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ces of calcareous nannofossil taxa have been determined in a ca 170 kyrs long
time interval across the Paleocene/Eocene boundary at 1-cm to 10-cm resolution from two ODP Sites (1262,
1263) drilled along the flank of the Walvis Ridge in the South Atlantic. The results are compared to published
data from ODP Site 690 in the Weddell Sea. The assemblages underwent rapid evolution over a 74 kyrs
period, indicating stressed, unstable and/or extreme photic zone environments during the PETM
hyperthermal. This rapid evolution, which created 5 distinct stratigraphic horizons, is consistent with the
restricted brief occurrences of malformed and/or weakly calcified morphotypes. The production of these
aberrant morphotypes is possibly caused by major global scale changes in carbon cycling in the ocean–
atmosphere system, affecting also photic zone environments. No marked paleoecologically induced changes
are observed in abundances of the genera Discoaster, Fasciculithus and Sphenolithus at the Walvis Ridge sites.
Surprisingly, there is no significant correlation in abundance between these three genera, presumed to have
had a similar paleoecological preference for warm and oligotrophic conditions.

© 2008 Elsevier B.V. All rights reserved.
1. Introduction

The Paleocene Eocene Thermal Maximum (PETM) is a brief climate
perturbation that is characterized by a global increase in temperature
and a massive injection of 13C-depleted carbon into the ocean–
atmosphere system (Kennett and Stott, 1991; Dickens et al., 1995;
Zachos et al., 2001, 2005; Sluijs et al., 2006). This injection imprinted a
negative carbon isotope excursion (CIE) in sedimentary components
that, includingonset and recovery, lasted approximately 170 kyrs (Röhl
et al., 2007; Sluijs et al., 2007; Abdul Aziz et al., 2008), andwhich is now
used to approximate the Paleocene–Eocene boundary (Aubry et al.,
2007).

Marine biotic response to the climatic and carbon cycle changes
was significant (Sluijs et al., 2007). This includes calcareous nannofossil
assemblages which underwent significant change on a global scale.
The diversity of the Paleocene genus Fasciculithus decreased substan-
tially (Raffi et al., 2005), with only Fasciculithus tympaniformis and
Fasciculithus involutus prevailing into the lowermost Eocene. Within
the CIE, the genus Rhomboaster evolved rapidly together with
members of the genus Tribrachiatus (Romein, 1979), as well as the
malformed and short ranged Discoaster araneus and/or Discoaster
anartios (Bybell and Self-Trail,1995; Cramer et al., 2000;Monechi et al.,
l rights reserved.
2000; Kahn and Aubry, 2004; Tremolada and Bralower, 2004; Agnini
et al., 2007a). The Rhomboaster–D. araneus/anartios association is
restricted to the PETM (Aubry, 2001; Kahn and Aubry, 2004; Aubry
et al., 2007). This assemblage has been observed in many sections and
appears to represent a ubiquitous evolutionary event (Raffi et al.,
2005). The abundances of Fasciculithus continue to decrease through
the PETM, culminating in its extinction shortly after the PETM. In
contrast, the abundance of the genus Zygrhablithus (mainly Z.
bijugatus) increases within the PETM. This pattern has been recorded
in several deep-sea and land-based sections (Tremolada and Bralower,
2004), but is not a global event. In fact,while the decline and successive
demise of Fasciculithus is global, the increase of Zygrhablithus has been
recorded in some tropical, mid- and high latitude regions but it is
absent in other equatorial and mid-latitude regions (Raffi et al., 2005).
All the above nannofossil events are restricted to the PETM interval,
and are thought to be related to the unusual transient paleoenviron-
mental conditions that occurred in the photic zone that characterizes
the PETM/CIE (Bralower, 2002; Agnini et al., 2007a).

Only a few open ocean sites with complete Paleocene/Eocene
transitions and relatively well-preserved nannofossil assemblages
have been studied in detail. These include the high latitude Southern
Ocean Drilling Program (ODP) Site 690 in the Weddell Sea (Bralower,
2002), the tropical Pacific Ocean ODP Site 1209 (Gibbs et al., 2006), the
tropical Atlantic Ocean ODP Site 1260 (Mutterlose et al., 2007), and the
hemipelagic Tethyan Ocean Forada section (Agnini et al., 2007a).
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Assemblage shifts during the PETM have been interpreted as
representing changes in paleoproductivity, from increased eutrophy
in neritic-marginal seas to increased oligotrophy in the open ocean
(Bralower, 2002; Tremolada and Bralower, 2004; Gibbs et al., 2006;
Giusberti et al., 2007). For example, increasing relative abundances of
Discoaster and Fasciculithus at Site 690, and increasing abundances of
Discoaster, Fasciculithus and Sphenolithus at Site 1209, have been
interpreted to represent more oligotrophic, but also warmer environ-
ments (Bralower, 2002; Gibbs et al., 2006). The PETM is also
characterized by abundance shifts of nannofossil taxa that are
considered to thrive during colder-water conditions and/or which
were adapted to mesotrophic–eutrophic environments (Bralower,
2002; Tremolada et al., 2007), such as Toweius and Chiasmolithus. In
the Tethyan Forada section, changes involve an increase of the
supposedly eutrophic Coccolithus and Ericsonia and a concomitant
decrease of the supposedly oligotrophic Octolithus sp.1 and Spheno-
lithus. Agnini et al. (2007a) interpreted this as a response to nutrient
enhanced conditions induced by increase in weathering and runoff
during the PETM. All the above variations are considered to indicate an
unstable photic zone environment. At ODP Site 1260 in the tropical
western Atlantic Ocean, the observed nannofossil abundance patterns
show no distinct patterns (Mutterlose et al., 2007). For example, the
abundances of various stenotopic taxa such as the “oligotrophic”
Discoaster spp., Sphenolithus and Discoaster, and the “eutrophic”
Chiasmolithus and Campylosphaera are either invariant across the
PETM, or show no covariance.

In addition to changes in photic zone temperatures and nutrient
cycling, the plankton assemblages may have been influenced by ocean
acidification due to the massive input of carbon dioxide to the water
column during the CIE. If the rate of carbon injectionwas rapid enough
to substantially decrease carbonate ion concentrations and pH of the
surface ocean, it should have influenced calcareous nannoplankton.
Experiments with modern flora have demonstrated both adverse and
positive effects on nannoplankton in response to higher pCO2 and
reduced pH (Riebesell et al., 2000; Zondervan et al., 2001; Rost and
Riebesell, 2004; Langer et al., 2006; Iglesias-Rodriguez et al., 2008).

Here, we have studied two pelagic sections spanning the
Paleocene/Eocene boundary recovered during ODP Leg 208 in the
subtropical South Atlantic (Fig. 1) (Zachos et al., 2004), in order to
determine compositional and abundance changes in calcareous
nannofossil assemblages that are independent of preservation
Fig.1. Location of ODP Sites 1262 and 1263 on theWalvis Ridge in the South Atlantic and the r
map at 55 Ma (http://www.odsn.de/odsn/services/paleomap/paleomap.html).
artifacts. These data will be employed to investigate the response of
calcareous nannoplankton to photic zone changes in temperature,
nutrient concentration and carbon geochemistry across the Paleo-
cene/Eocene boundary interval and the PETM. The two sites, 1263 and
1262, represent the shallow and deep end members of a depth
transect of sites drilled on the flank of the Walvis Ridge, at 1500 and
3500m paleodepth, respectively (Zachos et al., 2004). The onset of the
PETM at both the shallow Site 1263 and the deep Site 1262 is marked
by clay layers, resulting from CCD rise (Zachos et al., 2005). Correlation
of the sites based on ∂13C records has revealed that the carbonate
content across the recovery interval increases first at shallower and
later at deeper depths, evidencing a gradual deepening of the CCD and
lysocline. Because the sites are located so close (150 km) to each other,
differences in nannofossil assemblages at any given time likely depend
on preservational differences rather than differences in composition
and relative abundances among the plankton communities. The
nannoplankton input signal is hence assumed to have been identical
at the two sites.

2. Material and methods

Samples were collected from the critical PETM interval at Sites
1262 (4755 m water depth; 1.3 m investigated) and 1263 (2717 m
water depth; 3 m investigated). Core photos, carbonate concentration
curves and bulk sediment carbon isotope records from these two
intervals are shown by Zachos et al. (2005). Quantitative analyses on
calcareous nannofossil assemblages were carried out on U-channel
sample sets. Specifically, 200 samples were analyzed from a 3 m
interval at Site 1263, between 333 and 336 mcd (from 1263C-14H-1,
31 cm to 1263D-4H-1, 100 cm). This 3 m interval corresponds to about
170 kyrs (Röhl et al., 2007). At Site 1262, 79 samples were analyzed
from a 1.3 m interval between 139 and 140.31 mcd (from 1262B-15H-
2, 79 cm to 1262B-15H-3, 89 cm). Age estimates of the investigated
nannofossil biostratigraphic events are not provided here, although
the relative distance, in terms of timing, between each successive
event is provided following Röhl et al. (2007) and Westerhold et al.
(2007). The samples were processed using standard techniques to
prepare smear-slides, and subsequently analyzed with a polarizing
microscope at 1250× magnification.

The taxa considered in the present paper are listed in Appendix A,
and most are referenced in Perch-Nielsen (1985) and Aubry (1984,
eference ODP Site 690 on theMaud Rise in theWeddell Sea shown on a paleogeographic
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1988, 1989, 1990). The taxonomy of most taxa are generally well
established, except for the much debated genera Rhomboaster and
Tribrachiatus (Perch-Nielsen, 1985; Bybell and Self-Trail, 1997; Aubry
et al., 2000; Wei and Zhong, 1996; von Salis et al., 2000; Raffi et al.,
2005). Although some investigators have grouped the two under the
genus Rhomboaster and recombined all species within Tribrachiatus
into Rhomboaster, we prefer to distinguish both genera, only
recognizing the following Rhomboaster taxa: Rhomboaster cuspis and
the Rhomboaster calcitrapa group, which includes the species
Rhomboaster intermedia, Rhomboaster bitrifida and Tribrachiatus
spineus.

Nannofossil abundance data in the U-channel samples were
generated by counting specimens in a prefixed area of the slide, in
Fig. 2. Abundances of selected nannofossil genera and index taxa at Site1263
which each field-of-view has a relatively constant nannofossil density,
and expressed as number of specimens/mm2 (Backman and Shackle-
ton, 1983; Backman and Raffi, 1997). The taxa selected for counting are
considered to be sensitive to changes in temperature and nutrient
concentrations according to Bralower (2002). In order to be able to
directly compare our results with data from Site 690 we generated
relative abundance data on 73 samples across the PETM, and
performed two series of counts, following the methodology of
Bralower (2002). A total of 300 specimens from the whole assemblage
was initially counted, including smaller (~3 µm) specimens and all
specimens larger than one half the original nannofossil. Specimens
belonging to the genera Coccolithus, including rare Ericsonia, and To-
weius, represent 40–80% of the total assemblage in most samples.
plotted together with carbon isotopes (grey line) (Zachos et al., 2005).
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These taxa were excluded from the second series of counts, in which a
total of 300 specimens other than Coccolithus and Toweius were
counted in all samples, to obtain percentage variations of the so-called
non-coccolith fraction.

3. Results

3.1. Site 1263

The preservation of calcareous nannofossils is moderate to good
throughout most of the studied interval at Site 1263. Only in a 6-cm
interval from 335.27 to 335.21 mcd, at the base of the CIE, are the
effects of dissolution clearly evident. The results of the counts show a
stratigraphic succession of changes (Figs. 2–4), which reflect different
phases in the evolving photic zone environment together with the
changing sea-floor carbonate preservation before, during and after
Fig. 3. Relative abundance of nannolith genera at Site 1263 comparedwith data from Site 690
from Bains et al. (1999) and Thomas et al. (2002). Correlation of carbon isotope inflection p
the PETM. The evolutionary changes among the nannofossil assem-
blages created at least five distinct biostratigraphic marker events
over a 74 kyrs time interval, described below as biohorizons N1 to N5
(Fig. 5). With the higher 1-cm sample resolution employed here in the
most critical interval, it has been possible to improve the positions of
these biohorizons compared to those reported by Zachos et al. (2005,
Table S3).

The N1 biohorizon is coincident with the onset of the CIE, and is
defined by the prominent decrease in diversity and abundance of
Fasciculithus. The characteristic large fasciculith taxa of the uppermost
Paleocene such as Fasciculithus richardii, Fasciculithus schaubii, Fasci-
culithus hayi, Fasciculithus toni and Fasciculithus mitreus, all suddenly
disappeared. This event is recorded in Paleocene–Eocene boundary
sections globally (Backman, 1986; Monechi et al., 2000; Raffi et al.,
2005, Agnini et al., 2006, 2007a). At Site 1263, N1 occurs at
335.28 mcd (Fig. 2C), corresponding to the “0-age” of Röhl et al.
. Site 1263 bulk δ13C records (grey line) are from Zachos et al. (2005) and Site 690 records
oints is from Zachos et al. (2005).



Fig. 4. Relative abundances of nannofossil taxa at Site 1263 comparedwith data from Site 690. Site 1263 bulk δ13C records (grey line) are from Zachos et al. (2005) and Site 690 records
from Bains et al. (1999) and Thomas et al. (2002). Correlation of carbon isotope inflection points is from Zachos et al. (2005).
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(2007). In a few samples at the basal part of the PETM, nannofossil
assemblages are impoverished and strongly dissolved and show low
abundances or absence of Coccolithus, Toweius, Chiasmolithus (Fig. 4).
Also Fasciculithus and Sphenolithus show very rare specimens in this
interval (Fig. 2A, I), although they are considered relatively dissolution
resistant taxa together with the genus Discoaster that, instead, shows
a sharp increase in the relative abundance (N70%) (Fig. 3B). In this
interval the Discoaster assemblage is dominated by the robust
Discoaster multiradiatus. These data indicate the loss of most other
nannofossil taxa in the basalmost interval of the PETM. The genus
Zygrhablithus, which is rare in the uppermost Paleocene, temporarily
disappears within the PETM (Fig. 2E). Among the surviving fascicu-
liths, F. tympaniformis and F. involutus are consistently present at fairly
high abundances during the PETM (Fig. 2A). Paleocene reworking is
extensive in the lower PETM between about 335.07 and 335.02 mcd
(Fig. 2C, D). These mixed assemblages of reworked and indigenous
taxa must have influenced the isotopic character of the bulk
carbonate, which largely is made up of nannofossil carbonate. The
intensive reworking of late Paleocene nannofossils may have skewed
bulk carbonate δ13C values towards higher values in that interval.

The interval between 335.19 and 335.02 mcd contains two
biostratigraphic markers, namely the first common occurrence of
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morphotypes that are referable to Fasciculithus thomasii and the
evolutionary appearance of peculiar forms of deformed and weakly
calcified discoasterids (Fig. 2B, G). These discoasterids have an
asymmetrical radial structure with a prominent irregular central knob
and most of them can be referred to D. anartios. Its first occurrence is
used to define the N2 biohorizon at Site 1263 (Fig. 5), which occurred
47 kyrs after the onset of the CIE (Röhl et al., 2007). Malformation is not
restricted to D. anartios, but appears among specimens of Discoaster
mediosus, Discoaster nobilis and Discoaster falcatus. These taxa and D.
multiradiatus are the major components of discoasterid assemblages
within the lower Eocene interval (Ypresian). An abundance peak of the
short-lived F. thomasii also begins at the N2 level (Fig. 5). The first
occurrence of rare, small specimens of Discoaster salisburgensis, and
Fig. 5. Positions of calcareous nannofossil biohorizons N1–N5 from Sites 1263 and 1262 in r
record in core and recovery intervals, and precession cycle numbers which refer to the lith
sporadic single specimens of Rhomboaster, further characterizes this
interval. The scattered presence of other rare taxa such as Biantholithus,
Markalius and Thoracosphaera, which never exceed 2% of the non-
coccolith fraction, is not used in our interpretations of the photic zone
environments.

The interval of the ∂13Cminimumbetween 334.95 and 334.75mcd is
marked by increased abundances of F. thomasii and deformed
discoasterids, just below the lowermost common and continuous
occurrence of the genus Rhomboaster. There is a turnover in abundance
between Rhomboaster spp. and F. thomasii, and deformed discoasterids
(Fig. 5). The consistent occurrence of the spined R. calcitrapa group and
R. cuspis is recorded at 334.86mcd,which is used todelineate biohorizon
N3 (Fig. 2H). The N3 event occurred 58 kyrs into the PETM according to
elation to the carbon isotope stratigraphy (Zachos et al., 2005). Subdivision of the 1263
ological cycles identified in Fe and Ba RXF data records (after Röhl et al., 2007).
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the cyclostratigraphic model of Röhl et al. (2007). The appearance of
Tribrachiatus bramlettei, with rare overgrown specimens, also coincides
with biohorizon N3 at Site 1263.

The occurrence of the excursion taxa, R. calcitrapa gr., D. anartios,
andD. araneus (Cramer et al., 2000; Monechi et al., 2000; Aubry, 2001;
Bralower, 2002; Kahn and Aubry, 2004), is unique and apparently a
global occurrence (Acme) across the PETM interval (Raffi et al., 2005;
Agnini et al., 2006, 2007a), although D. araneus is missing at Site 1263.
The interval between 335.05 and 334.46 mcd has the lightest carbon
isotope values. This interval is also characterized, in terms of
calcareous nannofossil changes, by (i) high abundances of fasciculiths
(≥600 specimens/mm2) (Fig. 2A) comprising 20% of the total
assemblage and 50% of the non-coccolith assemblage (Fig. 4A), (ii) a
Fig. 6. Abundances of selected index taxa at Site1262 plotted tog
persistent absence of Zygrhablithus (Fig. 2E), (iii) a temporary decline
in abundance of Discoaster (Fig. 3B), Toweius, Coccolithus and Chias-
molithus (Fig. 4A–C), and (iv) an increase in abundance of Sphenolithus
(Figs. 2I, 3D).

A sharp decrease of Fasciculithus (Fig. 2A) occurs in the upper CIE, at
the beginning of the recovery interval where bulk δ13C values start to
recover (increase) and CaCO3 content increases to over 60%. Concomitant
with this decline of fasciculiths, Zygrhablithus increases in abundance
(Fig. 2E). This cross-over in abundance between Fasciculithus and Zygr-
hablithus at 334.38 mcd is used to define biohorizon N4. The N4 event
occurred 66kyrs into the PETMaccording to the cyclostratigraphicmodel
of Röhl et al. (2007). This event is consistently recorded just above the
Paleocene/Eoceneboundary indifferentoceanic settings (Bralower, 2002;
ether with carbon isotopes (grey line) (Zachos et al., 2005).
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Tremolada andBralower, 2004;Gibbs et al., 2006; Tremolada et al., 2007).
Bralower (2002) suggested that Zygrhablithusmay have simply occupied
the ecological niche vacated by Fasciculithus.

The highest occurrence of the spined Rhomboaster spp. was
observed at 334.27 mcd (Fig. 5), which is used to define biohorizon
N5. The N5 event occurred 74 kyrs into the PETM, where CaCO3

contents stabilized at around 90% (Zachos et al., 2005). The R. calcitrapa
gr. thus has a restricted range in the upper part of the PETM at Site
1263. The N5 event is coeval with an increase in abundance of
T. bramlettei (Fig. 2H). Rare specimens of Braarudosphaera bigelowi
were observed close to the N5 event. The interval between biohorizons
N4 and N5 is characterized by increasing relative abundance of
Discoaster and Sphenolithus (Fig. 3B, D).

Some nannofossil taxa show abundance patterns that are similar to
the carbon isotope curve. This is particularly evident for Zygrhablithus
in the upper part of the PETM (Figs. 2E, 3C), within the early stages of
the δ13C recovery interval. Abundances of Coccolithus, Toweius and, to
a lesser extent, Chiasmolithus (Fig. 4), are grossly mirrored by the δ13C
record. In contrast, an inverse relationship is observed between δ13C
and abundances of Fasciculithus (Fig. 2A).

3.2. Site 1262

The interval between 141.14 and 140.02 mcd is largely barren of
nannofossils at Site 1262 (Fig. 6) because of intense carbonate
dissolution (Zachos et al., 2005). Biohorizon N1 (Fig. 5) coincides
with the base, at 140.145 mcd, of the 12-cm barren interval (Fig. 6).
D. anartios (N2) and the coeval peak abundance F. thomasii are not
preserved at Site 1262. From the beginning of the PETM recovery
interval and upsection, the distribution of key taxa is similar at Sites
1262 and 1263. This interval is marked by the gradual recovery of
carbonate preservation. At the deep Site 1262, however, the
nannofossil assemblages are clearly affected by dissolution through-
out the recovery interval, as reflected by high abundances of
dissolution resistant taxa such as Rhomboaster (Fig. 6E). Biohorizon
N4 corresponds to the sharp decrease of fasciculiths at 139.79 mcd
(Fig. 6A), where Zygrhablithus spp. re-enters the stratigraphic record
(Fig. 6D). Biohorizon N5, the highest occurrence of the spined
Rhomboaster spp., is observed at 139.72 mcd (Fig. 5).

4. Discussion

Biohorizons N1 to N5 represent five distinct and biostratigraphi-
cally useful events among the nannofossil assemblages that occurred
over 74 kyrs. This concentration of evolutionary change in a marine
phytoplankton group over such a brief geologic time is absolutely
unique. No other 74-kyrs interval shows so many distinct biostrati-
graphic events in any part of the Cenozoic Era. It therefore appears
reasonable to conclude that these biostratigraphic events represent
biological responses to highly variable and/or extreme conditions in
the photic zone environment. Temperature, nutrient cycling, and
carbon geochemistry are themost obvious underlying factors thatmay
have influenced the observed compositional and abundance variations
among the calcareous nannoplankton assemblages during the PETM.

The nannofossil assemblages at Sites 1263 and 1262 show trends
that are both unique and similar to those observed at other localities,
providing an opportunity to constrain preservational biases from
primary environmental signals. To isolate regional from global signals,
we compare the Site 1263 recordwith data derived from studies of the
well-preserved specimens of Site 690 (Bralower, 2002; Figs. 3, 4).

4.1. Photic zone environments and preservational biases

Since productivity and calcite export from the photic zone should
have been similar at Sites 1263 and 1262, major differences in
composition and abundance among the calcareous nannofossil
assemblages are interpreted to represent preservational artifacts
caused by depth dependent dissolution. For example, the peak
abundance of the R. calcitrapa gr. between 139.95 and 139.9 mcd
(Fig. 6E) at Site 1262 is not present at 1263, and thus likely represents
one such artifact.

Other changes, however, presumably reflect variations in the photic
zone environments. This interpretation is based on the fact that the
evolving calcareous nannofossil assemblages clearly correlate to
precession cycles delineatedwithin the PETMusing X-Ray Fluorescence
(XRF) core scanning records (Röhl et al., 2007). The XRF cycles are
partially caused by carbonate dissolution, but in our records each
precession cycle has its own characteristic assemblage features (Fig. 5).
For example, the peak abundance of F. thomasii corresponds to cycle 2,
the peak in abundance of D. anartios to cycle 3, the increase of
R. calcitrapa gr. to cycle 3/4 transition, the decline in abundance of
F. thomasii anddeformeddiscoasterids and ‘peak’ of Fasciculithus to cycle
4, and the distinct increase of Zygrhablithus to cycle 4/5 transition. This
series of biostratigraphic events and intervening assemblages do not
primarily represent carbonate dissolution artifacts, but rather indicate
that the observed variability in composition and abundance among the
calcareous nannofossil assemblages over the brief PETM interval were
induced by orbitally paced changes in the photic zone environment.

Although carbonate dissolution at Site 1263 was less severe than at
the deep Site 1262, itwas stillmore severe than at Site 690, implying that
dissolution should have affected the ‘moderately to well’ preserved
nannofossil assemblages at Site 1263. Although the composition of the
assemblages as well as the export of biogenic calcite was likely different
between the sites, comparison with Site 690 allows us to assess some
impacts of dissolution at Site 1263.Anexample of dissolution relatedbias
at Site 1263 is reflected in relative abundances of Discoaster. At the very
onset of the PETM, nannofossil abundances are strongly reduced in a few
samples, mainly being represented by a few discoasterids (Fig. 2). Three
of these samples therefore show relative abundances of Discoaster of
N70% (Fig. 3B). It appears reasonable to attribute this brief Discoaster
abundance increase at Site 1263 to a shallowing lysocline and carbonate
dissolution rather than a change in the input signal, becausemembers of
this genus are artificially concentrated when the biogenic carbonate at
the sediment–water interface is strongly dissolved (Wise, 1977). When
the relative abundances of other taxa decrease due to dissolution,
abundance ofDiscoaster increases. These other taxa include Sphenolithus
and Fasciculithus at Site 1263 (Fig. 3). The decrease of these genera thus
primarily reflect dissolution, suggesting that it is difficult to interpret the
abundance variations in the lowermost PETM as observed at Site 1263 in
terms of trophic level or temperature because there, the original input
signals have been masked and biased by carbonate dissolution. Once
carbonate dissolution begins to severely blur the photic zone input
signals, it will be difficult to disentangle paleoecologically induced
variability from preservational effects at any given time.

4.2. Discoaster–Fasciculithus–Sphenolithus abundance variations

At Site 690, Bralower (2002) inferred conditions of increased
oligotrophy during the PETM, based on sharp increases in abundance
of Discoaster and Fasciculithus at its onset (Fig. 3A, B). Subsequently,
Tremolada and Bralower (2004), Gibbs et al. (2006) and Tremolada et al.
(2007) suggested that similar oligotrophic conditions were extended to
all open ocean photic zone environments. The record at Site 1263 does
not support such an interpretation. A dissolution induced Discoaster
abundance spike over 3 cm at the very onset of the PETM at Site 1263 is
followed, within the lower PETM, by a return to pre-PETM and post-
PETM abundance values (Fig. 3B). This stratigraphic development of
relative abundances ofDiscoasterover the PETMat Site 1263 differs from
the better-preserved and corresponding interval at Site 690.

In the middle part of the CIE, Discoaster and Fasciculithus do not co-
vary at Site 1263 (Fig. 2A, F; Fig. 3A, B), which would be expected if
both represent warm and oligotrophic conditions (Haq and Lohmann,
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1976; Chepstow-Lusty et al., 1992; Bralower, 2002; Gibbs et al., 2006;
Tremolada et al., 2007). Moreover, the neighbouring Site 1262 shows
high abundances of Fasciculithus throughout the upper Paleocene, and
in the lowermost Eocene just prior to the extinction of this genus
(Agnini et al., 2007b, Fig. 3). Except for the brief PETM interval during
which the input signal is obscured by carbonate dissolution, the photic
zone environment over the Walvis Ridge sites was generally
favourable for Fasciculithus production, and the ‘peak’ abundance
shown in Fig. 3A appears to represent the very end of a much longer
and regionally successful productivity history (Agnini et al., 2007b,
Fig. 3), not shown in our data that are restricted to about 170 kyrs at
Site 1263.

Abundances of Discoaster during the PETM are, like those of Fas-
ciculithus, fully compatible with the longer-term abundance history
before and after the PETM in the Walvis Ridge region (Agnini et al.,
2007b, Fig. 3). Thus, discoasterids did not react to increasing PETM
temperatures in the sub-tropical Walvis Ridge region, nor do their
abundances suggest any exceptional changes in trophic levels across
the PETM interval. Agnini et al.'s (2007b) data rather suggest a slight
increase in productivity across the PETM interval if assuming that
temperatures did not decrease and therefore that decreasing
abundances of discoasterids imply increasing photic zone productiv-
Fig. 7. Plots of abundances (N/mm2) of Discoaster–Fasciculithus–Sphenolithus at Site 1263 wit
mm2; grey shading) are restricted to the core CIE.
ity. Assuming that temperature and trophic level shifts did occur in the
Walvis Ridge region, these apparently did not result in any clearly
discernable changes in Discoaster and Fasciculithus abundances.

In contrast, Discoaster and Fasciculithus seem to co-vary during the
PETM at Site 690 (Fig. 3A, B), and the abundance behaviour of these
taxa has been interpreted to reflect warmer and oligotrophic
conditions that made it possible for these taxa to briefly thrive in
southern high latitude waters (Bralower, 2002; Gibbs et al., 2006;
Tremolada et al., 2007). The PETM interval is about 30% thicker at Site
690 compared to Site 1263 (Röhl et al., 2007), which presumably
reflects a combination of higher productivity and less carbonate
dissolution at Site 690. The differences in abundance behaviour
between Sites 690 and 1263 before and during the PETM therefore
could be ascribed to a difference in temperature between the sub-
tropical Site 1263 and the sub-polar Site 690. For example, at Site
1263, fasciculiths and discoasterids are consistently more abundant in
comparison to Site 690, reflecting warmer sub-tropical waters. And at
Site 1263 the genus Coccolithus, mainly represented by Coccolithus
pelagicus, which had a lower latitude preference during the early
Paleogene, prevails over the higher latitude thriving genera Toweius
and Chiasmolithus (Haq and Lohmann, 1976). However, Sites 1263 and
690 do share similar patterns of compositional and abundance
h calculated correlation coefficients. High abundances of Fasciculithus (N400 specimens/



210 I. Raffi et al. / Marine Micropaleontology 70 (2009) 201–212
changes, for example the replacement of Fasciculithus by Zygrha-
blithus (Fig. 3), even if the Fasciculithus/Zygrhablithus abundance
cross-over is time-transgressive, occurring about 30 kyrs later at Site
1263. The abundance increase of Zygrhablithus in the lower part of the
PETM recovery interval (Fig. 3C) represents the first common
occurrence of this taxon in the Walvis Ridge region because it is rare
or absent in upper Paleocene and lower PETM sediments (Agnini et al.,
2007b).

Thus, the warming during the PETM was the major factor
controlling nannofossil assemblages at the high latitude Site 690,
favouring a consistent increase in abundance of Discoaster and Fasci-
culithus. In the sub-tropical Walvis Ridge region, however, conditions
did not become more favourable for these taxa, and the influence of
the temperature increase was negligible in controlling assemblage
abundances. The strong thermal control on distribution is consistent
with observations of modern plankton (Bopp et al., 2001).

Calcareous nannofossil census data in Paleocene/Eocene sections
from Site 690, Wilson Lake at the New Jersey margin, and Site 1209
from the Shatsky Rise, have been employed to calculate correlation
coefficients between different genera (Bralower, 2002; Gibbs et al.,
2006) in order to facilitate reconstructions of photic zone paleoenvir-
onments. These calculations, however, are based on relative abun-
dance (%) data, and yield a closed sum problem: when one genus
increase in abundance some other taxonomic component must
decrease by default. We have plotted abundances of Discoaster, Fas-
ciculithus (Fig. 7A) and Sphenolithus (Fig. 7C) against each other and
calculated correlation coefficients on the N/mm2 data (Fig. 7), which
are not affected by the closed sum problem. The Discoaster/Spheno-
lithus and Discoaster/Fasciculithus scatter plots do not show any
significant positive or negative correlations for the Site 1263 data,
contrary to the expected result, because nannoplankton having
similar ecological preferences (warm and oligotrophic) ought to
produce more coherent responses to changes of temperature and
nutrient availability in the photic zone environment. A weak positive
correlation may be deduced from the Sphenolithus/Fasciculithus
relationship (Fig. 7B) at Site 1263. However, high abundances (N400
specimens/mm2) of Fasciculithus are entirely confined to the peak
phase of the PETM. And despite the large variation of Fasciculithus
abundances in that interval (Fig. 7), there is no significant correlation
among the Sphenolithus/Fasciculithus (R=−0.1; Fig. 7B) or Discoaster/
Fasciculithus (R=0.0; Fig. 7C) relationships. It's clear that we still
have an incomplete understanding of the significance of abundance
variations among different calcareous nannofossil genera in terms of
photic zone paleoecology, especially give the limited datasets that are
available.

4.3. Calcareous nannofossil malformation and increased CO2

concentrations in the water column

Deformed and weakly calcified Discoaster specimens (D. anartios,
and deformedD. nobilis,D. falcatus andD.mediosus) are common during
the PETM interval. Similar deformation effects of other Discoaster taxa
have been observed in a subsequent early Eocene hyperthermal (ETM2;
also referred to as H1 or Elmo) (Raffi and De Bernardi, 2008). We
interpret the unusual and weakly calcified F. thomasii morphotype,
which occur togetherwith the deformed discoasterids during the PETM,
to represent a stressed response to unusual photic zone conditions
during the early Eocene hyperthermals. Scanning electron micrograph
analyses of these peculiar nannoliths in the PETM interval provide
further details with respect to their preservation and calcification (Raffi
and De Bernardi, 2008). The taxonomic status of discoasterids is unclear
visavi coccolitophorids. Yet, it appears reasonable to assume that these
nannoliths, that show anomalous morphologies in terms of malforma-
tion and calcification during the early Eocene hyperthermals, may
represent the fossil documentation of a process observed in modern
calcifying phytoplankton species. Several experiments in which nanno-
plankton are exposed to elevated CO2 concentrations have resulted in
reduced calcite production and malformation (Riebesell et al., 2000;
Zondervan et al., 2001; Rost and Riebesell, 2004; Langer et al., 2006).
Consequently, the distinct occurrences of malformed nannofossils
during two brief early Eocene hyperthermals which are characterized
by massive inputs of CO2 into the oceans, and hence lower pH, imply a
possible cause and effect relationship.

4.4. Influence of nannofossil assemblage compositions on bulk sediment
carbon isotopes

Nannofossils are the dominant component of biogenic carbonate
sediments at Walvis Ridge, and therefore dictate the bulk sediment
stable isotopic composition. At Site 1263, major changes in assem-
blages correspond to more-or-less pronounced inflection points in
bulk δ13C. Both at Site 1263 and Site 690, some of the abundance shifts
in the nannofossil records occur in correspondence with inflections in
the two bulk δ13C records (Figs. 2, 3, 5). However, for inflection points
correlated between the two sites (Zachos et al., 2005) (Figs. 3, 4), the
composition and abundances of the nannofossil assemblages differ
between Sites 1263 and 690. At first glance, this may suggest that the
inflection points in the two carbon isotope records are not caused by
assemblage changes because they are replicated in two geographically
separated sedimentary records, having different nannofossil charac-
teristics which reflect differences in paleoenvironments. This is
consistent with findings of an investigation of calcareous nannofossil
isotopic distribution across the Paleocene/Eocene boundary which
demonstrated that the carbon isotopic composition of individual
Paleocene genera such as Toweius, Chiasmolithus, Discoaster and Fas-
ciculithus are consistently offset through the PETM (Stoll, 2005). In
essence, the trends in bulk nannofossil carbonate,made up of different
taxa, as well as for the “near-monogeneric” taxa, did not change as a
function of abundances.

5. Conclusions

Our investigation of compositional and abundance variations
among calcareous nannofossil assemblages at two Walvis Ridge sites
in the South Atlantic across the earliest Eocene PETM interval yielded
the following findings:

- Five biostratigraphically useful and distinct calcareous nannofossil
events (N1 through N5) occur over a 74 kyrs period in the early part
of the PETM, using the floating timescale of Röhl et al. (2007);

- this rapid evolution, partly characterized by the emergence of
malformed and/or weakly calcified morphotypes, among the
calcareous nannoplankton over such a brief geologic time is unique
in a Cenozoic perspective, and is taken to indicate stressed, unstable
and/or extreme photic zone environments;

- the two sites investigated for this study are located less than 50 km
apart in distance, but 2 km apart in terms of water depth, which
means any abundance differences are purely preservational in
origin;

- nannofossil assemblage at Site 1263 is strongly biased by
dissolution in a 6-cm interval of the basal portions of the PETM.
The series of biostratigraphic events and assemblage turnovers
represent, however, orbitally paced changes in the photic zone
environments and hence paleoecological variability;

- increased abundances of the genera Discoaster–Fasciculithus–
Sphenolithus during the PETM have been interpreted to represent
warm and oligotrophic photic zone environments in open ocean
sites. At Site1263, however, these genera do not show any marked,
paleoecologically induced, abundance variability if compared to
background abundances before and after the PETM. If anything,
Discoaster abundances can be interpreted to represent increased
PETM productivity at the Walvis Ridge sites;
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- the Discoaster/Fasciculithus, Discoaster/Sphenolithus and Fascicu-
lithus/Sphenolithus relationships show no significant correlation,
which is unexpected because these taxa are considered to
represent warm and oligotrophic photic zone environments and
should therefore show relatively coherent abundance responses to
changes in temperature and productivity. This indicates that
multiple factors may have contributed to the assemblage changes
and that further research is required to improve our understanding
of the factors that control calcareous nannofossil abundance;

- presence of malformed and/or weakly calcified taxa during two of
the early Eocene hyperthermals implies a similar cause and effect
relationship. A reasonable explanation may be the hugely
increased carbon dioxide concentrations in all parts of the water
column, including the photic zone, during these hyperthermals;

- comparisons between Sites 1263 and 690 reveal, on one hand,
similar shapes and amplitudes of bulk δ13C isotopic records and, on
the other, relevant differences in relative nannofossil assemblage
compositions. This implies that assemblage changes had little
effect on the inflection points in the nannofossil δ13C records,
which is consistent with Stoll's (2005) results that different
Paleocene nannofossil taxa are characterized by virtually uniform
carbon isotope values.
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Appendix A. Taxonomic list of calcareous nannofossils

The list includes all the taxa cited in the paper. The taxonomy and
bibliographical references follow Perch-Nielsen (1985) and Aubry
(1984, 1988, 1989, 1990).

Biantholithus Bramlette & Martini, 1964
B. bigelowi Gran & Braarud, 1935) Deflandre, 1947
Chiasmolithus Hay, Mohler & Wade, 1966
Coccolithus Schwarz, 1894
C. pelagicus Schiller, 1930
Discoaster Tan Sin Hok, 1927
D. anartios Bybell & Self-Trail, 1995
D. araneus Bukry, 1971
D. falcatus Bramlette & Sullivan, 1961
D. mediosus Bramlette & Sullivan, 1961
D. multiradiatus Bramlette & Riedel, 1954
D. nobilis Martini, 1961
D. salisburgensis Stradner, 1961
Ericsonia robusta Perch Nielsen, 1977
Fasciculithus Bramlette & Sullivan, 1961
Fasciculithus alanii Perch-Nielsen, 1971
F. hayi Haq, 1971
F. involutus Bramlette & Sullivan, 1961
F. mitreus Gartner, 1971
F. richardii Perch-Nielsen, 1971
F. schaubii Hay & Mohler, 1967
F. thomasii Perch-Nielsen, 1971
F. toni Perch-Nielsen, 1971
F. tympaniformis Hay & Mohler, 1967
Markalius Bramlette & Martini, 1964
Octolithus Perch-Nielsen, 1973
Rhomboaster Bramlette & Sullivan, 1961
R. cuspis Bramlette & Sullivan, 1961
R. calcitrapa Gartner, 1971
R. spineus (Romein, 1979) Perch-Nielsen, 1984
Sphenolithus Deflandre in Grasse, 1952
Thoracosphaera Kamptner, 1927
Toweius Hay & Mohler, 1967
Toweius tovae Perch-Nielsen, 1971
T. bramlettei Proto Decima et al., 1975
Zygrhablithus Deflandre, 1959
Z. bijugatus Deflandre, 1959

Appendix B. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.marmicro.2008.12.005.
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