Marine Micropaleontology 88-89 (2012) 15-35

Contents lists available at SciVerse ScienceDirect

Marine Micropaleontology

journal homepage: www.elsevier.com/locate/marmicro

Multiple early Eocene benthic foraminiferal assemblage and & '>C fluctuations at
DSDP Site 401 (Bay of Biscay — NE Atlantic)

Simon D'haenens **, André Bornemann °, Peter Stassen ?, Robert P. Speijer *

2 Department of Earth and Environmental Sciences, KU Leuven, Celestijnenlaan 200E, B-3001 Leuven, Belgium
b Institut fiir Geophysik und Geologie, Universitdt Leipzig, Talstrasse 35, D-04103 Leipzig, Germany

ARTICLE INFO ABSTRACT

Article history:

Received 11 May 2011

Received in revised form 17 February 2012
Accepted 20 February 2012

Within the last decade, several early Eocene hyperthermals have been detected globally. These transient
warming events have mainly been characterized geochemically - using stable isotopes, carbonate content
measurements or XRF core scanning - yet detailed micropaleontological records are sparse, limiting our un-
derstanding of the driving forces behind hyperthermals and of the contemporaneous paleoceanography.
Here, detailed geochemical and quantitative benthic foraminiferal records are presented from lower Eocene

'ézﬁ:fgds‘ pelagic sediments of Deep Sea Drilling Project Site 401 (Bay of Biscay, northeast Atlantic). In calcareous nan-
Benthic foraminifera nofossil zone NP11, several clay-enriched levels correspond to negative 5'>C and 6'80 bulk-rock excursions
Ecology with amplitudes of up to ~0.75%., suggesting that significant injections of '?C-enriched greenhouse gasses
Hyperthermal and small temperature rises took place. Coeval with several of these hyperthermal events, the benthic

Deep Sea Drilling Project foraminiferal record reveals increased relative abundances of oligotrophic taxa (e.g. Nuttallides umbonifera)
and a reduction in the abundance of buliminid species followed by an increase of opportunistic taxa (e.g.
Globocassidulina subglobosa and Gyroidinoides spp.). These short-lived faunal perturbations are thought to
be caused by reduced seasonality of productivity resulting in a decreased Cog flux to the seafloor. Moreover,
the sedimentological record suggests that an enhanced influx of terrigenous material occurred during these
events. Additionally, the most intense '>C decline (here called level &) gives rise to a small, yet pronounced
long-term shift in the benthic foraminiferal composition at this site, possibly due to the reappraisal of upwelling
and the intensification of bottom water currents. These observations imply that environmental changes during
(smaller) hyperthermal events are also reflected in the composition of deep-sea benthic communities on
both short (<100 kyr) and longer time scales. We conclude that the faunal patterns of the hyperthermals
observed at Site 401 strongly resemble those observed in other deep-sea early Paleogene hyperthermal
deposits, suggesting that similar processes have driven them.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

The Paleocene-Eocene Thermal Maximum (PETM; ~55.8 Ma) is a
geologically brief (~170 kyr; Rohl et al., 2007) climate perturbation
that is characterized by an increase of global temperatures by ~5-
10 °C (Kennett and Stott, 1991; Zachos et al., 2003; Tripati and
Elderfield, 2005; Sluijs et al., 2008). The onset of the PETM is also
marked by a prominent negative carbon isotope excursion (CIE) of
more than 2%. in both marine and terrestrial sedimentary sequences
(McInerney and Wing, 2011) and by CaCOs dissolution in deep-sea
sediments (Zachos et al., 2005; Zeebe and Zachos, 2007). The CIE
and dissolution phenomena associated with this hyperthermal
event are generally considered to be caused by a massive injection
of '2C-rich carbon released by methane hydrates into the ocean-
atmosphere system, yet the sources and mass of the input remains
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uncertain and controversial (Dickens, 2011). The repercussions on
faunal and floral communities were significant, with numerous biotic
turnovers both on land and in the oceans (Crouch et al, 2001;
Bralower, 2002; Raffi et al., 2005, 2009; Wing et al., 2005; Gibbs et
al., 2006; Gingerich, 2006; Scheibner and Speijer, 2008), but the
most notable biotic event is the large extinction (30%-50% of species)
of deep-sea benthic foraminifera (Thomas, 1990, 1998, 2003, 2007;
Kennett and Stott, 1991; Thomas and Shackleton, 1996). This extinc-
tion sharply contrasts to the K-Pg boundary, when deep-sea benthic
foraminiferal assemblages displayed no significant changes (Culver,
2003; Alegret and Thomas, 2007, 2009).

Thomas and Zachos (2000) suggested that the PETM might not be
a singular event, but only the most extreme example of a series of
similar events. The first evidence for this hypothesis was a stacked
high-resolution global carbon isotope record based on early Paleo-
gene deep-sea sites (DSDP Sites 550 and 577; ODP Sites 690 and
1051), which revealed several late Paleocene and early Eocene CIEs,
and which were labeled with an alphanumeric scheme (A-K)
(Cramer et al, 2003). Several studies have confirmed the
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Fig. 1. Location of DSDP Site 401. (A) Paleogeographic reconstruction (~53 Ma; http://www.odsn.de/odsn/services/paleomap/paleomap.html) with locations of DSDP Sites 401,

550, 577 and ODP Sites 690, 762, 1051, 1209-1212, 1215, 1262-1267 and land sections (
bathymetric map with locations of DSDP Sites 401 and 550.

hyperthermal nature of some of these CIEs, among those H1 (also
ETM-2; ~53.7 Ma; Lourens et al., 2005; Nicolo et al., 2007; Galeotti
et al,, 2010), H2 (~53.6 Ma; Stap et al., 2009, 2010a,b), 11 and 12
(~53.20 and ~53.18 Ma, respectively; Nicolo et al, 2007; Leon-
Rodriguez and Dickens, 2010) and K (also ETM-3 or X-event;
~52.5 Ma; Agnini et al., 2009; Galeotti et al., 2010). Furthermore, it
appears that these events all share a similar origin, which is based
on their diagnostic frequencies due to orbital forcing (Lourens et al.,
2005; Nicolo et al.,, 2007; Westerhold et al., 2007; Galeotti et al.,
2010; Sexton et al., 2011), although the PETM seems to be out of

Italy: Farra, Possagno, Contessa; New Zealand: Mead Stream, Dee Stream). (B) Present-day

phase with the long-term eccentricity cycle of ~400 kyr (Zachos et
al., 2010).

Nevertheless, our present understanding of these post-PETM
hyperthermals remains relatively unconstrained as little is known
about the biotic responses and the supposed paleoceanographic
changes. Moreover, if hyperthermals were a recurrent aspect of the
early Paleogene greenhouse world, systematic faunal responses
would be expected. Therefore, a high-resolution investigation of
faunal and isotope patterns across PETM-like events in the early
Eocene may provide more detailed information on the possible
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Fig. 2. Core photograph, stratigraphy and geochemical data plotted versus depth. Coarse fraction (CF), CaCO5 content, total organic carbon (TOC) content and stable isotope bulk
records of cores 13 and 12 are shown next to the nannoplankton biozonation (Martini, 1971). Dots represent low-resolution magnetostratigraphic data by Hailwood (1979)
(Black dot =normal polarity; white dot = reversed polarity). Tick marks next to the core photograph represent all samples. The dashed line at 193.00 mbsf represents a lithological
break. Hatched interval represents the recovery gap at the base of core 12. Crosses represent bulk stable isotope data from Létolle et al. (1979).
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linkage between global warming events, paleoceanography and the
sensitivity of deep-sea biota.

To address these issues, we focused on lower Eocene sediments of
Deep Sea Drilling Project (DSDP) Site 401 (Bay of Biscay, northeast
Atlantic), one of the most northern deep-sea drilling sites to provide
Eocene pelagic carbonates. While previous geochemical and micropa-
leontological studies of Site 401 focused on the interval bracketing
the PETM (Pak and Miller, 1992; Pardo et al., 1997; Nunes and
Norris, 2006), this study aims at investigating the postulated faunal
responses of post-PETM hyperthermal events. The studied sequence
provides an excellent opportunity to detect and characterize
hyperthermals in the deep-sea realm of the northeast Atlantic. By
generating a detailed quantitative foraminiferal record complemen-
ted by stable isotopes, we attempt to assess the sensitivity of early
Eocene benthic communities with respect to oceanographic proper-
ties such as Cog flux to the sea floor, ocean circulation, stratification,
acidification and warming.

Table 1

2. Material and methods
2.1. DSDP Site 401

Deep Sea Drilling Project (DSDP) Site 401 (47°25.65’ N, 08° 48.62'
W; 2495 m present water depth) is located on Meriadzek Terrace, a
tilted fault block on the northern margin of the Bay of Biscay, north-
east Atlantic Ocean (Montadert et al., 1979a; Fig. 1). In the early
Paleogene, this site was located at a latitude of ~43°N (Mclnerney
and Wing, 2011). In total, 50 samples have been studied from the sed-
imentary succession consisting of lower Eocene pale grayish-brown,
calcareous nannofossil chalks of cores 12 and 13 (Fig. 2 and Table
1). From core 13, an interval of 5.8 m (194.80-189.00 mbsf) was sam-
pled in relatively low resolution (~10-40 cm) in the lowermost and
uppermost part of the core and in high resolution (~4-5 cm) across
several marly levels present in this interval. From core 12 only the
core catcher was sampled.

Geochemical and lithological data used in this study. CaCO; content, coarse fraction (CF; > 63 pm), total organic carbon (TOC) and stable isotopes. ‘X’ marks the samples used for the

quantitative micropaleontological analysis.

Core Section Top Bottom Depth CaCO; CF TOC e 5'%0 Fauna
(cm) (cm) (mbsf) (wt.%) (% >63 um) (wt.%) (%0 V-PDB)
12 CcC 6 8 186.80 69.35 20.53 - - - X
13 1 5 8 189.05 79.06 12.41 0.11 1.10 —0.17 X
13 1 45 47 189.45 72.49 11.60 0.10 0.96 —0.17 X
13 1 58 59 189.58 74.48 11.50 0.11 0.96 —0.07 X
13 1 65 66 189.65 69.18 13.53 0.13 0.66 —0.64 X
13 1 70 71 189.70 71.71 14.28 0.10 1.05 —0.20 X
13 1 75 76 189.75 75.15 16.57 0.07 0.87 —0.39 X
13 1 80 81 189.80 72.49 22.06 0.08 0.93 —043 X
13 1 84.5 85.5 189.85 58.57 17.57 0.06 0.54 —0.51 X
13 1 88.5 90 189.89 58.17 14.34 0.07 0.73 —0.31 X
13 1 91.5 92.5 189.92 56.78 19.92 0.10 0.52 —0.68 X
13 1 98 99 189.98 48.92 21.39 0.10 0.34 —0.73 X
13 1 104 105 190.04 59.14 30.94 0.06 0.61 —0.84 X
13 1 108 109 190.08 69.49 33.39 0.12 0.78 —0.79 X
13 1 1125 1135 190.13 63.06 18.07 0.06 0.80 —0.60 X
13 1 119 120 190.19 66.21 11.65 0.08 0.76 —0.77 X
13 1 125 126 190.25 80.35 6.10 0.08 0.92 —0.56 X
13 1 129 1325 190.29 80.10 10.74 0.09 1.10 —0.25 -
13 1 134 135 190.34 78.00 7.89 0.07 0.95 —0.40 X
13 1 138 139 190.38 70.14 9.12 0.03 0.92 —0.40 X
13 1 144 145 190.44 64.64 8.51 0.08 0.69 —0.57 X
13 1 149.5 150.5 190.50 68.57 6.93 0.13 0.79 —0.74 X
13 2 4 5.5 190.54 69.35 13.62 0.15 0.88 —0.76 X
13 2 5 6.5 190.55 75.85 17.65 0.06 0.86 —0.67 X
13 2 10 11 190.60 78.02 13.85 0.09 0.95 —0.56 X
13 2 14.5 15.5 190.65 79.57 9.31 0.11 0.91 —0.62 X
13 2 43 46 190.93 82.09 9.22 0.17 1.01 —0.30 X
13 2 49.5 50.5 191.00 80.35 4.61 0.10 0.86 —0.42 X
13 2 55 56 191.05 70.92 5.86 0.08 0.74 —0.60 X
13 2 60 61 191.10 73.28 7.00 0.06 0.85 —0.48 X
13 2 65 66 191.15 70.95 6.02 0.07 0.70 —0.67 X
13 2 70 71 191.20 72.49 5.48 0.08 0.58 —0.78 X
13 2 75 76 191.25 75.64 4.63 0.06 0.87 —043 X
13 2 80 81 191.30 79.57 5.07 0.07 0.78 —0.60 X
13 2 88.5 91 191.39 79.06 6.44 0.07 0.88 —0.61 -
13 2 130 1315 191.80 72.32 10.12 0.07 1.08 —0.34 X
13 2 140 142 191.90 82.93 7.79 0.08 1.04 —0.48 X
13 2 148 150 191.98 83.63 9.61 0.11 0.79 —0.58 X
13 3 0 2 192.00 75.15 8.05 0.11 0.74 —0.67 X
13 3 4 7 192.04 84.34 14.17 0.07 0.96 —0.38 X
13 3 7 8 192.07 72.32 7.52 0.09 0.38 —1.07 X
13 3 12 14 192.12 80.10 9.61 0.09 0.80 —0.66 X
13 3 20 22 192.20 87.17 8.49 0.07 1.03 —0.50 X
13 3 43 45 192.43 69.49 13.27 0.08 0.73 —0.66 X
13 3 90 92 192.90 87.17 14.70 - 1.06 —0.48 X
13 3 130 1315 193.30 70.90 8.08 - 139 —0.26 X
13 4 3 5 193.53 64.54 8.93 - 1.50 —0.18 X
13 4 43 44.5 193.93 68.07 11.37 - - - -
13 4 93 95 194.43 68.78 17.69 - - - -
13 4 130 132 194.80 64.54 5.52 - 1.50 —0.18 X
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2.2. Stratigraphy

Stratigraphic control was obtained using a biostratigraphic zonation
scheme based on calcareous nannofossils. Our results are well in line
with those of Miiller (1979). We place the NP10/NP11 boundary at
192.43 mbsf, where the highest occurrence (HO) of Tribrachiatus
contortus and a crossover in abundance of T. contortus and T. orthostylus
occurs, following Martini (1971) and as amended by Raffi et al. (2005).
Due to the partial core recovery of core 12 (~75%), the actual NP11/
NP12 boundary (lowest occurrence (LO) of Discoaster lodoensis) could
not be unequivocally identified and is therefore located between
189.05 mbsf and 186.80 mbsf. Low-resolution magnetochronostrati-
graphic data (Fig. 2) are taken from Hailwood (1979). Basically, the
studied interval includes the top of Biozone NP10 and the (partially)
recovered biozone NP11.

2.3. Geochemistry and stable isotopes (6'3C, 6'%0)

CaCOs content, total organic carbon (TOC) content and stable iso-
tope values of the bulk sediment of all samples are given in Table 1.

Samples were analyzed with respect to their CaCOs; content
employing the carbonate bomb technique (Miiller and Gastner,
1971). In addition, the total organic carbon (TOC) content was mea-
sured using an ELTRA Metaly CS 100/100 at the Universitdt Leipzig.
For the TOC measurements approximately 100 mg of sediment were
decalcified with 10% HCL and dried for about 12 h at 90 °C. The preci-
sion for replicate analyses is about 2 wt.% for CaCO3; and 0.05 wt.% for
TOC.

Stable isotope compositions of the bulk sediments were measured
using a Kiel III online carbonate preparation line connected to a
ThermoFinnigan 252 mass spectrometer at the Universitdt Erlangen,
Germany. The crushed and dried bulk material reacted with 100%
phosphoric acid (density> 1.9, Wachter and Hayes, 1985) at 75 °C.
All values are reported in per mil relative to Vienna Pee Dee Belemnite
(V-PDB) by assigning a 6'3C value of +1.95% and a 6'®0 value of
—2.20%0 to NBS19. Reproducibility was checked by replicate analyses
of laboratory standards (IAEA-CO1) and is better than 4-0.02 (10) for
both 6!3C and &'%0.

2.4. Fauna

For the faunal study, 46 out of the initial 50 samples were ana-
lyzed due to lack of sufficient material in the remaining four samples.
The samples were dried at ~50 °C, weighed, soaked in tap water for
24 h, gently washed under running water through a 63 um sieve,

dried and weighed again. Benthic and planktic foraminifera were
counted from a representative split (using an ASC micro-splitter), so
that the number of benthic and planktic foraminifera per gram of sed-
iment (BFN and PFN, respectively) could be calculated. From the same
split, the percentage of planktic foraminifera (%P) was calculated
(~425-1700 specimens/split; average of ~900). %P can only be ap-
plied to determine depth of neritic to upper bathyal settings (>30-
1200 m depth) in (sub-) recent settings with some certainty (van
der Zwaan et al., 1990) and we primarily used %P to assess possible
dissolution intervals since planktic foraminifera are more prone to
dissolution than benthic foraminifera (van der Zwaan et al., 1990;
Nguyen et al., 2009). Concerning depth estimates, we followed
the bathymetric division defined in Van Morkhoven et al. (1986):
upper bathyal =200-600 m, middle bathyal=600-1000 m, lower
bathyal = 1000-2000 m and abyssal >2000 m.

The quantitative foraminiferal study was performed on represen-
tative aliquots. All benthic foraminifers were picked from the
>63 um residues and were mounted on reference slides. The size
fraction >63 pm was considered as most appropriate for this study,
as it enabled us to investigate small opportunistic taxa and slender
(serial) forms that may occur in deep-sea environments (Schroder
et al., 1987). Furthermore, as has been shown for the PETM, during
stressed marine conditions, small species and small specimens gener-
ally predominate (Thomas, 1998; Kaiho et al., 2006; Alegret et al.,
2010). Per sample, 212 to 978 specimens were picked (average of
~383). Up to four percent of the picked tests ended up being uniden-
tified because of preservation problems such as fragmentation and
calcite overgrowth so that characteristic features could not be deter-
mined, or because of indistinct juvenile forms.

Taxonomic assignments were based on and adapted from Proto
Decima and Bolli (1978), Schnitker (1979), Schnitker and Tjalsma
(1980), Boltovskoy (1983), Miller (1983), Tjalsma (1983), Tjalsma
and Lohmann (1983), Clark and Wright (1984), Miller et al. (1985),
Thomas (1985), Van Morkhoven et al. (1986), Hulsbos (1987),
Miller and Katz (1987), Boltovskoy and Boltovskoy (1989), Thomas
(1990), Miiller-Merz and Oberhdnsli (1991), Nomura (1991),
Boltovskoy et al. (1992), Mackensen and Berggren (1992),
Boltovskoy and Watanabe (1993), Boltovskoy and Watanabe
(1994), Nomura (1995), Alegret and Thomas (2001), Holbourn and
Henderson (2002), Katz et al. (2003), Nomura and Takata (2005),
Sztrakos (2005), Ernst et al. (2006), Ortiz and Thomas (2006),
Alegret and Thomas (2007) and Alegret et al. (2009). The generic
classification of Loeblich and Tappan (1988) was used and adapted
in some instances. The most important taxa were photographed
using Scanning Electron Microscopy (SEM) and their preservation

Plate 1. SEM micrographs of unsonicated specimens. All specimens are shown at the same scale (scale bar =100 um), unless indicated otherwise.

1. Nuttallides truempyi (Nuttall). 189.92 mbsf, 1a) umbilical view, 1b) spiral view.
2. Oridorsalis umbonatus (Reuss). 191.20 mbsf, 2a) umbilical view, 2b) spiral view.
3. Nonion havanense Cushman and Bermidez. 191.25 mbsf.

4-6. Bolivina huneri/crenulata 4) Bolivina huneri Howe. 194.80 mbsf. 5) Bolivina huneri/Bolivinoides crenulata intermediate. 190.34 mbsf. 6) Bolivinoides crenulata (Cushman).

194.80 mbsf.

7. Anomalinoides praespissiformis (Cushman and Bermudez). 194.80 mbsf. 7a) umbilical view, 7b) apertural view, 7c) spiral view.

8. Bulimina tuxpamensis Cole. 194.80 mbsf.

9. Aragonia aragonensis (Nuttall). 193.53 mbsf.

10. Tappanina selmensis (Cushman). 194.80 mbsf.

11. Bulimina thanetensis Cushman and Parker. 194.80 mbsf.
12-13. Bulimina virginiana (Cushman). 194.80 mbsf.

14. Praebulimina reussi (Morrow). 194.80 mbsf.

15. Praebulimina sp.1. 194.80 mbsf.

16. Eponides bollii (Cushman and Renz). 194.80 mbsf.

17. Siphonina tenuicarinata Cushman. 194.80 mbsf.

18. Anomalinoides alazanensis (Nuttall). 194.80 mbsf. 18a), spiral view, 18b) apertural view, 18c) umbilical view.

19. Seabrookia lagenoides Ten Dam. 189.89 mbsf.

20. Pseudoparrella minuta Olsson. 194.80 mbsf. 20a) umbilical view, 20b), spiral view.

21. Cibicidoides eocaenus (Giimbel). 194.80 mbsf. 21a) umbilical view, 21b) apertural view, 21c) spiral view.

22-23. Angulogerina muralis (Terquem). 22) 189.92 mbsf, 23) 186.80 mbsf.
24, Brizalina carinata (Terquem). 189.70 mbsf.
25. Pleurostomella paleocenica Cushman. 193.53 mbsf.
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was evaluated (See Plates 1 and 2). All original species descriptions
were checked with the online version of the Ellis and Messina catalog
(http://www.micropress.org).

The qualitative parameters used to characterize the benthic as-
semblages were the following:

Shannon-Wiener index H’
Dominance (1-Simpson index) A

H' =—3p;Inp;
A=3(p7)

with n being the total number of individuals and p (=n;/=n) the pro-
portion of taxon (i). The percentage of endobenthic morphotypes
(%endobenthics) was calculated using the probable microhabitat
preferences inferred from benthic foraminiferal morphotype analysis
(e.g. Corliss and Chen, 1988). Because this measure is rather problem-
atic (e.g. Buzas et al., 1993), environmental parameters (e.g. trophic
and oxic regime) were instead inferred from species with well-
established paleoecological preferences (e.g. Table 3).

For the statistical analysis, we used the relative abundances of all sam-
ples and the PAST software package (Hammer et al., 2001; Hammer and
Harper, 2006). A hierarchical cluster analysis (CA) using the Pearson cor-
relation as the similarity coefficient was carried out. Both an R-mode (fo-
raminiferal species) and a Q-mode analysis (samples) was performed on
selected taxa occurring at a relative abundance of >2% in at least one
sample. This cut-off value was chosen to improve reliability and relevance
of the statistical analysis and to minimize downhole contamination ef-
fects. Despite the high number of species, we did not sort species into
groups of taxonomically or morphologically related taxa because it was
clear early on that several species from the same group did not display
similar distribution patterns. Ultimately, a total of thirty-seven taxa
were used for the CA. The same data set was used for a Detrended Corre-
spondence Analysis (DCA). This method was used to distil the main ben-
thic foraminiferal patterns and to compare these with various
environmental variables. Where possible, both methods were used to de-
termine the ecology of poorly-known benthic species based on their sta-
tistical relationship with (ecologically) better-known species.

Planktic foraminiferal test size was investigated for 17 samples
from the 189.05-190.34 mbsf interval. Instead of measuring the size
of individual specimens, the number of planktic foraminifera con-
tained in separate size fractions was counted. Representative splits
were sieved in four size fractions (63-125, 125-180, 180-250 and
>250 um). On average, ~1040 specimens were counted per sample
(10: 240). Fragmented tests were excluded from these counts.

3. Results
3.1. Lithology and stable isotopes

CaCOs contents (Fig. 2) vary between 87.9% and 48.9% (average
72.5%), and closely correspond to sediment color: the highest values

(~75-85%) appear in the pale nannofossil chalks, while lower CaCO3
contents (~75-49%) are measured in four darker, marly levels.
These moderately bioturbated reddish-colored levels, appear at the
following intervals: 192.12-192.04 mbsf, 191.25-191.05 mbsf,
190.54-190.38 mbsf and at 190.19-189.85 mbsf, which we call c, B,
vy and 6 respectively (Fig. 2). It appears that these marly levels occur
in a cyclic pattern, with each consecutive marly level displaying
lower CaCO3 percentages than the previous one. Overall, the highest
CaCOs5 content occurs at the base of Biozone NP11 (~85%) while
maximum values at the top of core 13 reach ~75%.

The amount of coarse fraction (>63 um; Fig. 2) is relatively stable
across the studied section and is on average 11.9% (by weight).
However, values increase somewhat at the base of level vy (17.6%)
and increase substantially within level 6: a maximum of 33.4% is
reached at 190.08 mbsf, followed by a drop to 14.3% at 189.89 mbsf
and a second peak of 22.1% at 189.80 mbsf. The amount of course
fraction nearly doubles above level 6 compared to below level 5. TOC
values are extremely low, varying between 0.05 and 0.15% (average
~0.10%) and express no clear pattern.

The bulk 6'3C values vary between 0.34%. and 1.50%. and more
specifically for biozone NP11 between 0.34%. and 1.10%. (Fig. 2).
The 6'3C curve displays a similar pattern as the CaCO5 content: heavi-
er values in the pale, carbonate-rich intervals and lighter values in the
marly levels. However, there seems to be another smaller negative
excursion at ~189.65 mbsf, which we call €, resulting in a total of
five CIEs (o, B, 7, 6 and €). The maximum drop towards lighter values
is 0.65%o, 0.29%., 0.26%., 0.76%. and 0.39%. for levels c, (3, 7y, 6 and &,
respectively (Fig. 2). The small CIE at 190.19 mbsf is included in
level & as there is no return to background values, resulting in a step-
wise appearance of the CIE of level &. Similarly, the bulk carbonate
5180 record displays a near-identical trend and the same five short
negative excursions. The maximum drop towards lighter values is
0.57%o, 0.35%, 0.20%0, 0.59%. and 0.44%. for levels c, 3, 7y, & and €, re-
spectively (Fig. 2). Note that the CIEs of levels a and ¢ are produced
by a single measurement and may represent outliers.

3.2. Foraminifera

In total, 118 benthic foraminiferal species and 72 genera were ob-
served throughout the studied interval. The observed species composi-
tion is typical for early Eocene deep-sea benthic foraminiferal
assemblages although some larger-sized species such as Anomalinoides
semicribrata, Cibicidoides laurisae, Pullenia spp., Quadrimorphina
profunda, Abyssamina poagi, A. quadrata and Clinapertina inflata -
which are frequently reported for the early Eocene in classic taxonomic
studies (e.g., Tjalsma and Lohmann, 1983) - were only rarely found at
Site 401, most likely as a result of the small size fraction studied.
Agglutinated taxa are scarce and consist of Eggerella sp., Karrierella sp.,
Spiroplectammina spectabilis and Vulvulina mexicana. The highest

Plate 2. SEM micrographs of unsonicated specimens. All specimens are shown at the same scale (scale bar =100 pm), unless indicated otherwise.

1-2. Cibicidoides ungerianus (d'Orbigny). 1) 189.80 mbsf; 2) 189.92 mbsf, 2a) apertural view, 2b) spiral side

3. Osangularia mexicana (Cole). 189.92 mbsf.
4-5. Globocassidulina subglobosa (Brady). 4) 192.04 mbsf; 5) 194.80 mbsf.
6-7.

Gyroidinoides complanata (Cushman and Stainforth). 194.80 mbsf. 6a) umbilical view, 6b) apertural view, 6¢) spiral view, 7a) umbilical view, 7b) spiral view, 7c) detail of

microboring ?Ichnofossus sp. (Nielsen et al., 2003) (scale bar =10 pm).
8. Buliminella grata Parker and Bermtdez. 186.80 mbsf.
9. Quadratobuliminella pyramidalis de Klasz. 189.92 mbsf.
10. Dentalina sp.1. 189.85 mbsf (scale bar =500 pm).
11. Eggerella sp.1. 189.92 mbsf.
12. Bulimina semicostata Nuttall. 190.65 mbsf.

13-14. Nuttallides umbonifera (Cushman). 194.80 mbsf. 13a) umbilical view, 13b) apertural view, 13c) spiral view, 14a, umbilical view, 14b, spiral view.
15. Heronallenia pusilla (Parr). 194.80 mbsf. 15a) spiral view, 15b) apertural view, 15c) umbilical view.

16. Coryphostoma sp.1. 189.70 mbsf.
17. Turrilina brevispira Ten Dam. 191.25 mbsf.
18. Stilostomella gracillima (Cushman and Jarvis). 186.80 mbsf.
19-20. Stilostomella plummerae (Cushman). 19) 189.70 mbsf, 20) 189.92 mbsf.
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abundances of these calcareous agglutinated taxa (~1%) are recorded in
the marly levels.

The fauna is highly diverse, and the distribution of the relative
abundances of the species is typical for deep-sea assemblages: few
species occur with relative abundances of >5% while many rare spe-
cies occur in relative abundances of <2%. The Shannon-Wiener index
H’ (Fig. 3) ranges between 2.80 and 3.52, which reflects the relatively
high diversity at this location, while dominance values (\) range be-
tween 4 and 12%. The lowest H’ and highest Avalues are encountered
in the samples at 189.98 (level ), 189.05 and 186.80 mbsf.

The assemblages dominated by calcareous foraminifera indicate
deposition above the CCD throughout and consist of mixed endo-
and epibenthic morphogroups. In general, the %endobenthics
(Fig. 3) is mostly close to 50% (37% to 62%) throughout the studied
section. The %endobenthics shows a somewhat decreasing trend
towards the top of the studied interval. The percentage of species of
the Superfamily Buliminacea (Aragonia, Bolivina, Brizalina, Bulimina,
Buliminella, Coryphostoma, Fursenkoina, Praebulimina, Quadratobuli-
minella, Reussella, Siphogenerinoides, and Tappanina) averages ~30%
and also shows a slightly decreasing upward trend. Maximum values
of up to 40% are reached below 193.00 mbsf and below level 6, and
minimal values are reached in levels o (26%), & (24%) and € (22%).
The large drop of Buliminaceae in levels 6 and ¢ is associated with
an increase in abundance of taxa with endobenthic morphotypes
such as Globocassidulina subglobosa, Stilostomella spp. and Dentalina
spp., stabilizing %endobenthics.

The %P (Fig. 3) throughout the interval is high, ranging from 95.25%
to 99.05% (average of 97.25%; o 0.84%). Although the observed
changes in %P are rather small, in the order of a few percent, these var-
iations could reveal significant changes in the ratio between the num-
bers of planktic and benthic foraminifera. Marly levels a and 3 show a
slight drop in %P in concert with the CaCO5 content, which could po-
tentially be a sign of dissolution (van der Zwaan et al., 1990; Nguyen
et al.,, 2009). In contrast, the three uppermost levels v, & and € show
maximal %P values of 97.55%, 99.05% and 97.95%, respectively.

Overall, the planktic foraminiferal numbers (PFN; Fig. 3) are very
high, ranging between 3.0x 10% and 3.0 x 10° per gram of sediment.
The lowest values occur in level 3 and below the lithological
break at 193.00 mbsf. Samples below this lithological break, which

probably represents a hiatus, are more clayey than those above
(Fig. 2) and show lower PFN values of ~3.0 x 10* per gram of sediment,
in contrast with the samples above which reach values of up to 10
times higher. This difference is possibly caused by higher sedimentation
rates and resulting dilution below the lithological break. Other high PFN
values are found in level y (1.4 x 10°), above level 6 (1.8 x 10°) and near
the top of core 13 (1.9 x 10%). More or less the same pattern emerges for
the benthic foraminiferal numbers (BFN; Fig. 3). These range between
800 and 1.3 x 10* per gram of sediment. Below the lithological break,
values are close to 2.0x 103, whereas above it they reach peak values
of 1.3x10% Lowest values are encountered in level 3 (~800) and &
(~840). In contrast with the pattern of the PFN which is only slightly var-
iable across levels & and ¢, the BFN display sudden four-fold drops in
values reflecting the maximum %P of these particular levels.

3.2.1. Definition of faunal clusters based on cluster analysis

The relative abundances of the most common species are given in
Fig. 4. Using the results of the R-mode CA, three large benthic forami-
niferal clusters can be defined, grouping taxa that display similar dis-
tribution patterns through time.

* Cluster A (N. umbonifera-G. subglobosa): Defined by taxa that dis-
play large increases in relative abundance within the marly levels,
and in particular level 3, 6 and €. Common taxa include Nuttallides
umbonifera, G. subglobosa, Buliminella grata, Gyroidinoides compla-
nata and Stilostomella plummerae. Less common taxa are S. gracil-
lima, Bulimina semicostata, Osangularia mexicana, G. naranjoensis,
Heronallenia pusilla, Turrilina brevispira, Cibicidoides ungerianus,
Dentalina sp.1 and Coryphostoma sp.1. This cluster can be subdi-
vided into two subclusters. Species of subcluster A1, such as G.
subglobosa, G. complanata, G. naranjoensis, S. plummerae and C.
ungerianus, reach peak relative abundances near the upper part of
level 6 and in level €. Taxa from subcluster A2 show large increases
in relative abundance in level 3, but even more so within level 6. For
instance, N. umbonifera, a species that occurs at an average relative
abundance of ~7%, increases to ~30% within the lower part of level
8. Osangularia mexicana, Dentalina sp.1 and Coryphostoma sp.1 occur
almost exclusively at the base of level 6, coeval with the peak rela-
tive abundance of B. grata.

H A %Buliminacea  %endobenthics %P BFN - PFN
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Fig. 3. Benthic foraminiferal assemblage parameters, including diversity (Shannon-Wiener index H’), dominance (\), relative abundance of Buliminacea, %endobenthic morphotypes,
%P, benthic foraminiferal numbers g~ ! (BFN) and planktic foraminiferal numbers g~ ! (PFN). Tick marks next to the core photograph represent samples used for the faunal analysis.
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Fig. 4. Relative abundances of the 37 most common taxa (>2%) arranged according to R-mode Cluster Analaysis (CA). Faunal clusters A (A1, A2), B (B1, B2) and C (C1, C2 and C3)
are indicated. Tick marks next to the core photograph represent samples used for the faunal analysis.

* Cluster B (B. thanetensis-A. praespissiformis): Defined by taxa with
relatively stable relative abundance, but that display slight in-
creases in relative abundances within levels oo and . Common
taxa include Bulimina thanetensis, Anomalinoides praespissiformis,
Eponides bollii/bronnimanni, Bolivina crenulata/huneri and Bulimina
tuxpamensis. Less common taxa include Oridorsalis umbonatus, Nut-
tallides truempyi and Nonion havanense. This cluster can be subdi-
vided into two subclusters B1 and B2. Taxa from subcluster B1
show little fluctuations within the marly levels, except for level 3
where there is a slight increase in relative abundance. Taxa from
subcluster B2 show little fluctuations within the marly levels, ex-
cept for the marked relative abundance drop of B. crenulata/huneri
and B. tuxpamensis at the base of level 6.

Cluster C (C. eocaenus—P. minuta): Defined by taxa that occur in high
relative abundances in the carbonate-rich intervals and in low rela-
tive abundances within the marly levels. Common taxa include
Cibicidoides eocaenus, Pseudoparrella minuta, Bulimina virginiana,
Praebulimina sp.1 and Brizalina carinata. Less common taxa are
Pleurostomella paleocenica, Discorbis sp.1, P. reussi, Anomalinoides
alazanensis, Siphonina tenuicarinata, Rosalina sp.1, Aragonia aragonensis,
Seabrookia lagenoides, Angulogerina muralis and Tappanina selmensis.
This cluster can be subdivided into three subclusters C1, C2 and C3.
Taxa from subcluster C1 occur rather consistently across the studied in-
terval, except for the marly levels. This subcluster is characterized by

taxa that are particularly abundant in Biozone NP10. Taxa from sub-
cluster C2 show a minor increase in relative abundance above level 6.
Taxa from subcluster C3, C. eocaenus, A. muralis and B. carinata, show
a gradual increase in relative abundance towards the top of the studied
interval but are also characterized by a sudden and significant perma-
nent increase in relative abundance above levels 6 and &.

3.2.2. Definition of foraminiferal biofacies based on detrended
correspondence analysis

Based on the first two axes (DCA Axis 1 — detrended Eigenvalue:
0.0828; DCA Axis 2 — detrended Eigenvalue: 0.0537) of the Q-mode
DCA — and confirmed by the Q-mode CA — we can distinguish four
natural assemblages of organisms, here called biofacies (Figs. 5 and 6;
Table 4).

* Biofacies 1 [194.80-192.90 mbsf]: This biofacies contains all samples
of biozone NP10; including the samples below the lithological
break. This biofacies is characterized by taxa from all three faunal
clusters at more or less equal percentages, but it differs from biofa-
cies Il by the larger presence of the endobenthic taxa from cluster
C1.

Biofacies II [192.43-192.25 mbsf]-[192.00-190.19 mbsf]: This bio-
facies contains samples from the carbonate rich intervals [192.43-
190.19 mbsf] and from marly levels o [192.07-192.00 mbsf] and -y
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Fig. 5. Results of the Detrended Correspondence Analysis (DCA). (A) Biplot of Q-mode DCA. Circles represent biofacies I to IV. The triangles below the dashed line represent the
samples below the lithological break at 193.00 mbsf. Arrows roughly indicate the stratigraphic sequence of the samples. (B) Biplot of R-mode DCA with the 37 most common
taxa (>2% rel. abund.). Dashed circles encompass the species representing the three faunal clusters as defined by the Cluster Analysis (CA; see Fig. 4). Hollow diamonds represent
species (Praebulimina sp.1 and Pleurostomella paleocenica) that were placed in faunal cluster C by the CA. Gray diamonds represent species (Buliminella grata and Heronallenia
pusilla) that belong to faunal cluster A, but split off from the main branch early on (Fig. 4).

[190.55-190.44 mbsf]. This biofacies is characterized by taxa from
all three faunal clusters at more or less equal percentages.

* Biofacies III [191.20-191.05 mbsf]-[190.13 mbsf]-[190.08-189.89
mbsf]: This biofacies exclusively contains samples of marly levels
B and &. It is dominated by taxa of faunal cluster A (up to 75%).
This biofacies is also characterized by the lowest diversity and ben-
thic foraminiferal numbers.

* Biofacies IV [189.85-186.80 mbsf]: This biofacies contains all sam-
ples above level §, including the sample of level €. This biofacies is
dominated by taxa from faunal cluster C and contains only minor
amounts of taxa from faunal cluster B.

4. Discussion
4.1. Sedimentology
4.1.1. Sedimentation rates

As a consequence of recovery gaps in cores 12 and 13 (Montadert
et al., 1979a) and lithological variations, sedimentation rates cannot

be estimated accurately. Using estimates for the duration of the bio-
zones as provided by Berggren et al. (1995), we calculated average
sedimentation rates of ~0.5 cm/kyr throughout Biozones NP10-
NP12. The observed clear and sharp lithological transition at
~193.00 mbsf likely represents an erosional contact or a non-
depositional feature. Across this stratigraphic gap CaCOs values rise
from 70 to 85 wt.%, the number of foraminifera (both planktic and
benthic) show a three to four-fold increase, yet the %P remains stable.
As a consequence of this gap, the sedimentation rate across the NP10-
NP11 boundary cannot be estimated accurately, leaving only an aver-
age sedimentation rate for Biozone NP11, which varies between 0.45
and 0.74 cm/kyr depending on the exclusion or inclusion of the re-
covery gap at the base of core 12 to NP11 — resulting in a maximal
sampling resolution of about 5-10 kyr.

As orbital forcing plays a major role in early Paleogene climate and
its expression in the geological record (Cramer et al., 2003; Lourens et
al.,, 2005; Westerhold et al., 2007, 2008; Westerhold and Rohl, 2009;
Galeotti et al., 2010; Zachos et al., 2010; Sexton et al., 2011), it is
not unlikely that the repetitive nature of the marly levels is indeed
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the result of Milankovitch cyclicity. Applying the average sedimenta-
tion rates for the entire NP11 interval suggests that the marly levels
may track the short eccentricity cycle, but as the sedimentation rate
is not well constrained across the marly levels, this remains
speculative.

4.1.2. CaCOs content

Although the observed fluctuations in CaCO3 content of the inter-
val (Fig. 2) may be cyclic, it remains unclear what causes them. In
deep-sea deposits, CaCO3 content is mainly controlled by one or
more of the following factors (Volat et al., 1980):

1) Biogenic CaCO5 production
2) Dilution due to influx of terrigenous material
3) Syn-or postdepositional dissolution

For instance in level §, the large CaCO3 drop (~80% to ~50%) corre-
sponds to a maximum reduction (dissolution or loss of biogenic
CaCOs production) of the CaCOs; by 75% or a maximum increase in
clayey material by 400% or a fitting combination of both. Many
deep-sea PETM and early Eocene hyperthermal deposits are associat-
ed with dissolution episodes (Zachos et al., 2005; Colosimo et al.,
2006; Hancock et al.,, 2007; Stap et al., 2009; Kelly et al., 2010;
Leon-Rodriguez and Dickens, 2010), and thus low CaCOs content
and anomalous coarse fraction percentages due to severe dissolution
may be a telltale sign for a hyperthermal. In our material, the lack of
dissolution is demonstrated by a very weak negative covariance be-
tween CaCOs5 content and the amount of coarse fraction (R*=0.18).
Additionally, we also observed little fragmentation of foraminiferal
tests.

Instead, the remarkably high amounts of coarse fraction at the
base of level & (Fig. 2) could reflect ecological factors. Both in recent
(Schmidt et al., 2003; Al-Sabouni et al., 2007) and fossil deposits

(Kaiho et al., 2006; Petrizzo, 2007) relatively large planktic foraminif-
era occur in areas with stratified oligotrophic and/or warm surface
waters. In our material, the amount of coarse fraction corresponds
to the maximum planktic foraminifera size level § (Fig. 7), suggesting
stratified oligotrophic surface waters with possibly diminished

Depth rel. abund. %
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Fig. 7. Planktic foraminiferal test size in the interval 189.05-190.34 mbsf.
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biogenic CaCOs; production of calcareous nannoplankton (e.g.
Malinverno, et al., 2009). However, the other carbonate-poor marly
levels including the core of level 6 do not show these high values of
CF and larger-sized foraminfera. This implies that another process
(e.g. dilution by terrigenous material) played a major role instead. Di-
lution through the addition of terrigenous material has also been sug-
gested for hyperthermal-related neritic and (hemi)pelagic deposits
through the intensification of the hydrological cycle and the resulting
increase in continental weathering, terrigenous run-off and/or aeo-
lian dust transport (Bowen et al., 2004; Kelly et al., 2005; Nicolo et
al., 2007; Schmitz and Pujalte, 2007; Agnini et al., 2009). Increased
dust input may also dilute the CaCO3 accumulation, but it is unlikely
to be of such a magnitude to explain the large CaCOs content varia-
tions as observed in our material (e.g. Woodard et al.,, 2011). It is
more likely that large quantities of clay minerals are transported to
the deep sea in the form of intermediate or bottom nepheloid layers,
as these are important vectors for lateral transport of lithogenic mate-
rial to the ocean floor (van Weering et al., 1998; McCave et al., 2001).
The low-resolution study of Cassat (1979) of Site 401 shows that level
§ is characterized by a large increase in kaolinite (~30% of total clay
assemblage, with background values of ~10%), a telltale sign for
increased continental erosion of the hinterland (Chamley, 1989).
Hence, we suggest that, not dissolution, but lateral transport of terrig-
enous clayey material by intermediate or bottom nepheloid layers is
the primary cause for the observed low CaCOs content in level & and
possibly also in the other marly levels.

Table 2

4.2. Bulk sediment stable isotopes

The carbon and oxygen isotope record is measured on bulk car-
bonates and thus represents a complex signature: it contains the sig-
nal of the upper part of the water column and a minor component of
the sea floor, possibly records early diagenetic effects (Schrag et al.,
1995) and differential isotopic signatures of nannoplankton (Ziveri
et al., 2003). Therefore, it is not easy to distil clear local, regional or
global signals, rendering detailed interpretations speculative. Instead,
the stable isotope record on bulk sediments of this study mainly
serves a stratigraphic purpose: the observed pattern of negative
carbon and oxygen isotope excursions are used to detect and charac-
terize potential hyperthermal-like events and to place them in a
timeframe.

The bulk carbonate &'>C record (Fig. 2) at Site 401 reveals that
during NP11, absolute values vary between 0.90 and 1.10%. for the
carbonate-rich intervals. After comparison of this range with records
from the NP11-NP12 interval from several DSDP/ODP Sites (550, 577,
690, 762, 1051, 1215, 1262-1267; Thomas et al., 1992; Cramer et al.,
2003; Stap et al., 2009; Leon-Rodriguez and Dickens, 2010; Zachos et
al.,, 2010) and land sections from Italy (Contessa, Possagno; Agnini et
al., 2009; Galeotti et al., 2010) and New-Zealand (Mead Stream, Dee
Stream; Nicolo et al., 2007) we notice that the absolute values are
very similar to these sites and land sections and are nearly identical
to nearby Northern Hemisphere localities (Sites 550, 1051 and the
Contessa road section) (Table 2). When comparing the magnitude

Comparison of global stable isotope records on bulk material of biozones NP11-NP12. Values of ranges are absolute, while values noted under c—€ or H1-K are maximum deviations
from background values. Note that levels « to € do not necessarily correspond to global CIEs H1-K. All values are given in %. V-PDB. References: 1) Cramer et al., 2003, 2) Galeotti et
al., 2010, 3) Agnini et al., 2009, 4) Leon-Rodriguez and Dickens, 2010, 5) Thomas et al., 1992, 6) Zachos et al., 2010, 7) Stap et al., 2009, 8) Rohl et al., 2005, 9) Nicolo et al., 2007.

Site Site location Ocean Paleolatitude Type Min.range Max.range Arange o B v 5 € Reference
401 Meriadzek Terrace  North Atlantic ~43°N C 0.90 1.10 0.20 0.65 029 026 0.76 039 This study
0 —0.40 —0.10 0.30 0.57 035 020 059 044
Global CIEs
Site Site location Ocean Paleolatitude Type Min.range Max.range Arange H1 H2 11 12 K Reference
550 Goban Spur North Atlantic ~45°N C 0.90 1.20 0.30 0.90 040 0.68 059 071 1
0 —0.80 —0.60 0.20 0.74 072 0.60 0.81 0.64
1051  Blake Nose North Atlantic ~30°N C 0.80 1.20 0.40 0.71 037 062 035 - 1
0 —0.30 0.00 0.30 0.57 039 049 041 -
- Contessa Tethys ~40°N C 0.95 1.30 0.35 0.63 - 039 - 057 2
0 _ - _ _ _ _ _ _
- Possagno Tethys ~40°N C 0.70 0.90 0.20 0.30 - 030 - 020 3
0 - - - - - - - -
577 Shatsky Rise Equatorial Pacific ~10°N C 1.30 1.60 0.30 0.77 028 048 0.18 060 1
0 —0.50 —0.25 0.25 0.30 030 030 030 030
1215 - Equatorial Pacific ~20°N C 1.70 1.90 0.20 0.39 - 014 - 096 4
0 —1.70 —1.40 0.30 0.13 - 027 - 0.83
690 Maud Rise South Atlantic ~70°S C 0.90 1.30 0.40 1.26 - - - - 1
0 —0.40 —0.10 030 0.53 - - - -
762 C  Exmouth Plateau South Indian ~45°S C 1.15 1.25 0.10 - - - - - 5
0 —0.90 —0.60 0.30 - - - - -
1262  Walvis Ridge South Atlantic ~35°S C 1.30 1.65 0.35 0.84 058 0.75 0.60 - 6,7
0 —0.60 —0.20 0.40 0.70 061 0.63 - -
1263  Walvis Ridge South Atlantic ~35°S C 1.10 1.40 0.30 1.50 060 - - - 7
0 —0.55 —0.25 0.30 1.20 050 - - -
1265 Walvis Ridge South Atlantic ~35°S C 1.15 1.50 0.35 1.00 0.60 - - 0.60 7,8
0 —0.60 —0.30 0.30 0.70 050 - - 0.60
1267  Walvis Ridge South Atlantic ~35°S C 1.20 1.60 0.40 1.00 0.60 - - - 7
0 —0.65 —0.30 0.35 0.70 050 - - -
- Mead/Dee Stream  South Pacific ~50°S C 1.20 1.50 0.30 0.90 020 0.60 020 - 9
0 _ _ - _ - _ - -
Northern Hemisphere C 0.84 1.15 031 0.64 039 050 047 049
0 —0.55 —0.30 0.25 0.66 0.56 0.55 0.61 0.64
Equator C 1.50 1.75 0.25 0.58 028 031 0.18 0.78
0 —1.10 —0.83 0.28 0.22 030 029 030 0.57
Southern Hemisphere C 1.14 1.46 031 1.08 052 0.68 040 0.60
0 —0.62 —0.29 033 0.77 053 063 - 0.60
Global C 1.16 1.45 0.29 0.77 039 049 035 0.62
0 —0.76 —047 0.28 0.55 046 049 046 0.60
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of the CIEs of the marly levels of Site 401 to the magnitude of the
global CIEs of Biozone NP11-NP12 (H1 to K; e.g. Cramer et al.,
2003), the same relation is observed: the magnitude of the CIEs of
levels o and 6 is as large as the regional and global average observed
for H1 and K — those particular CIEs that are associated with the larg-
est known early Eocene hyperthermals (e.g. Cramer et al., 2003; Stap
et al., 2009). Furthermore, the reported magnitude of the CIEs of H1
and K is about half to one third compared to the CIE of the PETM
(Lourens et al., 2005; Nicolo et al., 2007; Stap et al., 2009; Galeotti
et al., 2010). At Site 401, Pardo et al. (1997) and Nunes and Norris
(2006) recorded a CIE for the PETM of ~2.00%. for Morozovella
subbotinae and ~1.80%. for N. truempyi. The marly levels in NP11
have bulk CIEs that are about a third or half this magnitude, further
suggesting that they may very well represent one or more of these
global CIEs.

The bulk carbonate 6'80 record (Fig. 2) largely co-varies with 6'3C
(R2=0.55), yet during levels vy and 6, a small phase offset exists as
5180 shifts slightly precede the carbon isotope record and recover
more swiftly. Even so, the same general patterns and magnitudes, as
seen in the bulk carbonate 6'3C record, emerge. These 6'80 excur-
sions may possibly relate to short-lived rises in (local) temperatures
implying a correlation between the CIEs and a rise in (global) temper-
ature, a key feature in all hyperthermals, including the PETM (Lourens
et al., 2005; Quillévéré et al., 2008; Sluijs et al., 2009; Leon-Rodriguez
and Dickens, 2010; Stap et al., 2010a,b; Zachos et al., 2010).

4.3. Benthic foraminifera

4.3.1. Evaluation of taphonomic effects

In quantitative micropaleontological studies, it is of utmost impor-
tance to know whether or not a fossil assemblage mainly represents a
primary ecological or a secondary, taphonomic signal (van der Zwaan
et al., 1990). Therefore, before providing an ecological interpretation
of the assemblages, an assessment of the preservation state of the fo-
raminifera is needed. We observe that the foraminiferal preservation
throughout the studied interval is good for larger species (> 125 pm)
and moderate to good for smaller specimens (>63 um). Under
Reflected Light Microscopy (RLM) most smaller thin-walled species
display a slightly more ‘milky’ or ‘frosty’ preservation due to minor
secondary calcite overgrowths, which was confirmed using Scanning
Electron Microscopy (SEM) (Plates 1 and 2). Even so, all specimens
revealed features such as sutures, pores and umbilical boss (if present
initially) when dry and became completely translucent when wet. Some
smooth-walled species (both large and small) such as G. subglobosa,
Praebulimina spp., Gyroidinoides spp., O. umbonatus, C. eocaenus, B.
tuxpamensis and N. havanense showed a shiny (and often translucent)
test in all samples when dry. Even though few indications are present
for dissolution (i.e. etching of the test wall resulting in an irregular
surface, breakage of chambers and the reduction of test size and wall
thickness; see Plates 1 and 2) and we previously suggested that dissolu-
tion did not play major role (Section 4.1.2), dissolution is a common
taphonomic process in the deep-sea and a more thorough assessment
is appropriate. So in addition to the preservation state of the (benthic)
foraminifera, we also used the following indicators to assess dissolution
processes:

(1) %P in combination with foraminiferal numbers and CaCOs
content
(2) Foraminiferal differential dissolution

It is well known that tests of planktic foraminifera are generally
more prone to dissolution than those of hyaline benthic foraminifera
(e.g. Nguyen et al., 2009). When deep-sea sediments with low CaCOs
content display a low %P and low numbers of foraminifera per gram,
it is likely that CaCOs dissolution has occurred at some step during the
generation of the fossil assemblage (van der Zwaan et al., 1990;
Speijer and Schmitz, 1998). Overall, %P is >95% at all times and

CaCO; content and %P are barely correlated (R?=0.15) suggesting lit-
tle or no dissolution. The same conclusion can be made for levels &
and € which - despite their low CaCOs values - display severe drops
in BFN but maximal %P, so dissolution does not seem to have played
a role in the formation of the fossil assemblages. On the other hand,
levels o and P display small concomitant drops in CaCOs content,
%P and PFN and BFN, possibly suggesting minor dissolution.

Differential dissolution selectively removes susceptible species
(mostly thin-walled, small specimens), resulting in an enrichment
of the fossil assemblage in more resistant species. This process is
known to exist for both planktic taxa as well as benthic taxa
(Nguyen et al., 2009). In modern and fossil assemblages, species
such as Gyroidinoides spp. and G. subglobosa have been found to be
the most resistant benthic species, while N. umbonifera, O. umbonatus,
Osangularia spp. and Cibicidoides spp. remain more or less unaffected
by dissolution (Corliss and Honjo, 1981; Woodruff and Douglass,
1981; Thomas, 1985; Widmark and Malmgren, 1988). Praebulimina
spp. is less resistant while Nodosariacea, Buliminacea and Nonion
spp. are considered the least resistant, and their presence is often
used as a marker for the absence of severe dissolution (Corliss and
Honjo, 1981; Woodruff and Douglass, 1981; Thomas, 1985;
Widmark and Malmgren, 1988; Thomas and Gooday, 1996). Here, dif-
ferential dissolution does not seem to have affected the assemblages,
as dissolution resistant (or susceptible) species' distribution patterns
do not covary.

The observed moderate to good preservation of the foraminifera
combined with high %P, and the lack of indications of differential dis-
solution suggest that the observed benthic foraminiferal biofacies
shifts mainly represent a reliable primary signal and are not the result
of dissolution in the studied interval, including the marly levels.

4.3.2. Ecology of marker species

Jorissen et al. (1995) proposed the conceptual TROX model, con-
necting the microhabitat characteristics of benthic foraminiferal as-
semblages to oxygen content and food availability. However, the
TROX model is a general model evaluating entire faunal assemblages
largely based on endo-epibenthic ratios, but individual taxa may
show significant differences in their sensitivity (Fontanier et al.,
2002; Jorissen et al., 2007). In this study, we complement this
model using often-applied ecological preferences of selected marker
species (Table 3) to infer the ecological relevance of each biofacies.
However, the ecology of several commonly occurring species such
as P. minuta, B. virginiana and C. eocaenus is hitherto not established.
Using the CA and DCA (Figs. 4 and 5), their ecology can be inferred
by comparison with other better-known species.

The fact that P. minuta (frequently reported as Epistominella min-
uta; Boltovskoy, 1983; Poag and Norris, 2005) - and to a lesser extent
B. virginiana - covary with T. selmensis and A. aragonensis may imply
that these taxa have similar ecological preferences. Aragonia arago-
nensis and T. selmensis are frequently found in neritic and bathyal de-
posits following the PETM (Thomas, 1998, 2003) and other suspected
hyperthermal events (Ortiz and Thomas, 2006). They are thought to
be opportunistic species associated with (transient) food-rich envi-
ronments and not necessarily with low oxygen concentrations
(Thomas, 1998, 2003). Considering the inferred ecology of P. minuta
by Poag and Norris (2005), we interpret an increased abundance of
B. virginiana and P. minuta as indications for an increased and episodic
(seasonal?) Corg supply to the seafloor. We also note that B. virginiana
has only been found in neritic settings in the Atlantic Coastal Plains of
America (Nogan, 1964) and to our knowledge has not been observed
in deeper deposits before. As no other typical (outer-) neritic species
have been observed continuously in the studied interval, selective
suspension and downslope transport of B. virginiana specimens
seems unlikely. Furthermore, it occurs consistently in large quantities
(average of ~5.5%; up to ~17%) and displays virtually no sign of trans-
portation such as abrasion and broken chambers. A possible
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Table 3
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Summary of the known ecological preferences of selected benthic foraminiferal species.

Angulogerina muralis

Aragonia aragonensis
Bolivinoides crenulata
Bulimina thanetensis

Turbiditic environments

(~intensified bottom-water or slope currents, high OM flux)

Opportunistic, transient high-food environments

High input of low-quality OM, high energy environment, opportunistic

Mesotrophic conditions with (seasonally) fluctuating oxygen and productivity levels

Molina et al., 2006; Ortiz and Thomas, 2006;
Ortiz et al., 2008, 2011; Agnini et al., 2009
Thomas, 1998, 2003

Agnini et al., 2009; Ortiz et al., 2011

Ernst et al., 2006

Bulimina virginiana
Cibicidoides eocaenus
Cibicidoides ungerianus
Eponides spp.

Opportunistic, transient high-food environments
Enhanced bottom water velocity (?)
Intolerant for low oxygen levels

Globocassidulina Oxic conditions
subglobosa
located above carbonate corrosive environments

Oligotrophy (no seasonal signal)

Response to seasonal pulse of high-quality, fresh phytodetritus

Opportunistic

Mesotrophic conditions with (seasonally) fluctuating oxygen and productivity levels
High oxygen levels/low tolerance for oxygen depletion in bottom and pore

Gyroidinoides spp.
waters, oligo-mesotrophy

Opportunistic

Low-food, tolerant of sluggish circulation
Tolerant of low oxygen concentrations

Nuttallides truempyi

Nuttallides umbonifera

Oligotrophy (<1.5gCm~2yr— 1)
Oligotrophy, no seasonal fluctuations
Oxic, well-ventilated bottom waters (Nuttallides rugosa)
Tolerant of sluggish circulation
Low salinities
Oridorsalis umbonatus

No strong relation to high OM fluxes

Opportunistic, low oxygen/high food

Meso-eutrophic, intermediate seasonality of productivity
Opportunistic, transient high-food environments

Pseudoparrella minuta
Stilostomella spp.
Tappanina selmensis

Well-oxygenated sediments, response to fresh phytodetritus (opportunistic)

Oligotrophy (<1gCm™~2yr~ '), enhanced bottom water current velocity,

Carbonate corrosive bottom water/restricted to region between lysocline and CCD

Well-oxygenated pore waters, low sustained flux of highly degraded OM

See text

See text

den Dulk et al., 1998

Duchemin et al., 2007; Gooday and Rathburn, 1999;
Jorissen, 1999

Schonfeld, 2001

Schmiedl et al., 1997; Mackensen et al., 1995

Sun et al., 2006; Smart, 2008

Miao and Thunell, 1993; Gupta and Thomas, 2003;
Gooday, 1988, 1993

Alegret et al., 2009, 2010

Ernst et al., 2006

Schmiedl et al., 2003; Kuhnt et al., 2007;

Gupta and Thomas, 2003

Gupta and Thomas, 2003; Schmied! et al., 2003

Tjalsma and Lohmann, 1983; Thomas, 1998

Widmark and Speijer, 1997

Bremer and Lohmann, 1982; Miller, 1983; Mackensen et al.,
1990, 1993, 1995; Miiller-Merz and Oberhénsli, 1991;
Mackensen and Ehrmann, 1992; Harloff and Mackensen,
1997; Schmiedl et al., 1997; Katz et al., 2003

Loubere, 1991; Schmiedl et al., 1997

Sun et al., 2006

Kurbjeweit et al., 2000

Miller, 1983

Mackensen et al., 1995

Miao and Thunell, 1993; Mackensen et al., 1995;

Gupta and Thomas, 1999, 2003

Mackensen et al., 1995; Schmiedl and Mackensen, 1997
Poag and Norris, 2005

See text

Thomas, 1998, 2003

explanation of the lack of reports on this species in deep-sea studies
could also be due to its size: its width rarely exceeds 80 um in our ma-
terial and consequently, it may have been missed in studies based on
larger-sized material. A similar case can be made for the presence of
N. umbonifera. This species is first commonly observed during the
Eocene-Oligocene climate transition (Thomas, 1990, 2007,
Mackensen and Ehrmann, 1992; Katz et al., 2003), although it also
has been observed as early as the latest Paleocene in the South
Atlantic (Thomas, 1990; Thomas and Shackleton, 1996). We suspect
that this species is actually a common faunal component in late
Paleocene-early Eocene lower bathyal-upper abyssal deposits, at
least in the northeast Atlantic Ocean (personal observations), but
that because of its small size, it has been underrepresented in previ-
ous studies of the Bay of Biscay (e.g. Berggren, 1972; Schnitker,
1979; Miller, 1983; Miller et al., 1985; Pak and Miller, 1992).

In the modern ocean, some species of Gyroidinoides (e.g. G. orbicu-
laris, G. neosoldanii and G. nitidula) prefer high oxygen concentrations
or they have a low tolerance to oxygen depletion in bottom and pore
water (Gupta and Thomas, 2003; Schmiedl et al., 2003; Kuhnt et al.,
2007). Furthermore, they are common in oligotrophic environments,
although they also occur at higher trophic levels in intermediate to
highly seasonal environments, illustrating their opportunistic behav-
ior (Gupta and Thomas, 2003; Schmiedl et al., 2003; Kuhnt et al.,
2007). We interpret an increased abundance of Gyroidinoides spp. as
indicative for oxygenated and oligo-mesotrophic settings with sea-
sonal fluxes of food. The ecology of Stilostomella spp. is still widely de-
bated (e.g. Hayward et al., 2010), but in our material, the distribution
of S. plummerae and S. gracillima is relatively similar to G. complanata
and G. naranjoensis, possibly pointing to a somewhat similar paleo-
ecological behavior.

Angulogerina muralis is commonly observed in Eocene turbiditic
sections in the Betic Cordillera of southeastern Spain and in sections
in the Southern Alps (Molina et al., 2006; Ortiz and Thomas, 2006;
Ortiz et al.,, 2008, 2011; Agnini et al., 2009). In recent sediments
Mackensen et al. (1995) and Harloff and Mackensen (1997) found a
positive correlation between the presence of Angulogerina angulosa
and high Co flux rates and coarse grain sizes resulting from strong
bottom currents. Bottom-water currents have been shown to influ-
ence the microhabitat and composition of the benthic foraminiferal
fauna (Mackensen et al., 1995; Schonfeld, 2002a, b). Using this infor-
mation, we suspect that A. muralis is adapted to environments with a
high Cy flux and intensified bottom water currents.

Cibicidoides eocaenus, which distribution shows the largest simi-
larity with A. muralis (Pearson coeff. r = 0.74, Figs. 4 and 5) is a typical
epibenthic taxon and occurs mainly in bathyal settings. Its planocon-
vex morphology suggests an epibenthic mode of life (Jorissen et al.,
1999; Fontanier et al., 2002). Cibicidids have regularly been found as-
sociated with increased bottom water currents (Schonfeld, 2002a, b;
Ortiz et al., 2011), although this relation should be applied cautiously
(e.g. Jorissen et al., 2007).

4.4. Paleoenvironmental and paleoceanographic interpretation

4.4.1. Paleodepth and lysocline/CCD depth

Based on the occurrence and abundance of depth-related species
and their upper depth limits, we investigated the paleodepth of Site
401. Some species of faunal cluster A form the major constituents of
lower Eocene assemblages with an upper depth limit at 1500-
1800 m (Miller, 1983; Tjalsma and Lohmann, 1983; Miiller-Merz
and Oberhdnsli, 1991; Katz et al., 2003), while most species from



Table 4
Summary of the four biofacies observed in this study including ecological characteris-

tics and characteristic species.
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Biofacies I Mesotrophy Bulimina virginiana, Pseudoparrella minuta,
Moderate to high Praebulimina reussi, Bulimina thanetensis,
oxygen levels Bulimina tuxpamensis, Aragonia aragonensis,
High seasonality of Tappanina selmensis
productivity
(upwelling/surface
water mixing)

Biofacies  Oligo-mesotrophy Pseudoparrella minuta, Cibicidoides eocaenus,

Il High oxygen levels Bulimina thanetensis, Anomalinoides
High seasonality of praespissiformis, Nuttallides umbonifera,
productivity Bulimina virginiana, Bolivina huneri/
(upwelling/surface Bolivinoides crenulata, Bulimina tuxpamensis
water mixing)

Biofacies  Oligotrophy Nuttallides umbonifera, Stilostomella spp.,

11 High oxygen levels Globocassidulina subglobosa, Gyroidinoides
Limited seasonality spp., Cibicidoides ungerianus, Osangularia
of productivity mexicana, Buliminella grata,
Surface water Quadratobuliminella pyramidalis
stratification (?)
Increased run-off (?)

Biofacies  Oligo-mesotrophy Cibicidoides eocaenus, Pseudoparrella minuta,
I\% High oxygen levels Bulimina virginiana, Globocassidulina

Moderate seasonality
of productivity
(upwelling/surface
water mixing)

Increased bottom water

current velocity (?)

subglobosa, Brizalina carinata, Bulimina
thanetensis, Anomalinoides praespissiformis,
Angulogerina muralis

faunal cluster C are more characteristic for upper to lower bathyal de-
posits. These observations suggest a lower bathyal-upper abyssal
(~1800-2000 m) depth of deposition for early Eocene sediments at
Site 401, which is highly similar to previous estimates based on ben-
thic foraminifera (Schnitker, 1979) - despite the use of different size
fractions - and on ostracods (Ducasse and Peypouquet, 1979) and
backtracking (Montadert et al., 1979b). Furthermore, the dominance

Depth (km)

Site 401 N

A Ay A
m® 3
it W

[C: Post-event (1v)

of calcareous taxa and the preservation state of the foraminifera sug-
gest that the Calcite Compensation Depth (CCD) and lysocline were
located well below the depositional depth throughout the studied in-
terval, including for the marly levels. This is in line with an inferred
depth for the CCD of about 3.5-4 km and for the lysocline of 2.5-
3 km depth, for the South Atlantic, Central Equatorial Pacific and the
Indian Ocean (Zachos et al., 2005; Colosimo et al., 2006; Zeebe et al.,
2009).

4.4.2. Paleoceanographic interpretation

Benthic foraminiferal distribution is mainly based on the availability
of food particles and oxygen content of bottom and pore waters
(Jorissen et al., 1995), although other factors (e.g. bottom-water tem-
peratures, pH, salinity, sedimentary processes, substrate or biological
processes such as competition and predation) may be important as
well in specific environments or circumstances (van der Zwaan et al.,
1999; Gooday, 2003; Jorissen et al., 2007). Based on sedimentology,
the paleoecology of marker species (Table 3) and the relative abun-
dances of taxa, a paleoenvironmental reconstruction can be made for
each identified biofacies (Table 4; Fig. 8).

The relatively clay-rich sediments encompassing biofacies I are
characterized by P. minuta, B. virginiana, A. aragonensis, T. selmensis,
and B. thanetensis which represent a mesotrophic environment,
with episodic, possibly seasonal fluxes of Cyg and fluctuating, moder-
ate to high oxygen levels. This is also corroborated by the high %endo-
benthics and high amount of Buliminacea (Fig. 3). The lower
foraminiferal numbers and the relatively low CaCOs; content may be
indicative for a larger supply of terrigenous (clayey) material and
higher sedimentation rates.

Biofacies II, differing from biofacies I by its reduced presence of
A. aragonensis, T. selmensis and B. virginiana, but an increased pres-
ence of C. eocaenus, B. crenulata/huneri, A. praespissiformis, E. bollii/
bronnimanni, Gyroidinoides spp., and N. umbonifera implies that it is
indicative for a well-oxygenated and oligo- to mesotrophic setting
that displays a well-developed seasonality of productivity. The

S Site 401

Depth (km)

[B: syn-event )

80P 0D HH

N. umbonifera  B. grata C. ungerianus G. subgiobosa  Gyroidinoides spp. C. eocaenus A muralis
A\‘;
% S D @
B. tuxpamensis B. hunerif A p iformis  B. i B. virgini:
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Fig. 8. Postulated paleoceanographic conditions prior, during and after the observed hyperthermal events at DSDP Site 401 at the northern margin of the Bay of Biscay. Dotted
area = primary production. Gray arrows = possible migration/repopulation paths of benthic foraminifera. BNL=bottom nepheloid layer. Crossed circle in panel C indicates in-
creased bottom water current activity. (A) Reconstruction prior to the hyperthermal events (Biofacies I and II). (B) Reconstruction during the hyperthermal events (Biofacies
III). (C) Reconstruction following the hyperthermal event associated with level & (Biofacies IV). (D) Schematic representation of selected benthic foraminifera.
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lower amount of Buliminacea compared to biofacies I confirms this
interpretation (Fig. 3). Overall, the highest CaCO5 values are encoun-
tered in samples from this biofacies pointing to a low influx of terrig-
enous material. Small variations in CaCO5 content are found in levels
a and v, pointing to changes in terrigeneous material influx associated
with these levels.

Biofacies III (i.e. marly levels (3 and 6) is dominated by N. umbonifera
and is also characterized by a strong decrease of P. minuta, B. virginiana
and C. eocaenus while B. crenulata/huneri and B. tuxpamensis are virtual-
ly absent from the record. The common presence of N. umbonifera
throughout the studied interval and its dominance in biofacies Il may
indicate that Site 401 was permanently bathed in slightly carbonate cor-
rosive waters, as this species is often found associated with carbonate
corrosive bottom waters (see Table 3). However, as stated previously,
dissolution does not seem to play an important role in our material. In
the present abyssal areas, N. umbonifera is not only associated with
carbonate corrosive water masses, but its distribution also commonly re-
flects extremely oligotrophic (Schmiedl et al., 1997) and/or oxygenated
bottom waters (Kurbjeweit et al., 2000). Additionally, biofacies I is
characterized by the increased presence of B. grata, and in sample
189.92 mbsf an isolated occurence of Quadratobuliminella pyramidalis
(1.6% rel. abund.) is observed. Miiller-Merz and Oberhdnsli (1991)
found that B. grata is often associated with N. truempyi, suggesting that
the large-sized B. grata and Q. pyramidalis — which is a lower bathyal to
abyssal species (Tjalsma and Lohmann, 1983; Van Morkhoven et al.,
1986; Katz and Miller, 1996) - are indicators for stable oligotrophic con-
ditions and may be considered as K-selective species. Overall, the domi-
nance of taxa from faunal cluster A during levels 3 (~60%) and 6 (~75%)
(Fig. 6) is accompanied by a strong decrease in BFN suggesting that this
pattern is mainly the result of a decrease in abundance of taxa from fau-
nal clusters B and C, instead of a bloom of taxa from cluster A. In the
present-day Bay of Biscay, a decrease in Cog flux is associated with low
faunal densities (Fontanier et al., 2002; Mojtahid et al., 2010), so the
BFN reflects the oligotrophic nature of levels 3 and 6. Furthermore, the
general loss of opportunistic species may indicate that the oligotrophy
is a result of a decline in episodic (seasonal) Cog flux. A loss of primary
productivity export may be caused by enhanced surface water stratifica-
tion due to a reduction in upwelling strength or surface water mixing.
For level 6, the large size of the planktic foraminifera may indeed be an
indication of enhanced stratification although this remains speculative.
The low diversity and the significant drop of Buliminacea (in particular
level 6) in biofacies IIl are all additional indications for a stable low-
food environment and corroborate this ecological interpretation.
Hence, we suggest that biofacies Il characterizes well-ventilated oxic
and stable oligotrophic conditions with a reduced seasonality of
productivity.

The marly levels associated with biofacies III are interpreted as the
result of increased erosion of the hinterland and transportation of
clayey terrigenous material to the deep sea, Although transportation
of sediment particles by nepheloid layers may provide degraded par-
ticulate Cor, to the seafloor (Antia et al., 1999), high temperatures - as
suggested by the bulk 6'80 record - may neutralize the effect of this
additional food source as increased temperatures enhance metabolic
rates (Thomas and Shackleton, 1996; Boersma et al., 1998): the
same amount of food may result in a (more) oligotrophic appearing
benthic foraminiferal assemblage (Thomas, 2007).

Other species that are also important in biofacies Ill are O. umbonatus
and O. mexicana and are characteristic for level 3 and the onset of level
d. Gyroidinoides spp., Stilostomella spp., G. subglobosa and C. ungerianus
are also characteristic for level 3, yet become important in the isotopic
recovery of level & where numbers of N. umbonifera are already declin-
ing, and indicate well-oxygenated bottom waters and oligotrophic to
mesotrophic conditions. The increased presence of the potentially op-
portunistic Gyroidinoides spp. and G. subglobosa may imply a reappraisal
of seasonality of productivity and organic carbon flux or they may just
react opportunistically to a disturbed environment.

Finally, biofacies IV is mainly composed of C. eocaenus, P. minuta,
B. virginiana, G. subglobosa, Gyroidinoides spp. and B. carinata. This
composition is interpreted as indicative for an oxic and oligo-
mesotrophic environment with a well-developed seasonality of pro-
ductivity as N. umbonifera has its lowest relative abundance in this
biofacies. Furthermore, the remarkable appearance of A. muralis, the
strong presence of G. subglobosa and C. eocaenus in this biofacies
may imply an increase in bottom water current velocity at this loca-
tion, possibly related to an intensification of basin circulation and/or
upwelling activity. The doubling of the amount of coarse fraction in
this interval compared to the interval containing biofacies II (Fig. 2)
might be the result of winnowing, inhibiting the settlement of smaller
particles. This apparent intensification of bottom-water currents may
have delivered additional refractory Co; and may have facilitated
small-scale repopulation and migration of lower to middle bathyal
species, as indicated by the high BFN and high relative abundances
of the abovementioned taxa. The number of Buliminacea remains rel-
atively low for the entire biofacies (with a strong decline in level €),
pointing towards an oxic environment.

The changing trophic patterns across the different biofacies are not
observed in the TOC record, which is characterized by extremely low
values. Corz Was probably consumed by the benthic community and/or
oxidized, judging by the reddish colored marly levels (Fig. 2). Under
such conditions in which TOC values are negligible the benthic forami-
nifera provide a more powerful and reliable tool to characterize the or-
ganic carbon flux to the seafloor (e.g. Jorissen et al, 2007). This
illustrates that paleoceanographic conditions cannot and should not
be fully constrained from the geochemical record alone and underlines
the importance of quantitative micropaleontology.

4.5. Hyperthermal nature?

At DSDP Site 401, the observed negative carbon and oxygen bulk
isotope excursions up to ~0.75% suggest that injections of '2C-
enriched carbon into the ocean-atmosphere system took place, lead-
ing to short-term rises in sea-surface temperatures. These isotopic
exursions are associated with marly levels amidst a chalky lithology,
caused by an increased input of terrigeneous clayey material.

Similar features have been found in all known early Paleogene
hyperthermals. Indeed, the main sedimentological and geochemical
features are short-lived (<100 kyr) negative excursions ranging be-
tween ~0.50%. to ~1.5% (PETM: up to ~4%.) in the bulk, benthic
and planktic 6'3C and 6'80 records (Cramer et al., 2003; Lourens
et al., 2005; Nicolo et al., 2007; Quillévéré et al., 2008; Agnini et
al.,, 2009; Bornemann et al., 2009; Stap et al., 2009, 2010a,b;
Coccioni et al.,, 2010; Galeotti et al., 2010; Zachos et al., 2010;
Sexton et al., 2011; Sprong et al., 2011). Another common feature
is the occurrence of carbonate-poor levels, associated with CaCO3
dissolution (Quillévéré et al., 2008; Stap et al., 2009; Coccioni et
al., 2010; Leon-Rodriguez and Dickens, 2010) or with dilution due
to an increase in terrigenous run-off (Kelly et al., 2005; Nicolo et
al., 2007; Agnini et al., 2009). As the marly levels at Site 401 reveal
the same characteristics, it is tempting to relate them to hyperther-
mal events.

On top of the geochemical features, the marly levels of DSDP Site
401 (especially levels 3 and &) contain open-marine benthic forami-
niferal assemblages that are characterized by the reduction of the di-
versity, foraminiferal numbers and buliminid species, while
oligotrophic benthic foraminiferal species dominate. When combin-
ing benthic foraminiferal data of known and suspected hyperthermal
events of (hemi-) pelagic settings such as the ‘Dan-C2 event’
(~65.2 Ma; Coccioni et al., 2010), the ‘lower C29n event’ (~65.0 Ma;
Coccioni et al.,, 2010), the ‘Latest Danian Event’ (=‘top Chron C27n
event’; ~61.7 Ma, Speijer, 2003; Bornemann et al., 2009; Sprong et
al,, 2011; Westerhold et al., 2011), the ‘MPBE’ (mid-Paleocene biotic
event; ~58.2 Ma; Bernaola et al., 2007), the PETM (~55.8 Ma;
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Thomas, 1998, 2003, 2007; Takeda and Kaiho, 2007; Alegret et al.,
2010), H1 (=ETM2; ~53.7Ma; Lourens et al, 2005) and K
(=ETM3; ~52.5 Ma; Rohl et al., 2005, 2006; Agnini et al., 2009) and
the Ypresian-Lutetian boundary event (~48.6Ma; Ortiz and
Thomas, 2006), various overall features emerge. First of all, low diver-
sity/high dominance assemblages characterize all these events indi-
cating stressed conditions at the seafloor. Neritic and hemipelagic
settings are mostly characterized by (opportunistic) taxa that are
typical for eutrophic and suboxic/anoxic sea-floor conditions such as
T. selmensis, A. aragonensis, G. subglobosa and Neoeponides duwi
(Ernst et al., 2006; Agnini et al., 2009; Alegret et al., 2009; Coccioni
et al.,, 2010; Sprong et al., 2011). Truly open marine settings on the
other hand are characterized by taxa that are known for oligotrophic
conditions such as Nuttallides and abyssaminids (Q. profunda,
Abyssamina quadrata and A. poagi) (Pak and Miller, 1992; Thomas
and Shackleton, 1996; Thomas, 1998; Lourens et al., 2005; Rohl et
al., 2005; Takeda and Kaiho, 2007). Notwithstanding minor local or
regional variations (due to differences in latitudinal position, local
bathymetry, upwelling activity and/or proximity to the continent),
general patterns reveal that during hyperthermals continental mar-
gins became more eutrophic and potentially important carbon sinks
(Speijer and Wagner, 2002; Gavrilov et al., 2003) while open marine
regions became more oligotrophic. It appears that this expansion of
the trophic resource continuum (e.g. Hallock, 1987; Hallock et al.,
1991; Speijer et al., 1997; Boersma et al., 1998; Thomas, 1998) is
also observed at DSDP Site 401.

The faunal changes of DSDP Site 401 display large similarities
with various other hyperthermal assemblages and appear to be
strongly correlated with the geochemical record, ascertaining our
suspicions of the presence of hyperthermals. However, a comparison
reveals that DCA 1 is only slightly similar to the 6!3C (R?=0.44) and
the 6'80 (R?=0.29) record (Figs. 2 and 6). The reason behind this
low correlation is the fact that levels a and «y which display fairly
prominent CIEs, do not exhibit any significant faunal change. This
observation implies that for Site 401 only levels (3, - and to a lesser
extent level € - are associated with short-lived paleoceanographic
changes involving a change from a (seasonal) mesotrophic environ-
ment to a stable oligotrophic one. This implies that the underlying
paleoceanographic changes at levels 3, 6 - and to a lesser degree €
- were sufficiently large and long lasting to invoke a substantial
faunal change.

Another striking observation is that the small but apparently per-
manent faunal composition change across level 6 towards biofacies IV
lasts at least until the base of Biozone NP12. This signal is also notice-
able in the Q-mode CA (Fig. 5) and DCA Axis 2 (Fig. 6). In other words,
following level &, the benthic fauna does not completely return to a
pre-level 6 composition. This is in contrast with level 3 where the
benthic foraminiferal assemblage recovers swiftly to its pre-event
composition. This long-term faunal shift may simply reflect a long-
term change in general boundary conditions, independent from the
shorter-term changes associated with the CIE. However, this longer-
term shift (loss of most buliminids, occurrence of A. muralis, domi-
nance of C. eocaenus and the increased importance of faunal cluster
Crelative to A) occurs rapidly across level 6 and no similar signals re-
sembling this end member are observed prior to level &. The strong
faunal response combined with the largest geochemical changes are
striking and illustrate the exceptional characteristics of level 6, as
the other marly levels only show minor faunal compositional changes
that are immediatly restored to pre-event conditions.

These considerations lead us to conclude that marly level (3 and
especially level & are excellent candidates for hyperthermal events
while levels «, y and € are probably the result of normal background
variations given their characteristics. The stratigraphic position of
levels 3 and 6 in Biozone NP11 also suggests that one of them may
correspond to the globally detected hyperthermal ETM2 (e.g.
Cramer et al., 2003; Lourens et al., 2005; Stap et al., 2010a,b), but

the lack of an unequivocal bio- and magnetostratigraphic framework
for DSDP Site 401 obstructs a clear correlation at this point.

5. Conclusions

1. Five marly intervals (oi-€) characterized by decreased CaCOs5 con-
tents and covarying bulk negative carbon and oxygen isotope ex-
cursions of up to ~0.75%. were observed in pelagic sediments of
Biozone NP11 (early Eocene). The CaCOs; and stable isotope re-
cords at Site 401 strongly suggest that several transient injections
of 2C-enriched carbon took place, leading to short-term rises in
sea surface temperatures, together with an increased contempora-
neous influx of clayey material.

2. Two of these levels (3 and 6) display significant benthic foraminif-
eral perturbations characterized by low diversity, low (benthic) fo-
raminiferal numbers, an increased presence of oligotrophic taxa
(e.g. Nuttallides umbonifera) and a substantial reduction in the
abundance of buliminid taxa (e.g. Bolivina crenulata/huneri and
Bulimina tuxpamensis). Level 6 further displays a subsequent in-
crease of opportunistic taxa (e.g. Globocassidulina subglobosa,
Gyroidinoides spp.) and a return of mesotrophic bathyal taxa (e.g.
Cibicidoides eocaenus, Bulimina virginiana, Pseudoparrella minuta
and Angulogerina muralis). For these two marly levels there ap-
pears to be a correlation between the magnitude of these faunal
perturbations and the magnitude of the stable isotope excursions,
while the other three marly levels (o, 'y and €) - despite displaying
similar isotopic excursions — do not show a significant and clear
faunal response. This implies that these marly levels reflect back-
ground fluctuations, whereas levels 3 and & can be considered as
anomalous events.

3. The main underlying causes for these short-lived perturbations in
the benthic realm are thought to be a decrease in Corg flux to the
seafloor (e.g. a decrease of seasonality of surface water productiv-
ity resulting in oligotrophy at the seafloor) likely due to decreased
upwelling/surface water mixing activity, as suggested by the
planktic foraminiferal test size. Additionally, during the deposition
of level & - which is associated with the largest isotope excursion
and faunal perturbation - a minor, yet clear and long-lasting shift
in benthic foraminiferal composition linked to changing basin cir-
culation (i.e. intensified bottom water currents and/or upwelling
activity) occurs.

4, The observed patterns and paleoceanographic interpretations
are in line with observations of open-marine settings during
early Paleogene hyperthermals, including the PETM, confirming
the hyperthermal nature of at least some of these marly levels
and supporting the idea that the trophic resource continuum
expanded during these events. Our findings suggest that early
Eocene hyperthermals and the PETM are expressed in a similar
way and are possibly driven by similar processes.
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