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Early Paleogene greenhouse climate culminated during the early Eocene Climatic Optimum (EECO, 50 to 53Ma).
This episode of global warmth is subsequently followed by an almost 20 million year-long cooling trend leading
to the Eocene-Oligocene glaciation of Antarctica. Here we present the first detailed planktic and benthic forami-
niferal isotope single site record (δ13C, δ18O) of late Paleocene to middle Eocene age from the North Atlantic
(Deep Sea Drilling Project Site 401, Bay of Biscay). Good core recovery in combination with well preserved fora-
minifera makes this site suitable for correlations and comparison with previously published long-term records
from the Pacific Ocean (e.g. Allison Guyot, Shatsky Rise), the Southern Ocean (Maud Rise) and the equatorial At-
lantic (Demerara Rise).Whereas our North Atlantic benthic foraminiferal δ18O and δ13C data agreewith the glob-
al trend showing the long-term shift toward heavier δ18O values, we only observe minor surface water δ18O
changes during themiddle Eocene (if at all) in planktic foraminiferal data. Apparently, the surface North Atlantic
did not cool substantially during themiddle Eocene. Thus, the North Atlantic appears to have had a different sur-
face ocean cooling history during the middle Eocene than the southern hemisphere, whereas cooler deep-water
masses were comparatively well mixed. Our results are in agreement with previously published findings from
Tanzania, which also support the idea of a muted post-EECO surface-water cooling outside the southern high-
latitudes.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

The Paleogene represents a prominent long-term climate transition
in Earth history with a late Paleocene to middle Eocene interval that is
characterized by a long-term global warmth (Zachos et al., 1994,
2001;Norris et al., 2013). The existence of a late Paleocene–early Eocene
greenhouse is supported by numerous paleontological, isotopic and
sedimentological findings suggesting temperatures in subpolar regions
and ocean bottom waters that were up to 10 °C higher than today
(e.g. Wolfe, 1980; Axelrod, 1984; Zachos et al., 1994; Bice et al., 1996;
Zachos et al., 2001; Tripati et al., 2003; Tripati and Elderfield, 2005;
Sexton et al., 2006a; Hollis et al., 2012). Polar ice-sheets were either
small or did not exist (Frakes et al., 1992; Miller et al., 2005;
Spielhagen and Tripati, 2009; Tripati et al., 2008). The Paleocene–Eo-
cene warmth culminated in the Early Eocene Climatic Optimum
(EECO; 50–53 Ma, Vandenberghe et al., 2012), and was subsequently
followed by a long-term cooling, which finally led to the Oligocene ice-
house (e.g. Miller and Curry, 1982; Miller et al., 1987; Zachos et al.,
ann).
1994). Most authors have invoked high atmospheric pCO2 levels to ex-
plain the greenhouse climate mode, while the post-EECO cooling has
often been attributed to a decline of atmospheric pCO2 concentrations
(Pearson and Palmer, 2000; Demicco et al., 2003; Pagani et al., 2005;
Zachos et al., 2008).

Our current view of temperature trends and prevailing
paleoceanographic conditions during the early Paleogene relies on
multi-site composite benthic foraminiferal δ18O records (Zachos et al.,
1994, 2001, 2008; Cramer et al., 2009) compiled from multiple drill
sites in different ocean basins. These records provide an average signal
of the deep ocean. Presently, most single site planktic foraminifera sta-
ble isotope data are of low resolution or based on poorly preserved fora-
miniferal calcite. High quality paleotemperature data are particularly
lacking for the Eocene North Atlantic. Other than the tropical Demerara
Rise records (ODP Sites 1258 and 1260) of Sexton et al. (2006a), no
long-term single site benthic foraminiferal record with an adequate
temporal resolution for the early to middle Eocene has been published
from this region.

The reasons for these limitations are due to the lack of deep-sea sites
which provide both: (1) good core recovery of sediments spanning the
study interval; existing North Atlantic records are typically punctuated
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by frequent occurrences of chert layers, condensation and major hia-
tuses covering up to 2million years particularly across the early-middle
Eocene transition (e.g. Aubry, 1995; Norris et al., 2001a; Muttoni and
Kent, 2007), (2) suitablemicrofossil preservation that allows for reliable
geochemical proxy data, particularly for planktic foraminifera.

Here we present new long-term stable isotope records (δ13C, δ18O)
of foraminiferal calcite from the North Atlantic (Deep-Sea Drilling Pro-
ject (DSDP) Site 401, Bay of Biscay) covering the latest Paleocene to
middle Eocene interval (~57–40 Ma). Key features of this time interval
include a number of transient warming events (of 100–200 kyr dura-
tion) such as the well known Paleocene–Eocene Thermal Maximum
(PETM, 56 Ma; e.g. Kennett and Stott, 1991; Sluijs et al., 2007;
McInerney and Wing, 2011) and Eocene Thermal Maximum 2 (ETM2,
54.1 Ma; e.g. Lourens et al., 2005; Stap et al., 2009; 2010; D'haenens et
al., 2014), but also numerous similar, less pronounced events of early
Eocene age (Cramer et al., 2003; Sexton et al., 2011; Kirtland Turner et
al., 2014). On a multi-million year timescale, secular variations in the
carbon cycle are reflected in the δ13C of biogenic carbonates showing
the long-term δ13C decline across the Paleocene–Eocene transition.
This decrease resulted in a Paleogene δ13C minimum period between
52 and 54 Ma which marks the onset of the long-term warmth of the
EECO. While previous recent studies from the Paleocene–Eocene inter-
val of Site 401 are exclusively focused on the PETM and ETM2
(Bornemann et al., 2014; D'haenens et al., 2012, 2014), this paper dis-
cusses the long-term evolution of the North Atlantic during the latest
Paleocene to middle Eocene across the EECO interval of peak warmth.

The new long-term stable isotope records from DSDP Site 401 com-
prise not only benthic foraminifera representing bottom water condi-
tions. We also present stable isotope data for planktic foraminifera as
a measure of subsurface–thermocline and surface mixed-layer condi-
tions. Until now no detailed information on the upper ocean structure
and the surface water temperature trends are available for the EECO
and middle Eocene from the northeastern Atlantic, thus, our records
allowus to unravel the response of the entirewater columnand to com-
pare our North Atlantic records of this globally warm period to previ-
ously published ones from the Pacific (Bralower et al., 1995; Dutton et
Fig. 1. Global geographic map. Sites shown are of scientific importance
al., 2005, 2006; Zachos et al., 2003;Westerhold et al., 2011), the equato-
rial and South Atlantic (Sexton et al., 2006a; Bice and Norris, 2005;
Littler et al., 2014) and the Southern Ocean (Kennett and Stott, 1990;
Stott and Kennett, 1990) for different water masses. We further exam-
ine inter-ocean basin δ13C bottom water gradients as a proxy of deep-
water circulation patterns and discrepancies in surface water response
to the long-term middle Eocene bottom water cooling trend (Pearson
et al., 2007; Inglis et al., 2015).

2. Material and methods

2.1. Location and lithology

DSDP Site 401 (47°25.65′N, 8°48.62′W) is located on the Meriadzek
Terrace on the northern margin of the Bay of Biscay, eastern North At-
lantic (Montadert et al., 1979)(Fig. 1). During the PETM (56 Ma) this
site was located at ~42°32′N and 10°25′W (McInerney and Wing,
2011), making it (along with DSDP Site 550) one of the most northern
scientific drill sites to provide pelagic carbonates of Paleogene age. Site
401 was drilled at a water depth of 2495 m (Montadert et al., 1979),
the paleo-water depth for the early Eocene is estimated at 1.8 to 2 km
based on benthic foraminifera (D'haenens et al., 2012).

Core recovery of the ~95-m-thick sequence is nearly complete for
the latest Paleocene to earlymiddle Eocene (c. 90%; cores 7–14), where-
as the two uppermost cores 5 and 6 have only been partly recovered
(Fig. 2).We took samples at a resolution of four samples per core section
from cores 15 to 5 (depth interval ~212–110 mbsf), whereas core 14
(PETM) and core 13 (ETM2) were sampled at a much higher resolution
(D'haenens et al., 2012; D'haenens et al., 2014; Bornemann et al., 2014).

The uppermost Paleocene tomiddle Eocene sedimentary succession
consists of yellowish-brown to orange-brown nannofossil marls and
marly chalks (Fig. 2). Sediment color cyclicity is apparent for the studied
Eocene sequence reflecting changes in CaCO3 and clay content. The
PETM and ETM2 beds are darker, with less carbonate and a higher
clay content (Fig. 2) than the rest of the section (D'haenens et al.,
2012; Bornemann et al., 2014).
for the study interval and are included in the intersite comparison.
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2.2. Stratigraphy and age models

The stratigraphic framework for DSDP Site 401 is primarily based on
calcareous nannofossil biostratigraphy following established zonation
schemes of Martini (1970) and Okada and Bukry (1980). The zonal
boundaries identified in this paper are largely in agreement with
those of Müller (1979) but due to a higher sampling resolution the po-
sition of some boundaries have been slightly adjusted. To a lesser extent
planktic foraminiferal biozones have been integrated into our age–
depth model (Fig. 2). Absolute ages for biozonal boundaries,
magnetostratigraphic datums (Aubry, 1995), and paleoclimate events
(PETM, ETM2) are based on the Geological Time Scale 2012 (GTS2012,
(Vandenberghe et al., 2012). The resulting age model (Fig. 2) allows
us to separate the long-term record into three phases: (1) the Paleocene
to early Eocene (c. 57 to 51 Ma) which is characterized, by an average
pelagic sedimentation rate (SR) of about 0.5 cm/kyr, (2) a condensed
early/middle Eocene boundary interval (c. 51 to 45 Ma) representing
possibly one or more hiatuses (average SR 0.06 cm/kyr), and (3)
lower middle Eocene (45 to 41 Ma) showing again a higher SR
(1.3 cm/kyr)(Fig. 2).

In order to compare DSDP Site 401 with other Eocene records we
adopted previously published bio-, event- and magnetostratigraphy of
sites around the world and re-calibrated those according to GTS2012.
For the central Pacific ODP Site 1209 the age model is based on
(Westerhold et al., 2007, 2008, 2011) and for ODP Site 865 on
(Bralower et al., 1995; Kozdon et al., 2011) and (Thomas et al., 2003).
The age model of ODP Site 1262 (South Atlantic) follows (Westerhold
et al., 2008, solution 2), and that of ODP Site 690 atMaud Rise calcareous
nannofossil biostratigraphy by Pospichal andWise (1990). For Demera-
ra Rise in thewestern equatorial Atlantic (ODP Sites 1258 and 1260) the
age model of Sexton et al. (2006a) is used.
2.3. Methods

Samples were analyzed with respect to their CaCO3 content
employing the carbonate bomb technique (Müller and Gastner, 1971).
For TOC approximately 100 mg of sediment were decalcified with 10%
HCl and dried for about 12 h at 90 °C. TOC has been analyzed by using
an ELTRA Metaly CS 100/100. The precision for replicate analyses is
2 wt% for CaCO3 and 0.05 wt% for TOC. Most CaCO3 values and isotope
measurements from the PETM and ETM2 intervals have previously
been published (D'haenens et al., 2012, 2014; Bornemann et al., 2014).

Foraminifera samples were dried at ~50 °C, weighed, soaked in tap
water for 24 h, gently washed under running water through a 63 μm
sieve, dried and weighed again. For stable isotope analyses (δ13C,
δ18O) of foraminifera various taxa have been analyzed. Bottom water
conditions are reflected by benthic foraminiferal calcite. Here we used
epibenthic Nuttallides truempyi for isotope analyses, however, due to
the scarcity of N. truempyi in some intervals of the Eocene we analyzed
various Cibicidoides species. All values of N. truempyi have been
corrected toward Cibicidoides following Katz et al. (2003). Subsurface
waters are best reflected by Subbotina species, and surface water condi-
tions by the photosymbiont-bearing Acarinina, Morozovella and
Morozovelloides. Planktic foraminifera were picked on the species-level
from the 250 to 400 μm size fraction. However, within some intervals
of the Eocene well-preserved specimens were rare, in these cases we
had to pick some samples at genus-level.

For each measurement between 3 and 10 specimens were analyzed
using a Kiel III on-line carbonate preparation line connected to a
ThermoFinnigan 252 mass spectrometer at the Erlangen University,
Germany. Foraminiferal tests were reacted with 100% phosphoric acid
(density N1.9;Wachter and Hayes, 1985) at 75 °C. All values are report-
ed in‰ relative toVienna PeeDee Belemnite (VPDB) by assigning a δ13C
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value of +1.95‰ and a δ18O value of−2.2‰ to NBS19. Reproducibility
was checked by replicate analyses of laboratory standards (IAEA-CO1)
and is better than 0.02 (1 σ) for both δ13C and δ18O. In order to estimate
absolute temperatures we used the Shackleton (1974) equation for
benthic foraminifera and Erez and Luz (1983) for planktic foraminifera.
An estimated sea-water δ18Osw of−0.4‰ SMOW has been used for the
surface waters at Site 401 based on a numerical model of Tindall et al.
(2010) that assumes ice-free conditions for the Eocene. This value is
well in line with an independent model of Huber et al. (2003). For the
comparison sites we also applied values given by Tindall et al. (2010)
(see also the corresponding figure captions). For thermocline and
deep-waters at all sites we used a sea-water δ18Osw of−0.96‰ accord-
ing to Zachos et al. (1994) assuming ice-free conditions.
3. Results and discussion

3.1. Preservation

Calcite preservation is crucial for interpreting foraminiferal stable
isotope data in paleoceanographic research. Diagenetic alteration of fo-
raminiferal calcite can have a significant impact on the δ13C and δ18O
signature, specifically if recrystallization and precipitation of diagenetic
calcite took place (e.g. Pearson et al., 2001; Edgar et al., 2015). While
δ13C of recrystallized planktic foraminifera from deep-sea cores usually
shows similar values as unaltered calcite, δ18O tends to increase due to
thebottom-water signal recordedby precipitated secondary calcite dur-
ing early diagenesis. Previous studies suggest that absolute δ18O values
are changed through recrystallization, but general trends of δ18O chang-
es remain largely preserved (e.g. Pearson et al., 2001). At Site 401 we
Fig. 3. SEM and reflected light-microscope images of plankti
visually examined the preservation of foraminifera using a binocular
stereo microscope during the picking process, but also examined some
specimens using scanning electron microscopy (Fig. 3). The PETM and
ETM2 intervals are largely characterized bywell preserved foraminiferal
tests with semi-translucent to opaque skeletons (Bornemann et al.,
2014; D'haenens et al., 2014). For the Paleocene and the remaining Eo-
cene the preservation becomes somewhat poorer with opaque shells
and clogging of some pores, but otherwise well preserved shell micro-
structure, particularly close to the condensed interval at the early–mid-
dle Eocene transition, overall preservation is still considered good.
Foraminiferal tests analyzed were unfilled, and displayed primary fea-
tures like pores, keel structures and openings (Fig. 3), in the worst
case signs of incipient recrystallization and precipitation of secondary
calcite were observed.
3.2. Stable isotope results from DSDP Site 401

Depth habitats of the studied planktic foraminifera taxa as inferred
from the isotope data are well in linewith interpretations in the current
literature (see Pearson et al., 2006, for an overview). Morozovella/
Morozovelloides, Acarinina and Globoturborotalita inhabited a surface
water niche and had a photosymbiotic life style as suggested by heavy
δ13C and light δ18O values (Fig. 4). A subsurface habitat, presumably at
thermocline depth for Subbotina and Hantkenina is indicated by inter-
mediate values between the surface dwelling and epibenthic foraminif-
era (Cibicidoides, Nuttallides truempyi), which indicate the lowest
temperatures by displaying the heaviest δ18O and the lightest δ13C
values. Globigerinatheka shows values that are between the surface
and subsurface dwellers. The lighter δ13C of Globigerinatheka compared
c and benthic foraminifera tests analyzed in this study.



Fig. 4. Complete δ13C and δ18O records againstmeters below sea-floor (mbsf) generated for DSDP Site 401. EMET=early–middle Eocene transition. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)
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to other taxa argues for a non-photosymbiotic life style, and the light
δ18O reflects a depth habitat that was only slightly deeper than for
Morozovella/Morozovelloides and Acarinina possibly at the base of the
surface mixed-layer. In previous studies Globigerinatheka has been
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interpreted to inhabit a mixed-layer habitat with a tendency to sink to
deeper depths for gametogenesis (Boersma et al., 1979; Pearson et al.,
1993, 2001; Premoli Silva et al., 2006; Sexton et al., 2006b), however,
there is also evidence for existence of photosymbionts in other studies
-2 -1 0 1
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surface-subsurface
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fera for DSDP Site 401. In this figure only samples with paired measurements have been
or interpretation of the references to color in this figure legend, the reader is referred to
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(Pearson et al., 1993, 2001). Since the analyzed Globigerinatheka speci-
mens showed a slight encrustation we propose a deeper habitat during
gametogenesis and precipitation of a gametogenic calcite crust.

3.2.1. Long-term trends
Since our records reveal the typical relative offsets for both δ13C and

δ18O tracing the different depth habitats, relative changes in these gra-
dients can be used to draw conclusions concerning the stability of sur-
face water stratification as well as relative changes in temperature and
productivity of the different water masses through time.

For δ13C the values of subsurface dwellers and benthic foraminifera
are very close together with an average offset of b1‰, which is within
the range of modern oceanic δ13CDIC gradients between thermocline
and bottom waters (e.g. Kroopnick, 1985). Values for the surface
dwellers are ~2‰ heavier than for the subsurface ones (Figs. 4 and 5).
In contrast, δ18O values of subsurface dwelling foraminifera are more
similar to the surface dwellers. This difference in the behavior of the
subsurface Subbotina can at least partly be attributed to the strong
photosymbiotic effect in the surface-dwelling morozovellids which ex-
aggerates the δ13C gradient between the two planktic groups. The δ18O
gradient between the depth habitats becomesweaker and almost disap-
pears during the early Eocene (upper NP10 to NP14 nannofossil
biozones, 186–170 mbsf) suggesting enhanced vertical mixing of the
water masses during the EECO. The δ13C gradient diminishes only at
the NP10/NP11 boundary, and remains rather constant throughout
the remaining Eocene. However, considering only the non-
photosymbiotic subbotinids the δ13C gradient is small for the same
long interval as for δ18O. The photosymbiont-effect on δ13C of surface
dwelling foraminifera is probably masking the long-term attenuation
of the benthic–planktic gradient (Fig. 4). Higher temperatures during
the EECO are visible in all studied foraminifera groups, and suggests
that the entire ocean warmed up during the EECO. In contrast there is
a well developed post-EECO cooling trend in benthic foraminiferal δ18O.

For δ18O the gradient between benthic and planktic foraminifera be-
comes more pronounced in the middle Eocene with a relatively con-
stant difference of 2‰ which equals ~8 °C temperature difference; by
contrast it is only b1 (~4 °C) during the NP11–NP14 interval. This con-
trast reflects the long-term bottom water cooling seen in benthic fora-
minifera, while the isotopic composition of planktic foraminifera
remains nearly unchanged.

Long-term changes in δ13C follow the well-known secular trends of
the global carbon cycle. Komar et al. (2013) ascribe the long-secular
changes during the late Paleocene–early Eocene to changes in the or-
ganic carbon burial, specifically Arctic coal, whereas a decrease in net
organic carbon burial may represent enhanced oxidation of previously
deposited organic matter as peat or gas hydrates.

3.2.2. Short-term changes
The long-term record is interrupted by a number of the transient

hyperthermal events such as the PETM (~202.5 mbsf) and ETM2
(~191 mbsf) as indicated by sharp drops in δ13C and δ18O (Bornemann
et al., 2014; D'haenens et al., 2014). A third negative peak at ~183.5
mbsf of ~1‰ in δ13C has been observed close to a stratigraphic position
where ETM3 usually occurs, however, the broad peak seems to cover a
longer interval than expected for ETM3, raising the question of whether
this δ13C peak is indeed ETM3. The modest temporal resolution of our
record restricts our ability to confidently detect the series of minor
hyperthermal-like events during the ~5 myr interval following the
EECO as observed at other deep-sea sites (e.g. Cramer et al., 2003;
Sexton et al., 2011; Zachos et al., 2010).

3.3. Supra-regional long-term comparison

A comparison between Site 401 with previously published records
revealsmany similarities, but also sheds new light on the early andmid-
dle Eocene climate evolution in theNorth Atlantic region (Figs. 6 and 7).
We consider the comparison of benthic foraminifera records to be
broadly reliable, since seafloor diagenesis at some of our comparison
sites should still produce seafloor isotopic ratios in benthic foraminiferal
calcite (Edgar et al., 2013; Voigt et al., 2016). In recrystallized material,
planktic foraminifera isotope data are likely to be reset toward seafloor
isotopic ratios and therefore track conditions in the deep ocean rather
than the surface waters (e.g. Pearson et al., 2001).

Specifically the reliability of planktic foraminifera isotope values
from the Pacific Sites 865 and 1209 have been questioned due to the
strong degree of recrystallization (Pearson et al., 2007; Pearson and
Wade, 2007; Kozdon et al., 2011). Whereas a global bottom water
cooling based on benthic foraminiferal δ18O is generally accepted,
doubt has been shed on an accompanied surface water cooling at low-
latitudes based on results from the TEX86 SST proxy and δ18O of excel-
lently preserved planktic foraminifera from Tanzania (Pearson et al.,
2007), a more detailed discussion can be found in section 3.3.2). The
process of recrystallization is expected to shift planktic foraminiferal
calcite toward the composition of benthic foraminifera, accounting for
theparallel trends in both groups through themiddle Eocene at bothPa-
cific sites. The latter might also apply to some extent to the Demerara
Rise samples that also display signs of recrystallization (Bice and
Norris, 2005).

Benthic foraminiferal δ13C and δ18O of Site 401 are both very similar
to the global compilations of (Cramer et al., 2009) and (Zachos et al.,
2001; Zachos et al., 2008; Fig. 6A and D). Subsurface and surface dwell-
ing foraminiferal δ13C values from the Pacific sites show usually some-
what heavier than those of Site 401 before 46 Ma (e.g. Bralower et al.,
1995; Dutton et al., 2005). During the earliest Eocene the δ13C gradient
between 401 and the Pacific sites is very pronounced (up to ~2‰) and
larger in surface planktic foraminifera than in subsurface taxa. This
might be explained by potentiallywarmer andmore oligotrophic condi-
tions in the Pacific that possibly forced enhanced photosymbiotic activ-
ity (Norris, 1996). Moreover, higher clay and terrestrial carbon input
rates associated with enhanced freshwater runoff into the eastern
North Atlantic as also reflected by the generally darker sediment color
(Fig. 2) during most of the early Eocene might also have caused a
lower δ13CDIC. After 46Ma relatively uniform δ13C values for all habitats
are observed at all sites (Fig. 6A and D).

As shown in Fig. 6E, δ18O of the subsurface dwellers display the ex-
pected order with the heaviest values for Site 690 followed by the Pacif-
ic and Atlantic values. For the surface dwellers the lightest δ18O data
(Figs. 6F and 7) reflecting the highest temperatures are recorded for
the Eocene of Demerara Rise (equatorial western Atlantic) followed by
the Pacific and North Atlantic values that both suggest broadly similar
SSTs (Fig. 7). Coolest conditions are observed in the δ18O of Maud Rise
(Southern Ocean).

It is striking that the long-term cooling is not apparent or onlyweak-
ly developed in planktic foraminiferal δ18O at Site 401 (Figs. 6 and 7),
whereas all other Eocene records show a temperature decline by ~6 °C
between the EECO (50–53 Ma) and the top of our record at 40 Ma.
The post-EECO cooling pattern is most pronounced at Maud Rise and
Demerara Rise.

The largest planktic–benthic temperature gradient has been recog-
nized for the equatorial Atlantic with 15 °C, and about 8 °C at Sites
401, 865 and 1209 (Fig. 7). However, the depth-gradient becameweak-
er by ~4C at both Pacific sites after 51 Ma, which is very small for such a
deep setting in the low latitudes and, thus, points also to severe diage-
netic alteration of planktic foraminiferal δ18O. At Site 690 the tempera-
ture gradient is very muted arguing for enhanced vertical mixing at this
site and potential deep-water formation (Fig. 7) as previously suggested
by Thomas et al. (2003) based on neodymium isotopes. The
disappearance of the surface to bottom-water gradient may be some-
what overstated due to a potential diagenetic alteration and uncer-
tainties in the assumed δ18OSW composition, however, the chosen
value of −1.2‰ is suggested by two independent models (Huber et
al., 2003; Tindall et al., 2010) and minor changes still suggest the
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presence of a small surface to bottom-water gradient. Moreover, en-
hanced verticalmixing in the SouthernOcean is supported by numerical
modeling. While mean annual stratification increases almost
everywhere during warmer climates (Sarmiento et al., 1998; de Boer
et al., 2007), a weaker stratification associated with enhanced vertical
convection has been observed in numerical simulations at the southern



Fig. 7. Surface-water (large squares) and bottomwater temperatures (small circles) of selected siteswhich provide benthic andmixed-layer planktic foraminifera data applying the same
assumption as in Fig. 6. EMET = early–middle Eocene transition, B. = Bartonian, and Th. = Thanetian. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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high latitudes due to surface water cooling during Austral winters (de
Boer et al., 2007) as probably reflected by the small thermal benthic–
planktic gradient at Site 690.

In the following we focus on two key features of the early to middle
Eocene interval, where Site 401 provides new clues to North Atlantic
paleoceanography.

3.3.1. Early–middle Eocene transition
The early–middle Eocene transition coincides with the start of the

long-term deep-water cooling following the EECO (Figs. 4–7). In deep-
marine sediment sequences of the North Atlantic the early–middle Eo-
cene boundary is usually represented by anhiatus of 1 to 2myr duration
(Aubry, 1995; Norris et al., 2001a) and has, thus, rarely been recovered
during ocean drilling. This stratigraphic level corresponds in age to the
widely correlated seismic reflector AC in the North Atlantic caused by
a lithological transition from chert to biosilica-rich ooze (Tucholke and
Mountain, 1986).

At DSDP Site 401 a drop in average sedimentation rates from 0.5 to
b0.1 cm/kyr indicate the existence of a major hiatus covering most of
nannofossil biozone NP14, which is well in line with findings from
other places in the North Atlantic (Aubry, 1995; Norris et al., 2001a).
Based on the age–depth plot (Fig. 2) this hiatus or interval of low sedi-
mentation rates might span up to four million years resulting in low
data resolution for this interval (Figs. 5 and 6). Further, the interval is
characterized by a change in sediment color from reddish-brown
below to pale brown above NP14 (Fig. 2). CaCO3 shows high fluctua-
tions during the Paleocene and early Eocene with minimal values
(26 wt%) right below and very high values (80 wt%) directly above
this potential hiatus, but then remains remarkably stable with cyclically
changing values between 40 and 70 wt% in the middle Eocene (Fig. 4).
Sedimentation rate increases to N1.2 cm/kyr as also indicated by the ex-
panded thickness of calcareous nannofossil biozones NP15 and NP16.

Recently drilled sites off Newfoundland (Expedition 342 Scientists,
2012) consistently record a drop in CaCO3 by about 40 wt% at the
C21r/C21n transition which lies within nannofossil biozone NP14. This
sharp decline of CaCO3 goes along with a general increase in MAR at
these sites, which might indicate intensification of the bottom water
current carrying high loads of fine-grained siliciclastics and biosilica to
form the first sedimentary drifts in the North Atlantic. Considering the
substantial increase in CaCO3 at Site 401, and assuming a largely uni-
form CCD depth in the North Atlantic basin we propose that the major
decrease in CaCO3 off Newfoundland is at least partly due to dilution
by clays and biosilica.

At almost the same time intensification of deep-water currents
across this boundary is proposed by the contemporaneous onset of
sediment drift deposits within a restricted sedimentary basin at the
Greenland–Scotland Ridge, a key gateway for Arctic Ocean outflow
into the North Atlantic (Hohbein et al., 2012). Also at Blake Nose in
the western North Atlantic, winnowed foraminiferal sands have
been deposited across the early–middle Eocene boundary disconfor-
mity (48–49 Ma, Norris et al., 2001b) contemporary to the increase
in sedimentation rates at Site 401 as reflected by the expanded
NP15 and NP16 interval. It seems that the entire North Atlantic has
experienced a change in the sedimentation regime with an increase
in deposition of fine grained material resulting in the first drift com-
plexes or at least in general higher thicknesses of the NP15–NP16
interval.

The early–middle Eocene transition is also considered to represent a
critical threshold transition in Earth's climate evolution, since it coin-
cides not only with a widespread hiatus, but also with (i) the onset of
the post-EECO global deep-water cooling trend (Zachos et al., 2008),
and (ii) major changes in deep-sea circulation as evident through the
development of a strong global interbasinal δ13C gradient (Sexton et
al., 2006a). The latter has been interpreted to reflect either a switch to
a single site of deep water formation and/or a substantial increase in bi-
ological export production and remineralization (e.g. McGowran,
1989). In contrast to Sexton et al. (2006a), the increase of the
interbasinal δ13C gradient is not obvious in our compilation (Fig. 6A)
due to lack of the multi-site Indian Ocean data used by Sexton et al.
(2006a) and Hohbein et al. (2012).



138 A. Bornemann et al. / Global and Planetary Change 145 (2016) 130–140
At Site 401 we observed an increase in the surface to bottom-water
gradient that coincides with major changes in deep-sea circulation as
indicated by the increase in sedimentation rates and the onset of the
post-EECO deep-water cooling trend (Fig. 4). Further a crossover in
planktic δ18O between Pacific data and Site 401 is observed during
this interval (Fig. 6). The Pacific δ18O values became increasingly heavier
indicating surface ocean cooling or more likely increased seafloor dia-
genesis, whereas the North Atlantic data remain relatively stable.

3.3.2. Post-EECO surface ocean – cooling or non-cooling?
The long-term post-EECO cooling is a prominent feature of most

open-oceanic benthic foraminiferal δ18O records (Cramer et al., 2009;
Zachos et al., 1994, 2001, 2008). This temperature decline is not only re-
corded in benthic foraminiferal δ18O, but also in other proxy data such
as benthic foraminiferal Mg/Ca (Lear et al., 2000; Dutton et al., 2005;
Hollis et al., 2012), and for the surface ocean by TEX86 (Bijl et al., 2009,
2013; Hollis et al., 2012; Inglis et al., 2015), specifically from the South-
ern Ocean, and from planktic foraminiferal δ18O in the central Pacific
(Bralower et al., 1995; Dutton et al., 2005) and Demerara Rise (Bice
and Norris, 2005, Fig. 7). In order to explain this long-term cooling
trend two mechanisms are usually discussed: (i) tectonic changes in
the southern hemisphere, specifically the opening of the Tasmanian
gateway or the Drake Passage e.g. (Lawver and Gahagan, 2003;
Lagabrielle et al., 2009) and (ii) a decline in atmospheric pCO2 and/or
other greenhouse gases (Pagani et al., 2005; Zachos et al., 2008). Bijl et
al. (2013) made a strong case for the opening of Tasmanian gateway
about 49 Ma that initiated the westward flow of the Antarctic counter
current based on changes in the biogeographic pattern of dinoflagellate
cysts. At the same time TEX86 derived SSTs start to decline by 2 to 4 °C. In
contrast, Inglis et al. (2015) attribute only 10% of the observed middle
Eocene cooling to an ocean gateway-induced reorganization of ocean
currents. Based on numerical modeling they postulate a decline in
greenhouse gas concentrations specifically pCO2. However, the same
authors point out that the evolution of pCO2 during the Eocene is still
poorly constrained. Bijl et al. (2013), in turn, argue that the difference
in SSTs between rather constant low-latitude and mid-latitude North
Atlantic data is difficult to explain by atmospheric CO2 forcing alone.
This view is also supported by a Cenozoic pCO2 compilation of Norris
et al. (2013) which displays no substantial pCO2 decline from the
EECO to the late Eocene. All this suggests that pCO2 is not themain driv-
er behind the middle Eocene cooling. The lack of large permanent Ant-
arctic ice sheets and, thus, of enhanced southern hemisphere albedo
requires other mechanisms to explain the global SST patterns, such as
the effects of gateways in combination with a minor to moderate de-
cline in atmospheric pCO2 (Zachos et al., 2008).

Whereas a global bottom water cooling is generally accepted, doubt
has been shed on an accompanied surface water cooling at low-lati-
tudes based on results from the TEX86 SST proxy and δ18O of excellently
preserved planktic foraminifera from Tanzania (Pearson et al., 2007;
Pearson andWade, 2007). These authors propose that the planktic fora-
minifera-based temperature signal has been substantially altered by
diagenetic recrystallization at both Pacific sites, which is also supported
the re-evaluation of the data in this study, e.g., through the aforemen-
tioned abnormally low benthic–planktic gradient and our temperature
comparison between sites (Fig. 6). Since the paleolatitude of ODP Site
865 (Allison Guyot) was ~7°N in the early Eocene, and ~23°N at Shatsky
Rise Site 1209 (at 56Ma,McInerney andWing, 2011), it is reasonable to
assume that SSTs from Site 865 should have been constantly higher
than at Site 1209, and those of both Pacific sites higher than at Site
401 (42 °N). This expected pattern has been indeed observed between
56 and 51 Ma with SST of ~25 °C for Site 865, ~22 °C for Site 1209 and
~20 °C for Site 401, however, the SST estimates all converge at the
early–middle Eocene transition and the younger part of the record
(Fig. 7). The Demerara Rise record is distinctly warmer than the Pacific
throughout the whole record. The warm Atlantic waters might reflect
a warm pool there compared location of 865 and 1209 in cooler mid
Pacific waters. However, the ~30 °C EECO record from Demerara Rise
seems unusually warmer than the warmest Pacific SSTs (~25 °C) sug-
gesting that Pacific value may be strongly under-estimated due to dia-
genetic overprinting in the planktic foraminifera records.

Inglis et al. (2015) reevaluated existing TEX86 records considering a
new interpretation and calibration of existing data. Similar to Bijl et al.
(2009) they observed an up to 6 °C cooling in the high latitudes, where-
as the low-latitude cooling does not exceed 2 °C over our study interval
(LOESS regression data, Inglis et al., 2015), or is almost nonexistent as in
the Tanzania record (Pearson et al., 2007). Unfortunately the mid-lati-
tude North Atlantic is again underrepresented in terms of TEX86 data.
Only a low-resolution record of New Jersey Shelf sediments (South
Dover Bridge, Inglis et al., 2015) represents a similar paleolatitude as
Site 401. However, the interval of interest is covered by only three
data points which tentatively suggest a 2 °C cooling. From the high lat-
itude Site 913 east of Greenland no early Eocene and early middle Eo-
cene data are available. Hence, neither the Greenland site nor New
Jersey allow for a detailed interpretation of SSTs in the North Atlantic
for the study interval. After re-evaluating existing literature data and
considering our planktic foraminiferal δ18O results we suggest an asym-
metric surface water cooling between the mid- to high-latitudes in the
southern hemisphere where surface water cooling is well documented,
and the low latitudes and northern hemisphere (Fig. 6), where the
amount of temperature decline is either limited or somewhat question-
able. However, available data sets for the low latitudes and the northern
hemisphere are still very limited, andmore reliable SST data are needed
to confirm the proposed spatial cooling pattern. As one possible expla-
nation for the diminished surfacewater cooling in the eastern North At-
lantic we propose the existence of an Eocene (proto-)Gulf stream
(Huber et al., 2003) that brings continuously warm surface waters to
the Bay the Biscay and compensates any existing atmospheric cooling
in this region.

Southern ocean surface waters are known to be the primary source
for intermediate and deep waters in the ocean overturning system dur-
ing the Eocene (Bijl et al., 2009; Huber and Sloan, 2000). This is support-
ed specifically by neodymium isotope data (e.g. Thomas et al., 2003).
Further pollen-based reconstructions suggest that intermediate water
production primarily took place during the winter season when cold,
dense water convected downward in the Southern Ocean (Bijl et al.,
2009). Another piece of evidence for deep-water formation in this
area comes from the almost absent benthic–planktic temperature gradi-
ent at Site 690 (Fig. 7). In addition, intermediate water carbon isotope
gradients between ocean basins also suggest increased formation of
Southern Ocean intermediate waters in the Eocene (Hohbein et al.,
2012).

Sexton et al. (2006a) argue that a strong correlation between inter-
basin isotope gradients points to a link between water mass aging and
background ocean temperatures during Eocene warmth. A diminished
gradient between ocean basins may either suggest multiple deep
water sources during temperature maxima or, in the case of δ13C a re-
duction in biological pump efficiency. These authors suggest that north-
ern hemisphere deep water formation must have been minimal due to
the low δ13C signatures of both Pacific and Atlantic oceans. Moreover,
the temperature gradient between low latitudes and southern high lat-
itudes based on TEX86 data becomes stronger from the onset of post-
EECO cooling onward, supporting also a polar trigger for the long-
term cooling (Inglis et al., 2015). An additional deep-water source has
been proposed by Hohbein et al. (2012) from the North Atlantic at the
early–middle Eocene boundary, which they interpreted as the initiation
of North Atlantic Deep Water formation. However, Bijl et al. (2013) as-
sume that this water mass would have flooded a depth below the CCD
and is, thus, not reflected in any benthic isotope data analyzed so far
from theNorth Atlantic. These lines of evidence in combinationwith en-
hanced surface water cooling in the Austral realm suggest that the early
and middle Eocene δ18O of benthic foraminifera recorded at Site 401
and elsewhere in the open oceans is controlled by intermediate and/
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or bottomwaters that formed in themid- to high latitudes of the south-
ern hemisphere.

4. Conclusions

The new multispecies benthic and planktic foraminiferal δ13C and
δ18O records of DSDP Site 401 provide a detailed paleoceanographic sin-
gle site record of theNorthAtlantic for the uppermost Paleocene tomid-
dle Eocene interval. The following key results have been revealed:

1. The early Eocene data display well pronounced records of two tran-
sient warming events (PETM, ETM2) in all studied foraminiferal
taxa. Long-term benthic foraminiferal δ13C and δ18O results agree
with records from other oceans, in particular with the multi-site
compilation of Cramer et al. (2009). The benthic δ18O data show a
pronounced 2‰ increase during themiddle Eocene, which is usually
interpreted as a long-term post-EECO cooling.

2. In contrast, no substantial surface water cooling during the middle
Eocene is indicated by the δ18O of planktic foraminiferal calcite at
Site 401. These new data are consistent with data from Tanzania
Pearson et al. (2007) that suggest only a minimal decrease in surface
ocean temperatures from the EECO into the middle Eocene. We pro-
pose that either (i) that the North Atlantic (andmaybe other low lat-
itudinal regions) might have been less sensitive to the well known
southern hemisphere climate cooling during the middle Eocene
and/or (ii) that the (proto-)Gulf stream transported continuously
warm surface waters into the eastern North Atlantic resulting in
rather constant surface water temperatures. Further, we conclude
that previously suggested surface ocean cooling in the (sub-)tropical
Pacific Ocean based on planktic foraminiferal δ18O is most likely a
consequence of sea-floor diagenesis.

3. The early–middle Eocene transition is represented by a hiatus or sev-
eral hiati resulting in low average sedimentation rates. Following this
transition the Atlantic Ocean experienced a major change in the sed-
imentary regime with an increase in sedimentation rates and the
onset of drift deposits. Changes in the δ18O gradients accompanied
with this event suggest different surface water temperature histories
for different ocean basins.

4. In general the benthic δ13C records show only very small gradients
between the studied ocean basins with a tendency toward some-
what heavier values for the Southern Ocean site. This gradient in
combination with the observed benthic–planktic decoupling over
the middle Eocene suggests that the dominant deep or intermediate
water source was positioned in the Southern Ocean that brought the
southern hemisphere cooling signal to the North Atlantic intermedi-
ate waters as recorded in the benthic foraminiferal δ18O of DSDP Site
401.
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