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A palynological and organic geochemical record from a shallow marine paleoenvironmental setting in SE
Netherlands documents the coupled marine and terrestrial climate evolution from the late Burdigalian
(~17 Ma) through the early Zanclean (~4.5 Ma). Proxy climate records show several coeval variations in both
relative sea surface (deduced from percent cool dinocysts) and terrestrial (subtropical vs. cool temperate
pollen) temperature indices. The terrestrial climatic trend is confirmed by a quantitative reconstruction of
annual mean air temperature based on the distribution of fossil branched glycerol dialkyl glycerol
tetraethers, showing a cooling from ~27 °C to ~14 °C between 17 and 5 Ma punctuated by short-term
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1. Introduction
1.1. Miocene climate evolution

The Cenozoic climate evolution based on marine deep sea records is
relatively well known since continuous well-dated records are available
(e.g. Flower and Kennett, 1994; Zachos et al., 2001; Holbourn et al., 2005;
Zachos et al., 2008). For the Miocene, the most characteristic features are
the mid-Miocene climate optimum between 17 and 15 Ma, followed by
gradual cooling and a series of distinct glacial stages (Miller et al., 1991,
1996). In contrast, the Cenozoic evolution of terrestrial climate is still
poorly known, especially concerning the amplitude and timing of
changes relative to the marine climate record. The most comprehensive
long-term continental palaeoclimate reconstruction available covers
mean annual and seasonal temperature and precipitation for the last
45 million years (Ma) and was established by comparing plant
macrofossil assemblages to present distributions of extant species in
Europe (Mosbrugger et al., 2005). The authors tentatively correlated
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their reconstructed continental climatic trend with a global compilation
of oxygen stable-isotope ratios in benthic foraminifera by Zachos et al.
(2001). Although general trends are well reflected in both records,
Mosbrugger et al. (2005) observe that their regional continental record
lags the rapid cooling between 15 and 13 Ma as recorded in the global
deep-sea temperature record of Zachos et al. (2001). A significant winter
terrestrial temperature decrease in the Mosbrugger et al. (2005) record
occurs only between 12 and 10 Ma, suggesting a decoupling between
European continental and global marine climates.

To assess the precise temporal relationship between land and sea-
based climate records, a higher temporal resolution than the Mosbrugger
et al. (2005) record (>1 Ma sample™!) is needed, particularly for the
relatively short-term (<~0.5 Ma) glacial phases that have been
recognized in the Neogene (see Miller et al., 1991). Thus, additional
approaches should be explored to estimate pre-Pleistocene terrestrial
environmental conditions and investigate the potential coupling
between terrestrial and marine climatic changes in greater detail.

1.2. Proxy approach
Our approach is to integrate palaeoclimatic signals from middle

Miocene to early Pliocene terrestrial and marine environments
through quantitative palynological and organic geochemical analyses
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Table 1
Dinocyst taxa grouping.

Restricted and coastal dinocysts Cold water Arctic dinocysts

Acanthaulax miocenicum
Achomosphaera andalousiensis
Apteodinium australiense

A. conjuctum

A. emslandia

A. granulatum

A. spiridoides

A.tectatum

A. tectum

Areoligera semicirculata
Chiropteridium galea

C. lobospinosum
Cordosphaeridium cantharellus
C. gracile

C. minimum

Cyclopsiella granulose
Dapsilidinium spp.
Glaphyrocysta exuberans
Gramocysta verricula
Heteraulacacysta campanula
Homotryblium floripes

H. oceanicum

H. plectilum

H. tenuispinosum

H. vallum

Mendicodinium robustum
Operculodinium israelianum
Paralecaniella spp.(*)
Polysphaeridium congregatum
P. zoharyi

Spiniferites cruciformis
Systematophora placacantha
Thalassiphora pelagica
Toenisbergia spp.
Tuberculodinium vancampoe

Bitectatodinium tepikiense
Filisphaera filifera
Habibacysta tectata
‘Headinium miocenicum’ (**)

(*) The marine acritarch Paralecaniella sp. is typical of restricted marine conditions
(Brinkhuis and Schigler, 1996).
(**) Manuscript name, Zevenboom (1995).

of a set of near-continuous marginal marine sedimentary archives
from the North Sea Basin. Coupled analysis of pollen as well as
organic-walled dinoflagellate cyst (dinocyst) assemblages are com-
bined with analyses of fossil glycerol dialkyl glycerol tetraether
(GDGT) core membrane lipids derived from marine Crenarchaeota
and soil bacteria. This multi-proxy approach yields a relatively
detailed continental and marine palaeoenvironmental record for the
NW European Miocene, and provides detailed insight into the degree
of land-sea coupling during the build up of continental ice sheets (see
e.g. Miller et al., 1991; Flower and Kennett, 1994; Zachos et al., 2001,
2008).

Pollen and spores provide a reliable source of terrestrial paleoen-
vironmental and -climatic information (Birks and Birks, 1980). Despite
their sensitivity to climate changes, terrestrial (pollen) records are
often associated with chronostratigraphical problems, high spatial
variability, and discontinuous accumulation (Pross and Klotz, 2002;
Kemna and Westerhoff, 2007; Donders et al., 2007). Shallow marine
sedimentary archives can resolve the problems associated with
continental-based records, although differential transport by wind
or water can bias the pollen assemblages. Assemblages with a
relatively high number of taxa, including typical insect-pollinated
forms, are indicative of substantial pollen input through water trans-
port (Whitehead, 1983), in contrast to typical low-diversity wind-
transported pollen (Hooghiemstra, 1988). For locations proximal to a
river delta the majority of the pollen is likely water-transported. Once
in the water column, lumping of dust particles (including pollen) into
fecal pellets near the sea surface causes accelerated sinking and
prevents marked lateral transport by ocean currents (Hooghiemstra,
1988).

The preference of dinoflagellates for neritic conditions enables a
synchronous reconstruction of marine and terrestrial palaeo-environ-
ments. Species—environment relations can be empirically deduced
from comparisons with other fossil groups or physical and chemical
evidence, as well as by comparing distributions of extinct taxa with
species for which the ecology is better known (Versteegh and
Zonneveld, 1994; Sluijs et al., 2005). Sea surface temperatures (SSTs)
and different inshore to offshore water mass conditions (e.g.
Brinkhuis, 1994; Versteegh and Zonneveld, 1994) can thus be deduced
from pre-Quaternary dinocyst assemblages (e.g. see Sluijs et al., 2005;
Pross and Brinkhuis, 2005) (see Table 1). Water mass conditions, in
turn, depend on sea-level variations, which can thus be detected using
relative changes in the dinocyst assemblages.

Branched GDGT membrane lipids are presumably derived from
anaerobic soil bacteria (Weijers et al., 2006a,b) and isoprenoid GDGTs
are mainly derived from marine pelagic Crenarchaeota in marine
sediments (e.g. Schouten et al., 2000). The Branched and Isoprenoid
Tetraether (BIT) index is a measure for the relative fluvial input of soil
organic matter in marine sediments (Hopmans et al., 2004; Weijers
et al., 2006b). Further, the relative distribution of branched GDGT
membrane lipids in soils, expressed in the Methylation index of
Branched Tetraethers (MBT) and the Cyclisation ratio of Branched
Tetraethers (CBT), is a function of annual mean air temperature (MAT)
and soil pH (Weijers et al., 2007b).

2. Geological setting

A complex Cenozoic rift system of approximately 1100 km extends
from the west coast of The Netherlands through western Germany and
southeastern France towards the western Mediterranean. The rift
formed to accommodate stress from the Alpine orogeny, and (in NW
Europe) during the Neogene consists of the Roer Valley Graben, Lower
Rhine Embayment and Leine Grabens (Fig. 1a) (Ziegler, 1994; Geluk et
al., 1994). The Roer Valley Graben (RVG) rift system is the main
structural-physiographic unit of the Lower Rhine Embayment and is
differentiated into several tectonic units (Van den Berg, 1994).
Significant differential subsidence started in the late Oligocene across
the re-activated Peel Boundary Fault (Geluk et al., 1994). During the
Miocene, the northeastern Venlo Block (VB) of the RVG was a shallow
marine environment in the proximity of terrestrial environments
(Fig. 1b) (Ziegler, 1994), receiving an influx of both marine and
terrestrial organic microfossils. Relatively slow and stable subsidence,
combined with a warm and humid climate led to widespread peat
accumulation from the Burdigalian to Serravallian or lower Tortonian
in parts of the RVG (Liicke et al., 1999; Utescher et al., 2000). The thick
peat deposits formed about 100 m of lignite, while minor coal seams
formed during the Tortonian-Messinian (Zagwijn and Hager, 1987;
Liicke et al., 1999). These swamp ecosystems are the main source of
terrestrial organic material such as pollen and spores in the southern
North Sea sedimentary record. The Massif Central-Rheinish Massif
uplift, separating the northern and southern Rhine Grabens, started
during the early Miocene and continued into the Plio-/Pleistocene
(Ziegler, 1994). Hence, any sites on the VB accumulate material from
the relatively restricted Northern Rhine Graben catchment through-
out the Miocene.

3. Materials and methods
3.1. Site description and sampling

Two airlift cores from the RVG in the SE Netherlands (Fig. 1), the
Groote Heide (GH) and Heumensoord (HEU) boreholes, span the upper
part of the Miocene Breda Formation that consists of glauconitic sands,
sandy clays and clays (Doppert et al., 1975). The GH core also covers the
lower part of the overlying fluviatile, mostly Pliocene, Kieseloéliet
formation (Zagwijn and Hager, 1987), and was here studied for dinocysts,
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Fig. 1. (a) Overview of NW Europe with Miocene palaeogeography (after Ziegler, 1994) (b) Structural framework of the Roer Valley Graben and the GH and HEU site locations (after

Geluk et al., 1994).

pollen and spores, GDGT lipids, and physical properties. Due to the more
distal position, the HEU borehole (Fig. 1b) is less likely to contain hiatuses
related to sea level lowstands. The HEU site provides a more complete
sedimentary record and is best suited for past SST reconstructions. This
borehole was studied for dinocysts and physical properties. The airlift
coring method provides mixed samples from 1-2 m intervals. Therefore,
reconstructed sea-level and climatic variations represent smoothed
trends within a relatively expanded sedimentary record.

3.2. Palynological methods

Palynological processing of 54 samples was done according to
standard methods (e.g. Wood et al, 1996) involving HCl-HF-HCl
digestion, and sieving over 18 um and 10 pm mesh for dinocysts and
pollen samples respectively. For the dinocyst analyses, heavy minerals
were removed by flotation over zinc chloride (ZnCl,, specific gravity:
2.1 g/cm?). Dinocysts and pollen/spores were examined independently
by light microscopy and counted up to ~150 identified cysts (an
additional slide was scanned for rare taxa), and ~300 pollen/spores.
Dinocyst taxonomy follows that cited in Fensome and Williams (2004),
and pollen and spore taxonomy is based on Menke (1976), Mohr (1986),
and Stuchlik (2002).

As the GH and HEU borehole locations are proximal to the palaeo-
Rhine delta the majority of the pollen is likely to be water-transported.
To preclude large shifts in the pollen assemblages due to changes in
proximity to the coast, predominantly wind-transported bisaccate
pollen, mostly Pinus, were excluded from the pollen percentage sum.
In this way, Pinus abundances are expressed relative to the total of all
other pollen and spores (i.e. the pollen sum) but do not influence
relative abundances of taxa within the pollen sum.

We used Gonyaulacoid dinocysts as the principal marine paleoenvir-
onmental proxy because their distribution is highly sensitive to changes
in e.g. sea-surface temperature (SST), salinity (SSS), water mass and
productivity (e.g. Dale, 1996; Pross and Brinkhuis, 2005; Sluijs et al.,
2005). Following approaches of e.g. Brinkhuis (1994) and Dybkjer
(2004), we compared several relative indices based on palynomorph
abundances to detect third-order sea-level maxima. A highly sensitive
indicator for sea level changes is the abundance of restricted and coastal
marine dwellers (see Table 1) relative to the total amount of

Gonyaulacoid dinocysts (see e.g. Brinkhuis, 1994; Stover et al., 1996;
Dybkjaer, 2004; Pross and Brinkhuis, 2005; Sluijs et al., 2005). In
addition, the amount of pollen relative to dinocysts indicates the relative
distance to the coast, since pollen represents input of terrestrial material.
Since bisaccate pollen, relative to other pollen, are dispersed along large
distances due to good floating and wind-dispersal capability they are
excluded from the index (Traverse, 1988; Hooghiemstra, 1988).
Dinocysts indicative of cool conditions can also point to sea level
variations since glacio-eustatic cycles correlate with temperature. Sea-
level lowstands are most marked by (short) unconformities in the shelf
sediments. Relative to GH, HEU is the more offshore and expanded
record, and likely contains a more complete record of SST and associated
sea level variations.

3.3. GDGT membrane lipids

For analysis of GDGT lipids in selected samples, about 10-20 g of
freeze dried sediment was ground and ultrasonically extracted using
successively less polar solvents (methanol, methanol:dichloromethane
(DCM) 1:1 (v/v), and DCM), 3 times for 5 min each. The combined
extracts were separated over an activated Al,Os; column into an apolar
and polar fraction, using n-hexane:DCM 1:1 (v/v) and DCM:methanol
1:1 (v/v), respectively. The latter fraction, containing the GDGTs, was
ultrasonically dissolved in n-hexane:propanol (99/1, v/v) and filtered
over a 0.45 um mesh PTFE filter (@ 4 mm) prior to analysis. GDGTs were
analyzed using high performance liquid chromatography/atmospheric
pressure chemical ionization-mass spectrometry (HPLC/APCI-MS) with
an Agilent 1100 series/Hewlett-Packard 1100 MSD SL series instrument
following methods of Hopmans et al. (2000, 2004). Injection volume
of the samples was 10 pl. To increase sensitivity, selective ion monitoring
(SIM) of the protonated molecular ions of the GDGTs was used (cf.
Schouten et al., 2007). Relative quantification of the compounds was
achieved by integrating the [M + H]* (protonated molecular ion) peaks
in the mass chromatograms.

The BIT index for the relative fluvial input of soil organic matter in
marine sediments ranges from almost 0, indicating pure marine derived
organic matter, to nearly 1, pointing to a predominant terrestrial source
of the organic matter (Hopmans et al., 2004; Weijers et al., 2006b). The
calibration equations of the MBT and CBT are taken from Weijers et al.
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(2007b); CBT=3.33-0.38xpH and MBT=0.122+ 0.187 x CBT +
0.020 x MAT. At marine sites with high terrestrial organic matter input,
i.e. close to river outflows, this distribution can be used to reconstruct
terrestrial MATs integrated over the river catchment (e.g. Weijers et al.,
2007a). Reproducibility of the results in this study, based on pooled
standard deviations of duplicate (at 2 intervals) and triplicate (at 4
intervals) sample processing, is 0.01 for the BIT index, 0.02 for the soil pH
estimate and 0.6 °C for the annual MAT estimate.

4. Biochronostratigraphy and depositional model

Recently, a marine palynological zonation for the southern North
Sea Miocene Basin was proposed partly based on analyses of sediments
of the GH and HEU boreholes (Munsterman and Brinkhuis, 2004). The
zonation is consistent with a recent overview of the stratigraphic
dinocyst distribution in Germany (Kéthe and Piesker, 2007), and
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followed the Berggren et al. (1995) timescale (Munsterman and
Brinkhuis, 2004) (supplementary Fig. 1; Table 1). We updated the
North Sea dinocyst zonation of Munsterman and Brinkhuis (2004) to the
recent astronomically-tuned Neogene time scale (ATNTS) (Lourens
et al,, 2004) (supplementary Fig. 1; Table 1). Although the Mediterra-
nean dinocyst record is largely representative for the North Sea Basin, it
is evident that not all correlations are isochronous (see discussion
in Munsterman and Brinkhuis, 2004). Instead of producing an
independent age-depth model for each site, we used the continuous
y-ray measurements and core descriptions to achieve optimal correla-
tion between both sediment cores. The depositional model shows shifts
in the accumulation rate between both sites. In the lower section
(correlation points 10-6, Fig. 2) the average accumulation rate is slightly
higher in GH than in HEU, whereas this situation is reversed for the
upper section, indicating a shift in the position of the depositional
center. The GH depths were converted to the HEU depth scale
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Fig. 2. Core descriptions, y-ray logs and biostratigraphic dinocyst events sensu Munsterman and Brinkhuis (2004) of the GH and HEU boreholes. Dotted lines and numbers 1-10 refer

to correlations of the y-ray logs used for depth correlations between GH and HEU.
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Fig. 3. Age depth models for GH. The independent model (large open squares) is based
on GH biostratigraphic dinocyst events summarized in Table 2. The regional model
(closed diamonds) is based on correlation to the HEU borehole (shown in
supplementary Fig. 3) using the HEU biostratigraphic dinocyst events and polynomial
age-depth interpolation.

(supplementary Fig. 2), whereby a regionally consistent single age-
depth model for both sites could be defined (Fig. 3). The depositional
model results in a mean sample interval of 0.2 Ma.

5. Proxy results
5.1. Terrestrial climate data

By relating fossil pollen taxa with their nearest living relative,
following e.g. Suc and Zagwijn (1983), Huhn et al. (1997), and Fauquette
etal. (1998), we interpreted the environment-taxa relations. A Principal
Component Analysis (PCA) (Fig. 4) of the GH pollen assemblage data
(see supplementary Fig. 3) revealed clear temperature and humidity-
related gradients in the data. The first principal component (PC, Fig. 4)
represents a gradient between subtropical (e.g. Symplocos, Celtis, En-
gelhardtia, Tricolpites microhenrici, Tricolporites edmundi, T. megaexactus)
and temperate taxa (e.g. Pinus, Betula, Fraxinus, Salix, Alnus, Ericales).
The second PC represents a gradient from relatively dry land plants (e.g.
Fagus, Carya, Ilex, Ericales, Poaceae) to humid or swamp taxa (e.g. Tax-
odium, Sequoia, Nyssa, Alnus). The scores on the first and second PC of
the samples are used as trends in relative terrestrial temperature
(TTpottens Fig. 5d) and humidity (THpoen Fig. 5e), respectively. The
TTponen Shows three main cooling phases (I-11I in Fig. 5) that are inter-
rupted by periods of warming. However, the overall trend is toward
cooler conditions.

BIT values for the Burdigalian and Langhian sediments vary bet-
ween 0.57 and 0.83 and indicate a strong fluvial soil organic matter
input to the sediments at GH (Hopmans et al., 2004) (Fig. 6). During
the Serravallian and early Tortonian, BIT indices are clearly lower,
varying between 0.33 and 0.64, but still indicative of considerable
fluvial soil organic matter input. From the late Tortonian onwards, BIT
values strongly increase to values around 0.90 in the Messinian and
0.99 into the Pliocene, with only relatively lower values (0.72-0.77)
around the Tortonian/Messinian boundary. Reconstruction of abso-
lute SSTs using the TEXgg proxy, which is based on GDGTs derived
from marine crenarchaeota (Schouten et al., 2002), is not possible as
high amount of soil organic matter input at this location results in an
input of GDGTs by soil crenarchaeota obscuring the aquatic TEXgg
signal (cf. Weijers et al., 2006b). The high amounts of branched
GDGTs, however, do allow the use of the MBT/CBT proxy (TTgpgr) to

infer annual MATs (Weijers et al., 2007b). The CBT component of this
proxy, indicative of soil pH, shows relatively constant values
throughout the record, i.e. ratios varying from 0.77 to 1.00. Using
the transfer function derived from the global soil calibration set
(Weijers et al., 2007b), this would correspond to average soil pH
values for the drainage basin of the proto Rhine River ranging between
6.7 and 6.1, respectively, over this time interval. The MBT index,
however, does show a considerable change, from values around 0.8 for
the early Miocene down to values of 0.6 for the late Miocene and early
Pliocene, and this clearly reveals a substantial cooling in the source
region. Absolute temperatures over this Miocene interval were
obtained with the CBT and MBT using the transfer function of Weijers
et al. (2007b). From the Burdigalian to the middle Serravallian, the
estimated annual MAT varies between 21 and 28 °C with a distinct
peak in warmth just before the Langhian-Serravallian boundary. From
the middle Serravallian onward, estimated MATs gradually decrease
from ca. 23 °C down to ca. 14 °C in the Pliocene. Such absolute tem-
peratures should be treated with caution, as several uncertainties
regarding this new proxy remain, e.g., the source and ecology of the
branched GDGT synthesizing organisms. It has also been shown
that branched GDGT distributions for different locations might have a
slightly different calibration towards soil pH and temperature
(Sinninghe Damsté et al., 2008). Nevertheless, the overall cooling
trend over the time interval investigated is clearly recorded by
significant changes in the MBT/CBT proxy, corresponding to a shift
of about 14 °C.

5.2. Marine climate and sea level data

The composition of the dinocyst assemblages suggests a strong
Northern-Hemisphere temperate signal (e.g. Versteegh and Zonneveld,
1994; Dale, 1996; Head, 1998). Within this temperate assemblage,
typical cold water Arctic taxa can be recognized (see Table 2) and these
are grouped as indicator of cool SST in both GH (Fig. 5g¢) and HEU
(Fig. 5h) (hereafter SSTgino). The SSTgino records at both GH and HEU
show a number of cool phases that increase in amplitude and duration.
The first clear cool pulse around 13.8 Ma (IV in Fig. 5) is also present in
the TT¢pgr (see Section 5.1.) and TTppen, and is followed by a second
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Fig. 4. Principal components analysis (PCA) biplot of the pollen percentage data of GH
(Fig. 5). The plot shows a gradient from warm subtropical to cooler temperate species
along axis 1, while axis 2 represents a wet (swamp) to dry (upland) vegetation gradient.
T. = Tricolporites. Passive group scores are indicated with bold type and correspond to
groups used in supplementary Fig. 2.



Paleobotany This study Benthic foram. 5780
G1s2004]  (@yomm  ()MAP | 1) TTeoer () TTooen  (€) THpsen  (F) PDincex (g)aH ()reul | (i) G |
> : :
Mosbrugger et al., 2005 NE-Atlantic DSDP 608 Mi glacials
HEE R & o & > & . o g R Wt 1631 ne
g’ Lﬁ- Er_). § -~ 1200 1000 ‘éé QO\ L “"bf 1 1 1 i OOT I#e’l 1 1 1 i bcl\ Ié:{al I 1 ‘\'0? 1 Iq‘é 1 |0°T ':‘0‘: Il GO\b (1 11 (Jojlnol} [2 11 conf‘rmEd
3 ‘_ tU' /, t ‘:3
oo © [
4"‘ E g % 7o) ':4
10|12 T (=3 [

] 2 e =i s [
518N 23 28 15
T [z . S8
6] |2 s L
e s = @ 528 I
1 M N N g e |
. m 3 \ 03 == .
] C© o © [

S — 4 - e I
o] | & z= no Il _ "5 o
] c 2 i —
18| & 55 == 4 Mi-7 Mi7 i
1] 81 I { o
16 | Mi-6 Mi6 1)—

11 E /‘ e F11
+] |3 & ” - i
1 |¢g -

] © . [
13*: g \ Mi-4 —— Mid 2)_-'513
11 Mi-3b——— Mi3b 31}
"1 |s ) 7 Mi-3a— e
1 | -
154 |2 15
1 |3 :

16 B > Mi-2— -516
17 g’ 4\/ 17
] g S IS \_.,\\ L

] - axis reversed
18 - rrrryrrrrrrrrri1 T T T T T T T T rrrrrrrr ] T T T
10 5 3 25 20 15 10-1 0 1 2-1 0O 1 20 40 B0 O 20 400 20
(°C) (°C) PCA -1 PCA-2 (%) (%) (%)

Fig. 5. (a, b) Terrestrial climate reconstruction by Mosbrugger et al. (2005), showing (a) cold month mean (CMM) and (b) mean annual precipitation (MAP) reconstructions based on macro-paleobotanical remains from the Lower Rhine and
Lausitz/Weisselster Basins in, respectively, western and northern Germany. (c¢) MBT/CBT (TT¢pcr) proxy for terrestrial annual mean air temperature (MAT) on selected samples from GH. (d-h) Palynological proxies from the GH and HEU
boreholes of terrestrial pollen-based temperatures (TT) and humidity (TH), relative amount of terrestrial palynomorphs (P/ (D + P)*100), and dinocyst-based sea surface temperature changes (SST4ino) Shaded horizontal bars indicate cool
phases in both the GH and HEU SSTgi,, record. (i) Benthic 6'®0 stages of Miller et al. (1991, 1996). The original age model for site 608 is here updated by correlating geomagnetic polarity reversals from site 608 (Miller et al., 1986) to the
astronomically tuned Neogene timescale (Lourens et al., 2004). (j) Confirmed and orbitally tuned Miocene (Mi-) glacials. The Mi-glacials as identified by Miller et al. (1991, 1996) have been difficult to recognize and confirm in high-resolution
benthic stable isotope records (Andersson and Jansen, 2003 ). However, several of these events have been identified in orbitally tuned records by Shackleton et al. (1999), Turco et al. (2001), Abels et al. (2005), and Westerhold et al. (2005). The
orbitally tuned ages of Mi-3b at 13.82 Ma, Mi-5 at 11.4 Ma, and the Mi-6 at 10.4 (]) are coincident with ~ 1.2 Ma obliquity amplitude and eccentricity minima (Turco et al., 2001; Abels et al., 2004). However, the position of Mi-5 is disputed, and
also two possible timings for Mi-7 have been proposed (J) (Westerhold et al., 2005).

0ze

52Z-SIZ (6002) 18 $191397 2ua1§ A1pjauvjd pup yiupg / v 32 stapuoq ‘HL



TH. Donders et al. / Earth and Planetary Science Letters 281 (2009) 215-225

221

Groote Heide

Heumensoord
™
@
R ;

£ S F
Age (My) S L& s
GTS 2004 &N s+ & e o
Vo & s P o O
= o &9 &8 & & F SO
S|o VR ) P oo & QTR
S| e [ o
6‘: é ] L
] @ s A
- [0}]
7] =2
53
] B
9‘- =
] |& -
1 |5 hiatus c
. =
04 &[e
1o
1o
1.2
11 E
] D
12—: 5
-
i @
] « s F
14 ? G
. c
1 |&s
_ = p
15 2
) (3]
o) _l 1 I
16 — *
1 |s 'f
7] |8 b
il ° t
. =
1 |@
18 — T T LI L0, SO O ST LA N T SO I
0O 20 400 20 40 60 800 20 40 B0 80 &8 8 E 8 0 20 0 20 40 60 0O 20 40 60 80 -50 0 50
% % % S S 3+ 9% % % (m)

Fig. 6. GH and HEU records of SSTgino (blue circles), total pollen relative to dinocyst abundance (P/D index) without (red circles) and with (black line) bisaccate pollen, and
abundance of restricted and coastal dinocysts relative to all gonyaulacoid dinocysts (RC index, green circles). For GH also the BIT index is shown with 0 indicating marine and 1
indicating terrestrial conditions (Hopmans et al., 2004). Letters A-I refer to inferred levels of low sea level based on the indices presented (see Section 6.2). A comparison with the
global eustatic sea level reconstruction from Miller et al. (2005) is made, with the red curve showing back-stripped data and the thick black line representing a 20-point running

mean of stable oxygen isotope measurements corrected for temperature.

cooling at 13.3 Ma. The other cool pulses broadly occur in two phases;
the first between 13.5 and 11 Ma and the second between 9.5 and 7.5 Ma
(marked V and VI in Fig. 5). These phases of enhanced cooling parallel
the long-term cooling trends in the TTpouen (I and Illin Fig. 5). A notable
difference between the TTpojien and SSTgin, temperature trends is the
marked ending of the main cool pulse in the SSTgin, record around
7.5 Ma, while the TTpgjen values remain low, although they do not
decrease further from ~7 Ma onward.

Downhole vy-ray measurements (Fig. 2) are often used to detect
unconformities associated with low sea level stands (Haq et al., 1987).
However, the variable glauconitic sand content in the RVG cores
complicates the confident detection of regional unconformities using
y-ray in these shelfal settings. Hence, the palynological assemblages
are the primary basis on which we based our sea-level reconstruc-
tions. The dinocyst record is characterized by a long-term decrease of
the restricted marine and coastal taxa (RC index, Fig. 6A). Specifically,
the SST4ino Shows cooling phases of increasing amplitude and
duration. The generally higher pollen abundance relative to dinocysts
(P/D index) at the inshore GH site clearly demonstrates the more

proximal setting relative to the more offshore HEU borehole, while the
RC index is comparable at both sites. Both cores reveal a series of sea
level variations superimposed on the long-term shallowing trend,
which, in GH, is followed by a strong increase in the P/D index to
around 50% in the uppermost part related to the progradation of
fluvial deposits from the paleo-Rhine delta (Geluk et al., 1994).

6. Discussion
6.1. Marine and terrestrial climatic trends

The cooling phases in the TTpeen reconstruction (Fig. 5d) mirror
the pronounced cooling trends seen in the winter temperature recon-
struction of Mosbrugger et al. (2005) (cold month mean, CMM in
Fig. 5a), which they attribute to increased seasonal contrast. Sub-
tropical vegetation elements are particularly sensitive to lowering of
annual minimum temperatures. For example, late Pliocene pollen
records from Italy (Semaforo, Calabria) and Germany (Lieth) have
shown that obliquity-forced winter cooling causes pollen assemblages
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Table 2
Dinocyst biostratigraphy of GH and HEU boreholes.
Dinocyst HO (LO) Borehole depth Age Chron
(m) (Ma)
GH HEU GTS 2004 (top)

Reticulatosphaera actinocoronata 83 ~5 n.a.

abundant, Melitasphaeridium

choanophorum, Barssidinium

pliocenicum, and

Operculosphaeridium

tegillatum present
Labyrinthodinium truncatum 103 m 7.53 C4n.1n
Systematophora placacantha 109 123 8.11 C4r.1r
Palaeocystodinium golzowense 127 134 8.77 C4An
Cannosphaeropsis passio 148 161 11.04 C5rr
Cerebrocysta poulsenii 196 216 11.80 Mid C5r.3r
Achomosphaera andalousiensis (LO) 196 216 12.21 C5An.2n
Unipontidinium aquaeductum 202 246 12.42 C5Ar.1r
Palaeocystodinium ventricosum 207 258 13.02 C5AAn
Cousteaudinium aubryae, 258 285 14.88 C5Bn.1r

Distatodinium paradoxum
Unipontidinium aquaeductum (LO) 274 308 15.16 C5Br
Labyrinthodinium truncatum (LO), 292 327 15.80 Lower C5Br

Cerebrocysta poulsenii (LO)
Cordosphaeridium cantharellum 321 355 17.53 C5Dr.1r

Correlations between chrons and dinocyst events are taken from Munsterman and
Brinkhuis (2004) and updated to the GTS 2004 (Lourens et al., 2004).

to change (Pross and Klotz, 2002; Klotz et al., 2006). Subtropical
humid elements were shown to be sensitive to changes in temperature
rather than in precipitation, since reconstructed winter temperatures
decreased while humidity levels remained relatively constant. Hence,
the trends towards lower temperatures in our TTpopen Tecord is the
likely result from winter cooling and increased seasonal contrast.
The MBT/CBT proxy provides mean terrestrial temperature esti-
mates for the Middle Miocene Climatic Optimum, between 13.5 and
17 Ma, of ~24.5 °C, with maxima reaching up to 28 °C. MAT estimates
based on the fossil floras are lower and range up to 21 °C for the middle
Miocene (Mosbrugger et al., 2005). Other estimates, e.g. based on fossil
wood assemblages and '80 values of freshwater organisms (Table 3),
range between 20 and 22 °C (Tiitken et al, 2006; Bohme et al., 2007).
Although the absolute temperature estimates based on the rather new
MBT/CBT proxy are still associated with a relatively large calibration
error of 5 °C, the maximum middle Miocene TTgpcr estimates of up to
27 °Cseem to exceed other available quantitative proxy data (Table 3). A
potential explanation could be a seasonal bias in any of the proxies.
Although no seasonal bias has been detected in the MBT/CBT soil
calibration set (Weijers et al., 2007b), a potential bias in the TTgpcr
estimates in this record toward wetter or warmer seasons, when
microbial activity is likely higher, can at this stage not be excluded.
Vegetation-based temperature estimates, however, are more sensitive

to winter season temperature, which is the most limiting factor for
subtropical vegetation (e.g., Pross and Klotz., 2002; Klotz et al., 2006).
The late Miocene (Messinian) TTgpgr estimate of 14-16 °C is more
consistent with other available records, such as 13.5-16.3 °C based on
the fossil floras reported by Mosbrugger et al. (2005) (Table 3). Thus,
during the gradual Miocene cooling trend, the different temperature
estimates converge. Potentially, a more equal distribution of precipita-
tion over the seasons might cause the TTgpcr estimates to be more
representative of the annual signal, whereas introduction of more
temperate vegetation taxa might result in a temperature estimation that
is less sensitive toward winter season temperatures. Experimental
evidence shows that plants are more sensitive to cold conditions under
elevated levels of atmospheric [CO,] (Royer et al., 2000). A recent
reconstruction of high, early to middle Miocene atmospheric [CO5]
(Kiirschner et al., 2008) therefore implies that the climatic ranges of
extant plants that grow under current ambient [CO,], used by
Mosbrugger et al. (2005) to estimate paleotemperatures, are possibly
biased towards colder conditions relative to the fossil floras growing
under elevated [CO;].

Both the TTpeien and the CMM reconstruction of Mosbrugger et al.
(2005) show relatively stable temperatures during the Langhian,
followed by a Serravallian cooling (Fig. 5a, d). However, the start of
cooling phase Il seems offset between both curves since the
Mosbrugger et al. (2005) reconstruction is based on interpolation of
data between 8 and 11 Ma. The TTgpgr temperature reconstruction
corresponds largely to the cooling trend seen in TTopen, although it
shows an overall higher variability (Fig. 5c, e). An exception is the short
warming around ~7.2 Ma seen in the TTgpgr. The 8.6-6.6 Ma interval
of the TTgpgr data shows greater correspondence to the pollen-
derived humidity index (THpopen). The latter is largely controlled by
the abundance of Taxodiaceae, which is typical of swamp vegetation, but
also reflects warm conditions. Hence, the temperature increase around
7.4 Ma seen in the CMM and TTgpgr data is likely a realistic feature.

In the Mosbrugger et al. (2005) mean annual precipitation record
(MAP, Fig. 5b), humidity levels are relatively stable until the Zanclean
(~5 Ma), whereas the THponen record of GH indicates a change
towards drier conditions at ca. 7.5 Ma. This large temporal offset is
unlikely to be an effect of dating uncertainties. Most likely, the offset
reflects differences in regional swamp development in response to
tectonic or sea-level changes.

In contrast to the gradual cooling evident from the terrestrial
temperature proxies, the SSTgi,, record is expressed as periodical
influxes of cold-water taxa. The different signatures of the terrestrial
and marine temperature records (Fig. 5) might be due to different
responses and seasonality of the proxies. At mid latitudes, dino-
flagellates typically bloom in spring, early summer or early autumn
(Dale, 1996). Hence, our SSTgin, records are considered to represent
mainly warm-season temperatures, in contrast to the winter-

Table 3
Average reconstructed terrestrial MAT estimates for Europe during the Miocene.
Period Age Region MAT Method Reference
(Ma) (°C)
Early Pliocene 5.4-3 SW Germany 14 MBT/CBT this study
Central Europe 13 Seeds, fruits and leaves Mosbrugger et al. (2005)
Late Miocene 11.2-5.4 SW Germany 20 MBT/CBT this study
Central Europe 16 Seeds, fruits and leaves Mosbrugger et al. (2005)
Central Europe 15 Thermophilic ectothermic vertebrates Bohme (2003)
Middle Miocene 16-13 SW Germany 25 MBT/CBT this study
Climatic Optimum South Germany 18 Fossil wood flora Bohme et al. (2007)
SW Germany ~20 680 fossil teeth and freshwater microorganisms Tiitken et al. (2006)
Central Europe 18 Seeds, fruits and leaves Mosbrugger et al. (2005)
Central Europe >22 Bauxite, fossil wood, ectothermic vertebrates Bohme (2003)
‘First Climatic Optimum’ 16.5-16.3 SW Germany 27 MBT/CBT this study
South Germany 23 Fossil wood flora Bohme et al. (2007)
Early Miocene 23.8-18 Central Europe 18 Seeds, fruits and leaves Mosbrugger et al. (2005)
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temperature controlled terrestrial pollen record. The apparent
smoothed nature of the pollen record is in part due to transport
processes whereby signals from a relatively large catchment (Lower
Rhine Graben) are integrated and thereby averaged. More importantly
however, the maximum cooling pulses evident from the SSTqno and —
to a lesser degree — the bacterially-derived TT¢pgr records (Fig. 5g, h)
most likely represent relatively short-term climate ‘events’ such as
high latitude glaciations that cause irreversible changes in the
vegetation, which is reflected in the pollen assemblages as a cooling
with no return to warm conditions.

Based on comparison of terrestrial temperature data and the global
compilation curve of benthic 680 records (Zachos et al., 2001),
Mosbrugger et al. (2005) conclude that a 2-million year offset and,
thus, a decoupling between land and sea climate occurs around the mid-
Miocene cooling event. Our integrated TTpgiien, TTeper and SSTino
records do not support such a conclusion. Despite the aforementioned
different characteristics of the proxy records, the long-term climatic
trends in our data are largely comparable and point to a single climatic
forcing mechanism, influencing land and sea concomitantly.

6.2. Climate and sea level

The first cooling signal at ~14 Ma in our terrestrial and marine
palynological data (I and IV in Fig. 5) most likely represents the middle
Miocene global cooling, which is widely recorded as a benthic fora-
miniferal 6'®0 increase between 14.8 and 13.6 Ma, and is commonly
associated with the expansion of the East Antarctic ice-sheet (see Flower
and Kenneth, 1994; Miller et al., 1991; Zachos et al.,2001; Holbourn et al.,
2005). The main middle Miocene expansion of the Antarctic ice-sheet
occurred at ~13.8-13.9 Ma, which has been attributed to low insolation
under declining atmospheric [CO,] levels (Abels et al., 2005). A mini-
mum obliquity orbital configuration probably promoted ice-sheet
growth by causing a high latitudinal gradient in summer insolation,
which drives the poleward atmospheric heat and moisture transfer
needed for the build-up of ice (Holbourn et al., 2005).

We compared the short-scale changes in the GH and HEU proxy
records with the timing of Miocene (Mi) glacial stages identified by
Miller et al. (1991, 1996; see also 2005) in a benthic foraminiferal 6'0
record from Deep Sea Drilling Project (DSDP) site 608 in the North-East
Atlantic (Fig. 5i). Orbitally-tuned age estimates for several of the Mi
glacials from other records are given in Fig. 5j. As expected, the more
distal and expanded HEU SSTy;,, record shows the most pronounced
cooling signal, particularly around 9.5 Ma. The majority of the SSTgino
coolings (Fig. 5g, h) is consistent with the orbitally-tuned Mi glaciations
(Fig. 5j). Only the Mi-6 glacial is not represented and a small additional
cooling is seen around 12 Ma in both the SSTgjno and TTgper. The most
prominent SSTgino decrease, during the late Tortonian (Fig. 5g, h), is
concurrent with the disappearance or regional extinction of subtropical
floral elements of pollen zone GHIV (see supplementary Fig. 3), which is
reflected as a significant decrease in TTpoyen (Fig. 5d). The prominent
cooling pulse in our record does apparently not correlate to a formal Mi-
glacial event, although benthic foraminiferal 6'®0 values after Mi-7
remain high until ~7.5 Ma (e.g. Miller et al., 1991; Zachos et al., 2001,
Fig. 5i), coincident with the end of the prominent SSTg;,,, cooling pulse.
Either the late Tortonian benthic foraminiferal 6'®0 signature has not
been constrained well or, alternatively, the SSTgin, Signal is largely
regional and not related to a global glaciation, which would also explain
why sedimentation at the inshore GH site was not interrupted by a sea-
level lowering during cooling.

An SST decrease between ~9.5 and 8 Ma has also been observed
in planktonic foraminifera assemblage data from astronomically
tuned sections in the eastern and central Mediterranean (Gavdos
Island and Southern Sicily, respectively) (Lourens and Hilgen, 1997;
Turco et al., 2001). In agreement with our SSTgi,, record, the distinct
cold phase at Gavdos Island is followed by warming, indicative of a
widespread climatic event. The SST changes in the Mediterranean

have been related to an obliquity amplitude minimum and maximum
eccentricity orbital configuration (Lourens and Hilgen, 1997; Turco
et al., 2001), which implies a relation with glacial stages, although
no distinct benthic foraminiferal 5'0 event has yet been recognized
(Fig. 5).

Since the SSTgino signals are largely consistent with Mi glaciations
they most likely coincide with global eustatic sea level variations.
Levels A-I in Fig. 6 highlight coolings in the SSTg;,, at HEU and/or
increased pollen input at GH that are consistent with lower sea levels.
The long-term trend in the BIT index confirms the changes in the
relative amount of terrestrial palynomorphs (Figs. 5, 6). Notably,
most levels A-1 also correspond to reduced relative amounts of
dinocysts indicative of restricted and shallow conditions (RC index)
at both HEU and GH. This counter-intuitive change can be explained
by the geographical setting of the GH and HEU boreholes. Both sites
are adjacent to relatively elevated tectonic blocks (Peel and Krefeld
Blocks, see Fig. 1). During sea level lowstands, these areas are most
likely at or above sea level, as evidenced by extensive hiati in the
sedimentary record on the elevated Peel Block (Wijnker et al., 2008).
Rising sea level floods these areas and actually expands the area
typical for restricted and shallow marine dinocysts for both sites. The
clearly higher P/D index and more proximal setting at GH shows that,
relative to HEU, GH receives more terrestrial run-off. Due to this
particular environmental setting, the decreases in the pollen input
(lower P/D) seen in Fig. 6 are consistent with greater abundance of
restricted dinocysts (higher RC) due to increasing shelf area.

Interpretation of the sea-level signal is complex, and hampered by
the lack of detailed age dating. Within the age uncertainties of our
records and the most recent global sea-level compilation of Miller
et al. (2005) (Fig. 6) the approximate number and spacing of the
North Sea sea-level minima (A-I in Fig. 6) can be made to agree. The
majority of the global sea-level curve is based on backstripping of New
Jersey shelf sediments, and has an age uncertainty of ~0.5 Ma (Miller
et al., 2005). Hence, any detailed correlations should be treated with
caution since most sea level variations shown in Fig. 6 are in the order
of 10° years in duration. This aspect of our study needs further high
resolution data and better age control. It is notable, however, that little
sea-level lowering is seen during the most prominent SSTgin, Signal
(B in Fig. 6), again pointing to a mostly regional cooling.

7. Conclusions

A detailed land-sea correlation on the basis of a Miocene palynolo-
gical record from the North Sea Basin reveals a coupled climate system
between the NW European marine and terrestrial realms. Both
palynological and organic geochemical methods reveal the general
long term cooling trend for the mid to late Miocene. Using the MBT/CBT
proxy, the maximum cooling for this time period is estimated to be ca.
13 °C. An additional 4 °C cooling is estimated for the early Pliocene. A
two-million year time lag between terrestrial and marine temperature
changes in the middle Miocene, as proposed by Mosbrugger et al.
(2005), is not supported by these new data. The terrestrial climate
changes reconstructed here are more gradual compared to the pulsed
sea-surface coolings (SSTgino) in the North Sea Basin, although the pollen
signal is possibly less responsive to short-term warmings. Glacial Mi-
events known from benthic foraminiferal 6'®0 records are generally
reflected by the SSTg;n, decreases, which increase in amplitude during
the Miocene. An additional strong cool phase from ~8.4 Ma in both the
terrestrial and marine signal from the North Sea Basin seems unrelated
to defined deep-sea benthic 6'80 stages. Since the timing of Mi-7 is not
resolved (Westerhold et al.,, 2005), and the general detection of Mi-
stages is complicated, a benthic 6'®0 glacial around 8.4 Ma has possibly
not yet been detected.

The shallow marine palynological and organic-geochemical records
are shown to be valuable for both paleoclimatic and stratigraphical
purposes, especially for understanding the exact coupling between
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marine and terrestrial systems and replace outdated regional terrestrial-
based zonation (Donders et al., 2007).
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