2016; Taylor
et al., 2013; O’Brien et al., 2017). Overall, the BIT index
(Hopmans et al., 2004) is less than 0.1 (Fig. 5). None of
the samples show indications of non-thermal overprints. As
such, the raw TEX?6 values, which vary between —0.50 and
—0.23, are translated to temperatures varying between 14.5
and 23 °C (Fig. 5).

The highest temperatures occur in three samples from the
mid-Burdigalian to the lowermost Langhian (the interval as-
signed from the E. insigne zone, the C. cantharellus zone,
and the lower part of the L. truncatum zone). In the lower
Burdigalian, SST was at least 3 °C colder. In the uppermost
Langhian and Serravallian, the SST was 5-6 °C lower than
during the warmest part of the record (Fig. 5). Notably, with
the current dataset, we have no data from the middle part of
the Langhian.

5 Discussion

5.1 Dinocysts events

Both wells yield well-preserved dinocyst assemblages. De-
spite differences in the relative abundance and composi-
tion of the assemblages (see Sect. 5.2 for details), all key
dinocyst events for the Burdigalian—Langhian succession
were identified in both wells. Based on these events, the stud-
ied succession in the 2/11-12S well is subdivided by Shel-
don et al. (2025) into the dinocyst zones S. hamulatum, C.
cantharellus, E. insigne, C. aubryae, L. truncatum, and U.
aquaeductum as defined by Dybkjer and Piasecki (2010).
The LOs and FOs of stratigraphically important taxa identi-
fied in the Sdr. Vium well support the established zonal sub-
division of the Miocene succession (Dybkjaer and Piasecki,
2010; Sliwiriska et al., 2024). An exception is the E. insigne
zone, which is interpreted here as either missing or very con-
densed in this well (Fig. 3). This feature is likely due to
an erosive surface observed at approximately 111 m, which
marks the base of the prograding Odderup Formation.

A correlation of the two Miocene successions based on
the dinocyst zonation (Fig. 7) clearly illustrates the signif-
icant difference in the sedimentation rates, as reflected by
the thickness variation in the dinocyst zones between the two
successions. The C. cantharellus zone in the Sdr. Vium well
comprises approx. 32 m, while the same zone in the 2/11-12S
well comprises approx. 8 m. The C. aubryae zone is nearly of
the same thickness in both wells (i.e., 48 m in Sdr. Vium and
at least 38 m in 2/11-128S). On the contrary, the L. truncatum
zone and the U. aquaeductum zone are more condensed in the
Sdr. Vium well (minimum 9 and 2 m, respectively) than in the
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2/11-128 well (minimum 75 and 34 m, respectively). These
thickness variations are controlled by accommodation space
and sedimentation rate. In the area represented by the Sdr.
Vium well, a maximum of approximately 50 m of accom-
modation space existed during the deposition of the studied
succession, whereas, in the area represented by the 2/11-12S
well, accommodation space was probably up to 600 m. The
distinct increase in thickness in the 2/11-12S well compared
to the Sdr. Vium well for the interval assigned to the Nora
Formation (the L. truncatum zone and the lower part of the
U. aquaeductum zone) is most likely due to the blooming of
algae (diatoms) during this time interval.

5.2 Proximity to land

The palynological assemblages of the two investigated wells
are markedly different, reflecting their varying proximities
to the land area. Nearly all samples in the Sdr. Vium well
are dominated by non-saccate pollen (19 % to 52 %), with
dinocysts as the second most common group (7 % to 54 %)
(Fig. 4). Spores and fungal spores make up < 1% to 4 % of
the assemblages. Freshwater algae are present in the lower-
most samples and make up < 1% to 3%. The P/D index
of 31 % to 88 % suggests a high terrestrial input and prox-
imity to the land (Fig. 7). On the contrary, the palynological
assemblages in the 2/11-12S well (Fig. 6) are dominated by
dinocysts (44 % to 98 %), and non-saccate pollen are signifi-
cantly less common (0 % to 23 %). The P /D index is usually
below ~ 12 %, except for the lower part of the well, where it
reaches 31 % (Fig. 7). Nevertheless, the P/D values are sig-
nificantly lower than in the Sdr. Vium well, reflecting a much
more distal marine setting. Notably, the relative abundance
of acritarchs (< 1 % to 9 %) is similar in both wells.

In the 2/11-12S well, spores make less than 1 % of the to-
tal palynomorphs (Fig. 6). Fungal spores, in contrast to the
Sdr. Vium site, are absent (Fig. 4). A lack of fungal spores
can be explained by the distal location of the 2/11-12S,
since they are associated with terrestrial and nearshore ma-
rine environments (Ingold, 1971; Rees, 1980; Tyson, 1995).
However, it is important to note that fungal spores may
also be abundant in turbiditic settings, where they can be
transported from degraded vegetation debris accumulated in
coastal plains (Vieira and Jolley, 2020; Jolley et al., 2022).
Therefore, the absence of fungal remains in this case sup-
ports a distal marine environment, with no direct input from
nearshore sources. Freshwater algae appear very sporadically
in the 2/11-12S well (< 1 %). Since freshwater algae do not
tolerate brackish or saline waters, they indicate freshwater
influx into the marine environment (Tyson, 1995). A distal
marine setting with negligible content of soil organic matter
in the 2/11-12S well is further confirmed by very low val-
ues (i.e., below 0.1) of the BIT index (Fig. 5), indicating a
primary marine source of organic matter.

The composition of the dinocyst assemblages of the two
studied wells reflects the proximal—distal sedimentary set-
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ting. The dinocyst assemblage is more diverse in the Sdr.
Vium well than in the 2/11-12S well. Impagidinium spp.
and Nematosphaeropsis (N. lemniscata and N. labyrinthus)
are typical outer neritic/oceanic taxa (see Dale, 1996; Pross
and Brinkhuis, 2005; Vieira and Jolley, 2020) and are ob-
served in nearly all samples in the 2/11-12S well (Fig. 5).
At some depths, N. lemniscata makes up to 3 %—5 % of the
relative dinocyst assemblage. Except for a couple of iso-
lated occurrences, Impagidinium spp. and Nematosphaerop-
sis spp. are nearly absent in the Sdr. Vium well (Fig. 3).
Conversely, species associated with inner neritic nearshore
settings are more common in the Sdr. Vium well. Homotry-
blium tenuispinosum is an extinct taxon associated with re-
stricted marine to open marine inner neritic settings (Dy-
bkjer, 2004b, and references therein) and is present in the
Sdr. Vium well in low abundances (e.g., below 3 %; Fig. 3).
In the 2/11-12S well, a single occurrence of the taxon was
found in one sample only (Fig. 5). Polysphaeridium zoharyi,
which today is observed in coastal sub-tropical to equatorial
regions (Zonnenveld et al., 2013), is present in both wells
but is more abundant in Sdr. Vium (up to 29 %). Notably,
this taxon disappeared in both wells in the upper Langhian
(Figs. 3 and 5). This may be related to the establishment of
lower SST (see Sect. 5.4) following the global cooling trend
after the MCO rather than changes in depositional settings.
Cleistosphaeridium placacanthum is also present in both
wells but is moderately more common in Sdr. Vium. Other
common taxa, such as Spiniferites spp., Operculodinium cen-
trocarpum, Dapsilidinium pseudocolligerum, and Lingulo-
dinium machaerophorum, are equally common in both wells
(Figs. 3 and 5).

5.3 Environmental changes
5.3.1 The Sdr. Vium well

The palynomorph assemblages from the Sdr. Vium well in-
dicate that the lower part of the Arnum Formation (133.32-
112.67 m; the C. cantharellus zone) received larger contri-
butions of terrestrial material during deposition of the upper
part of the formation (95.42-53.42 m; the C. aubryae zone)
compared to the lower part (i.e., 133—-110m), as suggested
by a slightly higher concentration of non-saccate pollen and
the presence of freshwater algae (Fig. 4). A change from
a less terrestrial-influenced (P /D index minimum of 27 %
at 133.32m) to a more terrestrial-influenced environment
(P /D index maximum of 88 % at 53.42 m) is observed, but
the sampling resolution is too low to reveal environmental
changes in higher detail during the deposition of the Ar-
num Formation (Fig. 7). Overall, the depositional setting dur-
ing the late Burdigalian and Langhian was characterized by
the highest flux in terrestrial organic matter observed in our
study. This agrees with the study by Rasmussen et al. (2010)
(see also Sliwinska et al., 2024, for more details), where the
area of the Sdr. Vium well during that time was considered to
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be predominantly shallow marine, with water depth varying
between 0 and 50 m. These water depth estimates were based
on a combination of fossils (molluscs and foraminifera) and
a mapping of the clinoform break point observed in seismic
profiles (for details, see Sliwinska et al., 2024).

5.3.2 The 2/11-12S well

Our data show that the Dany Formation (1671.22 to
1602.0m) was deposited with a larger terrestrial input than
the overlying formations. This is suggested by the highest
content of non-saccate pollen, a nearly consistent record of
spores (Fig. 6), and the highest values of the P/D index (up
to 33; Fig. 7). During the late Burdigalian (C. cantharellus
zone to the C. aubryae zone), areas of both sites experienced
the largest terrestrial influence as shown by e.g., higher P/D
index values (Fig. 5) and the highest concentration of non-
saccate pollen (Figs. 4 and 6). This period coincides with
an interval of increased sediment input from the Southern
Scandes in the direction of the North Sea (via delta systems),
resulting in a prograding coastline (see Rasmussen et al.,
2010).

The overlying Nora (1602.0 to 1510.0m) and Hodde
(1510.0 to 1501.0 m) formations are characterized by a mod-
erately smaller influx of terrestrial particles (Fig. 6) and a
lower P /D index (Fig. 7). The uppermost part of the Hodde
Formation (at 1502.08 m) and the @rnhgj Formation (1501.0
to 1480.0 m) yield nearly exclusively dinocysts (Fig. 6). Our
current dataset does not provide the palynofacies data from
the Hodde Formation in the Sdr. Vium well, but the overall
more marine setting observed in the @rnhgj Formation in the
Sdr. Vium well corresponds with the most marine conditions
observed in the 2/11-12S well during the deposition of these
two formations.

5.4 Temperature trends

Both warm- and cool-water-tolerant dinocyst taxa were ob-
served in both wells (Figs. 3 and 5). The warm-water-tolerant
species, such as Lingulodinium machaerophorum, are dis-
tributed throughout the successions, with some small fluc-
tuations in the abundance but with no apparent trend in time.
However, under modern, colder-climate conditions than dur-
ing the Miocene, L. machaerophorum can be found as far
north as subpolar zones, north of Iceland (Zonneveld et al.,
2013). This would suggest that L. machaerophorum may not
be a good indicator of warm-water conditions in the cool-
house Miocene climate in the North Sea region. Today, Tec-
tatodinium pellitum has a geographic distribution restricted
to coastal sites from sub-tropical to equatorial regions (Zon-
neveld et al., 2013). In the North Sea, the taxon has been re-
ported from the Eocene (Kothe and Piesker, 2007; Heilmann-
Clausen and Van Simaeys, 2005). In our study, we observe
the taxon in many samples, although it rarely accounts for
more than 1% of the relative dinocyst abundance (Figs. 3
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and 5). We observe no apparent abundance trend in the suc-
cession. Therefore, we surmise that the taxon is not a useful
indicator of changing surface water temperature in the stud-
ied region.

In contrast to the taxa mentioned thus far, Polysphaeridium
zoharyi makes an interesting appearance pattern. In mod-
ern settings, P. zoharyi occurs primarily in coastal, fully
marine subtropical to tropical regions, which may have a
high productivity (Zonnenveld et al., 2013). The species is
common in the Mediterranean Sea and does not reach far-
ther north than southern Spain (Zonnenveld et al., 2013).
In the North Sea, the taxon has been observed in low num-
bers in a couple of discrete samples scattered throughout the
Eocene (Heilmann-Clausen and Van Simaeys, 2005; Kothe
and Piesker, 2007) and the Oligocene (Schigler, 2005; Van
Simaeys et al., 2005; Kothe and Piesker, 2007). There is
one exception in the Upper Oligocene onshore Denmark,
where P. zoharyi and P. subtile reach an acme of 57 %
of the dinocyst assemblage (the Horn-1 well; Sliwinska et
al., 2012). In this case, the timing of the acme may pos-
sibly reflect warmer surface water conditions of the Late
Oligocene Warming Event (e.g., O’Brien et al., 2020) recog-
nized in the southern North Sea by De Man and Van Simaeys
(2004). However, in the Miocene, the taxon has hitherto been
recorded in rather low numbers (e.g., Schigler, 2005). As
shown in our study, in the proximal Miocene succession (Sdr.
Vium), P. zoharyi makes two maxima of 23 % and 29 % of
the relative dinocyst abundance (Fig. 3). Otherwise, the taxon
is observed in nearly every sample (1 %—16 %) in the interval
from the C. aubryae zone (depth 110.73m) to the L. trun-
catum zone (the highest occurrence at 50.50 m). It is also
present (up to 5 %) but less frequent in the lower part of
the studied succession. In the distal setting (2/11-12S), P. zo-
haryi is less common (up to 5 %) but appears regularly from
the middle part of the C. cantharellus zone (1616.86 m) to
the middle part of the L. truncatum zone (1579.11 m). The
taxon appears less regularly in the lower part of the record
and makes a single occurrence in the Serravallian (Fig. 5).
Among all the warm-water-tolerant taxa that exist today, P.
zoharyi makes the most distinctive appearance in the late
Burdigalian to early Langhian in the Sdr. Vium well, in an
interval corresponding to the warmest part of the Miocene,
e.g., the MCO.

In the Sdr. Vium well, the multiproxy temperature record
shows a mismatch between the terrestrial and marine realm
at the onset of the MCO (gliwiﬁska et al., 2024). However,
the warmest part of the Miocene falls collectively in the inter-
val corresponding with the deposition of the Aarnum Forma-
tion, itself corresponding with the C. aubryae and lower part
of L. truncatum zones (Sliwifiska et al., 2024). Our TEXg¢-
derived SST record from the 2/11-12S wells suggests the
warmest temperature of the Miocene in the E. insigne and
C. aubryae zones and in the lowermost part of L. trunca-
tum zones (Fig. 5). Even though the current dataset has a
large gap in the middle part of the Langhian, the TEXge-
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derived temperature agrees overall with higher SSTs corre-
sponding roughly with the MCO. Furthermore, in the 2/11-
12S well, M. choanophorum, which is a species affiliated
with the warm surface water (e.g., De Schepper, 2006), is
most common in the interval assigned to the E. insigne and C.
aubryae zones and (the lowermost part of) the L. truncatum
zone (Fig. 5). However, in the proximal setting recorded in
the Sdr. Vium well, the taxon is present in nearly every sam-
ple, with no apparent trend (Fig. 3). Nevertheless, the LO of
M. choanophorum with the concurrent appearance of cold-
water-tolerant dinocysts has been observed offshore Scandi-
navia (Dybkjer et al., 2020).

The cool-water-tolerant species typical of the Upper
Miocene succession (e.g., Quaijtaal et al., 2014) observed
in our dataset includes Habibacysta tectata and Filisphaera
filifera. However, F. filifera occurs only in one sample in
the 2/11-12S well, in the C. cantharellus zone at 1654.72 m
(Fig. 5), and is absent in the Sdr. Vium well (Fig. 3). There-
fore, this taxon is not useful for tracing colder surface wa-
ter conditions in our record. Dinocysts are marine plankton
whose distribution and abundance are influenced by multi-
ple environmental factors beyond temperature, such as light
availability, salinity, sea surface temperature, and nutrient
supply. It is therefore possible that these factors had a greater
impact on the distribution of temperature-sensitive taxa, such
as F. filifera in this case, than temperature itself.

On the contrary, H. fectata is present in both wells in
the interval covering the upper Langhian and Serravallian,
e.g., from the lower part of the U. aquaeductum zone
(1525.80 m) to the top of the analysed interval (Figs. 3 and 5).
The taxon is known from several northern high latitudes from
the upper Langhian to the Tortonian (e.g., Piasecki, 2003;
Schreck et al., 2012) or even to the Pleistocene (Matthiessen
and Brenner, 1996). The appearance of the taxon in the North
Sea in the latest Langhian and Serravallian is interpreted as
an indicator of surface water cooling, related to the MCT.
The taxon has been observed in time-equivalent deposits of
the Nordic Sea (Schreck et al., 2017). The FO of H. tectata
seems to be relatively synchronous in the northern mid- to
high latitudes and can be considered a useful biostratigraphic
event for the upper Langhian. However, the synchroneity of
the event in the region would need to be investigated in more
detail, e.g., by integrating dinocyst stratigraphy with magne-
tostratigraphy. Nevertheless, a lower surface water temper-
ature corresponding with the presence of H. tectata is indi-
cated by our TEXgg data in the 2/11-12S (Fig. 5) and by the
alkenone-derived SST from the Sdr. Vium well (Herbert et al.
2020). Notably, the LO of P. zoharyi in both wells coincides
with the first occurrence of H. fectata (Figs. 3 and 5). This
suggests that the surface water in the late Langhian became
too cold for P. zoharyi to thrive in the North Sea Basin. The
LO of P. zoharyi in the eastern North Atlantic is observed
later, around 13.1 Ma (Quaijtaal et al., 2014), suggesting that
the taxon migrated south, towards warmer environments, as
a consequence of the global cooling following the MCO.
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6 Conclusions

1. Dinocyst biostratigraphy confirms the presence of key
Burdigalian—Langhian dinocyst zones in both wells. We
also observe thickness variations between zones reflect-
ing differences in sedimentation rates or accommoda-
tion space, or both.

2. Palynofacies and dinocyst assemblages, as well as
the P/D index, show that the Sdr. Vium well was
deposited in a nearshore setting with strong terres-
trial influence, while the 2/11-12S well represents a
more distal marine environment with minimal terres-
trial input. The dinocyst assemblages reflect a clear
proximal—distal gradient, with higher diversity and a
greater abundance of neritic taxa (e.g., Homotryblium
tenuispinosum, Polysphaeridium zoharyi) in the Sdr.
Vium well and with lower diversity and an abundance of
outer neritic/oceanic taxa (e.g., Impagidinium spp., Ne-
matosphaeropsis spp.) in the more distal 2/11-12S well.
The absence of fungal spores, along with the low BIT
index, further supports a distal marine setting penetrated
by the 2/11-12S well.

3. Among the warm-water taxa, P. zoharyi shows the most
distinct stratigraphic pattern. Regardless of the proxim-
ity to the land, the taxon is present during the MCO.
In the more proximal Sdr. Vium well, the taxon shows
abundance peaks, while, in the more distal 2/11-12S
well, the taxon is less abundant but consistently present.
Our observations support using P. zoharyi as a regional
indicator of elevated SSTs.

4. The first appearance of Habibacysta tectata and the con-
current disappearance of P. zoharyi in both wells during
the late Langhian mark the onset of surface water cool-
ing associated with the MCT, consistent with indepen-
dent TEXg¢ and alkenone-derived SST records from the
area.
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Table A1. An alphabetical list of all identified dinocyst taxa (in situ) in the Sdr. Vium (on Fig. 3) and 2/11-12S (on Fig. 5) wells.

Dinocyst taxa in alphabetical order

Position in Fig. 3

Position in Fig. 5  Figure  Photo

Achomosphaera alcicornu
Achomosphaera andalousiensis
Achomosphaera ramulifera
Achomosphaera sp. Head, 1996
Achomosphaera + Spiniferites group
Apteodinium spp.

Apteodinium australiense
Apteodinium cf. australiense
Apteodinium spiridoides
Apteodinium tectatum
Barssidinium graminosum
Barssidinium pliocenicum
Barssidinium wrennii
Barssidinium spp.
Batiacasphaera—Arcticacysta group
Bitectatodinium serratum
Bitectatodinium spp.

cf. Bitectatodinium spp.
Cannosphaeropsis passio
Cerebrocysta poulsenii
Cerebrocysta satchelliae
Cerebrocysta spp.
Cleistosphaeridium placacanthum
Cleistosphaeridium spp.
Cordosphaeridium cantharellus
Cordosphaeridium spp.
Cousteaudinium aubryae
Cribroperidinium tenuitabulatum
Dapsilidinium pseudocolligerum
Dapsilidinium spp.
Dinopterygium cladoides
Dissiliodinium spp.
Distatodinium paradoxum
Distatodinium spp.
Exochosphaeridium insigne
Filisphaera filifera

Gramocysta verricula
Habibacysta tectata
Heteraulacacysta campanula
Heteraulacacysta spp.
Homotryblium tenuispinosum
Homotryblium spp.
Hystrichokolpoma pseudooceanicum

15
16

76

58
44
17
77
42

53
60
45
18
66

54
46
52

19
73
47

36
41

73
20

21
61
43

59
68
71
58

31
42
43 8 L

63

40

61
73 9 A
52 8 H
54
25
29 9 B

46 8 K

33

27 8 C

26 9 D
41
76
69
10
75
38

50
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Table A1. Continued.
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Dinocyst taxa in alphabetical order Position in Fig. 3

Position in Fig. 5  Figure  Photo

Hystrichokolpoma reductum
Hystrichokolpoma cinctum
Hystrichokolpoma rigaudiae
Hystrichokolpoma salacia
Hystrichophaeropsis obscura
Hystrichophaeropsis cf. obscura
Hystrichostrogylon membraniphorum
Impagidinium aculeatum
Impagidinium cf. aculeatum
Impagidinium paradoxum
Impagidinium patulum

Impagidinium sp. A Wrenn and Kokinos, 1986
Impagidinium spp.

Impagidinium velorum
Impletosphaeridium insolitum
Invertocysta lacrymosa

Invertocysta tabulata

Invertocysta spp.

Labyrinthodinium truncatum
Labyrinthodinium truncatum modicum
Lejeunecysta spp.

Lingulodinium machaerophorum
Lingulodinium multivirgatum
Lingulodinium spp.
Melitasphaeridium choanophorum
Melitasphaeridium pseudorecurvatum
Melitasphaeridium spp.
Minisphaeridium latirictum
Nematosphaeropsis labyrinthus
Nematosphaeropsis lemniscata
Operculodinium centrocarpum
Operculodinium centrocarpum/israelianum
Operculodinium eirikianum
Operculodinium israelianum
Operculodinium piaseckii
Operculodinium cf. piaseckii
Operculodinium tegillatum
Operculodinium sp. 3 de Verteuil and Norris, 1996
Operculodinium spp.
Palaeocystodinium golzowense
Palaeocystodinium miocaenicum
Palaeocystodinium miocaenicum/minor
Palaeocystodinium powellense
Palaeocystodinium spp.

Pentadinium laticinctum

Pentadinium imaginatum
Pentadinium laticinctum laticinctum
Polysphaeridium zoharyi
Pyxidinopsis fairhavenensis
Pyxidinopsis psilata

Pyxidinopsis spp.

Reticulatosphaera actinocoronata
Small dinocysts undiff.

Spiniferites pseudofurcatus
Spiniferites solidago

1
40
22
72
23

55

10
59

12

68
63
67

24
25
62
26
56
50
14
11

28
29
74
75
30

71
13
38

31

57
64
32
27
33
34

36

11 8 E

47 8 B
1

48

44 9 G
62
72
28
12
5 9 E
74
60

56 8 D

13 8 F

14 9 1

30
16
37 9 H
17

65

45

67

18

55 9 J
70
53

19
20
34 8 G
51
49

21
15 9 F
22
35
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Table A1. Continued.

Dinocyst taxa in alphabetical order  Position in Fig. 3 Position in Fig. 5  Figure = Photo
Spiniferites spp. 23 9 K
Sumatradinium druggi 39
Sumatradinium hamulatum 5 8
Sumatradinium soucouyantiae 51

Sumatradinium spp. 48 64

Tectatodinium pellitum 49 32 8 J
Thalassiphora rota 3
Trinovantedinium spp. 65 57
Tuberculodinium vancampoae 35 7
Unipontidinium aquaeductum 70 66 9 L
Unidentifiable dinocysts 37 24

Appendix B

Figure B1. Photos of dinocysts assigned to the category “small
dinocysts undiff.”. The scale bar of 20 um applies to all photos.
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