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The Pliocene is often regarded as a suitable analogue for future climate, due to an overall warmer
climate (2-3°C) coupled with atmospheric CO, concentrations largely similar to present values (~400
ppmv). Numerous Pliocene sea surface temperature (SST) records are available, however, little is known
about climate in the terrestrial realm. Here we generated a Pliocene continental temperature record for
Northwestern Europe based on branched glycerol dialkyl glycerol tetraether (brGDGT) membrane lipids
stored in a marine sedimentary record from the western Netherlands. The total organic carbon (TOC)
content of the sediments and its stable carbon isotopic composition (5]3Corg) indicate a strong transition
from primarily marine derived organic matter (OM) during the Pliocene, to predominantly terrestrially
derived OM after the transition into the Pleistocene. This trend is supported by the ratio of branched and
isoprenoid tetraethers (BIT index). The marine-terrestrial transition indicates a likely change in brGDGT
sources in the core, which may complicate the applicability of the brGDGT paleotemperature proxy in this
setting. Currently, the application of the brGDGT-based paleothermometer on coastal marine sediments
has been hampered by a marine overprint. Here, we propose a method to disentangle terrestrial and
marine sources based on the degree of cyclization of tetramethylated brGDGTs (#rings) using a linear
mixing model based on the global soil calibration set and a newly developed coastal marine temperature
transfer function. Application of this method on our brGDGT record resulted in a ‘corrected’ terrestrial
temperature record (MAT;). This latter record indicates that continental temperatures were ~12-14°C
during the Early Pliocene, and 10.5-12 °C during the Mid Pliocene, confirming other Pliocene pollen based
terrestrial temperature estimates from Northern and Central Europe. Furthermore, two colder (A 5-7°C)
periods in the Pliocene MATer record show that the influence of Pliocene glacials reached well into NW

Europe.
© 2018 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Over the past decade, branched glycerol dialkyl glycerol tetra-
ethers (brGDGTs) have emerged as a promising class of biomarker
lipids used in paleoenvironmental reconstructions (Weijers et al.,
2007a). BrGDGTs are bacterial membrane lipids present in soils and
peats worldwide, and their structure consists of two alkyl chains
(C30—32) bound by ether bonds to two glycerol moieties (Fig. 1).
Individual brGDGTs are distinguished by the number and posi-
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tion of methyl groups (4-6) and cyclopentane rings (0-2) on the
alkyl chains (Fig. 1). Weijers et al. (2007a) analyzed brGDGTs in a
global set of soils, and identified significant correlations between
the degrees of cyclization and methylation of brGDGTs with soil
pH and mean air temperature (MAT). This observation formed the
original basis for the brGDGT-based continental paleothermome-
ter (Weijers et al., 2007a). A second brGDGT proxy builds upon the
predominantly soil origin of brGDGTs; the Branched and Isoprenoid
Tetraether (BIT) index measures the relative input of soil organic
matter (OM) delivered to the marine environment by runoff pro-
cesses (Hopmans et al., 2004). In short, the BIT index is a ratio of
the most abundant brGDGTs to Crenarchaeol, an isoprenoid GDGT

0012-821X/© 2018 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).


https://doi.org/10.1016/j.epsl.2018.03.030
http://www.ScienceDirect.com/
http://www.elsevier.com/locate/epsl
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:e.dearingcramptonflood@uu.nl
https://doi.org/10.1016/j.epsl.2018.03.030
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1016/j.epsl.2018.03.030&domain=pdf

194 E. Dearing Crampton-Flood et al. / Earth and Planetary Science Letters 490 (2018) 193-205

Ia HO-
o Ww

b HO:
m/z 1020

Ic H
m/z 1018 H
H
LA rov A A U
m/z 1036 5 OH
o TIT Conn A A WA
m/z 1036 6" OH
IIb H
m/z 1034
OH
Iy’ H
m/z 1034 X .
IIc H
m/z 1032 H
IIc’ H
m/z 1032 : H
Ma s ARSIy
m/z 1050 H

la’ H &
m/z 1050 G "

IITb "
m/z 1048 )

6
Iy’ H
m/z 1048 N
6 H
IIlc H
m/z 1046 H
5
6
IIIc’ H
m/z 1046 R H
Hi
v
m/z 1292
Fig. 1. Molecular structures of the brGDGTs analyzed in this study (I-III), and Cre-

narchaeol (IV). The tetramethylated brGDGTs are represented by structures la-Ic, the
pentamethylated by structures Ila-Ilc, and the hexamethylated by structures Illa-
Illc. From De Jonge et al. (2014a).

produced by marine Thaumarchaeota (Sinninghe Damsté et al.,
2002; Hopmans et al., 2004).

Both the brGDGT paleotemperature proxy and the BIT in-
dex have been applied in various systems throughout geological

time. For example, the first MAT record based upon brGDGT-
paleothemometry was carried out on a marine sediment core
from the Congo River outflow, and resulted in a continuous record
of tropical African continental air temperatures during the last
deglaciation (Weijers et al., 2007b). Similarly, terrestrial temper-
ature records were reconstructed for the Miocene of North Europe
(Donders et al,, 2009) and the mid-Pleistocene of the Arctic (de
Wet et al., 2016). Application of the BIT index has also indicated
the early activation of European rivers during the last deglacia-
tion in the Bay of Biscay (Ménot et al., 2006), and served as an
indirect method reflecting the amount of monsoon precipitation
in Holocene sediments from Lake Challa (Verschuren et al., 2009).
The BIT index is also employed in modern settings to trace OM
transport from land to sea through rivers (Herfort et al., 2006).

The foundation of these brGDGT proxies is grounded in the
assumption that brGDGTs are transported from the continent to
coastal marine sediments by rivers and runoff. In other words, the
proxies can only be suitably applied if brGDGTs in marine sedi-
ments are allochthonous components. This assumption has been
challenged recently with the discovery of aquatic brGDGT produc-
tion in rivers (Zell et al., 2013a, 2013b; De Jonge et al., 2014b), and
coastal marine settings (Peterse et al., 2009; Sinninghe Damsté,
2016). The influence of aquatically produced brGDGTs on the pale-
orecord can result in a slight underestimation (up to 3 °C recorded
in the Amazon river; Zell et al., 2013b), or large overestimation (up
to 11-19°C recorded in marine sediments from Svalbard; Peterse
et al., 2009) of calculated MATs. Thus, a mixed source of brGDGTs
in coastal marine sediments has strong implications for MAT re-
construction, as the current calibration (MATy;) is based solely
upon brGDGTs in surface soils (De Jonge et al., 2014a). The wide
applicability of the proxy, and thus the generation of terrestrial
MAT records, is hampered by the lack of a method to disentangle
these disparate sources and to correct for a possible aquatic over-
print of the terrestrial brGDGT signal.

Recent analytical developments in liquid chromatography meth-
ods have permitted the discovery of structural isomers of penta-
and hexamethylated brGDGTs, where the peripheral methyl
group(s) varies from the 5- to the 6-position of the alkyl chain (De
Jonge et al., 2013, 2014a; Fig. 1). The identification and separation
of the isomers led to an improved calibration of the brGDGT pa-
leothermometer for soils (De Jonge et al.,, 2014a) and aided in the
recognition of riverine brGDGT production (De Jonge et al., 2015),
as revealed by high abundances of pH-sensitive 6-methyl brGDGTs
in suspended particulate matter (SPM) from the Yenisei River. The
better match of brGDGT-based pH with the higher pH of Yenisei
River water rather than the pH of the Yenisei watershed soils sug-
gested that substantial amounts of particularly 6-methyl brGDGTs
in the Yenisei River are aquatically produced.

Similarly, the number of cyclopentane rings appears to indicate
in situ brGDGT production in coastal marine settings (Peterse et
al.,, 2009; Sinninghe Damsté, 2016). In a transect of marine sedi-
ments from Svalbard, Peterse et al. (2009) observed that brGDGT
concentrations increased toward the ocean, particularly those con-
taining a cyclopentane moiety. Due to the clear offset with brGDGT
distributions found in Svalbard soils, the trends in the fjord sedi-
ments could only be explained by a large contribution of in-situ
produced cyclopentane-containing brGDGTs to the fjord sediments
(Peterse et al., 2009). Sinninghe Damsté (2016) also observed a
similar trend in two coast-shelf transects from the Berau River
delta, and formulated an index based upon the weighted aver-
age number of cyclopentane moieties of tetramethylated brGDGTs,
#ringStetra. The #ringsterra Shows a marked increase from the river
mouth (0.22) toward the shelf break (0.83), reflecting the increased
contribution of in-situ produced brGDGTs towards open sea. Thus,
the new analytical method and identification of brGDGT isomers
provides possibilities to disentangle soil vs. marine contributions
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Fig. 2. Location of the Hank site in South-west Netherlands (red star). The early Pliocene paleogeography is modified after Gibbard and Lewin (2003) and Knox et al. (2010).
Figure modified from Gibbard and Lewin (2016). (For interpretation of the colors in the figure(s), the reader is referred to the web version of this article.)

to the climate signal archived in coastal marine sediments, provid-
ing an opportunity to reconstruct continental MAT for areas with
mixed brGDGT sources.

The North Sea basin is an ideal test case to separate ma-
rine and terrestrial sources of brGDGTs, due to its coastal location
and associated sensitivity to sea level change. Here we specif-
ically target the interval covering the Pliocene (5.33-2.58 Ma),
which is the most recent geological interval possessing CO, at-
mospheric concentrations similar to both present and projected
levels for the near future (400-450 ppmv, Masson-Demotte et
al.,, 2013; Haywood et al, 2016a, 2016b). In addition, continents
were in, or relatively close to, their present position (Dowsett et
al., 2010; Haywood et al., 2016a, 2016b). For these reasons, the
Pliocene, in particular the Mid-Piacenzian Warm Period (MPWP,
3.264-3.025 Ma; Dowsett et al., 2010) is studied to provide con-
straints on the magnitude and severity of future climate change.

Pliocene temperature estimates are primarily composed of sea
surface temperature (SST) records generated using geochemical
proxies. Comprehensive SST records of the MPWP have been com-
piled by the PRISM Group (Pliocene Research Interpretation and
Synoptic Mapping; Dowsett et al., 1994, 2010). In contrast to the
marine realm, terrestrial temperatures during the Pliocene remain
poorly constrained, due to the limited number of proxies and a
scarcity of continuous Pliocene terrestrial sedimentary archives.
Currently, the bulk of temperature estimates are based on pollen
assemblages (Head, 1998; Pross and Klotz, 2002; Meijer et al.,
2006; Salzmann et al., 2008, 2013 and references therein). Al-
though this data has been used for data-model comparison studies
(e.g. Salzmann et al., 2008, 2013), there is a lack of diversity in ter-
restrial temperature proxies, which highlights the need for more
methods to infer past terrestrial temperatures to validate the tem-
perature estimates generated thus far.

Here we aim to extract the terrestrial temperature signal of
Pliocene North-western (NW) Europe from brGDGTs and OM bulk
properties archived in sediments deposited in the North Sea Basin,
using the improved chromatographic method separating 5-methyl
and 6-methyl brGDGT isomers (De Jonge et al., 2014a; Hopmans
et al.,, 2016). We use the #ringsiera index and end-member mod-
eling to correct for possible changes in brGDGT sources with time.
The resulting record should thus primarily represent terrestrial air
temperatures, providing a semi-quantitative Pliocene air tempera-
ture record for NW Europe.

2. Methods
2.1. Study site and sampling

The study site lies within the Rhine-Meuse-Scheldt delta in
North-western Europe, with a present-day climate characterized
by mild, maritime conditions and an annual mean air temperature
(MAT) of ~10°C (van Engelen et al., 2001). The Hank core was
drilled in 2001 in the Dutch province of Noord-Brabant (51°43'N,
4°55'E; Fig. 2) using air-lifting well technology to a base of 404 m.
Samples were collected at a resolution of 1 m. The air-lifting well
technology provides mixed samples for every 1 m, leading to the
generation of smoothed trends in a comparatively extensive record.
There was no evidence of caving observed in the core. The interval
from 404 m to 136 m was selected for this study.

The lithostratigraphy of the succession spans the upper part
of the Breda Formation, the Oosterhout Formation and the lower
part of the Maassluis Formation (Fig. 3). The Breda Fm. consists of
shallow marine glauconitic sands, silts and (sandy) clays. The Oost-
erhout Fm. predominantly consists of shallow to marginal marine
(moderate to low glauconitic) sands and is relatively rich in shells.
The Maassluis Fm. shows an alternation of shales, silts and sands
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Fig. 3. Age-depth model for the Hank core, with corresponding formations. The
closed squares denote Hank biostratigraphic dinocyst events summarized in Table 1.
Briefly, the events are: the LOD of Reticulatosphaera actinocoronata (355 m), the LOD
of Operculodinium tegillatum (340 m), the LOD of Melitasphaeridium choanophorum
(330 m), the LOD of Invertocysta lacrymosa (265 m), the LOD of Operculodinium?
eirikianum (201 m), the LOD of Barssidinium pliocenicum (190 m), the LOD of Barssi-
dinium spp. (157 m), the acme of Impagidinium multiplexum (150 m), and the acme
of Operculodinium israelianum (133-136 m).

and is developed in a near coastal shallow-marginal marine setting
(Van Adrichem Boogaert and Kouwe, 1993-1997).

2.2. Palynology and age-assessment

A selection of 82 samples (~20 g) was processed for palyno-
logical analysis following the standard techniques, involving HCl
and HF digestion, no oxidation, and 15 pm sieving (Janssen and
Dammers, 2008). The palynomorphs were counted until 200 spec-
imens per sample were registered. The remainder of the micro-
scope slide was then scanned for rare species. The dinocyst taxon-
omy is according to that cited in Williams et al. (2017).

Ages are assigned based on last occurrence datums (LODs),
first occurrence datums (FODs), and acmes of dinoflagellate cyst
species in the North Sea (Table 1, Fig. 3). Key-references for the
Plio-Pleistocene dinoflagellate cyst stratigraphy used for the North
Sea age model are listed in Table 1. Recent stratigraphic publica-
tions on the Nordic Seas and North Atlantic are taken into account
for the strong diachroneity between dinoflagellate cyst events, and
applied only if discussed and correlated with their North Sea oc-
currences (De Schepper et al., 2015, 2017).

2.3. Bulk organic carbon analysis

Total organic carbon (TOC) content and stable carbon isotopes
of the bulk OC (813C0rg) were measured for 89 and 72 samples, re-
spectively. Homogenized sediments were decalcified by overnight
treatment with 1.0 M HCl. The samples were then rinsed 2x with
demineralized water, and left to dry in an oven (60 °C). TOC con-
tent and §'3Cyrg values were analyzed with a Fison NA 1500 CNS-
analyzer connected to a Finnigan Mat Delta Plus isotope ratio mass
spectrometer following standard procedures. TOC content values
are expressed as the weight percentage of dried sediment (wt.%).
813Corg values are reported in the standard delta notation relative
to the Vienna Pee Dee Belemnite (VPDB) standard.

2.4. GDGT extraction and analysis

In total, 155 samples were homogenized with a mortar and
pestle for organic geochemical analysis. Samples (5-10 g) were ex-
tracted (3x) with dichloromethane (DCM):methanol (9:1, v/v) us-
ing an accelerated solvent extractor (ASE 350, Dionex™) at 100 °C
and 7.7 x 10° Pa. Total lipid extracts (TLE) were dried under a
stream of N,. Separation into apolar, ketone and polar fractions
was achieved by passing the TLE over an activated Al,03 col-
umn using hexane:DCM (9:1, v/v), hexane:DCM (1:1, v/v), and
DCM:methanol (1:1, v/v) as eluents, respectively. A known amount
of internal standard (IS, GDGT4¢) was added to the polar frac-
tion (Huguet et al., 2006). Polar, GDGT-containing fractions were
re-dissolved in hexane:isopropanol (99:1, v/v), and filtered using a
0.45 pM PTEFE filter.

GDGTs were analyzed according to Hopmans et al. (2016) using
an Agilent 1290 Infinity ultra high performance liquid chromatog-
raphy (UHPLC) coupled to an Agilent 6130 single quadrupole mass
detector. In short, separation was achieved by two silica Waters
Acquity UPLC HEB Hilic (1.7 pm, 2.1 mm x 150 mm) columns at
30°C, with a guard column of the same material preceding both.
Isocratic elution was used to separate the GDGTs, starting with 82%
A and 18% B for 25 min at a flow rate of 0.2 ml/min, followed by
a linear gradient to 70% A and 30% B for 25 min, where A = hex-
ane and B = hexane:isopropanol 9:1. Injection volume was 10 pL.
Ionization of the GDGTs was accomplished using atmospheric pres-
sure chemical ionization with the following source conditions: gas
temperature 200 °C, vaporizer temperature 400 °C, drying gas (N3)
flow 6 L/min, capillary voltage 3500 V, nebulizer pressure 25 psi,
corona current 5.0 pA.

GDGTs were identified by detecting the [M-H]™ ions in selected
ion monitoring (SIM) mode at m/z 1292, 1050, 1048, 1046, 1036,
1034, 1032, 1022, 1020, 1018, using m/z 744 for the internal stan-
dard. Quantitation was achieved by peak area integration of the
[M-H]" ions in Chemstation software B.04.02 and comparing that
with the area of the IS, assuming that the response of the mass
spectrometer was similar for brGDGTs, crenarchaeol, and the IS.

Replicate measurements of a subset of samples yielded similar
index values for MBT'5Me and CBT’ indices (difference <0.03 for
MBT'5Me and <0.05 for CBT’), corresponding with a difference of
1.0°C and <0.1 pH units, respectively.

2.5. GDGT proxy calculations

Roman numerals in the following equations refer to the molec-
ular structures of GDGTs shown in Fig. 1.

The BIT index was calculated using both 5- and 6-methyl
GDGTs, in an equation adapted from Hopmans et al. (2004):

_la+lla+ I’ + 1la + I1a’
T IV4Ila+Ha+Ia’ + Ila + IIa’

(1)

MBT'5Me values were calculated using fractional abundances of
brGDGTs and the index defined by De Jonge et al. (2014a):

[a+1Ib+Ic
MBT% . = 2
SMe ™ 13 + Ib + Ic + lla + IIb + lic + llla (2)

MATs were calculated using fractional abundances of brGDGTs
and the latest transfer function of De Jonge et al. (2014a):

MATme = 7.17 4 17.1  [1a] + 25.9 * [Ib]
+34.4 % [Ic] — 28.6 * [I1a] (3)
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Table 1
Biostratigraphic age model for the Hank Core. Note: ages correlating ranges for MIS 95 and 97 are based on the benthic isotope stratigraphy stack (Lisiecki and Raymo, 2005).
Dinocyst event Depth Age Age Location Reference
(m) (Period) (Ma)
Acme Operculodinium israelianum 133-136 Early Pleistocene, MIS 95 (Unit N3b)  2.407-2.427 Netherlands, North Sea Meijer et al., 2006;
Noorbergen et al., 2015
Acme Impagidinium multiplexum 150 Early Pleistocene, MIS 97 (Unit N2b)  2.452-2.477  Netherlands, North Sea Meijer et al., 2006;
Noorbergen et al., 2015
LOD Barssidinium spp. 157 Late Pliocene 2.58 Netherlands, North Sea Kuhlmann et al., 2006
LOD Barssidinium pliocenicum? 190 Late Pliocene 2.58 Netherlands, North Sea Kuhlmann et al., 2006
2.6 Eastern North Atlantic, De Schepper and Head,
DSDP 610A 2008, 2009
LOD Operculodinium? eirikianum® 201 Late Pliocene 2.6 Eastern North Atlantic, De Schepper and Head,
DSDP 610A 2008, 2009
3.0 Norwegian Sea, ODP 642B De Schepper et al., 2015,
2017
LOD Invertocysta lacrymosa“ 265 Late Pliocene 2.72-2.74 Eastern North Atlantic, De Schepper and Head,
DSDP 610A 2008, 2009
Mid Pliocene 3.27 Norwegian Sea, ODP 642B De Schepper et al., 2015,
2017
LOD Melitasphaeridium choanophorum® 330 Late Pliocene 3.0 Eastern North Atlantic, De Schepper and Head,
DSDP 610A 2008, 2009
Mid Pliocene 33 Norwegian Sea, ODP 642B De Schepper et al., 2015,
2017
LOD Operculodinium tegillatum® 340 Early Pliocene 3.71 Eastern North Atlantic, De Schepper and Head,
DSDP 610A 2008, 2009
4.6 Norwegian Sea, DSDP 642B De Schepper et al., 2015,
2017
LOD Reticulatosphaera actinocoronata’ 355 Early Pliocene ca. 44 Northern North Atlantic, Mudie, 1987; Baldauf et al.,
DSDP Site 611 1987
4.64 Norwegian Sea, DSDP 642B De Schepper et al., 2015,

2017

4 Despite several reports on younger occurrences than 2.6 Ma outside the Dutch part of the North Sea for the genus Barssidinium, there is consistent evidence from multiple
Dutch wells to maintain the magnetostratigraphically calibrated Gauss/Matuyama boundary (Kuhlmann et al., 2006). The dating is verified by the occurrences in the eastern

North Atlantic (De Schepper and Head, 2009).

b The higher occurrence of Operculodinium? eirikianum is reported in ODP 642B at 3.0 Ma (De Schepper et al., 2015, 2017) and in the North Atlantic at 2.6 Ma (De Schepper

and Head, 2008, 2009).

¢ The higher occurrence of Invertocysta lacrymosa is reported for the North Atlantic at 2.72-2.74 Ma (De Schepper and Head, 2008, 2009) and in the Norwegian Sea at
3.27 Ma (De Schepper et al.,, 2015, 2017). The former age of the event was followed in Belgium (Louwye and De Schepper, 2010).

d For the North Sea area, the LOD of Melitasphaeridium choanophorum was indicated at 3.6 Ma (Dybkjaer and Piasecki, 2010; Kuhlmann et al., 2006). The age assessment
for the Danish sector of the North Sea is likely too old (De Schepper et al., 2017). In the Norwegian Sea the event is magnetostratigraphically calibrated to 3.27 Ma (De
Schepper et al., 2017). In DSDP Site 610 the highest persistence occurrence of this taxon goes up to 3.0 Ma (De Schepper and Head, 2008).

€ The LOD of Operculodinium tegillatum is recorded in the Nordic Seas at ca. 4.6 Ma (De Schepper et al., 2015, 2017) and in the North Atlantic at 3.71 Ma (De Schepper and
Head, 2008, 2009). The latter age is followed in the North Sea at 3.71 Ma (Louwye and De Schepper, 2010).

f The LOD of Reticulosphaera actinocoronata at 4.64 Ma in the Norwegian Sea and at 4.45 Ma in the Iceland Sea corresponds to the well-established North Atlantic, including
the North Sea area at 4.4-4.5 Ma (Louwye et al., 2004; Schreck et al., 2012; De Schepper et al., 2015, 2017).

The weighted average number of cyclopentane rings in tetram-
ethylated brGDGTs (#Ringstetra) Was calculated cf. Sinninghe Damsté
(2016):

[Ib] + 2 * [Ic]

#RiNgStera = [1a] + [1b] + [Ic] v

2.6. Statistical analysis

To identify changes in the brGDGT assemblage and to assess
variability in the brGDGT pool, principal component analysis (PCA)
was performed with the software package SigmaPlot (Systat Soft-
ware). Standardized fractional abundances of the major brGDGTs
(excluding brGDGTs IlIb, IlIb/, Ilic and Illic’) were used.

3. Results
3.1. Lithology and age model

The studied core section (404-136 m) consists of three forma-
tions, the Maassluis (157-136 m), the Oosterhout (333-157 m),
and the Breda (404-333 m). The presence of marine dinocysts
preferring outer neritic conditions (e.g. Spiniferites, Operculodinium?
eirikianum) and bisaccates in common values (approx. 32% of the
total sum of dinoflagellate cysts and sporomorphs) suggests an
open-marine offshore conditions of the Hank site at the time

of deposition of the Breda Fm. The Oosterhout Fm. sediments
(333-157 m) consist almost exclusively of sands, except for one
clay interval between 291-271 m. The sands deposited above the
clay layer (271-157 m) contain abundant shells, suggesting that
the shore was closer to the Hank site during this period. The over-
lying Maassluis Fm. (157-136 m) mostly consists of silt deposits
interspersed with thin clay and sand deposits. The emergence of
freshwater algae species (e.g. Pediastrum) and organisms preferring
brackish water conditions (Botryococcus) in this section indicates a
development towards estuarine conditions. Thus, the shore grad-
ually moved closer to the Hank site over the evolution of the
Pliocene and early Pleistocene. Eventually, the core site attained
a deltaic character. This is also reflected in the age-depth model
(Fig. 3), where the observed sedimentation rate increases drasti-
cally just before the Plio-Pleistocene transition at approximately
200 m.

The Pliocene-Pleistocene transition (~154 m) is indicated by
the increased proportion of cold-tolerant taxa such as Habiba-
cysta tectata (Head et al, 1989; Jimenez-Moreno et al., 2006;
Hennissen et al, 2017). Also, markers for the Piacenzian, (in-
cluding taxa preferring relatively warmer conditions - like Bars-
sidinium pliocenicum, Invertocysta lacrymosa, and Melitasphaeridium
choanophorum) are absent above this depth.

The presence of hiatuses in the Hank core is unknown, however,
the mixing of samples due to the core collection method leads to
the smoothing out of hiatuses, if present. Thus, linear interpola-
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tion between the age tie-points is used to estimate the age of the
Hank sediments (Fig. 3). The obtained age model indicates that the
studied interval encompasses the Early Pliocene (Zanclean) to the
early Pleistocene (Gelasian), although the coastal setting suggests
that the sedimentation rate may not always have been constant
between tie-points at this site.

3.2. Bulk properties of organic material in the Hank Core

TOC content ranges from 0.02 to 2.1 wt.% (Fig. 4B), where TOC
is lower in the Pliocene (>161 m; 0.25 wt.% on average) than in
the Pleistocene part of the core (average 0.92 wt.%). The lowest
TOC values (0.02-0.09 wt.%) occur in four intervals: 386-381 m,
261-259 m, 211-192 m, and 176-163 m (Fig. 4B). In general, TOC
content follows the lithology, with the lowest TOC values corre-
sponding to the sand intervals (0.02-0.81 wt.%), the highest values
in the loam intervals (0.26-1.95 wt.%), and the clay layers possess-
ing intermediate TOC values (0.19-0.54 wt.%).

The §'3Corg values vary between —28.4 and —22.2%, and show
an overall decreasing trend from the Pliocene towards the Pleis-
tocene, except during two distinct intervals in the Pliocene at
386-376 m and 305-300 m, which show more depleted §'3Corq
values (A813Corg ~3%o; shaded in Fig. 4C).

3.3. GDGT concentrations and proxies

Crenarchaeol and brGDGTs are present in all 155 samples an-
alyzed, although brGDGTs IlIb, IIIb, Illc, and Ilic’ were below the
detection limit in 47 samples. Crenarchaeol and total brGDGT con-
centrations are normalized to TOC to enable comparison of the
abundances of the compounds, regardless of changes in lithology.
The concentration of crenarchaeol varies between 0.2-130 pgg™~!
TOC, and shows a marked decrease starting in the Late Pliocene
(190 m; Fig. 4E). The summed concentration of all brGDGTs varies
between 1.5-67 pgg~! TOC, and brGDGTs generally occur in higher
concentration from the Late Pliocene onwards (<200 m, Fig. 4F),
apart from one spike in the record (~300 m). As a result, values
for the BIT index are generally low (<0.2) in the Pliocene, apart
from two intervals where the values of the BIT index increase to
~0.25-0.5 (386-376 and 305-300 m; shaded intervals, Fig. 4D).

BIT index values then increase to a maximum of 0.98 + 0.02 for
Pleistocene sediments.

4. Discussion
4.1. Provenance of organic matter in the North Sea Sediments

During the Mid-Miocene, sediment supply to the North Sea
basin was primarily dominated by the Eridanos river system, which
drained the Fennoscandia and the Baltic States (Gibbard and Lewin,
2016). In the late Miocene (Tortonian), the proto Rhine-Meuse
river system emerged, which drained the low-lying topography of
central Europe (Wong et al., 2007). Due to the close proximity of
the Hank site to the proto Rhine-Meuse river system (Fig. 2), it is
assumed that the terrestrial OM delivered to this part of the south-
ern North Sea basin is mostly derived from that river system.

The higher §'3Corg values (—22 to —24%0) in the Pliocene sec-
tion indicate a primarily marine origin of the OM, with a relatively
smaller input from terrestrial sources (Tyson, 1995). The trend to-
wards more depleted 813C0rg values of < —26% in the Pleistocene
suggests that the prevailing source of OM to the sediment changes
to a terrestrial origin (i.e. soil and/or higher plant OM; Tyson,
1995) in this interval (<200 m). In addition, OM produced in rivers
during transport may also contribute to the sedimentary §'3Corg
signal. However, this contribution is hard to identify, as there is
no vast difference in 613C0rg values of soil OM vs. river-produced
OM (Cloern et al., 2002). Nevertheless, the clear shift in OM prove-
nance from marine to terrestrial occurring at a core depth of ca.
200 m combined with the age model and lithology provides ev-
idence that the Hank site became more deltaic during this time.
Furthermore, two distinct shifts in 813Corg in the Pliocene section
of the record represent periods with increased terrestrial OM in-
put. This can be explained by a temporary lowering of the sea
level, leading to marine regression, thus rendering the Hank site
location closer to shore during these intervals (Fig. 4C, shaded in-
tervals). Higher BIT index values, as well as increased abundances
in terrestrial palynomorphs during both intervals also indicate an
increase in terrestrial OM input at this time. Finally, the lithol-
ogy of the core supports the argument that the Hank site was
shallow(er) in these two intervals due to the presence of sandy
deposits.



E. Dearing Crampton-Flood et al. / Earth and Planetary Science Letters 490 (2018) 193-205 199

o o
®
: & .3
w1
g = .\ 049
@ Soidata e d
¢ HankCore 0
B Svalbard sediments 04 &
Berau delta sediments @ OB
¢ Hank low BIT (<0.3)
b4 Eagk 'r;'igh BIT (E>032
al locene Even
0.2 0.8 % LateyPtiooene Event
(2] 2.
o
e}
S s,
O 2
< S,
Q 04 062
& %
\
Q@ s .
S . %
po B ‘
& o’ (° 5 3.
& $ -~ o)
T L o @)
o A
al S @
i A ATy
.. 4
0.8 £ Ap 0.2
1 0
I T T T T T T T T T
0 0.2 04 06 0.8 1

%Tetramethylated brGDGTs

Fig. 5. Ternary diagram of the fractional abundances of the tetramethylated (% tetra), pentamethylated (% penta), and hexamethylated (% hexa) brGDGTs in the Hank core
(magenta diamonds), the global soil calibration dataset (black circles), Svalbard fjord sediments (red squares), and the Berau Delta (orange triangles). The inset shows the
Hank data separated into BIT index values >0.3 (brown open diamonds) and BIT index values <0.3 (dark blue closed diamonds) for comparison to the soil dataset. The two
Pliocene events are indicated by green crosses (Early Pliocene event) and light blue open squares (Late Pliocene event). (For interpretation of the colors in the figure(s), the

reader is referred to the web version of this article.)

Hence, periods of high BIT/low §'3Corg values indicate that the
shore was likely closer to the Hank site, as a result of a lower
sea level related to an increase in global ice volume. This is sim-
ilar to what has been observed for the Last Glacial Maximum in
the Bay of Biscay, where high BIT indices were recorded during
the sea-level low stand, which placed the paleo-coastline consider-
ably closer to the site (Ménot et al., 2006). Due to the relatively
low resolution of the current age model and the difficulties in
making a straightforward benthic §'80 record for shallow, coastal
locations, we cannot directly assign the shaded intervals to spe-
cific events. From this point, the lower interval (385-375 m) is
referred to as the ‘Early Pliocene Event’, and the upper interval
(320-300 m) is referred to as the ‘Late Pliocene Event’. Given the
absence of indicators to suggest that the Miocene is reached at
the base of the succession, the Early Pliocene Event occurs be-
tween 5.33-4.4 Ma. The age model also indicates that the Late
Pliocene Event occurs between ~3.6-2.7 Ma. The large shift and
leveling off of the BIT index and §'3Corg records starting at 200 m
likely reflects the onset of the NH glaciations that mark the Pleis-
tocene (~2.6 Ma). The large increase in ice volume on the NH led
to significant sea level lowering (Lisiecki and Raymo, 2005), which
stranded the Hank site and consequently removed marine influ-
ence on the site.

4.2. Identifying sources of brGDGTs in the North Sea Basin

The covarying BIT and 813Corg records, and the recent findings
on the in-situ production of brGDGTs in marine systems indicate
the possibility of a mixed terrestrial and marine contribution of
brGDGTs to the sediments (Peterse et al., 2009; De Jonge et al.,
2014b; Sinninghe Damsté, 2016). It is likely that the processes
governing the distribution of brGDGTs produced in marine sys-
tems differ from those in soils, and that temperatures derived
from brGDGTs in marine sediments may not capture the MAT of
the surrounding catchment. It is therefore essential to identify the
contribution of marine-produced brGDGTs and to correct for their
influence on the MAT record.

As a first step in assessing the sources of brGDGTs, the frac-
tional abundances of the North Sea Basin brGDGTs are plotted
in a ternary diagram and compared with data from the global
soil calibration set (De Jonge et al, 2014a), following the ap-
proach of Sinninghe Damsté (2016). This shows that the frac-
tional abundances of the North Sea Basin brGDGTs plot offset
from the soils (Fig. 5), suggesting a marine brGDGT contribution
to North Sea Basin sediments. However, comparison of these data
with brGDGT data from the two coastal marine locations that
have been analyzed with the improved chromatography method
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so far, i.e. Svalbard fjords and the Berau River delta, Indonesia
(Sinninghe Damsté, 2016), indicates that the offset from the soil
data is relatively small (Fig. 5). In comparison with the Svalbard
and Berau sites, for which in situ production of brGDGTs has
been suggested to be the predominant source (Peterse et al., 2009;
Sinninghe Damsté, 2016), brGDGTs from the coastal North Sea ap-
pear to be mostly soil-derived. When considering the data in more
detail, sediments with BIT index values >0.3 plot closer to the
soil data than those with BIT index values <0.3 (Fig. 5). Also, the
Pliocene sediments with higher BIT index values (Fig. 4, shaded
intervals) plot closer to the soil data (Fig. 5). This is in good agree-
ment with our earlier interpretation that higher values of the BIT
index and depleted 813Corg reflect increased input of terrestrial
OM, including soil-derived brGDGTs. Nevertheless, it also indicates
that in sections with lower BIT index values marine in-situ pro-
duction is probably modifying the brGDGT distribution.

To further elucidate trends in the downcore variations in
brGDGT concentration and distribution, principal component anal-
ysis (PCA) was performed on the fractional abundances of the
brGDGTs. Principal component PC1 described 54% of the variance
in the dataset, whereas PC2 describes 15% (Fig. 6). The acyclic
5-methyl brGDGTs la, Ila, and Illa all score negatively on PC1,
whereas all cyclic brGDGTs score positively (Fig. 6). This indicates a
distinct relationship between PC1 and the brGDGTs with cyclopen-
tane moieties. Indeed, when the #ringsetra is compared to the PC1
scores, a strong positive correlation is observed (% = 0.75).

The #ringstetra has been found to vary from 0-0.7 in soils from
the global soil calibration set (De Jonge et al, 2014a), but ex-
ceeds these values in coastal marine sediments with considerable
in situ brGDGT production, likely because the pore waters of ma-
rine sediments are alkaline (Peterse et al., 2009; Sinninghe Damsté,
2016), and brGDGT production at higher pH tends to result in the
production of higher relative amounts of cyclopentane-containing
brGDGTs (Weijers et al., 2007a; Peterse et al., 2012). A contribu-
tion of marine in-situ produced brGDGTs to marine sediments in
coast-shelf transects from the Berau Delta, East China Sea shelf sys-
tem, and the Iberian margin was clearly reflected by zones where
#ringseetra >0.7, which was consequently proposed as an indicator

value for coastal marine sediments that possess a primarily non-
soil source input (Sinninghe Damsté, 2016). In the North Sea basin
sediments, the #ringsietra ranges from 0.20-0.59 (Fig. 7B). Although
these values are within the range for soils in the global calibra-
tion set, soils with #ringseetra >0.4 are mostly alkaline soils (pH
> 7), often occurring in arid deserts (De Jonge et al., 2014a). The
majority of the soils in the catchment area of the Hank site are un-
likely to be alkaline in nature (Reuter et al., 2008), and the average
soil pH value for soils in North Western Europe is 6.5 (global soil
dataset, excluding Sweden, Ireland, Norway, and Scotland, De Jonge
et al., 2014a). Thus, the fact that #ringstetra exceeds 0.4 for parts
of the record more likely implies that the brGDGT distribution
in these intervals has a marine overprint. However, as the Hank
#ringseetra record is consistently <0.7, a substantial proportion of
brGDGTs is soil-derived, particularly for the Pleistocene sediments
(average #ringstetra ~0.3; Fig. 7B). Furthermore, #ringseera gener-
ally increases with depth, where higher values particularly in the
Pliocene sediments suggest that there may be a contribution of
marine produced brGDGTs (Fig. 7B).

It is apparent that the PC1 varies in concert with #ringstetra
over depth, and they both follow the patterns of the BIT index and
613C0rg records: all Pleistocene samples scoring positively on PC1,
and the majority of Pliocene samples scoring negatively (Fig. 7B,C).
Indeed, in a cross plot of BIT index vs. #ringsera (1> = 0.68; Fig. 8),
the depths with high BIT index (>0.9) occurring in the Pleistocene
have #ringsierra between ~0.25-0.3, typical values for acidic soils.
Furthermore, the two intervals with increased terrestrial input rec-
ognized in the BIT index and 8'3Coy records (Fig. 4C,D) have
positive values on PC1. The covariance of the BIT index, 513C0rg.
#ringseerra and PC1 records indicates that the variation in marine
and terrestrial brGDGT contribution to the North Sea sediments is
the dominant factor determining the variance in the dataset. This
suggests that in the Hank sediments, a more negative score on PC1
and a higher #ringstetra can be used as indicators of marine in situ
brGDGT production.

Consequently, we applied the #ringsta record to disentangle
the marine and terrestrial sources of the brGDGTs in the North Sea
basin using two end-member modeling. A soil end-member value
of #ringseerra = 0.29 was chosen based on the #ringSterra for the
sediments with highest soil input (BIT index >0.9) under the as-
sumption that pH of the soils in the hinterland did not change
substantially over the period studied. The samples chosen for the
soil end-member (n = 23) all occur in the late Pliocene/early Pleis-
tocene interval of the core, during which mean annual precipi-
tation (MAP, a controlling factor for soil pH) in the Lower Rhine
Basin did not change significantly (1000 mm/yr +100; Mosbrugger
et al., 2005). The marine end-member was set at 0.93, based on
the #ringsietra in the marine sediments from Svalbard, where the
brGDGT distribution represents almost exclusively marine in-situ
production (Peterse et al, 2009; Sinninghe Damsté, 2016). Us-
ing these end-members, the #ringsta record was translated into
a record indicating the relative contributions of soil vs. marine
brGDGTs (Fig. 7D). This record indicates on average ~35% marine
contribution during the Pliocene, and ~0-27% during the Pleis-
tocene. The two Pliocene intervals with presumed lower sea level
and increased terrestrial input (shaded intervals, Figs. 4 and 7)
are also characterized by a lower contribution of marine brGDGTs
(Aterrestrial-marine ~20%).

4.3. BrGDGT-based MAT reconstruction

Application of the latest soil transfer function of De Jonge et al.
(2014a) to brGDGTs in the Hank core generates a record of MATy,
reflecting a temperature range of 7-15°C (Fig. 7E, orange line).
Overall, MATs decrease steadily towards the Pleistocene, with ad-
ditional notable cooler periods (AT = 3-5°C) corresponding with
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the Early and Late Pliocene events discussed earlier (shaded in-
tervals; Fig. 7E). The period directly after the Late Pliocene event
represents a warm period, which is connected with a thick clay in-
terval in the lithology (300-280 m; Fig. 4A), pointing to a relatively
higher sea level.

However, this MAT reconstruction is only valid if the brGDGTs
are predominantly derived from soil, whereas the values of

#ringstetra indicate that brGDGT sources to the North Sea basin
vary throughout the record. Hence, to obtain the ‘true’ terres-
trial MAT (MAT¢er) signal, the marine contribution to the brGDGT
distribution must be removed from the MAT record. This can be
achieved with the use of two transfer functions: one for soils, for
which the recent MBT'5Me-MAT global soil calibration data set
will be used (De Jonge et al., 2014a), and a second, new func-
tion reflecting in-situ production in coastal marine sediments. The
MBT'5Me index for the Hank sediments represents a mix of the
marine (MBT'5Mearine) and terrestrial (MBT 5Meéterrestrial) iNputs.
Consequently, the MAT,; record can be obtained by subtracting
the marine contribution to the ‘mixed’ MBT'5Me values.

The first step for this procedure is to create the function needed
to transfer coastal marine brGDGT distributions to marine water
temperatures, similar to the transfer function for the global soil
calibration set of De Jonge et al. (2014a). In situ water tempera-
tures are used instead of air temperatures, due to the fact that the
temperature response of brGDGTs produced in the marine envi-
ronment is more likely to record in situ water temperature rather
than air temperature. So far, ‘novel’ brGDGT data (i.e. including
the separate integration of 5- and 6-methyl brGDGT isomers) is
only available for two coastal marine sites, i.e. Svalbard (Peterse
et al,, 2009) and the Berau delta (Sinninghe Damsté, 2016). Based
upon the low BIT index values (<0.1) and high values of #ringsetra
(>0.7), these authors concluded that the brGDGT distribution at
these two sites is predominantly composed of in situ produced
brGDGTs (Peterse et al., 2009; Sinninghe Damsté, 2016).

Although the number of global sites is limited, they conve-
niently represent a polar and tropical environment, stretching the
reach of the temperature range, thus preventing extrapolation of
the regression line. In addition, available brGDGT data from one
surface sediment located in the Tagus drainage basin off the coast
of Portugal was added (Warden et al.,, 2016). We supplemented
this mid-latitude datapoint with surface sediments from the Por-
tuguese margin (Zell et al,, 2015), of which those characterized by
a low BIT index (<0.1) and a high value of #ringsStetra (>0.7) were
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reanalyzed using the new chromatography method (Hopmans et
al,, 2016).

In order to formulate the regression model, MBT'5Me values
from the Berau delta (n = 11), Svalbard (n = 28), Portuguese mar-
gin (n =9) sites were plotted against in situ bottom water tem-
peratures at the respective sites, reflecting the depth at which
the surface sediments were obtained. It is therefore assumed that
the MBT'5Me value represented by these three sites represents a
100% marine signal of brGDGT production. We use bottom wa-
ter temperatures from ca. 40-90 m for the shallow Berau delta,
200-300 m for Svalbard, and 300-1000 m for the samples from
the Portuguese margin (Peterse et al., 2009; Zell et al., 2015;
Sinninghe Damsté, 2016).

The resulting linear regression fit produced the following
coastal marine transfer function (Fig. 9):

BWT = 59.5 * MBT'5Memarine — 23.7 (R* = 0.95) (5)

where BWT is the bottom water temperature. The marine transfer
function possesses a slightly steeper slope than the soil calibra-
tion line (Fig. 9). This translates into larger changes in the high
(MBT’5Me >0.7) and low (MBT'5Me <0.4) ends of the calibration
compared to the soil calibration line.

Subsequently, the MBT'5Me index can be corrected for the con-
tribution of marine brGDGTs by separating the terrestrial and ma-
rine contributions to the total brGDGT pool:

MBT'5Meygta = %terrestrial brGDGTs * MBT 5Meégerrestrial
+ %marine brGDGTSs % MBT 5Meparine (6)

where MBT'5Memarine i described by Eq. (5), MBT'5Mega is
the index measured on the sediment samples, and the %ma-
rine and %terrestrial brGDGTs are calculated as described in sec-
tion 4.2. To estimate MBT'5Meparine, @ BWT must be chosen that
reflects the bottom water temperature of the North Sea in the
Pliocene. The current average BWT (11.5°C) of the North Sea at
30 m depth is determined by the winter minimum of 6-7°C
and the summer maximum of 16-17°C (Johnson et al, 2009;
Boyer et al.,, 2013). During the Pliocene, ostracod assemblages in
the Coralline Crag Formation in England, with an estimated pale-
odepth of greater than 50 m, suggest winter minimum and sum-
mer maximum seafloor temperatures of 11 and 18 °C, respectively
(Hodgson and Funnel, 1987; Johnson et al., 2009). Using the aver-
age of the summer and winter Pliocene temperatures proposed by
Johnson et al. (2009), we estimate the Pliocene BWT for the North
Sea as 14.5°C, i.e. ~3°C higher than present. The use of a con-
stant BWT results in a constant MBT' 5Meparine Value (0.64) that is
used in Eq. (6) to correct MBT' 5Meota;. The measured MBT 5Meyota
and constant MBT'5Meparine Values are then combined with the
%Terrestrial/%Marine ratios to determine MBT 5Meterrestrial. The cor-
rected temperature record is obtained by applying the soil transfer
function for MAT and MBT'5Me, as described by De Jonge et al.
(2014a; Fig. 7E, blue line):

MAT¢err = 31.5 % MBT 5Meerrestrial — 8.6 (R* = 0.66) (7)

This calculation does not take into account the fact that the
BWT is likely to change over time as a response to regional climate
changes. As it is quite likely that the BWT of the coastal North Sea
did change over the course of the Pliocene and the Pleistocene,
we used the MATr record generated to predict BWT in a series
of iterations. The present day difference in temperature between
the annual mean temperature of the bottom water of the North
Sea (~11.5°C) and the MAT of the Netherlands (~10°C) was cal-
culated (AT =1.5°C; van Engelen et al., 2001; Boyer et al., 2013)
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and this AT was assumed to also hold for the Pliocene and the
Pleistocene. This allows calculating BWT from MAT; and feed
newly calculated BWTs for each individual sediment horizon back
into the calculation. Starting with a constant bottom water tem-
perature of 14.5°C a series of four iterations were performed after
which the calculated MATe for each individual sediment horizon
did not change substantially (<0.6°C) from its predecessor value.
The corrected MAT; record (Fig. 7E, solid black line with circle
symbols) varies between 4 and 14 °C, showing a distinctly lower
range of temperatures (AT = 10°C) than the MATe; record using
a constant BWT value (AT = 12°C; Fig. 7E). In both records the
general cooling trend from older to younger sediments is evident.

A number of assumptions are made to arrive at the final
MAT¢er, some of which cannot be fully explored regarding the er-
ror they propagate through to the estimation of temperature. These
include the assumptions i) that all terrestrial OM is derived from
the Rhine-Meuse river system, and ii) that the MBT'5Me value of
the three reference sites (Svalbard, Berau delta, and Portuguese
margin) represents a 100% marine signal. Assumption i) would
require a detailed study of the OM composition in the different
river catchments that discharge into the North Sea Basin during
the Pliocene, which is beyond the scope of this paper, and as-
sumption ii) cannot be confirmed as long as the exact producer(s)
of brGDGTs remain(s) unknown. The most important assumptions
that can be addressed with regards to the error on reconstructed
temperatures are iii) estimating the Pliocene BWT of the North
Sea, and iv) the temperature difference between the continental
and bottom water temperatures in the North Sea, AT. We explore
the error in our estimate of Pliocene BWT by also carrying out the
correction steps outlined above for a cooler (11.5°C) and warmer
(17.5°C) BWT, which results in maximum deviations of —1.3 °C
and 1.5°C respectively. Secondly, we explore the error associated
with slightly different values for AT by re-doing the iteration for
a smaller (0.5°C) and larger AT (3°C). The errors associated with
different AT maximize at —0.46 °C for a larger AT and 0.31°C for
a smaller AT. Taking all the errors associated with correcting the
MAT record into account, shows that they fall well within the cal-
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ibration error of the brGDGT temperature proxy (4.6 °C; De Jonge
et al.,, 2014a). This calibration error reflects a systematic error most
likely affecting calculated absolute temperatures in a similar way.
Note that the timing, as well as the direction of the changes in the
temperature record are not influenced by the assumptions made,
and can thus be considered reliable.

4.4. Pliocene air temperature evolution in NW Europe

Our final, corrected continental temperature record (MATerr)
retains the original pattern of the MATy,, record, with higher tem-
peratures in the Pliocene and a gradual cooling that is initiated in
the Late Pliocene and carries on into the Early Pleistocene (Fig. 7E).
This gradual cooling trend is in strong agreement with existing
global climate records, for example the global benthic oxygen iso-
tope stack (Lisiecki and Raymo, 2005). Hence, despite the large
number of assumptions made in the correction of the temperature
record, the method proposed here leads to encouraging results.

The MATe; record indicates that MAT was ~12-14°C during
the Early Pliocene (Fig. 7E), which matches well with the brGDGT-
derived temperatures of 14 °C reported for South-eastern Nether-
lands during the same period (Donders et al., 2009; using the
calibration of Weijers et al., 2007a). The temperatures also match
those recorded in Central Europe, using an approach based on the
occurrence of seeds, fruits, and leaf remnants in continental sedi-
mentary records (13 °C; Mosbrugger et al., 2005).

The two colder (A 5-7°C) periods in the Pliocene interval
present in the initial MATy, record are retained in the MATierr
record (shaded intervals, Fig. 7E). These two periods occur simul-
taneously with the Early Pliocene event and Late Pliocene event
(shaded intervals, Fig. 4), which were associated with a lower
sea level. Given this synchroneity, the timing of the Early and
Late Pliocene events fit the framework for Pliocene glaciations
composed by De Schepper et al. (2014). The authors identified a
Pliocene glacial at 4 Ma (Fronval and Jansen, 1996; St John and
Krissek, 2002; De Schepper et al., 2014), which could correspond
with the occurrence of the Early Pliocene event in our record. Our
multi-proxy records thus support the existence of (a) glaciation(s)
during the early Pliocene (De Schepper et al., 2014), and provide
the first evidence that the influence of the early Pliocene glacia-
tions on the Northern Hemisphere reached into the North-western
European continent.

Furthermore, we also tentatively link the Late Pliocene event
with either the Pliocene glacial at 3.6 Ma (De Schepper et al.,
2014), or the well-documented M2 glacial (Lisiecki and Raymo,
2005; Mudelsee and Raymo, 2005; Naish and Wilson, 2009). The
depth and age of the Late Pliocene event indicates a substan-
tial cool event lasting significantly longer than the M2 event
(3312-3264 ka), such that this glacial might be combination of
two or more glacials in this record (possibly the 3.6 Ma glacial
and the M2; De Schepper et al., 2014). The amplitude of the cool-
ing of the late Pliocene glacial(s) (AT ~4°C) is comparable to
that of ~3-6°C for the M2 glaciation recorded by alkenone- and
Mg/Ca-derived SSTs at DSDP site 610 and IODP site U1308 in the
North Atlantic (De Schepper et al., 2013), as well as with that
reflected by pollen assemblages from Lake Elgygytgyn in NE Rus-
sia (Brigham-Grette et al., 2013). Alkenone SST records of the M2
glaciation in a tropical SST stack show lower amplitudes of 2.5°C
(Herbert et al., 2010), so the MAT¢e record at this North West-
ern European location also supports the interpretation of a greater
latitudinal temperature gradient during the Pliocene.

We speculate that the MPWP is represented by the interval of
295-263 m, and occurs directly after the Late Pliocene Glacial. The
interval associated with the MPWP is characterized by sustained
elevated MATs (10.5-12.0 °C; Fig. 7E). When absolute temperatures
are compared with the present MAT in NW Europe (~9.5°C), they

largely match the global MPWP temperature estimates of 2-3°C
warmer than the present day determined by the PRISM group
(Dowsett et al., 2012). The warmer climate is also reflected in the
BIT index, §'3Corg, and lithology records, which indicate a larger
marine influence at the study location. MATs are furthermore com-
parable with MPWP temperature estimates based on pollen spectra
from the Lower Rhine Basin (14.1 + 0.2°C, 3.6-2.6 Ma; Utescher
et al,, 2000), Germany (13.9 £+ 0.5°C, 3.2-2.6 Ma; Uhl et al.,, 2007),
and south-east England (12.8 + 1.3°C, 3-2.6 Ma; Head, 1998).
The HadAM3 GCM model for the mid-Pliocene (Pope et al., 2000;
Haywood et al., 2002) produces a temperature estimate of 13.8
+ 0.4°C for the region of west Germany (Salzmann et al., 2008),
which is slightly higher than reflected by the brGDGTs at Hank.
All current paleodata (including the Hank MAT¢e; record) suggest
that the climate in Northwestern Europe was approximately 2-6°C
warmer than present in the Pliocene.

Following the Plio-Pleistocene transition, MATs decrease, co-
inciding with an increase in BIT index values and depletion in
813Corg. The high amplitude temperature variations (AT = 5°C) in-
dicate the onset of the glacial-interglacial cycles of the Pleistocene
(Raymo et al., 2006). Temperatures in this section of the record
(6-11°C) lie in the median between the reconstructed pollen-
based mean temperature of coldest and warmest month (MTC and
MTW) estimates for the Netherlands during the Tiglian (~0 and
~18°C, respectively; Zagwijn, 1963; Pross and Klotz, 2002).

5. Conclusions

Bulk OM and brGDGT data in a sediment core from the North
Sea basin indicates that the average number of cyclopentane rings
(#ringsStetra) can be used to identify and disentangle the prove-
nance of brGDGTs in coastal marine sediments. Subsequent use
of a newly developed coastal marine brGDGT temperature cali-
bration and end member modeling can improve the reliability of
brGDGT-based MAT reconstructions by correcting for marine con-
tributions to the brGDGT pool in these settings. Applying these
correction steps to the Pliocene section of the sediment core leads
to a continental record (MAT¢) of Pliocene temperature evolution
in North Western Europe. The MAT, record indicates that NW
Europe was approximately 1-2 °C warmer than present during the
MPWP. Furthermore, the influence of two early Pliocene glaciations
could be identified. The occurrence of these early Pliocene glacia-
tions is supported by a simultaneous increase in BIT index value
and a decrease (2-3%o) in 813C0rg values, likely caused by sea level
lowering due to waxing ice sheets on the NH. The good fit of our
corrected MATer record with existing global climate records indi-
cates the promise of our method to resolve the influence of mixed
brGDGT sources in coastal marine sediments on continental MAT
reconstruction. Before the correction method can be widely ap-
plied, additional brGDGT data from coastal shelf environments is
needed to strengthen the coastal marine brGDGT temperature cal-
ibration. This is currently hampered by to the limited number of
studies that measure the 5- and 6-methyl brGDGTs separately in
these specific settings.
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