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Abstract

Despite often being referred to as a ‘coolhouse climate’, the climate during the Miocene (23.03-
5.33 Ma) was overall humid, warm and temperate. It was paced by orbitally driven cooler periods
(the Oligocene-Miocene Transition and Mi-events) overprinted by a climatic optimum. Global cool-
ing during the Late Miocene brought more arid conditions with climate seasonality, which varied
across western Eurasia. Sedimentary archives from onshore Denmark comprise shallow marine
siliciclastic deposits and discrete brown coal layers. Hence, they allow us to infer past climates and
environments using both marine and terrestrial fossils. The backbone for Miocene stratigraphy
and palaeoclimate reconstruction in the eastern North Sea Basin (present-day Denmark) is the
Sender (Sdr.) Vium sediment core, which penetrates a shallow marine succession and spans an
interval from c. 22 to 8 Ma. Here, we present an improved age model for the core. During the
Miocene, forested lowlands predominated in the eastern North Sea Basin. Coastal areas included
rich riparian landscapes and delta areas of lignite-forming swamp forest. Compilations of existing
proxy records (pollen, spores, leaves, plant fragments and the organic biomarkers alkenones and
membrane lipids) collectively show that the climate here was warm and moist during the Early and
Middle Miocene, while the Late Miocene was characterised by climate cooling and modernisation of
the vegetation. The interval preceding the Miocene Climatic Optimum was already warm and moist,
and the onset was not characterised by a significant increase in temperature and precipitation.
Instead, the palynoflora indicates homogeneous vegetation and only a weak signal of warming
shown by a minor increase of, for example, sabaloid palms and Mastixiaceae.

1 Introduction
The Miocene (23.03-5.33 Ma) witnessed the final transition from the ‘cool-
house' climate of the Oligocene (with a permanent ice sheet covering
Antarctica) to the modern ‘icehouse’ world characterised by bipolar glaciation.
The coolhouse climate commenced c. 34 Ma and the transition from the pre-
ceding ‘greenhouse’ climate was driven by a decline in atmospheric CO, and
changes in ocean gateways and current systems (Stickley et al. 2004; Pearson
et al. 2009; Cristini et al. 2012; Anagnostou et al. 2016; Hutchinson et al. 2019).
During the Oligocene (34-23.03 Ma), atmospheric CO, may have decreased
to values as low as 400 ppm (Rae et al. 2021) and several orbitally paced gla-
ciations occurred in Antarctica (Wade & Palike 2004; Palike et al. 2006). In the
North Atlantic - North Sea - Nordic Seas region, some of these events show a
strong correlation with episodes of cooling of surface waters and decreasing
sea levels (Sliwinska et al. 2010; Sliwinska & Heilmann-Clausen 2011; Clausen
et al. 2012; Sliwinska 2019).

One of the major glaciations and cooling events of the coolhouse world
took place during the Oligocene-Miocene Transition (OMT), where global
cooling coincided with a drop in sea level (Miller et al. 2005) marked by a
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CA: coexistence approach
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MCO: Miocene Climatic Optimum

MFS: maximum flooding surface

MMCT: Middle Miocene Climate Transition
MRS: maximum regressive surface

OMT: Oligocene-Miocene Transition

SB: sequence boundary
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WMT: warmest month temperature
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transient, large amplitude expansion of Antarctic ice
sheets. The associated glacial maximum is expressed by
a positive shift of c. 1%o in stable oxygen-isotope values
(6'80) measured in benthic foraminifera. This shift was
one of the largest, abrupt (<1 Myr) increases in benthic
&80 observed for the Cenozoic (Lear et al. 2004). The
occurrence of orbitally paced transient glacial episodes
continued during the Miocene (e.g. Miller et al. 1991;
Miller & Mountain 1996). However, in the eastern North
Sea Basin (present-day Denmark), glacioeustatic sea-
level fluctuations were superimposed on tectonically
driven sea-level changes, making it difficult to decouple
these two factors (Rasmussen 2004).

Although the Miocene was significantly cooler than
the previous epochs of the Cenozoic, the climate was
relatively warmer and wetter than today; hence, it is
more appropriately referred to as coolhouse than ice-
house (Westerhold et al. 2020). Atmospheric CO, in
the Miocene and the following Pliocene might have
reached 200-400 ppm (The Cenozoic CO, Proxy Inte-
gration Project (CenCO,PIP) Consortium 2023). The
type of coolhouse climate known from c. 34 to 3.5 Ma
(Westerhold et al. 2020) was interrupted by an interval
of transient warmth, known as the Miocene Climatic
Optimum (MCO) c¢. 16.9-14.7 Ma (e.g. Shackleton &
Kennett 1975; Zachos et al. 2001). The MCO was the
warmest period over the last 23 Myr (Zachos et al.
2001) associated with a minimum ice volume in Ant-
arctica (Holbourn et al. 2007). The warming was caused
by elevated atmospheric CO,, most possibly caused by
intense volcanism primarily from the Columbia River
Basalts eruptions (e.g. Kasbohm & Schoene 2018). The
MCO was the last time in Earth's history where atmo-
spheric CO, was as high as it is today, and possibly
higher at c. 500 ppm (The Cenozoic CO, Proxy Integra-
tion Project (CenCO,PIP) Consortium 2023). With atmo-
spheric CO, > 420 ppm and global mean temperatures
¢. 7-8°C warmer than present, the MCO falls in the
middle range of climate states predicted for Represen-
tative Concentration Pathway (RCP) 4.5 and RCP 6.0
(Collins et al. 2013; where 4.5 and 6.0 are the stabilised
levels of radiative forcing expected by 2100 according
to different emission scenarios). Therefore, the MCO
is considered one of the most accurate reference
intervals for a possible future climate. Up to 3°C of the
warming observed in the Middle (Goldner et al. 2014)
and Late Miocene (Knorr et al. 2011) can be explained
by the differences in palaeo-oceanography (continent
position, seaways and ocean current systems), topog-
raphy and vegetation when compared with the modern
state. The remaining temperature increase of the MCO
is attributed to elevated atmospheric CO, clearly show-
ing its strong impact on the global climate.
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Today, atmospheric CO, has already surpassed
400 ppm, and so mid-Pliocene warming at 400 ppm
CO, is considered an optimistic ‘best-case scenario’
for the near-future. In this scenario, Earth’s anthropo-
genic global temperature anomaly by 2100 is limited
to 1.5-2°C (Schellnhuber et al. 2016) above pre-indus-
trial times. With atmospheric CO, >450 ppm, elevated
global temperatures and a more intense hydrological
cycle, the MCO is often considered the most recent
climatic optimum in Earth’s history that is compara-
ble with today’s climate. Thus, following a moderate
CO, emission scenario, it may be more realistic that
we reach a similar climatic condition as the MCO
by 2100.

Despite being more critical for our understanding of
tipping points in the global climate system under CO,
emission scenarios >450 ppm, the transition towards
the MCO is poorly studied, and most existing studies
of proxy records focus on the maximum. In contrast
to the well-studied Antarctic ice sheet, the existence
and potential extent of the Greenland ice sheet at the
MCO is highly uncertain (Thiede et al. 2010). In Europe,
the only long-term palaeotemperature record across
the Middle Miocene transition north of 55°N is from
Denmark.

The MCO was followed by a period of a major growth
of the East Antarctic ice sheet and an associated cool-
ing, termed the Middle Miocene Climate Transition
(MMCT; 14.7-13.8 Ma; Flower & Kennett 1994). The
MMCT was associated with large changes in the global
carbon cycle and in the terrestrial biosphere, includ-
ing aridification of midlatitude continental regions
(e.g. Flower & Kennett 1994). Increased stability of
the Antarctic ice sheet after 14.8 Ma represents a cru-
cial step in the establishment of the near-modern cli-
mate system. Sea-surface temperature (SST) reached
near-modern values 7-5.4 Ma (Herbert et al. 2016).
The late Miocene cooling led to the development of
C4 grasslands (Cerling et al. 1993). These large-scale
climate-driven shifts in vegetation and landscape led
to major turnovers in the terrestrial fauna favouring
browsers feeding on grasses and shrubs (e.g. Badgley
et al. 2008). Changes in terrestrial animal and plant
communities together with drier conditions across
large areas of the continents gave rise to a world that
is similar to that we know today.

In this review, we provide an overview of the state-of-
the-art knowledge regarding Miocene palaeogeography,
vegetation and climatic conditions for the eastern North
Sea Basin based on data from onshore Denmark. This
is followed by a comparison of Miocene climate condi-
tions with those of the present day for the wider North
Atlantic region.
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Fig. 1 Lithostratigraphic framework of the uppermost Oligocene-Miocene onshore Denmark (modified from Rasmussen et al. 2010). Plio.: Pliocene.
R. Mb: Resen Mb. H. o.: Hystrichosphaeropsis obscura. A.u.: Amiculosphaera umbracula. G. v.: Gramocysta verricula. A. a.: Achomosphaera andalousiense.
U. a.: Unipontidinium aquaeductum. L. t.: Labyrinthodinium truncatum. C. au.: Cousteaudinium aubryae. E. i.: Exochosphaeridium insigne. C. c.: Cordos-
phaeridium cantharellus. S. h.: Sumatradinium hamulatum. T. p.: Thalassiphora pelagica. C. am.: Caligodinium amiculum. H. spp.: Homotryblium spp. C. g.:

Chiropteridium galea. D. p.: Deflandrea phosphoritica.

2 Danish Miocene stratigraphy and the
Sender (Sdr.) Vium core

The total composite thickness of the Miocene deposits
onshore Denmark is ¢. 250 m, reaching up to 400 m in
local depressions. The deposits consist mainly of clay,
silt and sand. The succession is subdivided into the
Brejning Fm (partially upper Oligocene), Vejle Fjord Fm,
Klintinghoved Fm, Bastrup Fm, Arnum Fm, Odderup
Fm, Hodde Fm, @rnhgj Fm, Gram Fm and Marbaek Fm
(Fig. 1). The succession is predominantly marine (outer
to inner neritic), interfingered by fluviodeltaic deposits.
Each of the fluviodeltaic sequences terminates with a
brown coal layer (see Section 3.3 for a description).

The Danish Miocene succession is unconformably
overlain by Holocene deposits. In present-day onshore
Denmark, the youngest Miocene strata are of Torto-
nian age (Dybkjaer & Piasecki 2010; Rasmussen et al.
2010). The succession is well dated using dinoflagel-
late cysts (i.e. dinocysts; Piasecki 1980; Dybkjser 2004;
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Dybkjeer & Piasecki 2010; Rasmussen et al. 2010). A few
studies have provided dinocyst stratigraphy integrated
with other microfossil groups, such as foraminifera
(Miller et al. 1991; Dybkjeer & Piasecki 2010; Anthonis-
sen 2012; King et al. 2016), but a complete, integrated
stratigraphy for the entire Danish Miocene succession
does not yet exist. Furthermore, calcareous benthic
foraminifera do not occur continuously throughout
the Miocene succession onshore Denmark, and stud-
ies are limited to assemblage analysis (Laursen & Kris-
toffersen 1999; Anthonissen 2012). Currently, &0
stratigraphy on calcareous benthic foraminifera, which
could improve the stratigraphy, is lacking. Despite a
few attempts, the magnetostratigraphy of the Mio-
cene succession has not been resolved either and is
currently limited to the Oligocene-Miocene boundary
interval (Sliwinska et al. 2014).

The MCO coincides with a high in global sea level
(Miller et al. 2020; Rohling et al. 2021). In Denmark, the
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flooding at the base of the Arnum Fm is considered to
be related to the onset of the MCO. However, the pre-
cise onset of the MCO in Denmark is still uncertain.

To date, the most complete Miocene succession in
Denmark is penetrated by the Sgnder (Sdr.) Vium bore-
hole (DGU 102.948; 55°9'04.02" N, 8°24'46.52"E; Fig. 2).
The core is located in the western part of the Jylland
penisula, Denmark, in the eastern North Sea Basin
(Fig. 3). The cored Miocene succession in the Sdr. Vium
core consists of shallow and offshore marine to deltaic
deposits spanning c¢. 20.4-8 Ma (late Aquitanian - latest
Tortonian).

The core has been studied for many years for sed-
imentology (Rasmussen et al. 2010), dinocyst stra-
tigraphy (Dybkjer & Piasecki 2010), foraminifera
stratigraphy (Anthonissen 2012), pollen and spores
palaeoecology, palaeotemperature and precipitation
(Larssonetal. 2011) and alkenone-derived SST (Herbert
et al. 2020). Due to its exceptionally long stratigraphic
range, the core has formed the backbone of the Mio-
cene stratigraphic and palaeoenvironmental studies
carried out in Denmark. The Sdr. Vium core is the only
such core in the northern mid- and high latitudes to
penetrate a near continuous Miocene succession. It
encompasses in ascending order: the Klintinghoved
Fm, Bastrup Fm, Arnum Fm, Odderup Fm, Hodde Fm,
@rnhgj Fm and Gram Fm. The sequence stratigraphic
framework for the core is based on the work of Ras-
mussen (1996) and Rasmussen (1997). The sequence
stratigraphic framework was defined for onshore Den-
mark and was later transferred to the Danish and Nor-
wegian offshore sections (Dybkjeer et al. 2021). Recent
work has shown that the ‘D’ sequence (Fig. 1) should
be infact subdivided into two, referred to here as D1
(Burd100) and D2 (Burd200) sequences. Including this
subdivision allows us to correlate the Sdr. Vium core
with the sequence stratigraphic framework for the
eastern North Sea Basin (Fig. 4), as follows:

1. Sequence Boundary (SB) Burd100 (D1 sequence),
depth 182 m based on gamma log data

2. Maximum regressive surface (MRS), depth 132 m
based on gamma log

3. Maximum flooding surface (MFS) Burd150 (D1
sequence), depth 131.75 m based on the presence of
a 1 mm thick glauconite layer

4. SB Burd200 (D2 sequence), depth 85 m based on
gamma log data

5. MFS Burd250 (D2 sequence), depth 76.5 m based on
gamma log data

6. SB Lang100 (E sequence), depth 51.9 m based on
gamma log

7. MFS Lang150 (E sequence), depth 45 m based on
gamma log data
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Fig. 2 Stratigraphic framework of the Sdr. Vium borehole (115-24 m depth).
Strontium isotope ages from Eidvin et al. (2014) are shown in the left col-
umn. The ages for the two uppermost samples (51.5-51.8 m and 71.15
m) show ages older than expected from the dinocyst stratigraphic frame-
work, see discussion in Eidvin et al. (2014). The Neogene dinocyst zona-
tion by Dybkjeer & Piasecki (2010). GTS 2012 from Hilgen et al. (2012). First
and last occurrences of age-diagnostic dinocysts are shown to the right.
Lithostrat.: lithostratigraphy. Serravall.: Serravallian. Burdigal.: Bur-
digalian. A. andalousiensis: Achomosphaera andalousiensis. C. poulsenii:
Cerebrocysta poulsenii. C. placacanthum: Cleistosphaeridium placacanthum.
C. cantharellus: Cordosphaeridium cantharellus. C. aubryae: Cousteaudin-
ium aubryae. E. insigne: Exochosphaeridium insigne. G. verricula: Gramo-
cysta verricula. H. obscura: Hystrichosphaeropsis obscura. P. miocaenicum:
Palaeocystodinium miocaenicum. U. aqueductum: Unipontidinium aquae-
ductus. L. truncatum: Labyrinthodinium truncatum.
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8. SB Tort100 (F sequence) at depth 40 m based on
gamma log data

9. MFS Tort150 (F sequence), depth ¢. 35 m based on clay
mineralogy in the Gram borehole. Clay mineralogic
data from Sdr. Vium are missing, and therefore, the
position of this MFS is placed approximately.

The biostratigraphic framework for the core was pub-
lished by Dybkjeer & Piasecki (2010; Fig. 2), but the full
set of raw data for the core were not published. In this
study, we make these data available and have increased
the sample resolution for the dinoflagellate dinocyst
stratigraphy compared to that originally reported by
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Dybkjeer & Piasecki (2010). In doing so, all slides were
processed following the methods described in Dybkjaer
(2004). The data set contains raw palynomorph counts
and is provided in Supplementary File S1. It includes:

« 42 samples analysed in 2009 by Stefan Piasecki ('SP in
the data set) and included in Dybkjer and Piasecki
(2010)

+ 10 additional samples analysed in 2022 by Julie
Fredsborg (JMF in the data set).

First and last occurrences of age-diagnostic dinocysts
in the interval from 115 to 24 m are shown in Fig. 2. In
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the interval from 288 to 115 m, we follow the dinocyst
events as described in Dybkjeer & Piasecki (2010).

3 The geological evolution and
palaeogeography of the eastern North
Sea Basin

For more than 100 Myr, from the Lower Cretaceous to the
Oligocene, the eastern North Sea Basin was covered by
an epicontinental sea. During the Oligocene, the North
Sea became semi-enclosed, and siliciclastics originating
from present-day Scandinavia were deposited. Several
of the cooling episodes during the Oligocene are linked
to falls in glacioeustatic sea level (Sliwinska et al. 2010;
Clausen et al. 2012). At least one major fluviodeltaic sys-
tem developed in the northern North Sea Basin during
the middle Oligocene (Jarsve et al. 2015; Sliwiriska 2019).
The global cooling at the Oligocene-Miocene bound-
ary related to a fall in glacioeustatic sea level caused a
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retraction of the coastline in the area that constitutes
present-day Denmark. This resulted in either a hiatus or
a condensed section across the boundary interval (e.g.
Rasmussen et al. 2010; Sliwinska et al. 2014).

During the Early Miocene, a major fluviodeltaic system
developed in the eastern North Sea Basin (Fig. 3; Ziegler
1990; Rasmussen et al. 2010). This change in depositional
setting was caused by inversion tectonics (Ziegler 1990;
Rasmussen et al. 2008; Rasmussen 2009b). Former basins
within the area were uplifted, for example, the Central Gra-
ben and the Norwegian-Danish Basin. The Norwegian-
Danish Basin became shallower and consequently had
a physiography perfectly suited to progradation of delta
systems from Scandinavia and into the eastern North Sea
Basin (Olivarius et al. 2015). Deposits of the fluviodeltaic
systems consisted of very mature sediments, pure quartz,
quartzites, kaolinite and goethite as well as flint. These
types of sediments were formed due to exposure and

60f 18


https://doi.org/10.34194/geusb.v57.8365
http://www.geusbulletin.org/

erosion of old Mesozoic etched basements and chalk in
the hinterland (Lidmar-Bergstrom et al. 2000). Based on
sediment and mineral provenance studies, the source
area is known to have covered the SW part of present-day
Norway and central Sweden (Olivarius et al. 2015).

3.1 Miocene shoreline

The Miocene landscape of the eastern North Sea was
characterised by a NW-SE-trending shoreline (Fig. 3). As a
result of global sea-level change and the uplift of Scandi-
navia (e.g. Rasmussen et al. 2008), the coastline migrated
NE during highstands and SW during lowstands. Several
times, the shoreline moved so far SW that nearly the
entire area of present-day Denmark could be classified
as emerged lowland. In the earliest part of the Miocene,
the fluvial system was characterised by braided rivers
but changed to meandering rivers in the later part of the
Early Miocene (Rasmussen 2009a; Rasmussen et al. 2010).
The eastern North Sea Basin was located in the northern
westerly wind belt. Consequently, alongshore currents
transported sediments dispersed from rivers towards
the SE, and spit systems and barrier islands were formed
SE of the main delta complexes (Rasmussen & Bruun-Pe-
tersen 2010). Muddy sediments were transported NW by
deeper marine bottom currents and plastered along the
slope (Hubscher et al. 2016). Progradation and flooding
of these delta systems took place three times during the
Early to early Middle Miocene. Vast forested mires devel-
oped on these deltas and coastal plains, where abundant
plant material accumulated, forming peats and peaty
soils during each phase of delta-formation. The mires
and the accumulated peat deposits were drowned and
buried at the termination of each delta system, allowing
the peats to be preserved as the Miocene brown coal
deposits we know today (Figs 1, 5). The progradation and
flooding of the delta systems were mainly controlled by
eustatic sea-level changes (Figs 1, 3; Rasmussen 2004;
Miller et al. 2005; John et al. 2011).

During the early part of the Middle Miocene, a major
flood took place in the eastern North Sea Basin. The
delta- and coastal plain-dominated environment of the
Early Miocene was succeeded by fully marine deposi-
tional conditions, such that water depth in the marginal
areas of the eastern North Sea Basin reached more than
100 m during the middle part of the Middle Miocene
(Rasmussen et al. 2010). This flooding of the delta com-
plexes occurred despite a fall in eustatic sea level in the
order of 70 m (John et al. 2011) and is interpreted to be a
consequence of accelerated subsidence of the North Sea
Basin during the Middle Miocene (Koch 1989; Rasmussen
2004). The marine conditions continued until the latest
Late Miocene. During this period, mud deposition dom-
inated (Nielsen et al. 2015), however, with increasing
intercalation of laminated silt and fine-grained sand
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(Rasmussen & Larsen 1989). During the Late Miocene,
the shoreline migrated across present-day Denmark,
and fluviodeltaic deposition was re-established
(Rasmussen et al. 2005, 2010). By the end of the Mio-
cene, delta progradation commenced in the central part
of the North Sea Basin (Mgaller et al. 2009).

3.2 Miocene water depth
Water depth can be reconstructed based on the fossil
assemblages or established by the mapping of the clino-
form break point observed in seismic profiles (Rasmussen
et al. 2010). The first studies providing estimates of water
depth were based on molluscs (Sorgenfrei 1958; Rasmus-
sen 1966, 1968). The most recent studies are based on
foraminifera assemblages (Laursen & Kristoffersen 1999)
and seismic interpretation (Rasmussen et al. 2010).
Overall, water depths during the Miocene were sim-
ilar to modern-day water depths in the eastern North
Sea: predominantly shallow (0-50 m water depth), occa-
sionally up to 150 m deep. The water depth estimations
for the Sdr. Vium core are shown in Fig. 4. These are
based on regional correlation panels showing the archi-
tecture of the Miocene succession, sequence bound-
aries interpreted to represent subaerial exposure (SBs
Burd200 and Lang100), sedimentary facies shift indicat-
ing storm wave base (MFS Burd250), seascape morphol-
ogy from correlation panels and water depth estimation
from biofacies studies (foraminifera).

3.3 Miocene brown coals - a terrestrial
climate archive

Brown coals (lignite and fossilised peat) consist of par-
tially decayed plant material deposited in stable, wet,
shallow areas, with no disturbances by rivers or oceans.
Areas where precursor peats formed remained sat-
urated with water, covering dead plant material and
protecting the peat from degradation by exposure to
atmospheric oxygen. Brown coal consists of the least
altered organic material compared to other sediment
types. Consequently, brown coals often yield exception-
ally well-preserved plant fragments, cuticles, leaves and
fruits, as well as pollen and spores (terrestrial palyno-
morphs). In some cases, entire tree trunks or large tree-
log fragments have been found.

Fossilised peats encapsulate information about local
floral diversity, temperature and precipitation. Further-
more, brown coal beds provide exceptional sedimentary
archives considering that they record long (thousands
of years), stable depositional conditions. Thus, they pro-
vide unique insights into both large-scale and local-scale
changes in depositional conditions, vegetation and climate.

Nearly, all existing brown coal deposits suffer from
a poorly constrained stratigraphic framework since
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terrestrial palynomorphs are much less accurate for dat-
ing sediments, compared with marine microfossils, and
brown coal seams are primarily interbedded with sand
deposits, which are also very difficult to date precisely.

Brown coal deposits of Miocene age are known
from several locations worldwide, including Australia
(Holdgate & Clarke 2000), Vietnam (Petersen et al.
2022), Greece and Turkey (Kalkreuth et al. 1991; Kvacek
et al. 2002; Guner et al. 2017; Bouchal et al. 2018;
Oskay et al. 2019; Denk et al. 2022) and India (Singh
et al. 1992). There are also well-described brown coal
deposits in Central and Northern Europe, for example,
the lower Rhineland in Germany (Utescher et al. 2000,
2002, 2021), Poland (Widera 2016; Dumont et al. 2020;
Worobiec et al. 2021) and Iceland (Grimsson et al. 2007;
Denk et al. 2011). The widespread peat formation in the
Miocene might have been associated with high precip-
itation rates.

For decades, brown coals were studied not only
because they provide a detailed, high resolution, local ter-
restrial climatic record, but mainly in the context of their
quality as an energy source. Therefore, the best studied
brown coal deposits are in countries with the largest lig-
nite reserves and exploration potential. However, most
lignite mines in Europe are now closed or nearly closed as
lignite is phased out to reduce global carbon emissions.

Brown coals were studied extensively in Denmark
during three exploration campaigns from the 1920s until
the 1980s (Koch & Christensen 1979; Grambo-Rasmussen
1984). There are three brown coal-bearing layers of Mio-
cene age recognised in Denmark. Each of the units was
deposited as a final stage of the major delta build-up
episode (Rasmussen et al. 2010). Extensive work carried
out on the Miocene deposits in Jylland to map aquifers
means that the brown coals of Denmark are relatively
well dated, as follows:

1. Brown coal at the top of the Billund Fm (the Addit Mb,
late? middle Aquitanian - equivalentto the Caligodinium
amiculum dinoflagellate cyst Zone; Rasmussen et al.
2010, their fig. 7). The age of the zone is estimated to
span an interval from ?21.6 to 21.10 Ma (Dybkjeer &
Piasecki 2010). The maximum cumulative thickness of
the brown coals is up to 4 m (Rasmussen pers. comm)
but usually 0.5 m (e.g. the Voervadsbro outcrop sec-
tion; Rasmussen et al. 2010). Petrified wood fragments
were reported from the brown coal layer of this age
(Weibel 1996). Palaeobotanical studies are limited to
the lignite clays of Moselund and Silkeborg Vesterskov
(Mathiesen 1965, 1970, 1975). Brown coals of this age
are known from the area of Addit, SE of Silkeborg (loca-
tion in Fig. 3A).

2. Brown coal layer at the top of the Bastrup Fm
(within the Resen Mb, early Burdigalian - assigned
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Fig. 5 The type section of the Fasterholt Member is the Fasterholt Brown
Coal Pit, northwest of Brande; this section is no longer exposed. The log
is redrawn from Koch (1989) and Rasmussen et al. (2010). C: clay. Si: silt.
F: fine sand. M: medium sand. C: coarse sand. P: pebbles.

to the Cordosphaeridium cantharellus Zone;
Rasmussen et al. 2010). The stratigraphic range of
the zone is from 19.0 to 18.4 Ma (Dybkjeaer &
Piasecki 2010). The Resen Mb consists of dark
brown, organic-rich, silty clay with some coal layers
present locally. The coaly layers are often sand-
wiched between sand-rich units (Rasmussen et al.
2010). Brown coal layers 2-3 m thick were mined
close to S@nder Resen village between 1914 and
1970 (Sdr. Resen 2023). However, there are no
reports of palynofloral studies of coal layers of that
age. The brown coals of the Resen Mb are also
found in southern Jylland (Fig. 3C).

3. Brown coal atthe top of the Odderup Fm (the Fasterholt
Mb - assigned to the upper part of the Labyrinthodinium
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truncatum Zone; Rasmussen et al. 2010) is the thickest
(Fig. 5) and most spatially spread (Fig. 3E). The zone is
dated from 15.97 to 14.8 Ma (Dybkjaer & Piasecki 2010).
The coals and coal-bearing sediments of the Fasterholt
Mb were deposited in freshwater lakes, lagoon
swamps and mires (Koch 1989; Rasmussen et al. 2010)
and are found in several boreholes in central Jylland
(Rasmussen et al. 2010). The cumulative thickness of
the brown coals can be of up to 9 m (Rasmussen pers.
comm; Fig. 5). The brown coal-bearing Fasterholt Mb is
best exposed at the Abildaa Brown Coal Museum near
@rnhgj. The brown coal of the Fasterholt Mb was
extensively mined between 1914 and 1970 to supply
national energy resources in Denmark (e.g. Grambo-
Rasmussen 1984). The flora described from this coal
layer, referred to as the ‘Seby-Fasterholt flora’ (Koch &
Friedrich 1970; Fig. 1) or ‘Damgaard flora’ (Friis 1979), is
so far the best studied of the Miocene brown coal
floras in Denmark and represents vegetation during
the MCO (see Section 4).

4 Reconstructions of Miocene
vegetation

Miocene vegetation reconstructions in Denmark are
based on (1) palaeobotanical records comprising dis-
persed spores and pollen (Aquitanian to Tortonian, Sdr.
Vium core; Larsson et al. 2006, 2010, 2011) and (2) a rich
carpological (fruits and seeds) and leaf record from the
Middle Miocene (Langhian) deposits from the Sgby-Fas-
terholt flora in Denmark (Koch & Friedrich 1970, 1971;
Koch et al. 1973; Wagner & Koch 1974; Friis 1975, 1977,
1985; Christensen 1976; Koch 1989; Denk & Bouchal,
2021a, b).

In this Section, we outline the broad trends in vegeta-
tion development and floristic turnover during the Mio-
cene in the present-day Denmark and compare these
with the existing palaeobotanical records from Germany
and Iceland (Mai 1995; Denk et al. 2011). While Miocene
floras of Germany are geographically closest to Den-
mark, the Icelandic Langhian to Messinian macro- and
microfloras provide an opportunity to compare North
Atlantic European floras along a latitudinal gradient.

During the warm humid conditions that prevailed
during the Early and Middle Miocene, coastal vegeta-
tion comprised wetlands, swamp forests and diverse,
well-drained lowland forests (Larsson et al. 2006, 2010,
2011). Vegetation composition during this time differed
considerably from the modern Danish flora comprising
many woody elements more typical of the present-day
distribution in eastern North America and East Asia (Friis
1985; Mai 1995; Larsson et al. 2011; Denk & Bouchal
2021a; Supplementary File S2).

The plant fossil record for the MCO is derived from
fruits, seeds, leaves and spores and pollen from the
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Seby-Fasterholt lignite mining area (e.g. Koch & Frie-
drich 1970; Christensen 1975, 1976; Friis 1985; Koch
1989; Denk & Bouchal, 2021a, b). The record contains
a high proportion of plant taxa that would be consid-
ered “exotic” today (Supplementary File S3). Exotic ele-
ments include genera, which are at present confined
to East Asia such as the conifers Glyptostrobus, Sciado-
pitys and Cathaya (Fig. 6A, B), the broadleaf taxa Tetra-
centron (Figs. 6C, D) and Platycarya, a walnut relative.
Other genera are currently confined to North America,
for example, the lignite forming swamp cypress Taxo-
dium and the Redwood, Sequoia, the woody angiosperm
Comptonia (Fig. 6E), and wetland plants Decodon (Fig.
6G) and Dulichium (Fig. 6H). Ludwigia (Fig. 6)), Cephalan-
thus (Fig. 6K) and Proserpinaca (Fig. 6L) are also native
to Central and South America. Today, the tree genus
Sequoia (Redwood) is restricted to western North Amer-
ica. In the Denmark, roots assigned to this genus were
described from MCO deposits (Wagner & Koch 1974),
and leafy shoots and cones were described from pre-
MCO deposits (Mathiesen 1970). Sequoia thrives today
under a Mediterranean-type climate with dry summers
and moist winters. It tolerates light frost, and during the
summer, it receives a lot of humidity from fog precip-
itation (Dawson 1998). This additional supply of water
during the summer suggests that the original climate
niche of Sequoia was fully humid temperate.

In Denmark, several taxa in the Early and Middle
Miocene plant assemblages represent genera that have
a disjunct modern distribution in the Americas and
(South) East Asia. Among these are the conifer genus
Tsuga and the broadleaf taxa Engelhardioideae, Carya
(walnut relatives), Magnolia, Nyssa, Symplocos, Liquidam-
bar and others. As in the example of Sequoia, Magno-
lia is today found in warm temperate to tropical areas
of Asia and the Americas but had a wide distribution
in Europe during the Miocene. Also, the wetland plant
Saururus (Fig. 6l) belongs to this group. Subtropical and
tropical lineages reported from Aquitanian and Burdi-
galian pollen assemblages (e.g. the pantropical families
Sapotaceae and Arecaceae - the palms; Larsson et al.
2006, 2011) are legacies from older periods. This is also
true for several extinct taxa in the Sgby-Fasterholt flora,
for example the monocot genus Cladiocarya and various
extinct members of the oak family, Fagaceae (Daghlian
1981; Friis 1985; Denk & Bouchal 2021a, b). A single
plant genus, Tetraclinis in the Cupressaceae family, is
today confined to SW Europe and North Africa.

In addition to these exotic plant elements in the Mid-
dle Miocene of Denmark, members of the modern flora
of Central and Northern Europe make up an important
component (c. 1/3) of the Sgby-Fasterholt flora fossil
assemblage. These include the most characteristic tree
taxa of the modern flora of Denmark: Pinus, Fagus, Alnus,
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Fig. 6 Typical Middle Miocene plant fossils from the Sgby-Fasterholt flora lignite mining area. A-D: dispersed pollen grains. A, B: Cathaya sp. (SEM,
LM). C, D: Tetracentron sp. (SEM, equatorial and polar views). E-F: Leaf fossils. E: Comptonia comptoniifolia (Brongniart) Doweld. F: Acer soebyensis Chris-
tensen nom. inval. G-L: Dispersed fruits and seeds. G: Decodon vectensis Friis, seed. H: Dulichium marginatum (C. Reid & E.M. Reid) Dorofeev, fruit. I:
Saururus bilobatus (Nikitin ex Dorofeev) Mai, fruitlet. J: Ludwigia corneri Friis, seed. K: Cephalanthus pusillus Friis, mericarp. L: Proserpinaca brevicarpa,
Dorofeev endocarp. Scale bars are 10 pm (A-D), 1 ¢cm (E), 5 cm (F), 1 mm (G-I, K, L) and 0.5 mm ().
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Betula, Acer and others. These taxa commonly have a dis-
junct modern distribution in the Northern Hemisphere
with large distribution gaps between (eastern) North
America, western Eurasia and East Asia. Likewise, plant
taxa with a cosmopolitan distribution are also common
in the Sgby-Fasterholt flora (c. 1/3 of the recorded taxa;
Supplementary File S4).

Very little is known about the pre-MCO flora in
Denmark (e.g. Larsson et al. 2011). The lignite clays of
Moselund and Silkeborg Vesterskov are associated with
the progradation of the Billund Fm and thus are revised
here to Aquitanian age. Leaf and wood remains as well
as reproductive structures were reported from these lig-
nites (Mathiesen 1965, 1970, 1975). While the Sgby-Fas-
terholt flora represents mainly riparian and wetland
vegetation, the assemblage recorded from Moselund
and Silkeborg also comprises elements from the well-
drained hinterland vegetation (e.g. Parrotia, Daphno-
gene; Mathiesen 1965, 1970, 1975).

A marked change in the flora of Denmark occurred at
the onset of the Late Miocene (Tortonian stage). Inves-
tigations of dispersed spores and pollen show a sharp
increase in herbaceous taxa such as the grass family
(Poaceae) and in Ericaceae and Pinus, and a decrease in
Engelhardioideae, extinct Fagaceae (as ‘evergreen Quer-
cus’) and palms (Larsson et al. 2011).

The floristic composition of the Miocene flora in Den-
mark resembles, to some extent, that reported in NE Ger-
many (Mai 1995). In Lower and Middle Miocene strata,
many elements are shared with the Danish Miocene (e.g.
Daphnogene, Quercus sect. Lobatae, Mastixiaceae (syn.
of Nyssaceae) and palms). The palaeobotanical records
from radiometrically dated strata of Iceland show that
Middle Miocene floras include exotic elements (papillate
Cupressaceae, Cathaya, Magnolia, Liriodendron and oth-
ers; Denk et al. 2011) and lack most of the thermophi-
lous plants present in Central Europe and Denmark (e.g.
Mastixiaceae). A sharp increase in herbaceous plants is
seen in the Tortonian (Late Miocene) in Denmark
(Larsson et al. 2011), as well as in coeval floras of Iceland,
where Tortonian pollen assemblages are dominated by
herbaceous taxa and small-leaved Ericaceae (Denk et al.
2011). In contrast, mastixioid flora with Lauraceae and
other thermophilous elements persist into the Late
Miocene further south in Germany (Mai 1995).

In general, the floristic turnover from the Early and
Middle Miocene to the Late Miocene appears to reflect a
response of the terrestrial vegetation that bordered the
northern North Atlantic to global cooling as indicated in
the global marine isotopic records (Utescher et al. 1997;
Westerhold et al. 2020). In contrast, the transition from
late Early Miocene flora in Denmark to MCO flora, as
reflected in spore and pollen assemblages (Larsson et al.
2011), is not linked to marked changes in the dominant
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plant groups. Nevertheless, there is a weak signal of
warming starting in the late Burdigalian and continuing
into the MCO. For example, sabaloid palms and Mastix-
iaceae show increased pollen percentages during this
period. The same is true for several extinct evergreen
Fagaceae (Denk & Bouchal 2021b).

5 Reconstructions of air temperature
and precipitation

For most of the Miocene, NW Europe was warm and wet
as suggested from records of vertebrates (Mors 2002;
Bohme 2003; Bohme et al. 2011; Utescher et al. 2011),
mammals (Fortelius et al. 2014), flora (Mosbrugger et al.
2005; Grimsson et al. 2007; Bruch et al. 2011) and pollen
(Pound et al. 2011, 2012; Pound & Riding 2016; Pound
& McCoy 2021; McCoy et al. 2022). High levels of atmo-
spheric moisture are also suggested by fungal assem-
blages (Pound et al. 2022).

Global precipitation patterns in the Miocene are
characterised by large amplitudes (e.g. Bohme et al.
2011; Utescher et al. 2015), and overall the mean annual
precipitation (MAP) was 300-1000 mm higher than at
present (Bohme et al. 2011). In some regions, however,
the climate became significantly drier. The onset of arid-
ification in northern China is observed already in the
Early Miocene (22 Ma; e.g. Guo et al. 2002). Overall, arid-
ification accelerated in the Late Miocene, leading to, for
example, the development of the Sahara Desert ¢. 7 Ma
(Schuster et al. 2006). Aridification of the climate in the
Late Miocene associated with the decreasing tempera-
tures at that time was more of a global phenomenon.

Air temperature and precipitation from the Danish
Miocene have been studied using the spore and pollen
assemblages as well as organic molecular fossils. Col-
lectively, spore and pollen assemblages collected from
two localities and one sediment core (Sdr. Vium) cover
a time span between c. 23.5 and ¢. 8.5 Ma, across the
OMT to the upper Tortonian (Larsson et al. 2006, 2010,
2011). Notably, the data set originally generated by Lars-
son etal. (2010, 2011) has herein been updated with the
latest climate data for the nearest living relatives using
the Palaeoflora database and the Coexistence Approach
(CA; Utescher et al. 2014).

CA analysis of the pollen record from Sdr. Vium indi-
cates that the mean annual air temperature (MAT) was
stable during the Miocene (17-18.5°C), with a mean
warmest month temperature (WMT) ranging from 23
to 27.5°C, and the mean coldest month temperature
(CMT) between 10 and 12.5°C (Fig. 4). However, fluctu-
ations in the Miocene temperature record are inferred
from expansions of MAT, CMT and WMT to include
colder or warmer temperatures. During the middle to
late Burdigalian, the CA analysis indicates that the cli-
mate included cooler temperatures, as plants requiring
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milder winter temperatures, such as Mastixiaceae and
Sabal (palms), were absent from the pollen record. A
similar pattern is observed in the Serravallian and Tor-
tonian (Fig. 4). During the latest Burdigalian and Lang-
hian, the presence of Mastixiaceae pollen, in particular,
indicates slightly warmer winter temperatures (Fig. 4).
Fluctuations in WMT correspond rather well with fluctu-
ations in the SST (see Section 6).

An alternative tool for estimating MAT is based on the
distribution of membrane lipids derived from soil bacte-
ria (the branched Glycerol Dialkyl Glycerol Tetraethers;
brGDGT). In Denmark, MAT derived from brGDGT has so
far been calculated only across the OMT (Sliwifiska et al.
2014). Between 24.5 and c. 22.5 Ma, MAT ranged from
18 to 20°C (excluding the temperature minimum of
16.5-17°C related to the cooling event at the OMT). The
brGDGT-derived temperature is similar (i.e. 17-20°C)
to air temperature estimations based on the pollen
and spores from the Dykaer locality, Denmark (palyno-
morphs; Larsson et al. 2010; this paper) as well as from
other sites in NW Europe, for example fossil leaf floras
(Uhl et al. 2007; Uhl & Herrmann 2010) and megafloras
(Mosbrugger et al. 2005). However, recent progress in
understanding the origin of brGDGTs and improve-
ments in calibrations for calculating palaeo-tempera-
ture call for a new analysis of the existing data set.

Overall, air temperature in the Miocene was signifi-
cantly higher than today. For comparison, MAT (between
1981 and 2010) in Denmark is 8.3°C (CMT = 1.0°C and
occured in February; WMT = 16.6°C and occured in July;
Cappelen 2021).

Warm air temperature in Central Europe during the
Miocene is indicated by numerous published vegeta-
tion records. Palynological results from Germany indi-
cate a warm temperate to subtropical climate during
the Miocene (Zetter 1997; Kolcon & Sachsenhofer 1999;
Kovar-Eder et al. 2001). Palynological and palaeobotan-
ical records from MCO brown coal seams in the Lower
Rhine Basin indicate MAP of 1300-2000 mm and MAT c.
16-20°C (Utescher et al. 2021). In the Lower Rhine Basin,
WMT during the MCO exceeded 25°C and sometimes
reached 28°C (Utescher et al. 2021). This is similar to the
pollen-derived climate data from Sdr. Vium (Fig. 4).

CA analysis of the pollen record from Sdr. Vium indi-
cates MAP c¢. 750-1750 mm for much of the Miocene,
which is much higher than the ¢. 749 mm observed
over the past two decades in Denmark. For the period
1981-2020, April is the driest month in Denmark (mean
monthly precipitation, MMP = 37.3 mm). The wettest
month is October (MMP = 84.5 mm; Cappelen 2021).
Overall, MMP for the driest month during the Miocene
ranges from c¢. 5 to 60 mm, while the wettest month
ranges from 150 to 250 mm (Fig. 7). Notably, several
spikes in MMP for the wettest month are observed from
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the late Burdigalian (from c. 115 m depth in the Sdr. Vium
core; Fig. 7). Both MAP and wettest month MMP were
thus significantly higher during the MCO than today,
while rainfall during the driest month is within the range
observed in the Miocene. Notably, the anomalously high
rainfall of ¢. 150 mm reported in Denmark in October
2023 reached the lower end of the reconstructed wet-
test month MMP for the Miocene (150-250 mm).

The high precipitation and warm temperatures (see
also SST in Section 6) in the Miocene must have com-
monly caused storms in the eastern North Sea Basin.
In several localities around Denmark, the Miocene suc-
cession yields hummocky cross-stratified strata, which
suggest that intense storms were common (Rasmussen
etal. 2010). However, it is not possible to determine if the
intensity of storms changed throughout the Miocene.

6 Reconstructions of SST

The SST estimations from the Sdr. Vium core sug-
gest temperatures of up to 28°C, 20.4-12 Ma (Early
to Middle Miocene), followed by a gradual decrease
to ¢ 24°C, 12-8 Ma (Late Miocene; Fig. 4; Herbert
et al. 2020). Here (Fig. 8), we follow the age model
(absolute ages) proposed by Herbert et al. (2020). SST is
derived from alkenone palaeothermometry (U%,, index
defined by Prahl & Wakeham 1987). Overall, tempera-
ture trends for the Sdr. Vium core agree with SST records
from six other sites in the North Atlantic region (Fig. 8).
However, on closer inspection, pre-MCO temperatures
were already high (25-28°C), with no apparent trend in
time. Notably, just before the onset of the MCO, a brief
interval of lower temperatures (i.e. the SST minimum;
24-25.5°C) marks the most pronounced feature of the
SST trend for Denmark. This SST minimum is observed
at sites 608, 982 and the Sdr. Vium core - the only sites
covering the MCO onset. No major increase in SST
related to the onset of the MCO was observed at any of
these three sites (Fig. 8). Discrepancies in the timing of
the SST minimum may be related either to uncertainties
in the age models (especially for the Sdr. Vium core; see
Herbert et al. 2020 for details) or because these sites are
in a region of dynamic oceanic circulation intensity and
at the northern extent of the subtropical gyre. Overall,
an improved high resolution stratigraphic framework
(magneto- or isotope stratigraphy) would significantly
aid in explaining these trends.

We could speculate that the SST minimum is related
to a colder interval just prior to the MCO, as observed
in the sedimentary records from offshore Antarctica
(Levy et al. 2016). However, we observe that the SST
minimum is observed only in the sites bathed by the
modern-day subtropical gyre, while site U1406, which
is under a subpolar gyre regime, shows a gradual tem-
perature increase in the time-equivalent interval. We
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could, therefore, argue that the SST minimum observed
in the eastern North Atlantic associated with warming in
the western North Atlantic (reorganisation of the sub-
tropical gyre) was an effect of weakening of the oceanic
circulation in the North Atlantic rather than an overall
cooling. However, this would need to be supported by,
for example, modelling.

7 The onset of MCO and the Middle to
Late Miocene transition

Following the age model applied by Herbert et al. (2020),
the onset of the MCO is placed at the onset of warmer
SST (approximately at depth 90 min the Sdr. Vium core).
However, both dinocyst assemblages (showing a flux of
warm water taxa) and pollen and spore assemblages
suggest that warming occurred earlier and stepwise. The
relative abundance of warm water dinocysts shows an

Kasia K. Sliwinska et al: GEUS Bulletin 57. 8365. https://doi.org/10.34194/geusb.v57.8365

initial increase at ¢. 130 m depth and another increase
at 110 m (Fig. 3). The first flux of warm water dinocysts
at 130 m corresponds with the MFS at the base of the
Arnum Fm, which is considered to be synchronous with
the global sea-level rise at the onset of MCO. However,
SST derived from alkenones record a sharp decrease at
that depth, which contradicts the dinocyst records. Our
climate inferences based on the palynological record
suggest at least three warming steps: (1) at depth 110
m, associated with a slight increase in the relative abun-
dance of palm pollen, (2) at 90 m, where the abundance
of warmth-loving deciduous Fagaceae (‘Castanea’ in
Larsson et al. 2011) increased, and (3) at 75 m, where
sabaloid palms, Engelhardioideae and the evergreen
Fagaceae showed a marked increase.

The transition from the Middle to the Late Miocene
is well expressed in our inferred palaeoclimate data
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and in corresponding species turnover in the terrestrial
and marine realms. In the plant fossil record, this tran-
sition is reflected in a marked decrease of taxodiaceous
Cupressaceae, and an increase in cold-tolerant woody
taxa, such as Carya, Ericaceae and Poaceae. Likewise, the
post-MCO cooling trend in surface water temperature
is recorded by the alkenones and the sharp increase in
cold-tolerant dinocysts.

8 Conclusions

The MCO is the most recent time in Earth history where
the CO, levels were as high as today. All the existing data
from the Danish Miocene succession suggest that the area
was significantly warmer and wetter than today. However,
recent anomalies in rainfall (such as the massive rainfall
in October 2023) reach the minimum values recorded for
MMP during the wettest month in the Miocene.

The onset of the MCO in the eastern North Sea Basin
seems to be related to a sequence of warming steps
or pulses in both the marine and terrestrial realms.
Some of these steps are synchronous, some are not.

Kasia K. Sliwinska et al: GEUS Bulletin 57. 8365. https://doi.org/10.34194/geush.v57.8365

However, the main obstacle in the evaluation of these is
the fact that the existing data sets are either of too low
resolution or have different sampling depths. Another
improvement in resolving the Miocene climate record
for the eastern North Sea Basin could be to provide an
integrated magnetostratigraphic age model for the Dan-
ish Miocene.
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